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PREFACE vii

This encyclopedia provides, we believe, a comprehensive and up-to-date explanation of the most important
spectroscopic and related techniques together with their applications.

The Encyclopedia of Spectroscopy and Spectrometry is a cumbersome title but is necessary to avoid
misleading readers who would comment that a simplified title such as the "Encyclopedia of Spectroscopy" was
a misnomer because it included articles on subjects other than spectroscopy. Early in the planning stage, the
editors realized that the boundaries of spectroscopy are blurred. Even the expanded title is not strictly accurate
because we have also deliberately included other articles which broaden the content by being concerned with
techniques which provide localized information and images. Consequently, we have tried to take a wider
ranging view on what to include by thinking about the topics that a professional spectroscopist would conven-
iently expect to find in such a work as this. For example, many professionals use spectroscopic techniques, such
as nuclear magnetic resonance, in conjunction with chromatographic separations and also make use of mass
spectrometry as a key method for molecular structure determination. Thus, to have an encyclopedia of spec-
troscopy without mass spectrometry would leave a large gap. Therefore, mass spectrometry has been included.
Likewise, the thought of excluding magnetic resonance imaging (MRI) seemed decidedly odd. The technique
has much overlap with magnetic resonance spectroscopy, it uses very similar equipment and the experimental
techniques and theory have much in common. Indeed, today, there are a number of experiments which
produce multidimensional data sets of which one dimension might be spectroscopic and the others are image
planes. Again the subject has been included.

This led to the general principle that we should include a number of so-called spatially-resolved methods.
Some of these, like MRI, are very closely allied to spectroscopy but others such as diffraction experiments or
scanning probe microscopy are less so, but have features in common and are frequently used in close con-
junction with spectroscopy. The more peripheral subjects have, by design, not been treated in the same level
of detail as the core topics. We have tried to provide an overview of as many as possible techniques and ap-
plications which are allied to spectroscopy and spectrometry or are used in association with them. We have
endeavoured to ensure that the core subjects have been treated in substantial depth. No doubt there are
omissions and if the reader feels we got it wrong, the editors take the blame.

The encyclopedia is organized conventionally in alphabetic order of the articles but we recognize that
many readers would like to see articles grouped by spectroscopic area. We have achieved this by providing
separate contents lists, one listing the articles in an intuitive alphabetical form, and the other grouping the
articles within specialities such as mass spectrometry, atomic spectroscopy, magnetic resonance, etc. In addi-
tion each article is flagged as either a "Theory", "Methods and Instrumentation" or "Applications" article.
However, inevitably, there will be some overlap of all of these categories in some articles. In order to empha-
size the substantial overlap which exists among the spectroscopic and spectrometric approaches, a list has
been included at the end of each article suggesting other articles in this encyclopedia which are related and
which may provide relevant information for the reader. Each article also comes with a "Further Reading"
section which provides a source of books and major reviews on the topic of the article and in some cases also
provides details of seminal research papers. There are a number of colour plates in each volume as we con-
sider that the use of colour can add greatly to the information content in many cases, for example for imag-
ing studies. We have also included extensive Appendices of tables of useful reference data and a contact list
of manufacturers of relevant equipment.

We have attracted a wide range of authors for these articles and many are world recognized authorities in
their fields. Some of the subjects covered are relatively static, and their articles provide a distillation of the
established knowledge, whilst others are very fast moving areas and for these we have aimed at presenting
up-to-date summaries. In addition, we have included a number of entries which are retrospective in nature,
being historical reviews of particular types of spectroscopy. As with any work of this magnitude some of the
articles which we desired and commissioned to include did not make it for various reasons. A selection of
these will appear in a separate section in the on-line version of the encyclopedia, which will be available to all
purchasers of the print version and will have extensive hypertext links and advanced search tools. In this
print version there are 281 articles contributed by more than 500 authors from 24 countries. We have
persuaded authors from Australia, Belgium, Canada, Denmark, Finland, France, Germany, Hungary, India,
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Israel, Italy, Japan, Mexico, New Zealand, Norway, Peru, Russia, South Africa, Spain, Sweden, Switzerland,
The Netherlands, the UK and the USA to contribute.

The encyclopedia is aimed at a professional scientific readership, for both spectroscopists and non-spectro-
scopists. We intend that the articles provide authoritative information for experts within a field, enable
spectroscopists working in one particular field to understand the scope and limitations of other spectroscopic
areas and allow scientists who may not primarily be spectroscopists to grasp what the various techniques
comprise in considering whether they would be applicable in their own research. In other words we tried to
provide something for everone, but hope that in doing so, we have not made it too simple for the expert or
too obscure for the non-specialist. We leave the reader to judge.

John Lindon
John Holmes
George Tranter
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Plate 1

Plate 1 Roman die, ca. AD 300, from archaeological excavations at Frocester Villa, Gloucester, UK. Raman spectroscopy has suggested the origin of the die as

sperm whale ivory. See Art Works Studied using IR and Raman Spectroscopy.



Plate 2

Plate 2 Selection of ornamental jewellery consisting of three bangles assumed to be ivory but which were shown spectroscopically to be composed of modern

resins, and a genuine ivory necklace.See Art Works Studied using IR and Raman Spectroscopy.



Plate 3

Plate 3 ‘Ivory’ cat, which was identified spectroscopically as a modern limitation composed of poly(methyl methacrylate) and polystyrene resins with added

calcite to give the texture and density of ivory. Reproduced with permission from Edwards HGM and Farwell DW, Ivory and simulated ivory artefacts:

Fourier-transform Raman diagnostic study, Spectrochimica Acta, Part A, 51: 2073–2081 r 1995, Elsevier Science B. V. See Art Works Studied using IR and

Raman Spectroscopy.



Plate 4

Plate 4 The historiated initials (a) ‘P’ and (b) ‘S’ from the Icelandic J !ok with the Raman spectra of pigments contained therein. The combination of vermilion

and red ochre in the ‘P’ should be noted. The spectrum of bone white has been obtained from the letter ‘H’(not shown). Reproduced with permission from Bent

SP, Clark RH, Daniels MAM, Proter CA and Withnay R. Identification by Raman microscopy and visible reflectance spectroscopy of pigments on an Icelandic

manuscript, (1995) Studies in Conservation 40: 31–40. See Art Works Studied using IR and Raman Spectroscopy.



Plate 5a

Plate 5a Elaborately historiated initial ‘R’ in sixteenth-century German choir book, with Raman microscopy spectra of selected pigmented regions. See Art

Works Studied using IR and Raman Spectroscopy.



Plate 5b

Plate 5b Portion of top of column of historiated initial ‘R’ shown in 5a the individual pigment-grains can be clearly seen under the x100 magnification and can

be separately identified using Raman microscopy. 5a and b, reproduced with permission from Clark RJH (1995) Raman microscopy: application to the

identification of pigments on medieval manuscripts. Chemical Society Reviews 187-196.r The Royal Society of Chemistry. See Art Works Studied using IR and

Raman Spectroscopy.



Plate 6

Plate 6 Holy Sepulchre Chapel, Winchester Cathedral. Wall painting of ca. 1175–85 on the east well depicting the Deposition, Entombment, Maries at the

Sepulchre and the Harrowing of Hell. Reproduced with permission from Edwards HGM, Brooke C and Tait JKF, An FT-Raman spectroscopic study of

pigments of medieval English wall paintings, Journal of Raman Spectroscopy 28: 95–98, r 1997 John Wiley and Sons Ltd. See Art Works Studied using IR and

Raman Spectroscopy.



Plate 7

Plate 7 A two-dimensional 1H-NMR spectrum of human urine, demonstrating the complexity of such mixtures. This was measured using the J-resolved pulse

sequence and results in contour plot of spectrum intensity as a function of two frequency axes. The horizontal axis represents the usual 1H NMR chemical shift

range and the vertical axis cover the 1H1H spin coupling range. Each 1H NMR spin-coupled multiplet is rotated such that the overlap between closely spaced

signals is minimised, thus aiding interpretation. See Biofluids Studied by NMR. Reproduced with permission from John Lindon.



Plate 8

Plates 8 a and b Polarised light micrograph of liquid crystals. See Chiroptical Spectroscopy, Oriented Molecules and Anisotropic Systems; Liquid Crystals and

Liquid Crystal Solutions Studied by NMR. Reproduced with permission from Science Photo Library.



Plate 9

Plate 9 Light micrograph of a liquid crystal display (LCD) of the type used to represent numerical figures. Although a liquid crystal (LC) can flow like a fluid its

molecular arrangement exhibits some order. A LCD has a film of LC sandwiched between crossed polarizers & set on top of a mirror. In the ‘off’ state light is

able to traverse both polarizers to reach the mirror because it gets rotated through 90 degrees by the LC. In the ‘on’ state an electric field applied across the LC

alters its molecular alignment & hence its polarizing properties; light cannot traverse both polarizers to reach the mirror & the display appears black. See

Chiroptical Spectroscopy, Oriented Molecules and Anisotropic Systems; Liquid Crystals and Liquid Crystal Solutions Studied by NMR. Reproduced with

permission from Science Photo Library.



Plate 10

Plate 10 Polarised light micrograph of nematic liquid crystals.See Chiroptical Spectroscopy, Oriented Molecules and Anisotropic Systems; Liquid Crystals and

Liquid Crystal Solutions Studied by NMR. Reproduced with permission from Science Photo Library.



Plate 11

Plate 11 The molecular composition of massive star-forming region in the galaxy. The false color background shows the heart of a massive star-forming region

in the constellation of Orion obtained by the Hubble Space Telescope. The red colour is the emission of the molecular hydrogen excited by shocks driven by the

powerful wind of a newly formed star in the center of the image. The bluish color is scattered light from this young star reflected in surrounding dust in its stellar

nursery. The white spectrum shows the results of ground-based line survey of its region and reveals the presence of molecules such as methanol, formaldehyde,

carbon monoxide, sulphur monoxide, and sulphur dioxide. See Cosmochemical Applications Using Mass Spectrometry; Interstellar Molecules, Spectroscopy of.

Reproduced with permision from A.G.G.M. Tielens.



Plate 12

Plate 12 The composition of ices in low-mass star forming regions. This is a false color image of an infrared image obtained by the European ISO satelite

(Infrared Space Observatory). The colors indicate emission by warm dust and gas heated by nearby stars in the star-forming molecular cloud Rho Ophiucus.

Two bright objects just below the center are newly formed solar-type stars. The spectrum displayed on top was taken by a spectrograph on board ISO towards

the indicated source. This spectrum reveals the presence of various simple molecules such as water, carbon monoxide in ice-form in these regions. The

composition of these ices is very similar to those of comets in the solar system and eventually, these ices are expected to coagulate together forming comets in the

budding planetary system around this newly formed star. See Cosmochemical Applications Using Mass Spectrometry; Interstellar Molecules, Spectroscopy of.

Reproduced with permission from A.G.G.M. Tielens.



Plate 13

Plate 13 Large molecules in the ejecta from a dying star. When solar-type stars grow old they shed much of their mass in the form of a wind much of that in the

form of complex molecules. Eventually, the star becomes very hot and sets this ejected material aglow, forming so-called planetary nebulae. The material ejected

during this stage will mix with other material present in space and eventually new stars and planetary systems like our own will form these stellar ashes. The false

color image shows the emission of molecular hydrogen (red) and atomic hydrogen (white) in the planetary nebula NGC 7027 obtained by the ISO satelite

(Infrared Space Observatory). This spectrum reveals the presence of large complex molecules called polycyclic aromatic hydrocarbons. These molecules are

formed in a process akin to that of sooting flames in terrestrial envirnoments such as car engines. See Cosmochemical Applications Using Mass Spectrometry;

Interstellar Molecules, Spectroscopy of. Reproduced with permission from A.G.G.M. Tielens.



Plate 14

Plate 14 A molecule of the pigment quinacridone. The coloured surfaces represent key molecular properties predicated using computational chemistry. See

Dyes and Indicators, Use of UV-Visible Absorption Spectroscopy. Reproduced with permission from Molecular Simulations (www.msi.com).



Plate 15

Plate 15 Sir Frederick William Herschel (1738–1822) German-British astronomer, and disocerer of Uranus, 1781. Reproduced with permission from Mary

Evans Picture Library.



Plate 16

Plate 16 Sir Chandrasehara Venkata Raman. Indian (1888–1970) physcicist, Nobel Laureate in physics 1930 and discoverer of the Raman effect, a scattering of

light by a sample which results in a small fraction of the light being of a different frequency. This phenomenon has applications in analytical chemistry and

molecular structure. See Electromagnetic Radiation; Vibrational, Rotational and Raman Spectroscopy, Historical Perspective. Reproduced with permission from

Mary Evans Picture Library.



Plate 17

Plate 17 Imaging of a rat kidney perfused with 0.5mM triayl-methyl (TAM) radical. A few representative slices (2424 mm2), obtained from the 3D spatial image

are shown. A1-A6 are vertucak slices (0.75 mm apart), B1-B3 are traverse slices (0.75 mm apart). The images show the structure of cannula (a), renal artery (b),

cortex (c), and calysis (d). See EPR Imaging. Reproduced with permission from Peraiannan Kuppusamy/EPR Laboratories Johns Hopkins University School of

Medicine.



Plate 18

Plate 59 Three-dimensional images (25 25 25 mm3) of an ischaemic rat heart infused with a glucose char suspension. (A) Full view of the heart. (B) A

longitudinal cut out showing the internal structure of the heart. C is the cannula; Ao the aorta; PA the pulmonary artery; LM the left main coronary artery;

LAD the left anterior descending artery; and LV the left ventricular cavity. See EPR Imaging. Reproduced with permission from Periannan Kuppusamy/ERP

Laboratories Johns Hopkins University School of Medicine.



Plate 19

Plate 19 Small angle X-ray fibre diffraction pattern recorded from Plaice fish muscle. See Fibres and Films Studied Using X-Ray Diffraction. Reproduced with

permission from W. Fuller and A. Mahendrasingam.



Plate 20

Plate 20 An example of a fluorescent molecular probe, Endogenous alkaline phosphatase activity in the zebrafish brain was localized with an endogenous

phosphatase detection kit. Enzymatic cleavage of the phosphatase substrate yields a bright yellow-green fluorescent precipitate at the site of enzyme activity. See

Fluorescent Molecular Probes. Reproduced with permission from Greg Cox, Molecular Probes, Inc.



Plate 21

Plate 21 A fluorescent molecular probe. Fixed and permeabilized osteosarcoma cells were simultaneously stained with the fluorescent lectins, Alexa 488

concanavalin A (Con A) and Alexa 594 wheat germ agglutinin (WGA). Con A selectively binds a-mannopyranosyl and a-glucopyranosyl residues, whereas

WGA selectively binds sialic acid counterstained with blue-fluorescent Hoechst 33342 nucleic acid stain. See Fluorescent Molecular Probes, Inc.



Plate 22

Plate 22 Radiocarbon dating. View of a linear accelerator used as part of an accelerator mass spectrometer (AMS). This device is capable of counting the

relatively few carbon-14 atoms in a radioactive sample. The proportion of carbon-14 to carbon-12 atoms in the sample may be used to determine the

radiocarbon age of an organic object. This is then adjusted by various corrections to give the true age. See Isotope Ratio Studies Using Mass Spectrometry.

Reproduced with permission from Science Photo Library.



Plate 23

Plate 23 Raman microscope image of a pharmaceutical powder showing the relative importance of three compound, A, B and C. See Industrial Application of

IR and Raman Spectroscopy. Courtesy of A.S. Gilbert and R.W. Lancaster.



Plate 24

Plate 24 3-D reconstruction of a plant cell undergoing meiotic cell division, created from two-photon cross-sectioned images. See Laser Spectroscopy Theory;

Light sources and Optics. Reproduced with permission from Spectra-Physics r W. Zipfel and C. Conley/Cornell University.



Plate 25

Plate 25 Thorax and abdomen. Coloured Magnetic Resonance Imaging (MRI) scan of the thorax and abdomen of a woman aged 58 years, seen in posterior

view. The arms are seen on either side, with the waist and hips at lower frame. The thorax contains the blue lung fields (upper frame) with bones of the thoracic

spines at upper centre. In the abdomen are lobes of the liver (green, below the lungs) and a pair of kidneys (green, below the liver lobes). Bands of muscle can be

seen around the lumbar spine (lower centre) and the shoulder (at top, magenta). MRI uses probes of radiowave energy in the presence of a magnetic field to

create slices. See MRI Applications, Clinical; MRI Instrumentation; MRI Theory; Contrast mechanisms in MRI. Reproduced with permission from Science

Photo Library.



Plate 26

Plate 26 False-colour magnetic resonance image (MRI) of a whole human body, a woman, taken in coronal (frontal) section. Various parts of the body are

prominent: bone appears in black, wiht the hip and shoulder joints clearly defined. The lungs are also black. Vertebrae forming the spinal column are also

obvious (in yellow and white). Part of the spinal cord is visible (in gold) beneath the base of the brain, the hemispherical structure of which is revealed in the

section. This whole body image is the product of a number of MRI scans made along the length of the body. The complete image was rendered from data

relating to the various sections stored on the scanner’s computer. See MRI Applications, Clinical; MRI Instrumentation; MRI Theory; Contrast mechanisms in

MRI. Reproduced with permission from Science Photo Library.



Plate 27

Plate 27 Portrait of Francis Aston (1877–1945) British physicist and Nobel Laureate. After WW1, Aston helped Thompson in his studies of the deflection of

ions in magnetic fields. He went on to improve Thompson’s apparatus, designing it so as to make all atoms of a given mass fall on the same part of a

photographic plate. Working with neon, he found that two lines were isotopes. He repeated this with chlorine with similar results. The device, called the mass

spectrometer, showed that most stable elements had isotopes. His work earned him the 1922 Nobel Prize for Chemistry, and introduced a powerful new

analytical tool to science. See Mass Spectrometry, Historical Perspective. Reproduced with permision from Science Photo Library.



Plate 28

Plate 28 Magnetic Resonance Image of Human female brain. See MRI Applications, Clinical. Reproduced with permission from r Medipics/Dan McCoy/

Rainbow.



Plate 29

Plate 29 Structure of membrane proteins. Membrane peptides often self assemble into controlled oligomeric forms to make molecular selective channels whose

structure can be very difficult to resolve at the molecular level by most methods, although solid state NMR methods can make a contribution to their functional

and structural description. Here the pentameric funnel-like bundle of the M2-peptide from the nicotinic acetly choline receptor has been resolved from 15N

NMR studies of oriented M2 peptides in lipid bilayers. The funnel has a wide mouth at the N-terminal, intracellular side of the pore. The pore lining residues

has also been modelled and distances between residues in the channel estimated. The a-carbon backbone is in cyan, acidic residues in red and basic residues in

blue, polar residues in yellow and lipophilic residues in purple. (Figure adapted from Opella et al., (1999) Nature St. Biology, 6: 374–379). See Membranes

Studied by NMR Spectroscopy.



Plate 30

Plate 30 Biological membranes which enclose all living cells, and are also present within the cells of higher life forms, are very complex and heterogeneous in

their chemical make-up. Between 20 and 40% of components encoded by the genome in any one living cell eventually end up in the membranes of the cell. Any

one typical membrane may be composed of over 100 different bilayer lipids and sterols, several hundreds of different proteins, some of which have

polysaccharides attached to them, and the whole assembly may be supported by a protein scaffold underlying the membrane on the cytoplasmic side. The whole

molecular complex is in dynamic equilibrium, with lipids and sterols rotating fast (about 109 times per second) around their long axis, and diffusing laterally

(covering about 108 cm2 in one second), whilst at the same time maintaining a regular and relatively ordered structure, on average. Such dynamic information

has come from a range of spectroscopic methods, including NMR, in which it is usual to study just one, or a limited number of such components in a simplified

model system, and try and understand them and their interactions with a limited number of other components. (Figure by Ove Broo Sorensen of the Technical

University of Copenhagen, Denmark). See Membranes Studied by NMR Spectroscopy.



Plate 31

Plate 31 Richard Ernst, Nobel Laureate in Chemistry 1991. Notes for this contribution to NMR spectroscopy and MRI. See Magnetic Resonance, Historical

Perspective. Reproduced with permission from The Nobel Foundation.



Plate 32

Plate 32 Felix Bloch who was awarded the Nobel prize for physics in 1952 jointly with Edward Purcell. They led two independent research groups which, in

1945, first detected the nuclear magnetic resonance phenomenon in bulk matter. See Magnetic Resonance, Historical Perspective. Reproduced with permission

from The Nobel Foundation.



Plate 33

Plate 33 The first fully functioning electrospray mass spectrometer built at Yale by Masamichi Yamashita in 1983. Reproduced with permission

from John B. Fen.



Plate 34

Plate 34 A schematic representation of a typical electrospray mass spectrometer in which the mass analyser is a quadrupole mass filter. Reproduced with

permission from John B. Fen.



Plate 35

Plate 35 A Bell Lab ZAB high field mass spectrometer. Reproduced with permission from r Medipics/Dan McCoy/Rainbow.



Plate 36

Plate 36 The left-hand picture illustrates a powder diffraction pattern of S2N2 at a wavelength of 0.325 (A. The insert is the actualpattern which can be

integrated and displayed as a function of d[ d* = 2 sin q/l]. The right-hand picture shows the result if one single S2N2 crystal is rotated in the X-ray beam. The

size of the spots illustrates the difference in diffracted intensities from the separated Bragg reflections. See Material Science Applications of X-ray Diffraction.

Courtesy of Svensson and Kvick, 1998.



Plate 37

Plate 37 Schematic cross-section through a typical superconducting clinical MR scanner. Within the cryostat (light blue) are the superconducting coils of the

primary magnet (red) and active shield (green). In the bore of the magnet there are passive shim rods (grey), active shim coils (orange), gradient set (blue), whole

body RF coil (black) and patient bed. The tractable diameter is generally half the magnet bore diameter. See MRI Instrumentation. Courtesy of P.D. Hockings,

J.F. Hare and D.G. Reid.



Plate 38

Plate 38 a and b Black and white & colourscale diffusion weighted spin echo magnetic resonance images of postmortem human cervical spinal cord using a

micro-imaging probe at 600 MHz observation frequency. See NMR Microscopy. Reproduced with permission from Doty Scientific Inc.



Plate 39

Plate 39 Small angle X-ray fibre diffraction pattern recorded form of the DNA double-helix. See Nucleic Acids and Nucleotides Studied Using Mass

Spectroscopy; Nucleic Acids Studied by NMR. Courtesy of A. Mahendrasigam and W. Fuller.



Plate 40

Plate 40 The anisotrophy of chemical shift, dipolar and quadrupolar coupling usually broadens NMR spectra of very large, slowly tumbling complexes making

a detailed structural analysis a difficult task. If however the sample is set spinning at an angle of 54.7� (MASS = magic angle sample spinning) with respect to

the applied magnetic field, all anisotropies are scaled down and eventually collapse at sufficiently high speeds resulting in isotropic spectra. In a special version

of MASS called MAOSS, oriented membranes are set spinning at moderate speeds (1–4 kHz) at the magic angle, and now the narrow spinning side bands,

which arise from not-averaged anisotropic interactions, give information about the orientation of the group being observed (here a CD3 group in deuterium

NMR of a prosthetic group in a large protein embedded in membrane) at much higher sensitivity and resolution than could be obtained from a conventional

spectrum of a statically positioned sample. Similar experimental condition for other nuclei (13C, 15N), permit both the magnitude and direction of the dipolar

couplings to be extracted, to give high resolution structural details within a large membrane complex, (courtesy of Dr C. Glaubitz; adapted from Glaubitz and

Watts, (1998) J. Mag. Res. 130; 305–316). See NMR in Anisotropic Systems, Theory; Solid State NMR, Methods.



Plate 41a

Plate 41a A superconducting NMR magnet operating at 18.8T for 1H NMR observation at 800 MHz demonstrating the size of these state-of-the-art magnets.

Reproduced with permission from Bruker Instruments Inc., Billerica, MA, USA.



Plate 41b

Plate 41b A modern high-resolution NMR spectrometer. A superconducting magnet is shown at the rear, in this case providing a field of 18.8T corresponding

to a 1H observation frequency of 800 MHz. Behind the operator is the single console containing the RF and other electronics and the temperature-control unit.

The whole instrument is computer controlled by the workstation shown at the right. Reproduced with permission from Bruker Instruments Inc., Billerica, MA,

USA. See NMR Spectrometers.



Plate 42

Plate 42 PET functional images of glucose metabolic rate (MRGl) (right), MRI images (magnetic resonance images, left) showing anatomical detail, and

coregistered (overlaid) PET/MRI (centre). See PET, Methods and Instrumentation.



Plate 43

Plate 43 X-ray photoelectron spectrometer. This is an analytical instrument, used mainly in metallurgy. It consists of an electron source, a sample stage and X-

ray detectors. A steam of electrons is accelerated toward and focussed on the sample. When an electron strikes an atom in the target, it may cause the ejection of

an electron in the atomic shell. If this is replaced from an electron in a higher-energy shell, a photon of a specific wavelength is emitted, normally in the X-ray

region. This may be detected and analysed, giving an indication of the identity and quantity of given elements in the sample. See Photoelectron Spectrometers.

Reproduced with permission from Science Photo Library.



Plate 44

Plate 44 Common cold virus protein: computer graphics representation of protein comprising 1 of the 60 faces of the icosahe-dral capsid (casing) of rhinovirus-

14, a virus causing the common cold. This image is of the atomic backbone of the protein. Rhinovirus belongs to the picornavirus (small RNA viruses) group,

which also includes the enteroviruses and the agent of foot and mouth disease in cattle. They are all relatively small (24–35 nanometres diameter), non-

enveloped, with their genetic information held in the form of RNA. Rhinovirus infects the nose and throat, and is spread in droplets from talking, coughing and

sneezing. See Proteins Studied Using NMR Spectroscopy. Reproduced with permission from Science Photo Library.



Plate 45

Plate 45 A researcher at the BOC Group Technical Centre, Murray Hill, New Jersey, USA, using an advanced Electron Spectroscopy For Chemical Analysis

(ESCA) unit. ESCA provides qualitative and quantitative analysis of the chemistry of elements present in the outermost layers of solid materials. The unit is

used in the development of thin-film coatings, medical sensors, molecular sieves and catalysts. See Photoelectron Spectrometers; Photoelectron Spectroscopy.

Reproduced with permission from Science Photo Library.



Plate 46

Plate 46 Photoacoustic Multi-gas Monitor. See Photoacoustic Spectroscopy, Methods and Instrumentation. Reproduced with permission from INNOVA

AirTech Instruments.



Plate 47

Plate 47 The molecular structure of Bovine Seminal Ribonuclease, as determined using X-ray diffraction. The disulphide bridges are shown in yellow. The

structure was drawn form the protein database entry drawn. See Proteinss Studied Using NMR Spectroscopy. Supplied by Dr G.G. Hoffmann.



Plate 48

Plate 48 A photoacoustic spectroscopy (PAS) measuring cell, shown with the germanium window half removed. The gas analysis is based on the same principle

as conventional infra-red (IR) monitoring except that here the amount of IR light absorbed is measured directly by determining the amount of sound energy

emitted upon the absorption. See Photoacoustic Spectroscopy, Methods and Instrumentation. Reproduced with permission from INNOVA AirTech Instruments.



Plate 49

Plate 49 Transaxial planes through the brains of three subjects representing glucose utilisation obtained by application of the radiotracer fluoro-deoxy-glucose

(FDG) PET tomography. The top of the images are the front of the brain and the person is looked upon from below. The values of the images are colour coded

according to a linear scale red being the highest value. The middle panel shows the distribution in a healthy person. The left panel is from a person with

Huntington’s disease illustrating a loss of tracer uptake at the centre as a consequence of local nervous tissue loss. The right panel is from a person who had

similar features of disordered movement (cholera), but based on different brain pathology. The image in this person shows however a clear increase in tracer

uptake in the central regions (called: the striatum) of the brain. See PET, Methods and Instrumentation. Reproduced with permission from Prof. Leenders.



Plate 50

Plate 50 3-D computerized reconstruction of FDG uptake measured by PET in a healthy volunteer. Part of the right upper and frontal brain is ‘‘cut out’’. The

left panel shows the tracer uptake in a rest condition. The right panel shows the uptake in the same person but now during intake of a hallucinogen. It can be

seen that the frontal cortex region in the brain has a higher (more red) glucose uptake in the activated condition. See PET, Methods and Instrumentation.

Reproduced with permission from Prof. Leenders.



Plate 51

Plate 51 Transaxial planes through the human brain after administration of the of the radiotracer fluoro-dopa indicating dopa decarboxylase capacity as

measured by PET. The left panel shows a healthy volunteer whilst right panel shows a patient with Parkinson’s disease. It can be seen that the tracer uptake

measured with PET in the patient is markedly reduced within the regions of the basal ganglia. See PET, Methods and Instrumentation. Reproduced with

permission from Prof. Leenders.



Plate 52

Plate 52 Laser optical bench system used as an excitation source for a Raman spectrometer. Raman spectroscopy provides essentially the same sort of

information about molecular structure and dimensions as do infrared and microwave spectroscopy. The laser is an ideal Raman source: it provides a narrow,

highly mono-chromatic bearn of radiation which may be focused accurately into small smaple. See Raman Spectrometers; FT-Raman Spectroscopy,

Applications; Industrial Applications of IR and Raman Spectroscopy; Polymer Application of IR and Raman Spectroscopy; IR and Raman Spectroscopy of

Inorganic, Coordination and Organometallic Compounds. Reproduced with permission from Science Photo Library.



Plate 53

Plate 53 Direct Raman imaging, using the b-carotene line at 1552cm �1, of live corpus luteum cells. This provides a rapid insight into the distribution of

different molecules within the cell (old cell below, young above). See Raman and IR Microspectroscopy. Reproduced with permission from Renishaw pic/Prof.

D. N. Batchelder et al, Dept. Physics and Astronomy, University of Leeds.



Plate 54

Plate 54 Gallium Nitride Impurity Doping Images. See Raman and IR Microspectroscopy. Reproduced with permission from Renishaw pic.



Plate 55

Plate 55 A computer generated molecular model of the cardiac drug digoxin showing the molecular structure as derived by different techniques. The green

structure is that determined in the solid state using X-ray diffraction. The red structure is calculated using a molecular dynamics approach. The cyan and

magenta structures are the two possible structures determined in solution using NMR spectroscopy. See Structural Chemistry Using NMR Spectroscopy,

Pharmaceuticals. Reproduced with permission from John Lindon.



Plate 56

Plate 56 A composite of two images of the GaAs(110) surface. The orange features obtained at positive sample bias are the Ga atoms, while green features

obtained at a negative sample bias are the As atoms. Feenstra RM, unpublished results. See Scanning Probe Microscopes.



Plate 57

Plate 57 Three STM images of a Ni3 cluster adsorbed on a MoS2 basal plane at 4 K. All three images show a 60 (A area and are plotted as three-dimensional

representations with the same aspect ratio and with the same angle of view. The images were acquired with sample biases of: +2 V (upper), +1.4 V (middle),

and �2 V (lower). Reproduced with the permission of the American Chemical Society from Kushmerick JG and Weiss PS (1998) Journal of Physical Chemistry

B102: 10094–10097. See Scanning Probe Microscopes.



Plate 58

Plate 58 Vibrational spectroscopic imaging of C2H2 and C2D2. (A) Constant current STM image of a C2H2 molecule (left) and C2D2 molecule (right). The d2/d

V2 images of the same area recorded with a bias voltage of (B) 358 mV, (C) 266 mV, and (D) 311 mV, with a 10 mV modulation. All images are 48 (A with 1 nA

DC tunnelling current. Reproduced with the permission of the American Association for the Advancement of Science from Stipe BC et al. (1998) Science 280:

1732–1735. See Scanning Probe Microscopes.



Plate 59

Plate 59 Fluorescence emission near-field scanning optical microscope image (1.3 mm � 1.3 mm) of a photosynthetic membrane fragment. Reproduced with

permission of the American Chemical Society from Dunn RC et al. (1994) Journal of Physical Chemistry 98: 30943098. See Scanning Probe Microscopes.



Plate 60

Plate 60 Sir Isaac Newton. He is shown using a prism to decompose light. See Electromagnetic Radiation. Reproduced with permission from Mary Evans

Picture Library.
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Figure 1 Roman die, ca. AD 300, from archaeological excava-
tions at Frocester Villa, Gloucester, UK. Raman spectroscopy
has suggested the origin of the die as sperm whale ivory. (See
Colour Plate 1).

Figure 2 Selection of ornamental jewellery consisting of three
bangles assumed to be ivory but which were shown spectro-
scopically to be composed of modern resins, and a genuine
ivory necklace. (See Colour Plate 2).
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Figure 3 ‘Ivory’ cat, which was identified spectroscopically as
a modern limitation composed of poly(methyl methacrylate) and
polystyrene resins with added calcite to give the texture and
density of ivory. Reproduced with permission from Edwards
HGM and Farwell DW, Ivory and simulated ivory artefacts: Fou-
rier-transform Raman diagnostic study, Spectrochimica Acta,
Part A, 51: 2073–2081 © 1995, Elsevier Science B. V. (See
Colour Plate 3).

Figure 4 FT-Raman spectra of true ivory; 1064 nm excitation, 500 spectral scans accumulated, 4 cm–1 spectral resolution: (a)
sperm whale ivory, (b) elephant ivory, (c) walrus ivory.
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Figure 5 FT-Raman spectra of fake ivory specimens; conditions as for Figure 4: (a) carved Victorian bangle, (b) large bangle,
(c) small bangle, (d) cat. The absence of the characteristic proteinaceous features in true ivory near 1650 and 1450 cm–1 and the
strong phosphate mode near 960 cm–1 should be noted. Also, the presence of the aromatic ring bands at 3060, 1600 and 1000 cm–1

in (b) and (d) indicate a polystyrene resin content, while the carbonyl stretching band at 1725 cm–1 in all fake specimens indicates the
presence of poly(methyl methacrylate). In the cat specimen, the band at 1086 cm–1 uniquely identifies a calcite additive in the speci-
mens of imitation ivory studied. Reproduced with permission from Edwards HGM and Farwell DW, Ivory and simulated ivory arte-
facts: Fourier-transform Raman diagnostic study, Spectrochimica Acta, Part A, 51: 2073–2081 © 1995, Elsevier Science B.V.

Figure 6 FT-Raman stack-plot spectra of scrimshaw specimens: (a) hollow sperm whale tooth, (b) solid sperm whale tooth, (c)
whalebone staybusk and (d) spill vase/quill pen holder. Minor spectroscopic differences confirm the whalebone origin of the staybusk.
The modern resin composition of the spill vase/quill pen holder is also unambiguously identified from the aromatic ring stretching
bands at 3060 cm−1 and 1600 cm−1. Reproduced with permission from Edwards HGM, Farwell DW, Sedder T and Tait JKF, Scrim-
shaw: real or fake? An FT-Raman diagnostic study, Journal of Raman Spectroscopy, 26: 623–628 © 1995, John Wiley and Sons Ltd.
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Table 1 Blue inorganic pigments

a The pigment is either specified to be a mineral and/or the date of its manufacture is listed.

Pigment Chemical name Formula Date / Sourcea

Azurite Basic copper(II) carbonate 2CuCO3⋅Cu(OH)2 Mineral
Cerulean blue Cobalt(II) stannate CoO⋅nSnO2 1821
Cobalt blue Cobalt(II)-doped alumina glass CoO⋅Al2O3 1775
Egyptian blue Calcium copper(II) silicate CaCuSi4O10 3rd millennium BC/Mineral 
Lazurite (from lapis lazuli) Sulfur radical anions in a sodium 

aluminosilicate matrix
Na8[Al6Si6O24]Sn Mineral/1828

Manganese blue Barium manganate(VII) sulfate Ba(MnO4)2+BaSO4 1907
Phthalocyanine blue (Winsor blue) Copper(II) phthalocyanine Cu(C32H16N6) 1936
Posnjakite Basic copper(II) sulfate CuSO4Q3Cu(OH)2QH2O Mineral
Prussian blue Iron(III) hexacyanoferrate(II) Fe4[Fe(CN)6]3Q14–16H2O 1704
Smalt Cobalt(II) silicate CoOQnSiO2(+K2O+Al2O3) ca. 1500
Verdigris Basic copper(II) Cu(O2CCH3)2Q2Cu(OH)2 Mineral

Table 2 Black inorganic pigments

a Bone black is similar to ivory black.

Pigment Chemical name Formula Date / Source

Ivory blacka Calcium phosphate + carbon Ca3(PO4)2 + C + MgSo4 4th century BC ?
Lamp black Amorphous carbon C ~ 3000 BC
Magnetite Iron(II,III) oxide Fe3O4 Mineral
Mineral black Aluminium silicate + carbon (30%) Al2O3QnSiO2 + C Mineral
Vine black Carbon C Roman

Table 3 Brown/orange inorganic pigments

a Bone black is similar to ivory black.

Pigment Chemical name Formula Date / Source

Cadmium orange Cadmium selenosulfide Cd(S,Se) or CdS (>5 µm) Late 19th century
Ochre (goethite) Iron(III) oxide hydrate Fe2O3QH2O + clay, etc. Mineral
Sienna (burnt) Iron(III) oxide Fe2O3 + clay, etc. Antiquity?

Table 4 Green inorganic pigments

Pigment Chemical name Formula Date / Source
Atacamite Basic copper(II) chloride CuCl2Q3Cu(OH)2 Mineral
Chromium oxide Chromium(III) oxide Cr2O3 Early 19th century
Cobalt green Cobalt(II) zincate CoOQnZnO 1780
Emerald green Copper(II) arsenoacetate Cu(C2H3O2)2Q3Cu(AsO2)2 1814
Green earth – a mix of celadonite 

and glauconite
Hydrous aluminosilicate of magnesium, 

iron and potassium
Variations on 

K[(AlIII⋅FeIII)(FeII⋅MgII)]
(AlSi3⋅Si4)O10(OH)2

Mineral

Malachite Basic copper(II) carbonate CuCO3QCu(OH) Mineral
Permanent green deep Hydrated chromium(III) oxide + barium 

sulfate
Cr2O3Q2H2O+BaSO4 Latter half of 19th 

century
Phthalocyanine green Copper(II) chlorophthalocyanine Cu(C32H15ClN8) 1938
Pseudo-malachite Basic copper(II) phosphate Cu3(PO)4)2Q2Cu(OH)2 Mineral
Verdigris (basic) Basic copper(II) acetate Cu(C2(C2H3O2)2Q2Cu(OH)2 Mineral and synthetic 

(BC)
Viridian Hydrated chromium(III) oxide Cr2O3Q2H2O 1838 (?1850)

Table 5 Red inorganic pigments

a Limited lightfastness (→ black form).

Pigment Chemical name Formula Date / Source

Cadmium red Cadmium selenide CdSe ca. 1910
Chrome red Basic lead(II) chromate PbCrO4QPb(OH)2 Early 19th century
Litharge Lead(II) oxide PbO Antiquity
Realgar Arsenic(Ii) sulfide As2S2 Mineral
Red lead (minimum) Lead(II,IV) oxide Pb3O4 Antiquity
Red ochre Iron(III) oxide + clay + silica Fe2O3QH2O + clay + silica Mineral
Vermilion (cinnabar)a Mercury(II) sulfide HgS Mineral and synthetic (13th century)



ART WORKS STUDIED USING IR AND RAMAN SPECTROSCOPY 9

Table 6 White inorganic pigments

Pigment Chemical name Formula Date / Source

Anatase Titanium(IV) oxide TiO2 1923
Barytes Barium sulfate BaSO4 Mineral
Bone white Calcium phosphate Ca3(PO4)2 Antiquity
Chalk (whiting) Calcium carbonate CaCO3 Mineral
Gypsum Calcium sulfate CaSO4Q2H2O Mineral
Kaolin Layer aluminosilicate Al2(OH)4Si2O5 Mineral
Lead white Lead(II) carbonate (basic) 2PbCO3QPb(OH)2 Mineral and synthetic (500–1500 BC)
Lithopone Zinc sulfide and barium sulfate ZnS + BaSO4 1874
Rutile Titanium(I) oxide TiO2 1947
Zinc white Zinc oxide ZnO 1834

Table 7 Yellow inorganic pigments

Pigment Chemical name Formula Date / Source

Barium yellow Barium chromate BaCrO4 Early 19th century
Cadmium yellow Cadmium sulfide CdS Mineral (greenockite) + 

synthetic ca. 1845
Chrome yellow Lead(II) chromate PbCrO4 or PbCrO4Q2PbSO4 1809
Cobalt yellow (aureolin) Potassium cobaltinitrite K3[Co(NO2)6] 1861
Lead antimonate yellow Lead(II) antimonate Pb2Sb2O7 or Pb3(SbO4)2 Antiquity
Lead tin yellow Lead(II) stannate [1] Pb2SnO4

[1] PbSn0.76Si0.24O3

Antiquity ?
Antiquity ?

Massicot Lead(II) oxide PbO Antiquity
Ochre Geothite + clay + silica Fe2O3QH2O + clay + silica Mineral (and synthetic)
Orpiment Arsenic(II) sulfide As2S3 Mineral
Strontium yellow Strontium chromate SrCrO4 Early 19th century
Zinc yellow Zinc chromate ZnCrO4 Early 19th century

Table 8 Organic pigments and dyes

Tables 1–8 are reproduced with some modifications from Clark RJH, Raman microscopy: application to the identification of pigments
on medieval manuscripts, Chemical Reviews, 187–196. 1995 © The Royal Society of Chemistry.

Colour Pigment Formula / Composition Origin (Date)

Blue Indigo Indigotin C16H10N2O2 Plant leaf (BC), synthetic (1878)
Black Bitumen Mixture of hydrocarbons (BC)
Brown Sepia Melanin Ink of cuttlefish (ca. 1880)

Van Dyck brown Humic acids Lignite containing manganese
(16th century?)

Allomelanins
Green Sap green Organic dye Buckthorn berry (14th century?), coal-

tar dye
Purple Tyrian purple 6,6′-Dibromoindigotin,

C16H8Br2N2O2

Marine mollusc (1400 BC), synthetic 
(1903)

Red Carmine Carminic acid, C22H20O13 Scale insect, cochineal (Aztec)
Kermesic acid, C16H10O8 Scale insect, kermes (antiquity)

Madder Alizarin, C14H8O4

Purpurin, C14H8O5

Madder root (3000 BC)
Synthetic alizarin (1868)

Permanent red Various azo dyes Synthetic (after 1856)
Yellow Gamboge α- and β-Gambogic acids Gum-resin (before 1640)

C38H44O8 and C29H36O6

Hansa yellow Various azo dyes Synthetic (1900)
Indian yellow Magnesium salt of euxanthic 

acid
Cow urine (15th century)

MgC19H16O11Q5H2O
Quercitron Quercitrin C21H20O11 Inner bark of Quercus oak
Saffron Crocetin C20H24O4 Crocus flower stigma (antiquity)
Weld Luteolin C15H10O6 Plant foliage (Stone Age)
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Figure 7 Illustration of the effect of wavelength of laser excita-
tion on the Raman spectra of a pigment, red lead (Pb3O4),
excited with (a) 514.5nm and (b) 632.8nm radiation. The genu-
ine spectrum is (b); the spectrum excited by green radiation in
(a) corresponds to massicot (PbO), converted from Pb3O4 by
localized heating in the laser beam. Reproduced with permission
from Bert SP, Clark RJH and Withnall R, Non-destructive pig-
ment analysis of artefacts by Raman microscopy, Endeavour,
New Series, 16: 66–73 © 1992, Elsevier Science.
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Figure 8 Raman spectra of white pigments; differentiation
between (a) lead white (PbCO3) (b) chalk (CaCO3) and (c) bone
white (Ca3(PO4)2). Reproduced with permission from Best SP,
Clark RJH and Withnall R. Nondestructive pigment analysis of
artefacts by Raman microscopy, Endeavour, New Series 16:
66–73 © 1992, Elsevier Science.

Table 9 The Raman bands of inorganic pigments in the Lucka
Bible

Reproduced with permission from Best SP, Clark RJH, Daniels
MAM and Withnall R, A bible laid open, Chemistry in Britain, 2:
118–122 © 1993, The Royal Society of Chemistry.

Pigment Raman bands (cm−1)

Azurite 248w, 404vw, 770m, 838vw, 1098m, 1424w, 1578w

Lapis lazuli 259w, 549vw, 807w, 1096m, 1355vw, 1641w

White lead 1054s

Malachite 225w, 274w, 355w, 437m, 516vw, 540w, 724w, 
757vw, 1064w, 110w, 1372w, 1498m

Orpiment 136m, 154m, 179w, 203m, 293s, 311s, 355s, 
384m, 587vw

Realgar 124vw, 143m, 166w, 172w, 183s, 193s, 214w, 
222s, 329w, 345m, 355s, 370w, 376w

Red lead 121vs, 152m, 223w, 232w, 313w, 391w, 477w, 
549s

Vermilion 254s, 281w, 344m
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Figure 9 Raman spectra of the historiated letter ‘I’ from the Book of Genesis, Lucka Bible, from which the data and identification of
the mineral pigments in Table 9 have been derived. Reproduced with permission of Clark RJH, Raman microscopy: application to
the identification of pigments on medieval manuscripts, Chemical Reviews, 187–196 © 1995, The Royal Society of Chemistry.



ART WORKS STUDIED USING IR AND RAMAN SPECTROSCOPY 13

Figure 10 The historiated initials (A) ‘P’ and (B) ‘S’ from the Icelandic Jónsbók with the Raman spectra of pigments contained
therein. The combination of vermilion and red ochre in the ‘P’ should be noted. The spectrum of bone white has been obtained from
the letter ‘H’ (not shown). Reproduced with permission from Best SP, Clark RJH, Daniels MAM, Porter CA and Withnall R (1995).
Identification by Raman microscopy and visible reflectance spectroscopy of pigments on an Icelandic manuscript. Studies in Conser-
vation 40: 31–40. (See Colour Plate 4.)
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Figure 11 Elaborately historiated initial ‘R’ in sixteenth-century German choir book, with Raman microscopy spectra of selected
pigmented regions. Reproduced with permission of Clark RJH (1995) Raman microscopy: application to the identification of pigments
on medieval manuscripts. Chemical Society Reviews 187–196 © The Royal Society of Chemistry. (See Colour Plate 5a).
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Figure 12 Portion of top of column of historiated initial ‘R’
shown in Figure 11; the individual pigment grains can be clearly
seen under the ×100 magnification and can be separately identi-
fied using Raman microscopy. Reproduced with permission of
Clark RJH (1995) Raman microscopy: application to the identifi-
cation of pigments on medieval manuscripts. Chemical Society
Reviews 187–196 © The Royal Society of Chemistry. (See
Colour Plate 5b).

Figure 13 Holy Sepulchre Chapel, Winchester Cathedral.
Wall painting of ca. 1175–85 on the east well depicting the Dep-
osition, Entombment, Maries at the Sepulchre and the Harrow-
ing of Hell. Reproduced with permission from Edwards HGM,
Brooke C and Tait JKF, An FT-Raman spectroscopic study of pig-
ments or medieval English wall paintings, Journal of Raman
Spectroscopy 28: 95–98, © 1997 John Wiley and Sons Ltd. (See
Colour Plate 6).
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Figure 14 FT-Raman spectra of twelfth-century wall paintings
in (A) Sherborne Abbey ((a) red pigment, (b) vermilion, (c)
unpainted stone, (d) calcite) and (B) Winchester Cathedral ((a)
red pigment, (b) vermilion, (c) red ochre). Reproduced with per-
mission from Edwards HGM, Brooke C and Tait JKF, An FT-
Raman spectroscopic study of pigments on medieval English
wall paintings, Journal of Raman Spectroscopy 28: 95–98,
© 1997 John Wiley and Sons Ltd.

Table 10 University of Chicago Special Collections manu-
scripts analysed by FT-IR spectroscopy

Manuscript number Name

972 Archaic Mark

1054 Elfleda Bond Goodspeed Gospels

965 Rockefeller-McCormick New Testament

131 Chrysanthus gospels

232 Greek gospels

46 Haskell gospels

129 Nicolaus gospels

727 Georgius gospels

879 Lectionary of Constantine the reader

948 Lectionary of St Menas the wonder worker
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See also: Colorimetry, Theory; Dyes and Indicators,
Use of UV-Visible Absorption Spectroscopy; Fourier
Transformation and Sampling Theory; Rayleigh Scat-
tering and Raman Spectroscopy, Theory; Vibrational

CD Spectrometers; Vibrational CD, Applications;
Vibrational CD, Theory.
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See Interstellar Molecules, Spectroscopy of; Stars, Spectroscopy of.
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Figure 1 Schematic diagram of a typical API source, as for
instance used in LC-MS.
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Figure 2 Schematic diagram of a typical API source for ICP-MS.

Figure 3 Schematic diagram of a sample introduction device
for APCI: a heated nebulizer.
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Figure 4 Schematic diagram of a pneumatically-assisted elec-
trospray sample introduction device.
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Figure 5 Ion envelope of multiply charged ions, obtained in the electrospray ionization of haemoglobin. In the spectrum, the m/z
and charge state of the ions are indicated. The spectrum consists of two series: one due to a Hb-α chain (Mr 15126 Da) and one due
to a Hb-βA chain (Mr 15 867 Da).
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See also: Chemical Ionization in Mass Spectrome-
try; Chromatography-MS, Methods; Cosmochemical
Applications Using Mass Spectrometry; Inductively
Coupled Plasma Mass Spectrometry, Methods; Inor-
ganic Chemistry, Applications of Mass Spectrometry.
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Figure 1 Schematic representation of a hollow-cathode lamp.
From Ebdon L (1998) Introduction to Analytical Atomic
Spectrometry. Reproduced by permission of John Wiley & Sons
Limited.
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Figure 2 Electrodeless discharge lamp. From Ebdon L (1998) Introduction to Analytical Atomic Spectrometry. Reproduced by
permission of John Wiley & Sons Limited.

Figure 3 Schematics of (A) single-beam and (B) double-beam
spectrometers. From Ebdon L (1998) Introduction to Analytical
Atomic Spectrometry. Reproduced by permission of John Wiley
& Sons Limited.
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Figure 4 Schematics of different monochromator types: (A)
Ebert, (B) Czerny–Turner, (C) Littrow. From Ebdon L (1998)
Introduction to Analytical Atomic Spectrometry. Reproduced by
permission of John Wiley & Sons Limited. Figure 5 Echelle-based polychromator.
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Figure 6 Response curves for several commercial photomulti-
plier tubes. From Ebdon L (1998) Introduction to Analytical
Atomic Spectrometry. Reproduced by permission of John Wiley
& Sons Limited.
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Table 1 Comparison of characteristic concentrations for flame
and electrothermal AAS

a Under normal flame conditions.
b With vapour generation.

Analyte Flame AAS (µg L–1)
Electrothermal 
AAS (pg)

Ag 30 5

Al 300 30

As 800a,5b 42

Au 100 18

B 8 500 600

Ba 200 15

Be 16 2.5

Bi 200 67

Ca 13 1

Cd 11 1

Co 50 17

Cr 50 7

Cs 40 10

Cu 40 17

Fe 45 12

Ge  1 300 25

Hg 2 200a,0.1b 220

K 10 2

La 48 000 7 400

Mg 3 0.4

Mn 20 6

Mo 280 12

Ni 50 20

Pb 100 30

Rb 30 10

Sb 300 60

Se 350a,4b 45

Si 1 500 120

Sn 400 100

Sr 40 4

Te 300 50

Ti 1 400 70

Tl 300 50

U 110 000 40 000

V 750 42

Yb 700 3

Zn 10 1

Figure 7 Electrothermal tubes available commercially: (A)
transversely heated graphite atomizer (THGA), (B) longitudinally
heated Massmann atomizer. From Ebdon L (1998) Introduction
to Analytical Atomic Spectrometry. Reproduced by permission
of John Wiley & Sons Limited.
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Figure 8 Typical flow injection manifold for matrix analyte pre-
concentration or matrix elimination.
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See also: Atomic Absorption, Theory; Atomic Fluo-
rescence, Methods and Instrumentation; Atomic
Spectroscopy, Historical Perspective; Light Sources
and Optics.
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Figure 1 Schematic representation of the processes taking place in a flame. The bold arrows show the pathways for analyte atom
production and thin arrows show side processes. Reproduced with permission from Welz B (1985) Atomic Absorption Spectrometry,
2nd edn, p. 167. Weinheim: VCH.
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Figure 2 Supply function S(t ) of silver atoms computed for the
change in the atomizer temperature T(t ) (E = 280 kJ mol−1, � =
1013 s−1); the change in the total number of silver atoms within
the atomizer volume N(t ).
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Table 1 Selection of processes involving analyte in graphite
tube atomizers

a s, l, g, ad stand for solid, liquid, gaseous and adsorbed
species, respectively.

Processa

Ref. in 
Figure 3 Elements

Me (s,l) → Me (g) 1 Ag, Au, Co, Cu, 
Ni, Pb, Pd

MeO (s,l) → Me (g) 1 Al, Cd, In, Pb
MeO (s,l) + C(s) → Me (g) 1 Mn, Mg
Me C (s,l) → Me (g) 1 Al, Ba, Ca, Cu, 

Mo, Sr, V
MeOH (s,l) → Me (g) 1 Rb
MeO (s,l) → MeO (g) 1′ Al, As, Ga, In, Tl
Me (s,l) → Me2 (g) 1′ Se, Co
Me (ad) → Me (g) 3 As, Cu
Me (g) → Me (s,l) 4 Ag, Au, Cu, Mg, 

Mn, Pd
Me (g) + O (g) → MeO (g) 5 Al, Si, Sn
MeO (g) → Me (g) 5′ Al, As, Cd, Ga, 

In, Mn, Pb, Zn
MeO (g) + C(s) → �

Me (g) + CO 
6 Al, Ga, In, Tl

Me (g) + C(s) → MeC (g) 6′ Al

Figure 3 Schematic representation of the basic physical and
chemical processes taking place in a tube electrothermal atom-
izer. Solid arrows denote pathways of free analyte atoms, dotted
arrows show the pathways of the analytes that are bound into
molecules. Primary generation of the analyte vapour from the
site of sample deposition as an atomic (1) or a molecular (1′)
species. Irreversible loss of analyte from the furnace through its
ends (2) and through the sample dosing hole (2′) by diffusion and
convection. Physical adsorption/desorption at the graphite sur-
face (3). Gas phase condensation (4) at the cooler parts of the
atomizer. Gas phase reactions (5) that bind free analyte atoms
into stable molecules or those (5′) that increase the free atom
density. Heterogeneous reactions of analyte vapour with the
atomizer walls: includes both production (6) and loss (6′) of free
atoms at the furnace wall.

Table 2 Selected relative detection limits (µg L–1) for different atomization techniquesa

a Detection limits are based on 98% confidence level (3 standard deviations). The values for the graphite furnace technique are re-
ferred to sample aliquots of 50 µL.

Adapted with permission from The Guide to Techniques and Applications of Atomic Spectroscopy (1997) p 5. Norwalk, CT, USA:
Perkin-Elmer.

Element Flame AA GF AA Hydride AA Element Flame AA GF AA Hydride AA

Ag 1.5 0.02 Mn 1.5 0.035

Al 45 0.1 Mo 45 0.08

As 150 0.2 0.03 Na 0.3 0.02

Au 9 0.15 Ni 6 0.3

B 1000 20 P 75 000 130

Ba 15 0.35 Pb 15 0.06

Be 1.5 0.008 Pd 30 0.8

Bi 30 0.25 0.03 Pt 60 2

Ca 1.5 0.01 Rb 3 0.03

Cd 0.8 0.008 Ru 100 1

Co 9 0.15 Sb 45 0.15 0.045

Cr 3 0.03 Se 100 0.3 0.03

Cu 1.5 0.1 Sn 150 0.2 0.03

Fe 5 0.1 Sr 3 0.025

Ge 300 10 1 Te 30 0.4 0.03
Hg 300 0.6 0.009 Ti 75 0.35

Ir 900 3 Tl 15 0.15

K 3 0.008 V 60 0.1

Li 0.8 0.06 Zn 1.5 0.1

Mg 0.15 0.004
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Figure 4 Schematic diagram of the emission J(�) and absorp-
tion k(�) spectral profiles typical in AAS.

Figure 5 Normalized theoretical Gaussian (G), Lorentzian (L)
and Voigt (V) line profiles versus dimensionless frequency. The
FWHMs and areas of the Gaussian and Lorentzian peaks are
equal; the Voigt profile is the convolution of the (G) and (L)
profiles.
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Figure 6 Emission J(� ) and absorption k(�) spectral profiles of
the 283.3 nm lead resonance line computed for the conditions of
graphite furnace AAS (ae = 0.01, a = 1.24; T = 2100 K). Jtr(�) is
the emission profile that is transmitted through a uniform layer of
3 × 1012 cm−2 lead atoms.
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Figure 7 The evolution of the 283.3 nm lead concentration
curve as the spectral and spatial features are successively taken
into account. Emission line is: single and infinitely narrow (1),
single and broadened (2); all the spectral features of the line are
taken into account including hyperfine splitting and the pressure
shift (3); (4) as (3) plus absorbing layer is assumed to be non-
uniform in the radial cross section with the analyte number
density at the atomizer bottom 4 times greater than that in the
upper part of the absorbing layer.
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See also: Atomic Absorption, Methods and
Instrumentation; Atomic Fluorescence, Methods and
Instrumentation; Fluorescence and Emission Spec-
troscopy, Theory.
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Figure 1 Inductively coupled plasma and torch schematic.

Figure 2 Direct current plasma schematic.
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Figure 3 Microwave induced plasma schematic illustrating the
‘Beenakker Cavity’ design.
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Figure 4 Beam path through a polychromator.
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Figure 5 Schematic of the (A) concentric nebulizer, (B) cross-
flow nebulizer and (C) Babington nebulizer.
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Figure 6 Glass frit nebulizer schematic. Reprint permission
from Ingle JD and Crouch SR (1988) Spectrochemical Analysis.
p. 193, Figure 7-5. Englewood Cliffs, NJ: Prentice Hall.

Figure 7 Ultrasonic nebulizer schematic. Reprint permission
from Ingle JD and Crouch SR (1988) Spectrochemical Analysis.
p. 194, Figure 7-6. Englewood Cliffs, NJ: Prentice Hall.
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Figure 8 Illustration of electrothermal vaporization graphite
furnace.

Figure 9 Hydride generation apparatus. Reprint permission
from Ingle JD and Crouch SR (1988) Spectrochemical Analysis.
p. 280, Figure 10-6. Englewood Cliffs, NJ: Prentice Hall.
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See also: Electronic Components, Applications of
Atomic Spectroscopy; Fluorescence and Emission
Spectroscopy, Theory; Inductively Coupled Plasma
Mass Spectrometry, Methods.

Figure 10 Interelement effects of plutonium on calcium (top)
and aluminium (bottom). Figure 11 Interelement equivalent concentration correction

factors for several interfering elements on calcium (top) and alu-
minium (bottom) as calculated by a program written in-house by
Gerth DJ.
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Figure 1 A schematic representation of an AFS instrument.
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Figure 2 (A) Schematic diagram of longitudinal laser-induced fluorescence with electrothermal atomization. (B) Transverse laser-
induced fluorescence. From Ebdon L (1998) Introduction to Analytical Atomic Spectrometry. Reproduced by permission of John Wiley
& Sons Limited.
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Figure 3 A multi-reflectance filter.

Figure 4 Schematic of a very basic nondispersive AF
spectrometer.
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See also: Atomic Absorption, Theory; Atomic Emis-
sion, Methods and Instrumentation; Atomic Fluores-
cence, Methods and Instrumentation; Inductively
Coupled Plasma Mass Spectrometry, Methods.
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Figure 1 Specular reflection and transmission. The angles of
incidence (i ), reflection (r ) and refraction (t ) are denoted by �i, �r

and �t, respectively. The corresponding electric field components
are denoted by E. They are split into orthogonal portions, one
parallel to the plane of incidence (x,z-plane) and the other per-
pendicular to this plane (parallel to y-axis). Accordingly, electric
fields are referred to as parallel (�) and perpendicular (�) polar-
ized, n1, n2, 1 and 2 denote the refractive and absorption indices
in the two media.
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Figure 2 Diffuse reflection experiment. Mi, Mr�ellipsoidal mir-
rors for incident and reflected light; S � sample; I, Rd,
Rs � incident diffuse, and specular reflected beams, respective-
ly. In the magnified circle a possible ray tracing through a surface
particle is shown, demonstrating the formation of mixed diffuse
and specular reflected light. d is the mean penetrated layer thick-
ness according to the Bouguer–Lambert law (Equation [21]).

Figure 3 (A) Specular reflectance (SR) spectrum of a black
acrylonitrile–butadiene–styrene polymer film measured at near
normal incidence, (B) Absorbance spectrum after data treatment
of SR spectrum by a Kramers–Kronig transformation. Repro-
duced in part with permission of Elsevier Science from Zachman
G (1995) Journal of Molecular Structure 348: 453–456.
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Figure 4 Specular reflectance calculated according to
Equation [10]. Refractive indices: n1�1 and n2�1.5, ��, � denote
parallel and perpendicular polarized incident light. The Brewster
angle, where �� � 0 for a nonabsorbing medium, is calculated as
�i = �B � 56.3[, according to tan �B = n21.
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Figure 5 PM-IRRAS spectrum of an arachidic acid monolayer
on a gold surface. The spectrum was normalized according to
Equation [22]. It should be noted that only molecular vibration
can be detected by IRRAS when the corresponding transition
moment exhibits a component normal to interface (z-direction).
Reproduced in part with permission from Beccard B and
Mapanowicz R (1995) Nicolet Application Note AN-9542. Madi-
son, WI: Nicolet.

Figure 6 ATR setup. Optical and structural features are related
to the IRE fixed-coordinate system x,y,z. E�� and E� denote the
parallel and perpendicular polarized electric field components of
the light incident to the IRE under the angle �i. E�� results in the
Ex, and Ez components of the evanescent wave, while E� results
in the Ey component.  m denotes the unit vector in direction of the
transition dipole moment vector of a given vibrational mode, and
mx, my, mz are the corresponding components in the IRE coordi-
nate system. m goes off at an angle 
 with respect to the z-axis
and the projection of m to the xy-plane goes off at an angle � with
respect to the x-axis. Reproduced with permission of the Ameri-
can Institute of Physics from Fringeli UP et al. (1998) AIP Confer-
ence Proceedings 430: 729–747.
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Figure 7 Single-beam sample reference (SBSR) ATR attach-
ment. (A) The focus in the sample compartment is displaced to
the position F by the planar mirrors M1 and M2. The off-axis para-
bolic mirror M3 produces a parallel beam with a diameter of 1 cm,
i.e. half of the height of the MIRE. The cylindrical mirror M4 fo-
cuses the light to the entrance face of the MIRE. M5, which has
the same shape as M4, reconverts to parallel light directing it via
the planar mirror M6 through the polarizer POL and it is then be-
ing focused to the detector DET by the off-axis parabolic mirror
M7. (B) Alternating change from sample to reference is per-
formed by computer-controlled lifting and lowering of the ATR cell
body. Reproduced with permission of the American Institute of
Physics from Fringeli UP et al. (1998) AIP Conference Proceed-
ings 430: 729–747.
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Figure 8 Schematic setup for modulated excitation (ME) experiments. A periodic excitation is exerted on the sample with frequency
�. The sample response S(t), as sensed by IR radiation, contains the frequency � and higher harmonics at wavelengths that are sig-
nificant for those parts of the sample that have been affected by the stimulation. Selective detection of the periodic sample responses
is performed by phase-sensitive detection (PSD), resulting in the DC output and An of fundamental �(n � 1) and their harmonics n�
(n = 2, 3, �.), as well as the phase shifts �n between the nth harmonic and the stimulation. This phase shift is indicative of the kinetics
of the stimulated process and of the underlying chemical reaction scheme. Since the PSD output An(n = 1, 2, �,n; frequency n�) is
proportional to cos(�n��n.PSD), absorption bands featuring the same phase shift �n are considered to be correlated, i.e. to be repre-
sentative of a population consisting of distinct molecules or molecular parts. �n.PSD is the operator-controlled PSD phase setting. Be-
cause of the cosine dependence, different populations will have their absorbance maxima at different �n.PSD settings, thus allowing
selective detection. Moreover, since in the case that 0.1 < ��i < 10 (�i denotes the i th relaxation time of the system), �n becomes �
dependent, �n � �n(�). The spectral information can then be spread in the �n.PSD– � plane, resulting in a significant enhancement of
resolution with respect to standard difference spectroscopy and time-resolved spectroscopy.

Figure 9 Parallel (�) and perpendicular (�) polarized ATR absorbance spectra of a dipalmitoylphosphatidic acid (DPPA) monolayer
transferred at 30 mN m�1 from the aqueous subphase (10�4 M CaCl2) to a germanium multiple internal reflection element (MIRE).
Spectra were obtained from the dry monolayer in contact with dry air. A surface concentration of � � 3.93 � 10�10 mol  cm�2 was
calculated by means of Equation [36] using the dichroic ratio of the symmetric CH2 stretching vibration at 2850 cm�1 with respect to a
linear baseline (B), resulting in R ATR [�s(CH2)] � 0.923. Angle of incidence �i = 45°; number of equal functional groups � = 28; number
of active internal reflections N � 39.
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Figure 10 pH-modulated excitation (ME) of an arachidic acid (ArAc) bilayer attached to a germanium multiple internal reflection el-
ement (MIRE). ME was performed by pumping alternatively two buffer solutions (100 mM NaCl, pH 3 and 100 mM NaCl, pH 10)
through the ATR cuvette with a modulation period of � = 16 min. T � 10°C. Upper trace A0; stationary spectrum of a protonated ArAc
layer for comparison with modulation spectra. Traces A1; modulation spectra at PSD phase settings �PSD � 0, 30,�, 180°. The 180°
spectrum corresponds to the 0° spectrum with opposite sign, because the PSD output is proportional to cos (���PSD), see also
Figure 8. � denotes the phase difference between a given band and the stimulation. Owing to the long period of �m � 16 min, the
observed bands in the modulation spectra exhibit only two resolved � values, which are 180° apart, as a consequence of the fact that
the chemical relaxation time of protonation/deprotonation of ArAc is much shorter than the stimulation period. In order to demonstrate
the excellent S/N ratio, the ordinate of the weakest modulation spectrum has been expanded in the CH2 wagging region by a factor of
25, i.e. the ordinate scaling factor for the dashed spectrum results in 4.0 � 10�5 (see text).
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See also: Electromagnetic Radiation; Industrial
Applications of IR and Raman Spectroscopy; Polymer
Applications of IR and Raman Spectroscopy; Raman
and IR Microspectroscopy; Surface Studies by IR
spectroscopy.
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Figure 1 Fluorescent amino acids.
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Figure 2 Three fluorescent cofactors.
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Figure 3 Two common calcium probes.
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See also: Fluorescence Microscopy, Applications;
Fluorescence Polarization and Anisotropy; Fluores-
cent Molecular Probes; Inorganic Condensed Matter,
Applications of Luminescence Spectroscopy; Lumi-
nescence, Theory; Organic Chemistry Applications of
Fluorescence Spectroscopy; UV-Visible Absorption
and Fluorescence Spectrometers; X-ray Fluores-
cence Spectrometers; X-ray Fluorescence Spectro-
scopy, Applications.
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Table 1 Summary of mass spectrometry techniques used in
biomolecule analysis

Analyte
Ionization
source Mass analyser

Proteins/peptides FAB Quadrupole, sector
MALDI TOF, FTICR
ESI Quadrupole, sector, 

FTICR, TOF
Oligonucleotides FAB Quadrupole, sector

MALDI TOF, FTICR
ESI Sector, FTICR, TOF

Oligosaccharides FAB Quadrupole, sector
MALDI TOF
ESI Quadrupole, sector, TOF

Lipids FAB Quadrupole
MALDI TOF
ESI Quadrupole, FTICR, TOF
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See also: Chemical Structure Information from Mass
Spectrometry; Chromatography–MS, Methods; Fast
Atom Bombardment Ionization in Mass Spectrometry;
Fragmentation in Mass Spectrometry; Hyphenated
Techniques, Applications of in Mass Spectrometry;
Medical Applications of Mass Spectrometry; MS-MS
and MSn; Nucleic Acids and Nucleotides Studied Us-
ing Mass Spectrometry; Peptides and Proteins Stud-
ied Using Mass Spectrometry; Quadrupoles, Use of in
Mass Spectrometry; Sector Mass Spectrometers; Sur-
face Induced Dissociation in Mass Spectrometry;
Time of Flight Mass Spectrometers.
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Figure 1 Fourier-transform RR spectra (1064 nm) of various states of phytochrome trapped at low temperature. (A) Pr; (B) Lumi-R;
(C) Meta-Ra; (D) Meta-Rc; (E) Pfr.
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Figure 2 RR spectra (413 nm) of cytochrome c552 of Thermus
thermophilus in the reduced state (A) and the oxidized state (B).
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Table 1 Conformation-sensitive non-resonant Raman bands
of nucleic acid

Frequency
(cm–1)

Description

805–815
phosphodiester symmetric stretching: 

C-3′-endo conformation (A-DNA)

835
(weak)

phosphodiester symmetric stretching: 
C-2′-endo conformation (B-DNA)

870–880
phosphodiester symmetric stretching: 

C-DNA

682
guanine ring breathing: C-2′-endo-anti

(B-DNA)

665
guanine ring breathing: C-3′ endo-anti 

(A-DNA)

625
guanine ring breathing: C-3′ endo-syn 

(Z-DNA)

1260
(weak)

cytosine band: B-DNA

1265
(strong)

cytosine band: Z-DNA

1318
(moderate)

guanine band: B-DNA

1318
(very strong)

cytosine band: Z-DNA

1334
(moderate)

guanine band: B-DNA

1355
(moderate)

guanine band: Z-DNA

1362
(moderate)

guanine band: B-DNA

1418
(weak)

guanine band: Z-DNA

1420
(moderate)

guanine band: B-DNA

1426
(weak)

guanine band: Z-DNA
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Figure 3 Time-resolved RR spectra of halorhodopsin from
Natronobacterium pharaonis obtained in single (probe only,
514 nm) and dual beam experiments with variable delay times δ
of the probe laser (514 nm) relative to the pump laser (600 nm).
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See also: Biofluids Studied By NMR; Chiroptical
Spectroscopy, General Theory; Forensic Science, Ap-
plications of IR Spectroscopy; Industrial Applications
of lR and Raman Spectroscopy; IR Spectrometers;
Medical Science Applications of IR; Membranes Stud-
ied By NMR Spectroscopy; Nucleic Acids and Nucle-
otides Studied Using Mass Spectrometry; Nucleic
Acids Studied By NMR; Peptides and Proteins Stud-
ied Using Mass Spectrometry; Raman Spectrometers;
Surface-Enhanced Raman Scattering (SERS),
Applications.
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Table 1 Normal biofluids and their physicochemical properties

+++, ++, + indicate high, medium, low degree of constraint for NMR studies#
a Relative water intensity when compared with concentrations of metabolities of interest.
b In biofluids with high protein or lipid contents, spin-echo spectra must normally be employed to eliminate broad resonances.
c A subjective indication of spectral crowding (at 600 MHz) due to abundance of endogenous metabolites with a wide range of shifts.
d Presence of cells and process of cell sedimentation gives rise to magnetic field inhomogeneity problems.
e Not a limiting factor.

Biofluid Function Water contenta Viscosity Protein contentb Lipid contentb Peak overlapc

Urine Excretion 
Homoeostasis

+++ e e e e

Bile
Excretion
Digestion

++ ++ + + +++

Blood plasma
Transport 
Homoeostasis
Mechanical

+++ ++ +++ +++ ++

Whole bloodd
Transport 
Oxygenation

+++ +++ +++ ++ +++

Cerebrospinal fluid
Transport 
Homoeostasis
Mechanical

+++ + + + ++

Milk Nutrition ++ + ++ +++ +++

Saliva
Excretion
Digestion

+++ ++ ++ ++ +

Gastric juice Digestion +++ +++ +++ e ++

Pancreatic juice Digestion ++ ++ +++ + +++

Seminal fluid
Support for 
spermatozoa

+ +++ + + +++

Prostatic fluid
Support for 
spermatozoa

+ ++ + + ++

Seminal vesicle fluid
Support for 
spermatozoa

+ +++ +++ + +++

Amniotic fluid
Protection of 
fetus

+++ + + + +

Follicular fluid Reproduction +++ + + + +

Synovial fluid Joint protection +++ +++ ++ + +

Aqueous humour Eye function +++ + ++ e +
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Figure 1 800 MHz 1H NMR spectra of control human biofluids; (A) urine; (B) gall bladder bile and (C) blood plasma. Reproduced
with permission of Academic Press from Lindon JC, Nicholson JK and Everett JR (1999) NMR spectroscopy of biofluids. Annual
Reports on NMR Spectroscopy 38: in the press.
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Table 2 1H NMR assignments and chemical shifts for metabolities found in biofluids

Metabolite Assignment �(1H) Multiplicity �(13C) Biofluid a


-Hydroxyisovalerate CH3 0.81 d C,U


-Hydroxy-n-butyrate CH3 0.90 t C,U

n-Butyrate CH3 0.90 t U


-Hydroxy-n-valerate CH3 0.92 t U

Isoleucine �-CH3 0.94 t A,C,P,S,U

Leucine �-CH3 0.96 t A,C,P,U

Leucine �-CH3 0.97 t A,C,P,U


-Hydroxyisovalerate CH3 0.97 d C,U

Valine CH3 0.99 d 19.6 C,P,U

Isoleucine $-CH3 1.01 d 14.6 A,C,P,S,U

Valine CH3 1.04 d A,C,P,U

Ethanol CH3 1.11 t C,P,U

Propionate CH3 1.12 t U

Isobutyrate CH3 1.13 d P

$-Hydroxybutyrate CH3 1.20 d C,P,S,U

Isoleucine �-CH2 1.26 m A,C,P,S,U

Fucose CH3 1.31 d P

Lactate CH3 1.33 d 20.9 A,C,P,S,U

Threonine CH3 1.34 d A,C,P,S,U


-Hydroxyisobutyrate CH3 1.36 s U


-Hydroxy-n-valerate �-CH2 1.37 m U

Alanine CH3 1.48 d 16.8 A,C,P,S,U

Lysine �-CH2 1.48 m C,P,S,U

Isoleucine �-CH2 1.48 m C,P,S,U

n-Butyrate $-CH2 1.56 d P,U

Adipate CH2 1.56 m P,U

Citrulline �-CH2 1.58 m C,U


-Hydroxy-n-valerate $-CH2 1.64 m U


-Hydroxybutyrate CH2 1.70 m U

Arginine �-CH2 1.70 m U

Leucine CH2 1.71 m 40.7 C,P,S,U

Lysine �-CH2 1.73 m C,P,S,U

Ornithine �-CH2 1.81 m C,P,S,U

Citrulline $-CH2 1.88 m C,P,S,U

N-Acetylglutamate $-CH2 1.89 m C,P,S,U

�-Amino-n-butyrate $-CH2 1.91 m C,P,S,U

Lysine $-CH2 1.91 m 30.3 C,P,S,U

Arginine $-CH2 1.93 m C,P,S,U

Ornithine $-CH2 1.95 m A,S,U

Acetate CH3 1.95 s A,C,P,S,U

Isoleucine $-CH 1.98 m C,P,U

Acetamide CH3 2.01 s U

N-Acetyl groups(glycoproteins) CH3 2.02 s 23.0 P,U


-Hydroxyisovalerate $-CH 2.02 m U
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Table 2 continued

Metabolite Assignment �(1H) Multiplicity �(13C) Biofluid a

N-Acetylaspartate CH3 2.03 s C,U

Proline �-CH2 2.01 m C,S,U

N-Acetyl groups(glycoproteins) CH3 2.05 s P,U

Proline $-CH2 2.07 m C,S,U

N-Acetylglutamate CH3 2.04 s U

N-Acetylglutamate $-CH2 2.06 m U

Glutamate $-CH2 2.10b m 30.1 A,C,P,S,U

Glutamine $-CH2 2.14b m C,P,S,U

Methionine S-CH3 2.14 s A,C,P,S,U

n-Butyrate 
-CH2 2.16 t C,P,S,U

Methionine $-CH2 2.16 m A,C,P,S,U

Adipate CH2COOH 2.22 m U

N-Acetylglutamate �-CH2 2.23 t U

Acetone CH3 2.23 s P,U

Valine $-CH 2.28 m C,P,S,U

Acetoacetate CH3 2.29 s C,P,S,U

�-Amino-n-butyrate 
-CH2 2.30 t C

$-Hydroxybutyrate CH2 2.31 ABX C,P,S,U

Proline $-CH2 2.35 m A,C,S,U

Glutamated �-CH2 2.36 m 34.5 C,U

Oxalacetate CH2 2.38 s C,P,U

Pyruvate CH3 2.38 s C,P,U

Malate CH2 2.39 dd U

$-Hydroxybutyrate CH2 2.41 ABX C,P,S,U

Succinate CH2 2.43 s C,P,S,U

Carnitine CH2(COOH) 2.44 dd C,P,S,U


-Ketoglutarate �-CH2 2.45 t C,P,S,U

Glutamine �-CH2 2.46b m 31.9 C,P,S,U

Glutamated �-CH2 2.50 m A,C,P,S,U

N-Acetylaspartate CH2 2.51 ABX C,U

Methylamine CH3 2.54 s P

Citrate �CH2 2.67 AB A,C,P,S,U

Methionine S-CH2 2.65 t C,P,S,U

Aspartate $-CH2 2.68c ABX C,P,S,U

Malate CH2 2.69 ABX U

N-Acetylaspartate CH2 2.70 ABX C,U

Dimethylamine CH3 2.72 s C,P,S,U

Sarcosine CH3 2.74 s U

Dimethylglycine CH3 2.78 s P,U

Citrate �CH2 2.80 AB A,C,P,S,U

Aspartate $-CH2 2.82 ABX C,P,S,U

Methylguanidine CH3 2.83 s U

Asparagine $-CH2 2.86 m C,P,S,U

Trimethylamine CH3 2.88 s U
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Table 2 continued

Metabolite Assignment �(1H) Multiplicity �(13C) Biofluid a

Asparagine $-CH2 2.96 m C,P,S,U


-Ketoglutarate $-CH2 3.01 t C,P,S,U

�-Amino-n-butyrate �-CH2 3.02 t C

Lysine 	-CH2 3.03 t 40.3 C,P,S,U

Cysteine CH2 3.04 m C,U

Creatine CH3 3.04 s A,C,P,S,U

Phosphocreatine CH3 3.05 s S

Creatinine CH3 3.05 s A,C,P,S,U

Tyrosine CH2 3.06 ABX C,P,S,U

Ornithine �-CH2 3.06 t C,S,U

Cysteine CH2 3.12 ABX C,U

Malonate CH2 3.13 s U

Phenylalanine $-CH2 3.13 m C,P,S,U

Histidine $-CH2 3.14 ABX C,P,S,U

Citrulline 
-CH2 3.15 m C,U

cis-Aconitate CH2 3.17 s U

Tyrosine CH2 3.20 ABX C,P,S,U

Choline N(CH3)3 3.21 s 55.0 C,P,S,U

Phosphorylethanolamine NCH2 3.23 t S

$-Glucose C-H2 3.24 dd A,C,P,S,U

Histidine $-CH2 3.25 ABX C,P,S,U

Arginine �-CH2 3.25 t 41.3 C,S,U

Trimethylamine-N-oxide N(CH3)3 3.27 s C,P,S,U

Taurine CH2SO3 3.25 t A,C,P,S,U

Betaine N(CH3)3 3.27 s C,P,S,U

Phenylalanine $-CH2 3.28 m C,P,S,U

Myo-inositol H5 3.28 t P

Tryptophan CH2 3.31 ABX P,S,U

Glycerophosphorylcholine N(CH3)3 3.35 s S

Proline �-CH2 3.33 m A,P,U

$-Glucose C-H4 3.40 t 70.6 A,C,P,S,U


-Glucose C-H4 3.41 t 70.6 A,C,P,S,U

Proline �-CH2 3.42 m A,P,U

Carnitine NCH2 3.43 m C,P,S,U

Taurine NCH2 3.43 t A,C,P,S,U

Acetoacetate CH2 3.45 s C,P,S,U

$-Glucose C-H5 3.47 ddd 76.7 A,C,P,S,U

trans-Aconitate CH2 3.47 s U


-Glucose C-H3 3.49 t 76.7 A,C,P,S,U

Tryptophan CH2 3.49 ABX P,U

Choline NCH2 3.52 m C,P,S,U

Glycerophosphorylcholine NCH2 3.52 m S


-Glucose C-H2 3.53 dd 72.3 A,C,P,S,U

Glycerol CH2 3.56 ABX 63.5 C,P

Myo-inositol H1/H3 3.56 dd P
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Table 2 continued

Metabolite Assignment �(1H) Multiplicity �(13C) Biofluida

Glycined CH2 3.57 s C,P,S,U

Threonine 
-CH 3.59 d U

Fructose ($-furanose) H1 3.59 d S

Fructose ($-furanose) H1 3.59 d S

Fructose ($-pyranose) H1 3.60 d S

Sarcosine CH2 3.61 s C,P,S,U

Ethanol CH2 3.61 d C,P,S,U

Valine 
-CH 3.62 d 64.2 C,P,S,U

Myo-inositol H4/H6 3.63 dd P

Fructose ($-pyranose) H6′ 3.63 m S

Fructose ($-pyranose) H3 3.64 m S

Glycerol CH2 3.65 ABX 63.5 C,P

Isoleucine 
-CH 3.68 d A,C,P,S,U

Fructose ($-furanose) H6′ 3.70 m S

Fructose ($-furanose) H1 3.70 m S


-Glucose C-H3 3.71 t 73.6 C,P,S,U

$-Glucose C-H6′ 3.72 dd 61.6 A,C,P,S,U

Leucine 
-CH 3.73 t 55.1 A,C,P,S,U


-Glucose C-H6′ 3.74 m 61.4 A,C,P,S,U

Ascorbate CH2 3.74 d U

Ascorbate CH2 3.76 d U

Citrulline 
-CH 3.76 t C,U

Lysine 
-CH 3.76 t C,P,S,U

Glutamine 
-CH 3.77 t 55.4 C,P,S,U

Glutamate 
-CH 3.77 t A,C,P,S,U

Arginine 
-CH 3.77 t C,U

Glycerol CH 3.79 ABX 72.6 C,P

Alanine CH 3.79 q A,C,P,S,U

Ornithine 
-CH 3.79 t C,P,S,U

Guanidoacetate CH2 3.80 s U

Mannitol CH3 3.82 d C

Fructose ($-furanose) H4 3.82 m S

Fructose ($-pyranose) H3 3.84 m S


-Glucose C-H6 3.84 m 61.4 A,C,P,S,U


-Glucose C-H5 3.84 ddd 72.3 A,C,P,S,U

Fructose ($-furanose) H6 3.85 m S


-Hydroxyisovalerate 
-CH 3.85 d U

Serine 
-CH 3.85 ABX U

Methionine 
-CH 3.86 t A,C,P,S,U

$-Glucose C-H6 3.90 dd 61.6 A,C,P,S,U

Fructose ($-pyranose) H4 3.90 m S

Betaine CH2 3.90 s C,P,S,U

Aspartate 
-CH 3.91 ABX C,U

4-Aminohippurate CH2 3.93 d U

Creatine CH2 3.93 s P
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Table 2 continued

Metabolite Assignment �(1H) Multiplicity �(13C) Biofluid a

Glycolate CH2 3.94 s U

Tyrosine CH 3.94 ABX C,P,S,U

Phosphocreatine CH2 3.95 s e

Serine $-CH2 3.95 ABX U

Hippurate CH2 3.97 d C,P,S,U

Histidine 
-CH 3.99 ABX C,P,S,U


-Hydroxybutyrate CH 4.00 ABX U

Asparagine 
-CH 4.00 ABX C,S,U

Cysteine CH 4.00 ABX U

Serine $-CH2 4.00 ABX C,U

Phosphorylethanolamine OCH2 4.00 m S

Phenylalanine 
-CH 4.00 m C,P,S,U

Fructose ($-pyranose) H5 4.01 m S

Ascorbate CH 4.03 m U

Fructose ($-pyranose) H6 4.01 m S


-Hydroxy-n-valerate 
-CH 4.05 m U

Creatinine CH2 4.06 s A,C,P,S,U

Tryptophan CH 4.06 ABX S,U

Myo-Inositol H2 4.06 t C,S,U

Choline OCH2 4.07 m C,P,S,U

Lactate CH 4.12 q 69.2 A,C,P,S,U

Fructose ($-furanose) H5 4.13 m S

Proline 
-CH 4.14 m A,C,P,S,U

$-Hydroxybutyrate CH 4.16 ABX C,P,S,U

Threonine $-CH 4.26 ABX A,C,P,S,U

Malate CH 4.31 dd U

N-methylnicotinamide CH3 4.48 s U

Glycerophosphorylcholine NCH2 3.52 m S

N-Acetylaspartate CH 4.40 ABX C,U

$-Galactose C-H1 4.52 d C

Ascorbate CH 4.52 d U

$-Galactose C-H1 4.53 d P

$-Glucose C-H1 4.64 d A,C,P,S,U

Water H2O 4.79 s all fluids

Phospho(enol)pyruvate CH 5.19 t e


-Glucose C-H1 5.23 d 92.9 A,C,P,S,U

Allantoate CH 5.26 s U

Phospho(enol)pyruvate CH 5.37 t e

Allantoin CH 5.40 d U

Urea NH2 5.78 s P,U

Uridine H5 5.80 d C,S,U

Uridine H1! 5.82 d C,S,U

cis-Aconitate CH 5.92 s U

Urocanate CH(COOH) 6.40 d U

Fumarate CH 6.53 s U
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a Main biofluid in which compounds are found or have been observed; A, C, P, S and U refer to observation in amniotic fluid, CSF,
Serum, Seminal fluid and urine, respectively.

b Varies according to the presence of divalent metal ions (especially Ca, Mg and Zn).
c Highly variable over physiological pH range.
d Significant shift differences due to the formation of fast exchanging complexes with divalent metal ions in biofluids.
e Not normally observed in biofluids because of low stability.

Table 2 continued

Metabolite Assignment �(1H) Multiplicity �(13C) Biofluid a

trans-Aconitate CH 6.62 s U

4-Aminohippurate C-H3/H5 6.87 d U

3,4-Dihydroxymandelate cyclic H 6.87 d U

3,4-Dihydroxymandelate cyclic H 6.90 s U

Tyrosine C-H3/H5 6.91 d′ 116.7 C,P,S,U

3,4-Dihydroxymandelate cyclic H 6.94 d U

3-Methylhistidine C-H4 7.01 s P

Histidine C-H4 7.08 s C,P,S,U

1-Methylhistidine C-H4 7.05 s P

Tyrosine C-H2/H6 7.20 d C,P,S,U

Tryptophan C-H5/H6 7.21 t S,U

Indoxyl sulphate C-H5 7.20 m U

Indoxyl sulphate C-H6 7.28 m C,U

Tryptophan C-H5/H6 7.29 t S,U

Urocanate CH(ring) 7.31 d U

Tryptophan C-H2 7.33 s S,U

Phenylalanine C-H2/H6 7.33 m C,P,S,U

Phenylalanine C-H4 7.38 m C,P,S,U

Urocanate C-H5 7.41 s U

Phenylalanine C-H3/H5 7.43 m C,P,S,U

Nicotinate cyclic H 7.53 dd U

Hippurate C-H3/H5 7.55 t U

Tryptophan C-H7 7.55 d S,U

3-Methylhistidine C-H2 7.61 s P

Hippurate C-H4 7.64 t U

4-Aminohippurate C-H2/H6 7.68 d U

Tryptophan C-H4 7.74 d S,U

1-Methylhistidine C-H2 7.77 s P

Uridine C-H6 7.81 d C,S,U

Histidine C-H2 7.83 s C,P,S,U

Hippurate C-H2/H6 7.84 d U

Urocanate cyclic C-H3 7.89 s U

N-methylnicotinamide C-H5 8.19 t U

Nicotinate cyclic H 8.26 dt U

Formate CH 8.46 s C,P,S,U

Nicotinate cyclic H 8.62 dd U

N-methylnicotinamide C-H4 8.90 d U

Nicotinate cyclic H 8.95 d U

N-methylnicotinamide C-H6 8.97 d U

N-methylnicotinamide C-H2 9.28 s U
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Figure 2 A plot of PC1 versus PC2 for a set of rat urine sam-
ples using simple scored levels of 16 metabolites as the descrip-
tor set. A cluster of renal cortical toxins is seen at the left, whilst
the testicular and liver toxins are to the right. At the bottom the
two renal papillary toxins (BEA and PI) appear to cluster with liver
toxins (ALY and ANIT) but are well separated in the third principal
component. Reproduced with permission of Academic Press
from Lindon JC, Nicholson JK and Everett JR (1999) NMR spec-
troscopy of biofluids. Annual Reports on NMR Spectroscopy 38:
1–88.
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See also: Cells Studied By NMR; Chromatography–
NMR, Applications; Diffusion Studied Using NMR
Spectroscopy; Drug Metabolism Studied Using NMR
Spectroscopy; In vivo NMR, Applications, Other Nu-
clei; In vivo NMR, Applications, 31P; In vivo NMR,
Methods; Perfused Organs Studied Using NMR Spec-
troscopy; Proteins Studied Using NMR Spectroscopy;
Solvent Suppression Methods in NMR Spectroscopy;
Structural Chemistry Using NMR Spectroscopy, Phar-
maceuticals.
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Figure 1 The circular dichroism of polypeptides with different
conformations. (—) 
-helix, poly-L-lysine in water, pH 11.1, 22°C;
(---) $-sheet, poly(Lys-Leu-Lys-Leu) in 0.5 M NaF at pH 7;
(·····) $-turn (Type III), N-acetyl-Pro-Gly-Leu-OH in trifluoroetha-
nol at –60°C; ( ) random coil, Glu-Lys-Lys-Leu-Glu-Glu-Ala in
20 mM sodium phosphate, pH 2, 0°C; ( ) P�, poly-L-proline in
trifluoroethanol. Reprinted from data in Greenfield NJ and Fas-
man GD (1969) Biochemistry 8: 4108–4116, Brahms S and
Brahms J (1980) J. Mol. Biol. 138: 149–178, by permission of Ac-
ademic Press, Venyaminov SY, Baikalov IA, Shen ZM, Wu C-SC
and Yang JT (1993) Anal. Biochem. 214: 17–24, and Bovey FA
and Hood FP (1967) Biopolymers 5: 325–326 by permission of
John Wiley & Sons, Inc.
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Figure 2 The change in fraction folded of a coiled-coil leucine
zipper peptide, GCN4-P1, as a function of temperature and pep-
tide concentration. The concentrations range from 1 µM with the
lowest TM to 20 µM with the highest TM. The enthalpy of unfolding
was 35.0 ± 1.1 kcal mol–1 (monomer) which compared to that of
34.7 ± 0.3 kcal mol–1 measured by calorimetry. Abstracted with
permission from data in Thompson KS, Vinson CR and Freire E
(1993) Biochemistry 32: 5491–5496. Copyright 1993 American
Chemical Society.
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Table 1 Comparisons of methods of analysing protein conformation from circular dichroism dataa

a The secondary structures of 16 proteins plus poly-L-glutamate were analysed using each computer program as described by
Sreerama and Woody (8). P is the correlation coefficient between the CD-estimated and X-ray conformations and ��is the mean-
square error between the CD-estimated and X-ray conformations. The secondary structures were assigned by the method of Kabsch
and Sander (11). When protein databases were used as standards, each protein analysed was excluded from the data set used as
the references. When the � value is higher than the standard deviation (STD) of the mean value of each conformation found in the
17 samples which were analysed, the program does a relatively poor job of analysing that conformation.

b PGA was excluded from the calculation of P and � because the fit was obviously impossible.
(1) Brahms S and Brahms J (1980) Determination of protein secondary structure in solution by vacuum ultraviolet circular dichroism.

Journal of Molecular Biology 138: 149–178.
Continued

Computer
program Standards

Wavelength 
range, nm


-helix $-sheet $-turn

P � P � P �

Linear regression – unconstrained fit

MLR (1) 4 peptides (1) 240–178 0.91 0.13 0.43 0.21 0.07 0.16

MLR (1) 4 peptides (1) 240–200 0.92 0.14 0.74 0.16 0.23 0.16

Linear regression – constrained fit

G&F (2) Poly-L-lysine (2) 240–208 0.92 0.13 0.61 0.18 ND ND

LINCOMB (3) 4 peptides (1) 240–178 0.93 0.11 0.58 0.15 0.61 0.11

LINCOMB (3) 4 peptides (1) 240–200 0.94 0.11 0.71 0.13 0.53 0.14

LINCOMB (3) 17 proteins (4) 240–178 0.94 0.09 0.62 0.14 0.21 0.13

LINCOMB (3) 17 proteins (4) 240–200 0.92 0.10 0.09 0.28 0.52 0.12

Singular-value decomposition

SVD (4) 17 proteins (4) 240–178 0.98 0.05 0.68 0.12 0.22 0.10

SVD (4) 17 proteinsb (4) 240–200 0.96 0.07 0.43 0.14 0.04 0.13

Convex-constraint algorithm

CCA (5) 17 proteins (4) 260–178 0.96 0.10 0.62 0.18 0.39 0.18

CCA (5) 17 proteins (4) 240–200 0.97 0.10 0.42 0.20 0.52 0.22

Ridge regression

CONTIN (6) 17 proteins (4) 260–178 0.93 0.11 0.56 0.15 0.58 0.08

CONTIN (6) 17 proteins (4) 240–200 0.95 0.13 0.60 0.15 0.74 0.07

Variable selection

VARSLC (7) 17 proteins (4) 260–178 0.97 0.07 0.81 0.10 0.60 0.07

Variable selection – self consistent method

SELCON (8) 17 proteins (4) 260–178 0.95 0.09 0.84 0.08 0.77 0.05

SELCON (8) 17 proteins (4) 260–190 0.94 0.09 0.73 0.09 0.84 0.05

SELCON (8) 17 proteins (4) 240–200 0.93 0.10 0.73 0.11 0.71 0.06

SELCON (8) 33 proteins (9) 260–178 0.93 0.09 0.91 0.07 0.53 0.09

SELCON (8) 33 proteins (9) 260–200 0.88 0.12 0.86 0.09 0.46 0.09

Neural-network analysis

K2D (10) 18 proteins (10) 240–200 0.95 0.09 0.77 0.10 ND ND

Mean STD Mean STD Mean STD

0.36 0.27 0.20 0.16 0.22 0.08
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Figure 3 The effects of concentration and urea on the folding of the helix-loop-helix DNA binding domains of the muscle-regulatory
DNA transcription factors, MyoD. (A) The change in ellipticity at 222 nm of Myo D as a function of concentration. The data were used
to calculate the constant of dimerization K dimer = 9.4 µM. (B) The change in fraction folded of MyoD as a function of urea concentration.
(C) &G of folding calculated from the data in (B). The extrapolated free energy of folding calculated from the value at 0 urea was similar
to those calculated from the dimerization constant. Redrawn with permission from data in Wendt H, Thomas RM and Ellenberger T
(1998) J. Biol. Chem. 273: 5735–5743. Copyright 1998. The American Society for Biochemistry & Molecular Biology.

Table 1 continued

(2) Greenfield N and Fasman GD (1969) Computed circular dichroism spectra for the evaluation of protein conformation. Biochem-
istry 8: 4108–4116.

(3) Perczel A, Park K and Fasman GD (1992) Analysis of the circular dichroism spectrum of proteins using the convex constraint
algorithm: a practical guide. Analytical Biochemistry 203: 83–93.

(4) Hennessey JP and Johnson WC Jr (1981) Information content in the circular dichroism of proteins. Biochemistry 20: 1085–1094.
(5) Perczel A, Hollósi M, Tusnady G and Fasman GD (1991) Convex constraint analysis: a natural deconvolution of circular

dichroism curves of proteins. Protein Engineering 4: 669–679.
(6) Provencher SW and Glöckner J (1981) Estimation of globular protein secondary structure from circular dichroism. Biochemistry

20: 33–37.
(7) Manavalan P and Johnson WC Jr (1987) Variable selection method improves the prediction of protein secondary structure from

circular dichroism spectra. Analytical Biochemistry 167:  76–85.
(8) Sreerama N and Woody RW (1994) Poly(pro)II helices in globular proteins: identification and circular dichroic analysis. Biochem-

istry 33: 10022–10025.
(9) Toumadje A, Alcorn SW and Johnson WC Jr (1992) Extending CD spectra of proteins to 168 nm improves the analysis for sec-

ondary structures. Analytical Biochemistry 200: 321–331.
(10) Andrade MA, Chacón P, Merelo JJ and Morán F (1993) Evaluation of secondary structure of proteins from UV circular dichroism

spectra using an unsupervised learning neural network. Protein Engineering 6: 383–390.
(11) Kabsch W and Sander C (1983) Dictionary of protein secondary structure: pattern recognition of hydrogen-bonded and geomet-

rical features. Biopolymers 22: 2577–2637.
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Figure 4 (A) Solvent-induced conformational transition of PrP27-30 scrapie amyloid (prion) protein in the solid state on quartz glass.
Films were exposed for 20 to 30 min to: SDS, sodium dodecyl sulfate, TFE, trifluorethanol; HFIP, hexafluorisopropanol; TFA, trifluoro-
acetic acid; FA, 99% formic acid. “f” is the spectrum with no treatment at 23°C. (B) Data on PrP27-30 obtained under various condi-
tions, deconvoluted into five basis curves using the convex-constraint algorithm. (—) $-turn type I or III and/or 310-type helix; (·····) alpha
helix; (----) $-sheet; (– – –) $-turn type II; ( ) additional chiral contribution. (C) Correlation of the solvent-induced changes in the $-
sheet component with infectivity. The data for dehydrated films are open circles and rehydrated films are closed circles. The data ob-
tained with TFA and FA, where the proteins were highly helical and the infectivity was very low, are excluded from the fits. (o) dehy-
drated films (▲) rehydrated films. Redrawn with permission from data in Safar J, Roller PP, Gajdusek DC and Gibbs CJ Jr (1993)
Protein Sci. 2: 2206–2216. Copyright 1993 The Protein Society.
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Figure 5 (A) Near-UV CD and (B) Far-UV CD spectra of cytochrome c (pH 4.0 in 0.5 M NaCl, 24°C) at methanol concentrations
shown near the curves. The negative bands in the near-UV spectrum are attributed to the side chain of the single Trp59. They de-
crease and almost vanish at methanol concentration ' 40%. Abstracted with permission from data in Bychkova VE, Dujsekina AE,
Klenin SI, Elisaveta IT, Uversky VN and Ptitsyn OB (1996) Biochemistry 35: 6058–6063. Copyright 1996 American Chemical Society.
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Figure 6 (A) Unfolding curve of $-lactoglobulin ( $-LGA) measured by the CD changes at 293 nm at pH 3.2 at 4.5°C. The change
was initiated by jumping the guanidine HCl (GdnHCl) concentration from 0 to 4.0 M. The vertical arrows show the change in ellipticity
in deg.cm2.dmol–1 (B) Same, measured at 220 nm. (C) Kinetic refolding curve of $-LGA measured by the CD change at 221 nm. Re-
folding was initiating by dropping the concentration of GdnHCl from 4 to 0.4 M. (D) CD spectrum of $-LGA in the far UV at pH 3.2 and
4.5°C. (—) native state; (---) unfolded state in 4 M GdnHCl; ( ) disulfide-cleaved and carboxymethylated material in 4 M GdnHCl;
(o) ellipticity of $-LGA at 0 time after refolding; (•) ellipticity of $-LGA at 255 min after refolding. Reprinted from data in Kuwajima K,
Yamaya H and Sugai S (1996) J. Mol. Biol. 264: 806–822, by permission of Academic Press.
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Figure 7 (A) Near-UV mean-residue circular-dichroism ellip-
ticity, [�], in deg.cm2.dmol–1, of interphotoreceptor retinol-binding
protein (IRBP), 0.4–0.8 mg ml–1, with and without bound retinol.
(B) Circular-dichroism titration curve of apo-IRBP, 0.4 mg ml–1,
with retinol. The height of the extrinsic Cotton effect at 330 nm is
calculated in ellipticity per mole of IRBP. Redrawn with
permission from data in Adler AJ, Evans CD and Stafford WF
(1985) J. Biol. Chem. 260: 4850–4855. Copyright 1985 The
American Society for Biochemistry & Molecular Biology.
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Figure 8 (A) Circular dichroism of adenylate compounds at pH 8.5 in unbuffered 0.1 M NaF at 22°C. (—) poly (rA); ( ) rA-2’O-
methyl-prAp; (-----) rA(3!p5)rA; (·····) rAMP-5'. Abstracted with permission from data in Adler AJ, Grossman L and Fasman GD (1969)
Biochemistry 8: 3846–3859. Copyright 1969 American Chemical Society. (B) Rotational strength of the positive band of adenylate ol-
igomers at 0°C as a function of the chain length, N. (�) pH 7.0; (�) pH 4.5. (C) Rotational strength of the positive band of poly(rA) as
a function of temperature at (�) pH 7.4 and (�) pH 4.5. (B) and (C) are reprinted from data in Brahms J, Michelson AM and Van Holde
KE (1966) J. Mol. Biol. 15: 457–488, by permission of Academic Press.
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Figure 9 The CD spectra of (——) Poly(rA); (·····) Poly(rU);
(----) poly(rU)·poly(rA); ( ) poly (rU)·poly (rA)·poly (rU) at pH 7
in sodium phosphate buffer. Redrawn with permission from data
in Steely T, Gray DM and Ratiff RL (1986) Nucleic Acid Re-
search 14: 10 071–10 090. Copyright 1986 Oxford University
Press.

Figure 10 (A) The CD spectra of poly (dAdC)·poly(dGdT) in the (·····) A, (—) B and (---) Z conformations. Redrawn from data in
Riazance-Lawrence JH and Johnson WC Jr (1992) Biopolymers 32: 271–276 by permission of John Wiley and Sons, Inc. (B) CD spec-
tra of poly(dGdC)·poly(dGdC) in the (—) B-form, (- - -) Z-form and (····) in a form in which the bases assume the Hoogsteen base-
pairing conformation. Abstracted with permission from data of Seger-Nolten GMJ, Sijtsema NM and Otto C (1997) Biochemistry 36:
13 241–13 247. Copyright 1997 American Chemical Society.
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Figure 11 CD spectra of poly(dT)·poly(dA)·poly(dT) in the presence of (�) 0; (●) 60; (�) 70; (�) 80; (�) 90 and (�) 100 µM sper-
midine. The insert shows the effects of (�) 0, (●) 5, (�) 10, and ()" 25 µM spermidine. Data were recorded at 25°C in 10 mM sodium
cacodylate and 0.5 mM EDTA at pH 7.2. Redrawn with permission from data in Thomas TJ, Kulkarni GD, Greenfield NJ, Shirahata A
and Thomas T. (1996) Biochem J. 319: 591–599. Copyright (1996) Portland Press.
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See also: Biomacromolecular Applications of UV-
Visible Absorption Spectroscopy; Carbohydrates
Studied By NMR; Chiroptical Spectroscopy, General

Figure 12 CD spectra of poly(dA) complexed with the gene 32
coded protein of bacteriophage T4 at (—) 1.0, (----) 29.9 and
(·····) 47.7°C. The nucleotide to protein ratio is 8.5. Also illustrat-
ed ( ) is the spectrum of free poly(dA) at 1°C. Redrawn with
permission from Greve J, Maestre MF, Moise H and Hosoda J
(1978) Biochemistry 17: 887–893 Copyright (1978) American
Chemical Society.

Figure 13 CD spectrum of (—) methyl $-D-galactopyranoside,
(···) carrageenan and ( ) agarose. Redrawn with permission
from data in Arndt ER and Stevens ES (1993) J. Am. Chem. Soc.
115: 7849–7853, Copyright (1993) American Chemical Society,
Arndt ER and Stevens ES (1994) Biopolymers 34: 1527–1534
and Stevens ES and Morris ER (1990) Carbohydr. Polym. 12:
219–224.
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Figure 14 The unfolding of xanthan as a function of potassium
ion concentration. (&) 4.3, (�) 15, (�) 30 and (�) 500 mM. Re-
drawn with permission from data in Norton IT, Goodall DM,
Frangou SA, Morris ER and Rees DA (1984) J. Mol. Biol. 175:
371–394 Copyright (1984) Academic Press.
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Figure 1 Structural formula of DNA.

Figure 2 UV spectra of the DNA nucleotides: deoxyadenosine
5′-monophosphate (A), deoxyguanosine 5′-monophosphate (G),
deoxycytidine 5′-monophosphate (C) and thymidine 5′-mono-
phosphate (T). The spectrum of uracil is almost indistinguishable
from that of thymine.

Figure 3 Absorbance spectra in 1 cm pathlength cuvettes of
190 µM poly[d(G-C)]2 (dotted line) and 240 µM poly[d(A-T)2]
(dashed line).

Table 1 Long-wavelength absorbance maxima and extinction
coefficients for some DNAs. Calf thymus DNA is ~60% A-T

(A = adenine, T = thymine, G = guanine and C = cytosine)

DNA Wavelength of Amax(nm) 	max (mol–1 dm3 cm–1)

Calf thymus 260 6 600

Poly[d(A-T)]2 262 6 600

Poly(dA).poly(dT) 260 6 000

Poly[d(G-C)]2 254 8 400

Poly(dG).poly(dC) 253 7 400
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Figure 4 Aromatic absorption spectra of tryptophan, tyrosine
and phenylalanine. Note the different concentrations required to
ensure absorbance maxima of 1 absorbance unit.

Figure 5 Schematic illustrations of (A) n → π* and (B) π → π* transitions of peptides.
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Figure 6 Coomassie blue.

Figure 7 (A) 5 µM anthracene-9-carbonyl-N1-spermine in
water. (B) 2 µM, 4 µM, 5 µM, 7 µM, 10 µM and 13 µM anthra-
cene-9-carbonyl-N1-spermine in water with 200 µM calf thymus
DNA. Note broadening and magnitude decrease of 250 nm band
absorbance; this molecule intercalates between DNA base pairs.
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and Proteins Studied Using Mass Spectrometry; Pro-
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Table 1 Bulk elements found in biological specimens

Table 2 Essential trace elements (not all are proven to have
essential roles in man)

Minerals Nonminerals

Calcium Carbon

Iron Chlorine

Magnesium Hydrogen

Potassium Nitrogen

Sodium Oxygen

Phosphorus

Sulfur

Minerals Chromium, cobalt, copper, 
iron, manganese, molybde-
num, nickel, selenium, silicon, 
vanadium, zinc

Nonminerals Fluorine, iodine

Figure 1 The relevance of minerals and trace elements to bio-
medical sciences.
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Table 3 Interferences in FAAS

Element Interference Remedy

Na, K, Fe,
Li, Cu, Zn

Ionization Add ionization suppressant
(Cs, Na, K)

Ca Chemical La, Sr, EDTA

Higher temperature (greater energy)

Fe, Au, Matrix TCA precipitation

Cu, Zn Dilution with water

Dilution with detergent, alcohol

Add glycerol to standards

Table 4 Typical dilution factors for measurements of minerals
in serum or urine

Gold 1+1

Iron 1+1

Copper, zinc 1+1 >>�1+4

Lithium 1+9

Potassium 1+19

Calcium 1+50

Magnesium 1+50 >>�1+100

Sodium 1+200
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Figure 2 (A) The effect of increasing the proportion of fuel in an
air–acetylene flame on the absorbance given by a solution of cal-
cium. (B) The effect of raising the light path above the burner
head on the absorbance given by a solution of calcium.
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Table 5 Chemical modifiers used in the analysis of biomedical
specimens by ETAAS

Modifier Purpose

Triton X-100 To ensure smooth, even drying of protein-
rich specimens and avoid the formation 
of a dried crust around a liquid core

Gaseous oxygen To promote destruction of the organic 
matrix and reduce formation of smoke 
and other particulates which give 
nonatomic absorption

Ni, Cu, Pd To stabilize volatile elements, e.g. Se, As, 
during the dry and ash phases

Potassium 
dichromate

Stabilizes Hg up to a temperature of 
200+C

HNO3 or NH4NO3 To stabilize analyte atoms by removal of 
halides as HCl or NH4Cl during the ash 
phase

Mg(NO3)2 Becomes reduced to MgO which traps the 
metals to reduce volatilization losses 
and also to delay atomization and 
separate the analyte signal from the 
background absorption

NH3H2PO4 or 
(NH3)2HPO4

Usually used together with magnesium 
nitrate; reduces volatilization losses and 
also delays atomization to separate the 
analyte signal from the background 
absorption

Table 6 Background correction (BC) techniques

Measure absorbance at a nearby nonabsorbing line

Deuterium BC

Smith-Hieftje BC

Zeeman-effect BC; (i) applied to the light source

(ii) applied to the furnace
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See also: Atomic Absorption, Methods and Instru-
mentation; Atomic Absorption, Theory; Atomic Emis-
sion, Methods and Instrumentation; Fluorescence
and Emission Spectroscopy, Theory; Food and Dairy
Products, Applications of Atomic Spectroscopy;
Forensic Science, Applications of Atomic Spectros-
copy; Inductively Coupled Plasma Mass Spectrome-
try, Methods; Pharmaceutical Applications of Atomic
Spectroscopy; X-ray Fluorescence Spectrometers;
X-ray Fluorescence Spectroscopy, Applications.
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Table 7 Approaches to sample preparation

Procedure Remarks

Dilution, protein 
precipitation

Using simple off-line arrangements
or flow-injection manifold

Dry ashing Using a muffle furnace or a low-
temperature asher

Acid digestion (i) In open vessels with convection or 
microwave heating

(ii) In sealed vessels to increase the 
reaction pressure

Base dissolution Using quaternary ammonium 
hydroxides

Chelation and 
solvent extraction

For analyte enhancement and removal 
of interferences

Trapping onto solid-
phase media

For analyte enhancement and removal 
of interferences
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Table 1 13C NMR properties

Abundance 0.011

Spin �

Gyromagnetic ratio (HzT�1) 1.0705 × 107

Typical shift range (ppm) 300

Receptivity relative to 1H 1.59 × 10�2
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Figure 1 The Ernst angle as a function of the ratio of the
repolarization time to the spin–lattice relaxation time.
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Figure 2 (A) Ethanol: the coupled 13C NMR spectrum; (B) the decoupled 13C NMR spectrum. The solvent resonance is indicated
with an asterisk.
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Figure 3 (A) The single π pluse. (B) The gated-decoupling
attached-proton test, showing the sequence applied to the car-
bons (top) and the sequence applied to the protons (bottom).

Table 2 Effects of decoupling and NOE in carbon spectra

Irradiation
during
repolarization time

Irradiation
during
acquisition Character of the spectrum

No No Coupled, no enhancement

Yes No Coupled, with enhancement

No Yes Decoupled, no enhancement

Yes Yes Decoupled, with enhancement
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Figure 4 The APT spectrum of ethyl isobutyrate in deutero-
chloroform. The solvent resonance is indicated with an asterisk.
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Figure 5 The DEPT experiment. The top line is the sequence
applied to the carbons and bottom is applied to the protons. The
time t is fixed as 1/(2JCH).

Figure 6 DEPT spectra of ethyl isobutyrate: (A) the single-
pulse spectrum; (B) DEPT-π/4; (C) DEPT-π/2; (D) DEPT-3π/4.
The triplet arises from the carbon of the solvent, deuterochloro-
form.
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Table 3 Some simple 2D experiments

COSY = homonuclear chemical shift correlation spectroscopy; NOESY = 2D nuclear Overhauser effect (NOE) spectroscopy;  HMQC
= heteronuclear mulltiple-quantum coherence; RELAY = relayed coherence transfer; COLOC = correlation via long-range coupling;
HMBC = heteronuclear long-range coupling; INADEQUATE = incredible natural abundance double quantum transfer experiment.

Type Name Function

J−resolved   Homonuclear Shows 1H�1H coupling patterns; permits precise JHH measurements
Heteronuclear Shows 13C�1H coupling patterns; permits precise JCH measurements 

Shift-correlated COSY (HH�COSY) Permits correlation of 1H signals through 1H�1H couplings
NOESY Permits correlation of 1H signals through NOE interactions
HETCOR (CH�COSY) Permits correlation of 1H and 13C signals through 1JCH

HMQC Gives similar information as HETCOR; indirectly detects the less receptive 13C through the 
more receptive 1H

RELAY Permits correlation of 1H signals through relayed coherence; 1H�1H or 13C�1H
CH COLOC Permits correlation of 13C–1H signals through long-range 13C–1H coupling
HMBC Gives similar information as COLOC; indirectly detects the less receptive 13C through the 

more receptive 1H
2D INADEQUATE Gives correlation of 13C signals through direct 13C�13C coupling

Figure 7 The C–H HETCOR pulse sequence.

Figure 8 The C–H HETCOR spectrum of polypropylene.
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Table 4 Substitutent chemical shift parameters (in ppm) for 13C
NMR (k0 = −2.3 for tetramethylsilane reference)

a Steric correction parameters (Table 5) apply to these
substitutents.

b Number(s) in parentheses denotes(s) the number of non-
hydrogen substituents on the carbon in question.

Substituent αb β γ δ

Ester −C(O)O− 22.6 2.0 −2.8 0.0

−OC(O)− 54.5
(1,2,3)

6.5 −6.0 0.0

62.5 (4)

Amide −CONH− 22.0 2.6 −3.2 −0.4

−NHCO− 28.0 6.8 −5.1 0.0

Olefina C=C 21.5 6.9 −2.1 0.4

Acetylenea C≡C 4.4 5.6 −3.4 −0.6

Substituent αb β γ δ

Paraffina 9.1 9.4 –2.5 0.3

Ether, alcohola −O− 49.0 10.1 –6.0 0.3

Aminea 28.3 11.3 –5.1 0.3

Ammoniuma 30.7 5.4 –7.2  –1.4

Thioether, thiola −S− 11.0 12.0 –3.0 –0.5

 Phenyl −C6H5 22.1 9.3 –2.6 0.3

 Fluoro −F 70.1 (1,2) 7.8 –6.8 0.0 

69.0 (3)

66.0 (4)

Chloro −Cl 31.1 (1,2) 10.0 –5.1 –0.5

35.0 (3)

43.0 (4)

Bromo −Br 18.9 (1,2) 11.0 –3.8 –0.7

27.9 (3)

36.9 (4)

Iodo −I –7.2 (1,2) 10.9 –1.5 –0.9

3.8 (3)

20.8 (4)

Ammonium −NH3
+ 26.0 7.5 –4.6 –0.1

 Nitrile −CN 3.1 2.4 –3.3 –0.5

 Nitrate −NO3 62.0 4.4 –4.0 0.0

 Peroxy, hyd
roperoxy

−OO− 55.0 2.7 –4.0 0.0

Oxime, syn −C=NOH 11.7 0.6 –1.8 0.0

 Oxime, anti 16.1 4.3 –1.5 0.0

 Thiocyanate −SCN 21.0 7.2 –4.0 0.3

 Sulfoxide −S(O)− 31.1 9.0 –3.5 0.0

 Sulfonate SO3H 38.9 0.5 –3.7 0.2

 Aldehyde −CHO 29.9 –0.6 –2.7 0.0

 Ketone −C(O)− 22.5 3.0 −3.0 0.0

 Acid −COOH 20.1 2.0 −2.8 0.0

 Carboxylate −COO− 24.5 3.5 −2.5 0.0

 Acyl chloride −COCl 33.1 2.3 −3.6 0.0

Table 5 Steric correction parameters, S(i, j)a

a Designation i = the carbon in question, and j = number of
nonhydrogen substituents directly attached to the �-substituent
(applicable only to �-substituents marked with footnote a in
Table 4).

i j = 1 j = 2 j = 3 j = 4

Primary 0.0 0.0 �1.1 �3.4

Secondary 0.0 0.0 �2.5 �7.5

Tertiary 0.0 �3.7 �9.5 �15

Quaternary �1.5 �8.4 �15 �25

A sample calculation for 2-ethyl-1-butanol is as follows:

(CH3CH2)2CH–CH2OH

C1 C2 C3 C4

Base –2.3 –2.3 –2.3 –2.3

� 9.1 18.2 27.3 58.1

� 9.4 18.8 28.9 18.8

� –5.0 –8.5 0 –5.0

� +0.6 0 0 0

S(2,3) 0 –2.5 0 –2.5

S(3,2) 0 0 –11.1 0

Calculated 11.8 23.7 42.8 67.1

Observed 11.1 23.0 43.6 64.6

Table 4 Continued
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a For �-substituents marked with asterisks above.

Conformation corrections K for  �-substitutents:

Steric corrections S:

Observed 13C centre

Number of substituents other than H at the 
α–atoma

1 2 3 4

Primary (CH3) 0.0 0.0 –1.1 –3.4
Secondary (CH2) 0.0 0.0 –2.5 –6.0
Tertiary (CH) 0.0 –3.7 –8.5 –10.0
Quaternary (C) –1.5 –8.0 –10.0 –12.5

Conformation K

Synperiplanar �4.0

Synclinal �1.0

Anticlinal 0.0

Antiperiplanar 2.0

Not fixed – 0.0

Substituent
Increment Zi for substituents in position
 α β γ  δ

–H 0.0 0.0 0.0 0.0

9.1 9.4 –2.5 0.3
–C=C–∗ 19.5 6.9 –2.1 0.4
–C≡C– 4.4 5.6 –3.4 –0.6
–Ph 22.1 9.3 –2.6 0.3
–F 70.1 7.8 –6.8 0.0
–Cl 31.0 10.0 –5.1 –0.5
–Br 18.9 11.0 –3.8 –0.7
–I –7.2 10.9 –1.5 –0.9
–O–∗ 49.0 10.1 –6.2 0.3
–O–CO– 56.5 6.5 –6.0 0.0
–O–NO– 54.3 6.1 –6.5 –0.5

28.3 11.3 –5.1 0.0

30.7 5.4 –7.2 –1.4
–NH3

+ 26.0 7.5 –4.6 0.0
–NO2 61.6 3.1 –4.6 –1.0
–NC 31.5 7.6 –3.0 0.0
–S–∗ 10.6 11.4 –3.6 –0.4
–S–CO– 17.0 6.5 –3.1 0.0
–SO–∗ 31.1 7.0 –3.5 0.5
–SO2–

∗ 30.3 7.0 –3.7 0.3
–SO2Cl  54.5 3.4 –3.0 0.0
–SCN 23.0 9.7 –3.0 0.0
–CHO 29.9 –0.6 –2.7 0.0
–CO– 22.5 3.0 –3.0 0.0
–COOH 20.1 2.0 –2.8 0.0
–COO– 24.5 3.5 –2.5 0.0
–COO– 22.6 2.0 –2.8 0.0
–CO 22.0 2.6 –3.2 –0.4
–COCl 33.1 2.3 –3.6 0.0
–CS– 33.1 7.7 –2.5 0.6
–C=NOH syn, 11.7 0.6 –1.8 0.0
–C=NOH anti 16.1 4.3 –1.5 0.0
–CN 3.1 2.4 –3.3 –0.5

Table 1 Estimation of the 13C chemical shifts in aliphatic compounds

���������	�
������

�����������

From Pretsch E, Simon W, Seibl J and Clerc T (1989) Spectral Data for Structure Determination of Organic Compounds, 2nd edn.
Reproduced with permission from Springer-Verlag.
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Table 2 13C Chemical shifts for methyl groups

From Pretsch E, Simon W, Seibl J and Clerc T (1989) Spectral Data for Structure Determination of Organic Compounds, 2nd edn.
Reproduced with permission from Springer-Verlag.

Substituent X � Substituent X � Substituent X � Substituent X �

–H –2.3 –cyclopentyl 20.5 –CH2COCH3 7.0 –Ocy 55.1
–CH3 7.3 –cy 23.1 –CH2COOH 9.6 –OCH=CH2 52.5
–CH2CH3 15.4 –CH=CH2 18.7 –OPh 54.8 –SO2CH2CH3 39.3
–CH(CH3)2 24.1 –C�CH 3.7 –OCOOCH3 54.9 –SO2Cl 52.6
–C(CH3)3 31.3 –phenyl 21.4 –OCOCH3 51.5 –SO3H 39.6
–(CH2)6CH3 14.1 – α–naphthyl 19.1 –OCOcy 51.2 –SO3Na 41.1
–CH2Ph 15.7 –β –naphthyl 21.5 –OCOCH=CH2 51.5 –CHO 31.2
–CH2F 15.8 –2–pyridyl 24.2 –OCOPh 51.8 –COCH3 30.7
–CH2Cl 18.7 –3–pyridyl 18.0 –OSO2OCH3 59.1 –COCH2CH3 27.5
–CH2Br 19.1 –4–pyridyl 20.6 –NH2 28.3 –COCCl3 21.1
–CH2I 20.4 –2–furyl 13.7 –NH3

+ 26.5 –COCH=CH2 25.7
–CHCl2 31.6 –2–thienyl 14.7 –NHCH3 38.2 –COcy 27.6
–CHBr2 31.8 –2–pyrrolyl 11.8 –NHcy 33.5 –COPh 25.7
–CCl3 46.3 –2–indolyl 13.4 –NHPh 30.2 –COOH 21.7
–CBr3 49.4 –3–indolyl 9.8 –N(CH3)2 47.5 –COO– 24.4
–CH2OH 18.2 –4–indolyl 21.6 –N–pyrrolidinyl 42.7 –COOCH3 20.6
–CH2OCH3 14.7 –5–indolyl 21.5 –N–piperidinyl 47.7 –COOCOCH3 21.8
–CH2OCH2CH3 15.4 –6–indolyl 21.7 –N(CH3)Ph 39.9 –CONH2 22.3
–CH2OCH=CH2 14.6 –7–indolyl 16.6 –1–pyrrolyl 35.9 –CON(CH3)2 21.5
–CH2OPh 14.9 –F 71.6 –1–imidazolyl 32.2 –COSH 32.6
–CH2OCOCH3 14.4 –Cl 25.6 –1–pyrazolyl 38.4 –COSCH3 30.2

–CH2NH2 19.0 –Br 9.6 –1–indolyl 32.1 –COCOCH3 23.2
–CH2NHCH3 14.3 –I –24.0 –NHCOCH3 26.1 –COCl 33.6
–CH2N(CH3)2 12.8 –OH 50.2 –N(CH3)CHO 36.5; 31.5 –CN 1.7
–CH2NO2 12.3 –OCH3 60.9 –NC 26.8 –SC8H17 15.5
–CH2SH 19.7 –OCH2CH3 57.6 –NCS 29.1 –SPh 15.6
–CH2SO2CH3 6.7 –OCH(CH3)2 54.9 –NO2 61.2 –SSCH3 22.0
–CH2SO3H 8.0 –OC(CH3)3 49.4 –SH 6.5 –SOCH3 40.1
–CH2CHO 5.2 –OCH2CH	CH2 57.4 –SCH3 19.3 –SO2CH3 42.6

Table 3 Effect of a substituent on the 13C chemical shifts in vinyl compounds

From Pretsch E, Simon W, Seibl J and Clerc T (1989) Spectral Data for Structure Determination of Organic Compounds, 2nd edn.
Reproduced with permission from Springer-Verlag.

Substituent X z1 z2 Substituent X z1 z2

–H 0.0 0.0 –OCH3 29.4 –38.9
–CH3 12.9 –7.4 –OCH2CH3 28.8 –37.1
–CH2CH3 17.2 –9.8 –OCH2CH2CH2CH3 28.1 –40.4
–CH2CH2CH3 15.7 –8.8 –OCOCH3 18.4 –26.7
–C(CH3)2 22.7 –12.0 –N(CH3)2 28.0∗ –32.0∗

–CH2CH2CH2CH3 14.6 –8.9 –N+(CH3)3 19.8 –10.6
–C(CH3)3 26.0 −14.8 –N–pyrrolidonyl 6.5 –29.2
–CH2Cl 10.2 –6.0 –NO2 22.3 –0.9
–CH2Br 10.9 –4.5 –NC –3.9 –2.7
–CH2I 14.2 –4.0 –SCH2Ph 18.5 –16.4
–CH2OH 14.2 –8.4 –SO2CH=CH2 14.3 7.9
–CH2OCH2CH3 12.3 –8.8 –CHO 15.3 14.5
–CH=CH2 13.6 –7.0 –COCH3 13.8 4.7
–C=CH –6.0 5.9 –COOH 5.0 9.8
–Ph 12.5 –11.0 –COOCH2CH3 6.3 7.0
–F 24.9 –34.3 –COCl 8.1 14.0
–Cl 2.8 –6.1 –CN –15.1 14.2
–Br –8.6 –0.9 –Si(CH3)3 16.9 6.7
–I –38.1 7.0 –SiCl3 8.7 16.1
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Table 4 13C Chemical shifts in alkynes (H–Cb≡Ca–X)

From Pretsch E, Simon W, Seibl J and Clerc T (1989) Spectral
Data for Structure Determination of Organic Compounds, 2nd
edn. Reproduced with permission from Springer-Verlag.

X a b

–H 71.9 71.9

–CH3 80.4 68.3

–CH2CH3 85.5 67.1

–CH2CH2CH3 84.0 68.7

–CH2CH2CH2CH3 83.0 66.0

–CH(CH3)2 89.2 67.6

–C(CH3)3 92.6 66.8

–cy 88.7 68.3

–CH2OH 83.0 73.8

–CH	CH2 82.8 80.0

–C�C–CH3 68.8 64.7

–Ph 84.6 78.3

–OCH2CH3 88.2 22.0

–SCH2CH3 72.6 81.4

–CHO 81.8 83.1

–COCH3 81.9 78.1

–COOH 74.0 78.6

–COOCH3 74.8 75.6
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Table 5 Effect of substituents on the 13C chemical shifts in monosubstituted benzenes

From Pretsch E, Simon W, Seibl J and Clerc T (1989) Spectral Data for Structure Determination of Organic Compounds, 2nd edn.
Reproduced with permission from Springer-Verlag.

Substituent X z1 z2 z3 z4 Substituent X z1 z2 z3 z4

–H 0.0 0.0 0.0 0.0 –N+(CH3)3 19.5 –7.3 2.5 2.4

–CH3 9.2 0.7 –0.1 –3.0 –NHCOCH3 9.7 –8.1 0.2 –4.4

–CH2CH3 15.7 –0.6 –0.1 –2.8 –NHNH2 22.8 –16.5 0.5 –9.6

–CH(CH3)2 20.2 –2.2 –0.3 –2.8 –N	N–Ph 24.0 –5.8 0.3 2.2

–CH2CH2CH2CH3 14.2 –0.2 –0.2 –2.8 –N+�N –12.7 6.0 5.7 16.0

–C(CH3)3 22.4 –3.3 –0.4 –3.1 –NC –1.8 –2.2 1.4 0.9

–cyclopropyl 15.1 –3.3 –0.6 –3.6 –NCO 5.1 –3.7 1.1 –2.8

–CH2Cl 9.3 0.3 0.2 0.0 –NCS 3.0 –2.7 1.3 –1.0

–CH2Br 9.5 0.7 0.3 0.2 –NO 37.4 –7.7 0.8 7.0

–CF3 2.5 –3.2 0.3 3.3 –NO2 19.9 –4.9 0.9 6.1

–CCl3 16.3 –1.7 –0.1 1.8 –SH 2.1 0.7 0.3 –3.2

–CH2OH 12.4 –1.2 0.2 –1.1 –SCH3 10.0 –1.9 0.2 –3.6

–CHOCH3 9.2 –3.1 –0.1 –0.5 –SC(CH3)3 4.5 9.0 –0.3 0.0

–CH2NH2 14.9 –1.4 –0.2 –2.0 –SPh 7.3 2.5 0.6 –1.5

–CH2SCH3 9.8 0.4 –0.1 –1.6 –SOCH3 17.6 –5.0 1.1 2.4

–CH2SOCH3 0.8 1.5 0.4 –0.2 –SO2CH3 12.3 –1.4 0.8 5.1

–CH2CN 1.6 0.5 –0.8 –0.7 –SO2Cl 15.6 –1.7 1.2 6.8

–CH	CH2 8.9 –2.3 –0.1 –0.8 –SO3H 15.0 –2.2 1.3 3.8

–C�CH –6.2 3.6 –0.4 –0.3 –SO2OCH3 6.4 –0.6 1.5 5.9

–Ph 13.1 –1.1 0.5 –1.1 –SCN –3.7 2.5 2.2 2.2

–F 34.8 –13.0 1.6 –4.4 –CHO 8.2 1.2 0.5 5.8

–Cl 6.3 0.4 1.4 –1.9 –COCH3 8.9 0.1 –0.1 4.4

–Br –5.8 3.2 1.6 –1.6 –COCF3 –5.6 1.8 0.7 6.7

–I –34.1 8.9 1.6 –1.1 –COPh 9.3 1.6 –0.3 3.7

–OH 26.9 –12.8 1.4 –7.4 –COOH 2.1 1.6 –0.1 5.2

–ONa 39.6 –8.2 1.9 –13.6 –COO� 9.7 4.6 2.2 4.6

–OCH3 31.4 –14.4 1.0 –7.7 –COOCH3 2.0 1.2 –0.1 4.3

–OCH	CH2 28.2 –11.5 0.7 –5.8 –CONH2 5.0 –1.2 0.1 3.4

–OPh 27.6 –11.2 –0.3 –6.9 –CON(CH3)2 8.0 –1.5 –0.2 1.0

–OCOCH3 22.4 –7.1 0.4 –3.2 –COCl 4.7 2.7 0.3 6.6

–OSi (CH3)3 26.8 –8.4 0.9 –7.1 –CSPh 18.7 1.0 –0.6 2.4

–OCN 25.0 –12.7 2.6 –1.0 –CN –15.7 3.6 0.7 4.3

–NH2 18.2 –13.4 0.8 –10.0 –P(CH3)2 13.6 1.6 –0.6 –1.0

–NHCH3 21.4 –16.2 0.8 –11.6 –P(Ph)2 8.9 5.2 0.0 0.1

–N(CH3)2 22.5 –15.4 0.9 –11.5 –PO(OCH2CH3)2 1.6 3.6 –0.2 3.4

–NHPh 14.7 –10.6 0.9 –10.5 –SiH3 –0.5 7.3 –0.4 1.3

–N(Ph)2 19.8 –7.0 0.9 –5.6 –Si(CH3)3 11.6 4.9 –0.7 0.4

–NH3
+ 0.1 –5.8 2.2 2.2
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Table 6 Additivity rules for estimating the chemical shift for
carbonyl groups

From Pretsch E, Simon W, Seibl J and Clerc T (1989) Spectral
data for Structure Determination of Organic Compounds, 2nd
edn. Reproduced with permission from Springer-Verlag.

(A) Aldehydes and ketones:

Substituent i z� z�

6.5 2.6

–CH=CH2 –0.8 0.0

–CH=CH–CH3 0.2 0.0

–Ph –1.2 0.0

(B) Carboxylic acids and esters:

Substituent i z� z� z� z�


11.0 3.0 –1.0 –5.0

–CH=CH2 5.0 –9.0

–Ph 6.0 1.0 –8.0

(C) Amides:

Substituent i z� z� z� z�
 z�


7.7 4.5 –0.7 –1.5 –0.3

–CH=CH2 3.3

–Ph 4.7 –4.5

13C NMR, PARAMETER SURVEY



164 13C NMR, PARAMETER SURVEY

1�������������	��������	
�
����������������
��
	�
��	��	�������	A������������������	�
��������������
����"����������
	�#'*�2 �����$��
�������	��������
����������	�
�������������
��
�������	��.��������
����� ������� ������ ������� ��	� �� �������� 	�
��� ��
#'2�3 ��������������������
	����#'%�2 ��������
�����������������������	�
	��
�����	�
�����������
��
��� ������ �������� �����	���
��� ��� ���
���� 	�
��� ��
������� #' ����� !
�
������� ��
��� ���� ������ ���
���	�����
���������
������"360"26 ���������������
��������	����������
��	�������	��	
�
������	�
������

�������������
��
�

��	�%������

1�� �����	
��� ���
��� ��� ���	�� 
	� ���� ���
������ 8	��
.������� ����
��9�� )�� ��������� ���	�� �
�� 
�� ���� �����
"#60"2' 4,� ���� ������ ���� �� ������� ��� �����	� ���
�������
	��������
�����������������������	�
������
�
	��	�
������ �������	� ��� ���� ����� $4G"G#G-� �	
��
 /���
�� M6N���������	��	�
�����������	�
��������?�

#$��%������

���	�� ����
��	� ��� ��� 	����� ���� ����� ��	
�����
�����.�����������������������������"-$0$04���$4�
	
"03 4,�� ���� "-$=$04� 
�� 
	� '0"3� 4,� ���� ���� "-$0
8$=>904�
��
	�#'06' 4,�

#��		�%������

���	�������������
��
������������'0"' 4,�������������
�������������
�������������
��	
�
������	�
����������
���0�����������
�����	����	�����	�����������"-$
����"4�����
������	���
��������
�	������������
��

	� ������� 3 4,�� ����� ����� ���� ���
���
�������� ���
����
��� 
	� ������% 4,���������� ��������	� ���� ��
�
���������	����������
�������	������	�����,����
)��������	���������������������������
���
	������	

������� ����� ���� �	�� ����
��� ���� �� ��
�� ��� �	�0�����

	����	�� ���
��� �����	� ���� 20"' 4,� ���� �� �	�� ���
��
�������&0"- 4,�����������������
���
����������� ����
��	� 
�� ������
� �������	� ���

�����������������20"' 4,�

�
�	�������������� �� �������

>�������� "-$0"-$� ����
��	� ����� �� ���
��� �����
�� ������� -'0*' 4,� 
�� ��	���
����� ��	��	�
�����

	�	���	���
��� 	���
�� ��	�	��� �����
��� 
�� ����
��
��	����������������
������������������������������

��� ����� "#�* 4,��$����
��	� 
�� ��+������� 	�	���	
������������
���������������������������
��������
����� �
��� �� ������ ��� "2"�6 4,�� "-$0"-$� ����
��
�������� ������� ����������	� ��� ��	��������	�����
F����	��������
�����"06 4,�

"-$0"%.�����
�����	����	������	��������������	�
�����������������������
���
	��������#&'0-'' 4,
������
������ 	��	�
�����	���
��� ���� ������������
��
�����	����
��������	
������������
������������
#' 4,�� E������ ������ "-$0"%.� ����
��	� ���� ��	�
��	��������	��
�����
��������
�������+�����������
����	�� )�� ���������,���� "�$4� 
	� #*6�" 4,��

#�$4� 
	
#"�' 4,��-�$4�
	�2�& 4,�����

*�$4�
	�-�# 4,�
)�����
�
����������������	���
�	������������	����

"-$0"6������"-$0-"H�����
�����	����	�

Table 7 Additivity rule for estimating the 13C–1H coupling
constants in aliphatic compounds

From Pretsch E, Simon W, Seibl J and Clerc T (1989) Spectral
Data for Structure Determination of Organic Compounds, 2nd
edn. Reproduced with permission from Springer-Verlag.

Substituent Increments zi

–H 0.0

–CH3 1.0

–C(CH3)3 –3.0

–CH2Cl 3.0

–CH2Br 3.0

–CH2I 7.0

–CHCl2 6.0

–CCl3 9.0

–C�CH 7.0

–Ph 1.0

–F 24.0

–Cl 27.0

–Br 27.0

–I 26.0

–OH 18.0

–OPh 18.0

–NH2 8.0

–NHCH3 7.0

–N(CH3)2 6.0

–SOCH3 13.0

–CHO 2.0

–COCH3 –1.0

–COOH 5.5

–CN 11.0
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See also: Parameters in NMR Spectroscopy, Theory
of; Structural Chemistry Using NMR Spectroscopy,
Organic Molecules; Structural Chemistry Using NMR
Spectroscopy, Peptides; Structural Chemistry Using
NMR Spectroscopy, Pharmaceuticals.
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See Heteronuclear NMR Applications (Y–Cd).
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See NMR Spectroscopy of Alkali Metal Nuclei in Solution.
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Table 1 American Society for Testing and Materials (ASTM) standards relating to spectrometry and spectrometer performance

Note: These standards are available from ASTM, 100 Barr Harbor Drive, West Conshohocken, PA 19428, USA

ASTM Standard Title

E 131-95 Standard Terminology Relating to Molecular Spectroscopy

E 168-92 Standard Practices for General Techniques of Infrared Quantitative Analysis

E 169-93 Standard Practices for General Techniques of Ultraviolet-Visible Quantitative Analysis

E 275-93 Standard Practice for Describing and Measuring Performance of Ultraviolet, Visible and Near-Infrared Spectrophotometers

E 386-90 Standard Practice for Data Presentation Relating to High Resolution Nuclear Magnetic Resonance (NMR) Spectroscopy

E 387-84 Standard Test Method for Estimating Stray Radiant Power Ratio of Spectrophotometers by the Opaque Filter Method

E 573-96 Standard Practices for Internal Reflection Spectroscopy

E 578-83 Standard Test Method for Linearity of Fluorescence Measuring Systems

E 579-84 Standard Test Method for Limit of Detection of Fluorescence of Quinine Sulphate

E 925-94 Standard Practice for the Periodic Calibration of Narrow Band-pass Spectrophotometers

E 932-93 Standard Practice for Describing and Measuring Performance of Dispersive Infrared Spectrometers

E 958-93 Standard Practice for Measuring Practical Spectral Bandwidth of Ultraviolet-Visible Spectrophotometers

E 1252-94 Standard Practice for General Techniques of Qualitative Infrared Analysis

E 1421-94 Standard Practice for Describing and Measuring Performance of Fourier Transform-Infrared Spectrometers; Level Zero and Level One 
Tests

E 1642-94 Standard Practices for General Techniques of Gas Chromatography Infrared (GC-IR) Analysis

E 1655-94 Standard Practices for Infrared, Multivariate Quantitative Analysis

E 1683-95a Standard Practice for Testing the Performance of Scanning Raman Spectrometers

E 1790-96 Standard Practice for Near Infrared Qualitative Analysis

E 1791-96 Standard Practice for Transfer Standards for Reflectance Factor for Near-Infrared Instruments Using Hemispherical Geometry

E 1840-96 Standard Guide for Raman Shift Standards for Spectrometer Calibration

E 1865-97 Standard Guide for Open-path Fourier Transform Infrared (OP/FT-IR) Monitoring of Gases and Vapours in Air

E 1866-97 Standard Guide for Establishing Spectrophotometer Performance Tests
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Table 2 Summary of pharmacopoeial requirements for the calibration of IR and NIR spectrometers

Monograph Authority Test Standard Measurement process Acceptance criteria

IR Ph. Eur. 1997 
Method 2.2.24
BP 1998 IIA

Resolution 0.05 mm polystyrene film
0.038 mm polystyrene film

% transmittance differences at 2870 
and 2871 cm–1 and at 1589 and
1583 cm–1

Greater than 18 and 12 respectively

Ph. Eur 1997. 
Method 2.2.24

Wavenumber accuracy 0.05 mm polystyrene film Location of transmittance minima Not specified. The uncertainties quoted
in the table reflect the uncertainities in
the quoted values and not the accep-
tance criteria for the spectrometer

3027.1 (± 0.3) 1583.1 (± 0.3)

2924 (± 2) 1181.4 (± 0.3)

2850.7 (± 0.3) 1154.3 (± 0.3)

1994 (± 1) 1069.1 (± 0.3)

1871.0 (± 0.3) 1028.0 (± 0.3)

1801.0 (± 0.3) 906.7 (± 0.3)

1601.4 (± 0.3) 698.9 (± 0.5)

USP 23 (851) 1995 Wavenumber accuracy Polystyrene, water vapour, carbon 
dioxide, ammonia gas

Location of transmittance minima Not specifed

NIR Ph. Eur. 1997 
Method 2.2.40

Wavelength scale
accuracy

Polystyrene or rare earth oxides Location of absorbance or reflectance 
minima

Not specified

Wavelength scale 
repeatability

Polystyrene or rare earth oxides Location of absorbance or reflectance 
minima

Standard deviation is consistent with
spectrometer specification

Response scale 
repeatability

Reflective thermoplastic resins doped 
with carbon black

Measurement of reflectance values Standard deviation is consistent with
spectrometer specification

Photometric noise Reflective thermoplastic resins doped 
with carbon black or reflective ceramic 
tile

Peak to peak or at a given wavelength The photometric noise is consistent with
spectrometer specification
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Table 3 Summary of pharmacopoeial requirements for the calibration of UV-visible spectrometers and polarimeters

a National Institute for Science and Technology, Standard Reference Material (USA).

Monograph Authority Test Standard Measurement process Acceptance criteria

UV-VIS Ph. Eur. 1997
Method 2.2.25

Wavelength scale 
accuracy

4 % holmium oxide in 1.4 M perchlo-
ric acid (Ho) or atomic lines from 
deuterium (D), hydrogen (H) or 
mercury vapour arc (Hg)

Location of absorbance maxima ±1 nm 200 to 400 nm
± 3 nm 401 to 
700 nm

241.15 nm (Ho) 404.66 nm (Hg)
253.7 nm (Hg) 435.83 nm (Hg)
287.15 nm (Ho) 486.0 nm (Dβ)
302.25 nm (Hg) 486.1 nm (Hβ)
313.16 nm (Hg) 536.3 nm (Ho)
334.15 nm (Hg) 546.07 nm (Hg)
316.5 nm (Ho) 576.96 nm (Hg)
365.48 nm (Hg) 579.07 nm (Hg)

USP 23 〈851〉
1995

NIST SRMa 2034, holmlum oxide 
solution

As required by certificate ±1 nm

Ph. Eur. 1997
Method 2.2.25

Absorbance scale
accuracy

57.0 to 63.0 mg of potassium 
dichromate per litre of 0.005 M 
sulfuric acid solution

Wavelength nm A (1%, 1 cm) Wavelength nm Tolerance

235 124.0 235 122.9 to 126.2
257 144.0 257 142.4 to 145.7
313 48.6 313 47.0 to 50.3
350 106.6 350 104.9 to 109.2

USP 23 〈851〉 Absorbance scale 
accuracy

NIST SRM 931 liquid filters
NIST SRM 930 glass filters

As required by certificate Not specified but implied within NIST range 
of values

Resolution 0.02 % v/v toluene in hexane Absorbance ratio at the maximum at 
269 nm to the minimum at 266 nm

Greater than 1.5

Stray light 1.2 % w/v potassium chloride in water Absorbance of 10 mm pathlength at 
200 ± 2 nm

Greater than 2

BP 1998 IIB Second derivative 0.020% solution of toluene in
methanol

Record the second derivative spectrum 
between 255 nm and 275 nm for a 
10 mm path length

A small negative extremum located 
between two large negative extrema at 
about 261 and 268 nm should be clearly 
visible

Polarimeter Ph. Eur. 1997 
Method 2.2.7

Accuracy of rotation Quartz plate Not specified Not specified

USP 23 〈 781〉
1995

NIST traceable quartz plate Not specified Not specified but implied within NIST range 
of values

Ph. Eur. 1997
Method 2.2.7
USP 23 〈781〉
1995

Linearity of scale Succrose solutions Not specified Not specified

USP 23 〈781〉
1995

NIST SRM 17 sucrose
NIST SRM 41 dextrose

Not specified Not specified but implied within NIST range 
of values
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Table 4 Summary of pharmacopoeial requirements for the calibration of NMR and CD spectrometer

Monograph Authority Test Standard Measurement process Acceptance criteria

NMR Ph. Eur. 1997 Method
2.2.33

Resolution 20% v/v 1,2 dichlorobenzene in 
deuterated acetone or 5% v/v 
tetramethylsilane in 
deuterochloroform

Peak width at half height of the band at
δ7.33 ppm or δ7.51 ppm of the symmetri-
cal multiplet for dichlorobenzene or

Less than or equal to 0.5 Hz

Peak width at half height of the band at 
δ 0.00 ppm for tetramethylsilane.

Signal to noise ratio 1% v/v ethylbenzene in carbon 
tetrachloride

Measure the spectrum over range δ2 to 5
ppm. Measure the peak amplitude, A, of
the largest peak of the methylene quartet
centred at δ 2.65 ppm and the peak to
peak amplitude of the baseline noise
between δ 4 and δ 5 ppm. The amplitude is
measured from a baseline constructed
from the centre of the noise on either side
of the quartet and at a distance of at least
1 ppm from its centre.

The S/N ratio is given by 2.5 (A/H)
which has to be greater than 25:1
for a mean of five measurements

Side band amplitude Amplitude of spining side bands is
not greater than 2% of the sample
amplitude at the rotational speed
used

Integrator response 
repeatability

5% v/v ethylbenzene in carbon 
tetrachloride

For quantitative measurements, carry out
five successive scans of the protons of the
phenyl and ethyl groups and determine the
mean values.

No Individual value shall differ by
more than 2.5% from the mean

CD Ph. Eur. 1997 Method 
2.2.41

Absorbance accuracy 1.0 mg ml–1 isoandrosterone Record the spectrum between 280 and 360
nm and determine the minimum at
304 nm

∆ε is +3.3

Linearity of modulation 1.0 mg ml–1 (1S)-(+)-
camphorsulfonic acid

Record the spectrum between 185 and 340
nm and determine the minima at 192.5
and 290.5 nm

At 192.5 nm, ∆ε is –4.3 to –5
At 290.5 nm, ∆ε is +2.2 to +2.5
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Figure 2 Analytical process integrity.
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Figure 1 Structure of the disaccharide Galpβ1-4Glcp, showing
the numbering of protons within the sugar rings.
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Table 1 Structural reporter groups as described by
Vliegenthart and co-workers

Sugar type Proton(s) Parameter Information content

All H1 δ, J Residue and linkage 
type

Mannose H2, H3 δ Substitution within 
core region of 
branched glycan

Sialic acid H3 δ Type and configura-
tion of linkage

Fucose H5, CH3 δ Type and configura-
tion of linkage: struc-
tural environment

Galactose H4, H4 δ Type and configura-
tion of linkage

Amino
sugars

N-acetyl
CH3

δ Sensitive to small 
structural variations

Figure 2 1H 1D spectrum of the disaccharide galactopyranose β1-4glucopyranose at 500 MHz and 303 K in 2H2O. Peak assign-
ments are given for well-resolved peaks, following the numbering of Figure 1. The unresolved proton ‘envelope’ consists of the
remaining ring proton resonances. The peak marked ‘HOD’ arises from residual water within the sample.
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Figure 3 1H–1H 2D COSY spectrum of galactopyranose β 1-4glucopyranose at 500 MHz and 303 K in 2H2O. A full proton assignment
is usually possible from a spectrum like this, and peak identities are shown where space permits. The well-resolved anomeric protons
provide a useful starting point for assignment, and subsequent pairs of spin-coupled nuclei are correlated through off-diagonal peaks.
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Figure 4 HSQC 1H–13C correlation spectrum of galactopyranose β1-4glucopyranose at 500 MHz and 303 K in 2H2O. Resonances
are labelled with the appropriate assignment for each correlation. In practice, these can be relatively easily identified by comparison
with previously assigned proton or carbon chemical shifts. Reproduced by courtesy of Homans SW and Kiddle GR, University of
St. Andrews.

Figure 5 A 1 → 6 linked disaccharide showing the dihedral
angles �, � and �, about which conformational variation
is greatest.
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See also: 13C NMR, Methods; Labelling Studies in
Biochemistry Using NMR; Nuclear Overhauser Effect;
Nucleic Acids Studied By NMR; Proteins Studied
Using NMR Spectroscopy; Two-Dimensional NMR,
Methods.
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Table 1 NMR properties and type of biological information provided by various nuclei

Nuclei
Frequency
(MHz) Spin

Natural
abundance (%)

Relative
sensitivity Information

1H 400 1/2 99.98 1.0 Metabolite concentration. Cell fingerprinting. Flow through some
pathways. Intra and extracellular pH. Cellular volume. Micro-
scopic imaging. MRI

31P 161.9 1/2 100 6.6 × 10–2 Concentration of phosphorylated metabolities. Bioenergetic
status. Intra- and extracellular pH. Cellular volume. Phospholipid
metabolism

13C 100.6 1/2 1.11 1.6 × 10–2 Quantitative measurements of metabolic flow through specific
pathways

23Na 105.8 3/2 100 9.3 × 10–2 Membrance potential. Cellular volume. Na+/H exchange
19F 376.3 1/2 100 0.83 Intra- and extracellular pH. Oxygenation state. Divalent metal ion

concentration
2H 61.8 1 0.016 9.7 × 10–3 Lipid structure. Rates of hydration–dehydration reactions. Water

flow and perfusion
39K 18.7 3/2 93.1 5.1 × 10–4 Membrane potential
17O 54.2 5/2 0.037 2.9 × 10–2 Water transport and metabolism
15N 40.5 1/2 0.37 1.0 × 10–3 Nitrogen metabolism
14N 28.9 1 99.63 1.0 × 10–3 Nitrogen metabolism
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Figure 1 General steps in the preparation of primary cell cultures.

Figure 2 High density cell culture devices compatible with in situ NMR spectroscopy. The tubes containing the entrapped cells can
normally be accommodated in commercial high-resolution probes and placed inside the magnet (indicated by N and S).
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Figure 3 31P NMR spectrum (161.1 MHz) of C6 glioma cells
grown in a hollow fibre bioreactor. Note the important contribution
of the GPC and GPE resonances. Inset: intra- (in) and extracel-
lular (ex) resonances of DMMP. From Gillies RJ, Galons JP,
McGovern KA, Scherer PG, Lien YH, Job C, Ratcliff R et al. NMR
in Biomedicine 6: 95–104. Copyright 1993 John Wiley & Sons
Limited. Reproduced with permission.
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Figure 4 Metabolism of (1-13C) glucose in neural cells. HMP: hexose monophosphate shunt. TCA: tricarboxylic acid cycle; OAA:
oxalacetate; α-KG: 2-oxoglutarate; GABA: γ−aminobutyric acid; Ac CoA: acetyl coenzyme A. Only one turn of the TCA is considered
for clarity. Filled or open circles in TCA cycle intermediates indicate labelling from PDH or PC, respectively.
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Figure 5 Proton decoupled 13C NMR spectrum (125.7 MHz) of neutralized perchloric acid extracts obtained after the incubation of
primary cultures of neurons (upper trace) or astrocytes (lower trace) with 5 mM (1-13C) glucose during 24 h. 1: alanine C3, 2: lactate
C3, 3: N-acetylaspartic C6, 4: acetate C2, 5: glutamine C3, 6: glutamate C3, 7: glutamine C4, 8: glutamate C4, 9: glutamine C2, 10:
glutamate C2. An artificial line broadening of 1 Hz was used in both cases.
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Figure 6 1H NMR spectra (360.13 MHz) of a rat erythrocyte
suspension in the presence of a 1H NMR pH probe. The water
resonance (not shown) was attenuated with a 2 s presaturating
pulse. (A) Spin echo acquisition with 5 ms interpulse delay. Inset:
expansion of the aromatic region. (B) Conventional one-pulse ac-
quisition. Inset: Chemical structure of imidazole-1-yl acetic acid
methyl ester, the pH probe used. a: TSP, b: lactate H3, c: gluta-
mate H3,H3′ in glutathione, d: aspartate H3,H3′, e: creatine (me-
thyl), f: trimethyl groups in choline, carnitine and ergothioneine, g:
methanol, h: H2 of amino acids, i: lactate H2, k: H4 and H5 of the
pH probe, l: H2 of the pH probe. H2i: intracellular probe, H2o:
extracellular probe. Methanol is produced by endogenous este-
rases immediately after the addition of the probe.

Figure 7 T2-weighted spin echo microscopic 1H NMR images
(360.13 MHz) of an isolated neuron from Aplysia californica be-
fore (A) and after (B) hypotonic shock. Resolution (x,y,z) is 20 µm
× 20 µm × 150 µm. Artificial sea water appears as a bright back-
ground surrounding the cell. T2 differences between nucleus and
cytoplasm cause these structures to appear as bright and dark,
respectively. Reproduced with permission of the American Phys-
iological Society from Hsu EW, Aiken NR, Blackband SJ (1996)
American Journal of Physiology 271: C1895–C1900.
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Table 2 Second-order rate constants for radical spin trapping
for the traps PBN and DMPO

Rate constant 
(M–1s–1)Spin trap R· T( �C)

PBN Me· 25 4 ×  106

RC·H2 40 1.3  × 105

Ph· 25 2 × 107

HO· 25 2 × 109

ROO· 60 1 × 102

DMPO HO· 25 2 × 109

O2
– 25 1 × 101

RC·H2 40 2.6 × 106

Table 1 Hyperfine coupling constants (mT) for a variety of
spin-trapped adducts

Free   radical

PBN DMPO

14N H 14N H

·H 1.53 0.82(2H)

·Phenyl 1.60 0.44 1.57 2.5

·CCl3 1.39 0.175

·OH 1.54 0.27 1.50 1.50

O2
– 1.43 0.225 1.45 1.16

But O· 1.48 1.60

SO3
– 1.47 1.60

PhS· 1.29 1.415
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Figure 1 EPR spectra arising from a 14N (I = 1) showing (A)
randomly and rigidly oriented in a frozen matrix; (B) antisotropic
motion in a randomly oriented environment; (C) isotropic spec-
trum with no restriction on movement.
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Figure 2 Orbitals and corresponding EPR spectrum for an octahedral complex with (A) tetragonal and (B) trigonal distortion.
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Table 3 Relationship between g and A tensor, EPR symmetry
and the point symmetry of the paramagnets

EPR
symmetry  g and A tensors

Coincidence
of tensor axis

Molecular
point
symmetry

Isotropic gxx = gyy = gzz

Axx = Ayy = Azz

All coincident Oh Td O, Th, T

Axial gxx = gyy ≠ gzz

Axx = Ayy ≠ Azz

All coincident D4h, C4v, D4,
D2d, D6h,C6v,
D6, D3h, D3d,
C3v, D3

Rhombic gxx ≠ gyy ≠ gzz

Axx ≠ Ayy ≠ Azz

All coincident D2h, C2v, D2

Monoclinic gxx ≠ gyy ≠ gzz

Axx ≠ Ayy ≠ Azz

One axis of g
and A
coincident

C2h, Cs, C2

Triclinic gxx ≠ gyy ≠ gzz

Axx ≠ Ayy ≠ Azz

Complete non-
coincidence

C1, C1

Axial non-
collinear

gxx ≠ gyy ≠ gzz

Axx = Ayy ≠ Azz

Only gzz and 
Azz coincident

C3, S6, C4,
S4, C4h, C6,
C3h, C6h

Figure 3 Experimental and simulated X-band powder EPR
spectra of H2[V(R,R-HIDPA)2] diluted in the corresponding zirco-
nium compound, where HIDPA = hydroxyiminodipropionate.
(A) Simulated spectrum with axial symmetry and g|| = 1.9195,
g� = 1.9839, A|| = 17.5 mT and A� = 4.9 mT; (B) experimental
spectrum; and (C) simulated spectrum with rhombic symmetry
gzz = 1.9195, gxx = 1.9848, gyy = 1.9829, Azz = 17.15 mT,
Axx = 4.6 mT and Ayy = 5.2 mT. Reproduced with permission of
the Royal Society of Chemistry from Mabbs FE (1993) Some
aspects of the electron paramagnetic resonance spectroscopy of
d-transition metal compounds. Chemical Society Reviews 22:
313–324.
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Figure 4 Simulated EPR spectra of the superoxide (O2
–) anion

adsorbed on differently charged cationic sites. The gzz values of
the radical have the form gzz = ge � 2λ/∆ where λ is the spin–or-
bit coupling constant for oxygen and ∆  is the extent of the energy
splitting between the two π* orbitals, caused by the local electro-
static field of the cation. As the charge varies, ∆ will vary and dif-
ferent gzz values are observed (A–D). The anion is also sensitive
enough to distinguish between cations with the same nominal
charge which, because of different coordinative environments
(e.g. 5-coordinated, 4C or 3C surface cations), exert slightly dif-
ferent electrostatic fields (E).
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Figure 5 X-band EPR spectra of Ni+ complexes formed upon CO adsorption on reduced Ni/SiO2 catalysts under a pressure of
(A) 10 torr CO followed by evacuation at 340 K, (B) 10 torr, (C) 100 torr, (D) 400 torr. Subscript a represents axial and subscript e rep-
resents equitorial positions. Reprinted with permission from Dyrek K and Che M (1997) EPR as a tool to investigate the transition metal
chemistry on oxide surfaces. Chemical Reviews 97: 303–331 Copyright 1997 American Chemical Society.
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See also: EPR Imaging; EPR, Methods; EPR Spec-
troscopy, Theory; Inorganic Chemistry, Applications
of Mass Spectrometry; Spin Trapping and Spin Label-
ling Studied Using EPR Spectroscopy; Surface Stud-
ies By IR Spectroscopy.
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Figure 1 1H NMR spectra of the two N-methyl groups in 3-
dimethylamino-7-methyl-1,2,4-benzotriazine, as a function of
temperature.
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Figure 2 Decomposition of the coalescence line shape into in-
dividual lines. Top: experimental spectrum from Figure 1;
middle: calculated line shape to match experimental spectrum;
bottom: individual lines calculated as in the Appendix.
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Figure 3 Example of chemical exchange in a coupled spin sys-
tem. The rhenium can bond to one or other of the carbonyl oxygen
atoms, so that the symmetry of the molecule is lifted. Exchange
of the rhenium between carbonyl groups broadens the signals of
protons 3 and 5 (at 8.46 ppm and 7.82 ppm), but leaves 4 (8.38
ppm) unaffected.
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Figure 4 Calculated spectra for mutual exchange in an AB spin
system, as a function of exchange rate. The heavy traces are the
total line shape and the lighter lines show the individual compo-
nents. The bottom spectrum shows the typical static AB spec-
trum, which broadens and coalesces at higher rates of exchange. 
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Figure 5 Inversion–recovery curves for slow exchange between two sites. Lines A and B are the results from one experiment. They
show the recovery after a nonselective inversion of both sites, showing that the two sites have slightly different T1 values. C and D are
obtained from a different experiment. Line C shows the recovery of a site that has been selectively inverted, and line D shows the
behaviour of the line that was not perturbed in this experiment. The inverted line relaxes faster, due to a combination of spin–lattice,
relaxation and exchange, and the unperturbed line shows the characteristic transient.
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 .

�) = ���7���� 
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���.� � = *� �����	;�	��� ��� ���� ���	��.� ν = �
�����	;�	��� ��� ���� ���	��.� γ = �����	���
�� 
��
	�.� � = �������� ���	� ����
����.� λ = ���������.

Λ = ����������	
 .�
 = ������	�	�.�	 = �	����	�	�.

�$ = �
�������� ��� �1� 

���	��.� �C = /�
��
� �
��
����������	�������

See also: NMR Principles; NMR Pulse Sequences;
NMR Relaxation Rates; Two-Dimensional NMR,
Methods.
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Table 1 Brønsted acid reagent systems

a Degree of solvation depends on partial pressure of reagent
gas; proton affinity given for monosolvated proton.

Reagent gas
Reactant ion 
(BH+)

PA(B)
(kJ mol−1)

H2 H3
+ 423.4

N2O–H2 N2OH+ 580.7

CH4
CH5

+

C2H5
+

550.6
680.3

H2O H+(H2O)n
a 696.0

CH3OH H+(CH3OH)n
a 773.6

i-C4H10 C4H9
+ 819.6

NH3 H+(NH3)n
a 853.5

Figure 1 EI, CH4 CI and NH3 CI mass spectra of ephedrine
(relative intensity as a function of m/z).
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Figure 2 Brønsted acid CI mass spectra of H-Val-Pro-Leu-OH
using (A) NH4

+, (B) C2H5
+ and (C) N2OH+ as reagent ions. Reprint-

ed with permission from Speir JP, Gorman GS, Cornett DS and
Amster IJ (1991) Controlling the dissociation of peptide ions us-
ing laser desorption/chemical ionization Fourier transform mass
spectrometry. Analytical Chemistry 63: 65–69. Copyright (1991)
American Chemical Society.

Table 2 Charge exchange reagent systems

Reagent gas Reactant ion (R +S) RE(R�·)(eV)

C6H6 C6H6
+: 9.3

N2–CS2 CS2
+: ∼10.0

CO2–C6F6 C6F6
+: 10.2

CO–COS COS+: 11.2

Xe Xe+: 12.1, 13.4

CO2 CO2
+: 13.8

Kr Kr+: 14.0, 14.7

N2 N2
+: 15.3

Ar Ar+: 15.8, 15.9
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Figure 3 EI and C6F6
+: charge exchange (CE) mass spectra of

cis- and trans-4-methylcyclohexanol. Harrison AG and Lin MS,
(1984) Stereochemical applications of mass spectrometry. 3.
Energy dependence of the fragmentation of stereoisomeric
methyl cyclohexanols. Organic Mass Spectrometry 19: 67–71.
Copyright John Wiley & Sons Limited. Reproduced with
permission.

Figure 4 Ionization potentials of hydrocarbons as a function of
molecular mass. Reprinted with permission from Sieck LW
(1983) Determination of molecular weight distributions of
aromatic components in petroleum products with chlorobenzene
as reagent gas. Analytical Chemistry 55: 38–41. Copyright
(1983) American Chemical Society.
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Table 3 Brønsted base reagents

B−
�H  (BH)
(kJ mol−1) EA(B) (kJ mol−1)

NH2
− 1690 75.3

OH− 1636 176.6

O−S 1598 141.0

CH3O− 1594 151.5

F− 1552 328.0

O2
−: 1477 42.3

Cl− 1393 348.9

Br− 1356 324.7

Figure 5 CH4 CI and OH− CI mass spectra of 2,3-cyclopropyl-
1,4-undecanediol (relative intensity as a function of m/z).
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Figure 6 O–• CI mass spectra of C5 ketones (Mr 86). Data from
Marshall A, Tkaczyk M and Harrison AG (1991) O7: chemical
ionization of carbonyl compounds. Journal of the American Soci-
ety of Mass Spectrometry 2: 292–298.
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Table 4 Derivatization of phenolsa

a Data from Trainor TM and Vouros P (1987) Electron capture
negative ion chemical ionization mass spectrometry of deriva-
tized chlorophenols and chloroanilines. Analytical Chemistry
59: 601–610.

b Relative molar response.

Relative intensity Other ions (relative 
intensity)Derivative M–• ArO−

–COCF3 0 0.2 CF3COO− (100)

–COC2F5

0 0 C2F5COO−(100),
C2F4CO− (23)

–COC3F7

0 0 C3F7CO− (100), 
C3F6CO− (6)

–CH2C6F5 (1)b 0 100

–COC6F5 (0.4)b 100 5 C6F5
−(8)

–COC6H3(CF3)2

(0.08)b 100
2

Figure 7 Electron capture CI mass spectra of nordiazepam un-
der different conditions (relative intensity as a function of m/z).
Data from Garland WA and Miwa BJ (1983) Biomedical and
Environmental Mass Spectrometry 10: 126–129.
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See also: Ion Energetics in Mass Spectrometry; Ion
Molecule Reactions in Mass Spectrometry.
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Figure 8 Electron capture CI mass spectra of tetracyanoethylene and tetracyanoquinodimethane using CH4 and CO2 as buffer
gases. Reprinted with permission from Sears LJ and Grimsrud EP (1989) Elimination of unexpected ions in electron capture mass
spectrometry using carbon dioxide buffer gas. Analytical Chemistry, 61: 2523–2528. Copyright (1989) American Chemical Society.
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Table 1 UV-visible absorption of some chromophores

a Molar absorptivity.

Chromo-
phore Compound

Electronic
transition λmax (nm)

ε a

(m2 mol–1)

C6H6 Benzene π → π* 200, 255  800

C�C Ethylene π → π* 180 1300

C�O Acetone π → π* 185  95

n → π* 277 2

N�N Azomethane n → π* 347 1

N�O Nitrosobutane n → π* 665 2

Table 2 max for different solvents

Solvent max (nm)

Water 165

Acetonitrile (spectroscopic grade) 190

Hexane 199

Heptane 200

Isoctane 202

Diethyl ether 205

Ethanol 207

Propan-2-ol 209

Methanol 210

Cyclohexane 212

Acetonitrile (chemical grade) 213

Dioxan 216

Dichloromethane 233

Tetrahydrofuran 238

Trichloromethane 247

Tetrachloromethane 257

Dimethyl sulfoxide 270

Dimethylformamide 271

Benzene 280

Pyridine 306

Propanone 331
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See also: Biomacromolecular Applications of
UV-Visible Absorption Spectroscopy; Colorimetry,
Theory; Dyes and Indicators, Use of UV-Visible
Absorption Spectroscopy.
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Figure 1 Simplification of the low-field 1H NMR spectrum of 1-
pentanol by Eu(thd)3. The clustered signals of the methylene
chain are totally separated into clearly defined multiplets. (A) nor-
mal spectrum; (B) after addition of Eu(thd)3

Table 1 Lanthanide diketonate chelates used as NMR shift re-

agents

thd = tris(2,2,6,6-tetramethyl-3,5-heptanedionato);
dpm = tris(dipivaloylmethanato);
pta = tris(1,1,1-trifluoro-5,5-dimethyl-2,4-hexanedionato);
tfn = tris(1,1,1,2,2,3,3,7,7,8,8,9,9,9-tetradecafluoro-4,6-nonane-
dionato);
fhd =tris(1,1,1,2,2,6,6,7,7,7-decafluoro-3,5-heptanedionato);
dfhd = tris(1,1,1,2,2,3,3,7,7,7-decafluoro-4,6-heptanedionato);
fod = tris(1,1,1,2,2,3,3-heptafluoro-7,7-dimethyl-4,6-octanedi-
onato).

R R′ Ln Acronym

t-C4H9 t-C4H9 Pr
Eu
Dy
Ho
Yb

Ln(thd)3 or 
Ln(dpm)3

t - C4H9 CF3 Eu Eu(pta)3

t -C4H9 n-C3F7 Eu Eu(fod)3

Pr
n-C3F7 n-C3F7 Eu Eu(tfn)3

C2F5 C2F5 Eu Eu(fhd)3

CF3 n-C3F7 Eu Eu(dfhd)3
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Table 2 Chiral shift reagents of the β-diketonato type

Figure 2 1H NMR spectra of α-phenylethylamine in CCI4 after
addition of tris[(3-tert-butylhydroxymethylene)-D-camphorato]-
europiumIII. Molar ratio LSR* to substrate 0.5: (A) S-form; (B) ra-
cemic mixture.

Figure 3 23Na NMR spectra at 2.1 T and 39°C of whole human
blood before (A) and after (B) the addition of Dy(DOTP)5- (5 mM).
Intra- and extracellular sodium resonances are resolved.
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Figure 4 13C NMR spectra (A) and integrated intensities (B)
of a Fe(CO)5 sample with different added concentrations of
Cr(acac)3. Different symbols refer to independent measure-
ments.
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Figure 5 Direct (A) and inverse (B) PRE titrations: by plotting
�* vs. macromolecule concentration a rectangular hyperbola is
obtained, whose analysis yields the ��	value together with the
nKA product. The Scatchard's plot obtained from the inverse titra-
tion allows the determination of n and KA separately.
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Figure 6 Male patient, 54 year old, 67 kg with multiple hepatic
metastases from a neuroendocrine tumour of the pancreas: imag-
es are taken before (A) and 90 minutes after (B) intravenous ad-
ministration of 0.1 mmol kg–1 of a liver-specific Gd3+ chelate.
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Figure 7 Schematic structure of the Gd3+ chelates used in clinical practice. DOTA = 1,4,7,10-tetraazacyclododecane-N,N′,N′′,N′′′-
tetraacetic acid; DTPA = diethylenetriaminepentaacetic acid; HPDO3A = N″′-(2-(1-hydroxypropyl))-1,4,7,10-tetraazacyclododecane-
N,N′N″-triacetic acid; DTPABMA = N,N″-bis(N-methylcarbamoylmethyl)-diethylenetriamine-N,N′,N″-triacetic acid.
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Figure 1 Relationships between mass spectrum and chemical structure.
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Table 1 Significance of a peak at m/z 77 for the presence of a
phenyl group in a molecule

The terms n1 and n2 are the number of spectra (compounds) with
a peak at m/z 77 in the given intensity interval for compounds that
contain a phenyl group and those that do not, respectively;
p(phenyl | I77) is the a posteriori probability for the presence of a
phenyl group (assuming an a priori probability of 0.5)

Intensity
interval (%B) n1 n2

p(phenyl | I77)

I ≤ 1 497 2486 0.17

1 < I ≤ 5 738 983 0.43

5 < I ≤ 30 2283 1288 0.64

30 < I ≤ 60 898 182 0.83

60 < I 584 61 0.91

Sum 5000 5000

Figure 2 Spectral library search.



CHEMICAL STRUCTURE INFORMATION FROM MASS SPECTROMETRY 235

����� �����	���� �	���	�
�� ���� ���� ���������� �
���
��	�� ������%���� 3� ����������� 	���	����
�� ��� �����
����������������	����	������
	���
���	������������
�����	�$��
	������������
�	������
������
������������
���������������	����������	��

���������

3��� �����	
��
���� 	��	������ ������ ��� ������	�����
������ 
�� ��� ���	
�	����� ��	����	��� ����	����� 
�� ���
	���	������������
�	������������������!���������
����
�����
��������
���49 999�����
���
���*99 999
�����	���!
�����	�	�����
������������	�
��	��������
�����	�� ��
�������� �	
������	�����
�	����$�����������
�
	��

���
�
�����������
�
����
���
��������
���� ���	�	���� �������� �� ���� ���������� ����� �����	�
�
������
���� �	�� �
�� ����������� !
�� �
�
���
���������	����	�������	��	����������
	�������������	
�
��	�
����������
���	���	���
������������
���/
	
����	�����
�����	������	����	��D

���
����	������
	�
�
	� ��������� ���	����	�	���� ��� ���	��
	�� ����������
�	
�� �� ������ �

�� �	
����� 
�� %������
�����������������!�	���	����������

����	������

3� ������ ���� �����������
�� �
	� ���	�	�� ���	��� 
�
���������	�������������	����������	���	����
����
	����
�	�������
��������� '��������$������	����	����������� ��
���� �����	�� 
�� ���� ����
��� ��� ��������� ����������

�������������
	�����������������	�������������
�
�

��������������������������������������	�����
	�	���	�
����� �����	�� ��� ��������� ���� ����� ���	��� �
����	�
�����	������� ���� ����	� 
�� 	���	����� �����	�� �
��
����������������������������������������������������
�������� ����	�����������	
����	�� ����
���������������
	���
����������	�
����������	��������������������	�

�
� 	���	����� �����	�� ��������� ���� 	���	����
��� ��� ��
�
������� �
� �
� ����� 
��� ������� ���� 	��������� ����� 
�
�����	���������
	��	������������������������
�������
���	���� �	���	�
��� ���� ���
�� ���
��� ����� 	�%��	���
��������	����
��
���������	(��
���%������������	
��
��
��� ��
������� ��
	� ��������� ��
��� ���� �����	
���
����������������������
�����	��(��
����	$����
����
�	
��������
�������	������
���
����������������
�����
�	
�	����� �
	���� ������ ������ ��
���� �����
������
��%�����������	���������������������
����	�������
3����������
	���������
������	����������������� �


������	����������	��������

3�� ��������� ����	� 
�� �����	���� �����	��������	��
�
	�����������
����������	������
��������'��	������$
��
������
&��������	�����	���	�����������������	����
����������(��
����	$��������������
���������
	���������
�	�������������������������
�	������
����	���	�
����
�����	������!
�������	�����	���	����	����	���
������������� 
	������$� 
���	�� �	�� ����������� ��
�����	
��
�����������3���������	���	�
������
����������	��
%��	�����5�
������
�������$����
�
������������
�
������������������	�	����
�������	��	�����������������
�����	����������� ��� �
����	��� �	
� ���� 	���	����
�����	�(� 
�� ���� 
���	� ����$� ���� ���	� �������� ����
���������������	����	��������	��
���������
�������
��
����������������������	���������	���'����������������
���������	�����	���	�
���������	�����������������������

�������� ��	����	��5� ���������� �
�
���������	��
����	������	���������	
��
�����
�����
��������	�
	�

Table 2 Common quality problems with mass spectra in data-
bases

Spectrum reduced to a small number of (large) peaks

Limited mass range (start mass too high)

Peaks present far above the relative molecular mass

Poor dynamics of peak intensities

Wrong isotope peak intensities

Tilted peak intensities

Additional peaks from impurities or instrument background

Small peaks missing

Wrong mass assignment

Illogical mass differences

Spectrum does not match with given compound

Missing experimental data

Missing structure data

Too many replicate spectra

Figure 3 Peak search example using the NIST mass spectral
database. The mass spectrum of a hypothetical unknown is from
caffeine contaminated with a phthalate. Manual selection of rele-
vant peaks easily allows the spectroscopist to consider probable
contaminations (peaks at m/z 149, 167). The correct solution is
found after the input of four peaks by excluding the typical phtha-
late peaks. Note the wide intensity intervals applied. Should a
peak at m/z 149 be required the correct compound is not found.
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Figure 4 Comparison of the mass spectrum from an unknown with two reference spectra using the similarity measure S1 (based on
the correlation coefficient). Axes in the two plots at the bottom: horizontal, peak height %B of unknown; vertical, peak height %B of
reference. Each point corresponds to a mass number with a peak in at least one of the two compared spectra.
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Figure 5 Mass spectra can be considered as points or vectors
in a multidimensional spectral space. For simplicity only two
mass numbers (43, 58) have been selected in this example. Am,
abundance (peak height in %B) at mass m; U, spectrum from un-
known; R1, reference spectrum of propanal; R2, reference spec-
trum of acetone. Measures for spectral similarity are the
Euclidean distance (d), the city block distance (∆43 + ∆58) or the
cosine of angle α (equivalent to S1 in Eqn [2]).

Figure 6 Different selection of masses for the calculation of
spectral similarity (schematic). The fit search considers only
masses with peaks in the reference spectrum and therefore is in-
sensitive to impurities in the unknown.
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Figure 7 Example of a library search by MassLib. A mass spectrum from testosterone has been considered as unknown and
searched in a library consisting of 130 000 spectra (including duplicates). A mass spectrum from testosterone is contained in this
library and has been found as the first hit (most similar spectrum). The other hits are from the same compound class and demonstrate
the interpretive capabilities of this system.
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Table 3 Scheme for systematic structure elucidation

(1) Determine the molecular formula of the unknown

(2) Derive structural restrictions as substructures from spec-
tral and other experimental data and from pre-knowledge 
about the unknown

(3) Make consistency checks of the structural restrictions

(4) Add all substructures that are considered to be present in 
the unknown to the goodlist. Add all substructures that are 
considered to be absent in the unknown to the badlist

(5) Generate all isomers for the given molecular formula that 
contain all substructures from the goodlist but none from 
the badlist

(6) Test the generated molecular candidate structures:
(a) by a comparison of predicted spectra with measured

spectra
(b) by a comparison of predicted properties with measured

properties
(c) by considering more complicated structural restrictions

that could not be handled by the isomer generator
(7) If the number of survived molecular candidates is too large 

try to create additional structural restrictions and continue 
at step 3

Table 4 Types of numerical spectral features; a set of spec-
tral features can be used to classify a mass spectrum as to
whether a certain substructure or a more general structural
property is present or absent in the molecule

xj, spectral feature; Im, intensity in %base peak at mass m; ∆m,
mass difference

Modulo-14 inten-
sity sums

xj = ∑ Im + 14n n : 0, 1, 2,…, j,
m : = 1, 2,…, 14

Logarithmic inten-
sity ratios

xj = In Im /Im + ∆m Im = max (Im, 1)

Autocorrelation xj = ∑ ImIm + ∆m /∑ ImIm j, ∆m : 1, 2,…, 50
m : a defined mass 
range

Distribution of 
peaks

xj = ∑ Ieven / ∑ Im even : all even 
masses
m : all masses

Relative base 
peak intensity 

xj = 100 / ∑ Im m : all masses
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Figure 8 Classification scheme for mass spectra. The mass
spectrum is transformed into a set of typically 5 to 20 variables
(spectral features). A linear or nonlinear mathematical combina-
tion of the features results in a discriminant variable. The value
of the discriminant variable together with the required maximum
statistical risk for wrong answers determines which of the three
possible answers is given: ‘class 1’ (substructure present), ‘class
2’ (substructure absent) or ‘answer not possible because error
risk is too high’.
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See also: Chromatography-MS, Methods; Forensic
Science, Applications of Mass Spectrometry; Frag-
mentation in Mass Spectrometry; Laboratory Infor-
mation Management Systems (LIMS); Medical
Applications of Mass Spectrometry; Pyrolysis Mass
Spectrometry, Methods.
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Figure 9 Systematic structure elucidation using the molecular formula of the unknown, structural restrictions from automatic mass
spectra classification and exhaustive isomer generation. Ethyl 2-(2-hydroxyphenyl)acetate is the ‘unknown’.
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Figure 1 Laboratory (1, 2, 3) and molecular (x, y, z) coordinate systems, and the Euler rotation matrix, (R).
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Figure 2  Schematic energy level diagram for measurement of
CPL from a racemic mixture.
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Figure 1 UV (�( ), ), CD (∆�( ), ·····) and ORD ([M( )], -·-·)
spectra of a compound as a sum of contributions �NK( )( ),
∆�NK( ) (······), and [MNK( )](----) of different transitions (chromo-
phores) ⎟N 〉→⎟K 〉.

Figure 2 Dependence of the polarized absorption on the angle
α between the transition moment direction along the C2 axis of
phenanthrene and the plane of polarization of the light. The tran-
sition moment direction is defined by a vector  parallel to the
direction of maximum absorption. The light beam propagates
perpendicular to the plane of the molecule.



254 CHIROPTICAL SPECTROSCOPY, GENERAL THEORY

��������
�������	�������	���
�����	
�	����
���

����

'�������� �����	����������������
		���
������� 
����,-������	���
	��������������	����
��	
�	���
��
����
��	�������
�����,-������������������ ������
�	�� �	�� �
���	������� ���� ���	���
���� �	
�	����
��
�����
��	���������
	������
�G%����
���H*)I�����H*2I
�
�����,-������ ������	��
����������	
�����	������
�
��������	���
���
�������	��������	���������������
�����	�������
��	�&�������������� ��
��	�����
���
�
�����	���� ������ ����� ��� ����
�
��� �
� ���� �����	
���
�����	��
����
����������	�� �	������
���
�������	���
�
��	�&���
�$� ����� �����	���� �	������
��
���� ��	���
��
��$��
��	�������
����������	���G%��H2)I�����������
����	
��������	���������������	�%���������������
���	���
������
�	
����G%��H2FI���'��
	��	��
���������
�����������
���������	���
�����������	����	��
��������

�����	����
��	�������
��������
�����������	
�����	���
����
��⎜/〉 → ⎜�〉���������
�����	������0/���������
	
����
���� ��	������ %/�� �������� ���
	���
�� ��
��
���������	
���� �	������
�� �	
����������	
�����	
���
������/��
����������	
�������������������������	��
�����
��	�����
	��������	����	�&���
��
�������	������
�5�

����������
�� ��������$���� ���������������� �
���$� ��
�����������3��	�%�������������������������	������
�
	����������
��������������������������
���������
��
��	������ ���� 	
����
���� ��	������ 
�� ���� �����	
���
�	������
�

0
	�������
���������	����������
�������������	�����
��
��|/〉 → |�〉�����0	����.�
��
������
	�〈� |�〉����

������	
��������������	
����
������	�������G%��H*4I�
����������������

� �/�� ���� � ��/	�	�� ���� �����	��� ������������ �	���
����
�� 
����� �
	� ���� 9�9� �	������
�$� 	�����������
�� 9�9� �	������
�� ����� �� �	������
�� ���	�� ������	
�������� ���	���
���� �
	� �������� 	
����
���� ������� 
�
���� �	
���� ���� �������� �����	
���� ������� �	�� ���
�
�������3���
�
����$��������
�����	������0/��������
�������������

0
	��
	������������	
�����	������
��$����������������
�
���� �	
� 
���	� ���
���� �����	
���� �	������
��� ���
�������	���	���	��������
�������������G%����
���H*<I
���� H*;I� �+�	&��	�.�����	� ���
	�� 
�� ���	
���
�
��������

��������������	��	����������	���	

�������	���������	�������	���	��	

������������

���������������	��	����������	���	�!	�����

G����	
�����	������
���|/〉 → |�〉���������������������
�����		���������	��	��������
���
�����������������
��
���
�����
	�
	���
������������
	����������������

	��������������	�����
����$�����������
���
�������$
�
�������$	�$����������
�������Q$��Q$	�����Q	
	����
���$������� → �Q�	�→ �Q�	���	�→ �Q�	�����3�����
��
�������������	���
����������
���������������	������
�����
�����	�������
	����������������
����
	��
	������$�����$
|� �/� |�����|� ��/ |���������	�����	
�
	��%�����
�&�	
�
�
	����
	������
	�� ������	
��
�����������������

������
��
����	

��
	��������	������� �
�����	�

��	���
���
���������
����������$���	���	!�$�������>2��
3�� ����	������ �������	��� ��	

��
	�� �
�������
�
�����	���������
���������
�������������������
���	��������������'���������	����������	�����	

�
��
	��������	���������
���������
��������������
�������������������	��������������'�������� ��������
��
��	

��
	�������
����������	����������	������
����	������ �������	���� ���� �
���� ����	�� 
�� �



CHIROPTICAL SPECTROSCOPY, GENERAL THEORY 255

��	

��
	������
��������	�����������������������
��	

��
	������������
������%�����������%���������0
	
� � ������ �� ���	����	�&���
�� ��� ���� ��&�� 
�� ���
�������	������
	�������
��������0
	��������	����������
����	�����	

��
	�������������	������
	�����
��
���
	���	��	������)9.2$��
	��������	����������	��
��	

��
	��� < )9.2��
���� ≈ )9.4����������	������
�
��� �����	������� ���
���� ���� ������������ �
	�������
� > )9.2��
�����8 × )9.*��
�)9.)����������	������
����
���������������
�������������	��������
	������$����

�
	��������	����������	�����	

��
	��

����	��	�	�����������/

3���	

��
	������������	��
������
����������	�����
���
	���
���	
�������������	�� ���������������
�
���� ��
��	��
	� �����	
���������$� ����� �����	�� ����	

������������
���	
�����������	���
��������	

��
	�
����
����	����������	�������	
�����	����������	���
�
����
��������������	���
�����
���������������
	���
�
�	
������ ���� �������� ��������� �� ��
���	����� ���
�
�����
�����	����
���	
���������	��
��������������
�
�
������������	����	�������
������
��������3���	�
�
������	

��
	������������Q��	������
���������
���
������	

��
	�����������Q��	������
���	��	���	���
�����
������������	

��
	���������� ����'��������

��	

��
	����	���
�����������
�������������
�����

���	$��������������
�������
����
��
���������������
�
��������������
���������
	���
��	��������'����������	���
��
�������	
�����
���$�������
���	

��
	���������

����
�����	������
���������	

��
	��
��������	�
����	

��
	��������
������������	�

��	��� �������� 
�� ���� ��	��� ����	� 
�� �	������
��

Figure 3 Term scheme for an absorption and the corresponding CD band with contributions of one allowed  and
one forbidden  vibrational progression. 00 is the 0–0 transition band. 1 and x  are a totally symmetric and a
non-totally symmetric vibration, respectively. n = 1,2, ....
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Figure 4 The inherently symmetric (left) and inherently dissymmetric (right) enone chromophore.

Figure 5 The enone chromophore as an example for the interaction of two chromophores, i.e. the ‘en’ and ‘one’ chromophore.

Figure 6 Two examples for a decomposition of a molecule
into spheres according to Snatzke.
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Figure 7 Achiral skeleton with D2d symmetry and the four sub-
stitution positions 1 to 4 for an allene.
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Figure 8 Scheme for developing a sector rule.

Figure 9 Schematic representation of the sector rules for the
skeletons or chromophores of Cs, C2v, D2h, C3v,D6h, and Td sym-
metry according to Schellman.
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Figure 10 Octant projection of a compound with a carbonyl group showing a CE induced by the second sphere. Each atom outside
the symmetry planes contributes to the CD. The contributions of atoms which are in mirror image positions compensate.

Figure 11 The benzene chromophore as an example for the
application of sector rules for the third sphere. On the right the
schematic representation of the sector rules for the long wave-
length 1Lb transitions (A) and for the short wavelength 1La transi-
tions (B) are given. The plane of the aromatic system is a nodal
plane.
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Figure 12 The enone chromophore as an example for the
application of helicity rules.

Figure 13 Helicity of the enone chromophore.

Figure 14 Davidov splitting 2Vij of the two degenerate excited
states of two interacting identical chromophores in a compound
of C2 symmetry for ϑ < ϑ0.
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Figure 15 Linear and folded structure of �R, ��R-dimethylmes-
obilirubin-XIIIα of M helicity and the dipyrrinone ester as the build-
ing unit (fragment). Θ is the angle between the mean molecular
planes of the dipyrrinone units. The arrows indicate the transition
moment directions within the dipyrrinone units which enclose the
angle ϑ. The  axis is chosen to be parallel to the C2 symmetry
axis which is the angle bisector through C10 between the mean
molecular planes of the dipyrrinone units. In the solution there is
an excess of the P conformer in P M�

Figure 16 The UV spectrum (◆) (T = 80°C) and the tempera-
ture dependent degree of anisotropy of βR,β�R-dimethylmesobi-
lirubin-XIIIα in ZLI-1695 (T =  28°C (▲), 43°C(●), and 65°C (■)).

Figure 17 Exciton coupling of the two chromophores of �R,��R-
dimethylmesobilirubin-XIIIα dissolved in ZLI-1695 in the CD and
UV spectrum. The dotted and the dashed lines are the calculated
contributions of the two exciton bands. The dashed–dotted lines
are the calculated CD and UV spectra.
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See also: Biochemical Applications of Raman Spec-
troscopy; Biomacromolecular Applications of Circu-
lar Dichroism and ORD; Chiroptical Spectroscopy,
Emission Theory;  Chiroptical Spectroscopy,
Oriented Molecules and Anisotropic Systems;

Figure 18 The tensor coordinates � (······■······), �
( ● ), � (······▲······) of the absorption tensor and the sum
� + �  ( ▼ ) of �R,��R-dimethylmesobilirubin-XIIIα in ZLI-
1695. � + �  is the long wavelength (
 band: A → B) and �  is
the short wavelength (� band: A → A) exciton band.
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Circularly Polarized Luminescence and Fluorescence
Detected Circular Dichroism; Induced Circular Dichr-
oism; Magnetic Circular Dichroism, Theory; ORD and
Polarimetry Instruments; Rotational Spectroscopy,
Theory; Vibrational CD Spectrometers; Vibrational
CD, Applications; Vibrational CD, Theory.
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Figure 1 A positive Cotton effect (CE), i.e. the CD (– – –) and
ORD (•••), and a UV absorption band ( ).



CHIROPTICAL SPECTROSCOPY, ORIENTED MOLECULES AND ANISOTROPIC SYSTEMS 269

������$� ��� ����	���� ��	�
������� ������� ����	���� 	��
������
��
����	����	����
��	�&������������������������
	
���	�	��������	���	���
��

)��	�������	��	�����������	��	�����

��������	����
��
������������������	���$�����	�������
����L
����
	�������	���������$��������
������
������
�
���������������������������	������	���������������
��	��
���������	�����������������	�����������������
��	
�� ����3�������������
�� ������	���	���
�����������
�	
����������	
���������	��������
���������������
������ 
�� �
��	�&���
��� 0
	� ��
�	
���� ���	����$� ���
������� 
�� �
��	�&���
�$� ���� ������ ���
� ���
��	�&��
�����$� �	�� ������������� '���	������ �������	��� ��
�
�	
�����
����
����
����������������	�������	����	����
�
��	�&��� ������ ��� ���� ��
�
	��
�
���� �������������0
	
����
�	
����������������������������	����$�����������
������� �	�� ��
� 
	��
�
���� �����	��� �
��	�&��� �����
����$����	��������
�����������$������������	������
��
�	
����������$������������������	����
�
	��
�
���
��������������
��	�&��������������������� ���
���� �����	��$� ������������� 
	� ��	����	��� �
��	�&��

������������ �	
������� ����� �����	���� ���
������� ���
������
�����������	����	��	���������������� ����	�������
�
	���
��
��������
�������������������������������

����	
��������$������
��������������������������
��
������������� 	��	������� ����������
��	������������
�
	���
���
������������	
�� �������������������������

��������
�����������������	��	������	����������������
�����
��
	������������������
��	�&�����������������
�����������������������&����������	���� �	
������
�
�������������������������� ��$��������	����'������������
���������������������
��������������������������7���
��	�������	����	���������������������������	�������	�
����	���	��	����������������	
���
����������������
�������� ��
� ��������������
���������������	��	�������
�������������������	
���

������	�����������	�������

3����	�����������������������������
������	�
�����

�� ���� �		
	� ������ ���� ����	� 
�� �����������
����	������ 
�� �����	���� ������ ������� �
� ��������
����������������	�����������
��������
�������
�����
�������'����������
��$��
	�������$������������������
��� ��
�	
���� �������	��� �����$� 
��� 
�����������
�	����� ��� ����������$� ���	���� �
	� ��� ����
�	
���
��������� ������
	�� �����
�������	����� ��� ���
�������0
	����������	������������������	��������
�����
��������������������������	
����
��
������������
�
�
��	�&���
�������������	����+�	�����������	��
��
�
������	����	���	��	����������������	
���������$����
�������
����$������	���� �	
������
�� ���� �����	���	��
�	�������� ���� ����	
��� ������� ���3�
���	� �
����
������������������	�����
������	
����
��
�����������

�� �
��	�&���
�� ���� ���� ������������ �
	� �����	���� �&��
���� 
	�������
��� 
�� ���� ������ ��
��� ���� ����� 
�
�	
������
��
����������������

Figure 2 Schematic representation of the two eigenstates of light (see Table 1) propagating through an anisotropic phase of chiral
molecules with or without suprastructural chirality.

Table 1 Material constants for birefringence and dichroism

Two orthogo-
nal eigenstates 

of light

Refractive 
indices (n) 

and absorp-
tion coeffi-
cients (ε)

Birefrin-
gence

Dichro-
ism

Mean
absorp-

tion

Linearly
polarized 
light

n1,�1; n2,�2 n1− n2 �1−�2 �(�1–�2)

Elliptically
polarized 
light

nEL,�EL;
nER,�ER

nEL−nER �EL−�ER �(�EL+�ER)

Circularly 
polarized 
light

nL,�L; nR,�R nL−nR �L−�R �(�L+�R)
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Figure 3 Dispersion of linear and circular birefringence and dichroism, �LD, �LD, �CD, �CD (∆�) within an absorption band of a chiral
molecule.
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Figure 5 Coupling scheme for intensity borrowing of the circular dichroism and absorption tensor coordinates of a forbidden A → A
transition via the coefficient R(2)  with one vibration b1 from an allowed electric ( ) and magnetic (•••) dipole transition of
A → B1. Quadrupole contributions are neglected for this discussion.
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Figure 6 Calculated UV (left) and CD (right) spectra of the A → A transition for a molecule of symmetry D2 for two different
strength of vibronic coupling. The intensity of the vibrational progressions is changed from �11 : �22 : �33 = 3 : 1 : 1 (A left) to
�11 : �22 : �33 = 1 : 2 : 2 (B): (∆�11( ), �11( ) ( ), ∆�22( ), �22( ) (----), and ∆�33( ), �33( ) ( ). The UV spectra � ( ) and the degree
of anisotropy R (----), (C, left), the CD spectra ∆� ( ) and ACD spectra ∆�A (---) (C, right) are given for the cases shown in (A) and
(B). ((●) intensity ratio �11 : �22 : �33 = 3 : 1 : 1; (■) intensity ratio �11 : �22 : �33 = 1 : 2 : 2.) R and ∆�A have been calculated for the order
parameter S* = 0.460 and D* = 0.121 where D* is calculated from Luckhurst’s relation D* = F (S*, �) with � = 0.5. According to Eqn
[51] the assumed 0–0 transition and false origins are 00 = 37100 cm−1; 01(b1) = 1100 cm−1

02 (b2) = 560 cm−1; 03(b3) = 430 cm−1;
0(a) = 1200 cm−1; the intensity ratio within the progressions is chosen equally for b1, b2, b3: 1 : 6 : 10 : 8 : 6 : 4 : 1.
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Figure 7 ∆� ( ) (T = 75°C) and temperature-dependent ∆�A (from above T/°C = 31.2 to 64.0) (left) and the tensor coordinates
∆� (■), ∆� (●), ∆� (▲) and ∆� + ∆� (▼) (right) of androst-4,17-dien-3-one [1] in the ‘nematic’ liquid crystal phase ZLI-1695
(Merck).
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Figure 8 ∆� (Ο)(T = 75°C) and temperature-dependent ∆�A (from above T/°C = 28 to 68) of 1,4-bis(R)-1-phenylethylamino)-9,10-an-
thraquinone [2] (left) and the tensor coordinates ∆�  (–•–) ∆�  (•••), ∆� ( ) (right) of the charge transfer transition in the ‘nematic’
liquid crystal phase ZLI-1695 (Merck).



280 CHIROPTICAL SPECTROSCOPY, ORIENTED MOLECULES AND ANISOTROPIC SYSTEMS

��	����	� ����	
��� 
����� ��	��� @��%���� �	�����
����������	����	�����	
��A��7�'� ��������������	�
����������� >>  ��
	�� <<  �������� �
	����������	

������������ �		��������
�� ���� ���
	�����
�������

������
�����	�
	�������
������������
�	
����������
����
�����������������������	

��
	�������
����
�����������
�	
������������������������	��	���
������
�
	������ �����������	���
	����������	��������7�'� 
����������������������	��	����������
������	�� ���
��
�	
����
	�����
�	
���������������
������	���	���
��	������	�������7�'� �����
���$��
	�������$������
��
����	����������	�����������Q���%�����	����������������
�����
������D	�������������
������7�'� ��	
�����
���
	���
����
������������������
������������
�
��	������������
������������������
���
�����	��

��	����	��� �������
�	
������������	����
��� �
	� ��

	���
���� 0�	��� ����� � � �����	
���	�� ������ 
�

�
��	�&���
�� 
������
�$� ��� �	��������� � � ��� 
����
����	�����������
�����
		��������	�
����
��
�������	
������	����	������������������������	
���������!��
����$
���� ���
�� �
	� ���� ���
�
����
�� 
�� �� ����	��
%�������� ���
��������	�����������	�����	�� ����
������
�����
����� '�� ���� ����� 
�� ����� �����	� ���� ��	����	
��������������������������
���������������
���������G%�
H))I������
�������	���
	��	�����������	����	
�����
�
�
	����′���G%��H?I��������������������������
��	����
��
���
�������	�������	����	����������	����������$�����
	
������� �
	� �
���	� 
	� ��%���� �	���������� �
���	
������1������	��������������
���
��	�&���
������������
��
��
�������&�����
�����������$������ �
	���������
�	
������	�����	����	�������������������������������
�����������
����$��������	��$��
�����	
�	����$��������
���������	����������	����	����
������
	��	��
����������
��	��	������������	����	���������

Figure 9 UV spectra (T = 75°C), temperature dependent degree of anisotropy (T/°C = 28 to 67.5) (left), ∆� (T = 75°C) and temper-
ature dependent ∆�A (T/°C = 28 to 67.5) (right) of the cisoid enones 3-methyl-3α,5α,3,3′,4′,5′-tetrahydrobenzo[2,3]cholest-2-en-1-one
[3] (above) and its 3β-diastereomer [4] (below) in the ‘nematic’ liquid crystal phase ZLI-1695 (Merck).
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Figure 1 MI/FT-IR spectra (fingerprint region) of (A) menthol,
(B) neomenthol, (C) isomenthol and (D) neoisomenthol, 25 ng
each. Reproduced with permission of the Society for Applied
Spectroscopy from Coleman III WM and Gordon BM (1989) Ex-
aminations of the matrix isolation infrared spectra of organic com-
pounds: Part XIII. Applied Spectroscopy 43: 303.
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See also: ATR and Reflectance IR Spectroscopy, Ap-
plications; Chromatography–IR, Methods and Instru-

mentation; Fourier Transformation and Sampling
Theory; Industrial Applications of IR and Raman
Spectroscopy; IR Spectral Group Frequencies of
Organic Compounds; IR Spectrometers; IR Spectros-
copy Sample Preparation Methods; Medical Science
Applications of IR; Polymer Applications of IR and
Raman Spectroscopy; Quantitative Analysis.
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Figure 2 Liquid chromatography-IR interfaces.
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See also: ATR and Reflectance IR Spectroscopy,
Applications; Fourier Transformation and Sampling
Theory; IR Spectrometers; IR Spectroscopy, Theory;
Matrix Isolation Studied By IR and Raman Spectro-
scopies; Photoacoustic Spectroscopy, Applications;
Photoacoustic Spectroscopy, Theory; Quantitative
Analysis; Surface Studies By IR Spectroscopy. 
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Figure 1 Schematic diagrams of chromatography–mass spec-
trometry systems: (A) GC–MS system, (B) atmospheric-pressure
ionization LC–MS system.

Figure 2 Open-split coupling for GC–MS.
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Figure 3 Older types of LC–MS interfaces: (A) particle-beam
interface, (B) thermospray interface, and (C) target area of con-
tinuous-flow fast-atom bombardment interface.
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Figure 4 Atmospheric-pressure interface for LC–MS with electrospray and heated nebulizer APCI spray probes.
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Table 1

Mode MS1 MS2 Application

Product-ion Selecting Scanning To obtain structural 
information by CID of 
ions produced in the 
source

Precursor-ion Scanning Selecting To monitor compounds 
which in CID give an 
identical fragment

Neutral-loss Scanning Scanning MS1 and MS2 are 
scanning at a fixed m/z
difference; to monitor 
compounds that lose a 
common neutral species

Selective 
reaction
monitoring 
(SRM)

Selecting Selecting To monitor a specific 
CID reaction

Figure 5 Product-ion mass spectrum of heptabarbital.
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See also: Atmospheric Pressure Ionization in Mass
Spectrometry; Biochemical Applications of Mass
Spectrometry; Chemical Ionization in Mass Spectro-
metry; Chemical Structure Information from Mass
Spectrometry; Fast Atom Bombardment Ionization in
Mass Spectrometry; Forensic Science, Applications
of Mass Spectrometry; Hyphenated Techniques,
Applications of in Mass Spectrometry; Ion Molecule
Reactions in Mass Spectrometry; Ion Trap Mass Spec-
trometers; Isotopic Labelling in Mass Spectrometry;
Medical Applications of Mass Spectrometry; MS–MS
and MSn; Peptides and Proteins Studied Using Mass
Spectrometry; Quadrupoles, Use of in Mass Spec-
trometry; Sector Mass Spectrometers; Thermospray
Ionization in Mass Spectrometry; Time of Flight Mass
Spectrometers.
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Figure 1 Block diagram of a typical HPLC-NMR system.

Figure 2 Pseudo-2D plot of on-flow 1H HPLC-NMR data
obtained on human urine after dosing with paracetamol [1]. The
resonance from the glucuronide [2] and sulfate [3] conjugate me-
tabolites of paracetamol are indicated.
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Figure 3 1D slices extracted from the on-flow experiment
shown in Figure 2. The top trace is the sulfate conjugate [2] and
the bottom trace is the glucuronide conjugate [3].
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Figure 4 An example of solvent suppression using WET. The
top trace shows the data with no solvent suppression and the
bottom trace shows the data with WET solvent suppression
applied.
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Figure 5 Pseudo-2D plot of on-flow 19H HPLC-NMR-MS data
obtained on rat urine after dosing with efavirenz. The data supply
the 19F chemical shift, retention time, and mass of the
metabolites.
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Figure 6 1D and TOCSY HPLC-NMR spectra of the 8-O-sul-
fate, cysteinylglycine di-conjugate of efavirenz.

Figure 7 1D and TOCSY HPLC-NMR spectra of the 8-O-glu-
curonide conjugate of efavirenz.
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Figure 8 The 1H HPLC-NMR spectrum of the N-glucuronide conjugate of efavirenz shown as the minor component, along with the
major component the 8-O-glucuronide conjugate. 
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See also: Biofluids Studied By NMR; Chromatogra-
phy-IR, Applications; Chromatography-MS, Methods;
Drug Metabolism Studied Using NMR Spectroscopy;
Fourier Transformation and Sampling Theory; NMR
Data Processing; NMR Pulse Sequences; Solvent
Suppression Methods in NMR Spectroscopy.
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Table 1 Nuclei which have been used in CIDNP studies

Nucleus Spin
1H 1/2
2H 1
13C 1/2
15N 1/2
19F 1/2
31P 1/2
119Sn 1/2
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Figure 1 (A) Schematic presentation of the types of CIDNP effects: (1) equilibrium NMR spectrum, (2) enhanced absorption (A),
(3) emission (E2), (4) multiplet effect (A/E), (5) multiplet effect (E/A). (B) Experimental example of time-resolved (100 µs after laser
pulse) 250 MHz 1H CIDNP spectrum, detected during the photolysis of substituted 1,2-dihydropyridine in the presence of 2,5-
dichlorobenzoquinone: line assignment is shown on the structures; signal (6) is attributed to HDO admixtures in CD3CN. The
equilibrium signals were removed using the presaturation pulse sequence preceding the laser pulse.

Figure 2 Schematic presentation of the radical pair energy
levels in (A) low (H0 ≈ hyperfine interaction constant) and (B)
high (H0 >> hyperfine interaction constant) magnetic fields.

Figure 3 Distribution of chemical polarization between
geminate (‘in-cage’) and homogeneous products of radical
reaction.
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Table 2 Magnetic properties of free radicals defined by means of CIDNP

Radical Hyperfine interaction constant Spin density, ρπ g-factor

19F:
13C:

a4 > 0
a2 > 0

ρ1 > 0
ρ2 < 0
ρ3 < 0
ρ4 > 0

19F:
a2 > 0
a3 > 0
a4 < 0

1H: a < 0 (–2.3 mT) 2.0058

1H:
a1 < 0 (–0.65 mT)
a2 > 0 (2.34 mT)
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Figure 4 Alternative structures of the 1,2-diphenylcyclopro-
pane radical cation with the expected signs of the hyperfine inter-
action constants, a.
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See also: Chemical Applications of EPR; Chemical
Exchange Effects in NMR; EPR, Methods;
Heteronuclear NMR Applications (Ge, Sn, Pb); NMR
Pulse Sequences.
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Figure 1 Schematic diagram of an instrument designed to measure circularly polarized luminescence.
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Figure 2 CPL spectrum (upper curve) and total luminescence
spectrum (lower curve) for d-camphorquinone in ethanol.
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Figure 3 CPL spectrum (upper curve) and total luminescence
spectrum (lower curve) for an aqueous solution of a chiral mac-
rocyclic Tb(III) complex.



324 CIRCULARLY POLARIZED LUMINESCENCE AND FLUORESCENCE DETECTED CIRCULAR DICHROISM

������	����	�������	������,�������
���������
�	�
�������
��	����
��
���������
����������	��	������	��
���
�����
�
�����	�����������>�

$
�������%�����
������������
���	���������
��������
����������
�������,�������
�&�′(�������	�
��	������
������
�������������
���������
�
2����	���
����'���	���	���������,��	������
��

������
�%����������
�������������������	������������
���
��� -�	� ����	������ ����
����
��� �������� ����
������� �� ���	�,��������  #−7� �	�������	������ ����
���
������������
�	�
��������	����
��
���������
�����
������	��	������
�����������
������	��	��� #−C��	
������,��	���
�������������������3�����������	������
���
�������������,����������
�����������
�%����
��	�
��
��� �������)� ��� �	� ��������� ������� �������� ����
����� �	�� 	������� ��
���
���� ������,��)� ����� ��
����
��
������� �)�����������������	���������
������
�����������������,�����	���	���
� ↔ ��	�
�����
���$�
�������������������	�	���������,��	���
����
��������
	��������������
������� �
����
��� �����	���	�� ��
����	��
��	����������
�	������
���
���
���	���	������	�����������
�	�����
	�������,�����

�������	���	��������	��
����������$)��	��,�����)��

���	����,������������%��
���	�����������������������
	������� �������
)� ���� 	���� �� %��
���
�� �� ���� ���
�
�
�����	������ ��� ���	�
��� ����� 0�
�� �� �,��	��
��
�� ���� ���
� ��	�	���� ����� �
� ���� ������������
�
�������	���������������3���������=�#�������
���

�
����	����� �,�������
� ������ ��	������ ��� �� 	������
��,��	�)� ���� ��
��
�	����
� �� �,������ �
�
�����	�
���������%���������������	����	�������������%��
���
�
	��������
������������
��
�����������
�������������
�
�	����
����	����	��
��
���������
�
�����	���=������
	����� �������� �,��	���
���� ����� ����� �	�� ����
� �

������ ���+�	������� ���������������� �
����
��� ����
�	��
��%�������������
�����&.�3( � �
����������
����������
����∆�=�&���
( ��������
�����������
���	�
��%��
���
��	������	�����������	����	������	�
����
�� �
� �� ���������������� �
�������� ������
)
	��	��
�����
)� �����	�
��� ���	���� �
�� ������	����	
��	����	��� ������ ������ �� �,��	���
��� ���� ��� ��	�
�	�����������	��
����
�	J%��
���	����	�)��
����	�
�
�� �����
��)� �
�� ��� �� �
����
� �� �����	���	�� �
�
�	����	�� ��� �	���� �
������� �������� �� ����� �,������
���������	�������	���
����
�

#���� ����	���	������	������

3������������������������������	�����	��)����������
����
	�������,����������'������������
�����
������
����
�
����������� ����	���� ����� ��� ����	��
��� �
��0�� '.)
���	����������������	��
����	������	�����
�	�����

Figure 4 CPL spectra and total luminescence (lower curve) for
an aqueous solution of Tb(DPA)  containing 0.01M D-glucose
(upper curve) and L-glucose (middle curve).

Figure 5 CPL spectrum (upper curve) and total luminescence
(lower curve) for an aqueous solution of Eu(DPA)  using
circularly polarized 472.8 nm excitation.
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Figure 7 Schematic diagram of FDCD instrument.

Figure 6 Time dependence of glum at 544nm following
excitation at 330nm for an aqueous solution of Tb(DPA)  into
which a small amount of ∆-Ru(phen)  has been added.
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See also: Biochemical Applications of Fluorescence
Spectroscopy; Biomacromolecular Applications of
Circular Dichroism and ORD; Chiroptical Spectro-
scopy, Emission Theory; Induced Circular Dichroism;
Luminescence, Theory; ORD and Polarimetry Instru-
ments; Vibrational CD Spectrometers; Vibrational CD,
Applications; Vibrational CD, Theory.
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Figure 1 Section of high resolution C60 mass spectrum ob-
tained by multistep electron impact ionization. The black peaks
are calculated isotopomers ofthe septuply charged C  ion nor-
malized to the first isotopomer of the experimental run. After
Scheier P and Märk TD (1994) Physical Review Letters 73: 54.

Figure 2 Section of mass spectra for Cs/O2 clusters using
photoionization time-of-flight mass spectrometry shown on three
different mass scales. After Martin TP, Bergmann T, Näher U,
Schaber H and Zimmermann U (1994) Nuclear Instruments and
Methods B88: 1.
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Figure 3 Mass spectrum of krypton clusters, grown in a super-
sonic expansion and ionized by electron impact. The cluster size
and assumed cluster structure of particularly prominent mass
peaks is indicated.

Figure 4 Schematic view of a 13-atom icosahedron and a 13-
atom cuboctahedron.
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Figure 5 Section of a Ne  cluster ion mass spectrum in the vi-
cinity of the magic number size n = 55 measured approximately
68 µs (upper trace) and 118 µs (lower trace) after the primary
ionization event. After Märk TD and Scheier P (1987) Chemical
Physics Letters, 137: 245.
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Figure 6 Mass spectrum of carbon clusters formed by laser
vaporization into helium gas of high pressure (upper spectrum)
and low pressure (lower spectrum). Reproduced with permission
of Macmillan Magazines Ltd from Kroto HW, Heath JR, O’Brien
SC, Curl RF and Smalley RE (1985) Nature 318: 162.

Figure 7 Mass spectrum of sodium clusters, ‘softly’ ionized by
low-intensity light from a UV lamp. After Knight WD,
Clemenger K, deHeer WA, Saunders WA, Chou MY and
Cohen ML (1984) Physical Review Letters 52: 2141.
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Figure 8 Mass spectrum of aluminium cluster anions before
(upper) and after (lower) reaction with oxygen. Al  is least reac-
tive. After Leuchtner RE, Harms AC and Castleman Jr. AW
(1989) Journal of Chemical Physics 91: 2753.

Figure 9 Ionization energy of mercury clusters (solid circles,
crosses) versus (estimated) reciprocal cluster radius. The slow
convergence to the behaviour expected classically for a metallic
sphere (dashed line) is attributed to the occurrence of an insula-
tor-to-metal transition in the size range between 20 and 70 at-
oms. After Rademann K, Kaiser B, Even U, and Hensel F (1987)
Physical Review Letters 59: 2319.
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Figure 10 Measured and predicted (solid line) apparent
metastable decay rates (metastable fraction divided by the ex-
perimental time window) for three different cluster ion sizes and
two different rare gases (open symbols, argon; filled symbols,
krypton) versus time since electron ionization. After Ji Y, Foltin
M, Liao CH and Märk TD (1992) Journal of Chemical Physics 96:
3624.
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Figure 11 Time-of-flight mass spectrum of multiphoton-ion-
ized fullerenes. Upper spectrum: static extraction, delayed ions
give rise to asymmetric peaks. Lower spectrum: pulsed extrac-
tion, delayed ions formed within a chosen time window are
bunched into narrow peaks. Figure 12 Mass spectrum of argon clusters ionized by electron

impact. Doubly and triply charged clusters are observed above
characteristic appearance sizes.
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Figure 13 MIKE scan of C  in a double focusing sector field
mass spectrometer, showing in addition to the parent ion sponta-
neous fission into different fragment ions. The broadening and
splitting for the charge separation reactions arises from the large
kinetic energy release in these reactions. Reproduced with per-
mission of Taylor & Francis from Scheier P, Dünser B, Wörgötter
R et al (1996) International Review of Physical Chemistry 15: 93.

Figure 14 Mass spectrum of negatively charged (NH3)n clus-
ters showing a sharp onset around the minimum appearance
size nmin = 35. After Haberland H, Schindler HG and Worsnop PR
(1984) Berichte der Bunsengesellschaft für Physikalische
Chemie 88: 270.

Figure 15 Measured (full line) and calculated (broken line) O
anion signal produced by electron attachment to an oxygen clus-
ter beam as a function of electron energy. Inset: Same data on a
log–log scale demonstrating the E−1 dependence predicted by s-
wave scattering theory (dashed line). After Matejcik S, Kiendler
A, Stampfli P, Stamatovic A and Märk TD (1996) Physical Review
Letters 77: 3771.
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See also: Ionization Theory; Thermospray Ionization
in Mass Spectrometry.
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Figure 2 Relative spectral power distributions of common CIE illuminants.

Figure 3 Possible arrangements of Guild’s and Wright’s
experiments.
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Figure 4 Guild’s and Wright’s colour-matching functions.
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Figure 5 CIE LUaUbU colour space.
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Figure 6 CIE LUCUhS colour coordinates. Figure 7 The CIE L*a*b* colour difference calculation.
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Figure 1 (A) A typical NIR spectrum and its (B) first and (C)
second derivatives. The raw spectrum is in absorbance units.

Figure 2  A typical data matrix from an NIR study. The number
of objects / may be a few tens to a few hundreds; K may be a few
tens to several thousand.

Figure 3 Principal component analysis (PCA) projects the K
variables into A principal component scores containing all mean-
ingful information about the samples.

Figure 4 PCA produces a score matrix and a loading matrix for
A  components and a residual matrix containing mainly noise.
This is a data reduction.
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Figure 5 A regression model is built between the matrix X with
NIR spectra and the responses Y. The regression coefficients B
have to be calculated by MLR, SMLR, PCR, PLS, RR, ANN, etc.
F is the residual containing the noise.
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Figure 6 Non-linear relationship between the variables x and
y. However, when the range is narrowed, local linear models can
be used.

Figure 7 The training set (I objects is used to find the regres-
sion coefficients vector b. With a test set ( J objects), the predict-
ed responses can be calculated using the same b. Usually the
responses for the test set are kept in the background for diagnos-
tic checking.
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Figure 9 A plot of RMSEP against the number of components
used in the model gives a minimum (arrow) indicating how many
components should be in the model and how low the prediction
error can be made.

Figure 10 Plotting predicted values of the response against
observed values give an idea of prediction quality. All points
should fall close to the diagonal. Individual outliers or deviating
groups can easily be detected.
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Table 1 Tissues, and their parameters, used in the description
of the main sequences

The relative available proton density column indicates the rela-
tive peak signal observable from the tissue. Cerebrospinal fluid
(CSF) which has a signal near to that of pure water in normal
subjects is taken as unity.

Tissue T1 (ms) T2 (ms)

Relative avail-
able proton 
density

White matter 670 85 0.7

Grey matter 920 95 0.8

Oedema 1060 150 0.9

Tumour 1410 200 0.9

CSF 2500 500 1.00

Fat 265 50 0.6

Figure 1 (Partial) saturation recovery sequence. (A) Sequence configuration. A flip angle of � is assumed in this diagram. (B) Cal-
culated signal characterization for the tissues, the parameters for which are given in Table 1. � in this case is 90�. (TE 	 20 ms for the
purposes of this plot.) (C) The same characteristics as in Figure 1B, but with � 	 30�. (TE 	 20 ms for the purposes of this plot.) (D)
Blipped echo planar sequence. An echo is formed during each excursion of the readout gradient, with a line of k-space being acquired
at the same time. The bias pulse in the phase encoded waveform is used to control the starting point in k-space of the image acquisition.
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Figure 2 Spin echo sequence. (A) Sequence configuration. Both 90 and 180� pulses are shown as being selective. The splitting of
the phase encoding gradient (one half being in the opposite sense to the other) is quite normal, as is the placing of the warping gradient
before the 180� pulse. These help a little with artefact generation. (B) Spin-echo image taken with TR 860 ms and TE 20 ms, showing
how small the contrast between normal tissues can become if an inappropriate choice of parameters is made. (Slice 4 mm; matrix
256 � 192; field of view 22 cm.) (C) Signal characteristics for the spin-echo sequence, for the tissues given in Table 1. � = 90� and
� = 180�; in this case TR (800 ms) was about half that of the mean of the T1 values of white and grey matter. (D) Signal characteristics
as in (C), but with TR being three times that of the mean of the T1 values of grey and white matter at 2400 ms. (E) Schematic drawing
of the RARE sequence (shown in this case for an echo train of 8: the letters ‘ETL’ in a sequence description refer to this value). Actual
sequences are much more complex and subtle.
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Figure 3 The inversion recovery sequence. (A) The form of the inversion recovery sequence. The initial inverting 180� pulse is nor-
mally selective (as shown) but in some situations this is omitted. The data acquisition shown is a gradient recalled echo, but, very fre-
quently, a spin echo is used. (B) Characteristics of the inversion recovery for different values of T� at fixed, relatively long, TR (greater
than twice the mean value of the T1 values of grey and white matter). Because of its importance in some inversion recovery sequences
the fat characteristic is also included. (C) Inversion recovery image using real reconstruction (TR 2720 ms, T� 600 ms, TE 30 ms) (128
� 256 matrix, 25 cm field of view; 2 acquisitions; 6 mm slice). (D) Magnitude reconstruction of the same inversion recovery image data
as in (C). The sequence was designed so that grey and white matter and CSF have opposite signs. (E) Sequence for a double inversion
recovery acquisition. The terms on the figure are those used in Equation [5]. A gradient-recalled echo data recovery is shown, though
spin echoes are very frequently used. (F) Double inversion recovery image of the brain of a volunteer with long TE (80 ms), leaving
the cortex of the brain as the sole remaining tissue with substantial signal. (TR 6000 ms; TA 2300 ms; TB 245 ms; 3 mm slice; 128 �
256 matrix.)
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Figure 4 Slice selection artefact. (A) Target slice shape in a
partial saturation data recovery (equivalent to the spectral distri-
bution of the RF pulse). This is rather more rounded than is
achieved in the best formulations, but has less in the way of un-
dershoot and oscillation at the edges, than is typically achieved.
(B) Predicted slice shape for a tissue with TR 	 2T1. Note that T2

effects are ignored. The pulses in (A) and (B) are scaled in the
same way. (C) Predicted slice shape for a tissue with TR 	 0.2T1.
This pulse is scaled at twice that of those above.
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Figure 5 Sequence for flow measurement. The parameters
used in Equation [12] are marked on the figure. Note that the sen-
sitizing pair of gradient pulses can be included in any of the gra-
dients (or any combination of them).

Figure 6 Magnetization transfer technique. (A) Two-pool mod-
el used for the evaluation. This is certainly a simplification of re-
ality, although imaging data quality does not justify further
elaboration. (B) MTC imaging sequence. A gradient-recalled
echo data acquisition is used once more. The spoiler shown is
used to dephase residual transverse magnetization after the end
of the off-resonance irradiation period (of length t ). Practical se-
quences of all types use pulses like this to eliminate the unwant-
ed signals from spins pursuing complex patterns of excitation
and recovery.
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See also: Diffusion Studied Using NMR Spec-
troscopy; MRI Applications, Biological; MRI Appli-
cations, Clinical; MRI Applications, Clinical Flow
Studies; MRI Instrumentation; MRI of Oil/Water in
Rocks; MRI Theory; MRI Using Stray Fields.
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Figure 1 A schematic curve of atomic aboundance (relative to
Si = 106) versus mass number A for the Sun and similar main se-
quence stars. The symbols s, r and p stand for the slow and rapid
neutron capture processes and the proton capture process, re-
spectively.
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Figure 2 The mass spectrum of Xe extracted from the Richard-
ton meterorite. The horizontal lines show the comparison spec-
trum of terrestrial Xe. The isotopes 124, 126 and 128 have been
measured at 10 times the sensitivity of the remaining Xe
isotopes.

Figure 3 The isotopic composition of O in inclusions from car-
bonaceous chondrities which define a line of slope approximately
unity in contrast to terrestrial samples which fall on a fractionation
line of slope 0.5. SMOW is a terrestrial standard against which
the per mil deviation δ of the oxygen isotopes is measured.
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Figure 4 (A) Isotopic excesses of several iron peak elements
as predicted by the multi-zone mixing model. They are given as
ε units (parts in 104) relative to normal terrestrial isotopic compo-
sition. (B) Average excesses observed in normal Allende inclu-
sions are displayed.
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Figure 5 Ca and Ti isotopic compositions in hibonite
(Ca[AlMgTi]12O19) inclusions displayed a large range from ex-
cesses in the most neutron-rich isotopes to deficits, while the oth-
er isotopes are close to solar proportions (defined as deviations,
δ i-Ca or δ i-Ti, in ‰). The most anomalous grains are both from
the Murchison meteorite, 13-13 and BB-5 which have large ex-
cesses and large depletions respectively in 48Ca and 50Ti (insets).
The 48Ca and 50Ti anomalies are clearly correlated and are in-
ferred to come from neutron-rich supernova ejecta.

Figure 6 Progressive enrichment of isotopically exotic Xe
components led to the discovery of interstellar diamond and SiC.
The light and heavy components of Xe-HL cannot be produced in
the same nucleosynthetic event and are probably the result of
mixing. The Xe-S component from SiC reflects a mixture be-
tween the composition produced in s-process nucleosynthesis
and a near-normal component of Xe.
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Figure 7 Schematic diagram of the history of the universe. The
first epoch T represents the time period from the ‘big bang’ to the
isolation of the solar nebula from galactic nucleosynthesis and
the solidification of Solar System bodies, while the third epoch Tss

represents the age of the Solar System. The shape of the produc-
tion rate for nucleosynthesis is for illustrative purposes only.

Figure 8 Schematic diagram showing the chronology of major
lunar events.

Table 1 Short-lived radionuclides

Parent 
isotope

Daughter
isotope

10– 6 Half-
life (y)

Early solar system abun-
dance

26Al 26Mg 0.74 26Al:27Al 5 � 10–5

53Mn 53Cr 3.7 53Mn:55Mn
0.1–6.7�10–5

60Fe 60Ni 1.5 60Fe:56Fe 4 � 10–9

107Pd 107Ag 6.5 107Pd:108Pd2�10–5

129I 129Xe 16 129I:127I  1 � 10–4

146Sm 142Nd 103 146Sm:144Sm
0.005–0.015

244Pu Xe fission 81 244Pu:238U
0.004–0.007

41Ca 41K 0.10 41Ca:40Ca1.5�10–8

182Hf 182W 9 182Hf:180Hf 2 �10–4

36Cl 36Ar 0.30 36Cl:35Cl 1.4 � 10–6

92Nb 92Zr 35 92Nb:93Nb  2 � 10–5

99Tc 99Ru 0.21 99Tc:99Ru �1 � 10–4

205Pb 205Tl 15 205Pb:204Pb3�10–4
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Figure 9 An 'isochron' diagram of 26Mg:24Mg versus 27Al:24Mg
for minerals from an Allende inclusion. The linear dependence of
the magnitude of the anomalous 26Mg on the Al:Mg ratio can be
interpreted as resulting from the decay of the radioactive nuclide
26Al.

Figure 10 Schematic diagram of the time-of-flight dust-particle
impact mass spectrometer which was mounted in a space probe
to examine the mass spectra of dust particles from Halley’s
comet.
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Figure 11 Schematic diagram of the high-performance, double
focussing mass spectrometer used to measure the isotopic com-
position of the noble gases on IDPs.
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Dairy Products, Applications of Atomic 
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See Food and Dairy Products, Applications of Atomic Spectroscopy.

Data Sampling Theory

See Fourier Transformation and Sampling Theory.
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The magnetic field gradient 
spin-echo method

Under the influence of a non-uniform magnetic field,
otherwise equivalent nuclei at different locations
give rise to different NMR frequencies. A linear
magnetic field gradient along one sample axis will
thus quantitatively map NMR frequency with a loca-
tion along this axis. This is the basic tool used for
NMR imaging and microscopy. However, it can also
be used for the detection of transport phenomena
such as diffusion and flow. The traditional and most
widespread NMR method for measuring diffusion is
based on the Hahn spin-echo experiment in such a
field gradient. Under its influence a phase dispersion
results in the rotating frame after application of the
initial 90° RF pulse. However, if the NMR frequency

remains the same during the whole experiment se-
quence a second RF pulse refocuses the spin disper-
sion and leads to the formation of a spin-echo.
Normally a 180° pulse is used (applied at time t after
the first RF pulse), and the spin-echo will thus ap-
pear at a time 2t (Figure 1). The effect of diffusion
on this experiment is easy to work out – the random
molecular movement from self-diffusion will partial-
ly change the location and NMR frequency of all nu-
clei in the sample in a random fashion, leading to an
incomplete refocusing of the echo. Originally these
concepts and experiments were developed and per-
formed in static magnetic field gradients (hence the
notation SGSE – static gradient spin-echo). For SGSE
experiments the echo attenuation is given by

MAGNETIC RESONANCE
Applications
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where T2 represents the irreversible spin–spin relaxa-
tion time, g the strength of the applied gradient, D
the self-diffusion coefficient of the molecule in ques-
tion and γ the magnetogyric ratio of the monitored
nucleus. It is evident that the echo attenuation effect
is greatest for protons, but experiments on other
nuclei are feasible.

Numerous developments of these procedures have
been made since their initial discovery by Hahn in
the early 1950s. Around 1965 the pulsed-gradient
spin-echo (PGSE) experiment was suggested and
tested. In its basic form it relies on the use of two
linear magnetic field gradient pulses (of amplitude
‘g’, duration ‘δ’ and separation ‘∆’; Figure 2A.
Under these conditions the amplitude of the
spin-echo attenuates from its full value according to
the so-called Stejskal–Tanner relation:

The experiment is always made at a fixed value of τ,
so as to keep the T2-attenuation effects constant. The
main reasons for using pulsed gradients at the time
were primarily to allow a variation of the observa-
tion timescale of the experiment [here = (D − δ/3)],
to provide more experimental flexibility (in that ∆, δ
and g can readily be varied over a large range of

values), and to detect the echo in a relatively
homogeneous magnetic field, thereby avoiding the
necessity of using the (noisy) broadband spectrome-
ter electronics needed for the detection of very sharp
echoes. Fourier transform techniques in NMR that
were developed some years later made it possible to
make a frequency separation of the components of
the echo (FT-PGSE), so as to provide a direct path-
way to multicomponent self-diffusion measurements
(Figure 3A). Of course, the homogeneous magnetic
field during the PGSE detection period is an essential
component in this context.

The T2 relaxation is the main limiting factor of the
magnetic field gradient experiment, especially when
studying slow diffusion. Unfortunately there is an
intrinsic correlation between short T2 values and low
D values in a given system. For this reason, the PGSE
technique is not normally applicable to solids, and it
is often also inapplicable to most heteronuclei. The
overwhelming majority of studies are made on
protons in solution.

In macromolecular systems in solution (where T1
is often much longer than T2) one can often lessen
the effects of T2 relaxation by instead applying the
three RF-pulse stimulated echo (STE) experiment
(normally performed with three 90° pulses, at times
0, τ1 and τ2 – the stimulated echo appears at time
τ1 + τ2; Figure 2B. Here the echo attenuation is
given by

Figure 1 The basic 90°
x–180°

x spin-echo experiment. In the
case of diffusion measurements the cause of ‘fast’ and ‘slow’ spin
vectors is that nuclei in different locations precess at different fre-
quencies under the influence of the imposed magnetic field gra-
dient. A useful supplementary picture of the phenomenon is to
visualize a formation of a helical magnetization pattern in the
sample along the gradient direction during the first gradient
pulse, and the unwinding of this magnetization helix during the
second gradient pulse. At the time of the echo peak, the net
transverse magnetization is sampled and becomes the NMR
signal.

Figure 2 The pulsed-gradient spin-echo (PGSE) experiment
(A), and its stimulated echo analogue (B). Radiofrequency pulse
phase cycling is required to isolate the stimulated echo from four
other echo peaks that occur as a result of three RF pulses (at
times 2τ1, 2τ2 – 2τ1, 2τ2 – 2τ1 and 2τ2).
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One should note that T2 relaxation can be effectively
suppressed, since it only occurs between the two first
RF pulses (the spacing of which only needs to be
slightly longer than the duration of the gradient
pulse) and after the third. However, there are further
advantages in using the STE experiment, especially
in homonuclearly coupled spin systems. By using a
short first RF pulse interval one will also suppress ef-
fects of J-modulation. This is most often very signal-
enhancing since for complex spin systems J-modula-
tion has effectively the same attenuation effect as
very efficient T2 relaxation. In addition, short- τ1 FT-
PGSTE spectra resemble normal absorption spectra,
since the period during which J-modulation evolves
is made small compared with 1/J, where J represents
the magnitude of the homonuclear spin coupling.

PGSE methods are the overwhelmingly dominant
modes for measuring self-diffusion by NMR. It
should be mentioned, however, that an RF field
gradient analogue of the magnetic field gradient ex-
periment has also been developed, but its use has not
yet become widespread.

Other NMR techniques may be useful in certain
situations, but are normally less powerful, or suffer
from problems with regard to interpretation. Relax-
ation by paramagnetic species and intermolecular
spin relaxation of protons, for example, are signifi-
cantly dependent on translational diffusion rates.
Separating these effects from other relaxation paths
and translating them into self-diffusion data of the
components is never straightforward.

Direct imaging of relaxation of the diffusional
profile of a concentration gradient by NMR
microscopy methods is sometimes a useful alternative
approach to PGSE. This is especially true in
heterogeneous systems, where basic PGSE techniques
may fail owing to rapid T2 relaxation. One should
note, however, that only one component can
normally be imaged in a single experiment and that
the quantity measured is mutual diffusion, rather
than self-diffusion. The mutual diffusion coefficient
is not directly translatable into a molecular dis-
placement in space – rather it relates to the relative
motions of the different components in the system.

Figure 3 (A) A typical proton FT-PGSE data set from a complex solution sample (gelatin and two surfactants in D2O, at 300 MHz).
The experiment was based on a stimulated-echo PGSE sequence and made at fixed values of τ, ∆ and δ, while varying the gradient
current. The residual proton water peak is suppressed already at the lowest gradient setting. Figures (B)–(D) illustrate the application
of a CORE analysis of this data set. CORE stands for COmponent REsolved spectroscopy. It is a computational approach that applies
a global least-squares analysis to the whole data set, using the prior knowledge that component band shapes remain constant (see
text). Band shape regions that are below 2% of the maximum intensity were omitted from the analysis. Two band shape components
(gelatin and a common surfactant one) are found, which suggests that both surfactants diffuse at the same rate in this system and
indicates the formation of a common aggregate.
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Recent methodological developments

In just a decade or so, the performance level of PGSE
instrumentation has increased by roughly two orders
of magnitude with regard to most aspects, and the
actual hardware has become commercially available
almost to the level of a standard spectrometer
option. Consequently, PGSE methodological devel-
opment and experimental application have greatly
increased. To a large extent this is coupled to parallel
developments with regard to field gradient equip-
ment in NMR microscopy and imaging, and to the
development of pulsed field gradient methods for
coherence selection and solvent suppression in high-
resolution NMR.

Required equipment for high-performance PGSE
on modern pulsed NMR spectrometers is a probe
with self-shielded field gradient coils (i.e. having an
auxiliary coil of opposite polarity – wound in such a
way so as to cancel out the pulsed field gradients
outside the actual sample volume) and a high-per-
formance current-regulated gradient driver that can
produce subsequent gradient pulses that match at the
ppm level with regard to area/shape. Present-day
PGSE instrumentation is often capable of producing
high-resolution FT-PGSE spectra at maximum gradi-
ent settings of 100–1000 Gauss cm–1 (1–10 T m–1).
This is typically made at maximum gradient current
levels of 10– 40 A, applied during 1–10 ms.

A general problem with PGSE measurements is that
rapid switching of high gradient currents create eddy
currents in surrounding metal (probe housing, wires,
supercon magnet bore) near the gradient coils. These
effects, which last of the order of milliseconds, create
disruptive time-dependent magnetic field gradients
shortly after gradient switching. They can greatly
disturb the experiment, but are dramatically sup-
pressed by the above mentioned use of self-shielded
gradient coils. Further suppression can be achieved by
selecting a larger-bore supercon magnet type, or
probe housing metals other than aluminium (e.g. non-
magnetic stainless steel). Notably, eddy current prob-
lems are almost completely absent in PGSE measure-
ments made in resistive iron magnet geometries.

Eddy current suppression can also be achieved by
using shaped (ramped) gradient pulse shapes (i.e.
with much lower rise/fall times than for ‘rectangular’
pulses). One should then note that the functional
form of the Equations [2] and [3] assumes the use of
rectangular gradient pulses and that the appropriate
actual analytical expressions may be considerably
more complicated if this is not the case. However,
when the separation of the gradient pulses (∆) is very
large compared with their duration (δ) the
expressions converge to a situation where only the

pulse area matters. It can then merely be substituted
as a ‘corrected’ quantity into, for example, Equations
[2] and [3]. Two other remedies for the eddy current
problem have also been suggested and used: (i) the
so-called LED (longitudinal eddy delay) pulse
sequence, where a further 90° pulse is appended to
the experiment, so as to ‘store away’ the magnetiza-
tion in the z direction (where it is unaffected by mag-
netic field gradients) until the magnetic field
gradients from eddy currents have decayed. A further
90° pulse then reads back the longitudinal magnetiza-
tion to create the echo in the transverse plane (ii) the
‘bipolar pulse pair’, where two gradient pulses of
equal strength, but of opposite polarity, are sand-
wiched closely around a 180° degree RF pulse. For
large gradient pulse separations this pair (for which
eddy current effects cancel out to first approxima-
tion) effectively corresponds to a single (monopolar)
gradient pulse of twice the length. Both approaches
require appropriate RF phase cycling to work. For
the LED pulse appendix to the stimulated echo
sequence, no less than 32 cycling steps are needed. In
the author’s experience neither of these two latter
methods are normally even needed nor recommenda-
ble if one uses a properly designed shielded gradient
coil probe in a wide-bore magnet.

Considerable progress has also recently been made
with regard to adequate data evaluation in the FT-
PGSE experiment. The key point is that the entire
band shape of a given component attenuates exactly
the same amount with regard to the pertinent field
gradient parameters in Equations [2] and [3], pro-
vided the experiment is made under conditions of a
constant RF pulse interval setting. Consequently, a
global minimization approach using this prior
knowledge will result in direct extraction of the re-
spective band shapes of components in the composite
FT-PGSE data set [Figure 4A–4D]. The main advan-
tages of this approach is that all the information in
the data set is accounted for. Therefore the effective
signal-to-noise ratio of the experiment increases an
order of magnitude as compared with an evaluation
based on peak heights alone. It also allows confident
application of the FT-PGSE method to multicompo-
nent systems with extensive NMR signal overlap and
closely similar component self-diffusion rates. Within
the powerful computing environment of present-day
NMR spectrometers this appears to be the natural
way to proceed, even for routine work.

It has recently become popular to present results in
a 2D manner, with spectral information on the x and
z axes (frequency and intensity, respectively) and
diffusion information on the y axis. This display
mode for FT-PGSE results has been named DOSY
(diffusion-ordered spectroscopy). Its introduction
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has, unfortunately, caused considerable confusion in
the literature and the unjustified implication of new
types of experiments. One should note that a ‘DOSY-
display’ is most often just based on interpolated indi-
vidual single-frequency FT-PGSE data (or variants
thereof) that are evaluated without taking account of
prior knowledge about constant component band
shapes with echo attenuation level. Nonetheless, al-
though the DOSY display mode does not add any new
information, it is appealing to the eye and has there-
fore undoubtedly stimulated the use and development
of FT-PGSE-based techniques.

Finally one should note that two new variants of
the original (static gradient) spin-echo experiment
have recently been found to be quite useful, especially
for systems where very slow diffusion and very short
spin–spin relaxation rates prevail. One is based on
the fact that commonly available superconducting
magnets produce a dipolar-like stray field that has a
very strong, stable and linear field gradient (at a
lower than nominal, but still quite strong, magnetic

field) a few 10 cm above or below the normal sample
position. Thus, by pulling the probe out to the appro-
priate location one can monitor diffusion through the
echo attenuation. In principle, this is possible on
most modern supercon spectrometers. The notation
STRAFI is often used for this type of stray field setup.
The second variant is still quite unusual, and is based
on sandwiching two supercon magnets in an ‘anti-
Helmholz’ fashion. A preferred notation for both
experimental setups is supercon-fringe field steady-
gradient spin-echo (SFF-SGSE). One should note that
this technique is not limited to protons–multinuclear
measurements (e.g. protons and 7Li) are straightfor-
ward in the same multinuclear probe. The intrinsic
problems with SGSE experiments are (a) under the
influence of a strong magnetic field gradient the RF
pulses only excite a thin slice of the sample – the echo
will therefore be quite weak and (b) actual echo
detection is made in an inhomogeneous magnetic
field, therefore the signal is very sharp and Fourier
transformation to separate its different components

Figure 4 (A) A synthetic FT-PGSE data set from a sample with two components that diffuse at rates  of 2.0×10–10 and 2.0×10–11 m2

s-1 and (B,C) its CORE analysis. (D) The corresponding DOSY display, as based on the CORE analysis. In the diffusion direction, the
width of the DOSY peak will reflect either or both of the error limits of the D value and the width of the D value distribution, as a result
of, for example, the polydispersity of the component in question.
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is not possible. In addition, the spectrometer must
have broadband detection electronics, data acquisi-
tion filters disabled and a fast ADC to properly detect
and sample the echo spike.

Applications of NMR self-diffusion 
measurements

Self-diffusion data is intrinsically a very direct
source of information. For unrestricted diffusion
during a selected time span, the characteristic self-
diffusion coefficient (D) simply translates into a
mean square displacement in space (〈∆r2〉) during
the observation time (∆t) through the Einstein rela-
tion: 〈∆r2〉 = 6D∆t. One should note that under nor-
mal measurement conditions of PGSE techniques the
mean square displacement of even large macromole-
cules during the characteristic time span of the
experiment is generally very much larger than the
average macromolecular diameter. Therefore the
quantity (〈∆r2〉) normally requires no further model-
ling and D values thus become very easy to
interpret.

Diffusion in simple liquids

The NMR FT-PGSE approach is the only method
that can provide quantitative information on multi-
component self-diffusion. Such data are central as a
reference for, for example, theories of simple liquids.

Binding studies

In binding studies the self-diffusion approach typical-
ly relies on a relative comparison of time-averaged
self-diffusion rates between a ‘bound’ and ‘free’ state,
meaning that in the (simplest two-state situation the
effective self-diffusion coefficient D(obs) will be
given by D(obs) = p D(bound) + (1 – p) D(free) where
the degree of binding (p) may assume values in the
range 0 < p < 1. This equation can be rewritten into
the form p = [D(free) – D(obs)]/[D(free) – D(bound)].
Hence, such experiments do provide the information
needed to obtain binding isotherm information, for
example, by a simple comparison of experimentally
available self-diffusion coefficients. It is evident that
the method is most suited for binding/aggregation of
small molecules to larger entities and is most accurate
at intermediate p values. Numerous such studies have
been presented.

Non-Gaussian diffusion in macromolecular systems

One should note that the Einstein relation
〈∆r2〉 = 6D∆t only holds in the limit of large ∆t.

‘Large’, in this context, has a different meaning for
small molecules and macromolecules. Uhlenbeck and
Ornstein derived a generalized relation, in their
classical treatment of the subject back in the 1930s: 

where the correlation time τc = m/f, f being the
coefficient of friction and m the mass of the Browni-
an particle. For small molecules in liquids the corre-
lation time is of the order of a nanosecond, while the
shortest imaginable NMR spin-echo experiments
will exceed a fraction of a millisecond, but are more
typically tens or hundreds of milliseconds. For mac-
romolecules, however, this correlation time may be
such that it affects (and thus becomes measurable
by) the typical NMR PGSE experiment, when using
appropriately selected measurement parameters
(strength, duration and separation of gradient
pulses). Only a few studies along these lines have
appeared to date.

Non-Gaussian diffusion in heterogeneous systems

In porous and heterogeneous systems, penetrant
diffusion is not necessarily isotropic or Gaussian on
a given timescale. PGSE techniques have been used
since the early 1960s for characterizing such aspects
of system morphology through the effects of non-
Gaussian diffusion on the echo attenuation in the
PGSE experiment. Restricted diffusion manifests
itself in a variation of the apparent diffusion
coefficient with the observation time (i.e. ∆ − δ/3 in
the PGSE experiment). A large number of system
geometries and experimental conditions have been
considered and analysed. Several complex pulse
sequences have also been suggested for eliminating
the effect of local magnetic field gradients that arise
from susceptibility variations in the sample.

Another important recent development of experi-
mental PGSE techniques applied to heterogeneous
systems has been the discovery and utilization of so-
called diffraction effects with regard to the
attenuation of the echo, i.e. weak echo level maxima
and minima that occur at high attenuation levels. In
a system of spherical pores, for example, the system
geometry manifests itself in a first echo maximum
when the inverse of the pore diameter matches the
gradient setting γgδ/2π. Mainly methodological
work has been presented so far. Notably, the
technique has also found use for the investigation of
cell suspensions such as, for example, erythrocytes.
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List of symbols
D = self-diffusion coefficient; g = applied gradient
strength, amplitude; J = magnitude of homonuclear
spin coupling; T1 = longitudinal relaxation time;
T2 = irreversible spin–spin relaxation time, trans-
verse relaxation time; δ = duration of magnetic field
gradient pulse; ∆ = separation of magnetic field gra-
dient pulses; γ = magnetogyric ratio; τ = time delay
between RF pulses.

See also:  Magnetic Field Gradients in High Resolu-
tion NMR; MRI Applications, Biological; MRI Applica-
tions, Clinical; MRI Theory; MRI Using Stray Fields;
NMR Microscopy; NMR Pulse Sequences. 
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The purpose of this article is to briefly review the
scope and potential of NMR as a non-invasive tech-
nique for studying drug metabolism. NMR has been
used for the study of drug metabolism in vitro (bio-
fluids, tissue extracts, biopsies, intact cells, perfused
organs) and in vivo (animal models and human sub-
jects). NMR spectroscopy is unique in its ability to
permit both these kinds of studies. We shall see that
the advantages and limitations of NMR as a tool for

drug metabolism and disposition studies are differ-
ent depending on the approach chosen (in vitro or in
vivo studies). The first part of this article deals with
the various isotopes used in such studies. The sec-
ond part is a general discussion of the value and dif-
ficulties encountered with NMR in investigations on
drug metabolism. In the third part, we have chosen
some specific examples to emphasize the interest of
NMR.

MAGNETIC RESONANCE
Applications
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Isotopes used in the study of the 
metabolism of drugs by NMR

There are several NMR active nuclei (Table 1) that
can be routinely used in drug metabolism and
disposition. The merits and disadvantages of some of
these nuclei are discussed below.

Fluorine-19 (19F)

The majority of studies in the literature concern 19F
NMR mainly because of the favourable NMR char-
acteristics of this nucleus, including a nuclear spin of
, relatively narrow lines, 100% natural abundance,

high sensitivity (83% that of proton), large chemical
shift range and short longitudinal relaxation times
(T1) which permit rapid pulsing with a corresponding
improvement in the signal-to-noise ratio per unit
time. Moreover, the negligible level of endogenous
fluorine eliminates interfering background signals
and dynamic range problems. As a number of fluori-
nated drugs are currently in clinical use, 19F NMR
offers a powerful method of monitoring their phar-
macokinetics and metabolism either in vitro or in
vivo. The main requirement is that drugs and
metabolites should be present in minimal concentra-
tions, near 10–3 mM, for studies in biofluids or
5 × 10–2 mM for in vivo studies.

Proton (1H)

The 1H nucleus is present in all drugs, and has the
highest NMR sensitivity of any stable nucleus. More-
over, it is the most abundant (99.98% natural abun-
dance) of the two natural isotopes (1H and 2H or
deuterium) of the hydrogen atom. However, the small
chemical shift range and the extensive multiplicity
due to homonuclear J-coupling sometimes make the
observation and quantification of drug metabolites
difficult. Moreover, 1H NMR spectra of biofluids or
tissues contain many intense resonances from water,
proteins and lipids that must be reduced or eliminat-
ed. A simple method for water suppression (which
nevertheless implies a treatment of the biological sam-
ple) consists in freeze-drying the sample and redis-
solving it in D2O. Several NMR techniques are used
to achieve the suppression of water and macromole-
cule resonances. The form of water suppression most
commonly used is presaturation of the H2O reso-
nance using a secondary irradiation field at the sol-
vent resonance frequency. A second approach takes
advantage of the short T2 (transverse relaxation time)
of tissue water, proteins and some fats, and consists in
applying a spin-echo sequence that will suppress the
broad resonances of water and macromolecules.

Presaturation and spin-echo sequences can also be
combined. Despite these drawbacks, several studies
have shown that this nucleus can be exploited for the
detection and measurement of drugs and metabolites
in biofluids, i.e. for in vitro studies. The main require-
ments are that metabolites should have suitable pro-
tons and be present at concentrations 0.01–0.1 mM.
As 1H is a poor nucleus for the in vivo monitoring of
drugs and metabolites, in vivo 1H NMR spectroscopy
has so far had little application. The reasons for this
are manifold. Because of factors such as tissue heter-
ogeneity, restricted molecular mobility, magnetic
field inhomogeneity over the relatively large sample
volume and the use of lower magnetic field strength
spectrometers, in vivo signals linewidths are substan-
tially broader than those obtained in vitro, in bioflu-
ids for example. There is thus excessive signal overlap
due to the very large number of signals that occupy a
small chemical shift range and the signals from
endogenous metabolites may obscure the detection
and quantification of the drug and/or its metabolites.
Moreover, the replacement of H2O by D2O becomes
impractical for studies carried out on whole animals
or humans since high concentrations of D2O are toxic
and D2O is very expensive. More elaborate NMR
techniques than those reported above are thus re-
quired for solvent suppression and spectral editing.

Carbon-13 (13C)

One advantage of 13C NMR is that its large chemi-
cal shift range enables reliable structural identifica-
tion. However, although the carbon nucleus is
found in all drugs, the magnetically active isotope
(13C) is neither abundant nor particularly sensitive.
These drawbacks combined with the low concentra-
tions of drugs and their metabolites in biological
systems make this nucleus in its natural abundance
rather hard to detect. Improved sensitivity can be
attained with polarization transfer experiments
which partly transfer the favourable properties of
the proton to 13C. Furthermore, 13C-enriched drugs
can be synthesized to increase the NMR sensitivity.
However, to obtain a full picture of the chemical
changes taking place, several key positions usually
need to be labelled. This may be chemically diffi-
cult, presupposes an a priori knowledge of the me-
tabolism of the particular drug and is rather
expensive in practice. It should be stressed that the
label still needs to be present at millimolar concen-
trations, rather than the trace quantities that are
typically required for radiolabelling studies. Be-
cause of these difficulties, the use of 13C for in vitro
or in vivo NMR studies of drug metabolism and
disposition has been very limited.



DRUG METABOLISM STUDIED USING NMR SPECTROSCOPY 377

Phosphorous-31 (31P)

The 31P nucleus is readily detected as it has a 100%
natural abundance and is relatively sensitive. The
presence of endogenous phosphates and derivatives
(phosphomonoesters, phosphodiesters, etc.) may in-
terfere with signals from phosphorated drugs and
their metabolites. In practice, this is not a large ob-
stacle as there are relatively few endogenous com-
pounds that produce detectable signals. In the
studies carried out to date, no interference in NMR
signals between phosphorus-containing drugs or me-
tabolites with endogenous compounds, apart from
inorganic phosphate, have been described. As phos-
phorus-containing drugs are fairly rare, only a few
31P NMR drug studies have so far been carried out.

Lithium-7 (7Li)

The major lithium isotope, 7Li, has a high NMR sen-
sitivity. Since 7Li is not a spin I =  but a spin I =
nucleus, it possesses a quadrupole moment, which
gives rise to broad spectral lines. 7Li NMR is not ham-
pered by interference with endogenous signals. The
only studies to date involve the in vivo determination
of the pharmacokinetic profile of lithium salts.

Boron-10 and boron-11 (10B, 11B)

NMR is a potentially valuable technique for evalua-
tion of boron neutron capture therapy (BCNT)

agents since both boron isotopes are magnetically ac-
tive. The 11B isotope has better sensitivity (16.5 ver-
sus 2% relative to 1H) and higher natural abundance
(80.4 versus 19.6%) than 10B. Even though 10B is the
active nucleus for neutron capture in BCNT, 11B is
more appropriate for NMR studies except if an indi-
rect method of observing protons coupled to the 10B
nuclei is employed.

Other nuclei

Deuterium (2H), tritium (3H), 17O, 15N, 14N and 195Pt
suffer from several problems which cannot be over-
come easily, including low sensitivity (17O, 15N, 14N,
2H, 195Pt), poor resolution and broad signals (17O,
14N, 2H), and the radioactivity (3H) associated with
the relatively high concentrations required for NMR
studies. The sensitivity of detection can be improved
by isotopic enrichment combined with enhancement
by polarization transfer from proton. Nevertheless,
all these problems are reflected in the limited use of
these nuclei in NMR studies both in vitro or in vivo.

Advantages and limitations of NMR 
for drug metabolism studies

In vitro studies

Many analytical techniques, especially chromato-
graphic methods, are in routine use for the analysis

Table 1 NMR isotopes for drug metabolism studies

a Receptivity (D) relative to proton (H) is a relative sensitivity figure used to compare signal areas theoretically obtainable at a given
magnetic field strength: DX = [γX

3 NXIX (IX+1) / [ γH
3NHIH (IH+1)]×100 where γ is the magnetogyric ratio, N the natural abundance and

I the spin quantum number.
b In biofluids.
c With an enriched drug and if an indirect method of observing protons coupled to the 10B nuclei is employed.
d With an enriched drug.
e Only nitrogen centres with relatively symmetrical electron distributions can be studied.
f For organofluorine compounds.
g Chemical shift range of endogenous phosphorus compounds.

Isotope Spin

Natural
abundance
(%)

NMR
receptivitya

Chemical shift 
range (ppm)

Minimum concentration 
(mM) for in vitro studiesb

Minimum concentration 

(µmol g–1) for in vivo 
studies

1H 1/2 99.98 100  15 0.01 0.1
2H 1 0.016 0.00015  15 1.2 1.5
7Li 3/2 92.58 27  12 0.1
10B 3 19.58 0.389 200 2C

11B 3/2 80.42 13.3  200 5–10
13C 1/2 1.11 0.018 250 0.1–1d 50d

14N 1 99.63 0.1 350 1e

15N 1/2 0.37 0.00038 350 1d

17O 5/2 0.037 0.0011 2500
19F 1/2 100 83.3  500f 0.001–0.005 0.05–5
31P 1/2 100 6.6  800 (30)g 0.01 0.2–1
195Pt 1/2 33.8 0.34 10 000 10
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of biofluids. The reasons for the additional use of
NMR spectroscopy are manifold and lie in the
unique properties of NMR spectroscopy (Table 2).

NMR is non-destructive and enables the direct
study of any intact biofluid without resort to treat-
ment. Problems of extraction recovery and chemical
derivatization, and those that may be encountered
with pH-sensitive metabolites, are consequently
avoided. NMR spectroscopy is thus particularly
suited to the study of delicate samples.

The method is non-specific and unexpected sub-
stances are not overlooked during the investigation,
since all metabolites (provided they bear the nucleus
under observation and they are present at sufficient
concentrations) are detected simultaneously in a
single analysis. This contrasts with chromatography
which usually requires some prior knowledge of the
structures of metabolites to optimize sample
preparation and/or detection. Novel metabolites may
therefore be missed. NMR also avoids the use of a
number of different chromatographic techniques,
which is sometimes necessary when metabolites have
different chemical structures. This is an important
attribute of NMR in the search for novel metabolites
when, often, the analyst will have no idea of the type
of molecule to look for.

The NMR spectrum contains much structural in-
formation, and the observed chemical shifts and
spin–spin coupling patterns can provide valuable
clues about the structure of novel metabolites. Even
though metabolites must still be extracted and puri-
fied for unequivocal elucidation of the structure, the
NMR ‘behaviour’ nevertheless can give a good esti-
mate of the structures of unknown compounds.

Although optimization of the quantification of
drugs and metabolites in biofluids by NMR is some-
what tedious [choice of a suitable standard, determi-
nation of the T1, checking that excitation is uniform
over the whole frequency range when a large spectral
width is observed (often the case in 19F and 13C

NMR), taking into account the heteronuclear nuclear
Overhauser effect when proton decoupling is
applied, validation of the assay, etc.] it is nevertheless
fairly easy to obtain quantitative data, and NMR can
be used routinely in the same way as HPLC. More-
over, given a good signal-to-noise ratio, NMR can
quantify substances accurately and reproducibly.
Quantification in plasma and bile may nevertheless
be affected by the binding of drugs or metabolites to
macromolecules. This results in substantial signal
broadening and gives a reduced signal-to-noise ratio
or even leads to NMR-invisibility. Some sample pre-
treatment may be required in such cases.

Set against these advantages, however, are a
number of disadvantages which need to be taken
into account.

NMR spectrometers are expensive instruments,
with the cost rising steeply with the field strength of
the magnet used; higher field strengths provide
greater spectral dispersion and yield better
sensitivity. However, the magnets have long useful
lifetimes (~ 15 years) and the electronic components
may be upgraded continuously at reasonable cost.

Although there is little or no spectral interference
from endogenous molecules using 19F, 31P, 7Li and
13C (since 13C-enriched drugs are required) NMR,
the problem of peak overlap is critical in 1H NMR
since the signals of a large number of endogenous
compounds are present in a relatively narrow chemi-
cal shift range. Moreover, suppression of the intense
signal from water is a prerequisite for 1H NMR
spectroscopy of biofluids. Resonances of the drug
and metabolites must occur in spectral regions which
are free of signals from endogenous metabolites.
With a spectrometer operating at a field ≥ 9.4 T, and
taking the necessary precautions, drug metabolite
resonances may be measured on the entire spectrum,
except between 3.5 and 4.1 ppm as this range con-
tains many overlapped resonances from endogenous
molecules. In most biofluids, the region of the

Table 2 Advantages and drawbacks of in vitro NMR for drug metabolism studies

Advantages Drawbacks

No destruction of the sample NMR spectrometers are expensive instruments

No sample pretreatment necessary

No degradation of unstable metabolites due to sample treatment

All metabolites are detected simultaneously in a single analysis

Does not require preselection of conditions based on a knowledge of 
the compound to be analysed

An analytical technique does not have to be designed for each 
newapplication

NMR gives both structural and quantitative information

Little or no spectral interference from endogenous molecules in 19F, 
31P, 7Li and 13C NMR

Critical problem of peak overlap in 1H NMR. Resonances of 
the drug and metabolites must occur in spectral regions 
which are free of signals from endogeneous metabolites

The volume of biofluid needed for NMR analysis may be 
large

NMR is relatively insensitive; this limits its use to the 
observation of drugs that are present at relatively high 
concentrations
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spectrum deshielded from the water signal is
relatively low in interfering resonances, so that aro-
matic or heterocyclic drugs can often be studied with
relative ease. The positive aspect of this limitation is
that information can be obtained on alterations in
composition of the biofluid after drug administra-
tion since the 1H NMR spectrum of a biofluid gives a
characteristic pattern of resonances for a range of
important endogenous metabolites.

The volume of biofluid needed for NMR analysis
ranges between 0.3 to 0.4 or 1.5 to 2.5 mL with 5 or
10 mm tubes respectively. This can be a hindrance
for pharmacokinetic studies which require numerous
plasma samples or for difficult-to-obtain biofluids
such as bile, cerebrospinal fluid (CSF) or those from
neonates. Recent progress in the use of flow-injec-
tion NMR probes will alleviate this disadvantage.

Compared with most chromatographic and other
spectroscopic techniques, NMR is relatively
insensitive, which represents the principal drawback
of the technique and limits its use to the observation
of those drugs that are present at relatively high con-
centrations. It is difficult to give a precise figure for
the minimum concentration requirement because
there are many factors that influence the signal-to-
noise ratio. The theoretical detection limit for 1H
NMR is around 10–3 mM for 600 MHz spectrome-
ters using a 5 mm probe, but in practice it is often dif-
ficult to accurately quantify substances found at
concentrations below 0.1 mM. With one currently
available spectrometer (7 T, corresponding to a pro-
ton resonance frequency of 300 MHz) the detection
threshold in a 10 mm diameter tube is 5 ×10–3 mM
and 10–2 mM for 10 to 15 h of 19F NMR or 31P NMR
recording. With a 11.7 T spectrometer (correspond-
ing to a proton resonance frequency of 500 MHz) a
detection threshold of 1 to 2 ×10–3 mM has been
achieved in 12 h of 19F NMR data acquisition in
10 mm tubes. However, the accuracy and reproduci-
bility of the NMR concentration determinations are
generally ≤10% for concentrations ≥5 × 10–2 mM for
19F and 31P NMR. For lower concentrations, the
accuracy and reproducibility decrease and depend on
the measurement time and the resulting signal-to-
noise ratio in the spectra.

However, in spite of these difficulties, NMR spec-
troscopy has now become a technique of demon-
strated utility and of unique ability in the analysis of
biofluids. Moreover, the recent development of using
separation methods in conjunction with NMR spec-
troscopy has given rise to a radical new approach in
biofluid metabolite analysis. The coupling of HPLC
to NMR in 1992 in the form of a commercially avail-
able instrument has been shown to be of great use in
separating and determining the structure of drug

metabolites in biofluids. The sensitivity of conven-
tional HPLC-NMR provides a detection limit of
about 150 ng of analyte for an overnight data accu-
mulation. This technique has been extended to other
chromatographic techniques such as supercritical
fluid chromatography and to the use of nuclei other
than 1H or 19F which form the basis of most studies
so far because of their high NMR sensitivity. Another
major recent development has been the combination
of both NMR and mass spectrometry to an HPLC
system, which will be of great help to elucidate the
structures of drug metabolites in biofluids.

The advantages and limitations of NMR for bi-
ofluids also apply to the analysis of excised tissue
samples or intact cells packed in NMR tubes. For
quantitative studies, the metabolites of interest
should not be degraded by enzymes even at 4 °C. For
the analysis of cells, one must make sure that the
density of the cellular suspension does not change
with time, i.e. that there is no sedimentation in the
NMR tube. This can be checked by acquisition of
successive data blocks. The spectra are then exam-
ined individually, and if there is little or no change in
metabolite levels, spectra can be added together to
improve the signal-to-noise ratio. In such samples,
there is often considerable signal broadening owing
to inhomogeneities in the medium analysed and sig-
nals from compounds with similar chemical shifts
may merge into a single peak. The 19F NMR detec-
tion threshold at 470 MHz was found to be about
5 nmol g–1 of tissue or cellular suspension for 1–2 h
measurement on 0.5–1 g samples. Recently, it has
been shown that it is possible to obtain high-resolu-
tion 1H NMR spectra of biopsy tissues simply by
spinning at the magic angle (θ = 54.7°) at modest
speeds (around 3 kHz). This could open up new
routes of monitoring drug metabolism.

In vivo studies (Table 3)

The main interest of in vivo NMR is obvious. Meas-
uring drug levels in plasma does not always reflect
the drug concentration at the receptor sites, which
are generally located in the tissue cells of the target
organ. Consequently, a method that allows one to
measure the concentration of drugs and their metab-
olites in situ may be extremely useful.

In vivo NMR spectroscopy can be used repetitive-
ly on the same patient since it is noninvasive. The
ability to monitor the pharmacokinetic of a drug and
to evaluate the potential modifications in drug
metabolism could prove extremely valuable in
patient management.

However, there are three main obstacles to the use
of NMR in vivo. The first and major limitation is
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the lack of sensitivity. The minimum detectable
concentration (Table 1) depends on many factors,
including magnetic field strength, intrinsic sensitivity,
presence of background signal, data collection time
and sample size. Tissue concentration necessary for
in vivo detection of a drug is typically 1–10 times
that necessary in vitro. Order-of-magnitude detection
limits for endogeneous metabolites are 0.2 µmol g–1

for 31P and 0.1 µmol g–1 for 1H. The in vivo 19F NMR
detection limit of 5-fluorouracil (FU) and its metabo-
lites has been estimated at around 0.05 µmol g–1 with
a 7 T vertical bore magnet for a 1 h measurement
and 0.1 µmol g–1 with a 1.5 T whole-body spectrom-
eter for total measurement time that is tolerable
(30 min) for patients. It should not be forgotten that
these detection limits are for molecules with unre-
stricted mobility, which is not always the case since
drug and/or metabolites are often strongly bound to
macromolecules or cell membranes.

The insensitivity of NMR has two consequences.
First, prolonged data acquisition may be required to
obtain satisfactory spectra. This is because the confi-
dent detection of resonances requires a good
signal-to-noise ratio, which is proportional to the
square root of the number of scans performed. The
kinetics of drug metabolism or elimination must
therefore not be too rapid. Second, the surface coils
used for the detection of drugs and metabolites in
situ are relatively large, particularly in humans. The
observed signals may thus have various anatomical
origins (e.g tumour tissue and normal tissue). To get
a specific pharmacokinetic profile from one tissue,
spatially localized spectroscopy using field gradients
to define the volume of interest is useful. However,
the relatively low concentrations of metabolites
encountered have so far limited the use of this
method for drug metabolism studies.

The second limitation is the lack of resolution.
NMR signals observed in vivo are broad, and chemi-
cally similar compounds may not be readily
distinguished.

The third limitation of in vivo NMR is the difficul-
ty in making accurate quantitative measurements.
The only quantitative studies of drug metabolism
carried out so far have concerned fluorine- or lithi-
um-containing compounds with 19F or 7Li NMR. For
quantitative determinations, signal areas are normal-
ized relative to that of an external reference – a capil-
lary or a sphere filled with a standard of known
concentration and volume. Within a particular ex-
periment this method can estimate the relative con-
centrations of metabolites with an accuracy of about
10%, rising to around 40% for the estimation of ab-
solute concentrations. The absolute concentration in
human brain of fluorinated neuroleptics or lithium
salts has been determined by performing an addition-
al separate calibration experiment (immediately
before and after each experiment) with a phantom of
known concentration and volume placed in the posi-
tion of the tissue. However, since the tissue volume is
not readily measured and since the loading on the
coil and hence the nutation angle are assumed to be
the same for the phantom as for the tissue, the meth-
od tends to be rather inaccurate. Another method
consists in using a calibrated internal standard such
as tissue water.

Some recent applications of NMR in 
drug metabolism studies

Most of the 19F NMR studies are related to anaes-
thetic, psychoactive and antineoplastic drugs. The
distribution of anaesthetics in the brain and the
pharmacokinetics of their elimination are still a sub-
ject of controversy. The feasibility of in vivo 19F
NMR studies of halothane in humans has been
recently demonstrated. Resonances attributable to
this compound were observed up to 90 min after
withdrawal of the anaesthetic agent in eight patients.

Fluoxetine (Prozac®) is a widely used antidepres-
sant drug. In patients receiving daily doses of 20 or
40 mg, brain concentration continued to increase
well after the clinical effects were evident (2 weeks),
seemed to level off after about 6 to 10 months of
treatment and was about 20 times the concentration
in plasma. It thus appears that there is no correlation
between brain concentration and clinical response. A
combined in vivo and in vitro study on several
patients showed that the single 19F resonance
observed in vivo contains, in roughly equal propor-
tion, both the drug and its active metabolite

Table 3 Advantages and drawbacks of in vivo NMR for drug
metabolism studies

Advantages Drawbacks

Measurement of drug 
and /or metabolites 
levels in target organ

Low sensitivity. Tissue concentration 
necessary for in vivo detection of a 
drug is 1–10 times that necessary 
in vitro

Can be used repetitively 
on the same patient

Only molecules with unrestricted 
mobility are visible

Prolonged data acquisition may be 
required

The observed signals may have 
various anatomical origins

Poor resolution. Chemically similar 
compounds may not be readily 
distinguished

Difficult in making accurate 
quantitative measurements
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(norfluoxetine) (Figure 1). The comparison of in
vivo and in vitro quantifications (1–11 µg of fluoxet-
ine + norfluoxetine per mL of tissue in vivo versus
12–19 µg mL–1 of tissue in extracts) suggested that a
substantial fraction of the drug and its metabolite is
not visible in vivo.

Most of the 19F NMR studies on fluorinated drugs
have concerned FU. This drug is an ideal case for 19F
NMR studies for three reasons. High doses are
administered to patients. The fluorine atom remains
intact during biotransformation. Its metabolism, and
more especially its catabolic pathway, leads to com-
pounds that are structurally different from the
parent compound. The 19F NMR signals are there-
fore displayed over a large spectral width with no
peak overlap (except for fluoronucleotides in vivo).
The number of in vitro and in vivo 19F NMR studies
published reflects the contribution of the technique
to the knowledge of FU metabolism. The following
two examples emphasize the interests in 19F NMR.

FU injected at high doses by continuous intrave-
nous perfusion during 4 to 5 days provoked a cardiac
toxicity. For commercial purposes, FU is solubilized
in a solution of sodium hydroxide at two different
pH (8.6 or 9.2). The 19F NMR analysis of these solu-
tions revealed the presence of about a hundred
signals of fluorinated ‘impurities’, among which
fluoroacetaldehyde and fluoromalonic acid semi-
aldehyde were identified (Figure 2). These products
come from the degradation of FU and are formed
with time in the basic medium which is indispensable
to the solubilization of this antitumour agent. These
two compounds are highly cardiotoxic on the
isolated perfused rabbit heart model since fluoro-
acetaldehyde is metabolized into fluoroacetate which
is a violent cardiotoxic and neurotoxic poison. The
intensity of the cardiotoxicity of FU commercial
solutions, tested on the isolated perfused rabbit heart
model, is a function of the pH of the solution, and the
preparations at pH 9.2 are less cardiotoxic than the
preparations at pH 8.6. Nevertheless, the non-negli-
gible frequency of cardiotoxic accidents observed af-
ter injection of the commercial solutions at pH 9.2
was too significant to be explained by the levels of
fluoroacetaldehyde and fluoromalonic acid semi-al-
dehyde found in these preparations. The possibility
of an eventual metabolism of FU itself into fluoroac-
etate has thus been explored. It has long been postu-
lated, without ever being demonstrated, that the
main catabolite of FU, α-fluoro-β-alanine, could be
transformed into fluoroacetate. Using in vitro 19F
NMR and the isolated perfused rat liver model, it
was found that the last catabolite of FU is not
α-fluoro-β-alanine. The metabolism continues and
leads to two new catabolites, fluoroacetate and

fluoromalonic acid semi-alcohol (Figure 3). The con-
clusion of this study was twofold. To limit the cardi-
otoxicity of FU, it would be better to use in clinical
treatments a new dosing form of FU which is devoid
of degradation products (lyophilized material for ex-
ample). However, to suppress this toxicity it would
be necessary to act on the degradation pathway of
FU by blocking it before the formation of
α-fluoro-β-alanine.

In vivo 19F NMR has been used to monitor FU me-
tabolism in the liver metastases of colorectal cancer
patients. The patients were treated with a continuous
low dose intravenous infusion of FU until the point
of refractory disease, at which time interferon-α was
added with the objective of modulating FU activity.
Figure 4 shows the spectra obtained in a 1.5 T whole
body spectrometer with a 16 cm diameter surface coil
positioned over hepatic metastases of a patient treat-
ed with 300 mg of FU m–2 day–1. The first NMR scan
(Figure 4A) was performed after 1 week of FU infu-
sion. A large signal of catabolite (α-fluoro-β-alanine)
and a small resonance from FU were observed. The
patient went on to have an objective partial response
but later developed progressive disease. At this time
(Figure 4B), the FU peak had disappeared and the
catabolite signal had reduced. The next scan
(Figure 4C), after a week on interferon-α, showed a
new anabolite peak. A week later, the last scan
(Figure 4D) showed FU and catabolite signals. At
this stage the patient had a symptom and tumour
marker response and stabilization of tumour size.

The 1H NMR spectrum of a human urine sample
from a volunteer who had ingested the anti-inflam-
matory drug flurbiprofen is shown in Figure 5A. The
complexity of the spectrum precluded any detailed
structural or quantitative analysis. For example, the
ability to discern resonances from the aromatic
protons of flurbiprofen metabolites is severely limit-
ed. However, a stopped-flow HPLC-NMR experi-
ment at 30.5 min afforded the 1H spectrum shown in
Figure 5B which corresponds to the two diastero-
meric forms of the β-D-glucuronic acid conjugate of
4'-hydroxyflurbiprofen. The resonances of the para
substituted phenyl ring appear at 6.91 and 7.42 ppm
and the other three aromatic resonances as a complex
multiplet at 7.19 ppm. The β-D-glucuronic acid H1
proton appears as two resonances at 5.49 and
5.52 ppm. The remaining β-D-glucuronic acid reso-
nances are located between 3.4 and 3.6 ppm. The
methyl resonances of the propionic acid sidechain of
flurbiprofen are two doublets at 1.49 and 1.51 ppm.
The two methine signals are observed at about
3.94 ppm as overlapped multiplets. This example em-
phasizes the interest in HPLC coupled to NMR spec-
troscopy for the identification of drug metabolites.



382 DRUG METABOLISM STUDIED USING NMR SPECTROSCOPY

Figure 1 The 19F NMR spectra (A) from the head of a patient on 20 mg per day of fluoxetine for 1 month, (B) of the extract of a small
section of temporal cortex from a deceased patient on 40 mg per day of fluoxetine for 19 weeks. F = fluoxetine, NF = norfluoxetine.
Adapted with permission of Williams and Wilkins from Komoroski et al (1994) In vivo 19F spin relaxation and localized spectroscopy of
fluoxetine in human brain. Magnetic Resonance in Medicine 31: 204–211.

Figure 2 The 19F NMR spectrum of a commercial solution of 5-fluorouracil (pH 9.2). F–, fluoride ion; FU, 5-fluorouracil; FMASAld,
fluoromalonic acid semi-aldehyde; Facet, fluoroacetaldehyde.
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Figure 3 The 19F NMR spectrum of a perfusate (concentrated 20-fold by lyophilization) from an isolated perfused rat liver treated
with 5-fluorouracil at a dose of 45 mg per kg b.w. for 3 h. F–, fluoride ion; FUR, 5-fluorouridine; FU, 5-fluorouracil; FBAL, α-fluoro-β-
alanine; CFBAL, N-carboxy-α-fluoro-β-alanine; FBAL[R]-glucα, FBAL[R]-glucβ, adducts of α-fluoro-β-alanine with α-glucose or β-
glucose; FMASAlc, fluoromalonic acid semi-alcohol; FAC, fluoroacetate.

Figure 4 A series of 19F NMR spectra of liver metastases from a colorectal cancer patient treated with 5-fluorouracil at a dose of 300
mg m–2 day–1 (A, B) and 5-fluorouracil + interferon-α (C, D). 5FU, 5-fluorouracil. mV: millivolts (arbitrary values). Reproduced with per-
mission of Kluwer Academic from Findlay et al (1993) The non-invasive monitoring of low dose, infusional 5-fluorouracil and its mod-
ulation by interferon α using in vivo 19F MRS in patients with colorectal cancer. Annals of Oncology, 4: 597–602.



384 DRUG METABOLISM STUDIED USING NMR SPECTROSCOPY

Figure 5 The 600 MHz 1H NMR spectra of (A) a sample of human urine collected after the oral ingestion of 200 mg flurbiprofen, (B)
the 30.5 min retention time species corresponding to the β-D-glucuronic acid conjugate of 4'-hydroxyflurbiprofen. Reprinted from (A)
Spraul et al (1993). Coupling of HPLC with 19F and 1H NMR spectroscopy to investigate the human urinary extraction of flurbiprofen
metabolites. Journal of Pharmaceutical and Biomedical Analysis, 11 (10), 1009–1015; (B) Lindon et al (1996) Direct coupling of
chromatographic separations to NMR spectroscopy. Progress in NMR Spectroscopy, 29, 1–49, with kind permission from Elsevier
Science-NL, Sara Burgerhartstraat 25, 1055 KV Amsterdam, The Netherlands.
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13C-labelled phenacetin has been used for the diag-
nosis of liver disease. In the urine of healthy subjects,
the –OCH2– signal of phenacetin was higher than that
of its metabolite, phenetidine, whereas in patients
with acute hepatitis the situation was the reverse
(Figure 6). A return to the normal profile was
observed during convalescence. The anticancer agent
temozolomide labelled with 13C was noninvasively
detected in mice tumours by a selective cross-polari-
zation transfer 13C NMR method which has the
advantage of higher sensitivity with lower power dep-
osition. The resonance of temozolomide was observed
but not the signal of its active metabolite, 5-(3-meth-
yltriazen-1-yl)imidazole-4-carboxamide (Figure 7).

31P NMR spectroscopy has been used to analyse
biofluids from patients treated with the antineoplas-
tic drug ifosfamide, widely used in the treatment of
soft-tissue sarcomas and paediatric malignancies. Its
metabolism is complex (Figure 8). The spectrum in
Figure 9 emphasizes the wealth of information on
drug metabolism that can be gained from in vitro
studies. About 20 phosphorus-containing com-
pounds were detected. In addition to the already
known metabolites (unchanged ifosfamide, carboxy-
ifosfamide, 2-dechloroethylifosfamide, 3-dechloro-
ethylifosfamide, isophosphoramide mustard,

Figure 6 The 13C NMR spectra of human urine taken 1 h after oral administration of ([1-13C]ethoxy)phenacetin to a healthy subject
(A) and to a patient with acute hepatitis (B). TSP, 3-(trimethylsilyl)propionate (internal standard). Adapted with permission of The Phar-
maceutical Society of Japan from Kajiwara et al (1996) Studies on 13C phenacetin metabolism II. A combination of breath test and
urine test of in vivo metabolites in the diagnosis of liver disease. Chemical Pharmaceutical Bulletin 44: 1258–1260.

Figure 7 In vivo 13C NMR spectra of a RIF-1 tumour before and
after an intraperitoneal injection of 13C-temozolomide (TMZ).
Adapted with permission of Williams and Wilkins from Artemov et
al (1995) Pharmacokinetics of the 13C-labelled anticancer agent
temozolomide detected in vivo by selective cross polarization
transfer. Magnetic Resonance in Medicine, 34: 338–342.
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ketoifosfamide) eight other compounds were identi-
fied. Furthermore 31P NMR spectroscopy has been
used to detect and quantify ifosfamide in vivo in rat
tumours. In addition to the resonances of the phos-
phorus-containing endogenous metabolites, only one
broad signal could be detected for ifosfamide and,
probably, also some of its metabolites. Carbogen
breathing increased the amount of ifosfamide taken
up by the tumour by 50% (Figure 10).

The concentration of Li in serum is not an ade-
quate measure of Li efficacy. Localized spectroscopy
that permits the measurement of Li in the brain may
be a better approach of efficacy and/or neurotoxicity.
Lithium was detected noninvasively in vivo in the

brain and in the calf muscle of normal volunteers and
of psychiatric patients. The lithium levels in both
muscle and the brain rose more slowly than in serum.
The concentration of Li in the brain is typically 0.1–
0.6 mM. Therapeutic serum levels (ranging between
0.4–1.0 mM) are typically reached after 1 or 2 days
of lithium treatment whereas clinical efficacy is not
observed for several more days. The 7Li NMR data
strongly suggested that this delay may be due to the
relatively slow accumulation of lithium in the brain
(after 3–7 days of treatment). After the lithium
treatment was stopped, the elimination half-time was
slower in the brain (32–48 h) than in the serum or
muscle (~24 h).

Figure 8 Metabolic pathways of ifosfamide. Compounds ringed are phosphorated metabolites that have been identified using 31P
NMR.
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Figure 9 The 31P NMR spectrum of a urine sample from a patient treated with ifosfamide (3 g m–2 injected intravenously over 3 h).
The urine sample was collected 8–16 h after the start of the infusion, frozen immediately after collection and concentrated 17-fold by
lyophilization. Chemical shifts are related to external 85% H3PO4. ALCOIF, alcoifosfamide; CARBOXYIF, carboxyifosfamide;
2DEC1IF, 2-dechloroethylifosfamide; IF, ifosfamide; 3DEC1IF, 3-dechloroethylifosfamide; IPM, isophosphoramide mustard; KETOIF,
ketoifosfamide. Compounds ringed are phosphorated metabolites that have been identified using 31P NMR.

Figure 10 The 31P NMR spectra of a GH3 prolactinoma. (A) Ifosfamide administered after 10 min breathing air. (B) Ifosfamide
administered during tenth minute of breathing carbogen (CB). The spectra were acquired 15 min after intravenous ifosfamide. Peak
assignments: 1, ifosfamide; 2, phosphomonoesters; 3, Pi; 4, phosphodiesters; 5, phosphocreatine; 6, γ-phosphate of NTP; 7, α-phos-
phate of NTP; 8, β-phosphate of NTP. Reproduced with permission of Churchill Livingstone from Rodrigues et al (1997) In vivo detec-
tion of ifosfamide by 31P MRS in rat tumours: increased uptake and cytoxicity induced by carbogen breathing in GH3 prolactinoma.
British Journal of Cancer 75: 62–68.
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Conclusion

The increasing number of NMR studies of drug
metabolism and pharmacokinetics testifies to the
growing interest of the method. For in vitro studies
(biofluids in particular), NMR can now be consid-
ered as complementary to, and even in some cases re-
placing, other analytical techniques such as
chromatography. In vivo experimental and clinical
applications of NMR are still at an early stage of de-
velopment, and the techniques will need to be im-
proved before localized spectra and accurate
absolute quantification are routinely available.

See also: Biofluids Studied by NMR; Cells Studied by
NMR; Chromatography-NMR, Applications; In vivo
NMR, Applications, 31P; In vivo NMR, Applications,
Other Nuclei; 31P NMR; Perfused Organs Studied
Using NMR Spectroscopy; Solvent Suppression
Methods in NMR Spectroscopy.
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It seems appropriate to start an article on UV-visible
absorption spectroscopy and dyes with a considera-
tion of the fundamental processes underlying vision,
for reasons which will presently become evident.

When electromagnetic radiation with wavelengths
between 800 and 400 nm hits the human retina, a
chain of events is initiated which eventually results in
the excitation of the visual nerve and the perception
of light or colour in the brain. The molecular basis
for this process is the photoreceptor protein
rhodopsin, which forms part of the membrane layers
inside the cone and rod cells of the retina. The

chromophore of rhodopsin, i.e. the coloured part of
an otherwise colourless protein, is a highly unsatu-
rated entity, 11-cis-retinal protonated Schiff base
(Scheme 1). Through the action of light the Schiff
base is transformed into an electronically excited
state from which it returns, in a very fast reaction, to
the ground state with the chromophore in the all-
trans configuration (Scheme 2). Though there are
many different visual pigments found in vertebrate
eyes, with absorption maxima ranging from 415 nm
in chicken to 575 in humans, nature uses the same
chromophore, protonated retinal Schiff base,

ELECTRONIC SPECTROSCOPY
Applications
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throughout. In addition, different pigments are
found in the same species, a structural prerequisite
for colour vision much like the light-sensitive layers
of a colour film coated with different dyes.

How these spectral changes are brought about is
not completely understood. The chromophore with-
out the attached protein absorbs at 440 nm in etha-
nol. Embedding the chromophore in the protein
changes the position of the absorption maximum, a
consequence of the different environment. This envi-
ronment consists of the amino acid residues of the
protein, differing from species to species, which may
be charged or uncharged. There are other counter-
ions and water molecules which might induce
solvatochromic effects. An amino acid placed in a
particular position might induce deprotonation. For
nature, this presents a perfect example of tuning the
spectral characteristics of the visual pigment accord-
ing to its needs. Conversely, one might consider the
chromophore an extremely sensitive indicator of its
molecular environment.

All molecular properties are a function of the envi-
ronment. Often these changes are subtle and hidden
to the human eye. Sometimes, especially when dyes
are involved, they are striking. Thus, dyes may be
used as indicators of solvent polarity, of the pH or of
the redox potential. Dyes will change their colours
when they are adsorbed on surfaces or when they

form complexes with other species or with them-
selves, i.e. when they aggregate. Spectral change,
which is what we perceive as the colour change of a
dye, always has a molecular basis. It provides yet
another window for studying molecular structure
and molecular interactions.

Spectral characteristics of dye 
molecules

When light travels through a homogenous isotropic
solution of an absorbing species, the fraction of light
that is absorbed is proportional to the number of
molecules in the light path according to the Beer–
Lambert equation 

in which I0 is the intensity of the incident and I of the
emergent radiation. With the concentration c in
moles per litre and the path length l in cm, the pro-
portionality constant ε is the molar absorptivity or
molar extinction coefficient. While ε is a measure of
the intensity of the absorption, the wavelength λ at
which the absorption occurs, or better its inverse, the
wavenumber , is a measure of the energy which is
absorbed, according to the well-known relation 

in which h is Planck’s constant and c the speed of
light. The range of UV-visible absorption extends
from 800 to 200 nm (12 500 to 50 000 cm−1) which
corresponds to energies from ca. 35 to
145 kcal mol−1 (1 kcal = 4.184 kJ). In molecules ab-
sorbing in this wavelength range these energies are
sufficient to create short-lived electronically excited
states. In such a state the electronic wavefunction
does not correspond to the most stable arrangement
of the electrons in the field of the nuclei; as a conse-
quence the molecule returns, within 10−7 to 10−9 sec-
onds, to the electronic ground state. Factors that
affect the two states differently, e.g. chemical substi-
tution, protonation or change of the solvent, will in-
duce spectral shifts either to longer (‘bathochromic
shift’) or shorter (‘hypsochromic shift’) wavelengths.

Empirical rules are widely employed to correlate
chemical structure changes with spectral shifts. The
spectra of short conjugated double bond systems can
be predicted based on the topology and the presence
of substituents (Woodward rules); linear free-energy
relationships have been developed to correlate
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substituent and spectral changes in closely related dye
molecules. Other rules originate from basic quantum-
mechanical principles, e.g. the linear relation between
the absorption maxima of cyanine dyes and the length
of the conjugated chain; the perturbation of a conju-
gated carbon chain by substituents of different
electronegativity (perturbational molecular orbital
theory); or the effects of steric crowding and, as a
consequence, non-planar distortion of the molecule.

For a more quantitative description, theories may
be applied which range from the purely π−electron,
but highly successful PPP-theory and the semi-empir-
ical all-valence electron theories such as CNDO/S
and AM1 to ab initio methods. Only the latter allow
the calculation of the energies without requiring
recourse to experimental data. While it is possible
today to calculate molecular ground state energies
with an accuracy of a few kilocalories, depending on
the size of the molecule and the computational effort
expended, the uncertainty is much larger in the
excited state. The ab initio calculation of absorption
wavelengths which come within 50 nm of the experi-
mental value must still be considered successful.

Calculated energies refer to the isolated molecule
in the (dilute) gas phase. Every solvent will change
these data to a degree. Solvent shifts can be strik-
ing when there is significant charge rearrangement
between the ground and excited state. For comput-
ing these effects, one may allow specific interac-
tions, e.g. through hydrogen bonds, of the dye with
the solvent, though this approach is limited in the
number of the solvent molecules that can be con-
sidered. In other approaches the dye molecule is
specifically solvated and then embedded into a sol-
vent continuum which in its response to the solute
is treated as a polarizable dielectric.

A measure of the absorption intensity is the oscil-
lator strength f, a dimensionless quantity which is

obtained by integrating over the absorption band: 

f can also be calculated from a theoretical quantity,
the transition dipole moment M,

where me and e are, respectively, the mass and
charge of the electron and  is the absorption wave-
number. M, a vector quantity, is a measure of the
charge displacement caused by the electronic excita-
tion. When the absorption can be attributed to the
excitation of an electron from one molecular orbital
to another with an energy sufficiently different from
all other excitations of the molecule the magnitude
and direction of M can be estimated from multiply-
ing the two orbitals which are involved in the excita-
tion (Figure 1). This procedure gives atom-centered
transition charge densities which are used to calcu-
late the transition dipole moment. These ‘back-of-
an-envelope’ calculations readily explain why the os-
cillator strength increases with the size of the
chromophore, or why it is larger in the stretched
conformation of a molecule than when it is coiled.
The fixed orientation of M with respect to the molec-
ular frame is also the physical basis for dichroism,
i.e. the orientation dependence of the extinction co-
efficient of an ordered ensemble of dye molecules.

Electronic excitation in the UV-visible range is
accompanied by changes in the vibrational and
rotational state of the molecule as well. Since the
spacing between rotational and vibrational levels is
small relative to the spacing between electronic

Figure 1 Highest occupied and lowest unoccupied molecular orbitals of azobenzene (schematic, left), their product, giving the
transition density (middle) and the resulting transition moment vector (right).
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states, a typical UV-visual spectrum will appear as a
band, or an envelope curve, of close-lying ‘rovibron-
ic states’, the band shape being determined by the
relative intensities of those states. Strong vibrations
of the excited state may give rise to ‘vibrational fine
structure’ of an absorption band, which may change
as a function of the solvent and temperature.

Dyes as indicators of solvent polarity
Any solvent will change the wavelength, intensity
and shape of an absorption band compared to the
spectrum in the gas phase to a degree, a consequence
of the different perturbation of the electronic ground
and excited states of the solute by the solvent. The
term ‘Solvatochromism’ has been coined to describe
the change in position of an UV-visible absorption
band due to a change in the polarity of the medium.
A hypsochromic or blue shift with increasing solvent
polarity is called negative solvatochromism, whereas
a bathochromic or red shift is called positive
solvatochromism. It is unreasonable to expect any
macroscopic parameter, such as the dipole moment
of a solvent or its refractive index, to correlate quan-
titatively with solvent effects which depend in addi-
tion on interactions at the molecular level.
Therefore, empirical scales have been devised to cor-
relate solvent polarity and spectral shifts.

One of the most popular and successful scales has
been developed by Dimroth and Reichardt. It is
based on the pyridinium-N-phenoxide betaine [3],
which exhibits one of the largest solvatochromic ef-
fects ever observed. The solvatochromism of this dye
is negative since its ground state is considerably
more polar than the excited state and is stabilized by
polar solvents. Thus, in diphenylether the dye ab-
sorbs at 810 nm and appears blue-green, whereas in
water the absorption is centred at 453 nm, giving an
orange impression. The transition energy, expressed
in kcal mol −1, is the so-called ET(30) value of the sol-
vent. ET(30) values have been determined and tabu-
lated for more than 270 pure solvents and many
different solvent mixtures. Protonation converts the
dye (Scheme 3) into a phenol; as a consequence,
ET(30) values cannot be measured for acidic sol-
vents, such as carboxylic acids.

Another solvent polarity scale, Kosower’s Z-scale,
is based on the highly solvent-dependent charge
transfer absorption of the para-substituted pyridin-
ium salt (Scheme 4). The ground state of this dye is
best described as a highly polar tight ion-pair,
whereas the less polar charge-transfer form is more
important in the excited state. Thus, the solvato-
chromism of the pyridinium salt is negative, like
Reichardt’s dye. In fact, the ET(30)- and the Z-scale

show a very good correlation, and similar anomalies
with respect to theoretical polarity functions, which
is not surprising because both use similar molecular
models to ‘measure’ solvent polarity.

For converting experimental transition energies 
(in cm−1) into ET(30) and Z-values, the following
equation may be used: 

in which NA is Avogadro’s constant and both ET(30)
and Z have the dimensions kcal mol−1. The use of
normalized, dimensionless values ‘E ’ has been rec-
ommended in order to avoid the non-SI unit. In this
scale, water and trimethylsilane (TMS) are taken as
reference solvents, with assigned values of E  of 1.00
and 0.00, respectively.

ET(30) values show a good, often linear, correlation
with a large number of other solvent sensitive
processes, such as reaction rates and shifts of chemi-
cal equilibria. The betaine dye (Scheme 3) and spe-
cially designed derivatives are useful molecular
probes in the study of micellar interfaces, microemul-
sions and phospholipid bilayers, of rigid rod-like iso-
cyanide polymers, and the retention behaviour in
reversed-phase chromatography. In addition to its
solvatochromic behaviour, the dye is sensitive to tem-
perature (‘thermosolvatochromism’) and pressure
changes (‘piezosolvatochromism’) and also to the
presence of electrolytes (‘halosolvatochromism’).
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Dyes as indicators of chemical 
equilibria
For a dye to act as indicator of a chemical equilib-
rium, it has to meet two requirements; first, it must
be able to participate in the reaction. That is, in an
acid/base equilibrium the dye itself must have acidic
or basic properties; in a redox reaction, the dye must
exist in different oxidation states; in a complexation
reaction involving e.g. metal ions, the dye must have
complexing properties. Second, the different forms of
the dye involved must absorb at different wave-
lengths, i.e. they must have different colours.
Applications of dyes as indicators are of enormous
importance in analytical chemistry.

One of the oldest applications of UV-visible spec-
troscopy is found in acid–base titrations and the
determination of pK values. Several types of organic
dyes are very sensitive to changes in the concentra-
tion of H3O+ (or OH−) ions, e.g. azo dyes,
phthaleines or triphenylmethane dyes. As a typical
example, consider the protonation of methyl orange
(Scheme 5), which occurs at a position on the aza
bridge which allows the delocalization of the positive
charge into the p-dimethylamino group. As a conse-
quence, one of the aromatic rings becomes part of a
cyanine type chromophore (eight π-electrons delocal-
ized over seven atomic centres), with a concomitant
bathochromic shift of the absorption spectrum and a
colour change from yellow to red.

The intense red, dianionic form of phenolphthalein
(Scheme 6), which is stable in weakly basic solution,
can be formulated as a resonance hybrid but is really
another example of a cyanine-type chromophore,
with oxygen instead of nitrogen. In acidic or strongly
basic solutions, the negative charges are localized
and the compound is colourless.

During titration, the sharp change of the pH near
the end point is indicated by the visible colour change

as the added indicator dye is converted from the basic
into the acidic form (or vice versa). Since the end
point of the titration does not necessarily coincide
with neutrality of the solution, an indicator should be
employed with a pK value that corresponds most
closely to the pH of the end point. The concentra-
tions (or better activities) of both the acidic and the
basic form of the indicator are then the same and true
mixed colour is observed. For a determination of the
indicator pK, the extinction coefficient ε of the dye is
measured in buffered solutions at different pH val-
ues. According to the relationship

the pK can be calculated from ε and the extinction
coefficients of the indicator in strongly alkaline (εbase)
and strongly acidic solutions (εacid). All measurements
should be performed in dilute solutions, and at wave-
lengths sufficiently distant from the isosbestic point
where εbase = εacid and the extinction does not change
with the pH.

Similar considerations apply to redox titrations,
where the indicator dye should possess differently
coloured oxidation states and a redox potential
which is appropriate for the reaction to be studied. A
large number of dyes are known which are suitable
for this purpose. Ferroin (Scheme 7), a complex be-
tween iron(II) and phenanthrolin with a deeply red
colour, upon oxidation forms a pale blue iron(III)
complex. Another redox indicator is diphenylamine
(Scheme 8), which is colourless in the reduced state.
It is oxidized in acidic solution irreversibly to
diphenylbenzidine (Scheme 9) which can be further
oxidized reversibly to the intensely coloured
diphenylbenzidine violet (Scheme 10).

Comparable to an acid/base titration the end point
of a redox titration is reached when the concentra-
tions of the reduced and the oxidized form of the dye
are the same. The latter situation is somewhat more
complex, however, because most redox reactions
involve the exchange of protons, i.e. the equilibria
are pH dependent.

In the determination of metal ions by ligand bind-
ing with ethylenediaminetetraacetic acid, EDTA,
which has become known as complexometric or
chelatometric titration, the end point may be indicat-
ed by so-called metal indicators. For this method to
work, the metal to be titrated must form a less stable
complex with the dye than with the complexing
agent. Titration with the complexing agent binds all
free metal in solution, until finally the dye is demet-
allated, too, which is manifest in the colour change.
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A very popular indicator is Eriochrome Black T
(Scheme 11), which forms complexes with many dif-
ferent metals (the chromium complex is also used to
dye protein and polyamide fibres). Between pH val-
ues of 7 and 11, the dye changes its colour from blue
in the uncomplexed to red in the complexed form.

The end point of a titration may be indicated,
besides the chemical transformation of a dye indica-
tor, by physical processes, such as the adsorption of
eosin from solution on the surface of a silver halide
precipitate.

Dyes as indicators of molecular 
environment

Any medium other than the vacuum will affect the
absorption spectrum of a dye, through its bulk
properties as a dielectric, which does not imply a
fixed geometry or stochiometry, and through specific
interactions, such as electrostatic interaction, π–π
stacking, or hydrogen bonding. The combination of
any of these between a dye and an organic substrate

may lead to the formation of an entity with a more
or less well-defined supramolecular geometry, which
exhibits characteristic spectral changes. As an
example, consider the complex formed between p-ni-
trophenol and α-cyclodextrin (Figure 2). Cyclodex-
trins are water-soluble cyclic oligomers of amylose
with a torus-like structure and a strongly hydropho-
bic inner lining. While they form complexes
with many different guests, the complexation of
dyes can be quantitatively followed by absorption
spectroscopy. Usually, the low resolution of the spec-
tra is not sufficient to develop a detailed structural
model of these complexes, and other methods have
to be used to implement the UV-visual spectroscopic
data. The most accurate information is obtained
from an analysis of X-ray data (Figure 2) which dis-
plays the orientation of the dye inside the cyclodex-
trin host. In contrast to the solid state the condition
in solution is dynamic and more complex, since
more species are involved, including the water mole-
cules which are equilibrating between the solvent,
the solute and the pore. However, the formation of a



394 DYES AND INDICATORS, USE OF UV-VISIBLE ABSORPTION SPECTROSCOPY

structured host–guest complex is supported by other
spectroscopic methods, such as 2-dimensional NMR
spectroscopy.

The situation depicted above is typical for many
cases where the complex formation between dyes
and organic substrates is studied as a model for
intermolecular interaction, the dye functioning at the
same time as the complexed ligand and the indicator
of this interaction. The literature dealing with this
topic is vast and ranges from histochemistry, where
tissue is stained for diagnostic purposes, and
biochemistry, where the complexation with dyes is
used to model enzyme–ligand interactions and study
possible binding sites, to organic polymers where
dyes act as indicators of macromolecular conforma-
tions or of phase transitions.

Dyes, and their absorption changes, can be used to
sense chirality and differentiate between two enanti-
omers ‘with the naked eye’, i.e. without the use of a
polarimeter or any other device that measures optical
activity. In principle every diastereomeric interaction
between a chiral medium and the two enantiomers
of a chiral dye must lead to different spectral
characteristics. In practice, however, the effects are

usually too small to be observed. The situation is dif-
ferent when diastereomeric supramolecular struc-
tures are involved. Thus, the colour of a phenol based
bowl shaped agent (a ‘calixarene’) with two indophe-
nol chromophores and a chiral binaphthyl subunit
(Figure 3) turns blue-violet when it forms a 1:1 com-
plex with (R)-phenyl-glycinol, while the correspond-
ing complex with the (S)-isomer has a much smaller

Figure 2 Spectral change, A to B, upon addition of α-cyclodex-
trin to an aquous solution of p-nitrophenolate (left; after Saenger
W (1980). Angewandte Chemie 92: 343). X-ray structure of the
α-cyclodextrin-p-nitrophenol complex (right: after Harata K
(1977) Bulletin of the Chemical Society of Japan 50: 1416).

Figure 3 Possible structures of diastereomeric complexes
formed between the bowl-shaped chiral calixarene and an (S)-
(left) and an (R)-configurated aminoalcohol. The shaded entities
at the bottom represent the indophenol chromophores, the ones
on top the binaphthyl unit. R is a phenyl group of the chiral amine
(Reproduced with permission from Kubo Y, Hirota N, Maeda S,
Tokita S (1998) Analytical Sciences: the International Journal of
the Japan Society for Analytical Chemistry 14: 183).
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association constant and exhibits mainly the spec-
trum of the uncomplexed chiral sensor, which is red.
As a consequence, it is possible to detect chirality by
simple visible inspection. Similarly, supramolecular
structures involving different kinds of non-bonded
interactions have been invoked to account for the
ability of chiral phases to discriminate between enan-
tiomers in chromatographic separation techniques.

For a study of the molecular microenvironment,
but also as promising new optical materials in solar
energy conversion, for dye lasers, as optical switches
or in non-linear optics, silicate glasses doped with
dye molecules have been prepared by the sol–gel
method. The formation of the porous solid from the
initially liquid organic solution has been followed by
UV-visible spectroscopy, and the acid/base reaction
of the dyes with the inorganic matrix has been stud-
ied. Solvatochromic dyes have been used to deter-
mine the ET(30) values of different sol–gel materials.
One advantage of these so-called xerogels is the
immobilization of the embedded dye in a rigid cage,
which prevents aggregation processes which are typi-
cal for concentrated dye solutions (see next section).
Another aspect is the increased photochemical
stability and fluorescence efficiency of the dyes. For
the development of biochemical sensors, whole en-
zymes have been encapsulated in xerogels and their
activity shown by the formation of dyes inside the
glass from coupled enzyme reactions.

Dyes as indicators of aggregation and 
molecular order
Dyes have a natural tendency to aggregate, a conse-
quence of their typically flat geometries which allows
for maximum contact when the aggregation takes
place side by side, in a sandwich manner. The aggre-
gation is effected by non-bonding interactions,
including π–π stacking, and is supported by hydro-
phobic effects when the solvent-accessable molecular
surface is reduced as a consequence of aggregation.
Aggregation is promoted by increasing the dye con-
centration in a solution or lowering the temperature.
It is one of the most common causes for deviation of
a solution from the Beer–Lambert law. Often a
change of the solvent from polar to less polar or vice
versa will be sufficient to effect dye aggregation or
deaggregation. Aggregates may form spontaneously
in solution or in the presence of polyelectrolytes,
such as polyphosphates, or biological macromole-
cules, which may influence or even control the for-
mation of the aggregate. Aggregates may form on
solid surfaces, such as mica, or they may be assem-
bled as monomolecular layers on glassy surfaces.
Dye aggregates grown on the surface of silver halide

grains absorb light of suitable wavelength leading to
latent images in the halide; this so-called spectral
sensitization is the basis for photography. Dyes tend
to concentrate at liquid interfaces and interact with
surfactants leading to distinct spectral changes. Fi-
nally, dyes may adjust to the highly ordered environ-
ment present in liquid crystals, an area of huge
technical importance.

Conspicuous colour changes take place when dyes
aggregate. The spectral shifts caused by aggregation
can be to longer or to shorter wavelengths relative to
the monomeric dye absorption. When dyes dimerize,
a splitting of the absorption band may be observed.
Formation of trimers, tetramers or larger oligomers
is accompanied by increasing spectral shifts. The lim-
iting value corresponding to an aggregate of ‘infinite’
size is called a ‘J-band’ characteristic of a J-aggregate
when lying on the long wavelength side of the
monometer; if it appears on the high-energy side, it is
called an ‘H-band’ (Figure 4).

These spectral changes are the result of the indi-
vidual dye molecules interacting with each other in
the close contact of the aggregate. Theoretical mod-
els based on the Coulomb interaction of the transi-
tion moments have been put forward to correlate the
spectral shifts with certain geometrical parameters of
the aggregate. Thus the hypsochromic shift observed
in H-aggregates results when the dye contacts are
mainly side by side. A lateral shift of the dye mole-
cules against each other or a stacking into a brick-
stone work arrangement will lead to the
bathochromic shift of a J-aggregate. While the H-
band is usually sharp and intense due to the high or-
der of the aggregate, the J-band may appear broad
and featureless due to the loose and more irregular
structure, but exceptions are well documented.

For studying dyes adsorbed on solids by UV-visi-
ble spectroscopy transparent solutions are necessary.

Figure 4 Stacking of dye molecules (with transition moment
vectors) which leads to a J-aggregate with red-shifted absorption
relative to the monomer (left) and to an H-aggregate with blue-
shifted absorption (right).
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There are many inorganic colloids suitable for this
purpose, such as silicas, charcoal, clays, zeolites or
metal oxides, but also inorganic and organic poly-
mers and even aggregates, such as micelles. Floccula-
tion or aggregation of smaller particles may occur
due to the adsorption of a charged organic dye on a
polyelectrolyte which reduces the elecrostatic repul-
sion by charge compensation.

The number of publications dealing with this topic
is increasing rapidly. For studying the interaction of
dyes with an enzyme the adsorption on solid surfaces
with different binding characteristics may serve as a
model. In this case the dyes are used in their classical
role as indicators. Dyes are well suited for this
purpose because of their strong tendency towards
chemi- and physisorption. When the UV-visible
properties of the adsorbed species change sufficiently
the immediate comparison with dye molecules
dissolved in a homogeneous solution is possible. Al-
so, dynamic aspects of the adsorption of molecules
on these surfaces can be examined by electronic
absorption techniques.

The colour change accompanying the self-aggrega-
tion of dyes on solid surfaces is called metachromasy.
Other properties of adsorbed dyes can also change
allowing new or improved applications, such as en-
hanced stability against environmental effects such as
oxygen or water or higher quantum yields for a pho-
tochemical conversion. New technologies are devel-
oping based on such processes. Solar energy
conversion in photovoltaic cells, where charge carri-
ers are generated by photoexcitation of dyes deposit-
ed on titanium dioxide surfaces, is a good example.

Complex equilibria between the dye and its sur-
roundings may take place in heterogenous liquid
mixtures, involving self-association, binding with
ionic surfactants, micellar aggregation and micellar
solubilization. These equilibria are concentration
and temperature dependent, and involve entities with
sometimes unspecific spectroscopic properties which
leave plenty of room for discussion. Still, much can
be learned from studying how dyes distribute in het-
erogenous systems since this can serve as models for
the biodistribution of drugs in tissues and mem-
branes and their behaviour at the lipophilic barrier.
Also, the photosensitizing properties of a dye may in-
crease when brought into a lipophilic environment.

H-aggregation of methyl orange has been postu-
lated to account for the hypsochromic shift of the
dye in a water-in-oil microemulsion, with the dye
molecules in a parallel orientation at the interface
beween the water and the oil phase. The observation
of salt-induced strongly red-shifted J-bands in aque-
ous solutions of Rose Bengal, an anionic xanthene
dye, in the presence of zwitterionic surfactants was

explained on the basis of head-to-tail aggregates of
the dye molecules in novel premicellar aggregates.

Highly ordered phases, so-called liquid crystals,
are formed by a variety of rod-like, rigid dipolar
organic molecules. Liquid crystals are also called the
fourth state of matter since they combine the long-
range order of a crystalline solid with the fluidity of
a liquid. When a dye is dissolved in a liquid crystal
the molecules will form ordered aggregates, with
their long axes preferentially aligned with the liquid
crystal molecules. These crystals are dichroic, i.e.
they have different absorptivites for light polarized
parallel and perpendicular to that axis, from which
the orientation of the transition moment vector rela-
tive to the molecular framework can be determined.

The dichroism is the physical basis for the use of
dyes in LCDs or liquid crystal displays: a small
amount (0.1–1%) of the dichroic dye (the ‘guest’) is
dissolved in a nematic or cholesteric liquid crystal
(the ‘host’). Different orientations of the dye aggre-
gates are achieved by application of an electric field
through transparent electrodes. The dye will for
example align with its long axis parallel to the long
axis of a nematic liquid crystal. If this solution is
aligned in a parallel mode of the electrodes and has a
positive dielectric anisotropy, the cell will be
coloured in the off position, when the dye absorbs
strongly, and become colourless upon application of
an electric field, when the alignment is changed.

List of symbols

c = molar concentration; ee = charge of electron;
ET(30) = solvent transition energy; f = oscillator
strength; I = intensity; l = path length; me = mass of
electron; M = transition dipole moment; ε = molar
extinction coefficient.
See also: Biomacromolecular Applications of UV-
Visible Absorption Spectroscopy; Biomacromolecu-
lar Applications of Circular Dichroism and ORD;
Colorimetry, Theory; ORD and Polarimetry
Instruments.
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Electromagnetic radiation is the technical term for
light; not just visible light, but any light, ranging right
through from radio frequencies to gamma rays. As
the name suggests, light of all kinds is radiated
through conjoined electric and magnetic fields, as
shown by Maxwell in the mid-nineteenth century. To
fully appreciate the nature of electromagnetic radia-
tion, however, we first have to consider both its wave-
like and photonic aspects.

Waves and photons

In the case of monochromatic (single-frequency)
radiation, light propagates as a wave with a well-
defined repeat or wavelength λ (Figure 1). Travelling
at the speed of light, c, these waves oscillate at a char-
acteristic frequency ν given by  c/λ. The electric field,
the magnetic field and the direction of propagation
are mutually perpendicular, and for convenience may
be chosen to define a set of Cartesian axes (x, y, z),
respectively. With propagation in the z direction, the
electric field vector points in the x direction and oscil-
lates in the xz plane:

where E0 is the field amplitude and where also for
conciseness we introduce  k = 2π/λ and ω = ck = 2πν.

The magnetic field vector accordingly points in the y
direction and oscillates in the yz plane:

with amplitude B0. Given that the electric and mag-
netic fields oscillate in phase and in mutually perpen-
dicular planes, equations [1] and [2] together satisfy
Maxwell’s equations provided the amplitudes are
related by E0 = cB0. In fact most spectroscopy
involves the interaction of matter with the electric
rather than the magnetic field of the radiation,
because of its stronger coupling – usually by a factor
of a thousand or more – with atomic and molecular
charge distributions.

The speed of travel of an electromagnetic wave as
described above can be understood in terms of the
motion of any part of the waveform, such as the
crest. The interval ∆t between the arrival of two
successive crests at any given point is given by
ω∆t = 2π, while at any time their spatial separation
∆z also satisfies k∆z = 2π. So the speed of propaga-
tion ∆z/∆t = ω/k = c, which in vacuo takes the value
c0 = 2.9979 × 108 m s–1.

On the radiation travelling through any substance,
the electronic influence of the atoms or molecules
traversed by the light reduces the propagation speed
to a value less than c0; then we have  c = c0/nλ where

FUNDAMENTALS OF 
SPECTROSCOPY

Theory
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nλ is the refractive index of the medium for wave-
length λ; accordingly, k = 2πnλ/λ. The significance of
the refractive correction is greatest in the solid or
liquid phase, especially at wavelengths close to an
optical absorption band of the medium.

A fundamental paradox in the nature of electro-
magnetic radiation, to some extent apparent even in
the earliest scientific studies by Newton and others, is
that it exhibits not just wave-like but also particle-like
(corpuscular) properties, and both prove to be of key
importance in spectroscopy. In particular, it is only
through the association of discrete units of energy
with electromagnetic radiation of any given frequency
that we can properly understand atomic and molecu-
lar transitions and the appearance of spectra.

In the modern quantum representation of light
developed by Planck, Einstein, Dirac and others, we
now understand the twin wave and particle attributes
through a description in terms of photons (a term in
fact first introduced by the thermodynamicist Lewis).
As such, electromagnetic radiation of a given fre-
quency ν is seen to propagate as discrete units of
energy E = hν, where h is the Planck constant.

With the key concepts in place, we can now take a
look at some of the more detailed aspects of electro-
magnetic radiation in two stages — first by more ful-
ly enumerating the properties of photons in general
terms, and then by examining those more specific
features that relate to particular wavelength or fre-
quency regions of the electromagnetic spectrum.

Photon properties

Mass Photons are elementary particles with zero
rest mass – necessarily so, since, from special
relativity theory, no particle with a finite mass can
move at the speed of light.

Velocity The speed of light is normally quoted as
speed in vacuo, c0, with refractive corrections ap-
plied as appropriate; the free propagation of any

photon also has a well-defined direction, usually
denoted by the unit vector .

Energy Photon energy is linked to optical fre-
quency ν through the relation E = hν (where
h = 6.6261 × 10–34 J s). Each photon essentially con-
veys an energy E from one piece of matter to
another, for example from a television screen to a
human retina.

Frequency The optical frequency ν expresses the
number of wave cycles per unit time. Also commonly
used in quantum mechanics is the circular frequency
ω = 2πν (radians per unit time), in terms of which the
photon energy is E = �ω where � = h/2π. The lower
the optical frequency, the more photons we have for
a given amount of energy; and the larger the number
of photons, the more their behaviour approaches that
of a classical wave (this is one instance of the ‘large
numbers’ hypothesis of quantum mechanics). It is for
this reason that electromagnetic radiation becomes
increasingly wave-like at low frequencies, and why
we tend to think of radiofrequency and microwave
radiation primarily in terms of waves rather than
particles.

Wavelength The wavelength λ of the electric and
magnetic waves is given by λ = c/ν. In spectroscopy,
common reference is made to its inverse, the
wavenumber = 1/λ, usually expressed in cm–1.

Momentum Each photon carries a linear momen-
tum p, a vector quantity of magnitude h/λ = �k
pointing in the direction of propagation. It is then
convenient to define a wave vector or propagation
vector  k = k  such that p = �k. Since the photon mo-
mentum is proportional to frequency, photons of
high frequency have high momenta and so exhibit
the most particle-like behaviour. X-rays and gamma
rays, for example, have many clearly ballistic
properties not evident in electromagnetic radiation
of lower frequencies.

Figure 1 Oscillating electric field E and magnetic field B associated with mononchromatic radiation.
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Electromagnetic fields  The electric and magnetic
fields, E and B respectively, associated with a photon
are vector quantities oriented such that the unit vec-
tors ( , , ) form a right-handed orthogonal set.

Polarization For plane-polarized (also called
linearly polarized) photons, the plane within which
the electric field vector oscillates can sit at any angle
to a reference plane containing the wave vector, as
shown in Figures 2A and 2B. Other polarization
states are also possible: in the right- and left-handed
circular polarizations depicted in Figures 2C and
2D, the electric field vector sweeps out a helix about
the direction of propagation. Elliptical polarization
states are of an intermediate nature, between linear
and circular. Together, the wave vector and
polarization of a photon determine its mode.

Spin Many of the key properties of photons as ele-
mentary particles relate to the fact that they have an
intrinsic spin S = 1, and so are classified as bosons

(particles with integer spin as opposed to half-integer
spin particles of matter such as electrons). As such,
photons collectively display a behaviour properly de-
scribed by a Bose–Einstein distribution. At simplest,
this means that it is possible for their oscillating elec-
tromagnetic fields to keep in step as they propagate.
Through this, coherent beams of highly monochro-
matic and unidirectional light can be produced; this
is of course the basis for laser action.

Angular momentum The intrinsic spin of each pho-
ton is associated with an angular momentum, a fea-
ture that plays an important role in the selection
rules for many spectroscopic processes. Circularly
polarized photons have the special property of
quantum angular momentum: the two circular po-
larization states, left- and right-handed, respectively
carry +1 or −1 unit of angular momentum, �.

Regions of the spectrum

We can now delineate the properties of the various
spectral regions shown in Figure 3. Looking across
the electromagnetic spectrum, it is immediately
apparent that there is enormous difference in scale
between the extremes of wavelength (or frequency),
and it is not surprising to find that they encompass an
enormous range of characteristics.

Gamma-rays This is a region of highly penetrating
radiation with the highest optical frequencies
(exceeding 3 × 1019 Hz), and an upper bound of
10 pm on the wavelength. Spectroscopy in this re-
gion primarily relates to nuclear decay process, as in
the Mössbauer effect.

X-rays This region encompasses both ‘hard’ X-rays
(wavelengths down to 10 pm) and less penetrating
‘soft’ X-rays (wavelengths up to 10 nm) with optical
frequencies lying between 3 × 1019 and 3 × 1016 Hz.
With the capacity to produce ionization by electron
detachment, photon energies in this region are often
reported in electronvolts (eV), and run from around
105 eV down to 100 eV (1 eV = 1.602 × 10–19 J). X-
ray absorption and fluorescence spectra as such
mostly relate to atomic core electronic transitions.

Ultraviolet With UV wavelengths running from
10 nm up to the violet end of the visible range at
around 380 nm, this region is commonly divided at a
wavelength of 200 nm into the ‘far-UV’ region
(wavelengths below 200 nm, often referred to as
‘vacuum UV’ because oxygen absorbs here) and the
near-UV (200–380 nm). With photon energies from
100 eV down to less than 10 eV – the latter being
typical of the lowest atomic or molecular ionization

Figure 2 Polarization states: (A) and (B) plane; (C) and (D)
circular.
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energy – photoionization processes are associated
with many of the techniques of ultraviolet spectros-
copy. At the lower end of this region, photon energies
are comparable with valence bond energies. As such
they are commonly scaled by Avogadro’s number
and reported in units of kJ mol–1; for example, the
wavelength of 240 nm corresponds to 500 kJ mol–1,
a typical bond energy. One other form of division
often applied to the near-UV region relates to its pho-
tobiological effects and applies principally to solar
radiation; UV-A (320–380 nm) is the relatively safe
region closest to the visible range; UV-B (280–
320 nm) signifies radiation that can produce
extensive tissue damage; UV-C radiation with wave-
lengths below 280 nm is potentially more damaging
but is mostly filtered out by atmospheric gases that
absorb here, the most important being ozone.

Visible The visible range extends from approxi-
mately 380 nm (violet) to 780 nm (red) (Table 1).
The precise divisions are a little arbitrary and depend
on individual perceptions, but the wavelengths given
in Table 1 are a reasonable guide. Note that the link
with perceived colour is not 1:1 – for example, light
containing an equal mixture of red and green wave-
lengths appears yellow, although no yellow wave-
lengths are present. The visible range spans near
enough an octave of frequencies and is a region in
which photon energies are comparable with the
bond energies of some of the weaker chemical
bonds, running up from around 150 kJ mol–1 at the
red end to over 300 kJ mol–1 at the other. Most of
the spectroscopy in this range of wavelengths relates
to electronic transitions unaccompanied by chemical
change, and of course all absorption or fluorescence
processes responsible for colour.

Infrared This is another region commonly subdi-
vided, in this case into the near IR (wavelengths run-
ning from the red end of the visible spectrum at
780 nm out to 2.5 µm), the mid-IR (from 2.5 to
50 µm) and the far IR (50 µm to 1 mm). The
absorption of near-IR radiation is commonly associ-
ated with the excitation of low-lying electronic excit-
ed states and overtones or combinations of
molecular vibrations. In spectroscopic connections,
the unqualified term ‘infrared’ generally refers to the
mid-range, where spectral positions are usually cited
by reference to wave-numbers = 1/λ. In the mid-IR
range between 200 and 4000 cm–1, it is principally
vibrational transitions that accompany the
absorption of radiation, with the corresponding nu-
clear motions less localized at the lower-wavenum-
ber end of the scale. The far-IR region beyond relates
mostly to low-frequency molecular vibrations and
inversions, or rotations in small molecules.

Microwave With wavelengths in the 1–100 mm
range and frequencies on the GHz (109 Hz) scale,
spectroscopy in the microwave region relates

Figure 3 The electromagnetic spectrum.

Table 1 The visible spectrum

Colour Wavelengths (nm)

Red 780–620

Orange 620–595

Yellow 595–575

Green 575–495

Blue 495–455

Violet 455–380
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primarily to transitions involving molecular rotation,
or others involving states of different electron spin
orientation (electron spin resonance).

Radio With radiation of wavelengths exceeding
100 mm we finally run into the radio wave region,
where frequencies are commonly reported in MHz
(106 Hz). Photon energies here are too small to lead
to transitions associated with electronic or nuclear
movement, but they can produce transitions between
spin states (nuclear magnetic resonance).

As a caveat by way of conclusion, it should be
pointed out that the nature of transitions studied by a
particular spectroscopic technique is not always so
obviously linked with a particular optical frequency
or wavelength region if the elementary interaction in-
volved in the spectroscopy entails more than one
photon. For example, Raman spectroscopy allows
molecular vibrational transitions to be studied with
visible or ultraviolet light, while multiphoton absorp-
tion of IR radiation can lead to electronic excitations.

List of symbols

B = magnetic field vector; B0 = magnetic field
amplitude; c = speed of light; c0 = speed of light in

vacuo; E = photon energy; E = electric field vector;
E0 = electric field amplitude; h = Planck constant;
� = Planck constant/2π; k = wave vector; nλ =
refractive index at wavelength λ; p = photon momen-
tum; S = spin; t = time; λ = wavelength; ν = fre-
quency; = wavenumber; ω = circular frequency.
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Atomic absorption spectroscopy and atomic emis-
sion spectroscopy have found application in many
areas of materials science. The electronics industry
requires materials of high purity and hence there is a
need to monitor trace impurity levels in materials
used for electronic components. As a consequence,
various techniques of atomic spectroscopy have been
applied to the analysis of materials used in the
manufacture of electronic components. A number of

recent studies are listed in the Further reading section
and these therefore provide an entry point to the sci-
entific literature. The reader should also consult oth-
er articles in this encyclopedia for related topics.

For example, the analysis of electronic grade sili-
con has been studied using atomic emission spectros-
copy from inductively coupled plasma and the level
of aluminium and phosphorus in such material has
also been determined using an indirect atomic

ATOMIC SPECTROSCOPY
Applications
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absorption method. The growth of europium on
palladium surfaces has also been investigated using
atomic emission spectroscopy.

The use of inductively coupled plasma–atomic emis-
sion spectroscopy (ICP-AES) has been applied to the
analysis of traces of certain rare earth metals in highly
pure rare earth matrices and to the levels of approxi-
mately 25 impurities in sintered electronic ceramics.

The impurity levels and profiles from the surface
into the bulk sample have been probed using a com-
bination of secondary-ion mass spectrometry and
electrothermal atomic absorption spectroscopy in
composite materials such as CdZnTe.
See also: Atomic Absorption, Methods and Instru-
mentation; Atomic Absorption, Theory; Atomic Emis-
sion, Methods and Instrumentation; Atomic
Spectroscopy, Historical Perspective; Inductively
Coupled Plasma Mass Spectrometry, Methods;
Materials Science Applications of X-Ray Diffraction;
X-Ray Fluorescence Spectroscopy, Applications.
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Ellipsometry is a technique often used to measure the
thickness of a thin film. Generally speaking, the
measurement is performed by polarizing the incident
light beam, reflecting it off a smooth sample surface
at a large oblique angle and then re-polarizing the
light beam before the intensity of the light beam is
measured. Since the process of reflecting light off a
smooth sample surface generally changes linearly po-
larized light into elliptically polarized light, the tech-
nique has been called ‘ellipsometry’.

The earliest ellipsometry measurements (ca 1890)
were used to determine the optical functions (refrac-
tive index n and extinction coefficient k, or equiva-
lently, absorption coefficient α) for several materials.
In the 1940s it was discovered that a single-wave-
length nulling ellipsometry measurement could be
used to determine the thickness of certain thin films
very accurately. Since that time, single-wavelength

ellipsometry has evolved to be the standard of thick-
ness measurement for several industries, including
the semiconductor industry.

Ellipsometry experiments produce values that are
not useful by themselves: computers must be used to
obtain useful quantities such as thin-film thickness
or the optical functions of materials. The advent of
modern computers has resulted in the invention of
several spectroscopic ellipsometers and the creation
of more realistic analysis programs required to un-
derstand spectroscopic ellipsometry data.

Any ellipsometer (see Figure 1) consists of five
elements: (1) a light source, (2) a polarization state
generator (PSG), (3) a sample, (4) a polarization
state detector (PSD), and (5) a light detector. The
light source can be a monochromatic source, such
as from a laser, or a white light source, such as
from a xenon or mercury arc lamp. The PSG and

ELECTRONIC SPECTROSCOPY
Applications
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PSD are optical instruments that change the polari-
zation state of a light beam passing through them
and they contain optical elements such as polariz-
ers, retarders and photoelastic modulators. In most
ellipsometry experiments, light from the PSG is
reflected from the sample surface at a large angle of
incidence φ. Spectroscopic ellipsometers use a white
light source and a monochromator (either before
the PSG or after the PSD) to select out specific
wavelengths. Some spectroscopic ellipsometers
image the white light from the PSD onto a detector
array, thereby allowing the whole spectrum to be
collected simultaneously.

Any ellipsometer will only measure characteristics
of the light reflected from or light transmitted
through the sample. Ellipsometers do not measure
film thicknesses or optical functions of materials,
although these parameters can often be inferred very
accurately from the ellipsometry measurements.
Data analysis is an essential part of any ellipsometry
experiment.

Polarization optics

Several optical elements will change the polarization
state of a light beam interacting with them. Linear
polarizers (see Figure 2A) transmit only one polari-
zation of the light beam; the azimuthal angle of the
polarizer will determine the azimuthal angle of the
light polarization. The best linear polarizers in the
visible part of the spectrum are prism polarizers
made from birefringent crystals such as calcite, mag-
nesium fluoride or quartz, which have refractive in-
dices that depend upon the direction in the material.

Retarders or compensators (see Figure 2B) are
another common type of optical element used in
ellipsometers. In combination with a polarizer, a

retarder can produce circularly or elliptically polar-
ized light if the direction of the linear polarization is
not parallel to a major axis in the retarder. Static
retarders, such as quarter-wave or half-wave plates
produces a fixed amount of retardation at a fixed
wavelength. Circularly polarized light can be pro-
duced from a polarizer–quarter-wave retarder pair if
the light polarization is ± 45º with respect to the fast
axis of a retarder.

Another common retarding element used in spec-
troscopic ellipsometers is the photoelastic modulator
(PEM), shown schematically in Figure 2C. The drive
element is a crystal quartz bar, which is cut so that an
a.c. voltage V applied to the front and back faces
causes the bar to vibrate along its long axis at the fre-
quency of V. The optical element is a bar made of
fused quartz that is placed in intimate contact with
the crystal quartz bar so that it vibrates at the same
frequency. Both bars are sized so that the vibrations
are resonant, making the frequency of the PEM
extremely stable. A polarizer–PEM pair produces
dynamically elliptically polarized light if the polarizer

Figure 1 Schematic diagram of an ellipsometer. The PSG is
the polarization state generator and the PSD is the polarization
state detector.

Figure 2 Several optical elements used in ellipsometers that
alter the polarization state of a light beam passing through them.
(A) A linear polarizer, which transforms any light beam (polarized
or unpolarized) to linearly polarized light. (B) A retarder, which
transforms linearly polarized light to elliptically polarized light. In
certain cases, the light can be circularly polarized. (C) A pho-
toelastic modulator, which changes linearly polarized light into
dynamically elliptically polarized light.
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is not lined up with the vibration axis of the PEM;
generally, the polarization state of the emergent light
beam will cycle through linearly polarized, circularly
polarized and elliptically polarized states.

The Stokes vector representation of light polariza-
tion has often been used for ellipsometry measure-
ments. (Another representation is the Jones vector
representation, of which details can be found in the
book by Azzam and Bashara listed under Further
reading). In the Stokes representation, the polariza-
tion state of a light beam is given by its four-element
Stokes vector,

All the elements of the Stokes vector are intensities
and therefore are real. The total intensity is I0, while
I0, I90, I45, and I–45, are the intensities of linearly po-
larized light at 0º, 90º, 45º, and –45º, respectively.
The fourth element of the Stokes vector V is the dif-
ference between the intensities of right circularly po-
larized light Irc, and left circularly polarized light Ilc.
A linear polarizer can only transform a light beam
into a linear polarization state; therefore the fourth
element of the Stokes vector for linearly polarized
light will be V = 0. Generally, a retarding optical ele-
ment is needed to transform the polarization state of
a light beam to one where V ≠ 0. The Stokes repre-
sentation can also represent partially polarized light.
In general,

where the equality holds when the light beam is
totally polarized.

Each optical element must transform the polariza-
tion state from one four-element vector to another
four-element vector; therefore, optical elements are
represented by 4 × 4 Mueller matrices, where all the
elements are real. The intensity of the light beam
passing through an ellipsometer can therefore be
written using matrix notation as

where SPSG is the Stokes vector representing the
polarization state for light coming from the PSG, M

is the Mueller matrix for the light interaction with
the sample, and S  is the transpose of the Stokes
vector representing the effect of the PSD. In the most
general case, 16 elements are required to describe the
light interaction with a sample. Fortunately, many of
these elements are normally 0 or equal to another
element in M. Since detectors can only measure
the light intensity coming from an instrument,
Equation [3] emphasizes the fact that ellipsometers
can only measure elements of M.

Ellipsometry data analysis

Ellipsometry measurements are not useful by them-
selves but can be extremely useful if the measure-
ments are interpreted with an appropriate model.
Ultimately, ellipsometry results are always model de-
pendent. Fortunately, the physics of light reflection
from surfaces is well understood, and very detailed
and accurate models can be made using classical elec-
tromagnetic theory based on the Maxwell equations.

Figure 3 shows a schematic of light reflection
from a sample surface. The light beam is incident
upon the sample surface at an angle of incidence φ.
The specularly reflected beam comes from the sam-
ple surface, also at angle φ. The incident and reflect-
ed beams define a plane, called the plane of
incidence. This in turn defines two polarization di-
rections: p for the light polarization parallel to the
plane of incidence (in the plane of the paper), and s
for the light polarization perpendicular to the plane
of incidence (perpendicular to the plane of the pa-
per). All azimuthal angles are defined with respect to
the plane of incidence, where positive rotations are
defined as clockwise rotations looking from the light
source to the detector.

If the sample surface is isotropic and has no film
or other overlayer (d = 0 in Figure 3), then one can
use the Maxwell equations to calculate the complex
reflection coefficients:

In Equations [4], N0 and Ns (= ns + iks, where ns is
the refractive index and ks is the extinction coeffi-
cient) are the complex indices of refraction for the
ambient (usually air, where N0 = 1) and the
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substrate, respectively. The quantities φ0 and φs are
complex angles, determined from the Snell law [N0

sin (φ0) = Ns sin (φs)]. The reflection ratios rp and rs

are complex, indicating that light reflected from a
surface will generally undergo a phase shift.

If the sample near-surface region consists of a sin-
gle film (see Figure 3), the composite reflection coef-
ficients can be calculated from the Airy formula:

where d is the thickness of the film, Nf is the com-
plex refractive index of the film, and φf is the com-
plex angle within the film defined by the Snell law.
The quantities r1s,p and r2s,p are the complex reflec-
tion coefficients calculated using Equations [4a] and
[4b] for the air–film interface and the film–substrate
interface, respectively.

Reflections from more complicated layer struc-
tures can be calculated using matrix methods. If all
the media in the calculation are isotropic, the matrix
formulation of Abelés (using 2 × 2 complex matri-
ces) can be used to calculate the composite rs and rp.

If any of the media are birefringent, many of the
implicit assumptions made above are no longer valid.
For example, for isotropic media the s and p polari-
zation states represent eigenmodes of the reflection;
that is, if the incoming light is pure s or p polarized,
then the reflected light will be pure s or p polarized. If
any of the media in the sample are birefringent, this
assumption is no longer generally valid. As a result,
one must also calculate the cross-polarization coeffi-
cients rsp and rps as well as rss ≡ rs and rpp ≡ rp. If
rsp ≠ 0 or rps ≠ 0, the 2 × 2 matrix methods must be
replaced by more complicated 4 × 4 matrix methods.

Up to this point, a clear distinction has been
drawn between the parameters measured by an ellip-
someter (the sample Mueller matrix M) and the
calculated parameters obtained from classical elec-
tromagnetic theory, which can be expressed as ele-
ments of the sample Jones matrix:

Fortunately, the two representations are related, so
long as it can be assumed that the sample does not
depolarize the incident light beam. In this case, a
Mueller–Jones matrix MMJ can be calculated from
the elements of the Jones matrix (Eqn [6]),

where

For isotropic samples (rsp = rps = 0), the normalized
sample Mueller–Jones matrix is given by

where

The angles ψ and ∆ are the traditional ellipsometry
angles, and are the naturally measured parameters for
nulling ellipsometers (see below). The matrix M sim-
plifies considerably when the sample is isotropic: M is
block-diagonal, with eight elements equal to 0, and

Figure 3 A schematic diagram of light reflecting from a sample
surface. The s and p vectors indicate the direction of s and p
polarized light, as defined by the plane of incidence. The angle of
incidence is φ, and N0, Nf and Ns are the complex refractive
indices of the ambient, film and substrate, respectively.
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only two parameters (such as ρ = ρr + i ρi or ψ and ∆)
are needed to specify M, since N2 + S2 + C2 = 1.

For birefringent samples, rsp ≠ rps ≠ 0, and the off-
block diagonal elements of M are no longer 0, nor
are the on-block diagonal elements of M so simply
defined. However, Equation [7a] is still valid as long
as the sample is nondepolarizing. In this case, six pa-
rameters are required to specify all 16 elements of
the normalized sample Mueller matrix, given by
Equation [8e] and 

Up to now, we have assumed that no optical ele-
ment depolarizes the light. Usually, this is true, but
there are some cases where depolarization must be
considered. (1) If the input light beam illuminates an
area of the sample where the film thickness(es) is
(are) not uniform, quasi-depolarization can occur.
(2) If the sample substrate is transparent, then light
reflecting from the back surface will contribute an
intensity component to the light beam entering the
PSD that is not phase-related to the light reflected
from the front face and the light beam will be quasi-
depolarized. (3) If the sample is very rough, then
some of the light reaching the PSD will not have an
identifiable polarization state or cross-polarization
can occur in nominally isotropic systems. All of these
effects invalidate the Mueller–Jones matrix represen-
tation of the sample surface shown in Equation [7a].

Types of ellipsometers

There are many different kinds of ellipsometers,
some of which are shown schematically in Figure 4.
All ellipsometers measure one or more quantities
that can be related to the complex reflection coeffi-
cient ratio ρ shown in Equations [8].

Nulling ellipsometer

The oldest and most common type of ellipsometer is
the nulling ellipsometer, shown schematically in
Figure 4A. The light source for a modern nulling
ellipsometer is usually a small laser, but other mono-
chromatic sources can also be used. The PSG is a
polarizer–retarder pair, and the PSD is a linear

polarizer, historically called the analyser. If the
quarter-wave plate is oriented at 45º with respect to
the plane of incidence, the intensity of the light beam
incident upon the detector is given by

where θp and θa are the azimuthal angles of the
polarizer and analyser, respectively, and N, S and C
are the quantities given in Equations [8]. The inten-
sity given in Equation [9] has a null at two sets of
angles: (2θp, θa) = (270º – ∆, ψ), (90º – ∆, 180º – ψ).
Therefore, nulling ellipsometry measurements are
made by rotating the PSG polarizer and the PSD
polarizer (analyser) until the light intensity reaching
the detector is a minimum. The angles ψ and ∆ are
determined from the azimuthal angles of the PSG
and PSD polarizers.

The nulling ellipsometer is one of the simplest el-
lipsometers and it is capable of very accurate meas-
urements with proper calibration. However, it
normally uses a single-wavelength source and it is
not easily made spectroscopic. Moreover, measure-
ment times are slow, so this type of instrument is not
useful for spectroscopic ellipsometry or for fast time-
resolved measurements.

Rotating analyser ellipsometer (RAE)

The most common type of spectroscopic ellipsome-
ter is the rotating analyser (or rotating polarizer)
ellipsometer, shown schematically in Figure 4B. The
PSG is a linear polarizer, as is the PSD, and one of
the optical elements (the analyser in Figure 4B) is
physically rotated, making the light intensity at the
detector a periodic function of time. For an analyser
(PSD) rotating at an angular frequency of ω and with
the polarizer (PSG) set at an azimuthal angle of θp,
the intensity is given by

where
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The quantity δc is a constant phase shift. The coeffi-
cients α and β can be determined using demodulation
techniques or Fourier analysis. Normally, θp = 45º,
where α = –N, and β = C.

In its normal form, the RAE includes only polariz-
ers, although a retarder can be added to either the
PSG or the PSD. If only polarizers are used, this in-
strument is very easy to make spectroscopic, since no
optical component other than the sample is wave-
length dependent. Furthermore, the measurement
time depends principally on the rotation speed of the
rotating element. For a rotation speed of 100 Hz,
measurements can be completed in 40 ms. In some
configurations of the rotating polarizer ellipsometer,
a spectrograph is placed after the PSD and the light
is detected by a photodiode array. This ellipsometer
can collect an entire spectrum with a single series of

measurements, typically taking about 1s to collect
and analyse each spectrum.

The RAE measures two quantities, N and a linear
combination of C and S. If there is no retarder, the
RAE measures N and C, and will therefore be sub-
ject to large errors in ∆ if ∆ is near 0º or 180º and an
uncertainty of the sign of ∆. The use of a quarter-
wave retarder shifts the inaccuracy in ∆ to the
regions near ±90º.

Photoelastic modulator ellipsometer (PME)

Another common spectroscopic ellipsometer is based
on the photoelastic modulator (PEM), shown in
Figure 4C. Normally, the PSG consists of a
polarizer–PEM pair, where the polarizer is oriented
at 45º with respect to the vibration axis of the PEM
(see Figure 2C). The intensity of the light arriving at
the detector is a function of time given by

where

The quantity A is the Bessel angle of the PEM modu-
lation, and is proportional to the amplitude of mod-
ulation; normally, this is set at 2.4048 radians. The
frequency of the PEM is denoted by 2πω, and is nor-
mally ∼ 50 kHz. The quantities θm and θa are the azi-
muthal angles of the modulator and the PSD
polarizer, respectively.

The time dependence of the light intensity from
the PME is considerably more complicated than that
from the RAE, since the basis functions are
sin(Asin(ωt)) and cos(Asin(ωt)), rather than sin(ωt)
and cos(ωt) as for the RAE. However, these func-
tions can be expressed in terms of a Fourier–Bessel
infinite series:

Figure 4 Schematic diagrams of three ellipsometers in
common use. (A) The nulling ellipsometer, which normally uses
monochromatic light. (B) The rotating analyser ellipsometer. (C)
The polarization modulation ellipsometer.
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Therefore, a demodulation or Fourier analysis of the
waveform of Equation [11a] can also be used to get
the coefficients IX and IY.

The PME is more complicated than the RAE, since
the modulation amplitude of the PEM must be cali-
brated and its small but significant static retardation
measured at all wavelengths used. Furthermore, the
frequency of the PEM is about 500 times faster than
the rotation speed of the RAE; this improves the time
resolution to ∼ 1ms, but requires faster electronics for
data collection. In its normal configuration discussed
above, the PME can measure S and either N or C.
However, if the PSD polarizer is replaced with a Wol-
laston prism polarizer and both channels are detected
(measuring a total of four quantities), then it is possi-
ble to measure N, S, and C simultaneously. This im-
plementation is called the two-channel spectroscopic
polarization modulation ellipsometer (2C-SPME).

Other configurations

The ellipsometer configurations discussed above are
particularly useful if the sample is isotropic. If the
sample is anisotropic, then many of the simplifica-
tions used above are not valid, and many more meas-
urements must usually be made, since the normalized
sample Mueller matrix contains six independent
quantities. One such implementation is the two-
modulator generalized ellipsometer (2-MGE) which
uses two PEMs operating at different frequencies.
The 2-MGE is spectroscopic and is capable of meas-
uring all six independent elements of the sample
Mueller matrix simultaneously. Other configura-
tions are discussed in the review article by Hauge.

Application: Silicon dioxide films on 
silicon

One of the most useful applications of ellipsometry
has been the routine measurement of silicon dioxide
(SiO2) film thicknesses grown on silicon. Since the
refractive index of SiO2 is well known, and does not
depend significantly on film deposition technique,
nulling ellipsometry measurements are usually suffi-
cient to determine film thickness.

Figure 5 shows a plot of ψ versus ∆ for thin-film
SiO2 grown on silicon for a wavelength of 633 nm
(the wavelength of a HeNe laser). The angle of
incidence used for the calculation was 70º, the film

refractive index nf = 1.46, and the complex refractive
index of silicon Ns = ns + iks = 3.86 + i 0.018. This
plot shows the trajectory that ψ–∆ follows as the film
thickness increases from zero to ∼ 280 nm, where the
position along the trajectory for several thicknesses
is noted in the figure. For zero film thickness, the
value of ∆ is very close to 0º or 180º, owing to the
very small value of ks. If other film refractive indices
were included in this plot, it would be seen that they
would converge to this point. It is therefore very dif-
ficult to determine the refractive index and the thick-
ness of a very thin film from ellipsometry
measurements. Note that the curve comes around on
itself near 283 nm. Therefore, any ellipsometry
measurement of SiO2/Si can only be used to deter-
mine the film thickness modulo the repeat thickness
(283 nm). For film thicknesses from 140 to 160 nm,
the measurements are very sensitive to film thick-
ness, crossing the ∆ = 180º point for a thickness of
141.5 nm (half the repeat thickness).

The same data are plotted in a different manner in
Figure 6. Here, the complex ρ (= tan(ψ) ei∆, see
Equation [8e]) is plotted versus film thickness. Near
zero thickness, Im( ρ) (which is proportional to
sin(∆)) is very small. As the thickness approaches
140 nm, –Re( ρ) gets very large and Im(ρ) changes
sign (Im(ρ) = 0 at half the repeat thickness); this
corresponds to the region of large ψ in Figure 5,
with the change in the sign of Im(ρ) corresponding
to ∆ going through 180º. Again, the value of ρ re-
peats itself after 283 nm.

Figures 7A–C show the measured values of of ρ
for three thicknesses of SiO2 films grown on silicon

Figure 5 The ψ–∆ trajectory for a thin film of SiO2 on silicon.
The angle of incidence φ = 70°, nf = 1.46, Ns = 3.86 + i0.018, and
the wavelength λ = 633nm (HeNe laser).
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(66 nm, 190 nm and 321 nm) at an angle of inci-
dence of 65°. There are several points where
Im( ρ) = 0 and where –Re( ρ) is a maximum:
∼ 335 nm for the 66 nm film; ~305 nm for the
190 nm film; and ∼ 315 nm and ∼ 505 nm for the
321 nm film. Using spectroscopic ellipsometry for
this system is similar to sampling several points
along the ψ–∆ trajectory shown in Figure 5,
although the precise values of the null points of
Im( ρ) will not scale, since Nf and Ns are both func-
tions of wavelength.

Spectroscopic ellipsometry data 
analysis

It is easy to see that there are more than 100 data
points in each of Figures 7A–C, but only a few pa-
rameters to be determined from the data; the prob-
lem is overdetermined. Therefore, fitting procedures
must be used to determine film thicknesses and other
properties of thin films from spectroscopic ellipsom-
etry. This process has three steps: (1) model the near-
surface region of the sample; (2) parametrize or de-
termine the optical functions of each layer; (3) fit the
data using a realistic figure of merit to measure the
‘goodness of fit’. For the case of SiO2 grown on
silicon, a four-media model is used, consisting of air/
SiO2/interface/silicon. The optical functions of the
SiO2 layer are assumed to follow the Sellmeier
approximation:

where the two possible fitting parameters are the
amplitude A and the resonance wavelength λ0. The
interface is assumed to be a thin layer whose optical
functions are those of a Bruggeman effective medi-
um, consisting of 50% SiO2 and 50% Si, and the op-
tical functions of silicon are taken from the
literature. Using this model, three parameters are de-
termined in the fitting procedure (listed in Table 1):
the film thickness df, A from Equation [12] and the
thickness of the interface dinterface; the resonant wave-
length λ0 = 92.3 nm. The third step of the analysis in-
volves the actual fitting of the calculated values of ρ
with the measured values of ρ. This can be done us-
ing a Levenberg–Marquardt algorithm to solve for
the fitted parameters dinterface, df and A using the
reduced χ2 as the figure of merit:

The sum in Equation [13] is taken over N wave-
length points (λi), z is a vector of the fitted parame-
ters (in this case, dinterface, df and A), and m is the
dimensionality of z (i.e. 3). The quantities in the
denominator (δρ (λi)) are the errors in the experi-
mental data. The χ2 is a good metric for the ‘good-
ness of fit’ to ellipsometry data. If χ2 is near 1 the fit
is a good fit, but if it is much greater than 1 the
model does not fit the data. After the parameters are
determined, it is also necessary to calculate the error
limits as well as the correlation coefficients of all the
fitted parameters.

The results of the fits to the data presented in
Figures 7A–C are shown in Table 1, as well as the
errors of each of the fitted parameters and the final χ2

of the fit. All χ2 values are near 1, indicating that the
model fits the data. The errors listed for the thickness
are all small, showing that the film thickness is a very
well determined parameter for these data sets. The
parameter A is a measure of the SiO2 refractive index,

Figure 6 The complex reflection ratio ρ for the system de-
scribed in Figure 5.

Table 1 The results of the fitting procedure on the spectroscop-
ic ellipsometry data taken on several thin-film SiO2/Si samples,
shown in Figures 7A–C. Τhe refractive index is calculated from
Equation [13] assuming λ0 = 92.3 nm

Sample

Film 
thickness 
(nm) A

Refractive 
index 
(600 nm)

Interface 
thickness 
(nm) χ2

a 66.4 ± 0.1 1.149 ± 0.002 1.475 0.0 ± 0.2 0.18

b 188.9 ± 0.3 1.115 ± 0.003 1.464 1.4 ± 0.2 1.21

c 321.5 ± 0.4 1.139 ± 0.003 1.472 1.0 ± 0.2 0.84

Fused 
silica

– 1.099 1.458 – –
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Figure 7 The spectroscopic values of the complex reflection ratio ρ for three samples of SiO2 films grown on silicon as measured by
spectroscopic ellipsometry. The three different thicknesses are (A) 66nm, (B) 190nm, and (C) 321nm.
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showing that thin-film SiO2 can have a slightly larger
refractive index than bulk fused silica.

List of symbols

A = Bessel angle of PEM modulation, amplitude;
C = sin(2ψ)cos(∆); d = film thickness; I0 = total in-
tensity element of Stokes vector; In = element of
Stokes vector, intensity of light linearly polarized at
n degrees; Jn = Bessel functions; J = Jones matrix;
k = extinction coefficient; m = dimensionality of z;
M = Mueller matrix, normalized Mueller–Jones ma-
trix; MMJ = Mueller–Jones matrix; n = refractive
index; N0, Nf, Ns = complex refractive indices;
rp, rs, etc. = complex reflection coefficients;
S = sin(2ψ)sin(∆); S = Stokes vector; V = voltage, Irc–
Ilc element of Stokes vector; z = vector of fitted pa-
rameters (Eqn [14]); α = absorption coefficient;
δc = constant phase shift; ∆ = ellipsometry angle;
θ = azimuthal angle; λ = wavelength; ρ = complex re-
flection ratio; φ =angle of incidence; φf, φs = complex
angles; χ2 = figure of merit; ψ = ellipsometry angle;
ω = angular frequency.

See also: Chiroptical Spectroscopy, Oriented Mole-
cules and Anisotropic Systems; Fibres and Films
Studied Using X-Ray Diffraction; Fluorescence Polar-
ization and Anisotropy; Light Sources and Optics;
Linear Dichroism Theory.
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Introduction

Living organisms have a remarkable ability to
distinguish enantiomers. Enzymes and cell surface
receptors are handed, such that enantiomers often
exhibit different properties in living systems. In
extreme cases one enantiomer might be beneficial to a
living organism, whereas the other might be harmful.
Therefore, it is critical that methods exist to
determine the enantiomeric purity and assign
absolute configurations of chemical compounds.
Various types of chiroptical spectroscopy are used for
this. NMR spectroscopy is one of the most common

and powerful methods for the determination of
enantiomeric excess (typically to 1% of the minor
enantiomer) and absolute configurations. There are
generally considered to be three broad categories of
reagents suitable for chiral resolution in NMR
spectroscopy: chiral derivatizing agents, chiral
solvating agents, and lanthanide shift reagents.

Chiral derivatizing agents are optically pure com-
pounds that undergo reactions with the enantiomers
being analysed. Most derivatization reactions in-
volve the formation of covalent bonds; however,
some examples, most notably with carboxylic acids
and amines, rely on the formation of soluble salts.

MAGNETIC RESONANCE
Applications
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The resulting complexes are diastereoisomers, which
may then exhibit different chemical shifts in their
NMR spectra. Derivatization agents must react qu
antitatively with both enantiomers, with complete
retention of configuration of both the substrate and
resolving agent or with complete stereospecificity of
any perturbations that occur. Useful chiral derivatiz-
ing agents usually have a discrete and specific NMR
signal (e.g. a methyl group, fluorine, or phosphorus
singlet in the 1H, 19F, or 31P NMR spectrum) that is
conveniently monitored for enantiomeric resolution.
Most chiral derivatizing agents function with com-
pounds that are readily modified, such as amines,
alcohols, and carboxylic acids. In many instances it
is possible to assign absolute configurations either by
observing trends in the data on similar families of
compounds, or through a detailed analysis of the
geometric differences that lead to distinctions in the
chemical shift values of the diastereoisomers.

Chiral solvating agents are additives that react in
situ with the compound being analysed. Rather than
forming covalent bonds or ion pairs, chiral solvating
agents associate with the substrate through combina-
tions of van der Waals forces. Hydrogen bonding,
charge-transfer complexation of electron-rich and
electron-deficient aromatic rings, and steric effects
are important interactions. The change in chemical
shifts that occur in the spectrum of a compound in
the presence of a chiral solvating agent are denoted
as ∆δ. The extent of enantiomeric resolution that
might then be observed for a shifted resonance is de-
noted as ∆∆δ.

Chiral solvating agents function by two possible
mechanisms: Equations [1] and [2] represent the
association of a pair of enantiomers with a chiral
solvating agent (CSA), in which KR and KS denote the
association constants for the R and S enantiomers

respectively. These reactions should occur rapidly on
the NMR time scale such that the spectrum of the
substrate is a time average of the bound and unbound
form. A typical observation is that KR and KS are not
equal, so that one enantiomer spends more time free
in the bulk solvent than the other. The different time-
averaged solvation environments may result in differ-
ences in the NMR spectrum. In addition, the two
complexes (R-CSA and S-CSA) are diastereoisomers
and therefore can have different chemical shifts irre-
spective of the relative magnitude of the association
constants. In many cases, it is reasonable to assume

that both mechanisms partially contribute to the
enantiomeric resolution. It is sometimes possible to
determine which of the two mechanisms predomi-
nates. With certain chiral solvating agents, the mech-
anism that leads to the enantiodiscrimination is well
understood and absolute configurations can be
assigned on the basis of the relative shifts.

Enantiomeric resolution with chiral solvating
agents is dependent on the relative concentrations of
the reagents. Usually, enantiomeric resolution is best
when the concentration of solvating agent is greater
than or equal to that of the enantiomers. Tempera-
ture is also an important variable. Lowering the
temperature usually, but not always, increases the
association of solvating agent and substrate, thereby
increasing the enantiomeric resolution.

Lanthanide shift reagents are in actuality chiral
solvating agents; however, their behaviour is in
some ways unique and they are typically considered
a separate category of chiral resolving agents. Chi-
rality is achieved by complexing the lanthanide ion
with a chiral ligand. Electron-rich hard Lewis bases
(typically oxygen- and nitrogen-containing com-
pounds) interact through a donor–acceptor process
with the positive lanthanide ion. Binuclear lantha-
nide–silver complexes have been developed for use
with soft Lewis bases such as olefins, aromatics,
phosphines, and halogenated compounds. With the
binuclear reagents, the soft Lewis base associates
with the silver ion.

Paramagnetic lanthanide ions induce substantially
larger shifts, and often larger enantiomeric resolu-
tion, than is observed with other chiral derivatizing or
solvating agents. Enantiodiscrimination can occur
because of differences in association constants and/or
because the resulting complexes are diastereoisomers.
An advantage of lanthanide shift reagents is the broad
range of compounds for which they are potentially
effective. A disadvantage is that the chiral ligands in
the lanthanide complexes are not geometrically rigid
but instead are conformationally mobile. As a sub-
strate binds, the chiral ligands alter their spatial posi-
tion to accommodate the additional ligand. This
effectively eliminates the ability to understand the
basis of the enantiodiscrimination at the molecular
level, so that assigning absolute configurations is dif-
ficult and only accomplished by observing trends on
similar compounds with known configurations.

Chiral derivatizing agents

Perhaps no reagent for enantiomeric resolution is
more widely known than α-methoxy-α-trifluoro-
methylphenylacetic acid (MTPA), otherwise known
as Mosher’s reagent [1]. Either the acid or acid



ENANTIOMERIC PURITY STUDIED USING NMR 413

chloride form is suitable for derivation of alcohols
into esters and amines into amides. MTPA possesses
all the classical features of an effective chiral
derivatizing agent. The methoxy singlet in the 1H
NMR spectrum and the trifluoromethyl singlet in the
19F NMR spectrum often show enantiomeric
resolution. Enantiomeric distinction is usually
observed only when the site of chirality is near the
hydroxy or amine group at which derivatization
occurs. In addition, by analysing the geometry of the
resulting derivatives, it is often possible to explain
the order of shifts in the 1H NMR spectrum. An ex-
ample is shown in Figure 1 for the MTPA deriva-
tives of secondary carbinols and primary amines.

A variety of chiral resolving reagents that are
structurally similar to Mosher’s reagent have been
reported. These include examples in which the phe-
nyl group of [1] has been replaced with naphthyl or
anthryl groups; the methoxy group with acetoxy,
methyl, ethyl, or hydroxy groups or a fluorine atom;
or the trifluoromethyl group with a cyano group or a
hydrogen atom. Collectively, these reagents are ef-
fective for amines, alcohols, β-amino alcohols, and
thiols. Several have been used to resolve the spectra
of amines through the formation of diastereoisomer-
ic salts. The compounds α-methoxy-α-(1-naphthyl)
acetic acid and α-methoxy-α-(9-anthryl) acetic acid,
which possess a more sterically hindered group than
[1], often provide a larger degree of enantiomeric
resolution in the NMR spectra and can be used to
analyse compounds with more remotely disposed
chiral centres. The 19F NMR spectrum of derivatives
of α-cyano-α-fluoro-phenylacetic acid, in which the
fluorine atom is closer to the chiral centre than in
MTPA, show enantiodiscrimination in compounds
with remotely disposed chiral centres. Enantiomeric
excesses of primary alcohols that are highly hindered
or have the asymmetric centre at the β carbon have
been determined using a sterically hindered com-
pound such as α-methoxy-α-(9-anthryl)-acetic acid.

The choice of solvent is critical when diastereoiso-
meric salts are formed. Polar solvents solvate the
ions, thereby inhibiting ion pair formation and re-
ducing enantiomeric resolution. Non-polar solvents
such as chloroform or benzene are preferable. A sim-
ilar observation occurs as well with many chiral

solvating agents and lanthanide shift reagents, and
non-polar solvents are preferred.

Axially chiral carboxylic acids such as [2] and [3]
can be used to prepare diastereoisomers of secondary
alcohols. The NMR spectra of the diastereoisomers
show enantiomeric resolution and it is possible to
assign absolute configurations. Monocyclic, chiral
carboxylic acid compounds such as tetrahydro-5-
oxo-2-furancarboxylic acid and 2,2-diphenylcyclo-
propane-carboxylic acid have been used to derivatize
secondary alcohols for the purpose of enantiomeric
resolution. Similarly, bicyclic derivatizing agents
such as camphanic acid, camphanic acid chloride, or
camphor sulfonyl chloride have been used to deriva-
tize amines or alcohols to their respective amides or
esters for the purpose of enantiomeric resolution.

By using optically pure alcohols such as
methylmandelate, α-phenylethanol, 2-(trifluorome-
thyl)benzhydrol, 1,1′-binaphthalene-8,8′-diol, or
ethyl 2-(9-anthryl)-2-hydroxyacetate, or optically
pure amines such as methylbenzylamine, (1-
naphthyl)ethylamine, 9-(1-aminoethyl)anthracene,

Figure 1 Configurational correlation model for (R)-MTPA and
(S)-MTPA derivatives of secondary carbinols and amines.
Reprinted with permission from Dale JA and Mosher HS (1973)
Nuclear magnetic resonance enantiomer reagents. Configuration
correlations via nuclear magnetic resonance chemical shifts of
diastereomeric mandelate, O-methylmandelate, and α-methyl-α-
trifluoromethylphenylacetate (MTPA) esters. Journal of the
American Chemical Society 95: 512–519. Copyright (1973)
American Chemical Society.
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2-(diphenylmethyl)pyrrolidine, 1,2-diphenyl-1,2-di-
aminoethane, or 9-(1-amino-2,2-dimethylpropyl)-
9,10-dihydroanthracene as the chiral derivatizing
agent, it is possible to assess the enantiomeric purity
of chiral carboxylic acids. Amine derivatives of the
naturally occurring monoterpene (+)-3-carene have
been used for this purpose as well. In certain cases it
is possible to assign absolute configurations with
these reagents.

Whereas there are a wide variety of effective chiral
derivitizing agents for amines, alcohols, and carbox-
ylic acids, there are considerably fewer options for
ketones. The absolute configuration of six-mem-
bered cyclic ketones can be determined using bu-
tane-2,3-diol or the related 1,4-dimethoxybutane-
2,3-diol. Enantiomeric resolution is observed in the
13C or 1H NMR spectra of the resulting butane-2,3-
diol acetal. Absolute configurations can be assigned
according to the model in Figure 2, provided the cy-
clohexane ring of the acetal has a preference for the
chair form. The model does not work for acyclic
ketones, cyclopentanones, or cycloheptanones.

The 31P nucleus is especially well suited for observ-
ing enantiodiscrimination in diastereoisomers and a
variety of phosphorus-containing chiral reagents
(Figure 3) have been developed [4]–[11]. Certain of
these reagents [5, 6, 8] function with chiral primary
alcohols. A particularly interesting example is the use
of [8] to resolve the 2H and 31P spectra of derivatives
of [1-2H] ethanol (CH3CHDOH). Other of the phos-
phorus-containing reagents function with amines,
secondary or tertiary alcohols, and thiols. The
phosphoric acid derivative [7] can be used to resolve
amines through the formation of diastereomeric
salts.

The 77Se nucleus has a spin of , reasonable natu-
ral abundance (7.5%), adequate sensitivity
(6.98 × 10−3 compared with 1H), a large chemical
shift range, and is extremely sensitive to its electronic
environment. Compound [12] is an effective chiral
derivatizing agent for chiral carboxylic acids. Com-
pounds such as 5-methylheptanoic acid and lipoic

acid, which have remotely disposed chiral centres,
and α-deuterophenylacetic acid, which is enantio-
meric by virtue of replacement of a hydrogen atom
with deuterium, show enantiomeric resolution in the
77Se NMR spectrum upon derivatization with [12].

Metal complexes other than the lanthanides can
sometimes be used to effect chiral resolution in the
NMR spectra of enantiomers. Zinc porphyrins with
chiral ligands have been used to distinguish N-substi-
tuted, anionic amino acids and amino acid esters.
Techniques such as NOESY and ROESY can be used
to determine relative interatomic distances. In metal

Figure 2 (A) The model, (B) both enantiomers of 3-methyl-
cyclohexanone acetalysed with (2R, 3R)-butane-2,3-diol and fit-
ted in the model, and (C) both enantiomers of 2-methylcyclohex-
anone acetalysed with (2R, 3R)-butane-2,3-diol and fitted in the
model. Reprinted with permission from Lemiere GL, Dommisse
RA, Lepoivre JA et al (1987) Determination of the absolute con-
figuration of six-membered-ring ketones by 13C NMR. Journal of
the American Chemical Society 109: 1363–1370. Copyright
(1987) American Chemical Society.
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complexes containing a chiral ligand of fixed
geometry, such techniques can be used to definitively
establish the absolute configuration of the ligand.

Chiral metal cations such as [Ru(bipy)3]2+ and
[Ru(phen)3]2+ can be enantiomerically resolved
through the formation of diastereoisomeric salts
with [13]. Both the metal complex and [13] possess
D3 symmetry, which presumably accounts for the
discriminating interactions.

Chiral solvating agents

The first application of a chiral solvating agent
involved the observation of distinct 19F NMR reso-
nances for 2,2,2-trifluoro-1-phenyl ethanol [14] dis-
solved in (R)-α-phenylethylamine. Optically pure
[14] has since been applied more widely as a chiral
solvating agent for a range of compounds, including
oxaziridines, N,N-dialkyl arylamine oxides, and
sulfoxides. (R)-(1)-(9-Anthryl)-2,2,2-trifluoroethanol
[15], which is similar to [14], is often a better chiral
solvating agent than [14]. Compound [15] is also
effective with γ-lactones. Figure 4 shows the associa-
tion of racemic sulfoxides and lactones with [14] and
[15]. Shielding of the aryl group causes the group cis
to it to occur at higher field than the enantiomer with
the same group in the trans position. Similar struc-
tural considerations explain the relative shift orders in
the spectra of oxiridines and N,N-dialkylarylamine
oxides in the presence of [14] and [15].

3,5-Dinitrobenzoyl derivatives of leucine [16]
and phenylglycine, and 1-(1-naphthyl)ethylurea

Figure 4 Association of racemic sulfoxides and lactones with
2,2,2-trifluoro-1-phenyl ethanol [14] and 1-(9-anthryl)-2,2,2-tri-
fluoroethanol [15].
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derivatives of amino acids such as valine, leucine,
and t-leucine [17] were originally developed and ex-
ploited in the liquid chromatographic separation of
enantiomers. The chromatographic phases are po-
tentially suitable for separating thousands of differ-
ent enantiomers. Organic-soluble analogues,
achieved by the conversion of the acid functionality
into an ester, are useful NMR chiral solvating agents
for a wide range of substrates. The related 3,5-dini-
trobenzoyl derivative of phenylethylamine is also
useful as a chiral solvating agent. The dinitrobenzoyl
ring is especially suited to charge-transfer complexa-
tion with aromatic residues of the substrate, the
amide functionalities provide sites of partial negative
and positive charges, and the R group of the amino
acid provides a site for steric hindrance. The naph-
thyl ring of [17] and the aromatic moiety of the pro-
line-containing reagent [18] will form charge-
transfer associations with compounds that have been
converted into their dinitrobenzoyl derivatives.

Figure 5 shows the interactions of aromatic rings
and hydrogen bonding groups that occur between
[16] and [18].

Aromatic diols such as [19] and [20] are axially
chiral. Compound [20] is an especially effective
chiral solvating agent for sulfoxides, phosphine ox-
ides, alcohols, lactams, and amines. With sulfoxides,
it is possible to assign absolute configurations. Qui-
nine has been used as a chiral solvating agent for
hemiacetals and β-hydroxyesters. The compound
t-butylphenylphosphinothioic acid [21] is a useful
chiral solvating agent for a broad range of com-
pounds, including tertiary amine oxides, alcohols,
thiols, and amines.

Other classes of chiral solvating agents function
through the formation of host–guest complexes.
Most notable among these are chiral crown ethers
and cyclodextrins, although host–guest chemistry is
an active area of research and reports describing the
synthesis of specialized hosts designed to effect spe-
cific molecular recognition are increasingly common.
Compounds [22]–[25] are examples of chiral crown
ethers that induce enantiodiscrimination in the
NMR spectra of chiral substrates. Substituents on
the crown are responsible for the chirality. The
18-crown-6 unit in [22] and [23] is especially well
suited for inclusion complexation of protonated
primary amine functionalities.

The chirality in [22] is imparted by the axial chi-
rality of the binaphthyl group; however, steric hin-
drance from the substituent phenyl groups promotes
a greater degree of enantiomeric selectivity. The

Figure 5 Interactions proposed to account for the retention of
the more highly associating enantiomer in [16] and [18]. Reprint-
ed with permission from Pirkle WH, Murray PG, Rausch DJ and
McKenna ST (1996) Intermolecular 1H–1H two-dimensional nu-
clear Overhauser enhancements in the characterization of a
rationally designed chiral recognition system. Journal of Organic
Chemistry 61: 4769–4774. Copyright (1996) American Chemical
Society.
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mannitol unit is responsible for the chirality of [23];
however, enantiomeric discrimination is promoted
through steric effects of the t-butyl group. Crown
ethers can be used as chiral solvating agents in a
variety of solvents, including chloroform, ace-
tonitrile, and methanol. Unlike many other chiral
solvating agents, enantiodiscrimination with crown

ethers is often enhanced in more polar solvents. The
phenolic crown ethers [24] and [25], which each
have two sites of chirality from cis-cyclohexane-1,2-
diol or 1-phenylethane-1,2-diol units, are effective
chiral hosts for neutral amines or aminoethanols.

Cyclodextrins are cyclic oligomers, the most com-
mon of which contain six (α), seven (β), and eight (γ)
D-glucose units (Figure 6). The molecules have a ta-
pered cavity with the secondary hydroxyl groups po-
sitioned at the larger opening and the primary
hydroxyl groups at the smaller. Chiral discrimina-
tion most often occurs through differences in hydro-
gen bonding of the substrate at the secondary
opening. Underivatized cyclodextrins are water sol-
uble. Organic-soluble cyclodextrins can be obtained
by alkylation of the hydroxyl groups.

The underivatized cyclodextrins are rather unu-
sual in their ability to function as water soluble chi-
ral solvating agents. Enantiomeric resolution is
observed in the NMR spectra of a wide range of
water-soluble cationic and anionic substrates.
Organic-soluble cyclodextrins are one of only a few
reagents that can be used to enantiomerically resolve
the spectra of hydrocarbons such as trisubstituted
allenes, α-pinene, and aromatic hydrocarbons.
Amines, alcohols, and carboxylic acids can also be
resolved with organic-soluble cyclodextrins.

A set of host compounds of considerable current
interest are calix(n)arenes [26] and the related
resorcarenes [27]. Both sets of compounds form
cone-shaped molecules. Calixarenes contain para
substituted phenol units connected by methylene
bridges. The most common have four, six, or eight
phenolic units, and by varying the nature of the sub-
stituent group or derivatizing the hydroxyl groups

Figure 6 Structure of β-cyclodextrin. Reprinted with permission from Li S and Purdy WC (1992). Cyclodextrins and their applications
in analytical chemistry. Chemical Reviews 92: 1457–1470. Copyright (1992) American Chemical Society.
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an endless variety of calixarenes can be prepared.
Chirality can be achieved by one of two means.
Inherently chiral calixarenes can be obtained by
replacing one of the ring hydrogens on one of the
phenol units with a substituent group or by synthe-
sizing a compound in which each of the phenol rings
has a different R group. Alternatively, one can attach
optically pure R groups or derivatize the hydroxyl
groups with an optically pure reagent. The calix
resorcarene [27], in which chirality is achieved by
attaching optically pure proline units to the aromatic
ring, is suitable for enantiomeric resolution of cer-
tain water-soluble aromatic alcohols, amino acid
esters, and carboxylic acids in water. Given the cur-
rent interest in this family of compounds, further
developments in this area can be expected.

Chiral liquid crystals consisting of poly-γ-benzyl-L-
glutamate have been used in various organic solvents
to enantiomerically resolve the NMR spectra of
alcohols, amines, carboxylic acids, esters, ethers,
epoxides, tosylates, halides, and hydrocarbons.
Enantiomeric pairs exhibit different ordering
properties in the liquid crystal, leading to different

chemical shifts in the 1H NMR spectra. A more
sensitive way to probe distinctions among enantiom-
ers in these systems is to examine deuterium
quadrupolar splittings. The disadvantage is that deu-
terium labelling of the compound under study is then
required, although procedures are available for
conveniently incorporating deuterium-containing
substituents into amines, amino acids, and alcohols.

Lanthanide shift reagents

Chiral lanthanide shift reagents are noteworthy
because they are effective at inducing enantiomeric
resolution in the NMR spectra of such a wide range
of compounds. Organic soluble lanthanide shift rea-
gents for hard Lewis bases (primarily oxygen- and
nitrogen-containing compounds) consist of tris-β-
diketonate complexes in which the ligands are chiral.
The most common metals used in such studies are
Eu(III), Pr(III), and Yb(III). The lanthanide complex
with 3-(t-butylhydroxymethylene)-D-camphor was
the first one to be studied. A large number of chiral
lanthanide shift reagents have since been evaluated,
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and those that are generally most effective and
commercially available include complexes with 3-tri-
fluoroacetyl)-D-camphor (facam or tfc), 3-hepta-
fluorobutyryl-D-camphor (hfbc or hfc), and D,D-di-
campholylmethane (dcm) [28]. The shifts in the spec-
tra of substrates are usually larger with chelates of
hfbc than with facam; however, the degree of enanti-
omeric resolution exhibits no consistent pattern.
Chelates with dcm are particularly effective at caus-
ing enantiomeric resolution. This may be owing, in
part, to the steric bulk of the ligand which results in
enhanced enantiodistinction of binding substrates.

Lanthanide tris-β-diketonates rely on association
of a lone pair of electrons with the tripositive lantha-
nide ion, and substantially larger enantiomeric reso-
lution is observed in non-coordinating solvents. In
addition, the reagents are hygroscopic and so the
presence of water will significantly reduce the bind-
ing of substrates. Examples of the classes of com-
pounds for which lanthanide tris-β-diketonates have
been utilized for enantiomeric resolution include

alcohols, ketones, esters, lactones, aldehydes,
carboxylic acids, ethers, amines, nitrogen heterocy-
cles, amides, lactams, sulfoxides, sulfines, sulfones,
sulfoximes, sulfilimines, sulfenamides, thiocarbo-
nyls, phosphorus oxides, and chiral metal complexes
that contain ligands with functional groups suitable
for direct association with the lanthanide ions.

Chiral lanthanide shift reagents for soft Lewis bas-
es have been prepared by mixing a chiral lanthanide
tris-β-diketonate such as Ln(facam)3 or Ln(hfbc)3

with a silver β-diketonate such as Ag(fod) (fod = 2,2-
dimethyl-6,6,7,7,8,8,8-heptafluorooctane-3,5dione).
Addition of the two reagents leads to the formation
of a binuclear reagent as illustrated in Equation [3].
The binuclear reagent consists of an ion pair be-
tween a lanthanide tetrakis chelate anion and a silver
cation.

The silver ion coordinates with the soft Lewis base
and the lanthanide induces the shifts. Chiral binucle-
ar reagents have been applied to chiral olefins and
aromatics. Binuclear reagents formed using the dcm
ligand are not effective for chiral resolution, presum-
ably because this ligand is too sterically hindered to
permit formation of the tetrakis chelate anion.
Experimentation is often needed to find the correct
combination of lanthanide and silver β-diketonate to
cause enantiomeric resolution.

Tetrakis chelate anions formed when either a
silver or potassium β-diketonate is mixed with a lan-
thanide tris β-diketonate are effective shift reagents
for organic-soluble salts. Adding an organo-halide or
fluoroborate salt leads to precipitation of silver
halide or potassium fluoroborate, resulting in an or-
ganic-soluble ion pair. These reagents have been
used to enantiomerically resolve the spectra of chiral
isothiouronium and sulfonium ions.
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Water-soluble, chiral lanthanide shift reagents
with ligands such as (S)-[(carboxymethyl)oxy]suc-
cinic acid, (R)-propylene-1,2-diaminetetraacetic
acid, (S,S)-ethylenediamine-N,N′-disuccinic acid,
N, N, N″,N′ -tetrakis-(2-pyridylmethyl)-(R)-propyl-
enediamine, and (S,S)-((1S,2S)-diaminophenylethyl-
ene)-N,N′-disuccinic acid have been developed.
These are especially effective for resolving underiva-
tized α-amino or carboxylic acids. In some cases,
consistent trends in relative shift magnitudes are
observed which allows the assignment of absolute
configurations.

Achiral lanthanide shift reagents such as Eu(fod)3

have been used in a variety of instances, including
with MTPA esters, to enhance the resolution in the
spectra of diastereoisomers formed from derivitiza-
tion with an optically pure reagent. The relative
shifts in the spectra of the diastereoisomers often
show characteristic trends, enabling the assignment
of absolute configurations. Achiral lanthanide shift
reagents can also be added to solutions of chiral sol-
vating agents and substrates to enhance enantio-
meric resolution. Two mechanisms can explain the
enhancement.

The first is observed when the chiral solvating
agent has a high association with the achiral lantha-
nide complex. Bonding of the CSA to the lanthanide
(Ln) effectively creates a chiral lanthanide shift rea-
gent (Ln–CSA) (Eqn [4]). This species then interacts

with the chiral substrate (S) to cause enantiomeric
resolution (Eqns [5] and [6]). The chiral substrate
can directly associate with either the lanthanide ion
(Eqn [5]), or, as observed with certain optically pure
chiral carboxylate species, the lanthanide-bonded
chiral solvating agent (Eqn [6]). 

The second mechanism is favoured when the sub-
strate has a much stronger association with the
lanthanide complex than the chiral solvating agent.
If the enantiomers have different association con-
stants with the chiral solvating agent, the enantiomer
less favourably associated with the solvating agent is
more available for complexation with the lanthanide
and exhibits larger lanthanide-induced shifts (Eqns
[7] and [8]).
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This mechanism has been observed with perfluoro-
alkyl carbinols [14] and [15], dinitrobenzoyl deriva-
tives of amino acids [16], 1-(1-naphthyl)-ethylurea
derivatives of amino acids [17], and chiral crown
ethers [22] and [23]. The lanthanide shift reagent is
usually Ln(fod)3. With crown ether–ammonium salt
combinations, lanthanide tetrakis chelate anions of
the formula Ln(fod)  are used.

Lanthanide ions have been covalently attached to
either the primary or secondary side of cyclodextrins
through a diethylenetriaminepentaacetic acid (DT-
PA) ligand [29]. Adding Dy(III) to the cyclodextrin-
DTPA derivatives can enhance the enantiomeric
resolution in the spectra of substrates that form host–
guest complexes with the cyclodextrin. Enhance-
ments in enantiomeric resolution are larger with the
secondary derivative, which is consistent with the ob-
servation that enantiodiscrimination with cyclodex-
trins usually involves interactions with the hydroxyl
groups on the secondary opening of the cavity.

Conclusions

The number of available chiral derivatizing agents,
solvating agents, and lanthanide shift reagents pro-
vides the possibility of enantiomerically resolving the
NMR spectra of a wide variety of compound classes.
Furthermore, in many instances the mechanism that
leads to the enantiomeric resolution is well enough
understood that it is possible to assign absolute con-
figurations based on the relative shift order. Since
none of the reagents is ever 100% effective, experi-
mentation with several resolving agents may be nec-
essary. Given the increasing interest in knowing and
controlling the optical purity of chemicals, a better

understanding of existing systems and the develop-
ment of additional reagents for enantiomeric discrim-
ination in NMR spectroscopy seems to be assured.

See also: Chemical Shift and Relaxation Reagents in
NMR; Chiroptical Spectroscopy, General Theory; Het-
eronuclear NMR Applications (O, S, Se, Te); Liquid
Crystals and Liquid Crystal Solutions Studied By
NMR; NMR Relaxation Rates; Nuclear Overhauser
Effect; 31P NMR; Parameters in NMR Spectroscopy,
Theory of; Vibrational CD, Applications.
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We consider the determination of the concentration
of elements in various materials studied in agricultur-
al and environmental applications, by the use of the
following methods: atomic absorption spectroscopy
(AAS) using a flame (FAAS) or a graphite furnace
(GFAAS) as an atom cell; inductively coupled plasma
atomic emission spectroscopy (ICPAES); inductively
coupled plasma mass spectrometry (ICPMS) and X-
ray fluorescence (XRF). The analytical characteris-
tics of the methods as normally practised are com-
pared with the requirements of fitness for purpose in
the examination of soils and sediments, waters, dusts
and air particulates, and animal and plant tissue.
However, there are numerous specialized techniques
that cannot be included here.

Introduction

Environmental and agricultural studies involve a
number of different materials that need to be analysed.
The principal test materials encountered by the analyst
in this sector are soils, sediments, air, dusts, water,
plant material and animal tissue. For completely
practical reasons, we need to know the composition of
these media over wide concentration ranges, from
major constituents to elements at ultratrace levels.
One is especially interested in the way elements are
transferred between media, their biological role and
metabolic pathways, and their ultimate fate.

Almost invariably in these applications we can be
satisfied if the analytical result obtained is within a
range of 90–110% of the true result. This modest
fitness-for-purpose requirement is an outcome of the
high uncertainties in sampling of environmental
materials. In these circumstances, the total uncer-
tainty (sampling plus analytical) is not improved by
the use of high-accuracy analytical methods. Overall,
therefore, it is a more effective use of resources to
analyse a larger number of samples with only
moderate accuracy.

Atomic spectroscopy is almost exclusively the
method of choice in the determination of concentra-
tions of elements in agricultural and environmental
studies. There are several reasons for this: (a) for the

most part no separations are needed before the
measurement, only a straightforward dissolution
procedure; (b) test materials can be analysed in rapid
succession; (c) elements can be determined at suit-
ably low concentrations; (d) apart from atomic
absorption, atomic spectroscopy methods are suita-
ble for determining many elements simultaneously;
(e) modern atomic spectroscopy methods can easily
fulfil the accuracy requirement specified above. No
other methods can match this range of performance.
Where speciation studies require a preliminary sepa-
ration of the analytes, atomic spectroscopy is often
the method used in ‘hyphenated’ methods to provide
a very sensitive and virtually specific detector for
almost any element.

In the following sections we consider the key fea-
tures of the atomic spectroscopy methods, how they
relate to user requirements, and how they are
applied to specific types of test materials. Although
only laboratory-based methods are considered here,
it must be recalled that field methods sometimes find
worthwhile applications: XRF is one atomic spec-
troscopy method that is available as a truly portable
instrument.

Detection limits

The detection limit is (informally) the lowest concen-
tration of the analyte that can be reliably detected,
and is a reflection of the precision of the instrumen-
tal response obtained by the method when the con-
centration of the analyte is zero. Obviously, if the
uncertainty range of the measurement (at some spec-
ified level of probability) includes zero, we are not
sure that the analyte has been detected. However,
detection limits as supplied in the literature and
manufacturers’ brochures can be misleading to the
unwary. Their magnitude depends critically on the
conditions under which the precision was estimated.
Manufacturers and method developers usually quote
‘instrumental detection limits’, where the precision is
estimated on the pure solvent (or other matrix) in the
shortest possible time, with no adjustments at all to
the instrument.

ATOMIC SPECTROSCOPY
Applications
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Such detection limits usually need to be adjusted
before they can be applied to the analysis of real
materials, inter alia to allow for the ‘dilution’ of the
analytes. For instance, in the analysis of a soil, a
0.1 g test portion may be treated with reagents and
the analytes liberated into solution may be made up
to a volume of 10.00 mL for presentation to the
instrument. The analytes have been diluted by a fac-
tor of 100, in that an element at a concentration of
100 ppm in the soil will be presented to the instru-
ment at a concentration of 1 ppm in the test solu-
tion. In addition, in ‘real analysis’, many features
other than short-term instrumental variation play a
part in the variability of results. Thus, detection lim-
its estimated under repeatability or reproducibility
conditions may be considerably higher than simple
dilution-adjusted instrumental detection limits, by as
much as an order of magnitude. We here consider in-
strumental detection limits, adjusted for dilution and
with an extra factor of 5 to convert them roughly to
repeatability detection limits.

The detection limit also depends critically on de-
tails of the instrumentation. For example, magnetic
sector ICPMS provides detection limits lower than
those of quadrupole instruments by between one and
two orders of magnitude.

Among the atomic spectroscopy methods, flame
and furnace methods have very variable detection
limits, because they are affected by variations among
the elements in terms of efficiency of atomization
and efficiency of ionization. ICPAES and ICPMS
show a smaller range of detection limits, because
atomization is uniformly close to 100% efficient,
and the efficiency of ionization accounts for much of
the remaining differences. Thus, in ICPMS, elements
more difficult to ionize (e.g. nonmetals) have higher
detection limits. The outcome is that FAAS, being
fast, cheap and robust, is used for a limited range of
more abundant elements. GFAAS, being slow and re-
quiring much care, but with much lower detection
limits for some elements, is used on a much more re-
stricted scale, typically for low trace elements such as
lead and cadmium in food and drink. ICPAES is fast
and robust and moderately priced, and is widely
used as the workhorse method for major and trace
elements, with instrumental detection limits typically
1–50 ppb (parts per 109). ICPMS is unique in the
very low detection limits obtainable in simultaneous
analysis, typically 0.1–10 ppt (parts per 1012), but it
requires a high dilution factor (typically 500–1000),
is more expensive, and is more prone to downtime.
In XRF methods, the detection limit is poor for light
elements but roughly constant at a few ppm for
elements heavier than iron, and the method usually
requires only small dilution factors.

Asymptotic precision

The other aspect of precision that affects the judge-
ment of instrumental analysis can be called ‘asymp-
totic precision’, which is precision estimated at a
concentration orders of magnitude above the detec-
tion limit. Under that condition we usually find that
relative precision is concentration invariant, i.e. the
relative standard deviation (RSD) is constant. Thus,
in general, with increasing concentration the asymp-
totic precision always increases, but the relative
standard deviation falls sharply, from about 30% at
the detection limit, to close to the asymptotic level at
20–100 times the detection limit (Figure 1). Usually
we try to arrange matters so that we make measure-
ments at these near-asymptotic precisions.

Asymptotic precisions for atomic spectrometry
methods depend on the type of instrumentation, but
also on other factors such as the protocols used for
calibration and measurement, and whether internal
standardization has been used. Typical between-run
values as RSDs are: FAAS, 1.5%; GFAAS, 5%;
ICPAES, 1%; ICPMS, 3%; XRF, 0.5–1%.

Abundance–detection limit (ADL) diagrams

A convenient way of summarizing the applicability
of the various methods to various types of test mate-
rials, over the range of relevant elements, is the use
of abundance–detection limit (ADL) diagrams. For
each element in these diagrams, the detection limit of
the method (d), is plotted against the median concen-
tration found in the sampling medium in question
(the abundance, a). (The detection limit is adjusted

Figure 1 Relationship between precision of measurement (as
relative standard deviation) and concentration of analyte (ex-
pressed in units of multiples of detection limit). The graph shows
the sharp fall in relative standard deviation just above the detec-
tion limit, and the comparatively steady values in the preferred
working range.
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for a likely dilution factor and with an extra allow-
ance to convert instrumental detection limits into
between-run detection limits.) Both variables are
expressed as mass fractions (e.g., 1 ppm ≡ 10−6) and
plotted on log10 scales. (Frequency distributions of
concentrations of trace elements in randomly select-
ed agricultural and environmental media are usually
strongly skewed to the positive tail, so lower concen-
trations are well represented by the median. In any
event, information on percentiles other than the
median is difficult to compile.)

ADL diagrams are divided into four zones
(Figure 2) by three lines: (i) d = a/10; (ii) d = a; and
(iii) d = 10a. Elements plotting to the right of and
below line (ii) can be determined with at least mod-
erately good precision at normal concentrations.
Line (i) represents concentrations at 10× the detec-
tion limit, at which the elements can be determined
with a relative precision of about 5%. Elements plot-
ting to the right of and below this line can therefore
be determined with completely acceptable precision,
and those plotting between lines (i) and (ii) with
moderate precision. Elements between lines (ii) and
(iii) can be determined with moderate precision only
after a 10× preconcentration, while elements above
or to the left of line (iii) can be determined only if
preconcentrated to a degree greater than tenfold.
These diagrams will be used to compare the capabili-
ties of the various methods.

Interference effects

Another figure of merit that describes the quality of
the data produced in atomic spectroscopy is ‘true-
ness’, which, in the absence of analytical blunders, is
synonymous with lack of interference. Interference is
defined as the influence on the analytical signal
relating to an analyte caused by constituents of the
test materials other than the analyte (the concomi-
tants). Broadly, atomic spectroscopy is affected by
interference to a remarkably low extent. However,
interference is not absent and usually has to be taken
seriously. Fortunately, there are well-established an-
alytical techniques for obviating the effects of
interference that are eminently applicable to atomic
spectroscopy.

Interference effects are often spectral in origin. In
atomic emission and absorption they result when a
concomitant gives rise either to photons close to the
same wavelength as the analyte (spectral overlap) or
to photons of another wavelength that inadvertently
arrive at the detector (stray light). Methods for over-
coming such spectral problems usually involve either
a separate estimation of the background to a spectral
line, or estimation of the concomitant concentration
at another region of the spectrum and the calculation
therefrom of an appropriate correction term. These
features are built into modern instruments and their
software, but the correction procedure may degrade
other aspects of performance such as the detection
limit. Comparable problems occur in mass
spectrometry.

Nonspectral interferences are called matrix effects.
In free-atom methods, matrix effects often reflect
changes in the efficiency of atomization of the ana-
lyte or of excitation of the separate atoms produced
in the atom cell. In FAAS and ICPAES, changes in
the physical characteristics of the test solutions (e.g.,
surface tension, viscosity, density) may additionally
affect the efficiency of the nebulizer. However, ma-
trix effects seldom cause errors of greater than ±5%
and can often be ignored in agricultural and environ-
mental studies. In GFAAS, by contrast, the composi-
tion of the matrix is crucial in determining the
atomization efficiency, and needs to be carefully con-
trolled. Likewise, in XRF the gross composition of
the pellet or bead may affect the intensity of fluores-
cent X-rays.

There are a number of convenient and effective
ways of handling matrix effects. Where the gross
composition of the test materials is effectively con-
stant, it is sufficient to calibrate the instrument with
matrix-matched calibrators. Even when test materi-
als are also variable, they may sometimes be
matched with calibrators by swamping the native

Figure 2 The layout of an ADL (abundance–detection limit)
diagram, showing the for interpretation for elements that plot in
the various regions of the diagram. The concentration units used
for both axes are mass fractions.
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matrix with a much larger quantity of a matrix mod-
ifier. This technique is commonly used in FAAS,
GFAAS and XRF methods. If matrix matching is not
possible, the method of analyte additions is always
applicable, if somewhat laborious, to methods with
linear calibration functions. In XRF a set of complex
correction equations based on the major composi-
tion is used to correct for matrix effects.

Performance enhancement by chemical 
pretreatment

The detecting power of all of these methods can be
improved by preconcentration after the initial
decomposition of the test material. This procedure,
effected by methods such as ion-exchange, solvent
extraction or solid-phase extraction, is very effective.
It often has the additional advantage of removing the
analytes from their original matrix and thereby con-
siderably reducing matrix effects. Concentration by
a factor of 10 is straightforward, and by 100 is
usually feasible. For the atomization methods it is
convenient, after the initial separation, to return the
analytes to a small volume of aqueous medium.
Trace elements can also be analysed directly in
organic solvents. This is not a popular option,
although there are no inordinate difficulties about
the procedure. Different options for presenting the
separated analytes exist in XRF, for instance trace
analytes can be concentrated by passing the test solu-
tion through an ion-exchange membrane and analys-
ing the membrane in a specially designed holder.

Another widely used method of improving detec-
tion limits is the injection of certain elements in the
gas phase. The elements Ge, Sn, Pb, As, Sb, Bi, Se
and Te all readily form hydrides in acidic aqueous
media on reduction with sodium tetrahydroborate.
As the hydrides are not very soluble in water, they
can be readily transferred into the gas phase and thus
completely separated from the matrix. The efficiency
of hydride formation is high (often approaching
100%), so that detection limits for these elements
can be improved by a factor of 100 without
problems.

Speed of analysis

Speed of analysis is one of the attractive features of
the atomic spectroscopy methods described here. An
important discrimination can be made, however, be-
tween methods that determine elements sequentially
and those, clearly much faster overall, that can deter-
mine a whole suite of elements simultaneously. In
methods involving nebulization, the critical determi-
nant is the time taken for the system to ‘wash out’,
so that material from one test solution is completely

replaced by its successor in the analytical system and
a new stable signal established. It usually takes only
a few seconds subsequently to make a measurement
of the signal intensity. Such sample changeovers can
be as short as 15 s, but are usually longer (1–2 min)
because of poor attention to design in this aspect of
commercial instrumentation. In GFAAS the speed of
analysis is largely controlled by the time needed for
the furnace to cool sufficiently before introduction of
the next sample. XRF exhibits different properties. It
may require a substantial time for the signal to be
collected (minutes), whereas the exchange of one test
material for the next takes only seconds (because
only solids in special holders are moved).

The question of speed is related to the reliability of
the instrumentation. Reliable methods with low op-
erating costs can readily be automated and can left
unattended, e.g. overnight. In those circumstances,
speed may be a secondary consideration. XRF meth-
ods come into this category. For methods that are
more prone to problems during running (and so
cannot be left unattended) or that use expensive con-
sumables (e.g. argon for ICP methods), speed is usu-
ally of the essence.

Instrumental reliability and stability

Reliability is also a key feature in the comparison of
methods. Some methods are inherently reliable and
stable, e.g. XRF. The signal obtained from an ana-
lyte in a particular material will vary only slightly
from run to run, so that calibrations have to be
updated only infrequently. The situation is quite dif-
ferent in methods requiring nebulization and/or
atomization, because there the stability of the signal
depends on such variables as power input, gas flows,
etc. In ICP methods particularly, the efficiency of
atomization can occasionally vary suddenly due to
partial blockages in the nebulizer or in the injector
tip of the plasma torch. Vigilance is required for
early detection of such problems. In addition, in
ICPMS, drift may be caused by gradual occlusion of
the orifice in the sampling cone (part of the plasma–
MS interface) by material passing through the
plasma. This problem must be minimized by the use
of high dilutions (i.e. at least 1:500) or by the use of
flow injection to deliver the test solutions in short
slugs, or its effects may be alleviated by the employ-
ment of an internal standard.

Ease of calibration

Two features contribute to ease of calibration in
analytical methods, (a) linearity over a wide concen-
tration range, and (b) use of solutions (rather than
solids) to present the analyte to the instrument.
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Linearity makes calibration simple by limiting to
two the number of calibrators necessary to estimate
the calibration function for a single analyte. A nearly
(but not necessarily completely) linear calibration
over a considerable concentration range (e.g. more
than four orders of magnitude) is also essential in
multielement calibration, where major and trace
constituents are determined simultaneously.

Preparation of calibrators in solution can be ef-
fected by simple mixing of the correct amounts of
the constituents in an appropriate matrix. There is
little problem with either homogeneity or speciation
of the analytes in that instance. This consideration
applies directly to conventional ways of operating
AAS, ICPAES and ICPMS. It also applies to XRF
methods that employ fused beads, where the test ma-
terial is homogenized in a flux. (The end-product is,
of course, a solid solution). Where solid calibrators
are used, more problems are usually encountered.
The most common of such are problems of creating
a sufficiently homogeneous mixture of the analytes
in a realistic matrix, and problems of speciation of
the analyte. Fortunately, neither of these is a serious
problem in routine XRF, although they may be in
specialist applications of ICPAES and ICPMS, such
as laser ablation work.

There are special problems associated with multi-
element calibration when more than a few elements
are required. First, it is necessary to provide a set of
calibrators that span the range of the test materials
adequately. This is simple if there are no constraints
on the design of the calibrator set. Often there are
such constraints. For instance, for major constituents,
it is not realistic (and sometimes not even possible) to
have all of the major constituents at their maximum
concentration in a single calibrator. In consequence,
methods such as serial dilution of a single concentrat-
ed solution cannot be undertaken, and more complex
designs are required. Constraints due to minor inter-
ferences apply to methods such as ICPAES. In some
styles of calibration for major and trace elements si-
multaneously, there are minor deviations from
linearity and small interference effects from major
constituents that have to be taken into account. Final-
ly, the calibration set must be designed to avoid major
matrix mismatches with the test materials.

In XRF it is common for practitioners to calibrate
with reference materials. As these are natural materi-
als, designs cannot be made optimal. It would in fact
be easier and more accurate to use pure stoichiomet-
ric compounds to synthesize calibrators, just as in
liquid solution work, and this strategy would allow
optimal designs.

Soils and sediments

Soil is the key medium in environmental and agricul-
tural studies of the distribution of the elements. Soils
and sediments are the main repositories of trace
metals. For conventional analysis by AAS and ICP
methods, it is necessary to bring the analytes into so-
lution. This is usually effected by treatment of the
test material with strong mineral acid mixtures. In
many instances a complete dissolution of the soil is
not required. Most elements of agricultural or envi-
ronmental import can be sufficiently solubilized by
evaporation with nitric and perchloric acids, fol-
lowed by a dissolution with hydrochloric acid. Any
elements remaining undissolved after this type of
treatment will hardly be of significance to living or-
ganisms. An attempt at studying the bioavailability
of significant metals can be made by the use of ‘selec-
tive extractants’. These are designed to enable exper-
imenters to distinguish between categories such as
‘readily exchangeable’, ‘organic bound’, etc.

By making some reasonable assumptions about di-
lution factors and the relationship between instru-
mental and repeatability detection limits, it is possible
to construct ADL diagrams for soils analysed by the
various atomic spectroscopy methods. These are
shown in Figures 3–6 for a selection of key elements.
A surprisingly uniform picture emerges, with only
ICPMS being suitable for the direct determination of
elements such as As, Cd, Hg, Mo, Se and U, a range of
important essential or toxic elements of low abun-
dance. However, preconcentration or other sensitivi-
ty-enhancing methods can usually render these
elements capable of determination by AES or AAS
methods. Of the methods considered here, perhaps
the least applicable is FAAS, which is also probably
the most laborious, being a single-element method.

Water

Fresh water is in many ways an ideal medium for
analysis by the atomization methods. It is ready for
direct analysis with virtually no pretreatment, and
no dilution is required. Matrix effects are usually
negligible or easily handled. The method par excel-
lence for water analysis is ICPMS (Figure 7), which
can be used to determine most of the elements direct-
ly. Another important method here is GFAAS which,
although undoubtedly slow, can be used very effec-
tively for a range of useful trace elements. The main
problem with the remaining methods (Figure 8) is
that many important elements are present in fresh
waters at very low concentrations, below the
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detection limits for direct determination by most
AAS and AES methods. For most elements this
drawback can readily be overcome by preconcentra-
tion. Simple evaporation is effective for 10–20-fold
preconcentration, without causing serious matrix ef-
fects. Matrix separations are also simple and useful.
For example, elements such as Cd, Cu, Fe, Mn, Pb
and Zn can be determined by FAAS or ICPAES after
solvent extraction or ion exchange.

Sea water and other saline waters pose some prob-
lems for the atomization methods. Nebulizers for the
ICP tend to become blocked with salt encrustations
with a disastrous effect on sensitivity. This can be
overcome in direct analysis by flow injection tech-
niques, or by the use of ‘high-solids’ nebulizers. Dilu-
tion also helps here but, of course, degrades the
detection limits. The sampling cone in ICPMS equip-
ment is also prone to be gradually occluded when

Figure 3 ADL diagram for soil analysed by flame atomic
absorption spectroscopy. (For explanation see Figure 2.)

Figure 4 ADL diagram for soil analysed by inductively coupled
plasma atomic emission spectroscopy. (For explanation see
Figure 2.)

Figure 5 ADL diagram for soil analysed by inductively coupled
plasma mass spectrometry. (For explanation see Figure 2.)

Figure 6 ADL diagram for soil analysed by X-ray fluorescence
spectroscopy. (For explanation see Figure 2.)
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high-solids solutions are sprayed. Again, preconcen-
tration techniques that provide a separation of the
analytes from the matrix are very useful in this
context.

The speciation of certain elements in water is
important, as it throws light on the transport of the
elements between other media, e.g. the soil–plant
interface. In this context, atomic spectrometry has
the role of providing a sensitive and virtually specific
detector for the individual elements, after some

preliminary process such as chemical separation or
chromatography.

Air and dust

Metallic elements are present in air mostly as partic-
ulate material, which can be removed inter alia by
filtration. Dusts are simply air particulates that have
collected naturally by gravitation. Atomic spectrom-
etry methods are well adapted to the analysis of used
air filters. For instance, filters of the cellulose acetate
type can conveniently be destroyed by oxidation
with nitric/perchloric acid while the metallic ele-
ments are thereby solubilized. The resulting aqueous
solution, of small volume, can be analysed simulta-
neously for many elements by ICPAES or ICPMS.
The former is quite capable of determining most ele-
ments at their threshold concentration after the fil-
tration of (say) 10 litres of air. Alternatively, air
filters have a suitable form for direct analysis by
XRF in special filter holders.

Biological tissues

Animal and plant tissues are usually prepared for
elemental analysis by destruction of the organic ma-
trix by oxidation, either in a furnace (dry ashing) or
by the use of oxidizing acids (wet ashing). The two
methods have similar outcomes in most respects, ex-
cept that there is a tendency for volatile elements

Figure 7 ADL diagram for water analysed by inductively
coupled plasma mass spectrometry. (For explanation see
Figure 2.)

Figure 8 ADL diagram for water analysed by inductively
coupled plasma atomic emission spectroscopy. (For explanation
see Figure 2.)

Figure 9 ADL diagram for plant material analysed by inductive-
ly coupled plasma mass spectrometry. (For explanation see
Figure 2.)
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such as As and Se and even Cd to be lost during dry
ashing, especially if the temperature is allowed to
rise above 500°C. The normal outcome is for the ele-
ments to be nebulized from a dilute solution of hy-
drochloric acid. Matrix effects are not usually
troublesome in this sector, although some materials
high in calcium, potassium or phosphorus may
require special attention. Figures 9 and 10 show the
applicabilities of ICPMS and ICPAES for plant mate-

rial. Concentrations of elements in animal tissues are
broadly similar, although there are contrasts in cer-
tain cases.

See also: Atomic Absorption, Methods and
Instrumentation; Atomic Absorption, Theory; Atomic
Emission, Methods and Instrumentation; Atomic
Spectroscopy, Historical Perspective; Calibration and
Reference Systems (Regulatory Authorities); Envi-
ronmental Applications of Electronic Spectroscopy;
Food & Dairy Products, Applications of Atomic Spec-
troscopy; Food Science, Applications of Mass Spec-
trometry; Food Science, Applications of NMR
Spectroscopy; Inductively Coupled Plasma Mass
Spectrometry, Methods; X-Ray Fluorescence Spec-
trometers; X-Ray Fluorescence Spectroscopy, Appli-
cations.

Further reading

Alloway BJ and Ayres DC (1997) Chemical Principles of
Environmental Pollution, 2nd edn. London: Blackie.

Boumans PWJM (ed) (1987) Inductively Coupled Plasma
Emission Spectrometry. New York: Wiley.

Fifield FW and Haines PJ (1995) Environmental
Analytical Chemistry. London: Blackie.

Gill R (ed) (1997) Modern Analytical Geochemistry.
Harlow: Longman.

Haswell SJ (ed) (1991) Atomic Absorption Spectrometry:
Theory, Design and Applications. Amsterdam: Elsevier.

Thompson M and Walsh JN (1989) Handbook of
Inductively Coupled Plasma Spectrometry, 2nd edn.
Glasgow: Blackie.

Figure 10 ADL diagram for plant material analysed by
inductively coupled plasma atomic emission spectroscopy. (For
explanation see Figure 2.)



430 ENVIRONMENTAL APPLICATIONS OF ELECTRONIC SPECTROSCOPY

Environmental Applications of Electronic 
Spectroscopy

John  W Farley, University of Nevada, Las Vegas, NV, 
USA

William C Brumley, National Exposure Research 
Laboratory, US EPA, Las Vegas, NV, USA

DeLyle  Eastwood, Air Force Institute of Technology, 
Wright-Patterson AFB, OH, USA

Copyright © 1999 Academic Press

Introduction

Electronic spectroscopy is widely used to detect
environmental contamination. Environmental ap-
plications of electronic spectroscopy involve chal-
lenging analytical problems. Both qualitative identifi-
cation and quantitative determination are performed
for analytes which may occur at concentrations rang-
ing from parts per hundred to parts per quadrillion.
The analytes occur in a very wide range of matrices.
Electronic spectroscopy consists of monitoring the
absorption of light by the sample or monitoring the
emission of light, often after excitation of the sample
by an appropriate light source or laser beam. Both in-
organic and organic analytes can be detected. Real-
world samples are often complex mixtures, and
therefore environmental applications may involve
coupling a separation technique with electronic
spectroscopy. Separation techniques include liquid
chromatography (LC), gas chromatography (GC),
high-performance liquid chromatography (HPLC),
capillary electrophoresis (CE), and immu-nochemical
analysis. Emerging techniques include the increasing
use of hybrid techniques and the development of
highly parallel detection instruments.

The analytical problem

The environmental analytical problem generally
presents two questions: what substances are present
in an environmental sample and how much of each
of the substances is there? Sometimes these questions
can be answered by spectroscopic techniques in a di-
rect manner with little sample handling. However,
the range of needs encompasses a vast array of
matrices and levels of determination. To indicate
some scope to the problem consider a list of poten-
tial matrices: soil, sediment, water, plants, animals,
fly ash, sludge, waste water, leachates, food, blood,
urine, hair (fur), drinking water, commercial pesti-
cide formulations, air, dust, automobile and truck

exhaust, and rain. The various matrices require
extraction techniques, cleanup techniques, and often
a final separation or detection technique. Contami-
nant levels range from percent levels (part per
hundred) to parts per quadrillion (pg kg−1). To give
some realism to these numbers, for example, pesti-
cides in formulations may be present at percentage
levels. In another context, contaminants at Super-
fund sites are often found in the parts per million (µg
g−1) level. (A Superfund site is an identified site under
the authorities of the Comprehensive Environmental
Response, Compensation and Liability Act where re-
leases of hazardous substances had already occurred
or might occur and posed a serious threat to human,
health, welfare or the environment.) Near the other
extreme, the European Union regulates phenoxyacid
herbicides at the 100 parts per trillion (pg g−1) level
in drinking water.

The applications, therefore, fall into two broad
categories: qualitative identification and quantitative
determination of substances or classes of compounds
in environmental matrices. The qualitative identifica-
tion is usually accomplished by acquiring a full UV-
visible absorption or emission spectrum of the
compound of interest. This spectrum is then com-
pared with libraries of spectra for potential matches.
Usually, the specificity of this match does not pro-
duce the same level of certainty as could be obtained
from a mass spectrum that has been properly
matched to a library spectrum. Nevertheless, within
the context of a limited number of compounds and a
particular analysis, some degree of certainty is ob-
tained. In some favourable cases (e.g. fluorescence of
oils), UV-visible identification has prevailed in legal
proceedings and shown similar degrees of certainty
to GC-MS. In UV-visible identifications, comparison
is often made to site-specific standards, rather than
against a library. The certainty of identification by
UV-visible can be enhanced by the association of a
retention time or migration time achieved by
employing one or more separation techniques in

ELECTRONIC SPECTROSCOPY
Applications
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combination with the spectroscopic data obtained
on-the-fly.

The identification problem or the specificity of the
determination can be a complicated matter because
of the large number of analytes, matrix components,
and the variability of environmental matrices
depending upon location. There are now over 11
million organic compounds recognized by the Chem-
ical Abstracts Registry, with over 30000 compounds
considered as chemicals of commerce, and perhaps
500 to 1000 routinely measured as members of in-
dustrial solvents, disinfection by-products, insecti-
cides, PNAs, herbicides, organochlorine pesticides,
PCBs, phenols, anilines, benzidines, and potential
endocrine-disrupting compounds.

The quantitative determination is usually based on
the absorption of light at some fixed wavelength or
wavelengths, the selection of a wavelength for quan-
titation from the diode array detection (DAD) data,
or, in fluorescence detection, the emission of light at
some fixed wavelength (or band) while exciting at a
fixed wavelength. For even better quantitation, one
monitors the area under a peak or area of the whole
spectrum. Thus one may monitor absorption at
214 nm for the sensitive detection of many com-
pounds. Alternatively, one may monitor emission at
520 nm with excitation at 488 nm for the sensitive
fluorescence detection of fluorescein and fluorescein-
related compounds.

Inorganic compounds

Electronic fluorescence techniques may be used to
detect inorganic compounds, which exist as ions in
solution, using one of several methods. Photolumi-
nescence (or simply luminescence) refers to the pho-
toexcitation of an analyte in solution, caused by
absorption of visible or ultraviolet radiation, fol-
lowed by emission at a longer wavelength. Lumines-
cence is classified as either fluorescence or
phosphorescence. Fluorescence is an allowed
radiative transition from the first excited singlet
state, while phosphorescence is a spin-forbidden
transition from the first excited triplet state. Typical
fluorescence lifetimes are nanoseconds to sub-micro-
seconds, while typical phosphorescence lifetimes are
microseconds to seconds. For many inorganic sub-
stances, fluorimetric methods are the best analytical
methods.

(1) If the inorganic ion luminesces in solution it may
be detected simply by placing the ion in an
appropriate solution. This technique works
primarily for rare earths and uranyl (UO2

+)

compounds. When combined with an inorganic
reagent (e.g. HCl, HBr, etc.), the technique
works for some group 3–5 elements.

Since the rare earths and uranyl compounds
luminesce in solution, these ions may be detected
by ‘native fluorescence’. Even though the bare
ion fluoresces in these cases, the luminescence
intensities can be greatly enhanced by
appropriate complexation. The spectrum may be
broad or narrow, depending upon the element
and the nature of the electronic transition
involved: the fluorescence spectrum is broad for
Ce(III), Pr(III), and Nd(III), because they result
from electron transitions from the 5d to the 4f
shell. For example, cerium salts fluoresce in a
broad band from 330 to 402 nm. In contrast, the
luminescence spectra of Sm(III), Eu(III), Td(III),
and Dy(III) are narrow, consisting of a few
characteristic bands because they result from
transitions of the 4f electron, and the f electron is
little perturbed by its environment. For example,
Gd has a single bright, narrow band at 311 nm.
Sensitive fluorimetric methods have been
developed for Pr, Nd, Sm, Eu, Gd, Tb, Dy, Er,
and Tm. Detection limits range from 50
picograms to a microgram depending on the rare
earth. Uranyl (UO2

+) ions phosphoresce in
several bands in the 460–620 nm range. The
uranyl ion is typically detected in acid solution.
The fluorescence efficiency depends on pH and
on impurities. Many organic compounds can
quench the luminescence from uranyl. In
phosphoric acid or phosphate solutions uranyl
can be detected at 5 parts per trillion.

(2) If the inorganic ion does not luminesce in
solution, the ion may be combined with an
organic ligand to yield a metal chelate. In
favourable cases, the isolated ligand does not
fluoresce, but the metal chelate does fluoresce,
allowing for sensitive detection of the ion. In
other cases where the complexing agent
luminesces, the metal complex is still shifted
enough in peak position to be detected even in
the presence of the free agent. Over 40 different
metals have been determined by this technique.
When this method is applicable it is very sensitive
and specific. For example, gold may be detected
by its formation of a complex with Rhodamine B
in 0.4 M HCl. Using excitation and detection
wavelengths of 550 and 575 nm, respectively, as
little as 20 ppb of Au can be detected, a level 25
times more sensitive than atomic absorption. In
another example, cyanide (CN−) can be detected
at levels of 0.2 µg by complexing with p-
benzoquinone to yield an intense green



432 ENVIRONMENTAL APPLICATIONS OF ELECTRONIC SPECTROSCOPY

fluorescence. Sulfide, thiosulfate, thiocyanate,
ferrocyanide, and 26 other ions had no effect.

Several kinds of reaction between inorganic
analyte and the organic reagent are possible:
binary or ternary complex formation, sub-
stitution, redox, catalytic, and enzymatic. This
technique can sometimes be applied to both
cations and anions. Examples of commonly used
reagents are 8-hydroxyquinoline, azo reagents,
Schiff’s bases, hydrozones, hydroxyflavones and
chromone derivatives, and anthraquinones.

(3) If neither of the above approaches works,
‘indirect detection’ may be employed. The
inorganic ion may quench the fluorescence of a
second compound, in which case the analyte is
detected as a decrease in the fluorescence of the
second compound. For example, most assays for
fluoride (F−) are based on the decrease in
fluorescence of an Al or Zr chelate due to
subsequent fluoride complex formation (AlF6

− or
ZrF6

−). Quenching is generally less sensitive and
less selective than fluorescence. Alternatively, the
analyte may cause the release of a ligand which
then reacts to form a fluorescent product.

Most fluorimetric determinations of inorganic
species are equilibrium methods in which the reac-
tion goes to completion. However, in some cases kin-
etic methods are used, in which the initial reaction
rate is linearly related to the initial analyte concentra-
tion. For example, platinum(IV) can be detected at
0.2–0.6 ppm levels using a reaction with di-2-pyri-
dylketone hydrozone, yielding a blue autooxidation
product, whose rate of appearance is measured at
435 nm with an excitation wavelength of 359 nm.

Organic compounds

Organic compounds are often of major concern in
environmental applications. In this section we dis-
cuss the detection of organic compounds by electron-
ic absorption and luminescence spectroscopy.

The technique of UV-visible absorption spectros-
copy is a mature technology which is widely used for
detection. A beam of light whose wavelength is in
the visible or ultraviolet range traverses a sample
containing the sample. The signal is detected as a
decrease in the intensity of the light. UV-visible
absorption spectroscopy has a moderate sensitivity
and a low to moderate specificity. The specificity is
low because many compounds absorb in the same
general wavelength range. Because of the low specifi-
city, this technique can be used for real-world sam-
ples of low to moderate complexity. The technique
works best for unsaturated compounds (aromatic,

polycyclic aromatic or heterocyclic). In these cases,
often there is enough vibrational structure for rela-
tively good specificity. It works for dyes and for
colorimetric reaction products.

The second technique is UV-visible luminescence,
meaning either fluorescence or phosphorescence.
When this technique is applicable it can be very
sensitive, especially with laser excitation. In aqueous
solution, the sensitivity can be parts per billion to
parts per trillion. Luminescence is more sensitive
than absorption because in the former case one is de-
tecting an increase from a very small background,
while in the latter case one is detecting a decrease
from a large background. The technique is applica-
ble to aromatics, most polycyclic aromatics and their
derivatives, and some heterocycles. For many poly-
cyclic aromatic hydrocarbons, the vibrational struc-
ture is sufficient to greatly enhance specificity. It can
be applied to many other analytes, using fluorimetric
reagents. The selectivity can be enhanced by varying
the wavelength of excitation and the wavelength of
detection, or by using time or phase resolution.

One of the problems that arises in luminescence
studies of large molecules is that the spectrum may be
relatively broad and unstructured. Accordingly, in a
real-world sample there can be interferences caused
by other compounds. One technique to improve the
specificity is ‘synchronous luminescence’, in which
both the excitation wavelength and detection are
scanned, usually with a fixed difference between the
two wavelengths. This tends to sharpen the spectra,
reducing the problem of interferences and thereby
improving the specificity of the technique. On theo-
retical grounds, it makes more sense to scan the two
wavelengths with a fixed difference in the photon en-
ergy, rather than a fixed difference in the wavelength.

Luminescence is applicable to polyaromatic
compounds, fluorescent dyes, fluorimetric reaction
products, polychlorinated biphenyls (PCBs), phe-
nols, 50% of pesticides, many semivolatiles, many
nonvolatiles, and petroleum oils. For luminescence
to work, the compound must fluoresce. However,
many large molecules absorb but do not fluoresce in
the visible or UV. For such non-fluorescing com-
pounds, absorption spectroscopy must be used
instead (with much less sensitivity) or, alternatively,
the organics can sometimes be complexed.

In practical applications, these spectroscopic tech-
niques are often used for field screening, in which
samples are screened in the field rather than being
transported to the laboratory for traditional analy-
sis, which can mean a delay of up to a month in ob-
taining the results of analysis. Recent technical
advances include: more compact lasers, miniaturized
optical hardware, new types of detectors, increased
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use of fibre optics, and better computer software for
spectral data processing and pattern recognition.

The problem of spectral congestion

Many real-world samples consist of a large number
of substances whose spectra are relatively broad and
relatively featureless. This limits the ability to dis-
criminate between compounds with similar or sub-
stantially overlapping spectra. There are two
techniques that can be used to discriminate between
compounds that are spectrally overlapping. One
technique is discrimination based on fluorescent life-
time. Two compounds that spectrally overlap can be
distinguished by their fluorescence lifetimes, provid-
ed that their fluorescent lifetimes are sufficiently dif-
ferent. The second technique is chromatographic
discrimination; i.e. the use of a separation technique.

Separations coupled with electronic 
spectroscopy

In some cases, e.g. forensic oil identification, the
spectra of mixtures of fluorescent compounds may
themselves be of interest for fingerprinting purposes,
especially when combined with chemometric or
pattern recognition techniques. Many real-world
environmental problems involve large numbers of
compounds, and the spectra of individual com-
pounds are needed for identification and quantita-
tion. Detection techniques are often preceded by a
separation step. Historically, the workhorse separa-
tion technique of environmental analysis has been
capillary GC combined with MS or with specialized
GC detectors such as the flame ionization detector
and the electron capture detector, or more recently
combined with the liquid chromatography or capil-
lary electrophoresis (LC-MS or CE-MS). In recent
decades, the introduction into commerce and the en-
vironment of increasingly polar and nonvolatile
compounds has resulted in new interest in liquid
separations for environmental problems, resulting in
the growth of liquid separation methods of analysis,
and it is especially useful for polar or thermally labile
compounds or for nonvolatile high relative molecu-
lar mass compounds. The following discussion is
organized by type of separation technique or other
analytical technique rather than by compound type.

The most common application of electronic
spectroscopy has been as the detection technique for
liquid separations where absorption spectroscopy is
the workhorse technique. Absorption spectroscopy is
well suited for liquid separations because most of the
solvents of choice exhibit large UV transparent

regions that enable the sensitive detection of
compounds of interest. This is in contrast to other
types of detectors that might universally detect both
the solvent and the analyte of interest. For example,
infrared detection is often compromised by either the
presence of water or other solvents because of strong
absorptions that obscure key portions of the useful
wavelength range. Even mass spectrometry requires
special interfaces to remove the solvent preferentially
before introduction into the ion source even though
solvent molecular masses are generally below
100 Da.

The detection limits for absorption spectroscopy
are approximately 1 × 10−5 absorption units (AU),
varying with the extinction coefficient as a function
of wavelength. (The absorption measured in AU is
defined as the common logarithm of the initial to the
final light intensity.) This results in detection limits
in the ppm to low ppb range in favourable cases,
providing sensitivity adequate for environmental
analysis. In fluorescence detection, the possibility of
detecting a single molecule exists. For environmental
samples, often fluorescing interferences limit the sen-
sitivity and in these cases pretreatments or liquid
separations remove these interferences. In practical
terms, fluorescence detection for appropriate mole-
cules can be 100 to 1000 times more sensitive than
absorption detection. As a result, detection limits in
the low parts per trillion range can be achieved for
selected analytes, limited only by excitation source
intensities or fluorescence from capillary or solvent
background fluorescence.

HPLC

The most widely used detection technique for HPLC
involves absorption at either a fixed wavelength or
using a DAD that allows for wavelength selection
and continuous or selected scans. In the filter photo-
metric format, a wavelength such as 220 nm is se-
lected by means of a filter placed in front of the
deuterium lamp. Figure 1 illustrates the detection of
a series of polynuclear aromatic (PNA) compounds
using their absorption at 220 nm. Common solvents
used in reversed-phase separations (i.e. a hydropho-
bic adsorbent with water/organic solvent as mobile
phase) have UV transparence from ∼ 200 nm on up.
A similar situation holds for normal phase separa-
tion (i.e. a polar adsorbent with hexane/polar
solvent as mobile phase) where UV transparency is
counted on. When the solvent choice includes tolu-
ene or some other absorber then a different wave-
length or different detection technique must be
chosen.
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When the DAD is used, a selection of wavelengths
may be available for individual monitoring as well as
the selection of the best wavelength for quantitation
in consideration of background noise that may be
largely chemical noise or interferences from the
matrix. In the case of PNAs, the full absorption spec-
trum for benzo[a]pyrene is given in Figure 2.

Molecules that do not possess the appropriate
chromophore may be detected when derivatized with
a chromophore with high extinction coefficients at
peaks in the visible spectrum to facilitate detection.
For example, carboxylic acids can be derivatized
with 7-methoxy-4-bromomethylcoumarin to give
them a chromophore. Specialized books may be con-
sulted for further information concerning derivatiza-
tion. Other techniques include resorting to
wavelengths below 200 nm under special conditions.
In some cases, indirect detection can be used based
on the presence of a background UV absorber in the
mobile phase. The analyte displaces some of this
absorber under certain conditions, resulting in a
decrease in the absorption level in the detector cell
which can be measured in the same manner as an
increase in absorption. Further information on this
technique can be obtained from specialized refer-
ences on the subject.

When the analyte of interest possesses fluorescence
character then an extremely sensitive detection can
be designed based on the absorption/emission prop-
erties of the molecule. In Figure 3, the fluorescence
detection of benzo[a]pyrene is illustrated using a
excitation of 325 nm with an emission at 425 nm. In
this manner, low pg quantities of compound can be
detected, making this one of the most sensitive detec-
tions in analytical chemistry. Increasingly, charged
coupled devices (CCDs) are being utilized to give
even higher sensitivity especially with laser excita-
tion, and whole spectra rather than single
wavelengths are being recorded. Techniques such as

fluorescence lifetime detection with phase or fre-
quency modulation can also be used to separate
peaks that would otherwise appear to overlap.

Capillary electrophoresis (CE)

CE has emerged as a pre-eminent separation
technique for ionic analytes based on free zone
electrophoresis. The separation is based on differing
mobilities among the ions. In analogy to HPLC, an
absorption detection is a fairly universal detector.
The DAD response for a group of phenols is illus-
trated in Figure 4. The influence of ionization on the
absorption spectrum of phenols is evident in the shift
to longer wavelengths that results from the anionic
character. One of the chief drawbacks of CE applica-
tions using absorption detection has been the
relatively high concentration detection limit (i.e.
ppm range rather than ppb range of HPLC). This is a
direct result of the capillary format of the separation.
In capillary separations, normally tens of nanolitres
of sample are injected on-column. This is a 1000-
fold smaller volume than in HPLC. In addition, the
capillary format usually demands on-column detec-
tion to avoid band broadening from post-column de-
tection approaches. The diameter of the capillary is
about 75 µm, resulting in a very short optical path.
There are specialized techniques for overcoming
these limitations and more specialized references
should be consulted.

The concentration detection limit problem can be
overcome for molecules possessing fluorescence. In
the case of phenols, illustrated in Figure 5, a
frequency-doubled laser operating at 244 nm will
enable sensitive detection using laser-induced fluo-
rescence (LIF). In this case, a filter arrangement
allows detection of emission light in the 355 to
425 nm range. The use of lasers in this context
improves detection limits because of the light inten-
sity as well as the intrinsic narrow beam which
allows efficient focussing of the light onto the capil-
lary bore carrying the sample.

Immunochemical analysis

Immunochemical analysis is a convenient approach
for environmental analysis provided appropriate an-
tibodies and format have been developed. Often, the
assay depends on a colorimetric determination for its
quantitative result. The advantage of immuno-
chemical analysis is its specificity as well as its speed.
Specific references should be consulted on
applications.

Figure 1 HPLC separation of PNAs with detection by
absorption spectroscopy at 220 nm.
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Figure 2 HPLC separation of selected pesticides with DAD with a full absorption spectrum (200 to 600 nm) illustrated for each in a
three-dimensional format.
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An emerging format for the assay depends on
CE-LIF determination of a fluorophore-labelled ana-
lyte (probe) in either a competitive or noncompeti-
tive assay with the unlabelled analyte as they find
binding sites with the antibody. Figure 6 illustrates
the concept for a fluorescein-labelled analogue of
2,4-dichlorophenoxyacetic acid (2,4-D) where the
change in the amount of the probe peak indicates
whether unlabelled 2,4-D was present in the sample.

Gas chromatography

One detection technique for GC, called atomic emis-
sion detector (AED), is of fairly common occurrence
and makes use of spectroscopic properties for detec-
tion. The elements of a compound that elutes from
the column are determined in a He plasma based on
the emission spectra of the individual elements (e.g.
C, H, O, N, S, Cl, etc.). Reference to more special-
ized works should be made. The AED technique is
mentioned for the sake of completeness, although
since AED relies on atomic spectroscopy emission, it
is outside the scope of this article, which is mostly
restricted to molecular electronic spectroscopy.

Thin-layer chromatography

Thin-layer chromatography (TLC) is usually coupled
to either absorption or fluorescent detection of
complexed species and is common in many fields of
analysis. The applications of TLC to environmental
analysis have been less frequent than with other

Figure 3 HPLC separation of selected PNAs using fluores-
cence detection with excitation at 325 nm (xenon lamp) and
emission at 425 nm.

Figure 4 DAD detection of phenols in capillary electrophoresis.
The arrow indicates the wavelength position of 298 nm.

Figure 5 CE-LIF detection of phenols using a frequency-dou-
bled laser. Excitation at 244 nm and emission at 355–425 nm.
The arrow indicates the migration time position of 12.257 min.

Figure 6 CE-LIF detection of probe peak (fluorescein-labelled
2,4-dichlorophenoxyacetic acid) in an immunoassay format of
herbicide analysis. Excitation at 488 nm and emission at 510–
530 nm.
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forms of separation. It has recently been demonstrat-
ed that UV-visible absorption, near-IR absorption,
fluorescence, and phosphorescence can be accom-
plished for hundreds of spots on a single TLC plate
by using CCD detection.

Emerging techniques

The application of molecular electronic spectroscopy
as a detector for separations is expected to continue
to grow. Optical techniques are a primary detection
approach for the hybrid technique of capillary elec-
trochromatography which combines aspects of CE
and HPLC, especially capillary LC. To increase
throughput of sample handling, arrays of capillaries
have been built with optical detection via CCD
cameras. Using CE-LIF approaches, hundreds of
capillaries can operate simultaneously on samples
with simultaneous detection. Further advances are
expected in the areas of remote sensing, immuno-
chemical assays, capillary arrays, and detector
sensitivity.
See also: Chromatography-NMR, Applications;
Chromatography-MS, Methods; Environmental and
Agricultural Applications of Atomic Spectroscopy;
Luminescence, Theory.
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Introduction

The basic requirement for an EMRI experiment is
that a species having unpaired electrons be present.
Although free radicals and some transition metal
compounds fulfil this requirement, there are not
many circumstances in which these are present natu-
rally in sufficient concentration to give a suitable

signal; this is in contrast to MRI where the ubiqui-
tous proton can be used to study most materials.
Fortunately, the high sensitivity of EPR compared
with NMR (arising from the difference in electron
and nuclear magnetogyric ratios) enables paramag-
netic material to be introduced in low concentrations
into systems under investigation with minimum
interference. However, NMR has an advantage over

MAGNETIC RESONANCE
Applications
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EPR in that pulse techniques can be used to boost
the signal-to-noise ratio: both the irradiating
frequency and the applied magnetic field gradients
can be pulsed. The main reason why most EPR
experiments are carried out in the continuous-wave
(CW) mode is because spin– lattice relaxation times
for paramagnetic materials are of the order of micro-
seconds (compared with hundreds of milliseconds
for proton NMR) and this causes considerable diffi-
culties in achieving the short times required for the
pulse experiment. A further difficulty is the spectral
bandwidth of an EPR spectrum: this, coupled with a
large line width (three orders of magnitude greater
than in NMR) means that very large magnetic field
gradients (100– 1000 times greater than in MRI)
have to be applied. However, for the few systems not
presenting these difficulties, FT-EMRI will become
the method of choice. The ability to employ pulse
techniques for both the irradiating frequency and for
the field gradients also allows a much wider variety
of experiments to be carried out with MRI compared
with EMRI.

Spin probe

The paramagnetic materials added to systems to
obtain signals in EMRI are referred to as spin
probes. These can be transition metal compounds
such as those of manganese(II) or vanadium(IV) but
they are more likely to be organic free radicals. In
addition to having high thermal, chemical and meta-
bolic stability (for biological applications), these rad-
icals should preferably have spectra with very
narrow line widths in order to maximize the signal-
to-noise ratio. The peak-to-peak line width of a first-
derivative spectral line can be represented by the
equation:

where A, B and C are constants and mI is the mag-
netic quantum number of a given line. The constant
A is dependent on the g factor anisotropy and exper-
imental factors, B upon the g factor and the nuclear
hyperfine interaction anisotropies and C upon the
nuclear hyperfine interaction anisotropy. EPR spec-
tra are normally recorded in the first-derivative
mode but, obviously, the absorption mode is more
convenient for EMRI. The most common stable free
radicals used as spin probes are nitroxyls and there is
both g factor and hyperfine interaction anisotropy of
the 14N nucleus. A typical set of values at X-band for
a nitroxyl radical having unresolved proton

hyperfine structure is A = 0.116, B = −0.010 and
C = 0.006 mT. Thus the observed line width is of
the order of 0.1 mT and there is little scope for re-
ducing the line width further for imaging at X-band:
a nitroxyl radical in a nitrogen-purged low-viscosity
solvent can show a resolution of proton hyperfine
couplings with observed line widths smaller than
0.02 mT. The three lines of a nitroxyl radical, in ad-
dition to having a large bandwidth, also represent a
‘waste’ of signal since it is more practical to image a
single line. Some improvement can be made by
substituting 14N with 15N and/or by reducing the
proton hyperfine interaction by deuteration. Howev-
er, there is a soluble commercial single-line free radi-
cal based upon the • C(Ar)3 structure which has a line
width of only 0.006 mT in a deoxygenated solvent:
the sharp line is observed because of the small g fac-
tor and hyperfine anisotropies for a carbon-centred
radical. One of the main aims in biological studies is
to spin-label drugs and to image their organ com-
partmentation, and hence there are some difficult
chemical problems to be solved. For some studies, it
is possible to use solid particles as spin probes in
which case very narrow single lines are attainable.
An example is lithium phthalocyanine which has a
line width of 0.002 mT in a deoxygenated system.
Other single-line solids are special forms of coal,
such as fusinite, and carbohydrate chars.

Theory

Resonance imaging depends on the application of
magnetic field gradients to a sample. If two samples
are placed at different positions of the spectrometer
magnetic field then only one of them will be at reso-
nance, the second one can be brought to resonance
by changing the spectrometer field or by applying a
magnetic field gradient. Since field gradients can be
applied in three dimensions, it is possible to deter-
mine the relative positions of both the samples, i.e.
to produce an image. Mathematical methods are of
central importance in any type of image reconstruc-
tion and they were developed some time ago for
radiographic tomography. The necessity of using
CW techniques in EMRI limits the number of imag-
ing strategies that can be employed.

Spatial imaging

Two-dimensional images of spin density in the xz or
yz planes (z axis is parallel to the main magnetic
field) can be obtained: for a n × n image, nπ /4 pro-
jections are required. Most spatial images of para-
magnetic centres with multiline spectra have been
constructed by selecting a single line, using a limited
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field gradient to avoid overlap with other lines. The
resolution can be enhanced by deconvolution of the
line shape.

Spectral-spatial imaging

The advantages of spectroscopic imaging compared
with spatial imaging methods are:

(i) the problems of resolution and gradient
magnitudes owing to the presence of hyperfine
lines can be overcome;

(ii) separating spectral and spatial components by
assigning them to different imaging axes reduces
the resolution degradation arising from the
finite width of the spectral lines;

(iii) asymmetric and multiline spectra can be imaged
whereas only symmetric line shapes should be
used for spatial imaging

Images are obtained as a function of sample posi-
tion by recording spectra at a series of magnetic field
gradients which correspond to projections in the spec-
tral-spatial plane. A pseudo-object of length B is
examined in the spectral dimension and length L in
the spatial dimension. An angle (α) defines the orien-
tation of a projection relative to the spectral axis. The
maximum field gradient, Gmax, is related to B and L
by

The maximum magnetic field swept for each projec-
tion is given by

For given values of Gmax and B the ratio tan(αmax)/L is
fixed. Most image reconstruction algorithms require
projections over 180°  with equal angular increments.
If a complete set of projections is used for spectral-
spatial imaging, the number of projections determines
the values of αmax and Gmax. Thus for 64 projections,
L = 0.8 cm and B = 3.2 mT, αmax = 88.59° ,
Gmax = 162.5 mT and the sweep width required is
183.9 mT. Spectral-spatial images can be recon-
structed from incomplete sets of projections and this
has the advantage of reducing both the maximum
field and sweep width requirements. Assuming exper-
imental data were obtained for 60 out of 64 projec-
tions and estimates were made for the ‘missing’
projections, then Gmax and the sweep width require-
ments are reduced to 32.4 and 37.0 mT, respectively.

Projection reconstruction methods

Important image reconstruction procedures are:

(i) back projection;
(ii) simultaneous, algebraic and iterative least-

squares;
(iii) two-dimensional and filtered back projection;
(iv) use of incomplete data sets from which it is also

possible to obtain slices from the image.

Modulated magnetic field gradients

These gradients, BGM, provide fields in addition to
the main magnetic field that have both time- and
space-dependent amplitudes. The time-independent
spectrum can only be recorded in the z plane where
the amplitude of BGM is zero. Images can be obtained
without the use of difficult mathematical deconvolu-
tion by scanning the plane of the field gradient
across the sample.

X-Band imaging

Imaging at about 9 GHz very convenient since most
commercial EPR spectrometers operate at this fre-
quency and the imaging system can be fitted as an
accessory. Gradient coils can be fitted to the outside
or to the inside of a standard resonant cavity.
Figure 1 shows the arrangement for the former: to
generate sufficiently large gradients, ∼1 kW of power
is needed and hence provision for water cooling has
to be made. Figure 2 shows how small coils, used
for microscopy, can be placed inside the cavity. X-
Band frequencies can be used for non-polar samples
up to 10 mm in diameter but polar samples are
restricted to 1.5 mm diameter because of the
absorption of the microwave energy. An estimate of
the achievable resolution is a pixel of 10 × 10 ×
10 µm that contains 1 mM spins. Note that the lat-
ter concentration cannot be increased appreciably
without causing line broadening from spin– spin
interactions.

An example of two-dimensional spectral-spatial
imaging is shown in Figure 3. This depicts the
projection– reconstruction image obtained from four
different-sized specks of DPPH (diphenylpicrylhydra-
zyl), each of which gives an exchange-narrowed
single spectral line. Figure 4 is an example of a two-
dimensional spectral-spatial image, showing a
phantom that contains solutions of three types of free
radicals which each have some hyperfine structure.

X -Band EMRI has been applied to the study of
the diffusion and distribution of oxygen in models of
biological systems with the aim of studying diffusion
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and metabolism in vivo. The method is based on the
fact that oxygen causes paramagnetic broadening of
the spin probe lines. Other applications have been (i)
for the determination of depth profiles of E' defects
in X-irradiated silica, (ii) for radiation chemistry,
where a dosimeter has been designed using crystal-
line L-α-alanine which can be used to check the
spatial variation of the radiation, (iii) a variation of
this theme to study the distribution of alkyl and
alkoxy radicals in γ-irradiated polypropylene, (iv) to
study diffusion and transport of nitroxyl radicals,
for example into zeolites, into solid polymers and
into the caryopsis of wheat seeds and (v) to study
paramagnetic humic substances found in soil.
Figure 5 shows an image obtained from the soaking
of these into a wheat grain.

There are several strategies for EMRI microscopy,
and an example is shown in Figure 2. Arrangements
of this type are capable of giving a resolution of
50 µm. EMRI microscopy can be used for (i) small-
scale dosimetry of materials exposed to high-energy
radiation, (ii) ceramic and semiconductor technology

Figure 1 The arrangement of figure-of-eight (A) and anti-Helm-
holtz (B) coils fitted to the outside of a rectangular resonant cavity,
to provide gradients δBz /δx and δBz /δz respectively.

Figure 2 (A) A cylindrical EPR cavity fitted with anti-Helmholtz coils and a PTFE sample holder. The test sample comprises two por-
tions of DPPH powder separated by a 50 µm mylar film. (B) EPR spectra of DPPH for currents ranging from zero to 5 A in the gradient
coils. The signal separation of about 1 mT corresponds to a field gradient of 20 T m–1. Reproduced with permission from lkeya M and
Miki T (1987). Japanese Journal of Applied Physics 26: L929.
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and (iii) the distribution of nitrogen centres in
diamonds.

L-Band imaging

Most current biological imaging systems operate at
L-band frequencies (~1 GHz) which allows larger
and more ‘lossy’ samples to be studied (microwaves
of this energy can penetrate about 6 mm into a
biological specimen) than is possible at X-band. A
fairly standard spectrometer can be adapted for this
work but loop-gap resonators, external surface coils
and re-entrant cavities are more useful than a
standard resonant cavity.

A non-biological application of L-band EMRI has
been the study of the oxidation of cylindrical coal
samples at 150°C where it was found that there is a
homogeneous distribution of radicals across the
samples. An important biological application is the
study of oxygen concentrations (‘oximetry’) in a per-
fused rat heart using implanted solid paramagnetic
particles: this rapid (1– 5 min) multisite in vivo spec-
troscopy can be applied to a wide range of problems
in experimental physiology and medicine. Other bio-
logical applications involve the imaging of soluble
free-radical distribution: some examples include (i) a
three-dimensional image of the head of a living rat,

showing that the nitroxyl-deficient part corresponds
to the brain, and (ii) accurate images of the vessel
lumen and wall of a perfused rabbit aorta. When a
glucose char (having a single EPR line) is introduced
into an isolated biological organ, the resolution
obtainable is 0.2 mm (Figure 6) whereas a soluble
nitroxyl spin probe allows a resolution of only 1–
2 mm. The single-line soluble probe • C(Ar3) has
allowed images of a rat kidney to be visualized with
a resolution of 100 µm for samples up to 25 mm. As
in MRI, data acquisition can be gated to overcome
the problems associated with rapidly-moving organs
such as a beating heart.

A biologically important naturally occurring free
radical is nitric oxide but, unfortunately, it has very
broad EPR lines and thus cannot be imaged. How-
ever, its generation in rat hearts subjected to global
ischaemia has been mapped by using the spin trap
bis(N-methyl-D-glucamine dithiocarbamate)iron(II).
The latter forms a stable nitroxyl free-radical with
nitric oxide that can be imaged.

Figure 3 A 2D spatial X-band image of four specks of solid
DPPH. Sixty EPR spectra were obtained with maximum field gra-
dients δBz/δz = 10 mT cm–1 and δBz/δy = 6 mT cm–1. The spectra
constitute a full set of projections over 180°. Reproduced with
permission from Eaton GR and Eaton SS (1995) Introduction to
EPR imaging using magnetic-field gradients. Concepts in Mag-
netic Resonance 7: 49.

Figure 4 Spectral-spatial X-band image of a composite sam-
ple of the tetracyanoethylene (TCNE) radical in tube A, the
galvinoxyl radical tube C, and 15N-labelled tempone in region B.
The maximum magnetic field gradient was 30 mT cm–1. The im-
age was reconstructed iteratively from 60 experimental projec-
tions and four missing projections. Reproduced with permission
from Eaton GR and Eaton SS (1995) Introduction to EPR imag-
ing using magnetic-field gradients. Concepts in Magnetic Reso-
nance 7: 49.
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Four-dimensional spectral-spatial EMRI has been
developed (1000 projections were used to construct
32 × 32 × 32 × 32 pixel images) and, while consider-
able data acquisition times are needed, it is feasible

to obtain spectral information for a biological struc-
ture such as a rat heart.

High-field imaging

A high-field imager using a superconducting magnet
operating at 5 T (140 GHz) has been constructed
that derives its very large field gradients from ferro-
magnetic discs and wedges. This type of instrument
is aimed at studying processes that have spatial rang-
es of less than 10 µm such as diffusion, defect forma-
tion in irradiated samples and polymer fracture
under stretching and loading. High spectral resolu-
tion can be achieved because of the high absolute
point sensitivity. A commercial EPR spectrometer is
available for W-band (95 GHz) that can be adapted
for high-field EMRI.

Radiofrequency imaging

It has been stated above that it is difficult to obtain
images at L-band frequencies of lossy objects larger
than 25 mm. Thus to image large samples, such as
live animals, lower frequencies have to be used.
There is also an added incentive to work at radiofre-
quencies because of the low cost of components
compared with those used at microwave frequencies.

Figure 5 (A) The schematic structure of a wheat grain (1 is the
vascular bundle and 2 is the germ). (B) The spatial distribution of
the humic substance signal in the wheat grain. (C) The relief sur-
face of the spin density distribution in the wheat grain. Repro-
duced with permission of Academic Press from Smimov Al,
Yakimchenko, Golovina OE, Bekova SK and Lebedev YS (1991)
Journal of Magnetic Resonance 91: 386.

Figure 6 Three-dimensional images (25 × 25 × 25 mm3) of an ischaemic rat heart infused with a glucose char suspension. (A) Full
view of the heart. (B) A longitudinal cut out showing the internal structure of the heart. C is the cannula; Ao the aorta; PA the pulmonary
artery; LM the left main coronary artery; LAD the left anterior descending artery; and LV the left ventricular cavity. Reproduced with
permission from Kuppusamy P, Wang P and Zweir JL (1995). Magnetic Resonance in Medicine 34: 99. (See Colour Plate 18)
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The consensus of opinion is that the most suitable
frequency is about 300 MHz, which has a penetra-
tion depth of about 7 cm in systems of high relative
permittivity. Theory suggests that the signal-to-noise
ratio and resolution of EMRI are very much worse
than they are for MRI. However, the high point sen-
sitivity of EMRI compared with MRI provides ad-
vantages for probe experiments and thus EMRI

should include, at some level, a spectral dimension.
At radiofrequencies the line widths of nitroxyl spin
probes are similar to those at X- and L-bands since
the dominant factor for these probes is the aniso-
tropic hyperfine interaction which is field independ-
ent. It should be noted that, for nitroxyls, account
has to be taken of the Breit– Rabi effect. As might be
expected, the experimental approach has features in

Figure 7 Set of proton Overhauser images from the abdomen of a supine, 350 g, anaesthetized rat, following the administration of
a solution of hydrogencarbonate-buffered 3-carboxy-2,2,5,5-tetramethylpyrrolidine-I-oxyl (PCA). Image matrix size 64 × 64; field-of-
view, 10 × 10 cm; slice thickness, 2 cm; field strength, 10 mT; EPR Irradiation frequency, 238.7 MHz. Image no. 1 was collected 1 min
after administration of PCA and the remaining images were collected at 6, 11 and 16 min post-injection respectively. The labels are
(a) liver; (b) right kidney (c) left kidney. Reproduce with permission of Wiley from Lurie DJ (1995). In Grant DM and Harris RK (eds)
The Encyclopedia of Nuclear Magnetic Resonance.
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common with MRI; for example, ‘bird-cage’ resona-
tors can be used. Other useful types of resonators are
surface coils, re-entrant cavities and loop-gap reso-
nators. The main magnetic field required for
300 MHz is about 11 mT, which can be obtained
from a simple air-cored Helmholtz design. Because a
non-ferrous magnet is used, the main field windings
can also be used for modulation at a frequency of
about 4 kHz. The x, y and z gradient coils can be
wound on concentric cylinders and an advantage of
the bird-cage resonator is that it can be mounted
concentrically inside the cylinder, whereas a loop-
gap resonator would have to be mounted across the
cylinder making sample access more difficult. A bird-
cage resonator has been used to implement longitu-
dinally detected EPR, which has the advantage of
giving less noise from animal motion. The latter can
also be minimized by automatic frequency control of
the radiofrequency. A multipole magnet has been
constructed which allows the main field and two of
the gradient fields to be generated; the third gradient
is obtained by inserting an air-cored coil into the
magnet. In another design, two Helmholtz loops are
splayed to produce the z direction field gradient.

A variety of studies using RF EMRI have been car-
ried out on living mice. These include (i) oximetry in
tumour tissues and the response to perfluorocarbons
for their potential use in radiotherapy, (ii) the
detection of hydroxyl radicals (by spin trapping) in γ-
irradiated tumours, (iii) the distribution of nitroxyl
radicals with distinct pharmacological abdominal
compartment affinities and (iv) quantitative measure-
ment of the viscosity of a non-vascular compartment.

Overhauser imaging

The broad lines encountered in EPR lead to poor spa-
tial resolution compared with MRI and hence it is
unlikely that a whole-body human-size imager is pos-
sible using the techniques described above. There is,
however, an imaging strategy that could lead to a
large-sample imager by taking advantage of the Over-
hauser Effect –  techniques using the effect are also
known as PEDRI (proton– electron double resonance
imaging) and DNP (dynamic nuclear polarization)
imaging. This is done by using a double resonance
technique in which low-field proton MRI is com-
bined with EPR. The EPR spectrum of a free radical is
irradiated during the collection of a proton NMR
image. The Overhauser effect produces an enhance-
ment (by a factor of about 100) of the NMR signal in
the parts of the sample that contain free radicals. The
big advantage is that MRI resolution is achieved
without having to use large field gradients but the dis-
advantage is that spectral information cannot be

obtained. To overcome this drawback, an instrument
has been constructed that combines Overhauser
imaging with EMRI. In Overhauser imaging, an EPR
frequency lower than 300 MHz has to be used to
avoid heating of a biological sample. When nitroxyl
spin probes are being used it is possible to irradiate
each of the three 14N manifolds simultaneously to
achieve a maximum Overhauser enhancement. Reso-
nators are similar to those used in radiofrequency
imaging, namely loop-gap or bird-cage structures.
Normally, a MRI image is obtained and subtracted
from an Overhauser MRI image for the slice under
study. This is done by using an interleaved pulse
sequence, each alternate NMR excitation being pre-
ceded by EPR irradiation. An example of images
obtained in this way is shown in Figure 7.

By cycling the main magnetic field, large samples
can be imaged by reducing the EPR frequency
required to about 60 MHz without impairing the
NMR signal-to-noise ratio. Most of the applications
of Overhauser imaging are similar to those given
above for radiofrequency imaging except that it is
possible to study much larger samples. Oximetry,
however, is carried out differently since it is possible
to measure quantitatively the reduced Overhauser
enhancement caused by the oxygen. An interesting
aspect of Overhauser imaging is that it can be carried
out at fields as low as that of the earth, i.e. 0.06 mT.
The reason is that the enhancement is still high for
magnetic fields lower than the hyperfine coupling of
the spin probe, ∼1.5 mT (70 MHz) for nitroxyl radi-
cals. Thus it is possible to build an imager having a
main field of about 0.3 mT that is regarded as
biologically safe, is protected against magnetic
perturbations and is of low cost.

See also: EPR, Methods; Magnetic Field Gradients in
High Resolution NMR; MRI Instrumentation; MRI
Theory; Nuclear Overhauser Effect; Radio Frequency
Field Gradients in NMR, Theory.
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This article will discuss the concept and outline the
theory of electron paramagnetic resonance (EPR),
sometimes known as electron spin resonance (ESR),
spectroscopy. Paramagnetism arises as a con-
sequence of unpaired electrons present within an
atom or molecule. It can be said that EPR is the most
direct and sensitive technique to investigate
paramagnetic materials. It will not be possible within
this article to fully expound on all the theoretical
aspects of EPR and so the reader is encouraged to
refer to the excellent texts listed in the Further
reading section.

Consequently this work is aimed at the profession-
al scientists who would like to expand their knowl-
edge of spectroscopic techniques and also at
undergraduates with the intention of allowing them
to fully appreciate the scope, versatility and power of
the technique.

Basic principles of the EPR 
experiment

The electron is a negatively charged particle that
moves in an orbital around the nucleus and so conse-
quently has orbital angular momentum. It also spins
about its own axis and therefore has a spin angular
momentum given by 

where S is called the spin quantum number, with a
value of , and h = Planck’s constant (6.626 × 10–34

Js). If we restrict ourselves to one specified direction,
the z direction, then the component of the spin

angular momentum can only assume two values and
consequently Sz = MS h/2π. The term MS can have
(2S + 1) different values of +S, (S – 1), (S – 2)…(–S).
If the possible values of MS differ by one and range
from –S to +S then the only two possible values for
MS are  and – .

Associated with the electron spin angular momen-
tum is a magnetic moment µ and it is related to the
spin as follows 

where me = mass of electron, e = electron charge,
S = spin quantum number and ge is the spectroscopic
factor known as the g factor (which has a value of
2.0023 for a free electron). The above equation can
be rewritten as 

where µB = eh/2me and h = h/2π. The z axis
component µz will then be

µB is the Bohr magneton and has the value
9.2740 × 10–24 J T–1. The negative sign arises be-
cause of the negative charge on the electron which
results in the magnetic dipole being in the opposite
direction to the angular momentum vector. The
electron is restricted to certain fixed angular posi-
tions that correspond to the z component of the spin

MAGNETIC RESONANCE
Theory
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angular moment, Sz is a half integral number (MS) of
h/2π, units. Since S =  then [S(S + 1)]1/2 cannot be 
and consequently the spin angular momentum vector
S and the magnetic moment vector  can never be
aligned exactly in the field direction and they main-
tain a constant angle θ with the z axis and hence the
applied field (Figure 1).

Hence, for a single unpaired electron, where S = ,
the magnitude of the spin angular momentum along
the z axis will be given by +�/2 and –�/2. For a free
electron the spin angular momentum can have two
possible orientations and these give rise to two mag-
netic moments or spin states of opposite polarity. In
the absence of an external magnetic field the two
spin states are degenerate. However, if an external
magnetic field is applied then the degeneracy is lift-
ed, resulting in two states of different energy. The
energy of the interaction between the electron mag-
netic moment and the external magnetic field is
given by 

where B = the strength of external magnetic field and
µz = magnetic dipole along the z axis. In quantum
mechanics the µ vector is replaced by the corre-
sponding operator leading to the following Hamilto-
nian 

so that the energy is given by E = –ge ΒMSΒ. For a
single unpaired electron MS = ±  and this gives rise
to two energy levels known as Zeeman levels. The

difference between these two energy levels is known
as the Zeeman splitting (see Figure 2): 

Since ∆E ∝ B, the difference between the two
energy levels is directly proportional to the external
applied magnetic field. Transitions between the two
Zeeman levels can be induced by the absorption of a
photon of energy, hν, equal to the energy difference
between the two levels:

where h = Planck's constant and ν = frequency of
electromagnetic radiation. The existence of two
Zeeman levels, and the possibility of inducing transi-
tions from the lower energy level to the higher energy
level, is the very basis of EPR spectroscopy. We can
see, therefore, that the position of absorption varies
directly with the applied magnetic field. EPR
spectrometers may operate at different fields and
frequencies (two common frequencies being ∼ 9.5

Figure 1 Allowed values of the magnitude of the spin angular
momentum along the z axis for S = �.

Figure 2 The Zeeman energy levels of an electron (S = �) in an
applied magnetic field for a fixed microwave frequency.
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and ∼ 35 GHz, known as X and Q band respec-
tively). It is therefore far more convenient to refer to
the absorption in terms of its g value: 

Larmor precession, spin populations 
and relaxation effects

It was noted above that the two spin states were at a
constant angle to the z axis. However, in the presence
of a magnetic field, the magnetic moment of the elec-
tron cannot align with the applied field and a turning
couple is set up which results in a precession of the
spin states around the z axis (Figure 3). This gives a
physical mechanism by which spins can interact with
electromagnetic radiation. When the magnetic com-
ponent of the microwave radiation, which is orthog-
onal to the applied field, is at a frequency equal to
that of the Larmor precession then the two are said
to be in resonance, and energy can be transferred to
the electron, inducing ∆MS = ±  transitions. 

The incident radiation induces transitions not only
from the lower to the higher energy states but can also
induce emission with equal probability. Consequently
the extent of absorption will be proportional to the
population difference between the two states. At ther-
mal equilibrium the relative spin populations of the
two Zeeman levels is given by a Boltzmann equation: 

where k = Boltzmann constant, T = absolute temper-
ature (K), NL = number of electrons in the lower level,
NU = number of electrons in the higher level and

∆E = difference in energy between the two energy lev-
els. At room temperature (300 K) and in a magnetic
field of 300 mT the populations of the two Zeeman
levels are almost equal, but a slight excess exists in the
lower level and it is this that gives rise to a net absorp-
tion. However, this would very quickly lead to the
disappearance of the EPR signal as the absorption of
energy would equalize these two states. For the exper-
iment to proceed there has to be a process by which
energy is lost from the system. Such processes are
known as relaxation processes.

To maintain a population excess, electrons in the
upper level must be able to return to their low energy
state. Therefore they must be able to transfer their
excess spin energy either to other species or to the
surrounding lattice as thermal energy. The time tak-
en for the spin system to lose 1/e of its excess energy
is called the relaxation time. Two such relaxation
processes are: 

(a) spin–lattice relaxation (T1e): this process is due
to lattice motions such as molecular tumblings in
solids, liquids and gases which have a frequency
comparable to that of the Larmor precession and
this provides a pathway which allows the elec-
tron’s excess energy to be transferred to the sur-
roundings.

(b) spin–spin relaxation (T2e): the excess spin energy
is transferred between paramagnetic centres
either through dipolar or exchange coupling,
from one molecule to another. This mode of re-
laxation is important when the concentration of
paramagnetic species is high (spins are close to-
gether). If the relaxation time is too fast then the
electrons will only remain in the upper state for a
very short period of time and give rise to a
broadening of the spectral line width as a conse-
quence of Heinsenberg’s uncertainty principle.

In general T1e > T2e and the line width depends
only on the spin–spin interactions (T2e). However, if,
in certain circumstances, both spin–spin and spin–
lattice relaxations contribute to the EPR line width
(∆H), then the resonance line width can be simply
written as 

When T1e becomes very short, below ∼ 10–7 s, its ef-
fects on the lifetime of the species in a given energy
level makes an important contribution to the line-
width. In some cases the EPR lines are broadened be-
yond detection. The term T1e may also be inversely
proportional to the absolute temperature (T1e ∝ T–n)
with n depending on the precise relaxation

Figure 3 Two allowed electron spin orientations and the corre-
sponding Larmor precession for S = �.
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mechanism. In such cases, cooling the sample in-
creases T1e and usually leads to detectable lines. For
this reason, EPR experiments are frequently recorded
at liquid nitrogen (77 K) or helium (4 K)
temperatures.

Basic interaction of the electron with 
its environment

An expression for the spin state energies of an elec-
tron whose only interaction was with an applied
magnetic field (a free electron) was derived above
(Eqn [6]). This represents an idealized model as in
the real situation the electron suffers a variety of
electrostatic and magnetic interactions which com-
plicate the resonances. Consequently we must be
able to account for these deviations. Magnetic reso-
nance spectroscopists seek to characterize and inter-
pret EPR spectra and these deviations quantitatively
using a device known as a spin Hamiltonian. The
EPR spectrum is essentially interpreted as the
allowed transitions between the eigenvalues of this
spin Hamiltonian. The Hamiltonian contains terms
which reflect the interactions of the spins of elec-
trons and nuclei with the applied magnetic field and
with each other, e.g.

Analysis of a spectrum amounts to identifying which
interactions are involved. The origin of the various
terms in this spin Hamiltonian will be examined
below. For example, changes in the g factor are
shown for a variety of paramagnetic species in
Table 1.

The g tensor: significance and origin

The main reason for the deviation in g values comes
from a spin–orbit coupling that results in an orbital
contribution to the magnetic moment. This arises
from the effect of the orbital angular momentum L
which is non-zero in the case of orbitals exhibiting p,
d or f character. In this case the spin is no longer ex-
actly quantized along the direction of the external
field and the g value cannot be expressed by a scalar
quantity but becomes a tensor. The orbital angular
momentum L is associated with a magnetic
momentum given by 

For a system with a doublet (S = ) non-degenerate
electronic ground state, the interaction with the ex-
ternal magnetic field can be expressed in terms of a
perturbation of the general Hamiltonian by the fol-
lowing three terms 

The first and second terms correspond, respective-
ly, to the electron Zeeman and orbital Zeeman ener-
gies. The third one represents the energy of the spin–
orbit coupling where λ is the spin–orbit coupling
constant which mixes the ground state wavefunc-
tions with the excited states. The extent of the inter-
action between L and S mainly depends on the
nature of the system considered and in many instanc-
es this interaction is stronger than that between the
magnetic field and the orbital angular momentum.
Depending on the strength of the molecular electric
field, two limiting cases can be distinguished:

(a) Strong fields: L must align itself along the field
so that only S can orient itself with respect to the
external magnetic field and contribute to the
paramagnetism. In this case g = ge. Many organic
radicals or systems in which the unpaired elec-
tron is in a molecular orbital delocalized over a
large molecule experience this situation.

(b) Weak fields: L is no longer under the constraint
of this weak field and the spin–orbit coupling
L + S can take place, giving a resultant total
angular momentum:

Table 1 Isotropic g value variations for a series S = � paramag-
netic species. For organic radicals the g value deviations (from
ge) are usually small, less than 1%, but for systems that contain
heavier atoms, such as transition metal ions, the variations can
be much larger

Species g value

e– 2.0023

CH3
• 2.0026

Anthracene radical cation 2.0028

Anthracene radical anion 2.0029

1,4-Benzoquinone radical 
anion

2.0047

SO2
– 2.0056

HO2
• 2.014

{(CH3)3C}2NO 2.0063

Copper(acetonyl acetate) 2.13

VO(acetonyl acetate) 1.968

Cyclopentadienyl TiCl2AlCl2 1.975
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associated with the magnetic moment:

gJ is called the Landé g factor. This situation oc-
curs in the rare earth elements

When intermediate fields are present in the para-
magnetic centre, L is only partially blocked by the
molecular field (transition metal ions, inorganic radi-
cals). The system must be treated in terms of the per-
turbation Hamiltonian in Equation [6] which can be
written as 

The ge scalar value reported in Equation [6] is now
replaced by g, a second rank tensor which represents
the anisotropy of the interaction between the
unpaired electron and the external magnetic field
and also outlines the fact that the orbital contribu-
tion to the electronic magnetic momentum may be
different along different molecular axes.

The g tensor may be depicted as an ellipsoid
whose characteristic (principal) values (gxx, gyy, gzz)
depend upon the orientation of the symmetry axes of
the paramagnetic entity with respect to the applied
magnetic field (Figure 4). The most general conse-
quence of the anisotropy of g, from an experimental
point of view, is therefore that the resonance field of
a paramagnetic species, for a given frequency, de-
pends on the orientation of the paramagnetic centre
in the field itself. The g value for a given orientation
depends on φ and θ values according to the relation
g2 = gxx

2cos2φsin2θ + gyy
2sin2φ cos2θ + gzz

2cos2θ. Ac-
cordingly, the Zeeman resonance will occur at field
values given by 

In the most general case, the resonance observed
for a paramagnetic centre in a single crystal is ob-
tained at distinct field values of Bx, By and Bz when
the magnetic field is parallel to the x, y or z crystal

axis respectively. The g values corresponding to
these three orientations (gxx, gyy and gzz) are the prin-
cipal (diagonal) elements of the g tensor. When the
principal axes of the crystal are not known, the g
tensors can be labelled g1, g2 and g3. Absolute deter-
mination of the g values may in principle be carried
out by independent and simultaneous measurement
of B and ν using a gaussmeter and a frequency meter,
respectively, following the equation 

The A tensor: significance and origin

The source of this splitting is the magnetic
interaction between the electron spin and neigh-
bouring nuclear spins, which gives rise to hyperfine
structure in the spectra. It arises because a nearby
magnetic nucleus gives rise to a local field, Blocal,
which must be compounded with the applied mag-
netic field B to satisfy the EPR condition hν = ge µBB.
We must now rewrite this equation as 

Figure 4 Orientation of the magnetic field B with respect to the
g tensor ellipsoid in the crystallographic frame x, y, z. The char-
acteristic angles θ and φ define the orientation of B which leads
to the g (θ,φ).
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and clearly the value of B required to achieve reso-
nance will depend on Blocal (i.e. the magnetic
moments of the nuclei). Several nuclei possess spin
and corresponding magnetic moments. The nuclear
spin quantum number (I) of a given nucleus can
assume integral or half-integral values in the range
0–6. The magnetic moment µn associated to a
nucleus is collinear with the spin vector I according
to the relation 

which is similar to Equation [4]; gn is the nuclear g
factor and µN the nuclear magneton which is smaller
than the Bohr magneton by a factor of 1838, i.e. the
ratio of the mass of a proton to that of an electron.

When the paramagnetic centre contains one or
more nuclei with non-zero nuclear spin (I ≠ 0), the
interaction between the unpaired electron and the
nucleus with I ≠ 0 produces further splittings of the
Zeeman energies and consequently there are new
transitions, which are responsible for the so-called
hyperfine structure of the EPR spectrum.

Let us consider the proton as a case in point; it is a
spinning positive charge and has its own associated
magnetic field and consequently can interact with
both the external magnetic field (cf. NMR) and that
of the electron, i.e. it has a nuclear spin I =  and
MI = ± . This leads to a situation whereby the energy
of the system can either be lowered or raised depend-
ing on whether the two spins are parallel or antipar-
allel. The energy of an electron with spin quantum
number MS and a nucleus with spin quantum number
MI is given by 

where A0 is the isotropic coupling constant. The first
term in the equation gives the contribution due to the
interaction of an electron with an applied field, giv-
ing rise to two electron Zeeman levels. The second
term is the contribution due to the interaction of the
nucleus with the applied magnetic field, the nuclear
Zeeman levels (Figure 5). The final term is the ener-
gy of interaction between the unpaired electron and
the magnetic nucleus. If we now substitute the values
for MS and MI then the interaction, between an
unpaired electron (S = ) and a single proton (I = ),
gives rise to four energy levels, E1 to E4. These are
calculated to be

 
The selection rules for the allowed transitions be-
tween the energy levels are

Thus two resonance transitions can occur at

These two possible transitions give rise to two ab-
sorption peaks which, at constant applied microwave
frequency, occur at magnetic fields of values

where a = hA0 /ge µΒ and is the hyperfine space coup-
ling constant (HFCC) given in mT. The spectrum ob-
tained for such a system would be a doublet centred
at the g value and separated by the hyperfine cou-
pling constant (hfc) a. If we extend the number of
equivalent nuclei then the complexity of the spectrum
increases in a manner described in Table 2. A further
example is given in Figure 6 for the radical anion of
naphthalene.

It is now necessary to examine the mechanisms by
which the hyperfine interactions arise. Two types of
electron-spin–nuclear-spin interactions must be con-
sidered, of isotropic and anisotropic nature.

The isotropic interaction This concerns exclusively
s-type orbitals or orbitals with partial s character
(such as hybrid orbitals constructed from s-type



EPR SPECTROSCOPY, THEORY 451

orbitals) because only these orbitals have a finite
probability density at the nucleus. This mechanism is
a quantum interaction related to the finite probabili-
ty of the unpaired electron at the nucleus and is
termed the Fermi contact interaction. The corre-
sponding isotropic coupling constant aiso is given by

where gn and µN are the nuclear analogues of ge and
µB, respectively, and  ψ(0) 2 is the square of the ab-
solute value of the wavefunction of the unpaired
electron evaluated at the nucleus.

Since s orbitals have a high electron density at the
nucleus, the hyperfine coupling constant will be large
and since s orbitals are also symmetrical it will be in-
dependent of direction. The spherical symmetry of s
orbitals accounts for the isotropic nature of the con-
tact interaction.

Thus in the case of the hydrogen atom (MI = )
with 100% spin density in the 1s orbital, the EPR
spectrum is composed of two resonance lines

Figure 5 Energy level manifold in a high magnetic field, resulting from the interaction of an unpaired electron (S = �) with a nucleus
of I = �. Note that a > 0.  a /2 < Vn.

Table 2 Line intensities for a series of nuclei with different
values of I. For the case of I = � the line intensities can be de-
scribed by the expansion of (x + 1)2 and hence follow Pascal’s tri-
angle

Nuclei Intensity of lines

I = � , e.g. 1H

Number of equivalent nuclei

1 1 1

2 1 2 1

3 1 3 3 1

4 1 4 6 4 1

I = 1, e.g. 14N

Number of equivalent nuclei

1 1 1 1

2 1 2 3 2 1

3 1 3 6 7 3 1

4 1 4 10 16 19 16 10 4 1

I = , e.g. 63,65 Cu

Number of equivalent nuclei

1 1 1 1 1

2 1 2 3 4 3 2 1
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separated by approximately 50.8 mT. In the case of
naphthalene, the smaller spin density associated with
the 1H s orbital results in a smaller isotropic
coupling.

The anisotropic interaction In non-spherically
symmetric orbitals (p, d or f) there is no electron
density at the nucleus and the electron is to be found
some distance away. The interaction between it and
the nucleus will be as two magnetic dipoles and con-
sequently the interaction will be small and dependent
on the direction of the orbital with respect to the
applied magnetic field as well as to their separation.
The coupling then arises from the classical dipolar
interaction between magnetic momenta whose
energy is given by 

where r is the vector relating the electron and nuclear
moments and r is the distance between the two spins.
The above equation gives the energy of interaction of
two bar magnets if their size is small compared with
the distance between them. Moving to quantum me-
chanics we construct the Hamiltonian by replacing
the magnetic moments by the appropriate operators.
The quantum mechanics analogue of Equation [34]

is then obtained by replacing µs and µn by their
expressions given in Equations [4] and [22]:

Equation [35] must be averaged over the entire prob-
ability of the spin distribution. Haniso is averaged out
to zero when the electron cloud is spherical (s orbit-
al) and comes to a finite value in the case of axially
symmetric orbitals (p orbitals, for instance). In addi-
tion, in the case of very rapid tumbling of the para-
magnetic species (as occurs in a low viscosity
solution) the anisotropic term of the hyperfine inter-
action is averaged to zero and the isotropic term is
the only one observed.

Combination of isotropy and anisotropy Since any
orbital may be considered as a hybrid of suitable
combinations of s, p or d orbitals, so also may a hy-
perfine coupling be divided into a contribution aris-
ing from p or d orbitals (anisotropic) and s orbitals
(isotropic). In general both isotropic and anisotropic
hyperfine couplings occur when one or more nuclei
with I ≠ 0 are present in the system. The whole inter-
action is therefore dependent on orientation and
must be expressed by the second rank A tensor as
given in Equation [13]. The A tensor may be split
into an anisotropic and isotropic part as follows 

with aiso = (A1 + A2 + A3)/3. In a number of cases, the
second term matrix of Equation [36] is a traceless
tensor (T1 + T2 + T3 = 0) and has the form (–T, –T,
+2T). The anisotropic part of the A tensor corre-
sponds to the dipolar interaction as expressed by the
Hamiltonian in Equation [13]. The s and p character
of the orbital hosting the unpaired electrons are giv-
en by the following relations:

where a0 and b0 are the theoretical hyperfine cou-
pling constants (assuming pure s and p orbitals for
the elements under consideration). The terms aiso and
b are the experimental isotropic and anisotropic
coupling constants respectively.

Figure 6 EPR spectrum of the radical anion of naphthalene in
tetrahydrofuran as solvent. The radical was formed by dissolving
naphthalene in sodium-dried tetrahydrofuran under vacuum and
passing the resultant solution over a sodium metal film, again un-
der vacuum conditions. The number of lines is given by 2nI + I
where I equals the nuclear spin and n the number of nuclei.
HFCC for 1,4,5,8 = 0.483 mT and for 2,3,6,7 = 0.185 mT.
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The D tensor: significance and origin

The spin Hamiltonian described in Equation [13] ap-
plies to the case where a single electron (S = ) inter-
acts with the applied magnetic field and with
surrounding nuclei. However, if two or more elec-
trons are present in the system (S > ), a new term
must be added to the spin Hamiltonian (Eqn [13]) to
account for the interaction between the electrons. At
small distances, two unpaired electrons will experi-
ence a strong dipole–dipole interaction, analogous to
the interaction between electron and magnetic di-
poles, which gives rise to anisotropic hyperfine inter-
actions. The electron–electron interaction is
described by the spin–spin Hamiltonian given in
Equation [38]:

where D is a second rank tensor (the zero-field pa-
rameter) with a trace of zero. As with the g and A ten-
sors, the D tensor can also be diagonalized so that
Dxx + Dyy + Dzz = 0. Equation [38] can be added to
Equation [18] to obtain the correct spin Hamiltonian
for an S >  system (in the absence of any interacting
nucleus):

Since the trace of D is zero, calculation of the energy
state for a system with S = 1 requires only two inde-
pendent parameters which are designated D and E.
The spin coupling is direct in the case of organic mol-
ecules in the triplet state and biradicals, but occurs
through the orbital angular momentum in the case of
transition metal ions. In the latter case, the D and E
terms depend on the symmetry of the crystal field act-
ing on the ions:

For axially symmetric molecules, the calculated
shape of the ∆MS = 1 lines are given in Figure 7A.
The separation of the outer lines is 2D' (where
D′ = D/gµB) while that of the inner lines is D (E is
zero in this case). The theoretical line shape for a ran-
domly oriented triplet system with E ≠ 0 is shown in
Figure 7B. The separation of the outermost lines is

again 2D′ whereas that of the intermediate and inner
pairs is D′ + 3E′/2 and D′ − 3E′/2 respectively. As
the zero-field interactions become comparable to,
and larger than, the microwave energy, the line
shape exhibits severe distortions from the simulated
case in Figure 7. Well known examples of S = 1
include the excited triplet state of naphthalene with
D/hc = 0.1003 cm–1, E/hc = –0.0137 cm–1 and g =
2.0030.

Line shapes and symmetry 
considerations in EPR spectra

An important consideration in EPR is the effect of
symmetry on the line shapes. In many cases the sam-
ples investigated by EPR are polycrystalline materi-
als, composed of numerous small crystallites that are
randomly oriented in space. The resultant powder
EPR spectrum is the envelope of spectra correspond-
ing to all possible orientations of the paramagnetic
species with respect to the magnetic field; provided
the resolution is adequate, the magnitude of the g
and A tensor components can be extracted from the

Figure 7 Theoretical absorption and first derivative spectra of
the ∆MS = 1 region of a randomly oriented triplet. (A) S = 1 for a
given value of D (E = 0) and isotropic g. (B) S = 1 where D is 6.5
times larger than E and g is isotropic.
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powder spectra whereas no information can be
obtained on the orientation of the tensor principal
axes.

The profile of the powder spectrum is determined
by several parameters, including the symmetry of the
g tensor, the actual values of its components, and the
line shape and the line width of the resonance. Con-
cerning the symmetry of the g tensor, three possible
cases can be identified.

Isotropy of g

In this case, the g tensor is characterized by
gxx = gyy = gzz = giso and a single symmetrical line is
observed. This simple situation is not very often en-
countered in powders except for some solid state de-
fects and transition metal ions in highly symmetric
environments such as Oh or Td.

Axial symmetry of g

Paramagnetic species isolated in single crystals ex-
hibit resonances at typical magnetic fields which de-
pend on their orientation and are given by Equation
[19]. In the particular case of axial symmetry of the
system, e.g. (C4ν, D4h), if z is the principal symmetry
axis of the species and θ the angle between z and the
magnetic field, the x and y directions are equivalent
and the angle φ becomes meaningless (Figure 4).
Equation [19] reduces to 

where g|| = gzz and g⊥ = gyy = gxx are the g values
measured when the axis of the paramagnetic species
is, respectively, parallel and perpendicular to the ap-
plied magnetic field.

The powder spectrum is the envelope of the indi-
vidual lines corresponding to all possible orienta-
tions in the whole range of φ. Assuming the
microcrystals are randomly distributed, simple con-
siderations show, however, that the absorption in-
tensity, which is proportional to the number of
microcrystals at resonance for a given θ value, is at a
maximum when θ = π/2 (B⊥) and a minimum for
θ = 0 (B||); this allows the extraction of the g|| and g⊥

values, which correspond to the turning points of the
spectrum. Figure 8 gives a schematic representation
of the absorption curve and of its first derivative for
a polycrystalline sample containing a paramagnetic
centre in axial symmetry. The variation in the spec-
tral profile for the same species as MI varies is also
shown in Figure 9.

Orthorhombic symmetry of g

Three distinct principal components are expected in
the case of a system with orthorhombic symmetry,
e.g. (D2h, C2ν). For polycrystalline samples, the
absorption curve and its first derivative exhibit three
singular points, corresponding to g1, g2 and g3

(Figure 10). For powder spectra the assignments of
g1, g2 and g3 to the components gxx, gyy and gzz

related to the molecular axes of the paramagnetic
centre is not straightforward and must be based on

Figure 8 Powder EPR spectrum of a paramagnetic species
with I = 0 in axial symmetry. (A) absorption profile, (B) first deriv-
ative profile. The dotted lines have been calculated by assuming
a zero line width whereas the solid lines correspond to a finite line
width.
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theoretical grounds or deduced from measurements
of the same paramagnetic species in a single crystal.
The situation becomes much more complicated in
the presence of nuclei with I ≠ 0. In several cases an
initial interpretation of the experimental data can be
achieved by using a simple analysis for the g tensor
and neglecting second-order effects since the A ten-
sor has the same type of angular dependence as the g
tensor. Provided the principal axes are the same,
then each of the three possible lines of the g tensor
(g1, g2 and g3) will be split into a number of lines that
depend on the nuclear spin with the spacing corre-
sponding to the appropriate component of the A ten-
sor (A1, A2 or A3); g1 is split by A1, g2 is split by A2

and g3 is split by A3 (Figure 11).

Summary

The basic principles of EPR spectroscopy have been
outlined. Although far from being an exhaustive
treatment of the subject, it provides the reader with

essential knowledge of the technique and is a useful
stepping stone for the articles on methods and in-
strumentation and applications.

List of symbols

a = hyperfine coupling constant; A0 = theorectical
isotropic hyperfine coupling constant; A = hyperfine
tensor; g = g factor; ge = g factor of the free electron;
gJ = Landé g factor; gN = nuclear g factor; g|| and
g⊥ = refer to the parallel and perpendicular values

Figure 9 Effects of nuclear spin on the calculated powder EPR
spectra for axial symmetry. The value of I varies from 0 to . Note
that the g values remain constant (illustrated by dotted lines). g��

is split by A�� and g⊥ is split by A⊥. The A�� and A⊥ values remain
constant.

Figure 10 Powder EPR spectrum of a paramagnetic species in
orthorhombic symmetry. (A) Absorption profile, (B) first derivative
profile. The dotted and solid lines have the same significance as
described in Figure 7.
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with respect to axis of symmetry; gxx, gyy, gzz = refer to
values in the respective crystallographic directions;

h = Planck’s constant; � = h/2π; I = nuclear spin
quantum number; J = total angular momentum;
k = Boltzman constant; L = orbital angular momen-
tum vector; me = mass of the electron; NL and
NU = electron populations in the lower and upper
energy levels respectively; r = distance between the
spins; r = vector relating electron and nuclear
moments; S = electron spin quantum number;
Sz = vector of the electron spin quantum number in
the z direction; T1e and T2e = spin–lattice and spin–
spin relaxation times, respectively; α and β = refer to
electron spin; µ = magnetic moment; µB = Bohr mag-
neton; µN = nuclear magneton; ν = frequency. 

See also: Chemical Applications of EPR; EPR Imag-
ing; EPR, Methods; NMR in Anisotropic Systems,
Theory; NMR Principles;  NMR Relaxation Rates.
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Figure 11 Effects of nuclear spin on the calculated powder
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spectrum is anisotropic both in g and A (g1 is split by A1, g2 is split
by A2 and g3 by A3). The value of I varies from 0 to . It should be
noted that when I assumes an integer value (as in C), the fea-
tures of the original I = 0 spectrum (A) are maintained in the cen-
tre of the spectrum. When I has half-integer values the hyperfine
values are symmetrically disposed about the centre.
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Introduction

Electron paramagnetic resonance (EPR) is also
known as electron spin resonance (ESR) or electron
magnetic resonance (EMR) spectroscopy; no single
name has become generally accepted. It is a means of
investigating materials that are paramagnetic, i.e.
having unpaired electrons. These include organic free
radicals, compounds of transition metal ions and
defects in solids. Since the development of the
X-band continuous-wave spectrometer in the 1950s
and 1960s, the basic design of the EPR spectrometer
has remained relatively unchanged, while a wide
variety of applications in physics, chemistry and bio-
chemistry have been devised. Examples are the obser-
vation of radical intermediates in chemical reactions;
the determination of electron density distributions on
radicals; the observation of rapid motion of spin
labels in solution; and the determination of coordina-
tion geometry of metal ion sites. Recent advances in
solid-state microwave electronics have led to instru-
ment extensions in many different ways, for specialist
applications. Examples are ENDOR and TRIPLE
and ESEEM, to measure hyperfine interactions, and
low-frequency EPR imaging.

The principles of typical applications will be
described, with reference to the relevant equipment
and sample requirements.

Characteristics of the EPR spectrum

EPR involves the interaction of electromagnetic
radiation, usually in the microwave region, with the
paramagnetic material in a magnetic field. Because
paramagnetic centres are less common than nuclear
spins, the method is more selective than the analo-
gous technique of NMR. There are some differences
in practice between NMR and EPR that result from
the much greater magnetic moment of the electron
compared with the nuclear spins. The bandwidth of
the spectrum is much greater than the parts-per-mil-
lion scale of NMR. It is impossible to adjust the fre-
quency over such a wide range, owing to the
geometry of microwave waveguides, so it is the usual
practice to observe the EPR spectrum at fixed fre-
quency by sweeping the magnetic field. The relaxa-
tion rates of electron spins are faster than for nuclear

spins, so that in some cases (particularly transition
metals such as iron) it is necessary to cool the sample
to cryogenic temperatures to observe the spectrum.

The spectrum is characterized by a number of
parameters which give information about the nature
of the paramagnetic centres and their surroundings.

Zeeman interaction

The g factor defines the energy of the Zeeman inter-
action. This splits the energy levels of the paramag-
net (Figure 1). At the resonance condition the energy
∆E required to reverse the direction of the electron
spin in a magnetic field B0 is equal to the energy of
the microwave quantum hν, given by

where h is Planck’s constant and µB the Bohr magne-
ton. In an EPR spectrum the signals are obtained by
increasing the B0 field. The g factor is inversely pro-
portional to B0.

For a free electron in a vacuum, g is a constant that
is very precisely known (ge = 2.002 319 3044…). In
a paramagnetic molecule, g varies from this, under
the influence of spin–orbit interactions. These in-
crease considerably with atomic number, and are
particularly important for lanthanides. In the spin
Hamiltonian formalism the effects of spin–orbit
coupling are described by treating g as a spectroscop-
ic variable, the ‘spectroscopic splitting factor’, which
is characteristic of the paramagnetic centre. There-
fore the EPR spectrum may be considered as a spec-
trum of g factors. 

Hyperfine interaction

The interaction between the magnetic moment of the
electron and nuclear spins is a valuable feature of
EPR spectra. It introduces splittings of the electron
energy levels (Figure 1B). Each nuclear spin I
induces a splitting into [2I + 1] levels. The magnitude
of the splitting is defined by the hyperfine coupling
constant, A, which is expressed in energy units (usu-
ally MHz). Where there are several nuclei, for
example protons in a radical, each level is further
split by each nuclear hyperfine interaction. The

MAGNETIC RESONANCE
Methods & Instrumentation
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hyperfine coupling can be observed as splitting of the
EPR spectrum, if the coupling is greater than the line
width. The magnitude of the splitting is given the
symbol a, expressed in magnetic field units.

The value of A depends on the nuclear moment,
and the extent of interaction of the unpaired electron
spin density with the nucleus; A has a sign as well as
magnitude. If A > 0, the state in which electron and
nuclear spins align antiparallel is of lower energy.
Measurements of the magnitude and sign of
hyperfine couplings provide some of the most
detailed experimental evidence for electronic struc-
tures of molecules. They have been used to verify the
results of molecular orbital calculations.

In EPR spectra of transition ions, the hyperfine in-
teraction gives rise to characteristic splittings, for ex-
ample for copper (I = , 4 lines) and manganese
(I = , 6 lines) (Figure 2B). It can be used to identify
paramagnetic centres and determine the electron
density distribution over radicals. Isotopic
substitution can be used (Table 1) to identify specif-
ic metals, for example 57Fe for natural iron.

Interactions with nuclei of ligands, sometimes called
superhyperfine splittings, allow the determination of
the electron density distribution in transition metal
complexes. Nuclei with spins greater than S =  have
a quadrupole moment and this gives rise to further
splitting of the energy levels.

Interactions between electrons (fine structure 
interactions)

The magnetic moment of the electron is 658 times
that of the proton, so that interactions between
electrons are of greater energy than those between
nuclear spins, and are detectable over greater
distances. This has a number of consequences. For
example, when two or more electron spins are
present in a paramagnetic centre such as a transition
ion with spin S >  or an organic triplet state (S = 1),
coupling of the electron spins gives rise to fine struc-
ture splittings (known as zero-field splittings) which
strongly influence the apparent g factor. If the spin is
an integral value, the splitting between the energy
levels may be larger than the X-band microwave
quantum, and no EPR signal is detected. However,
for an odd number of electron spins there are always
energy levels that can only be split by the magnetic
field. As a consequence paramagnets with half-
integral spin, such as high-spin FeIII and CoII, are

Figure 1 (A) Principle of electron paramagnetic resonance. (B)
Effect of hyperfine splitting with a nucleus, l = �.

Table 1 Some nuclei with magnetic moments

Isotope
% Natural 
abundance

Nuclear spin, I µN

1H 99.985 � + 2.793

2H 0.015  1 + 0.857

13C 1.11 � +0.702

14N 99.63  1 +0.404

15N 0.37 � −0.283

17O 0.037 −1.89

19F 100 � +2.629

31P 100 � +1.132

33S 0.76 +0.643

55Mn 100 +3.444

57Fe 2.19 � +0.090

59Co 100 +4.649

63Cu 69.09 +2.226

65Cu 30.91 +2.385

95Mo 15.72 −0.913

97Mo 9.46 −0.933
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EPR-detectable. For the latter ions, with S = , g fac-
tors may extend from 10 to 0. EPR spectra of transi-
tion ions are often measured in the solid state, so
that the spectrum is broadened by anisotropy of the
g factor.

Electron spin–spin interactions occur between par-
amagnetic centres in solution and in the solid state.
This causes splitting or broadening of the EPR sig-
nal. For solid paramagnetic materials the broadening
may be so great as to render the X-band EPR spec-
trum undetectable. For EPR spectra in the solid
state, the material must usually be magnetically
dilute, for example doped into a diamagnetic host
material. Paramagnets in biological materials such as
proteins are usually fixed within the protein matrix
and are thus detectable. Spin–spin interactions give
rise to characteristic changes in line shape, and en-
hancement of the electron-spin relaxation rate, from
which it is possible to estimate distances between the
paramagnetic centres.

Anisotropy

The Zeeman, dipolar hyperfine and fine structure in-
teractions are all anisotropic, meaning that the
energy of interaction depends on the angle between
the paramagnetic centre and the applied magnetic

field. In solution spectra of small molecules, the ani-
sotropy is averaged, and spectral lines are narrow.
Note, however, that the isotropic hyperfine interac-
tion does not average to zero and so there is still hy-
perfine splitting (e.g. Figure 2A and Figure 3A). For
randomly oriented samples in the solid state, (so-
called powder spectra) the distribution of molecules
in different orientations gives rise to characteristic
broadening of the line shape (Figure 2B and
Figure 3C).

Effects of temperature, electron-spin relaxation 
and spectral linewidths

Temperature has a number of effects on the EPR
spectrum. The populations of the electron energy
levels, N– and N+ (Figure 1A) differ by a small
amount because of the Boltzmann distribution:

where kB is the Boltzmann constant and T the
absolute temperature. At room temperature and a
magnetic field of 0.32 T, the difference is about
0.07% of the unpaired electrons. It increases at

Figure 2 EPR spectra of transition ions (A) manganese ions in aqueous solution; note the six-line hyperfine splitting owing to the
55Mn nucleus (I = ); (B) high-spin FeIII in metmyoglobin, frozen at 77 K; note the g factors at 6.0 and 2.0.
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higher microwave frequencies (hence higher fields),
and at lower temperatures.

The spin–lattice relaxation, with a characteristic
time T1, is responsible for maintaining the popula-
tion difference between levels, N– and N+. The spin–
spin relaxation time T2 reflects the lifetime of the ex-
cited state and its effect on the line width. If the
electron-spin relaxation rate is too rapid, the lifetime
of the excited state is short and the EPR spectrum
becomes broadened. At high temperatures the
spectrum may become too broad for detection, hence
the use of cryogenic temperatures for some transition
ions. However, if the spin–lattice relaxation is too
slow, the population difference N– – N+ cannot be
maintained, and the amplitude of the signal is
attenuated, a situation known as microwave power
saturation. Electron-spin relaxation times may be
estimated by measuring the amplitude of the signal
as a function of applied microwave power.

Operation of the spectrometer

The outline of a conventional continuous-wave EPR
spectrometer is shown in Figure 4. The term ‘contin-
uous-wave (CW)’ refers to the fact that microwaves
are applied throughout the measurement. It is
designed to optimize the weak EPR signals originat-
ing from the sample, against a background of noise
from the source. The microwave source is a reflex
klystron (a type of thermionic valve) or a Gunn diode
(a semiconductor device). The detector is a micro-

wave diode. The operating frequency is typically in
the X-band (∼ 9.5 GHz). This frequency is a compro-
mise; higher frequencies increase the ratio N–:N+ (and
hence sensitivity) but require smaller cavities and thus
smaller sample size (and hence number of spins being
measured). A typical sample volume is of the order of
0.1 cm3.

The microwave circuit is known as the microwave
bridge, to emphasize that it is a balanced circuit. The
source is tuned to the resonant frequency of the cav-
ity. Microwaves pass through waveguides to the cav-
ity via a circulator, which ensures that signal arising
from the sample in the cavity passes to the detector.
The reference arm serves to balance the signal with
the input microwave power. The circuit is optimally
tuned by matching its impedance with the cavity
using the iris, to a condition known as critical cou-
pling. In this situation the intensity of the microwave
field B1 at the sample is enhanced by the Q-factor of
the cavity, typically several thousand-fold. When
electron paramagnetic resonance occurs in the sam-
ple, a small amount of power is transmitted to the
detector and is amplified and recorded.

The homogeneous B0 field is provided by an
electromagnet. EPR spectra are obtained by modula-
tion of the field by a small amount, at a frequency of
100 kHz. A lock-in amplifier detects the EPR signal
in phase with the modulation. Modulation and
phase-sensitive detection is a standard method of
noise rejection and enhances the signal-to-noise
ratio, and hence the sensitivity of the technique, by
as much as 105. It gives rise to the characteristic first-
harmonic (first-derivative) line shape. Although the
absorption spectrum could be derived from this by
integration, spectra are usually retained as the deriv-
ative form as it emphasizes narrow hyperfine split-
tings and other features.

Temperature control

The form of the paramagnetic material may be solid,
liquid or gas, and so appropriate temperature con-
trol of the sample is needed. The temperature of the
sample may be controlled by flowing gas through a
quartz vacuum jacket. For low temperatures, helium
is used. The sample may be held in a Dewar of liquid
nitrogen or helium. For smaller resonator designs
such as loop-gaps, the whole resonator is immersed
in a cryostat containing helium or nitrogen.

Resonators

The quality, or Q factor, of the microwave cavity or
resonator is a measure of its efficiency at concentra-
ting microwave energy. For a resonant a.c. circuit it
is given by

Figure 3 EPR spectra of radicals (A) benzoquinone anion rad-
ical in solution; (B) the nitroxide TEMPOL in solution of photosyn-
thetic reaction centres.
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The filling factor η is the fraction of the microwave
magnetic field Bl which bisects the sample.

Two examples of resonators used in EPR are
illustrated in Figure 5. Rectangular cavities
[Figure 5(A)] are of metal which is coated with silver
and gold for high conductivity. The sample is
positioned at the maximum of the microwave mag-
netic field, Bl. It may be irradiated with ultraviolet or
visible light, in this example through a waveguide of
length λ which prevents microwave leakage. The
applied magnetic field B0 is modulated with Helm-
holtz coils in the walls of the cavity. The B0 and Bl

fields are oriented at right angles, which gives a
maximum magnetic resonance interactions for S =
paramagnets. For paramagnets with an integer spin,
the resonant transition is forbidden in this geometry.
Parallel mode cavities are used for this situation, in
which Bl is parallel to B0.

In the loop-gap resonator (Figure 5B), the coup-
ling loop acts as an antenna to transmit microwave
power to and from the bridge to the split-ring reso-
nator element. The number of gaps is variable, de-
pending on the sample size. The microwave magnetic
field Bl circulates in the ring, while the electric com-
ponent is mostly confined to the gaps. Magnetic field

modulation is also by external coils (not shown).
Loop-gap resonators have better filling factors than
rectangular cavities, so that the resonator can be
smaller and the sample tube larger. They are particu-
larly effective for lossy samples such as aquesous
solutions.

Other designs of cavity are possible, including
cylindrical resonators constructed of an inert dielec-
tric material such as sapphire (alumina).

Computer control and data acquisition

Most operations of the instrument are under compu-
ter control. The spectrum is recorded as a series of
data points, along a linear axis of magnetic field. The
signal-to-noise ratio can be improved by repetitive
scanning and signal averaging. Fourier transform
techniques are normally only used for analysis of
pulsed EPR experiments. There is a range of
different software for analysis of the spectroscopic
data, in particular for simulation.

Sample holders and sample preparation

The holders for EPR samples are constructed of a
diamagnetic, nonconductive material such as quartz.
Electrically conductive materials such as metals
cannot be used as they reflect microwaves and
prevent penetration of microwaves into the sample.

It is not possible to measure EPR spectra of large
aqueous samples at frequencies above 1 GHz

Figure 4 Outline of a typical continuous-wave EPR spectrometer.
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because of microwave power losses. For measure-
ments in an X-band rectangular cavity, specially con-
structed flat cells are used, with a thickness of about
0.3 mm (Figure 6). They are placed in the centre of
the cavity, which is a nodal plane of the electric vec-
tor, hence minimizing dielectric losses.

Oxidation–reduction reactions are used to gener-
ate organic or inorganic compounds in their para-
magnetic oxidation states, for example quinones in
their semiquinone states, or transition metal ions in
their paramagnetic states (Table 2). Electrolytically
generated radicals may be obtained by means of elec-
trodes placed in the cell above and below the cavity.

For kinetic measurements, paramagnets may be
generated by mixing solutions and flowing them into
a cell inside the cavity (Figure 6B). For short-lived
states of transition metals in solution, samples may
be obtained by rapid freezing, in which samples are
mixed and squirted into a bath of isopentane at
140 K.

Multifrequency EPR

Although the majority of EPR spectra are still taken
at X-band frequency, there are advantages for some
applications to use lower or higher microwave
frequencies, or a range of frequencies. To operate at
each frequency it is usually necessary to use a differ-
ent microwave bridge and cavity. These frequencies
are identified by their frequency bands, as listed in
Table 3.

In high-frequency spectrometers, superconducting
magnets are used. Up to 100 GHz, the microwaves

Figure 5 Resonators for EPR spectroscopy. (A) Rectangular cavity; (B) loop-gap resonator.

Figure 6 Sample holders for aqueous samples. 

Table 2 Examples of paramagnetic transition ions

Note – other oxidation states and isotopes exist for these
elements.

Metal ion
Paramagnetic 
oxidation states Other states

Vanadium VIV VV,VIII

Chromium CrIII, CrVI

Manganese MnII, MNIV MnIII

Iron FeIII FeII

Cobalt CoII CoI, CoIII

Nickel NiI, NiIII NiII

Copper CuII CuI

Molybdenum MoV MoIV, MoVI
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may be obtained by mixing with lower-frequency
radiation in a heterodyne arrangement. For higher
frequencies, the radiation may be regarded as far
infrared, and Fabry–Pérot resonators are used which
consist of two parabolic mirrors to concentrate the
radiation. In low-frequency spectrometers the mag-
netic field is produced by Helmholtz coils and the
resonator is a coil similar to that used in NMR.

Some features of the EPR spectrum increase with
magnetic field, such as the separation between g
factors. Others, such as the separation between
hyperfine splittings, do not change, to first order. By
altering the microwave frequency it is possible to
resolve the effects of multiple electron–nuclear and
electron–electron interactions. The EPR spectra of
organic radicals at X-band (9 GHz) are dominated
by hyperfine splittings by protons and other nuclei.
At W-band (96 GHz) the spectra are dominated by
the anisotropy of the g factor.

Electron–nuclear double resonance 
(ENDOR) and TRIPLE resonance

The hyperfine interactions with nuclei adjacent to
the paramagnetic centre are often too small to be ob-
served because they are smaller than the EPR line
width. Electron–nuclear double resonance is a
technique which detects these interactions. In
addition to the microwave field Bl a radiofrequency
field, B2, is applied at right angles. A commercial de-
sign uses a coil wound around the sample tube in a
special cavity.

The energy levels and transitions relevant to the
ENDOR measurement are illustrated in Figure 7.
The microwave field, at the EPR resonant frequency,
partially saturates the signal, equalizing the popula-
tions of the mS = ±  levels. The radiofrequency is
swept, and when the latter is at the resonant
frequency of the interacting nuclear spins this pro-
vides further pathways for electron spin relaxation

and the EPR signal is enhanced. The resulting spec-
trum consists of a pair of lines. The positions of the
lines depend on the relative magnitudes of the hyper-
fine coupling, A, and the nuclear Zeeman frequency,
νn (the NMR frequency of the nucleus) (Figure 7). In
the case where νn > A/2, as for protons, which have a
large nuclear moment, the lines will be centred at νn

and separated by A. When A/2 > νn, as in the case of
strong couplings to other nuclei, the ENDOR
spectrum consists of two lines centred at A/2 and
separated by 2νn.

Hyperfine interactions of the order of a few mega-
hertz can be resolved and provide information about
nuclei at distances up to 0.5 nm. An additional
advantage of ENDOR is that the number of lines is
additive, rather than multiplicative. If there are
numerous nuclear spins in the paramagnetic mole-
cule, each type of hyperfine splitting will give just one
pair of lines and so the ENDOR spectrum is simpler
than the EPR spectrum. This feature is particularly
useful in the interpretation of the complex spectra of
radicals.

TRIPLE resonance is another method which
resolves further a spectrum containing multiple
hyperfine couplings. It is analogous to the Over-
hauser effect in NMR. By continuously applying
radiofrequency radiation at the resonant frequency
of one line in the spectrum, other lines in the
ENDOR spectrum are suppressed or enhanced if
they are connected to the same transition. This
method makes it possible to determine the sign of A,
which is used in molecular orbital calculations.

Pulsed EPR

Pulsed EPR spectrometers are now commercially
available and have some of the same electronic fea-
tures as NMR spectrometers. The layout of the
microwave bridge is similar to that of Figure 4, but
in addition a pulse programmer controls the

Table 3 Microwave wavebands and frequencies

The definitions of bands follow EPR convention and the frequencies are approximate.

Band Frequency (GHz) (app.)  λ (mm) Field for g = 2 (mT) Typical applications

Radiofrequency 0.25 1200 8.93 EPR imaging

L 1 300 35.7 Aqueous sample EPR

S 4 75 143 Hyperfine splittings

X 9.5 31.6 339 Routine spectroscopy

K 24 12.5 857

Q 35 8.6 1250 Electron spin-spin interactions

V 65 4.6 2322

W 96 3.12 3430 g Factor anisotropy in radicals

D 140 2.14 5000 Large zero-field splittings

G 250 1.2 8931 Even spin system
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microwave supply through diode switches. The
microwave pulses, of duration 5–50 ns, are ampli-
fied by a travelling-wave tube amplifier, to a power
up to 1 kW. The cavity has a lower Q-factor than
for CW EPR to allow the microwave field to build
up more quickly. The main differences between
pulsed EPR and pulsed NMR arise from the broad
bandwidth of the EPR spectrum.

Flash photolysis

For the spectra of radicals that are dispersed over a
narrow range of frequency, it is possible to detect a
free-induction decay (FID). This makes it possible to
derive a spectrum by Fourier transformation and ob-
serve the spectrum of a transient species induced, for
example, by a laser flash which is synchronized with
the microwave pulse programmer (Figure 8A).

Normally, however, the spectrum is too broad, or
the FID decays too rapidly. In this  case it is possible
to detect an  electron-spin  echo after a two-pulse
(π/2–π–echo) sequence. The spectrum of the flash-
induced species is derived by repeating the mea-
surement over a range of magnetic field strength. The

lifetime (which should be a minimum of about
100 ns) is measured by repeating the electron-spin
echo sequence, while the interval between the flash
and the pulses is systematically incremented.

Electron-spin relaxation rates

The values of T1 and T2 are measured in different
experiments which observe the decay of the electron-
spin echo with time; T1 is measured with an
inversion-recovery experiment as in NMR, while T2

is observed by a two-pulse echo sequence, as in
Figure 8A. The amplitude of the echo decreases with
increasing delay time τ, owing to loss of ‘phase mem-
ory’. The spin–spin relaxation is affected by various
factors, including molecular motion and spin–spin
interactions between paramagnets.

Hyperfine couplings

Electron-spin echo envelope modulation (ESEEM)
spectroscopy is a pulsed technique that detects weak
hyperfine and quadrupolar couplings in the solid
state. It is complementary to ENDOR in that it gives

Figure 7 Energy levels for an electron interacting with an l = � nucleus, showing the transitions relevant to ENDOR and electron-spin
echo envelope modulation (ESEEM).
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Figure 8 Pulsed EPR experiments. (A) flash photolysis, (B)–(D) ESEEM. 
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the best results in the intermediate regime of
hyperfine couplings where A ≈ νN; in addition, it is
particularly sensitive to couplings with quadrupolar
nuclei such as 2H and 14N. The Mims three-pulse
echo sequence is similar to the two-pulse sequence
(Figure 8B) except that the π pulse is split into two
π/2 pulses separated by time T. The decay of the
echo is now determined by the slower spin–lattice
relaxation time T1 allowing echoes to be detected
over a longer period of time. During the evolution of
the spin echo, hyperfine coupling frequencies cause
dephasing of the electron spins, and so the echo
amplitude is modulated with time (Figure 8C). This
can be considered as being due to an interference
between the frequencies of the allowed transitions,
∆mS = ±1, with the ‘semi-forbidden’ transitions,
∆mS = ±1, ∆mI = ±1, which are allowed owing to
quadrupolar interactions and anisotropy of the
hyperfine interaction. Fourier transformation of the
time-domain spectrum yields the spectrum of hyper-
fine frequencies (Figure 8D).

Two-dimensional pulsed EPR experiments are also
possible, such as HYSCORE (hyperfine sublevel
correlation) spectroscopy. This uses a pulse sequence
as in Figure 8B, separated by an inversion pulse into
two variable time intervals. Fourier transformation
in the two time-domains gives a 2D spectrum, in
which the effects of multiple hyperfine couplings can
be resolved.

Pulsed ENDOR is an alternative technique, in
which radiofrequency pulses at NMR frequencies are
used to perturb the spin-echo sequence (Figure 9).
Hyperfine interactions lead to loss of coherence of
the electron spins during the mixing period, so the
amplitude of the echo is decreased. A plot of echo
amplitude against RF frequency yields a spectrum
analogous to that of a CW ENDOR spectrometer.

Types of material studied

Free radicals

Organic free radicals can be produced by one-
electron oxidation or reduction reactions, by irradia-
tion processes or by homolytic cleavage of a chemi-
cal bond. They may occur in the solid, liquid or
gaseous states. Organic radicals in solution give
complex EPR spectra. The hyperfine structure of
their spectra provides information about the type of
radical and the distribution of the unpaired electron
in it. Free radicals tend to be unstable and to decay
by recombination processes. However, some radi-
cals, particularly those in the solid state, are stable. If
they have a half-life of at least a few seconds they
can readily be examined by conventional EPR
spectroscopy, using rapid-scan coils to sweep the B0

field. If they are more short-lived, the radical may be
stabilized by cooling to low temperatures, or chemi-
cally trapped with a spin trap which reacts with the
unstable species to produce a more stable radical.

Spin traps

Ideally, a spin trap is a diamagnetic compound,
which is introduced into a biological system without
perturbing it and which reacts rapidly and specifical-
ly with a transient free radical to form a stable radi-
cal that can be identified from its EPR signal. These
requirements are somewhat contradictory. The two
most commonly-used spin traps for organic radicals
are nitroso compounds and nitrones (Table 4).
These react with radicals to form nitroxides. The
nitroso compounds give an adduct in which the radi-
cal added is bonded directly to the nitroxide nitro-
gen, so that the hyperfine splittings in the EPR signal
are more diagnostic of the original radical; however,

Figure 9 Principle of Mims pulsed ENDOR.
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the adducts are less stable and may decay within
minutes. Nitrones tend to give more stable adducts
which are more difficult to identify.

Spin labels

Spin labels are stable paramagnetic molecules that
are introduced into a biological sample, and extend
the use of EPR to situations where no endogenous
radicals exist. The commonest type of spin labels are
nitroxides (aminoxyl) radicals, though other types of
radicals and transition metal ions have been used.
The advantage of the specific labelling approach is
that it makes it possible, through judicious labelling,
to investigate the local environment and motion of
defined parts of the system under study.

Transition metals

Transition metals are paramagnetic in certain
oxidation states (Table 2). Although this paramag-
netism is stable, the sample may have to be cooled to
low temperatures for the EPR signal to be observed.

Defects in solids

Examples of defects are cation vacancies (V centres),
anion vacancies (F centres) and impurities in crystals.
Defects can be generated in various ways, such as
irradiation with ultraviolet or ionizing radiation, or
by imperfect crystallization. An example is a defect
(latent image) generated in photographic emulsion
by light irradiation. In addition, finely divided solid

materials commonly show radical centres due to
homolytic cleavage of chemical bonds.

Information from EPR spectroscopy

Identification of the paramagnet

The type of paramagnetic species may be recognized
from the characteristic features of its spectrum such
as g factors and hyperfine splittings.

For free radicals in solution, examination of the
pattern of hyperfine splittings can provide informa-
tion about the number of interacting nuclei and
hence the structure of the radical. For example, in
the benzoquinone radical (Figure 3A), the splitting
by four equivalent protons gives rise to five lines
with amplitudes in the ratio 1:4:6:4:1.

A powerful technique is to substitute atoms in the
molecule with nuclei having different nuclear spins,
for example deuterium 2H (I = 1) for 1H or 13C (I = )
for 12C. Examples of nuclear spins and moments are
given in Table 1. The observed change in the hyper-
fine splitting pattern is conclusive evidence of interac-
tion with the nucleus.

Quantification

The concentration of unpaired electrons can be deter-
mined from the integrated intensity of the EPR spec-
trum by double integration or by numerical
simulation of the spectrum. For paramagnets with
S = , measured under non-saturating conditions, the

Table 4 Types of spin traps

Type / spin trap Structure  Suitable application

2-Methyl-2-nitrosopropane
(MNP)

C,S-centred radicals

5,5-Dimethyl-1-pyrroline-N-oxide 
(DMPO)

C,S,O-centred radicals

N-tert-Butyl-α-phenylnitrone 
(PBN)

C,S,O-centred radicals

FeII(diethyldithiocarbamate)2 Nitric oxide
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integrated intensity for a given concentration is the
same, regardless of the nature of the paramagnetic
species. Hence the concentration can be referred to a
standard material such as CuII.

Spin Hamiltonian parameters

The parameters of the EPR spectrum are described
formally by a spin Hamiltonian equation, which
summarizes the energies of the different types of
interaction. For example, the Hamiltonian for a spin
S interacting with a nuclear spin I is

where the operators g and A are shorthand notation
for 3 × 3 matrices or tensors. The EPR spectrum may
be interpreted by computer simulation of the energy
of interaction with the magnetic field B0. This
provides information about the electronic state of
the paramagnet. For radicals, the information can be
used in detailed molecular orbital calculations of
electronic structure. For transition metal ions, EPR
provides information about the coordination
geometry, spin state and types of ligands.

Redox and spin states

Changes in oxidation states of paramagnets, by add-
ing or removing unpaired electrons, cause the EPR
signals to appear and disappear. This can be used to
monitor oxidation–reduction reactions, and to
measure reduction potentials. Generally the EPR
spectrum is a useful indication of the oxidation–
reduction state of the species observed. Often the
presence of an EPR signal is conclusive, though in
the case of semiquinones they may be anion radicals
(formed by electron addition) or cation radicals
(formed by removal of an electron). The EPR spectra
of NiI and NiIII are similar. In these cases further
oxidation–reduction experiments are needed to
distinguish them.

For transition ions such as FeIII, the EPR spectrum
is a good indicator of spin state, in this case high spin
(S = ) or low spin (S = ). The spectra of the high-
spin states are influenced by zero-field splittings, in
this case giving g factors of up to 10.

Distances

The hyperfine coupling between an electron spin and
a nucleus or between electron spins consists of two
components: an exchange interaction (acting
through chemical bonds, and generally isotropic),
and a dipolar interaction. The dipolar component is

anisotropic and its magnitude is inversely propor-
tional to the (distance)3, and this can be used to esti-
mate distances. In favourable cases, hyperfine
couplings from ENDOR can be used to determine
distances of protons up to 0.5 nm. Electron spin–
spin interactions can be observed as splittings in the
EPR spectrum over distances up to 1.5 nm, and
relaxation effects at distances up to 4 nm.

Orientation

If the molecules of a paramagnet are orientated, as in
a single crystal, the EPR signal consists of narrow
lines, which shift as the crystal is rotated in the mag-
netic field. The angular dependence can be measured
precisely using a goniometer. Some ordering is seen
in fibres and layered materials, though less precisely
than in crystals. From this orientation dependence it
is possible to estimate the spin Hamiltonian parame-
ters, yielding detailed information about the axes of
the g and A matrices, and hence the orbital states.

Motion

The line width of the EPR spectrum of a radical such
as a nitroxide in solution is sensitive to motion in the
range of correlation times 10–7–10–11 s. This is due to
the anisotropy of the 14N hyperfine splitting. If the
motion is rapid enough to average this anisotropy,
the spectrum shows narrow lines. For slower motion
the spectrum broadens out. The rate of motion is
determined by simulation, or by comparison with
labelled molecules of known correlation time. By
means of an experimental technique known as
saturation-transfer EPR the spectra may be made to
be sensitive to correlation times up to 10–3 s, as
found, for example, in membrane-bound proteins.

EPR dosimetry

The build-up of radicals in irradiated solids forms a
method of estimating the absorbed dose of ionizing
radiation. A standard used in EPR dosimeters is the
amino acid alanine, in pellet form, which gives a
linear relationship between radical signal amplitude
and absorbed dose over several orders of magnitude.
Where there has been accidental radiation exposure,
the EPR of radicals in hydroxyapatite in tooth
enamel has been used to estimate the absorbed dose.
Irradiation of foods such as meat may be detected by
radicals formed in bone.

EPR dating

Buried archaeological samples that contain crys-
talline materials show radical EPR signals due to the
effects of the radiation in the soil. The time of burial
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can be estimated by taking measurements of the ra-
dioactive isotopes in the surrounding soil and ob-
serving the signal amplitude after applying an
equivalent dose of radiation to the sample. The
decay of the radical signal over time depends on the
stability of the defects in the material. Dating works
best for crystalline material such as silica; bone is
unreliable because of recrystallization. The technique
has been used for samples dated between 105 and
106 years, which is between the ranges possible for
radiocarbon and potassium dating.

Medical applications

Oxygen radicals have been widely investigated in
biomedical systems and are of great interest because
of their cytotoxic effects and involvement in process-
es such as inflammation. They may be observed by
spin traps (Table 4). Nitric oxide is also generated
in conditions such as inflammation, and can be
trapped by iron complexes such as iron diethyldi-
thiocarbamate.

Oximetry exploits another feature of the spectra of
radicals in solution: that they are broadened by para-
magnetic interactions with oxygen in solution. With
narrow-line radicals it is possible to measure oxygen
in human tissues at concentrations below 10–5 mol
dm–3.

List of symbols

A = hyperfine coupling constant; B0 = static
magnetic field; B1 = microwave magnetic field;
B2 = radiofrequency magnetic field; g = electron g
factor; h = Planck’s constant; H = Hamiltonian oper-
ator; I = nuclear spin operator; k = Boltzmann con-
stant; mI = nuclear spin angular momentum;
mS = electron spin angular momentum; N–, N+ =
populations of electron energy levels separated by a
magnetic field; Q = quality factor of a resonator;
S = electron spin operator; T = absolute temperature;
Tl = longitudinal (spin–lattice) relaxation time; T2 =
transverse (spin–spin) relaxation time; η = filling fac-
tor of a resonator; λ = microwave wavelength;
µB = Bohr magneton. In an EPR spectrum the signals
are obtained by increasing the B0 field at fixed fre-
quency; ν = microwave frequency; νn = nuclear Lar-
mor frequency; τ = delay in pulse sequence.

See also: Chemical Application of EPR;  Chiroptical
Spectroscopy, Oriented Molecules and Anisotropic

Systems; EPR Imaging; EPR Spectroscopy, Theory;
Fluorescence Polarization and Anisotropy; Fourier
Transformation and Sampling Theory;  Laboratory
Information Management Systems (LIMS); NMR in
Anisotropic Systems, Theory; NMR Pulse Sequences;
NMR Relaxation Rates; Nuclear Overhauser Effect;
Spin Trapping and Spin Labelling Studied Using EPR
Spectroscopy.
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Circular dichroic spectroscopy (CD) is a powerful
method for determining the absolute configurations
and confirmations of chiral molecules. In particular,
the exciton-coupled circular dichroism arising from
through-space chromophore– chromophore interac-
tions, called exciton coupling, is one of the most

sensitive spectroscopic tools for determining the mo-
lecular chirality or molecules in solution. The theoret-
ical analysis of the exciton coupling phenomena is
based on the coupled oscillator theory and molecular
exciton theory. Since exciton-coupled CD is basically
a nonempirical method, the derived conclusions are
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nonambiguous. It is a microscale technique of great
versatility applicable to compounds ranging from
small molecules to various types of ligand– receptor
complexes. However, the extent of its potential has
yet to be explored. Here the theory and applications
of exciton-coupled CD are outlined.

When two chromophores with an identical or sim-
ilar excitation energy are in close spatial proximity to
one another and chirally disposed, the individuality
of a monomer chromophore transition is lost. The
chromophore excited state can delocalize over all
chromophores within the system and becomes an
exciton. The excitons interact and couple, thus giving
rise to a characteristic pair of intense CD bands with
opposite signs and comparable band areas, called a
CD exciton couplet. The coupling of two identical
chromophores is illustrated in Figure 1 by a steroidal
2,3-bis-para-substituted benzoate. The intense
intramolecular charge-transfer (CT) bands stemming
from the 1La transition of para-substituted benzoates
give rise to the main electronic absorption band; it is
the through-space coupling between these CT bands
which is used for determining the absolute configura-
tion between two hydroxyl groups. Although there is
some free rotation around the C– O bonds, ester
bonds are known to adopt the s-trans confirmation.

Furthermore, X-ray crystallographic data, energy cal-
culations, etc., show that the ester C=O is syn with
respect to the methine hydrogens. Thus, the intramo-
lecular CT transition polarized along the long axis of
the benzoate chromophore is almost parallel to the
alcoholic C– O bond. Hence the exciton CD data
which represent the absolute chirality between the
transition moments also represent the chirality
between any two hydroxyl groups, provided that
their spatial distance permits the two chromophores
to couple. When the absolute sense of chirality
between the C(2)– O and C(3)– O bonds constitute a
clockwise twist as shown by the Newman projection
in Figure 1, it is defined as positive, and vice versa.

The outline of exciton-coupled CD in a system
consisting of two identical chromophores (a degener-
ate case) is as follows: 

(i) Chromophores exhibit intense π– π* absorp-
tions.

(ii) The excited state of the system is split into two
energy levels, α and β, by exciton interaction
between the two chromophores, and the energy
gap 2Vij is called the Davydov splitting.

(iii) In the UV-visible spectra, this coupling gives
rise to two-component spectra of the same sign

Figure 1 Exciton coupling of two identical chromophores of steroidal 2,3-bisbenzoate with positive chirality; the carbinyl hydrogens
are represented syn to the ester carbonyl and the ester groups is in an s-trans conformation. Also shown are the splitting of the excited
states of isolated chromophores i and j into α and β states with the Davydov splitting 2Vij, summation CD and UV curves (solid line) of
two component curves (dotted line).
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which usually appears as a single absorption
maximum with double intensity. In contrast, in
CD, this excitation to two split energy levels
gives rise to two CEs of opposite signs; summa-
tion of the two curves of opposite signs separat-
ed by energy gap ∆λ results in a CD with two
extrema, a couplet (commonly called a ‘split
CD’). The extrema at longer and shorter wave-
lengths are called the first CE (Cotton effect)
and second CE, respectively. 

(iv) The amplitude of exciton split CE is defined as
the A value (A = ∆ε1 − ∆ε2), where ∆ε1 and ∆ε2
are intensities of the first and second CEs
respectively.

(v) If the electric transition moments µ of the two
chromophores constitute a right-handed screw,
a positive couplet with positive first and nega-
tive second CEs are observed, and vice versa
(Table 1).

(vi) The sign and intensity of exciton split CEs are
governed by ‘exciton chirality’, which is theo-
retically defined as 

where Rij is interchromophoric distance vector
from i to j, µioa and µjoa are electric transition di-
pole moments of excitation o → a of groups i
and j, respectively, and Vij is interaction energy
between two groups i and j.

(vii) The absolute configuration of two chromo-
phores can be determined, provided that the di-
rection of the transition moment in the
chromophore is established. 

The cage compound [1] with two anthracene
moieties, (6R,15R)-(+)-6,15-dihydro-6,15-ethano-
naphtho[2,3-c]pentaphene (Figure 2B), provides a
typical example of exciton-coupled CD. Of the four

absorption bands of anthracene in the UV-visible
region, the band at 252 nm (ε = 204 000, 1Bb transi-
tion) is the most intense and is polarized along the
long axis of the chromophore. The UV of cage mole-
cule [1] (Figure 2B) resembles that of anthracene
(Figure 2A) with the expected bathochromic shift
(λmax 267.2 nm, ε = 268 600). The CD of (+)-[1]
shows two intense CEs of opposite signs at the 1Bb
transition: a first positive CE, λext = 268.0 nm,
∆ε = +931.3, and a second negative CE,
λext = 249.7 nm, ∆ε = −720.8; A = +1652.1 (these
CEs are one of the strongest ever observed!). The pos-
itive A value indicates that the two 1Bb transition
moments along the long axes of the anthracene moi-
eties constitute a clockwise screwsense. This leads to
the 6R, 15R absolute configuration shown for (+)-[1].

Both exciton-coupled CD and X-ray techniques
are nonempirical methods for determining the abso-
lute configuration of chiral compounds. Although
these two methods differ in that CD is for solutions
whereas X-ray is for crystals, both methods naturally
give the same absolute configuration.

The application of CD exciton coupling formalism
to structural analysis started as the ‘dibenzoate chi-
rality rule’, which became the ‘exciton chirality
method’ when it was expanded to include the cou-
pling between a variety of chromophores for deter-
mining the absolute configurations and/or
confirmations. As shown schematically in Figure 1,
‘exciton coupling’ is also present in UV-visible spec-
tra, except that the electronic spectrum simply
appears as a single maximum with double intensity;
only in rare cases when the energy gap 2Vij between
the α and β levels is substantial will the spectra
exhibit double maxima. Figure 3A (plotted in cm−1)
shows the broad UV-visible band with
λmax ≈ 390 nm of Schiff base [1]; upon protonation
this is converted into the cyanine dye [2] with delo-
calized electrons which give rise to a red-shifted
band with narrow half-band width (λmax ≈ 515 nm).
The coupling of two such cyanine dye chromophores

Table 1 Definition of exciton chirality for a binary system

Qualitative definition Quantitative definition Cotton effects

Positive exciton chirality Rij⋅(µioa × µjoa) Vij>0
Positive first and negative 

second Cotton effects

Negative exciton chirality Rij⋅(µioa × µjoa) Vij<0)
Negative first and positive 

second Cotton effects
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give rise to an electronic spectrum with a rare double
maximum. The CD spectrum exhibits an intense
negative couplet with A = 462. That the integrated
areas or rotational strength of the negative and posi-
tive CEs are comparable is a manifestation of the
‘sum rule’, which states that summation of the posi-
tive and negative rotational strengths over the entire
CD spectrum should be zero. The ‘sum rule’ is one of
the requirements of the exciton coupling mechanism.
The observed regional sum rule, instead of a sum
rule covering the entire CD range, is due to the well-
separated cyanine dye maxima. In order to empha-
size the similarity between electronic and chiroptical
spectroscopy, the term ‘exciton-coupled CD’ rather
than ‘exciton chirality CD’ is used in the following.

Chromophores for exciton-coupled 
CD

Some aspects of practical importance are summa-
rized as follows:

(1) Sample amount: µg scale.
(2) Solvent: acetonitrile, methylcyclohexane. Alco-

holic solvents should be used with caution

when dealing with acylated substrates because
of the possibility of ester exchange.

(3) Any chromophore with strong intensity and
known direction of µ can be used.

(4) The sign of the couplet or ‘split CD’ is deter-
mined by the absolute sense of twist of µ.

(5) Amplitude A is proportional to ε2, or to a first
approximation A and ε have a linear relation.

(6) Amplitude A is inversely proportional to the
square of R, the interchromophoric distance.

(7) Additivity relation holds for A values in case of
identical chromophores, and for the entire CD
curves when the interacting chromophores are
different (see below).

(8) There is no exciton coupling when the angles of
interacting µs are 0°  or 180° ; in 1,2-bisacylates,
the A value is maximum when the projection
angle of interacting µ is ∼70° .

(9) The interacting chromophores do not have to
be identical. Moreover, they do no have to be in
the same molecule, e.g. a ligand and its receptor
could also interact and give exciton-coupled
CD. Chromophores are introduced into chiral
molecules lacking suitable chromophores.
When only one chromophore is present in the

Figure 2 (A) UV spectrum of anthracene in EtOH and polarization of the UV transitions. (B) CD and UV spectra of (6R,15R) -(+)-
6,15-dihydro-6,15-ethanonaphtho[2,3-c]pentaphene [1] in 0.18% dioxane–EtOH. Adapted from Harada N et al. Journal of the Ameri-
can Chemical Society 98: 5408. 



474 EXCITON COUPLING

substrate molecule, the newly introduced
chromophore is selected so that its absorption
maximum will be close to that of the preexist-
ing chromophore.

The chromophores used for determining absolute
configuration or conformation by exciton-coupled
CD should have intense π→π∗ transitions with a
known direction of the coupled transition moments;
thus chromophores with high symmetry are more
suited. Some chromophores referred to in this sec-
tion are summarized in Table 2.

The UV spectra of para-substituted benzoates and
the direction of the transition moments are shown in
Figure 1. Among the para-substituted benzoates, p-
dimethylaminobenzoate (Table 2, [3]), is highly rec-
ommended because of the red-shifted maximum and
large ε value. Ortho- and meta-substituted benzoates
are not suited because their transition moments are

not parallel to the alcoholic C– O bond;
consequently, the exciton chirality will depend on
the conformation around the C– O bond. para-
Substituted benzoyl chromophores can be used for
derivatizing primary amino groups, e.g. the intra-
molecular CT band of the benzamido group,
λmax ≈ 225 nm (ε = 11 200), is again polarized along
the long axis of the chromophore; however, for sec-
amino groups the benzamido chromophores cannot
be used unless the conformation around the C– N
bond is established. The chromophore of 2,3-naph-
thalenedicarboximide [12] exhibits an intense 1Bb
transition around 260 nm, which is polarized along
the long axis of the chromophore. This makes it ide-
ally suited for exciton coupled CD because the long
axis-polarized 1Bb transition moment is exactly par-
allel to the C– N bond of the amine moiety; the in-
tense ε and its fluorescence are further attributes (see
below). Since the maxima of benzamido-2,3-naph-
thalenedicarboximido [12] and benzoate chromo-
phores [1]– [4] are close to one another, combination
of these chromophores is useful for determining the
absolute configuration of amino alcohols.

Dienes, enones, ene-esters, ene-lactones, 
diene-esters, other benzenoids

The transition moments of the π– π∗ band or conju-
gated dienes, enones, etc., are almost parallel to the
long axis of chromophores (Figure 4). Phenylacety-
lene and benzonitrile chromophores with their in-
tramolecular CT bands around 230 nm are also
ideally suited because their CT transitions are polar-
ized exactly parallel to the long axis of
chromophores.

Polyacenes

As depicted in Figure 2A, the 1Bb transition of poly-
acene chromophores is ideally suitable for observing
exciton coupled CD. See below for a description of
the fluorescent 2-anthroate chromophore.

Examples of exciton-coupled CD and natural 
products

The CD of the plant hormone abscisic acid exhibits a
positive couplet arising from the enone– dienoic acid
coupling (directions of electric transition moments
are shown by thick lines). The positive twist between
these two moieties shown in Figure 4 directly indi-
cates that the absolute configuration of the tert-OH
is pointing down, or α. Similarly, the negative cou-
plet of dendryphiellin F shows the dienoate side-
chain to be β whereas that of manumycin shows the
triene amide chain to be α. In the case of lithospermic

Figure 3 (A) UV-visible spectra of mono-Schiff base [1] and
monocynanine dye [2] in CH2CI2; (B) UV-visible and CD spectra
and rotational strength R in cgs units of biscyanine dye derivative
of (1S, 2S)-trans-1,2-cyclohexanediamine [3] in CH2CI2–TFA.
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acid, hydrolysis of its heptamethyl ether followed by
p-bromophenacylation yielded derivative A, while
methanolysis of the same heptamethyl ether gave
fragment B. Subtraction of the CD of B from that of
A gave a negative couplet; moiety B within the struc-
ture of A is indicated by the dotted rectangle. This
difference CD shows that the coupling between the
two bromophenacyl groups is negative. This defines
the helicity between the two ester side-chains in
lithospermic acid and hence its absolute configura-
tion. As in any other spectroscopy, difference CD
offers a powerful tool for extracting the necessary
information hidden in a far more complex structure
or a ligand– receptor complex.

Chromophores with intense absorptions

The A values of split CD curves are proportional to
the absorption intensity ε of the chromophore.
Hence the stronger the absorption the larger is the A
value or the more sensitive is the measurement. The
2-anthorate chromophore (Table 2, [8]) with an ex-
ceptionally intense absorption is a powerful chromo-
phore for exciton-coupled CD measurements. The 2-
anthroate and 2-naphthoate [6] chromophores are of
lower symmetry than para-substituted benzoates
[1]– [4]; however, in both cases the orientation of the
strong electric transition moment, 1Bb, is almost par-
allel to the long axis of the chromophore and

Figure 4 Examples of natural products exhibiting an exciton-coupled CD.
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therefore almost parallel to the C– O bond
(Figure 5). Moreover, its strong fluorescence not
only facilitates microscale manipulations but also
should make it attractive for application for fluores-
cence CD (FDCD). The terminal acyclic 1,2-diol is a

common moiety in many natural products and syn-
thetic intermediates and hence assignment of the ab-
solute configuration of the chiral centre is important.
Derivatization of (2S)-1,2-propanediol with an-
throylimidazole furnishes the bisanthroate with a
positive CD bisignate curve (MeCN) at 263 nm with
A = +190. Three distinct conformations A, B and C
are conceivable for the bisanthroate. A and B lead to
opposite CD exciton couplets, whereas exciton cou-
pling in conformer C should be almost zero and
therefore this conformer can only influence the am-
plitude and not the sign of the bisignate curve. Of
the remaining two, B is not expected to contribute
much because of the extra steric interactions be-
tween the methyl and the chromophores. That con-
former A is the major form is supported by NMR
coupling constants of J1,2 = 6.8 Hz (trans) and
3.7 Hz (gauche). The very intense UV is reflected in
the large A value, which is almost 10-fold that of bis-
p-bromobenzoate [2], i.e. +21 (in EtOH).

Pairwise additivity relation in exciton-coupled CD

An aspect of fundamental importance in exciton-
coupled CD is the principle of pairwise additivity.
Although Brewster and Kauzmann proposed the
‘principle of pairwise interactions as a basis for an
empirical theory of optical rotatory power’ in 1961,
it was not possible to secure experimental data to
prove this since they were addressed to rotations at
589 nm (Na D-line), where values are not only ex-
tremely small but also represent summation of con-
tributions of all stereogenic centres. However,
subsequent experimental results have established
that the additivity relation holds for both monochro-
matic systems and bichromophoric systems.

Pairwise additivity in systems containing identical
chromophores  The amplitude A of the split CD
curve for a compound containing two or more iden-
tical chromophores can be approximated by the sum-
mation of each interacting basis pair. Thus, in a
trischromophoric system containing three identical
chromophores I, II and III, the observed amplitude
can be approximated by the sum of three interacting
bischromophoric pairs (basis pairs): Atotal = AI,II +
AII,III + AI,III. This is illustrated for a sugar acylate
containing four p-bromobenzoates in Figure 6. Six
interacting pairs of benzoates are present in this de-
rivative, 2,3-, 2,4-, 2,6-, etc. The A values of the six
pairs of p-bromobenzoates are shown in the table in
Figure 6; the summation gives a value of +112,
which is in excellent agreement with the experimen-
tal value of +100. The A values (i.e. constants) of all
12 conceivable pairs for hexopyranosides have been
measured and tested against 42 cases of bis-, tris- and

Figure 5 Conformations and UV and CD spectra (in MeCN) of
bis-2-anthroyl-(2S)-1,2-propanediol

Figure 6 Amplitudes and methyl 2,3,4,6-tetrakis[O-(p-bro-
mobenzoyl)]-β-D-galactopyranoside, experimental (in MeOH)
and calculated.
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tetrakis-acylates and in all cases excellent agreement
is seen. This additivity relation is also corroborated
by theoretical calculations. The A values for O-
acylates and N-acylates are identical, and hence they
are applicable to all hexopyranosides (but not to N-
acetyl sugars since the confirmation of the acylated
N-acetyl bond is not known). The additivity principle
also leads to a simple microscale method for deter-
mining the branching point in oligosaccharides,
namely the sugars are permethylated, hydrolysed and
the liberated hydroxyls which are tags of the linkage
point are bromobenzoylated; each sugar benzoate is
then identified from the A value (microgram level).

The pairwise additivity relation also holds for p-
phenylbenzylates [11], thus showing that the
conformation of the benzylate closely resembles that
of the benzoate; the benzylates can readily be oxi-
dized to the corresponding p-phenylbenzoates [5],
which give rise to another set of data. The advantage
of benzylates is that they can derivatize hindered OH
groups, including tertiary.

Pairwise additivity in systems containing two differ-
ent chromophores  Two different chromophores
can still exhibit exciton coupling when the
absorption maxima differ by ∼100 nm. Further-
more, the pairwise additivity relation has been
shown to hold for systems containing two different
chromophores, as exemplified in Figure 7 for the α-
methyl galactopyranoside Gal CCBB substituted
with p-bromobenzoate (λmax = 245 nm) at C-2,3 and
p-methoxycinnamate (λmax = 311 nm) at C-4,6. The
four-symbol descriptor designates the substituents at
positions 2, 3, 4 and 6, their sequence corresponding
to the above order of locants: A = O-acetyl, C = O-
(4-methoxycinnamoyl) and B = O(4-bromoben-
zoyl). The CD of the six galactosides containing the
interacting basis sets are also shown in Figure 7. As
shown in Figure 7A, there is excellent overlap
between the experimental and calculated curves.
This agreement holds for all permutations of the
galactose, glucose, mannose series, desoxy sugars
and amino sugars with primary amino groups, a

Figure 7 (A) Experimental (solid line) and calculated sum CD spectra (dashed line) of α-methyl galactyopyranoside 2,3-bis-p-meth-
oxycinnamate 4,6-bis-p-bormobenzoate (GalCCBB). (B)–(G) six experimental pairwise exciton-coupled CDs of four interacting
chromophores in GaLCCBB.
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total of 150 cases. These 150 characteristic curves
could provide valuable data for the development of
an alternative means to conventional methylation
analysis of oligosaccharides by tagging free hydrox-
yls as bromobenzoates or phenylbenzylates, and then
derivatizing the hydroxyl groups liberated upon
methanolysis. This approach requires no reference
sample and, moreover, would also establish the
absolute stereochemistry of the individual sugar
moieties. As the additivity relation holds for other
coupled systems involving various multichromo-
phoric systems, including cage structures, its proper

application greatly expands the utility of
exciton-coupled CD.

Allylic and homoallylic alcohols, cyclic and acyclic

As chromophores with a difference in λmax of
∼100 nm can still couple, this means that the obser-
vation of only one branch of the couplet suffices to
determine the absolute configuration. Such a case is
the allylic benzoates, where the sign of the first CE
ascribable to the benzoate, λmax = 229 nm [1]
represents the chirality between the benzoate

Figure 8 Absolute configurations of allylic and homoallylic alcohols, cyclic and acyclic.

Figure 9 Reference CD spectra for an acyclic 1,3,-polyol and a bacteriohopanepentol in methylcyclohexane (MC) and acetonitrile
(AN).
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chromophore and the double bond; it is not neces-
sary to observe the CE arising from the 195 nm dou-
ble bond absorption. Thus the positive CE of steroid
[1] shown in Figure 8 reflects the positive twist be-
tween the 7β-benzoate and the 5,6-ene. The CD of a
series of acyclic allylic alcohols with established con-
figurations, [2]– [5], show that the relation can be ex-
tended to acyclic cases. In this case, the signs of CEs
are rationalized by the most stable conformer of the
allylic acylates in which the allylic hydrogen adopts a
syn relation with the double bond [6] so that the sign
of the ‘couplet’ is determined by the twist between
the benzoate and the double bond, as in cyclic allylic
benzoates. Unsubstituted benzoates are preferred in
these studies since the maxima are closest to the ene
maxima.

The CE of homoallylic benzoate [7] is also in ac-
cord with the chirality, although its intensity is lower
than that of allylic benzoate [1]. The additivity again
holds, as seen for steroid derivative [8]. Application
of this additivity between allylic and homoallylic
benzoates was used to determine the configuration
of moiety [9] in an acyclic natural product.

Acyclic 1,2-, 1,3- and mixed 1,2-/1,3-acyclic 
polyols and aminopolyols

Acyclic 1,2-, 1,3- and mixed 1,2-/1,3-polyols and
aminopolyols are frequently present in natural prod-
ucts, including polyene macrolides. Because of the
lack of general methods for determining their rela-
tive and absolute configurations, the stereostructures
of most of them remain undetermined. However, a
library of such polyols up to pentaols is now avail-
able for all permutations of stereorelations; in this
library, the primary hydroxyl or amino groups are
derivatized by the anthroyl chromophore [10] while
the other hydroxyl or amino groups are derivatized
by [6]; as in other cases, the CD properties of O and
N derivatives are very similar so that the same set of
data can be used. Figure 9 shows that the CD of the
mixed polyol moiety present in the hopanoid [I] is
superimposable on that of the reference mixed
polyol derivative [II] in two solvents, the nonpolar
methylcyclohexane (MC) and more polar ace-
tonitrile (AN); this determines the absolute configu-
ration of the side-chain on a microgram scale.

Exciton-coupled CD due to pre-existing 
chromophores

The well-known bitter principle of the wood of
Quassia amara L., quassin, has two enone chromo-
phores within its structure shown in Figure 10. Ac-
cordingly, its CD exhibits a typical couplet at
266 nm (∆ε = +10.4) / 242 nm (∆ε = −9.5) arising

from the twist between the two chromophores, thus
directly establishing its absolute configuration as de-
picted. The excellent agreement between the CD cal-
culated from the UV and geometry of the molecule
and observed CD not only establishes the absolute
configuration of quassin but also proves that the ob-
served CD of quassin around 250 nm is due to exci-
ton coupling. This conclusion is consistent with the
absolute configurational assignment of quassin

Figure 10 Absolute configuration of quassin.

Figure 11 Experimental (in MeCN) and calculated CD spectra
of vinblastine.



480 EXCITON COUPLING

based on biosynthetic considerations and X-ray
analysis of biogenetically related compounds. The
negative CE at 330 nm is due to the π→π* transition
of the enone chromophores. It should be noted that
despite the negative 330 nm CE, the optical rotation
at the sodium D-line (589 nm) is positive:
[α]D + 34.5°  (c 5.09, CHCl3). Therefore, the D-line
rotation, which is simply the reading at 589 nm tak-

en in the optical rotatory dispersion (ORD) mode, is
governed by the intense positive Cotton effect at
266 nm. The CD of abscisic acid described in
Figure 4 is very similar to that of quassin.

The clinically important anticancer drug vinblast-
ine also incorporates two chromophores, the in-
dole and indoline moieties, which are coupled
through space. The biologically active molecule is

Figure 12 UV-visible spectra of chromophores [13], [15], [16], [17] and CD spectra of diesters formed from 1(R), 2(R)-cyclohexane-
diol, in MeCN.

Figure 13 UV-visible and CD spectra of taxinine [1] and its bis-ester formed with chromophore [17] in MeCN.
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that depicted in Figure 11, while its biologically in-
active diastereomer at C-16′ has a different CD.
The UV spectrum has an intense band at 214 nm
(ε = 46 200) with a shoulder at 228 nm which aris-
es from the 1Ba transitions of the indoline (217 nm)
and indole (225 nm) chromophores; this is accom-
panied by the intense positive CD couplet in this re-
gion. The weaker 260 nm (ε = 15 000) band is due
to the 1La transition of the indoline moiety, while
the overlapping bands at 293 nm (ε = 10 500) are
from the 1La and 1Lb transitions of the indole
chromophore and the 1Lb transition of the indoline
chromophore. Theoretical calculations of the UV
and CD of the strong bands centred around
220 nm using atomic coordinates based on MM2
and SCF-CI-DV MO are in excellent agreement
with the observed CD couplet, thus proving that
the couplet, which is used empirically to differenti-
ate the bioactive isomer from the inactive isomer, is
indeed due to exciton coupling between the two
moieties.

Red-shifted chromophores for hydroxyl groups

Since the natural substrate itself frequently contains
a chromophore or may be contaminated with some
UV-absorbing substance, the use of chromophores
with absorbance shifted to the red is advantageous in

order to avoid complications due to unnecessary in-
teractions. Chromophores [13]– [17] and [18]– [21]
(Table 2) with red-shifted intense maxima can be
used for derivatizing hydroxyl and amino groups, re-
spectively. Figure 12 lists the UV– visible and CD
data for derivatives of 1(R),2(R)-cyclohexanediol; in
all cases the A values are intense and the spectra ap-
pear in regions that usually are transparent.

Figure 13 demonstrates the advantage of using
such chromophores. The yew tree constituent taxi-
nine shares the same skeleton as taxol and taxotere,
prominent anticancer compounds. The highly
strained enone group of the skeleton shows a strong
CE at 262 nm arising from a π→π* transition and a
weaker CE at 354 nm from the π→π* transition.
The 262 nm band overlaps with conventional
chromophores. However, [17] with its maximum at
410 nm is completely removed from the enone
absorptions. Hence the C-9 and C-10 bis-esters
formed from this chromophore show typical exciton
couplet in a region remote from enone absorption.
The negative couplet agrees with the absolute config-
uration of the taxane skeleton deduced by other
means, including exciton-coupled CD of a derivative
using a more conventional chromophore, the inter-
pretation of which was not as clearcut.

Red-shifted chromophores for amino groups

Chromophores [18] and [19] (Table 2) are simply
imines or Schiff bases formed in high yield by react-
ing primary amines with p-dimethylaminobenzalde-
hyde and p-dimethylaminocinnamaldehyde under
mild conditions and in the presence of unprotected
hydroxyl groups. Addition of a drop of trifluoroace-
tic acid to the UV or CD cell converts them into pro-
tonated Schiff bases, which exhibit intense and very
sharp absorptions in the red due to their cyanine dye
structure; moreover, addition of a small amount of
water will hydrolyse the protonated Schiff base
bond, leading to recovery of the starting amine. The
derivative of acosamine is prepared by derivatizing
the amino group and then the hydroxyl group with
the respective chromophores [20] and [14]
(Figure 14). The exciton couplet is intense with an
amplitude of 110. Acidification shifts the couplet to
longer wavelength because of the shift of the imine
band from 360 to 460 nm; however, the intensity de-
creases owing to the diminished overlap between the
chromophores, from 330 / 360 nm in the neutral
form to 330 / 460 nm in the protonated derivative. If
the coupling is between two protonated Schiff base
moieties, i.e. between two cyanine dyes, then the
couplet becomes well-separated and is greatly inten-
sified (see Figure 3).

Figure 14 CD of acosamine derivatized with chromophores
[14] and [20]/[21], in MeCN.

Figure 15 Tetraarylporphyrins.
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Porphyrins, a very promising chromophore

The porphyrin chromophores exemplified by [22]
and [23] are powerful chromophores for exciton-cou-
pled CD because of the very intense ε of the

red-shifted and sharp Soret band at 418 nm
(Figure 15). The effective direction of the electric
transition moment can be regarded as running paral-
lel to the C– O bond of the derivatized alcohol as in
any other para-substituted benzoates. The solubilities

Figure 16 Porphyrin/porphyrin exciton coupling and UV-visible and CD spectra in CH2Cl2 (c = 1.0 µM) of 5α-androstane -3α,17β-
diol bis[p-(10',5',20'-triphenyl-5'-porphyrinyl)benzoate] (solid line) and UV-visible spectrum of 5-(4'-carboxyphenyl)-10,15,20-
triphenylporphyn in CH2Cl2 (dashed line).

Figure 17 Comparison of conventional CD (solid line) with the CD converted from FDCD (dashed line) for 5α-cholestane-3β,6α-diol
bis(2-anthroate) in MeCN.
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can be modified over a wide range through the ap-
pended aromatic rings at C-10, -15 and -20; the
triphenyl derivative depicted is hydrophobic whereas
a trimethylpyridinium derivative is hydrophilic. Thus
the pairing of a hydrophobic or hydrophilic por-
phyrin derivative with the polarity of the solvent will
lead either to intramolecular coupling or to inter-
molecular stacking. This results in great versatility in
the use of porphyrins in exciton-coupled CD. Attach-
ment of trimethylpyridinium porphyrin to a breve-
toxin B derivative, a molecule with a rigid skeletal
structure, shows intramolecular exciton coupling
even over a distance of ~40– 50 Å (in methanol). The
very efficient intramolecular coupling arising from
the intense ε is illustrated in Figure 16. The ampli-
tude of the positive couplet of the 3,6-bis-substituted
steroid is +675 at an interchromophoric distance of
13.8 Å; the amplitude of the 3,6-bis-p-dimethylami-
nobenzoate [3], in contrast, is +89. Zinc porphyrins
(e.g. [23]) are even more promising because of their
more intense absorptions; furthermore, the ability of
the central metal atom to coordinate with amino
groups adds further versatility to their use in exciton-
coupled CD.

Exciton-coupled fluorescence CD

This field is still fairly new. However, exciton-cou-
pled CD detected either by absorption (conventional
CD) or by emission both give the same CD curve, as
shown in Figure 17. The greatest advantage of
fluorescence-based CD exciton coupling is that the
sensitivity is increased 50– 100-fold under favourable
conditions involving two identical fluorophores, and
that it selectively records the coupling between fluor-
ophores and is not perturbed by nonfluorescent
chromophores. However, this new field requires fur-
ther studies, from the viewpoint of both theory and
application.

Quantum mechanical theory of 
exciton coupled CD
CD spectra and rotational strength of Cotton 
effect

The rotational strength R, a theoretical parameter
representing the sign and intensity of a CD Cotton
effect, is expressed in Equation [1] and is obtained
from the observed CD spectra.

where σ is wavenumber.

The rotational strength R is also formulated by the
Rosenfeld equation: 

where Im denotes the imaginary part of the terms in
brackets, 〈 〉 denotes the integration over configura-
tion space and µ and M are operators of electric and
magnetic moment vectors, respectively. The dot ·
stands for scalar product of two vectors and o and a
are wavefunctions of ground and excited states, re-
spectively. Thus the rotational strength R is equal to
the imaginary part of the scalar product of electric
and magnetic transition moments.

Provided a CD Cotton effect is approximated by
the Gaussian distribution, Equation [3] is obtained: 

where ∆εmax is the maximum intensity of the Cotton
effect, σo is the central wavenumber of the Cotton
effect, and ∆σ is the standard deviation of the
Gaussian distribution. From Equations [1] and [3]: 

From Equations [3] and [4], the calculated CD curve
is formulated as 

where ∆σ can be evaluated from observed UV-visible
spectra. Provided the rotational strength R is calcu-
lated by Equation [2], the CD spectrum can be
reproduced by theoretical calculation.

UV-visible spectra and dipole strength

The dipole strength D representing the intensity of
UV-visible bands is estimated from the observed
spectra:

The dipole strength is formulated as 
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Hence, the dipole strength D is equal to the square
of the electric transition moment µ.

Molecular exciton theory of a binary system with 
two chromophores.

In the exciton coupling system composed of two
identical chromophores i and j, exciton wavefunc-
tions are expressed as Equations [8] and [9], where
each chromophore undergoes excitation o → a

The Hamiltonian operator of the coupling system is
formulated as: 

where Hi and Hj are the Hamiltonian of groups i and
j, respectively, and Hij is the interaction energy term
between two groups i and j.

Wavefunction and energy of ground state

The ground-state wavefunction and energy of a
binary system are

Wavefunction and energy of singly excited state

The singly excited state of the binary system splits
into two energy levels, α and β states. For the α-
state,

where Vij is the interaction energy between two
groups i and j and is approximated by a point dipole
approximation method: 

where µ ioa, µjoa and Rij are absolute values of vectors
µ ioa, µ joa and Rij, respectively; ei , ej and eij are unit

vectors of µ ioa, µ joa and Rij, respectively. For µ ioa,
µ joa and Rij, see Equations [17] and [29]. 

For the β-state,

These equations indicate that the binary system has
two electronic transitions o→α and o→β, in the UV-
visible spectrum. If Vij > 0, the α-state is lower in
energy than the β-state, and therefore the transition
o→α locates at longer wavelengths and the transi-
tion o→β at shorter wavelengths.

Electric transition moment of a binary system

The electric dipole moment operator µ of a whole
system is defined as 

where µi is the electric dipole moment operator of
group i, e is the elementary charge and ris is the dis-
tance vector of electron s in group i from the origin.
The electric transition moment 〈a|µ|o〉α of the transi-
tion o→α is expressed as 

where  and .
These are electric transition moments of the transi-
tion o→a in groups i and j, respectively. The electric
transition moment of the transition o→β is similarly
expressed as 

Magnetic transition moment of a binary system

The magnetic moment operator M of a whole system
is formulated as 
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where m is the mass of an electron, c is the velocity
of light, pis is the linear momentum of electron s in
group i, and × represents the vector product of two
vectors.

The magnetic moment operator is further changed
as

where Ri is distance vector of group i from the origin
and pi and mi are linear momentum and internal
magnetic moment operators of group i, respectively.
The magnetic transition moment 〈a|M|o〉α of the
excitation o→α is calculated as 

where piao and miao are linear momentum and inter-
nal magnetic moment of group i, respectively.

For the linear momentum of a group, the next
equation is very useful: 

where i is the symbol for ‘imaginary’, σo is excitation
energy expressed in wavenumber units and µoa is
electric transition moment of transition o→a. Appli-
cations of this equation to group i:

Accordingly,

In a similar way, the magnetic transition moment of
excitation o→β is calculated as 

Dipole strength a binary system

The dipole strength Dα for the excitation o→α is ex-
pressed as 

Similarly,

Rotational strength a binary system

The rotational strength Rα of the α−state is calculat-
ed from Equations [2], [17] and [24]: 

where Rij is the interchromophoric distance vector
from group i to group j, and is defined as 

Similarly,

In the case of π→π* transitions of common mole-
cules, internal magnetic transition moments miao and
mjao are negligible. Therefore, rotational strengths
are approximated as 

These equations indicate that the Cotton effects of α-
and β−states have equal intensity but are of opposite
signs, and therefore the exciton CD satisfies the sum
rule:
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The rotational strength is proportional to the triple
product of interchromophoric distance and electric
transition moments of groups i and j. Therefore, pro-
vided chromophores exhibiting intense π– π* transi-
tions are employed, intense exciton CD Cotton
effects are observable. The rotational strengths of ex-
citon CD satisfy the origin independence as shown in
Equation [32].

CD spectra of N-mer and dimer: quantitative 
definition of CD exciton coupling

The exciton theory is also applied to UV-visible and
CD spectra of N-mers having N identical chromo-
phores. When N chromophores undergoing intense
π– π* transitions (o→a) interact with one another,
the excited state splits into N energy levels. The
wavenumber σk of the kth excitation is expressed as 

where the coefficients Cik and Cjk can be obtained
by solving the secular equation of Nth order. The
rotational strength of Rk is similarly formulated as 

For the N-mer, the CD curve is formulated as 

The Taylor expansion of Equation [36] against σk/
∆σ around σo/∆σ yields the second term of the
expansion as 

From Equations [34], [35] and [37], the CD equa-
tion of the N-mer is obtained:

In the case of a binary system, since the coefficients
for the α-state are 1/�2 and −1/�2, and for the β-
state, 1/�2 and −1/�2, Equation [38] is simplified
to

This is the CD equation of a binary system. The
next term of Equation [39], 

represents an anomalous dispersion curve with
positive and negative extrema. The sign and inten-
sity of exciton CD depend on the quadruple
term, Rij · (µioa × µjoa) Vij. Therefore, the term
Rij · (µioa × µjoa) Vij is adopted as the quantitative
definition of exciton chirality. This term is changed
to

where Dioa and Djoa are transition dipole strengths
of groups i and j, respectively. This equation indi-
cates that the exciton CD amplitude is inversely
proportional to the square of the interchromo-
phoric distance Rij.

List of symbols

A = amplitude of splitting; c = speed of light;
D = dipole strength; E0 = ground-state energy;
H = Hamiltonian operator; J = NMR coupling
constant; m = mass of an electron; m = internal
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magnetic transition moment. M = operator of
magnetic moment vector; pis = linear momentum of
electron s in group i; ris = distance vector of electrons
in group i; R = rotational strength; Rij = inter-
chromophoric distance vector; Vij = interaction
energy; 2Vij = Davydov splitting; ε = molar absorp-
tivity; λ = wavelength; µ = electric transition
moment; σ =  wavenumber; Ψ0 = ground-state wave-
function.

See also: Biomacromolecular Applications of Circu-
lar Dichroism and ORD; Circularly Polarized Lumines-
cence and Fluorescence Detected Circular Dichroism;
Induced Circular Dichroism; Magnetic Circular Dichr-
oism, Theory; Vibrational CD Spectrometers; Vibra-
tional CD, Applications; Vibrational CD, Theory.
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Fluorine-19 is spin 1/2, 100% abundant, and has a
sensitivity relative to the proton of 0.83. It is a very
easy nucleus to observe, and even prior to 1970 a
great deal of information was obtained. 19F NMR
has found widespread application in chemistry and
biology: for example, the high-resolution 19F NMR
study of polymers in solution furnishes relevant
chemical information concerning polymer structures;
furthermore, fluorine NMR can be useful for study-
ing the binding of fluorinated molecules and macro-
molecules and membranes.

One reason for this wide application is that the
wide range and the high sensitivity of the fluorine-19
chemical shift makes the resonance a very sensitive
means of monitoring conformational, electronic and
solvent effects and that it is possible to study fluorine
bonded to nearly every element in the periodic table.

There is a sizeable literature on fluorine, and in
particular several reviews with extensive compila-
tions of 19F chemical shifts (solution state) and
coupling constants, both in organic and in inorganic
chemistry.

The nuclear properties of 19F are summarized in
Table 1: the gyromagnetic ratio, 0.94 that of 1H, in-
dicates a basic resonance frequency of 188.1 MHz
on a spectrometer which operates at a field strength
of 4.7 T with 1H NMR at 200 MHz.

Experimental aspects

In 19F NMR experiments, a problem exists in the
choice of chemical shift reference since the reactivity
of some fluorine compounds has often precluded
their use as internal standard. However, the standard

reference compound most used is internal CFCl3, a
very volatile and unreactive derivative, which unfor-
tunately, like C6F6, has a sizeable temperature and
solvent dependence: medium effects are, in fact,
greater in 19F NMR spectroscopy than in that of
1H NMR, the signal of several compounds being
shifted by 2–10 ppm relative to the gas phase when
the spectra are recorded in solvents such as n-hep-
tane, CHCl3 or CH3I.

Unlike 1H NMR, in 19F NMR experiments it is not
very important to consider the bulk susceptibility
contribution to the shielding, the relative error being
negligible due to the larger shift for 19F than for 1H
with the same bulk susceptibility contribution. On
the other hand, there are great difficulties in applica-
tion of broad band decoupling owing to the large
2J(19F,1H) coupling and the proximity of 1H and 19F
chemical shift resonance frequencies.

19F chemical information (for example, the magni-
tude and sign of nJ(19F,X) coupling constants) can be
efficiently obtained from two-dimensional NMR

MAGNETIC RESONANCE
Applications

Table 1 NMR properties of fluorine-19

NA is the natural abundance (%); R H and R C are the receptivity
relative to that of 1H and 13C, respectively; γ is the gyromagnetic
ratio; Ξ is the resonance frequency for the reference compound
CFCl3 in a magnetic field for which (Me)4Si has a proton
resonance of 100 MHz.

Spin 1/2

NA 100

R H 0.83

R C 4.73 × 103

γ (107 rad T–1 s–1) 25.1815

Ξ, MHz 94.094003

19F NMR, APPLICATIONS, SOLUTION STATE
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methods such as 1H–19F, 13C–19F, and 19F–19F correla-
tion spectroscopy (COSY). These methods are helpful
in determining small long-range coupling constants
and in spectral assignment in polyfluoro derivatives.

19F NMR chemical shifts cover such a wide
frequency range that problems can occur with low
digital resolution. For example, to cover a spectral
width of approximately 400 ppm using a spectrome-
ter which operates at 564 MHz for 19F (600 MHz for
1H NMR) requires a data set comprising 512 k
points to give a reasonable digital resolution. With
modern computer systems this is not a problem. Al-
ternatively, the use of digital filtering or selective
pulse methods can negate the need for such large data
sets.

Chemical shift

Fluorine chemical shifts cover a very large range
(more than 1300 ppm, about two orders greater than
1H chemical shift) when organic, inorganic, and orga-
nometallic compounds are examined. Table 2 exhib-
its selected 19F data all referenced to CFCl3, a negative
sign indicating a higher shielding or a shift to lower
frequency. In several experiments, other compounds
have been used as a chemical shift reference, so that to
draw straightforward conclusions it is often necessary
to convert the chemical shift values to the δ scale with
CFCl3 as reference, taking into account whether an
external or internal standard has been used.

Isotope effects

Secondary isotope effects are relevant for 19F chemi-
cal shifts: the main known isotope effects have been
observed with the standard CFCl3 (Figure 1), its sig-
nal being split into four components of 21:21:7:1 in-
tensity, corresponding to CF35Cl3, CF35Cl237Cl,
CF35Cl37Cl2 and CF37Cl3 compounds, due to the
isotope effect of the 35Cl and 37Cl.

In F(H2O)x–HF–HF  species, which generally are
obtained when KF is dissolved in H2O, the substitu-
tion of H with D produces a significant high-field 19F
chemical shift. For this reason it is possible to use the
19F chemical shift changes of KF to determine the
percentage of D2O in H2O/D2O mixtures.

Solvent and temperature dependence
of fluorine chemical shifts

Fluorine chemical shifts are very sensitive to temper-
ature and solvent even in the absence of chemical
changes (e.g. electrostatic solute–solvent interactions
such as hydrogen bond formation, dissociation and
change in the structure of the compounds examined).

Moreover, variable temperature 19F NMR spectra
can be employed to distinguish between species un-
dergoing internal molecular dynamics between con-
formations: for example, at –130°C, the two

Table 2 Selected 19F chemical shift in ppm relative to CFCl3

Compound δ(ppm) Compound δ(ppm)

HF 40 C6H5F –116

F–C≡N –156 C6F6 –163

F–C≡C–F –95 1,2-C6F4 –139

F2C=CF2 –135 1,3-C6F4 –104

CH2=CHF –114 1,4-C6F4 –113

CH2=CF2 –81 F2 429

cyclo-C6F12 –133 F2CS 108

cyclo-C5F10 –133 FSiH3 –217

cyclo-C4F8 –135 F3SiH –109

cyclo-C3F6 –151 F2SiH2 –151

XeF2 258 CF4 –63

XeF4 438 CH3F –272

XeF6 550 CH2F2 –144

F2O2 865 CHF3 –79

ClF –448 F2O 249

CF3C(=O)CF3 –85 FClO3 287

CFBr3 7 PhSO2F 66

F–K+ –125 (CF3)3N –59

(CF3)4C –63 SiFBr3 –77

F3CCl –33 SiF2Br2 –95

F3CBr –21 SiF3Br –125

CF2Br2 7 SiF4 –164

NF3 145 SeF6 55

CHF=CHF(E ) –183 BF3 –131

CHF=CHF(Z ) –165 AsF5 –66

CFBr=CFBr (E ) –113 (AsF6)– –70

CFBr=CFBr (Z ) –95 IF7 170

CFCl=CFCl (E ) –120 CF3COOH –78

CFCl=CFCl (Z ) –105 1-Fluoronaphthalene –123

Figure 1 19F NMR spectrum of the standard CFCl3.
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rotamers of the CFBr2–CF2Br molecule exhibit two
different 19F chemical shifts and their ratio can be
determined.

As an example of the scale of the temperature
dependence of 19F chemical shifts, Figure 2 shows
the 19F resonance of 3-trifluoromethylpyrazole at
different temperatures.

Effective nuclear charge dependence 
of fluorine chemical shifts

A good correlation between 19F chemical shifts and
electronegativity has been observed for the shielding
in binary fluorides: it was found that for EFn com-
pounds (E = Se, As, Te, Sb; n = 5 or 6) 19F resonance
frequencies increase with increasing electronegativi-
ty. The effect of electronegativity can also be illus-
trated by the changes of 19F chemical shifts along the
series CHnF4–n and SiHnF4–n as the value of n changes
from 1 to 3 (Figure 3).

An opposite trend (i.e. the shielding increases with
increasing electronegativity) has been found in the
CFnCl4–n series: this is probably due to the greater
+M (mesomeric) effect of F with respect to Cl.

Analogous simple correlations have also been
reported between the 19F chemical shifts of mixed
silicon halides of the type SiFnY4–n (Y = Cl or Br;
n = 1, 2 or 3) and the sum of the electronegativities
of the substituents (Figure 4).

A similar pattern has been reported for the follow-
ing pairs of compounds:

Figure 2 19F NMR resonances of the 3-trifluoromethylpyrazole
at different temperatures.

Figure 3 Plot of δ(19F) against Σχ (electronegativity of the sub-
stituents) for a series of monomeric compounds CH3–n Fn and
SiH3–n Fn.

Figure 4 Plot of δ(19F) against Σχ (electronegativity of the sub-
stituents) for a series of monomeric compounds SiCl3–n Fn.

19F NMR, APPLICATIONS, SOLUTION STATE
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It should always be borne in mind that 19F shield-
ing is controlled by paramagnetic and anisotropic
terms to a greater extent with respect to the -I (in-
ductive) effect of substituents.

The 19F chemical shift is also dependent on the to-
tal charge: 19F shielding decreases from the neutral to
the anionic species; for example, σ(MF4) > σ(MF6)2–

(M = Si, Ge, Sn) and also from neutral to cationic
species σ(NF3) > σ(NF4)+. In general, the shielding
decreases with increasing number of fluorine atoms
in the compound.

In poly- and perfluoroalkanes, the following sim-
ple relation (with some exceptions) has been found 

which is completely the opposite of that found for
1H NMR spectra of alkane derivatives.

It is worth noting that the order of 19F chemical
shifts in FC≡CCF3 corresponds perfectly to the rela-
tive electron density of the two groups: the anomaly
due to the anisotropy of the triple bond found in the
1H NMR chemical shift of acetylene is not detected
in fluorine resonance.

Substituent and structure 
dependence of fluorine chemical 
shifts

The chemical shift of the CF3 group in a series of
1,1,1,4,4,4-hexafluorobut-2-enes, such as those in

Figure 5, clearly indicates that in compounds
containing trans-CF3 groups, δ(19F) is generally shift-
ed to higher field with respect to isomers containing
cis-CF3 groups.

Geminal, and cis and trans vicinal fluorine in mol-
ecules such as CF2=CFH also possess very different
chemical shifts, the geminal (–185 ppm) being often
the more shielded with respect to cis (–102 ppm) and
trans (–129 ppm) vicinal ones.

Aromatic fluorine nuclei are more shielded with
respect to perfluoroethylene derivatives, and shield-
ing generally increases with increasing substitution of
H with F: for example, δ(19F) is –116 ppm for C6H5F,
–139 ppm for 1,2-C6H4F2, and –163 ppm for C6F6.

The 19F chemical shift values of fluoroaromatic
compounds can be used as a measure of the electron-
ic interaction of ring substituents: for example, it has
been shown that the 4-fluorine shift can be related to
the π-electron donating or withdrawing properties of
the substituent group X in pentafluoroaromatics.

Several studies carried out on monofluorophenyl-
platinum complexes like that in Figure 6 gave infor-
mation on the electronic character of the bond
between the platinum and the anionic X ligand. By
using a simple relationship between the shift of the
4-fluorine atom and the coupling constant between
the 2- and 4-fluorine atoms it has been possible to
determine empirically the extent of π-interaction in
organometallic compounds.

The difference in the chemical shift of the 3- and
5-fluorine atoms and that of 4-fluorine in
trans-[(Et3P)2Pt(C6F5)X] (where X = Me, Cl, Br, I,

Figure 5 δ(19F) for a series of hexafluorobut-2-enes.

19F NMR, APPLICATIONS, SOLUTION STATE
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NO2, NCS, CN and ONO2) derivatives has been
used as a criterion of π-acceptor interaction. The
π-bonding sequence resulted in the following order
sequence, in accordance with the trans effect:

The 19F chemical shift can be also employed to
investigate halide-exchange reactions: from the
reaction of Me3SbF2 (δ = –106.1 ppm) with
Me3SbCl2 the mixed halide Me3SbClF has been
obtained (δ = –110.9 ppm). Its 19F chemical shift
value is significantly different from that found for
the starting reagent.

Anisotropy of fluorine chemical shifts

In anisotropic media the fluorine chemical shift is
strongly dependent on the orientation of the
molecule with respect to magnetic field. This fact is
very important because many systems widely investi-
gated by 19F NMR, for example biological matrices,
are anisotropic media.

Coupling constants

Coupling constants are very useful for discussing the
structure and nature of chemical bonding in com-
pounds containing fluorine. However, to date only a
few relative signs of couplings have been reported,
and it is not possible in all cases to establish with cer-
tainty the effect of the substituents and of the struc-
ture on the element–fluorine bond.

Coupling constants involving fluorine atoms are
solvent and temperature dependent: for example, for
the derivative ClF a difference of ∼ 85 Hz has been
found for 1J(35Cl,19F) between the liquid and the gas-
phase. The differences are, in general, of the order of
0.1–10%. A dependence on temperature has been
observed even when no conformational changes or
exchange averaging processes are present. Several in-
vestigations, carried out on temperature coefficients
of fluorine spin–spin coupling, indicated that these

coefficients can have both signs and can even be as
large as 2.3–2.4 Hz per °C.

One-bond couplings

Typical values of one-bond spin–spin coupling
constants between 19F and other nuclei 1J(X,19F) are
reported in Table 3.

In binary fluorides, it has been shown that the re-
duced one-bond coupling constant 1J(X,19F) follows
a periodic table trend; the value of J(X,19F) generally
increases with increasing atomic number of X. The
one-bond coupling constants between fluorine and
metal atoms vary within a very large range; for ex-
ample, the coupling between tungsten and fluorine is
about 60–70 Hz, whereas that between platinum

Figure 6 Monofluorophenylplatinum(II) complexes.

Table 3 Magnitudes of some representative one-bond cou-
pling constants, 1J(X,19F)

Compound X 1J(X,19F)/Hz

HF 1H 530

Br2C=CFBr 13C 324

Cl2C=CFCl 13C 303

Br2C=CF2
13C 290

Cl2C=CF2
13C 289

cis-BrFC=CBrF 13C 325

cis-ClFC=CClF 13C 299

trans-BrFC=CBrF 13C 355

trans-ClFC=CClF 13C 290

CF2HCF2SiF3
29Si 278

CH2ClSiF3
29Si 267

CHCl2SiF3
29Si 267

CCl3SiF3
29Si 264

CH3SPF4
31P 1032

C2H5SPF4
31P 1045

C6H5SPF4
31P 1060

(CH3S)CH3PF3
31P 925 [1J(31P–19Fax)]

1062 [1J(31P–19Feq)]

(C2H5NH)2PF3
31P 694 [1J(31P–19Fax)] 

875 [1J(31P–19Feq)]

(CH3)3PF2
31P 552

(C2H5)3PF2
31P 580

(C6H5)3PF2
31P 660

(CH3)2P(O)F 31P 980

(CH3)2P(S)F 31P 985
(CH3)P(O)F2

31P 1104
(CH3)P(S)F2

31P 1147

(C6H5)2PF 31P 905

(CH3O)2PF 31P 1210

WF6
183 W 44

WF5Cl 183 W 25

trans-WF4Cl2 183 W 20
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and fluoride groups ranges from 1100 to 2100 Hz.
1J(M,19F) depends strongly on the structure and co-
ordination number of the metal atom M.

1J(13C,19F), generally negative, has a range centred
at about 300 Hz and depends strongly on the nature
and electronic properties of substituents. The one-
bond coupling constants between phosphorus and
fluorine have values between 500 and 1500 Hz. It is
interesting to note that the 1J(31P,19F) of RPF2 groups
generally decreases upon coordination to a metal: for
example, in CF3PF2 the 1J(31P,19F) is 1245 Hz, where-
as in the complex (CF3PF2)2Mo(CO)4 it is 1172 Hz.
The 1J(31P,19F) coupling constant can be used to dis-
tinguish axial and equatorial fluorinated groups in
octahedral derivatives: for example, in the
tetrafluoro(pentane-2,4-dionato)phosphorus (V) de-
rivative (Figure 7) which contains two sets of mag-
netically different fluorine atoms, the two coupling
constants are 824 (axial) and 741 (equatorial) Hz,
respectively.

The 1J(29Si,19F) in silicon fluorides is dependent
not only on temperature but also on the time-varying
electric field, i.e. dispersion interactions, which alters
the net electronic state of derivatives. The values of
1J(29Si, 19F) increase with increasing intermolecular
dispersion interactions.

1J(11B,19F) coupling constants are generally very
small and dependent on concentration and the
nature of the solvent: for example, in acetonitrile the
1J(11B,19F) for the BF4 ion is 0.39 ± 0.07 Hz, whereas
in water it is 1.07 Hz due to ion-pair formation.

Two-bond couplings

Typical values of two-bond spin–spin coupling 2J(E–
X–19F) are reported in Table 4. Geminal coupling
constants 2J(E–X–19F) are sensitive not only to the
factors reported for the one-bond coupling, i.e. elec-
tronegativity, but also to the nature of the interven-
ing atom X, to the F–X–E bond angle, and finally on
the stereochemistry of the compound.

2J(1H–X–19F) and 2J(13C–X–19F)

Most of the data reported are for X = C. The 2J(1H–
X–19F) are generally in the range 50–80 Hz. It is very
interesting to note that no significant difference has
been observed between 2J(1H–C–19F) and 2J(1H–N–
19F).

In methanes, HCFA′ A″ (A′ and A″ = alkyl, aryl,
halides, etc.) a simple relationship (Eqn [1]) between
2J(1H–C–19F) and the electronegativities EA′ and EA″

of A′ and A″ substituents has been found on the
basis of a large set of experimental data.

It has been possible to distinguish cis- and
trans-1,2-difluoroethylene on the basis of their
different geminal coupling constant values, the
2J(1H–C–19F) for the trans being greater than that for
the cis isomer.

The 2J(13C–X–19F) are generally in the range 8–15
Hz and positive.

Figure 7 Fluorine coupling constants in tetrafluoro(pen-
tane-2,4-dionato)phosphorus(V).

Table 4 Magnitudes of some slected geminal coupling con-
stants 2J(X,19F)

Compound X 2J(X,19F)/Hz

Ph2CF–CH2F 1H 48

Ph2CF–CHF2
1H 52

HCF2–CF2OF 1H 56

CH2F–C(CH3)OHCO2Me 1H 48

CH3–CHF–CH(OH)–CO2Et 1H 47

cis-CHF=CHF 1H 73

trans-CHF=CHF 1H 74

CF3–CH2–CFHI 1H 51

CF3–CFH–CH2I 1H 45

CF3–CH2–CFHBr 1H 50

CH2F–O–CH2F 1H 54

CH2F–CHF–CO2Et 1H 47, 48

CH2F–CH2–CO2Et 1H 55

PhCHF–CCl3 1H 42

CHF2–CF2–SiMe3
1H 54

F2HPBH3
1H 55

(MeS)Ph2PF2
19F 28

WF5Cl 19F 73

CF3PF2
31P 87

CH2F–CF2–PCl2 31P 99

CHF2–CF2–PCl2 31P 81

CHF2–CHF–PCl2 31P 83
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2J(19F–X–19F)

Geminal coupling constants 2J(19F–X–19F) are very
sensitive to hybridization of the intervening atom X
and to the electronegativity of its substituents: the
isotropic 2J(19F–C–19F) can range from <5 to 110 Hz
for sp2 carbon, and from ∼ 100 to ∼ 350 Hz for satu-
rated carbon. In X–CF2–CH2F and X–CF2–CFYZ
derivatives (X, Y, Z = halide ≠ F), a relationship [2]
has been found:

where χi = electronegativity.
Also, in olefinic compounds XYC=CF2, the 2J(19F–

X–19F) coupling constants are dependent on the na-
ture of substituents. The magnitude of 2J(19F–X–19F)
is ∼ 50 Hz for X and Y = H or C, whereas values of
more than 100 Hz have been observed when X and
Y are metals such as Pt or Pd.

In compounds of the type F2C=CXY, a linear cor-
relation between F–F geminal coupling constants
and fluorine chemical shift has been found. It has
been ascribed to a change in the density of the nucle-
ar spin information carrying electrons to the inter-
vening carbon atom due to valence bond resonance
structures such as F2C+–CF=CF–O–.

The dependence of F–F geminal coupling con-
stants on the F–C–F angle is very different from that
of geminal H–H couplings: in fact, the latter increase
monotonically with increasing H–C–H angle, where-
as the former change markedly with F–C–F angles
and have a minimum near 110°. This is due to the
fact that the Fermi contact term (FC) is sensitive to
F–C–F angle, whereas both the spin dipolar (SD) and
orbital (OB) terms seem to be insensitive to the
change of F–C–F angle.

Vicinal couplings

Typical values of three-bond spin–spin coupling
3J(E–X–X–19F) are reported in Table 5. They are de-
pendent on the electronegativity of substituents, on
the bond angle E–X–X–19F, and also on the dihedral
angle E–X–X–19F.

From a comparison of proton–fluorine coupling
constants and bond angles in a series of cyclic organ-
ic molecules, it has been found that 3J(1H,19F) gener-
ally decreases as the H–C–C–F bond angle increases.
In addition, the dihedral angle dependence of
3J(1H,19F) is very similar to the dependence of
3J(1H,1H), i.e. (1H,19F) has a maximum value when
the dihedral angle φ between H and F is 0° and 180°,

and a minimum value when the dihedral angle is
90°. In olefinic compounds (for example the last six
derivatives in Table 5) it has been found that
3J(1H,19F)cis is always smaller than 3J(1H,19F)trans.

The angular dependence of vicinal F–F couplings
on the 19F–C–C–19F dihedral angle is very different
from that reported for vicinal H–H couplings. Some
theoretical studies have suggested that in vicinal F–F
couplings, although the spin dipolar and orbital
terms are a simple function of the dihedral angle φ,
19F–C–C–19F, the Fermi contact term is a function
which is strongly dependent both on substituents
and φ. Therefore, for total vicinal F–F couplings (to
which the Fermi contact term makes the most impor-
tant contribution), it is very difficult to find clear re-
lationships involving dihedral angles.

Long-range couplings

Long-range coupling constants have been found to
be structurally and stereochemically dependent.
4J(19F,19F) coupling constants can be much larger in
magnitude than 3J(19F,19F) and the values range from
0 to 200 Hz. The values of 4J(19F,19F) are diagnostic
in several saturated cyclic, unsaturated, and aromatic

Table 5 Magnitudes of some slected vicinal coupling con-
stants 3J(X,19F)

Compound X 3J (X,19F)/Hz

Ph2CF–CH2F 1H 20
19F 20

Ph2CF–CHF2
1H 12
19F 12

(CH3)2CF–CH(OH)CO2Me 1H 14 (CF–CH),
21(CF–CH3)

CH3–CF2–CO2Et 1H 19

CF3–CH2–CO2Et 1H 11

cis-CHF=CHF 1H 4

trans-CHF=CHF 1H 20

cis-CHF=CFMn(CO)5
1H 10

trans-CHF=CFMn(CO)5
1H 25

cis-(C6H5)CF=CHCH3
1H 22

trans-(C6H5)CF=CHCH3
1H 36

CF3–CFH–CH2I 19F 11

CF3–CFI–CH2–CF3
19F 11

CF3–CFBr–CO2Et 19F 9

CF3–CFCl–CO2Et 19F 7

CF2=C=CFCl 19F 30

ClCF2–CF2–C(=O)F 19F 8(CF2–C(=O)F)

5(ClCF–CF2)

CHF2–CH2–PH2
31P 8

CHF2–CF2–PCl2 31P 27

CHF2–CH2–PCl2 31P 13

CHF2–CF2–PCl2 31P 49

19F NMR, APPLICATIONS, SOLUTION STATE
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molecules. For example, from the spectra of cis- and
trans-4H-perfluoromethylcyclohexane, both having
an equatorial CF3 group, the following 4J(19F,19F)
coupling constant values have been deduced:

4J(19Fax,19Fax) values can be very large due to the
through-space interactions of sterically close diaxial
fluorine atoms. On the other hand, in aromatic
fluorobenzene derivatives the 4J(19F,19F) coupling
constant provides only limited structural
information: the 3J(19F,19F), 4J(19F,19F) and 5J(19F,19F)
coupling constants are often very similar and they
can range from 18 to 20, 0 to 20 and 5 to 18 Hz,
respectively.

A single large five-bond constant value (∼ 75 Hz)
has been observed for the conformationally gauche
form of bis(ditrifluoromethyl)tetrachlorethane and it
has been ascribed to the close proximity of the fluo-
rines on the two trifluoromethyl groups (Figure 8).

In other cases, it has been proposed that some un-
usually large long range couplings with the nuclei
not in close spatial proximity are due to the connec-
tion of the fluorine by an intervening π network.

The nJ(19F,19F) coupling constant between the two
fluorine atoms in compound I in Figure 9 is excep-
tionally large. It is the highest value reported to date
and it also exceeds three- and four-bond coupling
constants. This has been attributed to the overlap-
ping nonbonding electron distribution for two F nu-
clei in close spatial proximity which allows
correlation not only of electron-pair bond to electron
pair, but also of electron spin.

The nJ(19F,19F) coupling constant determined for
other molecules containing the F–C=C–C=C–F moi-
ety, in which coupling occurs through the s

electrons, are nearly two orders of magnitude small-
er; for example, 5J(19F,19F) in CF2=CH–CH=CF2 is
35.7 Hz, and in compounds II and III in Figure 9 it
is 16.5 and 7.0 Hz, respectively.

In fluorofuranoses (for example compound IV in
Figure 9), the 19F chemical shift and the coupling
constants often provide a means of assigning the
stereochemistry: for example, 1α-F resonates to
higher field with respect to 1β-F, the cis coupling to
H2 is much smaller (4–6 Hz) than the corresponding
trans coupling (20 Hz), and finally the trans cou-
pling to H4 (4–8 Hz) is much larger than the cis one
(1–2 Hz).

19F relaxation

Very few reports have been published on fluorine
relaxation times: in most cases the results reported
for several different molecules indicate that the spin
rotation mechanism is dominant at higher
temperatures whereas the intermolecular dipole–
dipole mechanism is not negligible at lower ones.
The chemical shift anisotropy contribution can also
be an important factor, whereas the intramolecular
dipole–dipole mechanism and scalar coupling
contribution seem to be negligible in 19F relaxation.
Some fluorine relaxation times (T1, T2 and T1ρ) have
been used for establishing dynamics in a copolymer
of tetrafluoroethene and hexafluoropropene.

Applications

The ever-increasing capabilities of NMR instruments
and the high NMR sensitivity allow analytical appli-
cations of fluorine NMR to small and big molecules
and relevant important information to be gained on
chemicals, polymers, membranes, and intracellular
environments. Such information is not readily
available by other methods. For example, 19F

Figure 8 The two conformational isomers of bis(ditrifluoromethyl)tetrachloroethane.
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spectroscopy has proved to be useful within a large
range of applications, from the study of various ran-
dom and alternating copolymers of fluorosiloxane
and hybrid fluorocarbon fluorosiloxane to the study
of fluoro complexes of aluminium in aqueous solu-
tion and in zeolites. Very recently, 19F NMR has been
applied to study the effect of plasticizers on
LiCF3SO3-containing polymer electrolytes and also
to investigate the molecular structure of hydro-
gen-bonded clusters between F– and (HF)n.

19F NMR spectroscopy can be successfully applied
to study relevant catalytic reactions: for example, the
oxidative addition of C6Cl2F3I to Pd(0) and the
cis-to-trans isomerization (involved in the Stille reac-
tion and other Pd-catalysed syntheses) have been in-
vestigated, and it has been shown that the
isomerization of trans-[Pd(C6Cl2F3)I(PPh3)2] reveals
a first-order law. A four-pathway mechanism for this
isomerization has also been proposed on the basis of
19F NMR kinetic study.

Several 19F NMR studies have been reported on lig-
and exchange reactions of metal complexes (i.e. the
Al(Ttfac)3-Al(bzac)3 system) and also on relative
polarity and reactivity of N–H, N–Hg and N–Au
bonds in intermolecular exchange reactions of fluo-
rine-containing ligands (for example, 2-(4-fluoro-
phenyl)benzimidazole) and their PhHg and Ph3PAu
derivatives.

Another interesting chemical application is the
determination of the enantiomeric excesses of chiral
acids by 19F NMR of their esters derived from
fluorine compounds.

Molecules containing fluorine that can be trans-
ported into cells can be employed as indicators for
monitoring intracellular environments. Recently, 19F

NMR has been used to characterize drug–protein
conjugates (immunogens) and to probe drug–protein
binding. 19F NMR spectroscopy has been shown to
be a powerful technique for identifying metabolites
of fluorine-containing drugs and for evaluating
changes in the metabolism of fluoropyrimidines after
the use of a biochemical modulator. This technique
often allows a correlation between improved thera-
peutic response and the biochemical effects generat-
ed in tissues. For example, in the monitoring of
in vivo tumour metabolism, after biochemical mod-
ulation of 5-fluorouracil by the uridine phosphoryla-
se inhibitor 5-benzylacyclouridine, analysis of the
NMR data revealed an increased formation and re-
tention of fluorouracil nucleotides and fluorouridine
in colon tumours treated with the regimen contain-
ing 5-benzylacyclouridine, and a reduction in
5-fluorouracil catabolites.

See also: Chemical Exchange Effects in NMR; Mac-
romolecule–Ligand Interactions Studied By NMR;
NMR in Anisotropic Systems, Theory; NMR Principles;
NMR Relaxation Rates; Nucleic Acids Studied Using
NMR; Parameters in NMR Spectroscopy, Theory of;
Structural Chemistry using NMR Spectroscopy,
Organic molecules.
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Introduction and history

The far-infrared spectral region is the range of wave-
numbers where one finds many of the large-ampli-
tude anharmonic vibrations. These include both the
symmetric and asymmetric internal torsional modes
of many small organic and organometallic molecules,
ring puckering vibrations of four- and five-membered
rings, and the heavy-atom skeletal bending modes.
Additionally, this is the spectral region where one
finds lattice vibrations from which information is
obtained on intermolecular forces that are of consid-
erable interest to both chemists and the physicists.

Historically, this region has been defined from 200
to 10 cm−1, which is the region below the cutoff of
CsI, where it can no longer be used as a dispersive
material. Initial investigations in this spectral region
began before the turn of the twentieth century in
Europe, and it has always been more popular in
Western Europe and Japan than in the United States.
Even before the use of Fourier transform
interferometers became common for this spectral re-
gion, there were several laboratories in these other
countries where the far-infrared spectral region was
studied almost exclusively. The first chemical appli-
cations of Fourier transform infrared (FT-IR) spec-
troscopy were made in the far-infrared spectral
region because the interferometric instrumentation
required to obtain spectra in this region is much sim-
pler than that needed for the mid- or near-infrared
regions. The instrumental advantages in the far-in-
frared spectral region included a lower tolerance for

the mirror drive of a Michelson interferometer, a
smaller dynamic range of the interferogram and a
longer sampling time, which results in a reduced
number of data points.

The far-infrared spectral region initially had its in-
herent difficulties, such as low-energy sources, poor
detectors, lack of suitable optical materials and spec-
tral interference of water vapour. Research workers
in this wavenumber area have overcome many of
these difficulties and, therefore, spectral investiga-
tions in the far-infrared region have become more
common. This is particularly true with the commer-
cial availability of Fourier transform spectrometers,
which routinely provide spectral data to 30 cm−1

with excellent signal-to-noise ratios. However,
because of the absorption of water vapour in this
spectral region (see Figure 1), it is highly desirable to
have a vacuum interferometer bench.

Many of the far-infrared spectral studies for
chemical information have emphasized the gas phase.
This emphasis should not be interpreted as meaning
that far-infrared spectral studies of solids are not
important. Physicists have put interferometers to use
in the study of the solid state to determine optical
constants such as the index of refraction, complex
indices, phase angle transmission coefficients and the
electronic processes in insulation crystals, as well as
the intermolecular vibrations of molecular crystals.
These studies have been very important in the
development of interpretative theories of solids.

With the increased ability to utilize ab initio
calculations for predicting relative conformational

VIBRATIONAL, ROTATIONAL & 
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stabilities, barriers to internal rotation, small ring
inversions and low-wavenumber vibrations, the
theoretical predictions are frequently compared with
the experimental results in this spectral region. The
use of either an incomplete or an incorrect
experimental database in comparisons with
theoretical results, may lead to erroneous conclusions
with regard to the reliability and accuracy of the
theoretical results.

Poor experimental databases with regard to the
experimental determination of potential barriers and
conformational equilibria arise for three basic rea-
sons. First, there is frequently insufficient structural
information in many cases. Numerous potential
functions governing internal rotation of asymmetric
tops (conformational interchange) have been pub-
lished without the knowledge of the structures of
both conformers, particularly of the high-energy
conformer. It is extremely important, for the accu-
rate experimental determination of the energy levels
and potential functions, that some reasonable struc-
tural information be known about all of the exhibit-
ed conformations. Furthermore, in the absence of
reliable structures determined from experimental
techniques, such as those determined from micro-
wave spectroscopy or analysis of the electron diffrac-
tion pattern, the reliability of optimized geometries
determined from theory cannot be ascertained.

Secondly, there is frequently a lack of complemen-
tary experimental data. Owing to symmetry and the
resulting selection rules, both infrared and Raman

spectroscopic results are often needed to identify the
high-energy and low-energy conformers. The Raman
spectrum of the gas is almost always neglected, and
it is not unusual to find vibrational conformational
studies for which spectra are not reported for all
three phases.

Thirdly, there is often a lack of high-resolution
data. The highest possible resolution available
should be used to record the low-frequency spectral
data. Many torsional bands are extremely sharp and,
therefore, transitions may not be observed at the
lower resolution. Additionally, insufficient resolu-
tion may result in misleading relative intensities of
the Q branches from different energy levels.

Low-wavenumber FT-IR spectroscopy is among
the most generally applicable methods used in the
study of the conformers for certain types of small
molecules with few substituents. Infrared spectra
can, and variable-temperature experiments may, be
investigated in all phases. The gas-phase band con-
tours observed for the infrared spectra, along with
Raman depolarization data, provide considerable
information on the molecular symmetry of the
conformers. The limitation of the vibrational spec-
troscopic technique is that it is best applied to
relatively simple molecules that contain at least one
element of symmetry, and one or perhaps no more
than two portions of the molecule capable of
producing different conformations upon internal
rotation.

One of the earlier uses of the far-infrared spectral
region was to determine the barrier to internal rota-
tion of symmetric-top rotors. The most frequently
studied molecules were those with one threefold
internal rotation, and many of those studies were for
methyl tops. The first indication that the rotation
around single bonds was not free came from thermo-
dynamic data in the mid-1930s. Barriers were calcu-
lated from the thermodynamic data by relating the
difference in the observed and statistical entropies by
tables involving the barrier height and the reciprocal
of the partition function for free rotation. Later, bar-
rier values were obtained from investigations of the
microwave spectra of small molecules where the ob-
served perturbations on the pure rotational transi-
tions were correlated with the torsional barrier
heights by either the splitting or intensity methods.
The splitting method is the most exact method since
it depends only on the height of the barrier and usu-
ally gives barrier values to a few percent. The micro-
wave intensity method is frequently used for the
determination of the fundamental frequencies of
asymmetric rotors.

One wishes to obtain the fundamental wavenum-
ber for the torsional mode for the gaseous molecule

Figure 1 Far-infrared spectra of (A) water vapour and (B) tri-
fluoroacetyl fluoride.
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so that the barrier height in the isolated molecule can
be ascertained. However, the dipole moment change
associated with the torsional mode may be quite
small, and consequently the resulting infrared band
intensity may be weak. Therefore, assignments of the
torsional modes of molecules in the gas were fre-
quently in error in the initial investigations and the
use of isotopic substitution is often necessary to veri-
fy the torsional assignments. Also, torsional modes
that give rise to B-type infrared band contours may
have bands that are very broad and ill-defined
because of unresolved excited-state transitions. In
favourable cases where the torsional mode gives rise
to A-type or C-type band contours with relatively
strong Q branches, several excited state transitions
may be resolved and not only can the barrier height
be obtained but also the detailed shape of the poten-
tial well may be ascertained.

When a molecule has a far-infrared spectrum too
complicated for quantitative interpretation, esti-
mates of the barrier heights may be obtained by
studying the infrared and Raman spectra of the sam-
ple in the crystalline state. At liquid-nitrogen temper-
ature, the upper vibrational states are effectively
depopulated and only the 1 ← 0 torsional transition
is observed. The barrier height may be estimated
from this single experimental datum, but a detailed
analysis of the shape of the potential well is not pos-
sible. Additionally, it is sometimes possible to ob-
serve the torsional mode in the solid state when it is
forbidden for the gaseous molecule. Barriers ob-
tained in the solid state are usually 10–15% higher
than those for the gaseous molecules.

Internal rotors

Internal rotors fall into two categories: symmetric
and asymmetric tops. For symmetric tops, a rotation
about the top-frame bond of 2π/n (where n is an
integer) will bring the top to a position symmetrical-
ly equivalent to, or indistinguishable from, the origi-
nal configuration. Therefore, it is usual to speak of
the ‘foldness’ of the rotor in terms of n. For example,
a perfluoromethyl group (CF3) is a threefold sym-
metric top (local C3v symmetry), and twofold rotors
include –NO2, –BF2 and phenyl groups (local C2v

symmetry). When a rotation of 360° (i.e. when
n = 1) is the only operation that results in a
symmetrically equivalent position for the top, the
rotor is known as an asymmetric top. For the case of
a symmetric frame, the top with the highest degree of
symmetry prevails and, when two tops of different
foldness are bonded directly to one another, the re-
sultant foldness is the product of the two individual

tops’ foldness. For instance, CH3BH2 would be
classified as a sixfold internal rotor.

The energy minima and maxima for a symmetrical
threefold group (CF3) are 60° apart. The simplest
mathematical function that will reproduce such a po-
tential variation upon rotation is a cosine function. If
the problem is assumed to be one-dimensional, the
quantum-mechanical energy solutions are readily
obtainable. The model employed is a rigid symmetric
top (CF3 group) attached to a rigid frame, which
may be completely asymmetric. There are four rota-
tional degrees of freedom, three for overall rotation
and one for the hindered rotation of the two groups.
The axis of internal rotation is usually assumed to
coincide with the unique axis of the symmetric top.
Since the top has a threefold symmetry axis, the
potential energy hindering rotation may be ex-
pressed by a Fourier expansion:

where V3 is the height of the threefold barrier; V6 the
sixfold; and so forth. A positive V6 makes the mini-
ma narrower and the maxima broader, which results
in the energy levels near the bottom of the well be-
coming somewhat more widely separated. A nega-
tive V6 term has the opposite effect. Experimentally
it has been found that 0 ≤ V6/V3 < 0.05 and
V6 >> V9 >> higher-order terms.

An example of the use of far-infrared spectral data
for the determination of the barrier to internal rota-
tion is given by trifluoroacetyl fluoride, CF3CFO
(Figure 1). Seven torsional transitions are clearly
observed, beginning with the fundamental at
45.65 cm−1 and continuing to the 7 ← 6 transition at
33.40 cm−1. Utilizing an F number (h2/8π2Ir where Ir

is the reduced moment of inertia of the top) of
0.5970 cm−1 along with the wavenumbers of these
seven transitions, the V3 value is 382 ± 2 cm−1 and
V6 = 8 ± 1 cm−1. The intensity of the 4 ← 3 transition
and higher excited state transitions are significantly
higher than expected on the basis of the Boltzmann
factors because of the increased anharmonicity in the
higher excited states. The statistical uncertainty is
very low for both the V3 and V6 terms and the V6

term is very small. This molecule is too heavy for the
barrier to be determined by the microwave splitting
method. Molecules with two or three equivalent ro-
tors have also been extensively investigated, but the
spectral data are much more complex and frequently
there is not sufficient data to obtain values for all of
the potential constants. Good barrier determination
from far-infrared data requires that the internal
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torsional mode is not mixed (potential energy
distribution) with other low-wavenumber bending
modes.

The asymmetric rotor is the other type of torsional
motion frequently studied. These rotors usually lead
to two or more stable conformers. One of the major
goals of conformational analysis is the calculation of
the energy difference between the two conformers
and the energy necessary for interconversion. Four
types of information are required to characterize an
asymmetric potential function: (1) the approximate
dihedral (torsional) angle of each conformer, be-
cause the number of torsional energy levels is direct-
ly related to the number of potential minima; (2) the
approximate relative enthalpy difference between the
high- and low-energy conformers, since this is one of
the constraints defining the potential functions; (3)
the change in molecular kinetic energy as a function
of torsional angle; and (4) accurate observation of
torsional transition frequencies. A typical spectrum
for such a rotor is shown in Figure 2 where the fun-
damental torsional mode of the trans conformer of
FCH3CFO is observed at 118.9 cm−1 with the excit-
ed torsional modes falling to lower wavenumbers to
the 13 ← 12 transition at 67.0 cm−1. The fundamen-
tal torsional mode for the cis conformer is assigned
at 52.1 cm−1 with five successive excited states falling
to lower wavenumber with the last one observed at
43.7 cm−1. These data give the following potential
constants: V1 = 86 ± 11, V2 = 946 ± 33, V3 =407 ± 4,
V4 = 138 ± 20, and V6 = –14 ± 7cm−1 with a trans to
cis barrier of 1297 ± 26 cm−1.

Small ring molecules

Another type of large-amplitude anharmonic vibra-
tion is that of the ring puckering modes of small
compounds. From the analysis of the frequencies for
these ring-bending motions it is possible to obtain
the potential surfaces for the interconversion of the
different conformers. The equilibrium conformation

of four-membered and unsaturated five-membered
rings is determined by two major opposing forces.
The first is the ring strain, which tends to keep the
ring skeleton planar. Puckering the ring decreases the
already strained angles, thereby increasing the angle
strain. The second is the torsional forces. The tor-
sional repulsions of adjacent groups are at a maxi-
mum for a planar ring since the groups are eclipsed;
therefore, bending the ring out of the plane will re-
duce these repulsive forces. It is the delicate balance
between these two large forces that determines the
ground-state structure of the molecule.

A single substituent on the cyclobutane ring leads
to conformational isomers and introduces asymme-
try into the potential function for ring inversion. As
the ring inverts, the substituent goes from the axial
conformation to the equatorial, or vice versa. These
two conformations will of course have different
energies and the spectra can be interpreted using a
potential function of the form

where x is the coordinate of the ring inversion. The
cubic term is added to the usual quartic-harmonic
potential function because of the asymmetry.

The results for chlorocyclobutane will be used as
an example of the utility of far-infrared spectra of
the gas for the investigation of ring puckering mo-
tions. The far-infrared and Raman spectra of
gaseous chlorocyclobutane in the region of the ring
puckering fundamental are shown in Figure 3. From
the far-infrared spectrum, this fundamental is ob-
served as well-defined Q branches occurring at
157.55, 149.29, 139.81, 130.12 and 128.08 cm−1

with additional, weaker Q branches at 116.46,
115.69, 111.46 and 110.88 cm−1. The first four pro-
nounced Q branches appear to form a reasonable
series and are assigned as the first four transitions of
the ring puckering mode for the more stable

Figure 2 Far-infrared spectrum of fluoroacetyl fluoride, FCH2CFO.
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equatorial conformer. From the Raman spectrum,
the ring puckering fundamental is observed as a
weak series of Q branches beginning at ∼ 158 cm−1.
Although the fundamental for the axial form can be
assigned at 128 cm−1 in this Raman spectrum, the
128.08 cm−1 Q branch observed in the infrared spec-
trum is far more definitive.

With these assignments, the potential function
governing ring inversion can be calculated with the
aforementioned function. The function calculated
using this assignment is shown in Figure 4. This po-
tential is consistent with an energy difference
between the equatorial and axial conformers of
449 cm−1 (1.28 kcal mol−1) and a barrier to ring in-
version of 827 cm−1 (2.36 kcal mol−1). Although the
uncertainty in the puckering angles determined at the
minima is directly related to the uncertainty in the
assumed reduced mass (198 amu), as well as the na-
ture of the molecular motion involved, this potential
gives puckering angles of 22º for the equatorial form
and 17º for the axial conformer. From the ab initio
calculations utilizing the 6-31G* basis set, the values
for these angles are 25.1º and 20.3º, respectively, in-
dicating that the difference in the two angles should
be about 5º, which is the value obtained from the po-
tential function.

In five-membered ring molecules, there are two
low-frequency out-of-plane ring motions. These are

usually qualitatively described as the ring-twisting
(radial mode) and the ring-puckering (pseudorota-
tional mode) motions. Initially, in order to handle
the interpretation of the low-frequency far-infrared
data, assumptions were made about the forms of
these normal vibrations. If the five-membered ring
contains an endocyclic double bond, it has usually
been assumed that there is no interaction between
the ‘high’-frequency ring-twisting mode, which falls
around 400 cm−1 and the ‘low’-frequency ring-puck-
ering mode, which is near 100 cm−1. Therefore, the
two out-of-plane ring modes are handled as two one-
dimensional problems with the anharmonic, low-
frequency ring-puckering transitions interpreted in
terms of a one-dimensional potential function of the
form V(x) = ax4 ± bx2. In recent years it has become
increasingly clear that while a one-dimensional
model of the ring-puckering motion yields reasona-
bly good barrier height values, it does not allow for
the interactions with other vibrational modes, which
may often be significant.

Some of the most recent advances in the determi-
nation of potential surfaces governing ring inver-
sions in four- and five-membered ring molecules
have been in the development of two- and three-
dimensional models. Such models then allow for the
interaction of the ring puckering mode with other
vibrational modes. These interactions have been
shown to alter the puckering levels in the excited
states of interacting motions and, if neglected, can
result in poorly calculated barrier heights and
misinterpretation of the far-infrared and Raman
spectral features arising from the modes involved.

Figure 3 (A) Far-infrared transmission spectrum of chlorocy-
clopropane; (B) Raman spectrum of gaseous chlorocyclobutane.

Figure 4 Potential function governing the conformational inter-
change for axial and equatorial chlorocyclobutane.
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Skeletal bending nodes

The third type of low-frequency vibration is heavy-
atom skeletal bending modes. Because the vibrations
are of very low wavenumbers, there are frequently
many excited states populated. Accordingly, the in-
frared contours in the gas phase can be very com-
plex. In fact, many of these vibrations show a large
number of excited states and the band contours are
difficult to analyse because of the many vibrational–
rotational transitions falling on top of each other.
Attention to these types of vibrational modes has
been fairly limited.

Gases, liquids and solids

Another type of absorption in the low-wavenumber
range is due to the pure rotation of small molecules.
The intensity of this type of absorption is frequently
104 times that of a low-wavenumber vibration, so
very small amounts of HF, HCl, HBr, H2O (see
Figure 1) or other similar impurities result in rela-
tively strong absorption from these molecules. This
type of far-infrared absorption was studied exten-
sively from the 1930s to the 1960s. The high-resolu-
tion infrared data obtained for these molecules made
it possible to determine very accurate centrifugal dis-
tortional constants.

Only limited studies have been carried out on the
far-infrared absorption of molecules in the liquid
state, which results in generalized absorption in the
region of 30–80 cm−1. However, if the molecule con-
tains hydrogen bonding, a significant amount of in-
formation can be obtained for the low-wavenumber
vibrations resulting from the absorption of dimers of
such molecules. These include the wavenumber for
the X⋅⋅⋅H–Y stretching and bending.

Physicists have primarily carried out the spectro-
scopic study of solids in the far-infrared spectral
region. A major exception to this generalization is
the study of the lattice modes of molecular crystals.
To account for the lattice (phonon) modes of solids,
the Bravais space cell is used by molecular spectro-
scopists to obtain the irreducible representation for
the lattice vibrations. The crystallographic unit cell
may be identical with the Bravais cell or it may be
larger by a multiple of 2, 3 or 4. The relationship
between the Bravais cell and crystallographic cell can
be obtained from the Hermann–Mauguin X-ray
symbol that is used to designate the crystal symme-
try. For all crystal structures designated by a symbol
P (primitive), the crystallographic unit cell and the
Bravais unit cell are identical. Crystal structures
designated with capital letters A, B, C or I are double
primitive and, therefore, the crystallographic unit

cells contain two Bravais cells. Crystal structures
designated with the letters R or F are triply and
quadruply primitive, respectively, and the crystallo-
graphic unit cells contain three and four Bravais
cells, respectively.

The potential energy of a crystal can be considered
to be made up of the following terms: VTotal = Σj Vj

+ Σi Σj Vij + VL + VLj where Vj is the potential due to
the internal coordinates, Vij is the potential due to
the correlation field, VL is the potential for the exter-
nal degrees of freedom and VLj represents the poten-
tial due to the interaction of the internal modes with
the lattice modes. Three symmetries must be consid-
ered when studying the vibrational spectrum of
a crystal: the molecular symmetry, the site symme-
try, and the factor group symmetry. The factor
group is not a point group but it is isomorphous
with the space group, which means there is a one-to-
one correspondence between the two.

Oxamide (OCNH2)2 will be used as an example of
the determination of the frequency of lattice modes.
This molecule has molecular symmetry trans C2h

with space group P1. Oxamide has one molecule per
unit cell so there are three acoustical translations,
which are inactive, and three optical librations,
which are only Raman active. The three lattice bands
are very prominent features in the Raman spectrum
and occur at 106, 134, 157 cm−1 (Figure 5) with cor-
responding bands at 100, 137, 156 cm−1 for the deu-
terated compound. An estimate of the range for the
force constant of the librations can be calculated as-
sociating the highest torsional wavenumber with the
largest moment of inertia and the lowest wavenum-
ber with the smallest moment of inertia. The widest
possible range for the force constant is found to be
0.14 to 0.79 mdyn Å−1. These values are relatively
large for librational force constants and they reflect a
high degree of hydrogen bonding for this compound.

For molecular crystals in which the molecules are
nearly spherical there will frequently be a high-
temperature crystal phase of which the site symmetry
is higher than the molecular symmetry. These crys-
tals are referred to as plastic crystals and they have
unusual properties such as very high temperatures of
melting and low anisotropic properties similar to
those of liquids. The theory of lattice vibrations of
orientationally disordered solids has been addressed,
and the results indicate that such disorder should
lead to a broadening of the vibrational bands and
that all modes may be active in both the infrared and
Raman spectra. Spectra of this type are referred to as
density-of-states spectra, since the bands correspond
to the flat points in the dispersion curve.

Ionic crystals are the other type of solid that has
been studied extensively in the low-wavenumber
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spectral range. Of particular interests have been fer-
roelectrics, where one of the modes can shift from
150 cm−1 to nearly zero as the transition temperature
is approached.

List of symbols

h = Planck constant; Ir = reduced moment of inertia;
V(x) = potential for conformational change; Vn =
height of n-fold rotational barrier; V(φ) = potential

for rotation; x = coordinate of ring inversion;
φ = rotation angle.

See also: IR Spectrometers; IR Spectroscopy,
Theory.
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Introduction

The mass spectrometry community uses 1981 as the
starting point of fast atom bombardment (FAB)
when Barber and co-workers published their first
paper. The basis of FAB was laid down in the mid-
1970s through pioneering research on static second-
ary ion mass spectrometry (SIMS) by Benninghoven.
At the time of its discovery FAB meant a significant
breakthrough in the analysis of polar biomolecules,
such as peptides. Until then other ionization tech-
niques such as field desorption, SIMS using ion
beams and 252Cf radiation, and laser desorption of
ions from surfaces had been applied to the analysis
of polar biomolecules with varying degrees of suc-
cess and experimental difficulty. Since the develop-
ment of FAB new powerful ionization techniques
have emerged, namely matrix-assisted laser desorp-
tion ionization (MALDI) and electrospray ionization
(ESI), which are routinely used nowadays and have
greatly extended the applicability of mass spectrom-
etry to polar biomolecules of high molecular mass
(Mr > 200 000). Despite the enormous successes of
these last two ionization techniques, it is fair to state
that FAB still enjoys an important place in bioana-
lytical laboratories involved in the analysis of mole-
cules of medium polarity, including, for example,
most natural products. A survey of the literature in
a representative journal on natural product research,
The Journal of Natural Products, for the years 1996
and 1997 revealed that of the articles in which mass
spectrometric analysis was reported, FAB was used
in 44% of the studies. The gas-phase ionization
methods, electron impact (EI) and chemical ioniza-
tion (CI), are still employed in 65% and 15% of the
studies respectively, while the use of ESI and
MALDI was rather limited (i.e. 5% and 0.7%
respectively).

In FAB the sample ions are formed by bombard-
ment of the sample in a liquid matrix with a high-en-
ergy beam of atoms (xenon or argon) or ions
(caesium). The defining attribute of FAB is the use of
a viscous liquid matrix to obtain long-lasting spectra
and to ‘soften’ the sputtering process. The liquid
matrix is able to provide continuous surface renewal

so that intense primary beams may be used. The
overall result is that secondary ion beams with a use-
ful intensity for scanning mass spectrometers may be
prolonged to periods of 20 min or more. Interesting-
ly, the importance of the liquid matrix in FAB was
not realized by Barber and co-workers when they dis-
covered the technique. In their first article emphasis
was laid on the use of fast atoms (argon) instead of
ions as energetic bombarding particles and the term
‘fast atom bombardment’ was introduced to describe
the new technique. However, similar spectra to those
obtained using a fast neutral atom beam were
achieved with better sensitivity using caesium or mer-
cury ions as bombarding particles. The latter tech-
nique is known as ‘liquid secondary-ion mass
spectrometry’ (LSIMS), but very often and also in
this review the acronym FAB is used to refer to
LSIMS.

Instrumentation

The experimental set-up for FAB MS analysis is basi-
cally very simple and is illustrated in Figure 1. A
beam of fast atoms is produced in a saddle field dis-
charge source, called a ‘FAB gun’, by first ionizing an
inert gas (Xe or Ar) to generate ions (Xe+ or Ar+) and
accelerating these ions into an appropriate medium
where the fast ions can capture an electron, thereby
being converted from fast ions (having a kinetic ener-
gy due to acceleration) to fast atoms with energies as
high as 10 keV. The beam of bombarding particles
contains neutral atoms but also ions in various
charge states. As illustrated in Figure 1 the beam of
bombarding particles is usually maintained at a large
angle relative to the axis of the beam of secondary
ions extracted by the ion optics. The intersection of
the primary atom–ion beam and the secondary-ion
beam is at the focal point of the ion optics. The sam-
ple film is mounted on a clean metal tip of the FAB
probe which is introduced into the mass spectrometer
through a vacuum-lock assembly so that the sample
surface rests at the focal point of the instrument.

The experimental set-up for LSIMS analysis is
very similar; the only difference is the replacement

MASS SPECTROMETRY
Methods & Instrumentation
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of the fast atom gun by a caesium ion source which
produces a focused beam of fast Cs+ ions (up to
35 keV). The caesium ions are thermionically emit-
ted from an alkali aluminosilicate solid maintained
at high temperature (approximately 1000°C). It is
worth mentioning that caesium ion impact has
largely replaced FAB in modern instruments. Ad-
vantages of the caesium ion source compared to a
fast atom gun are that the energy distribution of the
beam is narrow, beam focusing can be accom-
plished and the very low gas load introduced into
the ion source.

Mechanism of ion formation

It should be noted that whilst most of the particle-
induced desorption techniques are simple to perform,
they are only partially understood in theory, i.e.
there exists no clear understanding of the mecha-
nisms involved in ion formation from organic mole-
cules in the condensed phase. It is, however, striking
that different desorption ionization (DI) techniques
[including FAB and LSIMS but also plasma desorp-
tion (PD) and laser desorption (LD)] produce reason-
ably similar mass spectra from nonvolatile organic
molecules. Similarities in the spectra produced with
incident beams of keV atoms or ions, or MeV
particles and photons, can only be explained by sim-
ilar ion formation and ion dissociation processes
occurring after the initially very different physical
excitation process. A general mechanism for the DI
process can be presented, at least schematically, by

the following sequence of events: 

It is evident that the primary processes involved in
the energy deposition step are dependent on the type
of physical excitation used, and some of the proper-
ties of the intermediate phase must depend on the na-
ture of these primary processes. However, the final
step, leading to the production of molecular ions and
fragment ions, appears to be independent of the pri-
mary processes occurring in the condensed phase. It
is reasonable to propose that in the processes of ion
formation and stabilization, chemical reactions
strongly influence the end-products. These reactions
are believed to take place in the vibrationally excited,
disturbed surface layer, known as the ‘selvedge’ re-
gion. Several models describing the mechanism of
FAB are available in the literature. It can be stated
that there are almost as many models as there are
theoreticians studying the problem.

A unified model for desorption ionization

A comprehensive qualitative model for the DI pro-
cess, as exemplified in FAB, LSIMS, PD and LD, has
been proposed. The main features of this unified
model are: (1) irrespective of its origin, the energy
deposited at the sample surface is converted from its
original form into vibrational energy; (2) desorption
of intact molecules and preformed ions which can be
described as a vibrational or thermal process
(although no equilibrium is implied); (3) ion–mole-
cule reactions (e.g. protonation, cationization and
cluster ion formation) and EI occurring in the sel-
vedge region; and (4) dissociation of energetic
(metastable) ions well removed from the surface (i.e.
in the vacuum region). A schematic illustration of
this unified model is given in Figure 2.

In the unified model the processes of desorption
and ionization are considered separately. Another
characteristic of the model is that desorption is fol-
lowed by chemical reactions of two types occurring in
two distinct regions. First, in the selvedge region, fast
atom(ion)–molecule reactions and EI can take place.
Secondly, in the free vacuum, unimolecular dissocia-
tions occur which are governed by the internal energy

Figure 1 Experimental set-up for FAB.
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of the parent ion, the characteristic timescale of the
instrument and the structures of the gas phase ions.

Ion formation mechanisms

The four major mechanisms for the formation of ions
operating during FAB are: (1) direct desorption of
preformed ions; (2) cationization (including protona-
tion) and anionization in which a neutral analyte (M)
is observed as adduct with a cation, i.e. [M+Cat]+ or
with an anion, i.e. [M+An]−, (3) ion-beam induced
processes leading to [M–H]+ and M+• ions; and (4)
cluster ion formation. These four mechanisms cover
most of the processes observed in FAB and largely de-
scribe the majority of ions detected in FAB spectra.
Molecular-ion like species which are commonly
encountered in FAB spectra are listed in Table 1.

Possible mechanisms for the formation of positive
ions are given in Table 2; analogous mechanisms
can be formulated for negative ions. That ion forma-
tion is the difficult, energetically demanding step in
FAB is indicated by the observation that production
of ions in the gas phase is much easier from samples
that exist as preformed ions in the condensed phase
than it is for neutral molecules. The mechanism by
which preformed ions are converted into gaseous
ions is conceptually the most straightforward: the
molecular agitation generated by the bombarding
particle, a process called ‘sputtering’, releases pre-
formed ions into the gas phase. The types of com-
pound that comprise preformed ions are inorganic
salts, organic salts, and strong acids and bases. An

artist’s conception of the violent activity at the sur-
face of a matrix solution of the analyte is presented
in Figure 3.

The next type of ion for which the formation can
be easily rationalized is the [M+Cat]+ ions; [M+Na]+

is used as a typical example. However, attachment of
other metal ions, especially alkali ions, also readily
occurs if these ions are present in the sample. Na+

may be present in the sample as a salt impurity or it
may be added deliberately by the analyst; it is a pre-
formed ion which can attach to a neutral molecule
(M) either in the gas phase or in the condensed
phase. The [M+H]+ ions can be generated by a mech-
anism analogous to that proposed for [M+Na]+; in
this case the preformed ion is the proton. Free

Figure 2 Unified model for desorption ionization. Reprinted with permission from Cooks RG and Busch KL (1983) Matrix effects,
internal energies and MS/MS spectra of molecular ions sputtered from surfaces. International Journal of Mass Spectrometry and Ion
Physics 53: 111–124. Copyright Elsevier Science.

Table 1 Molecular-ion like species in FAB spectra

Positive ions Negative ions

Cat+ from salt Cat+ An− An− from salt Cat+ An−

[M + H]+ [M − H]–

[M + Cat]+, e.g. [M + Na]+,
[M + K]+

[M + An]–, e.g. [M + Cl]–

[M + 2Na − H]+ and 
analogues

[M + Na − 2H]– and 
analogues

M+ • M– •

[M − H]+ [M + H]–

Clusters: Clusters:

[Cat n + 1 Ann ]+ [Catn Ann + 1]−

[M(M + H)]+ , e.g. sample–
sample or sample–matrix 
clusters

[M(M − H)]−



508 FAST ATOM BOMBARDMENT IONIZATION IN MASS SPECTROMETRY

protons are probably produced during particle bom-
bardment at the impact site, or can be added deliber-
ately in the sample in the form of a strong acid.
Another mechanism for the formation of protonated
molecules which has been considered is a dispropor-

tionation reaction, i.e. perturbation in a hydrogen-
bonded system caused by the bombarding particle
can result in the sputtering of a [M+H]+ ion and its
complementary [M–H]− anion. True odd-electron
molecular ions (M+•) are also formed, especially
from compounds with low ionization potentials. M+•

ions are usually obtained for polyunsaturated mole-
cules with conjugated systems, for example the
fullerenes C60 and C70. The study of the mechanism
of ion formation in FAB is still a research topic of in-
terest. There is no firm evidence that M+• ions are
produced by direct EI. Current mechanistic studies
focus on molecular hydrogen and hydrogen radical
loss from protonated M which yield [M–H]+ and
M+• ions respectively. [M–H]+ and odd-electron M+•

ion formation in FAB was formerly attributed to gas-
phase ionization-like processes but recent studies
have demonstrated that fast atom–ion beam induced
processes should be considered.

The ion species of the types [M+H]+, [M−H]− and
[M+Cat]+ are very useful for molecular mass deter-
mination, which is of key importance in the structure
elucidation of natural products. A literature survey
in The Journal of Natural Products for the years
1996 and 1997 revealed that in 52% of the studies
in which FAB was used, additional accurate mass
measurement at high resolution was performed on
molecular ion species to obtain the precise molecular
composition.

Energy deposition

FAB is generally regarded as a ‘soft’ ionization tech-
nique but the question may be asked: what is meant
by ‘soft’? Molecular-ion like species formed during
FAB show little fragmentation, suggesting that they
are formed with a low internal energy. Energy depo-
sition during FAB has been addressed by several
workers and it has been established that ions are
formed with energies varying between 1 and 4 eV,
revealing a maximum at 1 eV and a high-energy tail.
The classification ‘soft’ should, therefore, be used
with some caution.

Matrix selection and properties

The defining attribute of FAB is the use of a viscous
liquid matrix. Consequently, many studies have been
devoted to selection of suitable matrices in FAB.
General matrix requirements concerning the solvent
properties of the matrix are summarized as follows: 

(1) the samples must be soluble in the matrix;
(2) only low vapour pressure solvents can be consid-

ered in the vacuum of the mass spectrometer;

Table 2 Possible ion formation mechanisms in FAB

cond. = condensed phase.

Ions formed Mechanism

Preformed ions
e.g. Cat+

Sputtering
Cat+An–(cond.) → Cat+(gas) + An−(gas)

[M + Na]+ Attachment of Na+ in the gas phase 
Na+ (cond.) → Na+(gas)
M(cond.) → M(gas)
M(gas) + Na+(gas) → [M + Na]+(gas)

Attachment of Na+ in the condensed phase
followed by sputtering
M(cond.) + Na+ (cond.) → [M + Na]+(cond.)
[M + Na]+ (cond.) → [M + Na]+(gas)

[M + H]+ Attachment of H+ in the gas phase analogous to
Na+ attachment

Attachment of H+ in the condensed phase
followed by sputtering, analogous to Na+

attachment

Disproportionation

M+• Disproportionation
2M(cond.) → M+•(cond.) + M–•(cond.)
M+•(cond.) → M+•(gas)

Fast atom–ion beam-induced reactions
M(cond.) – H• → [M–H]• (cond.)
[M−H]•(cond.) + H+ (cond.) → M+• (cond.)
M+•(cond.) → M+•(gas)

[M – H]+ Fast atom–ion beam-induced reactions
M(cond.) – H2 → [M–H2] (cond.)
[M–H2] (cond.) + H+ (cond.) → [M–H]+ (cond.)
[M–H]+(cond.) → [M–H]+ (gas)

Figure 3 Artist’s conception of the violent activity taking place
at the surface of a matrix solution during FAB. 
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(3) the matrix must be electrically conductive to
avoid charging of the surface layer;

(4) ions from the matrix itself must not interfere
with analyte ions in the FAB mass spectrum;

(5) the matrix must be chemically inert.

Lists of useful matrices for FAB are available and
their physical and chemical properties have been
compiled. In the authors’ laboratory where FAB is
still routinely applied to the analysis of plant second-
ary metabolites such as saponins, flavonoid glyco-
sides, fatty acid derivatives and small synthetic
peptides (Mr < 3000), two matrices are mainly used:
glycerol, in the analysis of polar hydrophilic com-
pounds and m-nitrobenzylalcohol (m-NBA) for
lipophilic compounds. When glycerol is selected the
sample is first dissolved in a cosolvent, methanol or a
methanol–water mixture, while in the case of m-NBA
dichloromethane is employed as cosolvent to facili-
tate addition of the sample to the matrix. It is a
misconception that FAB can only be applied to the
analysis of polar analytes; lipophilic compounds such
as fatty acids and their derivatives are well amenable
to FAB analysis if a lipophilic matrix is selected.
Other matrices that have often been employed in
peptide analysis include thioglycerol and a eutectic
mixture of dithiothreitol and dithioerythritol (3:1,
w/w), known as ‘magic bullet’. For negative ion FAB
the basic matrices di- and triethanolamine have also
been used.

Evaporation of the liquid matrix in the vacuum of
the mass spectrometer has to be considered because
it can result in significant changes of the physical
state of the sample solution. The effect of matrix
evaporation on secondary ion formation has been in-
vestigated for samples dissolved in glycerol with and
without a cosolvent. Depending on the residence
time of the sample solution in the vacuum, the bulk
and surface concentration of the analyte in the
matrix can become supersaturated, analyte mole-
cules can precipitate, and as such the conditions for
secondary ion formation can be altered. Fortunately,
the solid layers formed by precipitation of analyte
molecules at the surface of sample solutions can be
removed by sputtering, thereby making the underly-
ing layer amenable to FAB analysis. In other models
where evaporation of the liquid matrix was not tak-
en into account, replenishment of the surface layer
has been rationalized by diffusion of analyte mole-
cules from the bulk to the surface layer. It is not like-
ly that diffusion, which is not a rapid mechanism, is
as important as previously thought to obtaining
long-lasting analyte signals in FAB.

Sample preparation for FAB analysis

Impure samples of biological origin cannot be direct-
ly submitted to FAB analysis. Polar hydrophilic sam-
ples are usually isolated from a biological matrix
containing alkali salts by chromatographic proce-
dures employing buffers. When buffers are required
for the isolation, preference is given to systems
composed of volatile salts, acids and bases. Alkali
salts can be eliminated from samples by resorting to
simple desalting procedures based on the use of
reversed phase cartridges. In the presence of Na+, for
example, acidic compounds containing carboxylic or
phenolic groups give rise to multiple sodiated molec-
ular species (i.e. [M + Na]+, [M – H + 2Na]+ and
[M – 2H + 3Na]+) leading to decreased detection
sensitivity. In order to improve the detection of pep-
tides it is common practice to add a volatile strong
acid such as trifluoroacetic acid to the analyte–ma-
trix mixture whereby neutralization of the carboxy-
late part of the peptide zwitterionic structure results
in an enhanced [M + H]+ ion formation. Derivatiza-
tion strategies to increase the solubility of the analyte
in the liquid matrix or to convert the analyte into a
salt form with better desorption properties may also
be considered. Molecules containing labile groups
which are prone to hydrolysis in FAB can be stabi-
lized by using a Li+-containing matrix.

Continuous-flow FAB

FAB is the basis for an effective coupling technique
for liquid chromatography (LC), namely, continu-
ous-flow FAB. A set-up for continuous-flow FAB is
given in Figure 4. In this technique, a liquid flow of
typically 5–10 µL min–1 obtained by splitting the LC
flow, is introduced into a heated FAB source via a
narrow-bore fused silica capillary. The glycerol
matrix is added to the LC effluent to a concentra-
tion of approximately 0.5% and subsequently the
mixture is directed into the FAB source through a
metallic frit. The liquid flow ensures that there is a
continuous flow on the probe tip in which previous-
ly eluted sample is continuously removed from the
area where sputtering occurs. In other designs there
is no metal frit but then a cotton wick is used to
disperse the solvent and to obtain stable operating
conditions. In addition to coupling to LC, continu-
ous-flow FAB has been shown to be a useful tech-
nique for the introduction of flow-injected samples
and effluents of capillary electrophoresis and
microdialysis.
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Combination of FAB with
collision-induced dissociation and 
tandem mass spectrometry

In order to obtain structural information on biomol-
ecules it is common practice to use FAB in combina-
tion with collision-induced dissociation (CID) and
tandem mass spectrometry. As discussed above FAB
is a soft ionization technique producing mainly
molecular-ion like species with a low internal energy.
These species can be fragmented by CID during
which the internal energy of the ions is increased.
CID can be performed at low and high collision en-
ergies generally leading to different and complemen-
tary structural information. The FAB spectrum of
compounds of biological origin is usually quite com-
plex for several reasons: peaks due to the FAB ma-
trix are always present but, in addition, impurities
and salt forms of the molecular ions are often en-
countered making the interpretation of a FAB mass
spectrum particularly difficult. Using CID and tan-
dem mass spectrometry it is possible to obtain a
spectrum of one well-defined molecular ion species
allowing the corresponding fragment ions to be
determined unambiguously. Figure 5 illustrates
first-order FAB spectra using glycerol as liquid ma-
trix obtained for a flavonoid glycoside, kaempferol-
3-O-rutinoside, which was isolated from the leaves
of an African medicinal plant Morinda morindoides,
with and without subsequent desalting. Without
desalting several molecular ion species of kaempfer-
ol-3-O-rutinoside are observed with low intensity,
namely, [M + H]+, [M + Na]+, [M – H + 2Na]+ and
[M – 2H + 3Na]+. The presence of Na+ in the sam-
ple is also evident from the matrix peaks including
abundant sodiated species. Using desalting a suffi-
ciently intense [M + H]+ signal could be obtained
which was amenable to CID and tandem mass

spectrometry. This methodology showed that the
ions at m/z 287, 449 and 461 are fragment ions of
the protonated molecule.

Selected applications

A number of reviews and overviews are available in
the literature. For comprehensive surveys of the liter-
ature the biennial reviews of mass spectrometry in
the journal Analytical Chemistry can be consulted.
As it is impossible to review all applications of FAB
only selected applications will be mentioned here.
FAB has been particularly useful for the analysis of
peptides and proteins, providing molecular mass in-
formation for large peptides with an upper mass lim-
it of approximately 24 000 Da. It can be stated that
in the field of peptides and proteins FAB has now
largely been overtaken, but not entirely replaced by,
MALDI and ESI. Other biomolecules that have been
successfully analysed using FAB are glycoconjugates,
including glycopeptides, nucleotides, terpenoid and
flavonoid glycosides, and complex lipids such as
glycosphingolipids, gangliosides, phospholipids and
steroids. The relatively frequent use of FAB com-
pared to other soft ionization techniques (i.e. CI, ESI
and MALDI) in natural product research can be at-
tributed to the reliable molecular mass and composi-
tion that can be obtained which is of key importance
in the structure characterization of unknown com-
pounds. FAB has also been applied in areas that are
not of direct biochemical interest, such as the analy-
sis of dyestuffs, organometallics, quaternary ammo-
nium salts, triphenyl phosphonium salts, surfactants
and chiral complexes. With regard to this last appli-
cation FAB has been found to be more suitable than
ESI for studying enantioselective intermolecular
interactions.

Figure 4 Experimental set-up for continuous-flow FAB.
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See also: Biochemical Applications of Mass
Spectrometry; Fragmentation in Mass Spectrometry;
Ion Energetics in Mass Spectrometry; Ionization The-
ory; IR Spectroscopy Sample Preparation Methods;

MS-MS and MSn; Organometallics Studied Using
Mass Spectrometry; Peptides and Proteins Studied
Using Mass Spectrometry; Plasma Desorption Ioniza-
tion in Mass Spectrometry; Spectroscopy of Ions.

Figure 5 First-order FAB spectra obtained using glycerol (G) as the liquid matrix for kaempferol-3-O-rutinoside, isolated from a
medicinal plant, with and without subsequent desalting. Reprinted with permission from Li QM, Dillen L and Claeys M (1992) Positive
ion FAB analysis of flavonoid glycosides. Simple procedures for desalting and control of sodium salt contamination. Biological Mass
Spectrometry 23: 408–410. Copyright John Wiley and Sons Ltd.
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Introduction

In the clinical environment, optical techniques have
been used for decades (microscope, colposcope, oph-
thalmoscope, endoscope, laparascope). Integration
of spectroscopic devices into existing procedures is
an obvious task. Fibre optic cables provide a flexible
solution for adequate optical interfacing between the
optical and spectroscopic device and the sample to be
interrogated in situ. Fibre optic probes can be
inserted into cavities and tubular structures, put in
contact with epithelial surfaces and also inserted into
structures that can be punctuated by rigid devices
such as needles. Fibre optic devices for optical spec-
troscopy can be manufactured as flexible catheters
with an outer diameter not exceeding 0.5 mm. We
will present in this article fibre optic solutions for

fluorescence and both elastic and inelastic scattering
detection. After describing the fibre optic interface,
we will present probes for fluorescence spectroscopy
followed by probes for reflectance measurements and
side looking. Diffuser tips, refocusing and designs for
Raman spectroscopy are discussed towards the end
of the article.

The fibre optic interface

A spectroscopic system incorporates a light source, an
optical analyser with detector, and a light transport
conduit which in many cases is made of fibre optic
cables. A separate illumination and collection channel
minimizes background signals produced in the
illumination fibre (Figure 1A). The excitation or illu-
mination light source is typically a laser or a filtered

ELECTRONIC SPECTROSCOPY
Applications
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white light source such as xenon or mercury lamps.
Dielectric bandpass filters (Omega Optical, Inc.,
Brattleboro, VT, USA), monochromators or double
monochromators (ISA Edison, NJ, USA) can be used
as filters according to the need for spectral purity. For
fluorescence spectroscopy, xenon lamps (ORC,
Azusa, CA, USA | Hamamatsu Corp. Bridgewater,
NJ, USA) with more than 150 W power consumption
need additional cold and hot mirrors to protect the
optical parts. The coupling optics adapt the f-number
of the light source to the numerical aperture of the
fibre and guarantee optimal irradiance into the fibre.
The probe transports the collected light to the spec-
troscopic system. New techniques such as holo-
graphic transmission gratings (Holospec, Kaiser Op-
tical Systems Inc., Ann Arbor, MI, USA) and back-il-
luminated thinned CCDs with high quantum
efficiencies (Princeton Instruments, Inc., Trenton, NJ,
USA) allow short integration times and sufficient
spectral and spatial resolution. Additional filter
stages reduce the influence of stray light in the spec-
trograph. Most fluorescence applications require
longpass (Schott Glass Technologies Inc., Duryea,
PA, USA) and Raman spectroscopy devices notch
filters (Holographic notch filters, Kaiser Optical
System Inc).

To achieve smallest probe diameters, single fibre
solutions are used in combination with a dichroic
beam splitter and with well-aligned coupling optics
(Figure 1B). Single fibre solutions are limited by the
difficulty of reducing back-scattered excitation light
and the suppression of parasitic light induced by the
illumination path of the probe.

Fibre optic cables

An optical fiber for spectroscopy consists of a silica
core, a doped cladding and a protective jacket. Light
is transmitted based on the principle of total internal
reflection. Half of the maximal angle (α) a fibre can
accept light is characterized by the numerical
aperture (NA), which is defined by the difference in
the refractive indices (n) of core and cladding
(Figure 2):

Improvements in the preform manufacturing
(Heraeus Amersil Inc., Duluth, GA, USA) allow

Figure 1 (A) A fibre optic spectroscopy system with separate illumination and collection path is based on an excitation source, which
is a laser or a white light source (reflectometry) or a monochromator filtered arc lamp (fluorescence). Optics couple the excitation light
into the flexible probe. A probe collects the emitted light. Coupling optics adapt the numerical aperture of the probe to the spectrograph
or filter system. An optical detector (charge coupled device (CCD), photodiode array, photomultiplier tube) is read out and digitized.
(B) A fibre optic spectroscopy system with a probe that incorporates one optical fibre needs a dichroic beam splitter and well aligned
optics to separate excitation and fluorescence light. Reproduced with permission of Optical Society of America Inc. from Greek LS,
Schulze HG, Blades MW, Haynes CA, Klein K-F and Turner RFB (1998) Fiber-optic probes with improved excitation and collection
efficiency for deep-UV Raman and resonance Raman spectroscopy. Applied Optics 37(1).

Figure 2 A fibre optic cable for spectroscopy consists of a core
material (quartz) and a cladding with a lower refractive index
(doped quartz) and a rugged supportive jacket. Light is trans-
ported by total internal reflection.
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transmittance from 200 nm (solarization-resistant-
UV grade fibre, Polymicro Technologies, Inc,
Phoenix, AZ, USA) up to 2500 nm (low-OH fibre,
Fiberguide Industries, Inc., Stirling, NJ, USA | Cer-
amoptec, Bonn, Germany). This opens the applica-
tion of fibre optic probes to UV resonance Raman
(UVRR) and IR Raman spectroscopy. Due to bend-
ing of the fibre and scattering centres in the fibre,
light may exit into the cladding and hit the jacket.
Most plastic claddings like Nylon and Tefzel®
(DuPont, Wilmington, NJ, USA) produce significant
autofluorescence when irradiated with UV light.
Polyimide (Thermocoat, Fiberguide Industries Inc.)
and metallic coated fibres (gold, aluminium) exhibit
minimal fluorescence. Colour centres may be pro-
duced during UV radiation in quartz and the fibres
fluoresce in a broad band at 450 and 650 nm. This
process is reversible but depends on the pulse
repetition rate and the pulse energy. It is further
known that silica produces Raman intrinsic signals
at NIR excitation, which interfere with in vivo
Raman spectroscopy such that the dynamic range of
the detector becomes critical.

Fluorescence probes

A growing number of clinical studies have demon-
strated that fluorescence spectroscopy can be used to
distinguish normal and abnormal human tissues in
vivo in the skin, head and neck, genito-urinary tract,
gastrointestinal tract, breast and brain. It is well
known that fluorescence intensity and lineshape are
a function of both the excitation and emission wave-
length in samples containing multiple chromophores,
such as human tissue. Major fluorescence
contributors are structural proteins, NADH, FAD,
tryptophane and porphyrins.

Single pixel measurements

The classic fibre optic probe to measure fluorescence
consists of at least one excitation and one collection
fibre (Figure 3A). A quartz shield placed at the distal
end of the fibres allows the illuminated and probed
areas to overlap. The fraction of overlapping
increases with an enlargement of the numerical
aperture of the fibres and the thickness of the shield.
A larger shield depth requires a larger diameter
shield. The collection efficiency βt for an isotropic
fluorescence source can be described as:

where z is the position along the optical axis of the
probe and β0 a constant which includes the detector
efficiency. Previous studies performed in arterial
tissue have demonstrated empirically that tissue does
not emit isotropically, as a result of high forward
scattering. For arterial specimens, tissue fluorescence
power decreases with the detector– sample separation
distance, R, as 1/Rn, where n = 1.1. A typical thick-
ness of the shield is 1.7– 6.4 mm. However, scattered
fluorescence could also be detected without a shield.
A typical probe consists of excitation fibres, collec-
tion fibres, carbon filled epoxy and tubing. A rigid
type uses metallic tubing, a flexible type uses shrink-
ing tubing (Zeus Industrial Products Inc., Orange-
burg, SC, USA). The shield and sleeve are detachable
to allow disinfection of the probe. A probe based on
seven 200 µm fibres has a diameter of at least
1.5 mm. The probe with an outer diameter of 4 mm
presented in Figure 3B has been successfully used by
Ramanujam and the authors in studies with more
than 100 patients.

InnovaQuartz (InnovaQuartz, Phoenix, AZ, USA)
has successfully manufactured fibre optic tips, using
CO2 laser micro machining (Figure 3C). Melting and
compressing the fibres eliminates the dead space
between them. An increase of power density and
almost complete overlap between illumination and
collection areas has been reported. However, this
technique is limited to fibre bundles with a few fibres
only.

Multi-pixel measurements

Pitris, Agrawal and co-workers have successfully
adopted the principle of single pixel fluorescence
measurements into a design of 31 simultaneous
measurement locations (Figure 4A, Figure 4B) with-
out sacrificing spectral resolution. Modern imaging
spectrographs for fluorescence applications (Instru-
ments SA, Edison, NJ, USA | Chromex, Albu-
querque, NM, USA) allow the simultaneous spectral
dispersion of up to 30 input channels with minimal
cross talk. Aberration corrected spectrographs
project the input slit onto CCD devices with a focal
plane size of 30 × 12 mm (TRIAX, Spectrum One
MCR, Instruments SA). Spot scanning and imaging
devices increase the spatial resolution further at the
cost of spectral resolution. Figure 4A illustrates the
hexagonal arrangement of the fibre pairs. Adding ex-
citation fibres can increase the illumination intensity.
With lamp based excitation sources the focal spot
size at the coupling site is determined by the arc size,
which is typically in the order of 0.5– 3 mm. A 300 W
xenon lamp with parabolic reflector (Compact
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Illuminator 6000CI, ORC) produces a spot diameter
of approximately 7 mm after a lens with a focal
length of 50 mm. According to the formula for hex-
agonal packing:

where m is the total number of rings, 547 fibres with
a core diameter of 200 µm can be successfully located
in this spot which would lead up to 17 excitation
fibres per fluorescence collection fibre. Figure 4B

shows a multi-pixel probe, which is used by the
authors for fluorescence distribution studies. The
outer diameter is 25 mm and the shield thickness
6.4 mm.

Separation of illumination and detection spot

Keijzer and co-workers described scattering of
fluorescence outside the illumination spot experi-
mentally and theoretically (Figure 5) for arterial tis-
sue. β and α absorption bands of oxygenated
haemoglobin alter the fluorescence spectra. This
effect is evident when the illumination and collection

Figure 3 (A) The classic fibre optic probe for fluorescence spectroscopy is based on two or more fibres. Hexagonal packing is a
dense arrangement and allows the selection of multiple fibres for different excitation sources and collection channels. A quartz shields
permits the overlap of excitation and collection areas. The parts are: (a) excitation fibres; (b) collection fibres; (c) tubing; (d) carbon
filled glue; (e) sleeve; (f) shield. (B) A typical fluorescence probe for single point sampling; (a) excitation fibres; (b) collection fibres; (c)
sleeve. (C) A hexagonal fibre bundle with a melted and compressed arrangement allows excellent illumination and interrogation over-
lap. Reproduced by permission of Innova Quartz Inc.
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spot do not overlap so the spacing of the collection
spots and the shield thickness have to be chosen
carefully. In order to enhance the absorption influ-
ence on fluorescence spectra, the excitation and
collection fibres need to be further separated
(Figure 4A).

Reflectance probes

The multiply scattered light that escapes the sam-
pling volume is called reflectance. The transport
mean free path length of a photon is defined as:

where µa is the absorption coefficient and  is the
reduced scattering coefficient which is the isotropic
equivalent of the anisotropic scattering medium:

where g is the average cosine of the scattering angle
and µs the scattering coefficient. The optical
properties µs, µa and g depend on the chemical and
architectural composition of the sample. The chemi-
cal composition of tissue depends on the blood sup-
ply, the metabolic state and the tissue type. The
architecture of the sample is reflected in the shape
and size distribution of the scattering particles. All
these characteristics vary spatially and are wave-
length dependent. Several recent studies have sug-
gested that differences in the optical properties,
assessed using diffuse reflectance spectroscopy, can
be used to discriminate normal and abnormal human
tissues in vivo in the urinary bladder, pancreas and
the skin.

The goal of fibre optic probes for reflectometry is
to measure the reflectance distribution and to derive
the optical properties by fitting the data to analytic
expressions based on diffusion theory or iterative
algorithms based on Monte Carlo modelling. There-
fore fibre optic probes consist of a single excitation
source and several spatially distributed collection fi-
bres (Figure 6A and Figure 6B). A probe with a lin-
ear alignment constructed by Wang and co-workers

Figure 4 (A) A multi-pixel fibre optic design based on the design of Figure 3A. At each sample spot one collection fibre is surround-
ed by one to six illumination fibres. Signal tunneling from in between sample spots can be influenced by the separation of the collection
and emission fibres and the shied thickness. (B) A typical fluorescence probe for simultaneous multi-pixel measurements. Black
shrinking tubing holds the quartz shield. Emission and collection fibre pairs are arranged hexagonally. 
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places the detection fibres over a range of ±1 to
10 mfp′ (Figure 6A). Nichols and co-workers use
a circular arrangement with a similar range
(Figure 6B). This results in probes with a diameter of
approximately 2 cm and an assumption that the opti-
cal properties do not vary over this range. However
the optical properties on currently investigated target
areas (e.g. cervix, ovaries, oral cavity) vary over or-
ders of millimetres (lesion size) and their size is simi-
lar to the diameter of the proposed probes. Therefore
an accurate measurement of optical properties from
small, premalignant lesions is difficult.

Wang and co-workers modified their linear probe
design with an oblique incident source fibre and

measured the shift of the reflectance profile. This
removes the necessity of measuring in absolute units.
The circular fibre arrangement of Nichols and others
allows a simple calibration of the system by placing a
source fibre in the centre of all fibres (Figure 6B).
Measuring the spectrally resolved reflectance of all
fibres simultaneously requires a dynamic range of 4
orders of magnitude. Neutral density filters or other
techniques reduce the dynamic range required.

Combined probes for fluorescence and 
reflectance spectroscopy

It is well known that the absorption and scattering
properties of tissues in vivo affect both the intensity

Figure 5 Cross-talk. Fluorescence generated in a 1 mm spot area is detectable from an outside area. It spreads by scattering
processes and will be reshaped by absorption processes. Monte Carlo simulations and measured data show that haemoglobin ab-
sorption in tissue affects emission intensities at 580 nm more than at 600 nm. Adapted with permission from Keijser M, Richards-
Kortum RR, Jacques SL and Feld MS (1989) Fluorescence spectroscopy of turbid media: Autofluorescence of the human aorta.
Applied Optics 28(20): 4286–4292.

Figure 6 (A) A fibre optic probe for reflectometry. The light scattered from a single excitation fibre is detected by a linear array of
collection fibres. Tilting the excitation fibre shifts the profile along the surface by an amount that is determined by the sample’s optical
properties. (B) A fibre optic probe with a circular fibre arrangement for reflectometry. A 2 cm probe head consist of a central calibration
fibre, an excitation fibre and non-equally spaced fibres. Neutral density (ND) filters adapt the light intensity in a transfer array to a small-
er dynamic range.
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and the lineshape of measured fluorescence spectra.
Furthermore, measuring both fluorescence and
diffuse reflectance spectra may provide additional in-
formation of diagnostic value.

A probe that combines the measurement of
fluorescence and optical properties was described by
Durkin. Scattered light is collected with a white light
‘transmission’ measurement which travels through
the same tissue volume that was excited for
fluorescence measurements.

The probe, illustrated in Figure 7, consists of a
total of 21 optical fibres (200 µm diameter,
NA = 0.2) arranged in concentric bundles. The
centre bundle contains seven fluorescence excitation
fibres and twelve fluorescence collection fibres. At
the distal end of the probe the fibres which excite
and collect fluorescence are sealed with a quartz
shield. This shield is placed in contact with the sam-
ple surface, and ensures that the area from which flu-
orescence is collected is the same as that directly
illuminated. The reflectance fibres are flush with the
tip of the central shield. Similar attempts have been
previously described in the literature.

Side-looking probes and their 
application
Oblique polishing of individual fibres deflects the
output of the fibre with respect to the fibre axis

(Figure 8A). If the critical angle for total internal
reflection is reached, the light will leave the fibre
through the cylindrical side. The shape of the fibre
wall focuses the beam in an angular direction result-
ing in an elliptical focal spot close to the fibre sur-
face. The critical angles for the silica– water and the
silica– air interface are 66°  and 43.3°  respectively. In
order to permit the light to leave the fibre sideways
at the tip, the jacket needs to be stripped. Depending
on the jacket material, it can be dissolved in acid,
mechanically abraded or burned away with a lighter.

Illumination analysis (ASAP, Breault Research
Organization Inc., Tucson, AZ, USA) shows maxi-
mal irradiance increase at a polishing angle of 40°
for water and air as surrounding media. The focal
position is at a distance of 1.3 times the cladding ra-
dius positioned away from the side of the fibre in air
and 3.17 times the radius in water. The increase of
irradiance is 1.6 in water and 2.36 in air
(Figure 8B).

Many probe designs are based on the oblique pol-
ishing of fibres (InnovaQuartz | Gaser, Visonex Inc.,
Warner Robins, GA, USA). Figure 8C (left) shows a
design where the sampling volume of a single excita-
tion fibre overlaps with concentrically arranged
fibres. To construct the tip, which will be used in flu-
ids, the fibre bundle is glued together. After its coni-
cal polishing, the middle fiber is polished flat. In
order to measure on a sample surface the tip can also
be enclosed at the distal end with a quartz or
sapphire window (Figure 8C right).

Enclosing the oblique polished fibre in a glass cap-
illary tube allows the production of minimal diame-
ter deflecting probes. These off the shelf products
(MicroQuartz) are used for vaporization and coagu-
lation of tissue, but they could also be used for spec-
troscopic applications with a single or double fibre
system (Figure 8D).

If separate illumination and collection fibres are
needed, their alignment will be a tedious task. An ex-
ample of separate illumination and collection fibres
is shown in Figure 8E. In order to produce a ring
probe, fibre pairs are mounted in a cylindrical tube
with grooves. A simultaneous investigation of sites
along the circumference of the probe is possible (ring
probe). The fibre pairs need to be aligned so that the
illumination and collection spot overlap. Shrinking
tubing or elastic bands could assist in this task.

Diffuser tips
With the medical approval of photosensitive drugs
such as Photofrin® (QLT PhotoTherapeutics Inc.,
Vancouver, BC, Canada) by the US Food and Drug
Administration and the plans for clinical trials with

Figure 7 A fibre optic probe that combines fluorescence and re-
flectance measurements. White light tunnels through the fluo-
resced sample volume; (a) excitation fibres; (b) fluorescence
collection fibres; (c) carbon filled glue; (d) outer tubing; (e) quartz
shield; (f) white light illumination; (g) reflectance collection.
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Figure 8 (A) Oblique polished fibres deflect the output beam or focus it at the sidewall of the fibre. (B) Illumination analysis with a
uniform spatial and angular light distribution inside the fibre show a focusing in air and aqueous surrounding media. Irradiance increas-
es to a factor of 2 in the focal spot. (C) Two probe designs for the interrogation of liquids (left) and surfaces (right). A central fibre
illuminates the sampling volume or the surface. Six surrounding fibre collect the emitted light. Collection and emission are interchange-
able. Housing with a thin shield (quartz, sapphire) permits a constant sampling distance for surface measurements. (D) Oblique pol-
ished fibres are enclosed in quartz capillary tubing for minimal diameter side-looking probes. A two-fibre arrangement for separate
illumination and collection paths can also be manufactured (InnovaQuartz). (E) A circular arrangement of oblique polished fibres allows
the fabrication of a ring probe with separate illumination and excitation channels.
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Texaphyrin, the market for probes with a homoge-
neous illumination of large areas in canals and on
surfaces is growing (OPTIGUIDE® QLT Photo
Therapeutics | LIGHTSTIC® Rare Earth Medical,
Yarmouth, MA, USA). Diffusely scattering volumes
mounted at the end of fibres or fibre bundles distrib-
ute light over large areas. Beside therapeutic applica-
tions such as photodynamic therapy (Lambda Plus
Photodynamic Laser, Coherent Palo Alto, CA, USA)
and coagulation these diffuse light delivery systems
can also be used for illumination of spectral
measurements.

Scattering particles are titanium (TiO2) or alumini-
um oxide (Al2O3) which are embedded in a transpar-
ent matrix such as optical glue (Epo-tek 305, Epoxy
Technology, Inc., Billerica, MA, USA). Flexible con-
tainment is produced with micro tubing based on
fluoropolymers (PTFE, FEP from Zeus, Orangeburg,
SC, USA). Rigid tips are based on ceramic or materi-
als similar to Spectralon (Labsphere, North Sutton,
NH, USA). Using UV radiation for fluorescence exci-
tation the autofluorescence and transmission of these
materials is of importance. FEP tubing (0.3 mm wall
thickness) shows good transmission from 250 nm up
to 2 µm (40% at 250 nm, VIS 80– 90%) while
autofluorescence is at least an order of magnitude
lower than tissue fluorescence. Al2O3 does not fluo-
resce in the UV-visible range.

Lightstics® show uniform light distribution along
the optical axis: a reflector mounted at the end of the
cylindrical scattering volume reflects light that
would otherwise leave the probe backwards. The
length of the probe determines the concentration of
scatterers (Figure 9A and Figure 9B).

A reflective foil (aluminium, gold) placed around a
diffuser tip restricts the angular illumination. The
foil is attached with a light wall shrinking tubing
(Figure 9C) and the result of a 180°  illumination is
illustrated in Figure 9D. Oblique polished fibres
probe the light emitted by the sample area. The jack-
et of the fibres needs to be removed in order to pass
the illumination light. A design based on this
principle was proposed by the authors for fluores-
cence measurements in the endocervical canal.

A sapphire tip based ring probe

Sampling along the circumference of the probe is
useful to identify the angular position of obstruc-
tions in tubes (e.g. arteriosclerosis). A probe initially
designed for radial ablation and simultaneous spec-
troscopic analysis is illustrated in Figure 10A. The
fibres are glued onto a metallic ring (outer diameter
2.4 mm, inner diameter 2.05 mm). A hollow plug

attaches internal flexible tubing for flushing and a
guide wire. A custom made sapphire prism (Swiss
Jewel, Tenero, Switzerland) is attached to the plug.
The output of the fibres (NA = 0.22) is totally de-
flected at the back surface of the prism. NA is the
numerical aperture, whose value is sine of half the
angle × index of refraction. An outer flexible silicone
tube isolates the tip from the liquid environment.
Two different outer diameters were realized: 1.4 and
2.8 mm. Figure 10B shows the individual parts par-
tially assembled. In the upper figure the outer tubing
is not completely mounted. For spectroscopic meas-
urements, smaller 100 µm fibres were integrated in
between the ablation fibres (lower figure). The seal-
ing of such a tip is a tedious task since only small
amounts of glue can be used.

Similar tips can be produced with vee-, ring-,
orifice-, cup- and chisel jewels (Swiss Jewel, Tenero,
Switzerland; Sapphire Engineering Inc., Pocasset,
MA, USA; SWIP, Biel, Switzerland).

Refocusing

In order to increase the irradiance or the view of
field on the sample area while keeping the distance
to the fibres, applications may require converging
the excitation beam. Focusing the beam reduces the
measurement spot size. If the specimen is put outside
the focus, illumination intensities drop while larger
areas are illuminated.

Spherical fibre tips

Melting the end of the fibre shapes the exit surface of
optical fibres. An almost spherical surface will be
created by the surface tension of liquid quartz. Its
form is determined by the volume of melted quartz,
which is equivalent to the amount of absorbed
energy. Several techniques have been used to achieve
this deformation; micro furnace, Bunsen micro-
burner, electrical arc and a CO2 laser beam.

The smallest possible surface curvature is a hemi-
sphere and theoretical results are shown in water
and air. The beam exciting a hemispherical fibre tip
in air and water is shown in Figure 11A. Because the
refractive index of silica is 1.46, the focusing power
is limited in aqueous media. Figure 11B illustrates
the focusing of a fibre with a 200 µm core diameter
and an NA of 0.22 in air and water. The beam in
water is reduced to a quasi-parallel beam. A local
concentration of rays can be found at a distance 3
times the distal radius of curvature from the vertex.
The maximal irradiance was found to be 3 times the
irradiance within the fibre.
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Figure 9 (A) A diffuser mounted as a tip on a fibre bundle allows uniform illumination along the probe axis (Lightstick®, Rare Earth
Medical, Inc.). A (metallic) reflector (a) at the diffuser end and the local concentration of scattering particles (c) determine the intensity
profile. Tubing (b) made of fluoropolymers has a high transmission and good heat resistance. (B) A Lightstick® with a length of 2 cm
and a reflector allows axial illumination with a 180° field of view. (Courtesy of Rare Earth Medical, Inc., West Yarmouth, MA, USA).
(C) This line-sampling probe is based on a combination of a diffuser illuminator (b) and oblique polished fibres (c). With the jacket
removed from the collection fibre, the light emitted by the diffuser passes and interacts with tubular surfaces. A metallic foil (a) restricts
the illumination to a reduced angle.
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Ball lenses

Spherical ball lenses have been used as collimators
in fibre optic connectors. Sapphire spheres with a
high refractive power are industrially produced in a
wide range of diameters (Sandoz SA, Cugy, Switzer-
land; Rubis Precis, Charquemont, France). Light
emitted from a fibre can be focused with this lens
type onto the sample site (Figure 12A). Rol found a
maximal performance when the ratio of the back
surface distance to the fibre and the radius of the

sphere is between 1.8 and 2.8 in water and air. Illu-
mination analysis (ASAP) shows a maximal increase
of the irradiance by a factor of 4.8 in water and 5.7
in air (Figure 12B). If the fibre diameter is
increased, spherical aberrations will become
important.

A fibre optic probe (Figure 12A) with a 200 µm
core diameter fibre and a sphere with a radius of
0.4 mm will not exceed an outer diameter of
0.9 mm. The sphere and fibre can be held in a
cylinder with a conic inner shape. For side-looking

Figure 10 (A) A sapphire prism deflects the output of a fibre ring into a radial direction. The probe consists of a plug holding the
prism and inner tubing. Fibres are glued into a metallic ring. Outer tubing and glue seal the fibre tip. (B) In the upper picture the
sapphire prism and the fibres are partially assembled. The lower figure shows the arrangement of illumination and smaller collection
fibres in a metallic ring. 
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applications the same principle is used with a half
sphere. If the plane is inclined by 45°  and the step in
the refractive index is equivalent to sapphire– air, the
beam will be deflected with total internal reflection
at the interface and leave the probe at 90°  with
respect to the probe axis. A micro quartz tube
encloses the half sphere and provides air as the
refractive medium.

Spherical and parabolic reflectors

Mirrors can concentrate light. The complex refrac-
tive index of dielectrics defines the absorption coeffi-
cient and the normal incidence reflectance of a
mirror:

where  is the complex index of refraction, n is the
index of refraction, κ is the extinction coefficient, λ is
the wavelength and R⊥ is the normal incidence
reflection.

For side-looking applications, parabolic or spheri-
cally polished mirrors focus the output of several
fibres onto the same area (Figure 13A). Best
performance is shown by a parabolic surface. The
manufacture of such mirrors requires a high-precision
numerically controlled lathe. Surfaces with optical
quality can be manufactured with single-point-
diamond-cutting machines.

An example of a probe illuminating a ring is
shown in Figure 13B. A fibre ring bundle is glued
into a metallic ring. A plug with the optimized pol-
ished surface is centred into this ring and deflects the
axial fibre output in a radial direction. A quartz tube
shields the reflective surface. Illumination simula-
tions (ASAP) show that the output of 5 fibres
overlap (Figure 13C). The rotationally symmetric
design spreads the light from the fibres in a quasi-
elliptical spot around the circumference. The inner
and outer concentric rings of fibres overlap at the
cylindrical sample surface. This design confines the
sampling volume close to the probe surface because
outside the focal spot the light diverges rapidly.

Probes for NIR and UVR Raman 
spectroscopy
Near-infrared Raman scattering can be used as a tool
to perform in situ histochemical analysis. In biologi-
cal applications approximately 10– 10 of the incident

Figure 11 (A) Hemispherically shaped ends of fibres focus the output beam in air and collimate it in water. Adapted with permission
from Rol P and Niederer P (1991) High-power laser transmission through optical fibres: Applications to ophthalmology. In: Wolbarsht
ML (ed) Laser Applications in Medicine and Biology, Vol 5, pp 141–198. New York: Plenum. (B) Maximal irradiance is found at a dis-
tance of 3 times the fibre radius in water for quartz fibres with an NA of 0.2. The irradiance increases by a factor of 3.
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light is Raman scattered and the Raman signal is nor-
mally 6 orders of magnitude weaker than typical flu-
orescence signals. The amount of light that can be
delivered to the sample area is limited due to over-
heating and American National Standard for Safe Use
of Lasers (ANSI) safety standards. The design of a
fibre optic probe is therefore driven by the need for
maximal light collection. Additional background

signal originating from the laser source, the fibres and
all optical components is crucial in filling the dynamic
range of the detector and producing additional
Raman signals. These signals must be reduced with
filters for sensitive in vivo measurements.

A design developed by Myrick and Angel
(Figure 14A) is based on GRIN lenses (NSG, Tokyo,
Japan). Filters are placed in the excitation and

Figure 12 (A) Ball lenses image the output of a fibre and focus it. A deflecting surface is integrated with a half sphere. On this sur-
face light is internally reflected when using a sapphire–air boundary. The deflecting probe is housed in a quartz tubing, while the axial
probe will also focus in aqueous media surrounding the exit surface of the sphere. Adapted with permission from Rol P, Utzinger U,
Beck D and Niederer PF (1995) Fiber beam shaping and ophthalmic applications. SPIE Lasers in Ophthalmology II: 2330: 56–62. (B)
Illumination analysis demonstrates a five-fold increase of irradiance in the focal spot. (B) Illumination analysis demonstrates a five-fold
increase of irradiance in the focal spot.
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Figure 13 (A) Parabolic or spherical mirrors focus and deflect the fibre output. Rotationally symmetric mirrors with optical surface
quality can be manufactured with numerically controlled diamond turning machines. (B) A fibre optic ring probe with a parabolic reflec-
tor. As in Figure 10A the plug is mounted into the ring of fibres and flexible tubing. A short piece of quartz tube isolates the mirror from
the probe environment. (C) Illumination analysis of the output from 5 fibres shows a good overlap of the fibres placed closer and further
out from the axis. In the circumferential direction the measurement spot spreads out.
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Figure 14 (A) A fibre optic probe for Raman spectroscopy based on separate illumination and collection fibres. The output of the
fibres is collimated and filtered and then projected onto the same area on the sample. Bandpass filters are used for the excitation fibres
and longpass filters for the collection fibres. GRIN lenses are assembled into the probe in order to maintain small diameters. Adapted
with permission from Myrick ML and Angle SM (1990) Elimination of background in fiber-optic Raman measurements. Applied Spec-
troscopy 44(4): 565–570. (B) A fibre optic probe based on the design in Figure 8C. In-line filters are mounted into spring loaded SMA
connectors. The fibre length between the tip and the filters is kept short. Adapted with permission from Nave S, O'Rourke P and Toole
W (1995) Sampling probes enhance remote chemical analysis. Laser Focus World December: 83–88. (C) A CPC Raman collection
system consists of: (a) NIR diode laser; (b) collimating lens; (c) reflective mirror; (d) dichroic mirror; (e) focusing lens; (f) parabolic con-
centrator; (g) field lenses to prevent vignetting; (h) a focusing lens to couple the Raman signal into the collection fibre bundle (i) and a
high efficiency spectrograph with a liquid nitrogen cooled CCD (k). (D) Raman probe. The excitation light is transported through a single
fibre (e) and imaged with a biconvex lens (f) through a dielectric bandpass filter via a mirror (g) onto the sample area. The inelastic
scattered light is collected behind a quartz window (d) and imaged by lenses (d) and (b) through an aperture stop and a holographic
notch filter onto a flexible fibre bundle (a). (E) The UVRR spectroscopy probe incorporates a smaller diameter solarization-resistant-
UV-grade quartz fibre for excitation and an oblique polished fibre to collect scattered light close to the excitation fibre: Reproduced with
permission from Schulze HG, Bludes MW, Haynes CA, Klein KF and Turner RFB (1998) Fiber-optic probes with improved excitation
and collection efficiency for deep UV Raman and resonance spectroscopy. Applied Optics 37(1): 170–180.
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emission paths and allow remote analysis with fibre
optic cables. The light source is bandpassed to elimi-
nate signals produced in the fibres and a longpass fil-
ter reduces Fresnel and elastic scattered light that
enters into the collection fibres.

A similar approach is shown in Figure 14B. A
probe developed by Savannah River Technology
Center (Aiken, USA) consists of dielectric filters
placed between fibres which are held with spring-
loaded SMA connectors. Six collection fibres are ar-
ranged around an excitation fibre. They are arranged
as shown in Figure 8C. A sapphire window isolates
the probe from the surrounding environment.

Berger, Tanaka, and other workers have devel-
oped a novel design for improved signal collection to
allow spectral acquisition in a short time. A com-
pound parabolic concentrator (CPC) is used at the
distal end of the probe. They produced a hollow
shell, based on a mandrel, electrolytically. The man-
drel followed an optimized parabolic form, which
was cut with a numerically controlled lathe. Small
CPC dimensions with an input aperture of 0.57 mm,
exit aperture of 2.1 mm and length of 4.1 mm were
achieved (Figure 14C). The probe design with the
CPC improved the collection efficiency six-fold. The
system incorporates a 500 mW tunable 830 nm
diode laser, which is coupled with a mirror and a di-
chroic beam splitter onto the sample site. Inelastic
scattered light exciting the CPC is further collimated
with the first lens and filtered by the dichroic mirror
and additional filters. Field lenses prevent vignetting
of the signal. The last lens images the output onto
200 100 µm fibres, which illuminate a f/1.8 spec-
trograph. The signal is detected with a back illumi-
nated, liquid nitrogen cooled charge coupled device
(CCD). Spectral resolution is 13 cm– 1.

Mahadevan-Jansen and the authors have success-
fully measured Raman spectra on the cervix with a
fibre optic probe in less than 3 minutes (Figure 14D).
A diode laser is coupled into a single 200 µm fibre. A
small diameter dielectric filter (3– 4 mm) rejects out-
of-band light (optical density (OD)5) and a gold mir-
ror deflects the focused beam onto the specimen site.
The beam has to pass a quartz window, which is a
part of the housing. Scattered light from the same
spot area is imaged with biconvex lenses on a fibre
bundle. Elastic scattered and Fresnel reflected light
are rejected with a beam aperture stop and a holo-
graphic notch filter (OD6). The optics in the detec-
tion arm are 8 mm in diameter and the whole probe
diameter is less than 2 cm. A similar spectroscopic
detection system is used as described in Figure 14C.
The spectrograph with the holographic transmission
grating (Holospec, Kaiseroptics) and the deep deple-
tion, back illuminated, liquid nitrogen cooled CCD

allow optimal system performance (Princeton
Instruments).

All the Raman probes described above include im-
aging optics to enhance the collection efficiency. This
makes it difficult to correct the spectral throughput
of the system with standardized radiators such as the
tungsten filament lamp. The lamp needs to be im-
aged onto the location of the measurement site and
the NA of the probe has to be filled with the light
source. The intensity of the source needs to be re-
duced by orders of magnitude in order to prevent
detector saturation.

The scattering cross-section for Raman events can
be increased dramatically if excitation is effected us-
ing photons in resonance with the electronic transi-
tions of the chromophore involved in the fibration.
For many biologically relevant chromophores these
transitions are in the UV. Resonance enhancements
are in the order of 104– 105 for UV absorption bands.
In order to measure these phenomena with fibre
optic probes the problems posed by inherent signals
produced in the delivery and collection system had
to be overcome. Turner and co-workers have suc-
cessfully built a fibre optic probe for UV resonance
Raman spectroscopy (Figure 14E). UV-grade and
solarization-resistant-UV-grade optical fibres (Poly-
micro) are used for the collection and excitation path
respectively. Their design incorporates an excitation
fibre and an oblique polished fibre with a larger di-
ameter to collect the scattered light (600 µm). This
configuration minimizes inner filtering (sample self-
absorbance). Because solutions are investigated a re-
flective surface based on a metallic coating is needed
on the collection fibre. Aluminium reflects more than
90% at 250 nm.

Summary

A large variety of optical designs allow optimal
illumination and light collection for spectroscopic
applications. Specific solutions for fluorescence,
reflectance and Raman spectroscopy are available
and the possibility to combine them in a single probe
is feasible. Future research will lead towards inte-
grated, multifunctional and highly optimized fibre
optic probes.

See also: Light Sources and Optics; Near-IR Spec-
trometers; Raman Spectrometers.

Further reading

ANSI (1993) American National Standards for Safe Use of
Laser. Orlando FL: American National Safety Institute.



528 FIBRE OPTIC PROBES IN OPTICAL SPECTROSCOPY, CLINICAL APPLICATIONS

Bigio JJ and Mourant JR (1997) Ultraviolet and visible
spectroscopies for tissue diagnostics: fluorescence spec-
troscopy and elastic-scattering spectroscopy. Physics in
Medicine and Biology 42(5): 803– 814.

Brennan J, Wang Y, Dasari RR and Feld MS (1997) Near-
infrared Raman spectrometer system for human tissue
studies. Applied Spectroscopy 51(2): 201– 208.

Durkin AJ (1995) Quantitative fluorescence spectroscopy
of turbid samples, PhD Dissertation, University of
Texas at Austin.

Farell TJ, Patterson MS and Wilson BC (1992) A diffusion
theory model of spatially resolved, steady state diffuse
reflectance for the non-invasive determination of opti-
cal properties in vivo. Medical Physics 19: 879– 888.

Keijzer M, Richards-Kortum RR, Jacques SL and Feld MS
(1989) Fluorescence spectroscopy of turbid media:
Autofluorescence of the human aorta. Applied Optics
28(20): 4286– 4292.

Mahadevan-Jansen A and Richards-Kortum RR (1996)
Raman spectroscopy for the detection of cancers and
precancers. Journal of Biomedical Optics 1(1): 31– 70.

Myrick ML and Angel SM (1990) Elimination of back-
ground in fiber-optic Raman measurements. Applied
Spectroscopy 44(4): 565– 570.

Nave S, O’Rourke P and Toole W (1995) Sampling probes
enhance remote chemical analysis. Laser Focus World,
December: 83– 88.

Nichols MG, Hull EL and Foster T (1997) Design and test-
ing of a white light, steady state diffuse reflectance spec-
trometer for determination of optical properties of
highly scattering systems. Applied Optics 36: 93– 104.

Nishioka NS (1994) Laser-induced fluorescence spectro-
scopy. Gastrointestinal Endoscopy Clinics of North
America 4(2): 313– 326.

Ramanujam N, Mitchell MF, Mahadevan-Jansen A et al
(1996) Cervical precancer detection using a multivari-
ate statistical algorithm based on laser-induced fluores-
cence spectra at multiple excitation wavelengths.
Photochemistry and Photobiology 64(4): 720– 735.

Richards-Kortum R (1995) Fluorescence spectroscopy of
turbid media. In: Welch AJ and van Gemert MJC (eds)
Optical-Thermal Response of Laser-Irradiated Tissue.
New York: Plenum.

Richards-Kortum R and Sevick-Muraca E (1996) Quanti-
tative optical spectroscopy for tissue diagnosis. Annual
Review of Physical Chemistry 47: 555– 606.

Richards-Kortum RR, Mitchell MF, Ramanujam N,

Mahadevan A and Thomsen S (1994) In vivo
fluorescence spectroscopy: potential for non-invasive,
automated diagnosis of cervical intraepithelial neopla-
sia and use as a surrogate endpoint biomarker. Journal
of Cellular Biochemistry (Suppl) 19: 111– 119.

Rol P (1992) Optics for transscleral laser applications.
PhD Dissertation Swiss Federal Institute of Technology,
Zurich.

Rol P and Niederer P (1991) High-power laser transmis-
sion through optical fibers: Applications to Ophthal-
mology. In: Wolbarsht ML (ed) Laser Applications in
Medicine and Biology Vol 5, pp 141– 198. New York:
Plenum.

Rol P, Utzinger U, Beck D and Niederer PF (1995) Fiber
beam shaping and ophthalmic applications. SPIE
Lasers in Ophthalmology II: 2330.

Roy AS (1979) Concentrating Collectors, Solar Energy
Conversion. An Introductory Course, Dixon AE and
Leslie JD (eds) pp 185– 252. Oxford: Pergamon.

Shane Greek L, Schulze HG, Blades MW, Haynes CA,
Klein KF and Turner RFB (1998) Fiber-optic probes
with improved excitation and collection efficiency for
deep-UV Raman and resonance Raman spectroscopy.
Applied Optics 37(1): 170– 180.

Tanaka K, Pacheco M, Brennan J, Itzkan I, Berger A,
Dasari R and Feld MS (1996) Compound parabolic
concentrator probe for efficient light collection in spec-
troscopy of biological tissue. Applied Optics 35(4):
758– 763.

Utzinger U (1995) Selective coronary excimer laser angi-
oplasty. Dissertation Swiss Federal Institute of
Technology, Zurich.

Wang LH and Jacques SL (1992) Monte Carlo Modeling
of Light Transport in Multi-layered Tissues in Standard
C, developed at University of Texas M.D. Anderson
Cancer Center. Available through lwang@tamu.edu.

Wang LH and Jacques SL (1995) Use of a laser beam with
an oblique angle of incidence to measure the reduced
scattering coefficient of a turbid medium. Applied
Optics 34: 2362– 2366.

Ward H (1987) Molding of laser energy by shaped optic
fiber tips. Lasers in Surgery and Medicine 7: 405– 413.

Welch AJ, van Gemert MJC, Star WM and Wilson BC
(1995) Definition and overview of tissue optics. In:
Welch AJ and van Gemert MJC (eds) Optical-Thermal
Response of Laser-Irradiated Tissue. New York:
Plenum.



FIBRES AND FILMS STUDIED USING X-RAY DIFFRACTION 529

Fibres and Films Studied Using X-Ray Diffraction

Watson Fuller and Arumugam Mahendrasingam,
Keele University, Stoke-on-Trent, UK

Copyright © 1999 Academic Press

The fibrous state is a natural habit for those polymer
molecules which, because of a high degree of regular-
ity in their monomer sequence, tend to assume helical
conformations rather than, for example, the less reg-
ular, although nevertheless highly organized, globu-
lar structures characteristic of many proteins. Such
fibres typically contain regions in which the polymer
molecules are arranged with their chain axes parallel
to the fibre axis. This orientation is often associated
with order in the side-by-side packing of the polymer
chains so that the fibre can be regarded as consisting
of an array of microcrystallites separated by less or-
dered regions. Generally there is no preferred orienta-
tion of these microcrystallites about the crystal axis
parallel to the fibre axis. Consequently an X-ray dif-
fraction pattern from such a crystalline fibre is similar
to that which would be obtained from a single crystal
if it were rotated through 360° about one of its prin-
cipal axes during data collection. Although such rota-
tion inevitably results in some loss of 3D information
on the crystal structure, this loss is frequently much
less significant than might be expected. Indeed the
major expansion over the past few years in the use of
powder diffraction, where the loss of information be-
cause of the complete absence of a preferred crystal-
lite orientation is very much more extensive than that
in oriented fibres, provides abundant evidence of the
value of the information which can be obtained from
studying specimens with a lower degree of order than
that of single crystals. In this context it is important
to emphasize that the degree of crystallinity in orient-
ed fibres, as indicated by the upper limit in the angle
of diffraction for which sharp Bragg diffraction peaks
are observed, is often comparable with that observed
for single crystals of proteins and other macromole-
cules. Many polymer materials are manufactured as
films with a thickness of a few hundred micrometres.
Since crystallite sizes in polymer films are typically a
few tens of nanometres or less in lateral dimensions
(i.e. ∼ ten thousand times less than the film thickness)
they can be analysed using similar methods to those
used to study fibres.

The relevance of X-ray diffraction 
studies of fibres and films

Fibre diffraction is one of the most powerful and gen-
erally applicable techniques available for the study of
macromolecular structure. The validity of this claim
may be demonstrated by the following points:

(1) For many biological structures such as muscle
and connective tissue, the fibrous state is
functionally important and fibre diffraction
techniques therefore allow both the structure of
the macromolecules themselves and their
organization in higher order structures to be
investigated with the minimum of disturbance to
the in vivo structure.

(2) The technological value of many synthetic poly-
mer materials can be related to their molecular
conformation and arrangement, typically ex-
pressed in terms of the degree of polymer
orientation and crystallinity. Fibre diffraction
provides the opportunity to investigate these
structures in functionally important situations,
e.g. in commercially available sheets and fibres.

(3) Because of the high degree of regularity in helical
structures and the availability of information on
covalent bond geometry from X-ray single crys-
tal studies of model compounds, it is possible to
describe the conformation of many fibrous poly-
mers in terms of a relatively small number of pa-
rameters, i.e. the torsional angles about the
various covalent single bonds. The use of such
descriptions can have a dramatic effect on the
ratio of observed data to parameters to be deter-
mined and hence on the accuracy with which fi-
brous structures can be determined.

(4) The fibrous state is particularly well suited to the
investigation of structural transitions in the con-
formation of polymer molecules and in their
arrangement. Such investigations are of increas-
ing importance in the study of both naturally
occurring and synthetic polymers.

HIGH ENERGY 
SPECTROSCOPY

Applications
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(5) While many biological macromolecules can
undergo conformational transitions, these are
typically between well defined structures. In
many cases these structures persist in a wide
variety of molecular environments, e.g. the B
form of the deoxyribonucleic acid (DNA) dou-
ble-helix determined from X-ray fibre diffraction
is observed with relatively little conformational
variation in solution, in association with a
number of different proteins and in fibres in a
range of crystalline and semicrystalline arrays.
Such observations comprise just one aspect of the
large body of data which bears testimony to the
biological relevance of structural information
obtained from diffraction studies of macromole-
cules in fibres, films and single crystals.

Biological evolution exhibits a wealth of examples
of the exploitation of polymer structure, with muscle
a particularly impressive and intriguing example. The
recognition that these biological structures have been
refined over hundreds of millions of years in response
to competitive pressures has prompted an increasing
interest in using them as a source of ideas for the
rational design of man-made materials and with it
increasing emphasis on efforts to relate the structure
of polymer materials to their physical properties.

The impact of X-ray synchrotron 
radiation sources

The advent of dedicated X-ray synchrotron radiation
sources, beginning with the Daresbury Laboratory
Synchrotron Source (SRS) in 1981, dramatically ex-
tended the power and scope of X-ray diffraction
studies of fibres and films. The high flux per unit
area of the beam at the specimen position produced
by such sources allowed diffraction patterns to be re-
corded with exposure times two or three orders of
magnitude shorter than those required for a conven-
tional rotating anode X-ray source. As a conse-
quence it became possible to record within minutes
complete 2D high angle X-ray fibre diffraction pat-
terns which had previously required exposure times
of hours. As third generation sources such as the
European Synchrotron Radiation Facility (ESRF),
Grenoble, together with corresponding improve-
ments in beam line instrumentation, became availa-
ble during the 1990s exposure times in the
millisecond range became possible with the prospect
of recording in real time changes in the X-ray dif-
fraction pattern corresponding to changes in poly-
mer conformation and organization. Such data is of
central importance in investigating the relationship
between structure and function in biological

macromolecules and in relating the structure of in-
dustrial polymers to their bulk physical properties.
The very high degree of collimation in radiation
from sources such as the ESRF together with innova-
tions in beam line optics has made it possible to
reduce the diameter of the incident X-ray beam by
two orders of magnitude from that typical of rotat-
ing anode sources and hence to allow structural vari-
ation in polymer materials to be recorded with a
spatial resolution of ∼1 micrometre. Since the radia-
tion emitted from synchrotron sources comprises a
continuous spectrum from X-rays to the far infrared
it is possible to select the wavelength used in any
particular experiment to match specific features in
the absorption spectrum of the material being stud-
ied. In particular this ‘wavelength tunability’ offers
the possibility of undertaking anomalous scattering
experiments in which the wavelength of the incident
X-rays is varied in the region of an atomic absorp-
tion edge. This approach has considerable potential
but, to date, its application in the study of polymer
materials has been limited because of technical
difficulties.

Two regimes are distinguished in X-ray diffraction
studies of fibres and films according to whether they
are in the domain of wide angle X-ray scattering
(WAXS) or small angle X-ray scattering (SAXS). In
WAXS, X-rays scattered through angles greater than
∼1° to the incident X-ray beam are recorded. This
typically provides information on structural features
with dimensions in the range 5 nanometres to 0.1 na-
nometres, e.g. the detailed conformation and packing
of polymer chains. In SAXS, X-rays scattered
through angles less than ∼1° to the incident X-ray
beam are recorded. This typically provides informa-
tion on structural features with dimensions in the
range 100 nm to 5 nm, e.g. the overall folding and
organization of polymer chains and the shape, size
and distribution of crystallites. This distinction be-
tween the information which can be obtained from
WAXS and that which can be obtained from SAXS il-
lustrates the general principle in scattering theory
that spacings in a diffraction pattern (i.e. the angle of
scatter) are reciprocally related to the dimensions of
features in the scattering object to which they relate.

The information which can be obtained in X-ray
diffraction studies on fibres and films by the exploi-
tation of synchrotron radiation sources is illustrated
in this article by studies of both biological and man-
made materials. All the studies were made at either
the SRS or the ESRF but the techniques described are
typical of those used at the rapidly increasing
number of synchrotron sources available throughout
the world. Examples of the data which can be
obtained from highly ordered fibrous structures are
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illustrated for a WAXS pattern from DNA in
Figure 1 and a SAXS pattern from muscle in
Figure 2. The possibility of recording WAXS and
SAXS data simultaneously in real-time from the
same specimen offers the possibility of relating
changes in local polymer structure as revealed by
WAXS to larger scale changes in polymer organiza-
tion as revealed by SAXS. Increasingly, the informa-
tion obtained from SAXS and WAXS on molecular
structure and organization is complemented by the
use of other techniques in which the recording of ob-
servations is synchronized to SAXS and WAXS
measurements, e.g. stress/strain and calorimetric
measurements in studies of the response of polymer
materials to mechanical and thermal stress.

Experimental facilities and 
techniques

The radiation emitted from the electron storage rings
at synchrotron radiation sources is typically
chanelled through a number of beam lines into some
30 or so work stations (Figure 3). The work stations
vary in having their beam line optics designed to pro-
duce a beam with the cross-sectional area and degree
of parallelism at the specimen which best matches
the demands of the type of experiments to which
they are dedicated. For X-ray diffraction studies of
fibres and films the most common requirements are
a highly monochromatic beam with a wavelength of
∼0.1 nm and the highest possible X-ray intensity
within a beam diameter ∼100 µm. On third genera-

tion sources such as the ESRF, microbeams with
diameters of ∼10 µm or less are produced without
unacceptable loss of intensity through collimation or
a loss of parallelism because of focusing elements.
Loss of parallelism is of particular concern for SAXS
studies because the more the incident X-ray beam is
focused on the specimen, the more divergent will be
the unscattered X-rays passing through the specimen
and hence the larger the minimum angle at which
scattered X-rays can be recorded and the lower the
upper limit in the dimensions of structural features
in the specimen on which information can be ob-
tained. Monochromatization and focusing of the
main beam are typically achieved using a variety of
crystal monochromators and curved mirrors which
reflect X-rays at glancing incidence often from sur-
faces coated with thin metal layers. The increased
use of insertion devices such as undulators in straight
sections of the electron storage ring in more recent
synchrotron sources allows the radiation fed to par-
ticular work stations to be matched more closely to
specific applications in terms of intensity as a func-
tion of wavelength. Such developments are of partic-
ular importance for diffraction studies where there is
often a need to maximize the intensity in a very
narrow wavelength range.

A variety of X-ray cameras have been developed
for use on synchrotron radiation beam lines to pro-
vide a controlled environment in which the material
to be studied can, for example, be subjected to par-
ticular conditions of relative humidity, thermal and
mechanical stress. The capacity to control relative

Figure 1 Wide angle X-ray fibre diffraction pattern recorded
from the D form of the DNA double-helix.

Figure 2 Small angle X-ray fibre diffraction pattern recorded
from plaice fish muscle.
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humidity is of particular importance for biological
materials since in vivo they are commonly extensive-
ly hydrated. The processing of polymer materials
typically involves exposing them to thermal and me-
chanical stress and cameras for studying them under
industrial processing conditions typically incorporate
drawing rigs able to apply various patterns of
mechanical stress at well defined temperatures. The
front face of an X-ray camera normally accommo-
dates a final collimating system defining the size of
the X-ray beam falling on the specimen mounted
close to the final aperture of the collimator. In some
cameras the specimen mount incorporates a
goniometer driven remotely which allows data to be

collected as a function of the tilt of the fibre with re-
spect to the incident X-ray beam. For the collection
of WAXS data the distance between the front and
rear faces of the camera is ∼10 cm. For the collection
of SAXS data this distance may be 1 m or even more
if data corresponding to periodicities in the specimen
of greater than 50 nm are to be collected. The detec-
tor on which the diffraction pattern is recorded is
placed close to the rear face of the camera which is
made from a material with low X-ray absorption
such as a 10 µm thick sheet of the plastic Melinex on
which a lead backstop is mounted to absorb the
component of the incident beam not scattered by the
specimen. To reduce degradation of the data due to

Figure 3 Schematic representation of beam lines and work station at the ESRF.
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scattering by air of the X-ray beam not scattered or
absorbed by the specimen, the camera is evacuated
or the air replaced by helium gas which is a much
weaker scatterer of X-rays. Until relatively recently
X-ray diffraction data from fibres was commonly
recorded on photographic film. However, during the
1990s a variety of electronic area detectors have
largely replaced film at synchrotron sources. One of
the most important advantages of electronic area de-
tectors of the gas filled multiwire and CCD types is
that they allow the diffraction pattern to be dis-
played in real time so that experiments can be genu-
inely interactive. In contrast, it may take 10 or 15
min to process film. This time does not of course in-
clude scanning of the processed film as a necessary
preliminary to accurate determination of the position
and intensity of diffraction spots. In contrast, data
recorded electronically can be immediately down-
loaded to an online computer for data reduction and
analysis. In deciding between different types of detec-
tor it is important to compare parameters such as:

(1) spatial resolution – the grain size on X-ray film is
typically less than 10 µm and although electronic
area detectors generally available have signifi-
cantly worse resolution than this, they are ade-
quate for recording fibre diffraction data;

(2) quantum efficiency – depends critically on the
wavelength of the X-rays, therefore while com-
parisons with film are complex it is fair to say
that state of the art electronic area detectors can
show efficiency comparable to film;

(3) dynamic range – the limited dynamic range of
film is one of its major limitations and an area
where its performance is generally inferior to
electronic area detectors.

Image plates have a spatial resolution comparable
to film with a much larger dynamic range. However,
they still suffer from the need for scanning which,
even with ingenious online carousels and dedicated
scanners, still makes it impossible to conduct genu-
inely real-time interactive experiments. The examples
of diffraction data included in this review illustrate
the use of the various types of detector.

Examples of the exploitation of X-ray 
diffraction using synchrotron 
radiation in the study of fibres and 
films at high temporal and spatial 
resolution

These examples are chosen to illustrate the impact of
both WAXS and SAXS studies on the characteriza-
tion of naturally occurring and man-made materials.

These studies exploit both the greatly increased in-
tensity and much reduced divergence in the X-ray
beam available from synchrotron sources as com-
pared with that from laboratory rotating anode
X-ray sources.

Conformational transitions in the DNA
double-helix

The original proposal of a double helical structure
for DNA was based on wide angle X-ray fibre dif-
fraction data. Subsequently, a number of distinct
conformations of the double-helix have been ob-
served and designated A, B, C, D and Z. The sensi-
tivity of the conformation of the DNA double-helix
to its degree of hydration allows conformational
transitions to be induced by changing the relative
humidity of the fibre environment. The availability
of X-ray synchrotron radiation sources offers the
possibility of observing the variation in diffraction
data during such transitions with the possibility of
describing the stereochemical pathway followed dur-
ing the transition. In an early application of the
Daresbury SRS the reversible transition between the
B and D conformations was followed through a
number of cycles. Selected fibre diffraction patterns
from this transition are in Figure 4. The transition
between the D and B conformations can be followed
through the appearance in the original highly crystal-
line D pattern of reflections corresponding to a semi-
crystalline intermediate between the D and B forms.
As the transition proceeds, these reflections become
more intense, corresponding to an increasing frac-
tion of the DNA assuming the semicrystalline phase,
and gradually change in position corresponding to a
continuous change in helix pitch from the 2.4 nm
characteristic of the crystalline D form to the 3.4 nm
characteristic of the semicrystalline B form. The dif-
fraction data on which this analysis was based were
recorded on photographic film with exposure times
of a few minutes. In the more than 10 years since
these studies were made major advances in both
synchrotron performance and detectors have dra-
matically decreased the exposure times required for
such time-resolved studies.

Changes in molecular organization and 
interactions during muscle contraction

Muscle is a complex assembly of proteins embracing
the metabolic capabilities characteristic of globular
proteins and the structural capabilities of fibrous
proteins and is thus well suited to perform the dual
roles of converting chemical energy into mechanical
energy and sustaining tension. Over 40 years ago a
combination of electron microscopy and X-ray fibre
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diffraction showed that muscle consisted of a regular
array of actin filaments interpenetrating a regular ar-
ray of myosin filaments and that during muscular
contraction one family of filaments slid over the oth-
er. The dimensions of these arrays and the periodici-
ties along the length of the actin and myosin
filaments are within the 10 to 100 nm range and
X-ray fibre diffraction information on these struc-
tures has largely come from the small angle regime.
A particularly well defined example of such SAXS
data is in Figure 2. The high brilliance of synchro-
tron sources together with recent advances in the
efficiency of multiwire area detectors have allowed
the variation in diffraction during the contraction cy-
cle, in which a dissected muscle is repeatedly stimu-
lated by an electrical voltage, to be recorded with a
time resolution of a few milliseconds. This data is
being used to model changes in the interaction
between the actin filaments and the heads of the my-
osin molecules making up the myosin filaments since
it is believed that changes in the stereochemistry of
these interactions is the origin of the mechanical
stress which results in shortening in the length of the

muscle against a load. This modelling is an excellent
example of complementarity between an X-ray
structure determination of a protein single crystal (in
this case the structure of isolated myosin heads) and
a small angle X-ray fibre diffraction study of the
whole muscle assembly.

Strain-induced crystallization in poly(ethylene 
terephthalate) (PET)

One of the most challenging issues in the crystalliza-
tion of polymers is the nature and kinetics of the
strain-induced crystallization that takes place when
polymers such as PET are mechanically drawn close
to the glass transition temperature. From recent ex-
periments at the ESRF and SRS, it has been possible
to monitor crystallization in real-time when amor-
phous PET was drawn at rates comparable to those
used in industrial processing. The X-ray camera used
in these studies consisted of a 150 mm × 150 mm ×
150 mm oven of which three sides were inter-
changeable so that it was possible to exchange sides
depending on the particular application. This, for

Figure 4 Diffraction patterns illustrating typical stages in the D to B transition in the DNA double-helix. In (A) the reflection marked
I is related to the lateral intermolecular separation and that marked II to the helical pitch of molecules in the D form. In (C) the reflection
marked III is related to the lateral intermolecular separation and that marked IV to the helical pitch of molecules in the semicrystalline
intermediate form.
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example, allowed the viewing port in which a video
camera was mounted to be varied. The temperature
could be controlled to within 1°C and the maximum
temperature attainable was 350°C. A strip of poly-
mer material could be clamped between two jaws at-
tached to stepper motors which allowed uniaxial
bidirectional drawing at rates up to 72 000% per
minute. Diffraction patterns were recorded with

exposure times of 40 milliseconds. The variation in
WAXS in a typical experiment is shown in Figure 5.
In this sequence of patterns the sharp crystalline
peaks can be seen to progressively emerge above a
diffuse background scatter. Simultaneously recorded
video camera observations on changes in the posi-
tion of reference marks on the specimen are also
shown in Figure 5 and allow the precise draw ratio

Figure 5 WAXS patterns with corresponding video image of sample of PET recorded during drawing at 90°C at an overall draw rate
of 72 000%/min. Each of the 31 frames was recorded with an exposure time of 40 ms. There was essentially no dead time between
frames so that the drawing experiment was completed in ∼1.2 s.
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and draw rate to be calculated at the point in the
specimen from which X-ray diffraction data was re-
corded. Measurements on these patterns allowed the
development of polymer orientation and crystallinity
to be quantified and hence the kinetics of crystalliza-
tion to be determined for a number of temperatures
and for a variety of draw rates and draw ratios. An
important conclusion from these studies, which is at
variance with earlier conclusions drawn from studies
on samples quenched at various stages during draw-
ing and annealing, is that, at the fast draw rates typi-
cal of industrial processing, significant crystallization
does not begin until the conclusion of drawing.
When the rate constants determined from these ex-
periments were related to theoretical models for the
relaxation of deformed chains within entangled net-
works it became clear that at fast draw rates the on-
set of crystallization does not occur until the end of
draw because the draw rate exceeds the rate of chain
relaxation.

Relation between long and short range order 
during deformation of polyethylene

Instrumentation for simultaneous recording of SAXS
and WAXS data is illustrated schematically in
Figure 6. A hole, ∼10 mm diameter, in the centre of
the 15 µm thick aluminium foil through which
diffraction beams exit the camera is covered with a
circular glass cover slip (13 mm in diameter; and
15 µm thick) so that the SAXS and the main beam
not scattered by the specimen pass wholly through
the glass cover slip. This avoids diffraction of the
main beam by the aluminium resulting in spurious
sharp diffraction peaks in the WAXS pattern. Both
SAXS and WAXS data were recorded using Photonic

Science CCD detectors. An evacuated beam pipe was
positioned between the SAXS detector and the glass
cover slip mounted on the aluminium foil to
minimize scattering by air along the long path
length. The WAXS detector was positioned close to
the aluminium foil window at the rear of the camera
so that SAXS data could still pass unobstructed for
collection at the second CCD detector.

A specimen, 10 mm wide and 20 mm long, was
cut from a 1 mm thick sample of high density poly-
ethylene and mounted within the camera in jaws at-
tached to stepper motors. The specimen was drawn
at a rate of 18 000%/minute at a temperature of
35°C. Strain data, for the region of the specimens
from which the SAXS/WAXS data was collected,
was calculated from an accurately synchronized con-
tinuously recorded video image of the specimen.
Figure 7 shows selected SAXS and WAXS frames re-
corded from the specimen. In the initial WAXS
frame two rings of intensity are clearly visible. These
may be indexed as reflections from the orthorhombic
form of polyethylene. The initial SAXS frame con-
sists of a largely isotropic ring indicating that the un-
deformed sample is spherulitic with a lamellar
spacing of ∼35.0 nm. From the sequence of WAXS
patterns it is apparent that increasing strain results in
increasing orientation in both of the prominent or-
thorhombic reflections together with the transient
appearance of a monoclinic phase. The SAXS pat-
terns show striking variation in intensity which can
be attributed to the formation of microvoids.

Variation in crystallite order and orientation in 
spherulites of Biopol

X-ray diffraction provides one of the most powerful
techniques for the investigation of the spatial

Figure 6 Schematic representation of the experimental arrangement for simultaneous recording of SAXS/WAXS and strain data
during mechanical deformation of a sheet of polymer material.
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variation of polymer conformation and organization
within partially ordered materials. From optical mi-
croscopy it is clear that molecular orientation within
many polymer materials varies over dimensions of
less than 100 µm. Characterization of this variation
by X-ray diffraction has been achieved using the
microfocus capability of the ESRF which can provide
an intense highly monochromatic X-ray beam with a
wavelength of 0.092 nm in a beam diameter at the
specimen of ∼10 µm. Crucial to these experiments
was the availability of a computer-controlled X/Y
stage which allowed the specimen to be tracked in
two dimensions perpendicular to the X-ray beam in
steps as small as 1 µm (Figure 8). WAXS data were
recorded using a Photonics Science CCD detector
from spherulites of the optically active thermoplastic
polymer Biopol. This material is produced by a vari-
ety of microorganisms, which use it for energy and
carbon storage. The biological rather than petroleum
origins of Biopol, its biodegradability, and its ability
to form films with the properties of conventional
thermoplastics give it technological importance as
well as fundamental interest. The purity of the poly-
mer leads to an absence of heterogeneous nuclei and
gives it the capacity to form large spherulites of high
crystallinity. X-ray diffraction patterns with expo-
sure times of 1 s were recorded as a spherulite of

Biopol was stepped across a square net of area
150 µm × 150 µm centred on the centre of the spher-
ulite, in horizontal and vertical steps of 10 µm. The
15 × 15 diffraction patterns recorded in this way are
assembled as a 2D array in Figure 9. This array of
patterns vividly demonstrates that all the crystallites
have their a-axes oriented along a radius of the
spherulite.

Variation in polymer orientation and crystallinity 
across a plastic bottle wall

Poly(ethylene terephthalate) (PET) is used extensive-
ly in the manufacture of fibres, bottles and films.
Physical properties, such as strength, transparency
and gas-transport properties depend on the degree of
polymer orientation and crystallinity and their varia-
tion in the artefact.

During blowing of a bottle, the inner surface of a
preform is cooled by the expansion of the com-
pressed air used for inflation, the outer surface is
cooled by contact with the cold mould whilst the
internal thermal energy is raised by strain heating. In
addition, the contour shape of the container and the
complex blowing process itself produces consider-
able variation in wall thickness and direction of
stretching at different positions in the container. The

Figure 7 Selected pairs of simultaneous WAXS (left) and SAXS (right) frames with inserts of corresponding synchronously recorded
video images which allow strain data to be related to changes in polymer structure and organization of high density polyethylene. Each
frame was recorded in 40 ms.
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polymer therefore experiences a wide variation in
draw temperature, draw ratio and draw direction at
different positions of the container and at different
depths in the wall, resulting in a wide variation of
polymer orientation and crystallinity.

The sample for X-ray microbeam examination was
prepared by cutting a 1 mm square piece from the
container and mounting it on an X/Y stage so that it
could be tracked across the X-ray beam. Figure 10
shows selected frames from a dataset comprising 32
frames. The patterns show a marked variation in
crystallinity through the thickness of the wall. At the
inside edge there are strong oriented crystalline re-
flections superimposed on a fairly isotropic amor-
phous halo. The intensification of the crystal
reflections around the equator is consistent with pref-
erential chain alignment along the longitudinal axis
of the bottle. The intensity of the crystal reflections
diminishes towards the centre of the wall thickness
leaving an almost isotropic amorphous diffraction
halo. Nearer the outer edge of the wall there is an in-
tensification of the halo on the equator indicating an
increasing degree of orientation in the disordered

chains. These observations can be related to variation
in the local draw rate, draw ratio and temperature
across the wall during fabrication and provide a basis
for refining the manufacturing process to produce
bottles of improved performance.

Figure 8 Experimental arrangement for recording WAXS data
with high spatial resolution. The specimen is mounted on a goni-
ometer on an X/Y stage which allows tracking across the X-ray
beam leaving the glass focusing collimator. Data is recorded on
the CCD detector. A backstop to absorb unscattered X-rays is
suspended immediately before the detector.

Figure 9 X-ray fibre diffraction patterns from the region of the
spherulite of Biopol illustrated in the inserted polarizing micro-
scope image. Each pattern was recorded from an area 10 µm in
diameter with its position in this figure corresponding to the posi-
tion in the specimen from which it was recorded. Each crystallite
is oriented with its a-axis radial; the degree of orientation de-
creases towards the centre of the spherulite.

Figure 10 Variation of crystallite size, crystallinity and polymer
orientation as a function of position in the wall of a PET bottle.
The X-ray diffraction patterns were selected from the 32 frames
recorded during the experiment. Frame 1 was collected at the in-
side face of the bottle wall, whilst frame 32 was collected at the
outside face.



FIELD IONIZATION KINETICS IN MASS SPECTROMETRY 539

See also: Inorganic Compounds and Minerals Stud-
ied Using X-Ray Diffraction; Materials Science Appli-
cations of X-Ray Diffraction; Nucleic Acids and
Nucleotides Studied Using Mass Spectrometry;
Nucleic Acids Studied Using NMR; Polymer Applica-
tions of IR and Raman Spectroscopy; Powder X-Ray
Diffraction, Applications; Small Molecule Applica-
tions of X-Ray Diffraction.

Further reading

Blundell DJ et al. (1996)  Characterization of strain-
induced crystallization of poly(ethylene terephthalate)
at fast draw rates using synchrotron radiation. Polymer
37: 3303.

Donald AM and Windle AH (1992) Liquid Crystalline
Polymers. Cambridge: Cambridge University Press. 

Harford J and Squire J (1997) Time-resolved diffraction
studies of muscle using synchrotron radiation. Reports
of Progress in Physics 60: 1723– 1787.

Hasnain SS (ed) (1990) Synchrotron Radiation and Bio-
physics. Chichester: Ellis Horwood Limited.

Hughes DJ et al. (1997)  A simultaneous SAXS/WAXS and
stress– strain study of polyethylene deformation at high
strain rates. Polymer 38: 6427– 6430.

Mahendrasingam A et al. (1995)  Microfocus X-ray dif-
fraction of spherulites of poly-3-hydroxybutyrate. Jour-
nal of Synchrotron Radiation 2: 308– 311.

Mahendrasingam A et al. (1986)  Time-resolved X-ray dif-
fraction studies of the B to D structural transition in the
DNA double helix. Science 233: 195– 197.

Martin C et al. (1997) Investigation of the variation in ori-
entation and crystallinity in poly(ethylene terephtha-
late) containers using microfocus X-ray diffraction.
Journal of Synchrotron Radiation 4: 223– 227.

Michette A and Pfauntsch S (eds) (1996) X-rays: The First
Hundred Years. New York: Wiley. See in particular
articles by Franks A (The First Hundred Years), Fuller
W (X-ray Diffraction), Munro I (Synchrotron Radia-
tion) and Miller A (The Next Hundred Years).

Ryan AJ and Wilkinson N (1997) Polymer Processing and
Structure Development. Kluwer Academic Publishers.

Field Ionization Kinetics in Mass Spectrometry

Nico MM Nibbering, University of Amsterdam,
The Netherlands

Copyright © 1999 Academic Press

Introduction

The mass spectra of molecules, ionized by electron
ionization (EI), field ionization (FI) or photo-
ionization (PI) in the gas phase, usually show many
peaks with varying intensities. These peaks result
from fragment ions generated by a series of
competing and consecutive unimolecular dissociation
reactions of the molecular ions provided that the
latter have obtained during their formation an
amount of energy in excess of the ionization energy
of the corresponding molecules. The resulting mass
spectrum therefore is determined by the relative rates
of these unimolecular dissociation reactions, which
in their turn are related to the relative abundances of
the fragment ions observed. It will be clear that
studying the kinetics of ion dissociation can provide
an invaluable insight into the foundation of a mass
spectrum.

Although trapped-ion mass spectrometry has been
used to investigate the extent of fragmentation of

ions as a function of time in the time range of µs to
ms, another and unique method is that of field ioni-
zation kinetics (FIK). The roots of this method date
from the work of Beckey at the University of Bonn,
Germany, who interpreted (as early as 1961) the
broadening of peaks in field ionization (FI) mass
spectra, obtained with a single-focusing mass spec-
trometer, as a consequence of ion lifetimes.
Picosecond resolution of these ion lifetimes was
achieved in 1971 by Derrick and Robertson at King’s
College in London, United Kingdom on the basis of a
thorough calibration of the time-scale following FI.
Since then the development of the experimental tech-
niques to measure such ion lifetimes and of the neces-
sary theory of the corresponding ion decomposition
rates have led to the use of the name FIK. With this
method the rates of gas phase unimolecular
decompositions of ions, occurring at times as short as
picoseconds and over a time range of seven orders of
magnitude (10– 12– 10– 5 s), and corresponding ion life-
times can be measured.

MASS SPECTROMETRY
Methods & Instrumentation



540 FIELD IONIZATION KINETICS IN MASS SPECTROMETRY

Following a description of the principle of the FIK
method, some illustrative examples of its application
in gas-phase ion chemistry studies will be presented.

Principle of the FIK method

FIK experiments are performed on double-focusing
mass spectrometers having either the conventional
(the electric sector precedes the magnetic sector) or
the reversed (the magnetic sector precedes the electric
sector) geometry. A schematic diagram of a field
ionization double-focusing mass spectrometer with
the conventional geometry is given in Figure 1.

Ions are generated in a very narrow region close to
an anode (in the case of positive ions). This region
becomes less narrow as the anode is changed from a
tip, to a blade to a 1 µm bare tungsten wire or to a
10 µm activated tungsten wire (Figure 2) at a poten-
tial V0 (∼8– 10 kV) with respect to a slotted cathode
at ground potential and at a distance that is increased
from 0.25 to 1.5 mm.

If these ions are stable for ≥ 10– 5 s they will acquire
a kinetic energy qV0 during acceleration from the
ionization region (where to a good approximation the
potential is equal to the anode potential V0) to the
slotted cathode and will pass the electric sector set to
transmit ions with a kinetic energy qV0.
Consequently, they will be mass analysed at their cor-
rect m/z values if the magnetic field is scanned. In this
way, a FI spectrum is obtained which contains peaks
that correspond to the ions generated very near the
anode, i.e. within approximately 10– 11 s. Fragment
ions m+ (see Eqn [1]), generated in unimolecular dis-
sociation reactions that occur between the anode and
cathode (region I in Figure 1) at a potential Vx, will
not be transmitted through the electric sector because

they have insufficient kinetic energy [q(m/M)(V0 – Vx)
+ qVx] to be focused by this sector.

However, these ions can be transmitted through
the electric sector by either decreasing its potential at
a constant anode potential V0 or by increasing the an-
ode potential at a constant electric sector potential
set to transmit ions with a kinetic energy qV0. The
most widely used method involves increasing the
anode potential.

The determination of the amount, ∆V, with which
the anode potential V0 has to be increased to satisfy
Equation [2] permits a calculation of the potential
Vx at which reaction [1] has occurred.

It is then possible to calculate the ion lifetime, i.e.
the time elapsed between formation of the molecular
ion M• + and its subsequent fragmentation at potential
Vx, if the potential distribution between the anode
and cathode is known. Thus, a scan of the anode
potential achieved by increasing ∆V allows one to
monitor reaction [1], following FI of M over a con-
tinuous time range of ∼ 10– 11– 10– 9 s (region I in
Figure 1). The required, time-consuming data
processing can be speeded up by use of an online com-
puter, which also enables computer controlled data
acquisition and multiscan averaging to enhance the
signal-to-noise ratio of the usually weak FIK signals.

Decompositions of M• + ions at times longer than
10– 9 s can be investigated in the focusing region II

Figure 1 Schematic diagram of a double-focusing field ionization mass spectrometer of conventional geometry (not drawn to scale),
showing the four regions in which field ionization kinetic measurements can be made. The stated times refer to an ion source with a
blade emitter. Reproduced with permission of Wiley from Nibbering NMM (1984) Mechanistic studies by field ionization kinetics. Mass
Spectrometry Reviews 3: 445–477.
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and in the first and second field-free regions III and
IV (Figure 1) by using metastable ion methods.

The experimental results take the form of curves of
product ion current Im(t) versus kinetic energy, which
are transformed according to the principles outlined
above into curves of product ion current Im(t) versus
reaction time t. The product ion current Im(t) is relat-
ed to the rate of reaction, dIm(t)/dt, by Equation [3],
where ∆t is a small interval within which decompos-
ing M• + ions contribute to the product ion current
Im(t) at time t:

This interval is determined by the energy resolution of
the electric sector and depends on the molecular and
product ion masses and on the reaction time t, i.e. this
time window interval will decrease with increasing
mass difference between the molecular and product
ions (not unlimited because of the difficulties in in-
creasing the anode potential due to arcing problems)
and at shorter decomposition times of the molecular
ions because of the increase of the electric field
gradient with decreasing distance from the anode.

Division of Equation [3] by the measured mass-
resolved molecular ion current IM at an anode
potential V0, i.e. in the normal FI spectrum, yields the
so-called normalized rate k(t):

Plots of k(t) versus t obtained with different mass
spectrometers, different anodes and different ion life-

time calculations have been shown to be reproducible
to within 25%.

The normalized rate k(t) is related to the time-
independent rate constant k(E) as defined by the
quasi-equilibrium theory (QET) in the following
way. Suppose that the molecular ions M• + decom-
pose via a single channel to fragment ions m+. If the
M• + ions have acquired an internal energy E upon FI,
their abundance M(t) at time t will be given by 

where M0 is the abundance of the molecular ions at
the time of their formation. The rate of formation of
the fragment ions m+ is then given by 

The molecular ions M• +, however, will have acquired
a distribution of internal energies, P(E), upon FI. In
this case all individual rates of formation of m+ given
by Equation [6] have to be summed with respect to
the internal energy E. This leads to Equation [7]
with P(E) as the weighting function and Im(t) as the
product ion current at time t (see above): 

Similarly, the molecular ion current IM is obtained by
integration of Equation [5] with respect to the inter-
nal energy E, taking P(E) as the weighting function:

Division of Equation [7] by Equation [8] then gives
the relation between the normalized rate k(t) and the
time-independent rate constant k(E):

Usually a maximum is observed in the k(t) versus t
plots. The maximum has been suggested to represent

Figure 2 Scanning electron micrograph of a 10 µm tungsten
wire covered with carbon microneedles grown by activation.



542 FIELD IONIZATION KINETICS IN MASS SPECTROMETRY

kmax(E) in the distribution of k(E)s and generally
occurs at longer times for rearrangement reactions
than for simple cleavage reactions. These reactions
usually compete with each other continuously over
the time range of 10– 11 – 10– 5 s.

An example of a logarithmic plot of k(t) versus t
for the loss of a methyl radical from the molecular
ion of pent-3-en-2-ol, CH3CH=CHCH(OH)CH3, is
given in Figure 3.

The figure shows two maxima. The first maxi-
mum at a molecular ion lifetime of 10– 10.5 s corre-
sponds to the loss of a methyl radical from the
unrearranged molecular ion via a direct cleavage
reaction, whereas the second maximum at a molecu-
lar ion lifetime of 10– 10.1 s is owing to the loss of a
methyl radical following a rearrangement reaction of
the molecular ion.

The strength of FIK in mechanistic gas-phase ion
dissociation studies compared with the conventional
EI method is that it gives a time-resolved view of the
chemistry and isomerization reactions of ions over a
time range of 10– 12 – 10– 5 s. The details of these pro-
cesses are largely lost in the EI method which inte-
grates all the events up to 10– 6 s following ionization,
a very broad time range compared with the vibra-
tional periods of chemical bonds (10– 14 – 10– 13 s).

The strength of the FIK method in mechanistic ion
dissociation studies is shown to full advantage when
it is used in combination with stable isotopic label-
ling. In that case, the fragment ions from competing

reactions are nearly equal in mass so that the ratios of
their ion currents measured at any time t are practi-
cally equal to the ratios of the normalized rates k(t)
(see above and Eqn [4]). Most of the mechanistic ion
dissociation studies discussed below are therefore
based upon changes in relative rates as a function of
the ion lifetimes.

Mechanistic ion dissociation studies

Four examples of the application of FIK to
mechanistic ion dissociation studies will be presented.

The first deals with the elimination of ethylene
from the molecular ion of cyclohexene, the second
and third with the dynamics of stereochemically con-
trolled dissociation reactions and the fourth with
time-resolved MS-MS to identify the structures of
product ions generated at different molecular ion
lifetimes.

Elimination of ethylene from the molecular ion of 
cyclohexene

In both linear and cyclic alkene EI-generated
molecular ions, the double bond shifts before or
during fragmentation, cause the mass spectra of
isomers to be very similar, if not indistinguishable.
The same is true for the EI generated molecular ion
of cyclohexene, in which specific D-labelling has
shown a practically statistical distribution of H and
D atoms over the carbon skeleton before or during
fragmentation.

Upon FI, four variously deuterated ethylene
molecules, C2H4, C2H3D, C2H2D2 and C2HD3 are
eliminated from cyclohexene-3,3,6,6-d4.

At 10– 11 s, more than 50% is lost as C2H4, but at
longer times a rapid increase of the loss of the deu-
terated ethylene molecules is observed until at 10– 9 s
a statistical distribution of the H and D atoms has
occurred before decomposition. The specific loss of
C2H4 at 10– 11 s can readily be explained by a retro-
Diels– Alder reaction of the molecular ion to give the
ion m/z 58 (Eqn [10]). The interesting observation
made, however, is that the maximum rates of the
variously labelled ethylene eliminations occur at dif-
ferent times; the order with increasing time is
C2H4 < C2H2D2 < C2HD3 < C2H3D. This has been
rationalized by invoking 1,3-allylic H/D shifts in the
molecular ions before the retro-Diels– Alder reaction
(Eqn [10]).

As can be seen from Equation [10], the formation
of m/z 58, 56, 55 and 57 requires 0, 1, 2 and 3 allylic
1,3-H/D shifts, respectively, which coincides with
the shift of the maximum rate of the corresponding
ethylene eliminations to longer times.

Figure 3 Normalized rate constant k(t ) for the loss of
a methyl radical from the molecular ions of pent-3-en-2-ol,
CH3CH=CHCH(OH)CH3. The vertical axis covers log k(t ) values
in the range of 8–12. Reproduced with permission from Zappey
HW, Ingemann S and Nibbering NMM (1991) Study of the rate of
methyl loss and the structure of the product ion as a function of
the lifetime of the molecular ion of penten-3-en-2-ol. Organic
Mass Spectrometry 26: 241–246.
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Loss of a molecule of water from the molecular 
ions of stereoisomeric cyclohexane diols

An FIK study of the water loss from stereoisomeric
cyclohexane diols has shown how elegantly this
method can give an insight into the dynamics of
unimolecular decompositions of organic ions. This
is especially true for the trans- and cis-1,3-
and 1,4-diols, which generate relatively abundant
(M– H2O)• + ions upon FI, in contrast with the trans-
and cis-1,2-diols. The latter compounds yield low-
abundant (M– H2O)• + ions, which is probably owing
to a fast cleavage of the C1– C2 bond of the molecular
ions.

The 1,3-d2 analogue of trans-cyclohexane-1,3-diol
and the 1,4-d2 analogue of the trans-1,4-diol

molecular ions predominantly lose water by a
transannular 1,3- and 1,4-elimination, respectively,
as determined by using FIK. In both cases the nor-
malized rate for this process reaches a maximum
value at an ion lifetime of about 110 ps, but the rate
is also significantly higher for the trans-1,3-diol than
for the trans-1,4-diol at shorter ion lifetimes. The
explanation for these observations is the following:
both in the molecular ion of the trans-1,3-diol and in
that of the trans-1,4-diol the hydroxyl group has to
come in close proximity of the hydrogen atom to be
transferred to effect the water elimination. This is
the case for the two identical ground-state chair con-
formations of the trans-1,3-diol, which have a dis-
tance of 2.5 Å between the oxygen atom of the
hydroxyl group and the hydrogen atom to be trans-
ferred, and for the corresponding boat conforma-
tion, as shown in Equation [11].

However, for the trans-1,4-diol, only the boat
conformations have the appropriate geometry for
the transannular 1,4-elimination of water, as shown
in Equation [12].

Similar arguments apply to the enhanced transan-
nular loss of water from cis-cyclohexane-1,3-diol
versus that from the cis-1,4-diol. The departing
water now contains both hydroxyl hydrogen atoms,
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as shown by D labelling. In both cases the normal-
ized rate for this reaction again reaches a maximum
value at ion lifetimes of about 110 ps.

Dyotropic hydrogen rearrangement
in the molecular ions of
8,9-disubstituted-tricyclo[5.2.1.02,6] decenes

Upon EI the exo and endo isomers of the 8,9-disub-
stituted-tricyclo[5.2.1.02,6]decenes [1] and [2],
respectively, fragment essentially differently. The
ionized endo isomers [2] eliminate C5H8 via a retro-
Diels– Alder reaction after migration of the hydrogen
atoms from positions 8 and 9 to the double bond.
This reaction is not observed for the exo isomers [1]
where the distance between the hydrogen atoms of
positions 8 and 9 and the double bond is too large for
the hydrogen migration required to effect the retro-
Diels– Alder reaction (Scheme 1).

From these observations, however, it cannot be
concluded whether the double hydrogen migration in
ionized [2] occurs in a concerted or stepwise fashion.
If the hydrogen atoms would migrate in a concerted
fashion, then it is an example of a dyotropic reaction,
being defined as an uncatalysed process in which two
σ-bonds simultaneously, but not necessarily via a
fully symmetrical mode, migrate intramolecularly.

Such a suprafacial dyotropic transfer of hydrogen is
a thermally ‘allowed’ [σ2s + σ2s + π2s] pericyclic
reaction.

Experimental support for either a concerted or a
stepwise double hydrogen migration in ionized [2] be-
fore elimination of C5H8 via a retro-Diels– Alder reac-
tion (Scheme 1) is obtained from application of FIK
to both exo and endo isomers [1] and [2] respectively.

For example, the exo isomer [1a] with
R1 = R2 = OCH3 appears to eliminate, exclusively,
C5H6 over all molecular ion lifetimes studied, while
the corresponding endo isomer [2a] eliminates both
C5H6 and C5H8, but not C5H , see Figures 4A and
4B, respectively.

As expected, the C5H8 loss is a delayed process
with respect to the C5H6 loss because of the required
double hydrogen rearrangement, i.e. this channel
starts to compete with the C5H6 loss at molecular ion
lifetimes of ∼ 10– 10 s and becomes dominant beyond
molecular ion lifetimes of ∼ 10– 9.25 s. Important, how-
ever, is the absence of C5H  loss, which is expected to
occur for a stepwise, but not for a concerted, double
hydrogen rearrangement.

Methyl loss from ionized pent-3-en-2-ol, 
CH3CH=CHCH(OH)CH3

A combined FIK and deuterium labelling study
has revealed three pathways for the loss of methyl
from the molecular ion of pent-3-en-2-ol,
CH3CH=CHCH(OH)CH3. This is shown by
the relative rate curves for loss of CH  and CD
from the molecular ion of pent-3-en-2-ol-1,1,1-d3,
CH3CH=CHCH(OH)CD3 in Figure 5.

At short ion lifetimes, CD  is the major loss,
whereas at medium ion lifetimes CH  elimination is
the major channel. At longer ion lifetimes the CD
loss again becomes increasingly important.

These observations have been rationalized mecha-
nistically in Scheme 2.

Route [3] → [4] is operative  at  ion lifetimes
< 10 – 10.5 s and is suggested to lead to oxygen proto-
nated crotonaldehyde, route [3] → [5] → [6] → [7] is
dominant at ion lifetimes between 10– 10.5 and 10– 9 s
and is suggested to lead to oxygen protonated methyl
vinyl ketone, while route [3] → [5] → [8] → [9]
increases at longer ion lifetimes and is suggested to
produce the butyryl cation (Scheme 2).

The existence of different pathways is also indicat-
ed by the normalized rate curve for methyl loss from
the molecular ion of unlabelled pent-3-en-2-ol,
which contains two distinct maxima at ion lifetimes
of 10– 10.5 and 10– 10.1 s after ionization (Figure 3).

In the normalized rate curve for CD3 loss from the
molecular ion of CH3CH=CHCH(OH)CD3 similar

Scheme 1 Double hydrogen transfer in the molecular ion of the
endo isomer [2] of 8,9-disubsituted-tricyclo[5.2.1.02.6]decene (not
possible in the molecular ion of the exo isomer [1] followed by
elimination of C5H8 via a retro-Diels–Alder reaction. Reproduced
with permission of the American Chemical Society from Kluft E,
Nibbering NMM, Kühn H and Herzschuh R (1986) Dyotropic
hydrogen rearrangement in the molecular ions of 8,9-disubsti-
tuted tricyclo [5.2.1.02,6] decenes as supported by field ionization
kinetics. Journal of the American Chemical Society 108: 7201–
7203.
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Figure 4 Losses of C5H6, C5H  and C5H8, expressed in percentages of their sum, as a function of the lifetime of the molecular ions
of (A) exo- and (B) endo-8,9-dimethoxytricyclo[5.2.1.02.6]decenes. Reproduced with permission of the American Chemical Society from
Kluft E, Nibbering NMM, Kühn H and Herzschuh R (1986) Dyotropic hydrogen rearrangement in the molecular ions of 8,9-disubstituted
tricyclo [5.2.1.02,6] decenes as supported by field ionization kinetics. Journal of the American Chemical Society 108: 7201–7203.
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maxima are observed, but in that for CH3 loss only
the maximum at 10– 10.1 s is present. This means that
the maximum at 10– 10.5 s corresponds to the route
[3] → [4] of Scheme 2, as expected for such a direct
cleavage reaction, and that the maximum at 10– 10.1 s
is owing to the route [3] → [5] → [6] → [7] of
Scheme 2. The ions [4 and 7] (and also [9]) formed

by the different pathways are known to be non-inter-
converting species with distinct collision-induced
dissociation mass spectra. Collision-induced dissoci-
ation experiments on the (M – methyl)+ ions,
formed at different molecular ion lifetimes, i.e. at
times < 10– 10.6 and 10– 10.0 s after ionization, have
provided experimental support for their structures.
The resulting time-resolved MS-MS spectra, in
which the peaks are rather noisy owing to their low
intensities, are presented in Figure 6.

The collision-induced dissociation MS-MS spectra
of the independently made reference ions obtained by
protonation of crotonaldehyde (ion [4] in Scheme 2)
and methyl vinyl ketone (ion [7] in Scheme 2) are
shown in Figure 7.

Figure 6A appears to match well Figure 7A which
provides evidence that most of the (M– methyl)+ ions
formed at about 10– 10.6 s have the protonated cro-
tonaldehyde structure, i.e. ion [4] in Scheme 2.

Figure 6B is nearly identical to Figure 7B, show-
ing that the (M– methyl)+ ions at about 10– 10.0 s have
indeed, predominantly, the protonated methyl vinyl
ketone structure, i.e. ion [7] in Scheme 2.

List of symbols

E = internal energy; Im = product ion current;
IM = molecular ion current; k(t) = normalized rate
constant; k(E) = time-independent rate constant;
t = time; V = potential.

Scheme 2 Routes for methyl loss from ionized pent-3-en-2-ol. Reproduced with permission from Zappey HW, Ingemann S and Nib-
bering NMM (1991) Study of the rate of methyl loss and the structure of the product ion as a function of the lifetime of the molecular
ion of penten-3-en-2-ol. Organic Mass Spectrometry 26: 241–246.

Figure 5 Losses of CH  and CD  expressed in percentages of
their sum, as a function of the lifetime of the molecular ion of pent-
3-en-2-ol-1,1,1-d3, CH3CH=CHCH(OH)CD3. Reprinted from the
International Journal of Mass Spectrometry and Ion Physics 38:
Zwinselman JJ, Nibbering NMM, Middlemiss NE, Vajda JH and
Harrison AG, A field ionization kinetics and metastable ion study
of the fragmentation of some pentenols, 163–179, Copyright
1981, with permission from Elsevier Science.
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Figure 6 Collision-induced dissociation MS-MS spectra of (M–methyl)+ ions, generated upon FI from the molecular ion of pent-3-en-
2-ol at molecular ion lifetimes of (A) ≤ 10–10.6 s and (B) 10–10.0 s. Reproduced with permission from Zappey HW, Ingemann S and Nib-
bering NMM (1991) Study of the rate of methyl loss and the structure of the product ion as a function of the lifetime of the molecular
ion of penten-3-en-2-ol. Organic Mass Spectrometry 26: 241–246.

Figure 7 Reference collision-induced dissociation MS-MS spectra of (A) protonated crotonaldehyde [4] and (B) protonated methyl
vinyl ketone [7]. Reproduced with permission from Zappey HW, Ingemann S and Nibbering NMM (1991) Study of the rate of methyl
loss and the structure of the product ion as a function of the lifetime of the molecular ion of penten-3-en-2-ol. Organic Mass Spectro-
metry 26: 241–246.
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See also: Field Ionization Kinetics in Mass Spec-
trometry; Fragmentation in Mass Spectrometry; Ion
Dissociation Kinetics, Mass Spectrometry; Ion Struc-
tures in Mass Spectrometry; Ionization Theory; Iso-
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Introduction

The application of modern spectroscopic analysis to
the study of flames began in the 1920s and 30s with
breakthroughs in the understanding of atomic and
molecular spectroscopy. The earliest spectroscopic
investigations focused on understanding the line and
band structure observed in the visible and ultraviolet
regions of the spectrum when the light from the
flame was dispersed by a grating or prism. One of
the great breakthroughs of physics during this period
was the understanding that the band structure
observed in the emission spectra of flames originated
from gas-phase molecular species.

For molecular species, understanding the appear-
ance of flame spectra is simplified by assuming that
the total internal energy, ET, of a gas-phase molecule
may be given to first order (Born Oppenheimer
approximation) as:

Here, EEL, EVIB, and EROT are respectively the

quantized electronic, vibrational, and rotational en-
ergy of the molecular species. In the scientific litera-
ture, these energies are usually expressed in terms of
wavenumbers (the reciprocal wavelength, expressed
in centimetres, which is directly proportional to en-
ergy, and given the symbol cm–1). All observed spec-
tral features, in emission and absorption, are caused
by changes in total energy, ∆ET, of the individual
species present within the flame. Spectral features
arise from the emission or absorption of a photon
with energy corresponding to the difference between
initial and final states of the transition. Figure 1
illustrates the absorption of a photon corresponding
to an electronic transition (Figure 1A) and to a
vibrational transition (Figure 1B) for a diatomic
molecule whose interatomic potential energy may be
approximated by an anharmonic oscillator.

In general, changes in electronic, vibrational, and
rotational energy correspond to emission or
absorption of radiation in the visible (and ultraviolet),
infrared, and microwave region of the electro-
magnetic spectrum, respectively. Typically, ∆EEL >
∆EVIB > ∆EROT. For molecular species, changes in EEL

generally are accompanied by changes in EVIB and

VIBRATIONAL, ROTATIONAL & 
RAMAN SPECTROSCOPIES

Applications



FLAME AND TEMPERATURE MEASUREMENT USING VIBRATIONAL SPECTROSCOPY 549

EROT, and changes in EVIB may be (and almost are)
accompanied by changes in EROT. These general
trends are illustrated in Figure 1. The band structure
observed in the visible and ultraviolet spectra of
molecular species in flames, in emission and
absorption, is therefore understood to be the result of
combined changes in electronic, vibrational, and
rotational energies.

The visible and ultraviolet radiation from most
flames usually accounts for less then 1% of the total
emitted energy, with most of the energy emitted by a
flame occurring in the infrared region of the spec-
trum. To see why this is not unexpected, it is useful to
compare the radiation emitted by a flame with the ra-
diation emitted by a blackbody. In a system at ther-
modynamic equilibrium (which, on a macroscopic
scale, a flame is not), the distribution of radiation is
given by Planck’s blackbody radiation law:

Here, Iλ is the wavelength-dependent radiant intensity
normal to the surface of the radiator, Eλ is the emis-
sivity at wavelength λ, c1 and c2 are the first and

second radiation constants and have the values
0.588 × 10−8 Wm−2 and 1.438 × 10−2 m K−1, respec-
tively, T is temperature in kelvin (K) and A is the area
of the surface in square metres (m2).

Figure 2 is a plot of Equation [2] at several tem-
peratures. Figure 2 shows that for a blackbody radi-
ator, at temperatures up to 2300 K, the peak spectral
radiancy always occurs in the infrared region of the
spectrum. As the temperature increases above
2300 K, the peak of spectral radiancy moves to
shorter wavelengths (towards the visible region of
the spectrum). It is important to note that for a
blackbody, the value of Eλ is equal to 1 at all wave-
lengths. In flames, the value of Eλ varies (and may
approach 1) with wavelength, but is near zero for
most wavelengths, indicating that a flame is not a
blackbody, and that flame gases may not be in ther-
modynamic equilibrium. Nevertheless, in some cases
where the emissivity of a flame species is known,
measurements of spectral radiancy of flames may be
used to calculate flame temperatures to within an
accuracy of several kelvin.

When the regions of non-zero emissivity (Eλ > 0)
in the flame emission spectrum are expanded along
the wavelength scale, these regions exhibit detailed

Figure 1 Potential energy diagram for a diatomic anharmonic oscillator. Electronic (A) and vibrational (B) absorption transitions are
illustrated. Values for interatomic distance, energy (E ), and term symbols are for the radical flame species CN.
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fine structure. In the visible and ultraviolet regions of
the flame emission spectrum (in general, radiation
with a wavelength between 1 µm and 200 nm), this
fine structure represents changes in rotational and
vibrational energy which accompany changes in elec-
tronic energy. In the more intense infrared region of
the flame emission spectrum (in general, radiation
with a wavelength between 1 and 30 µm), the ob-
served fine structure is caused by transitions between
rotational energy levels which occur with a change in
vibrational energy, but with no change in electronic
energy. The amount by which the vibrational and ro-
tational energies may change during a transition is
governed by selection rules, which are largely de-
pendent upon the symmetry of the species involved
in the transition.

Figure 3 shows the raw emission spectrum from a
premixed, reduced pressure (18 torr) stoichiometric
CH4/O2 flame measured using a Fourier transform
infrared (FT-IR) spectrometer and the calculated
emission from a blackbody at 1173 K over the same
spectral region. The peak temperature in this flame
was measured (using a fine wire Pt-Pt/10%Rh
thermocouple) to be near 2150 K. Comparison of
flame emission spectra to calculated blackbody radi-
ance must take into account the emissivity of the
different species within the flame, reabsorption of
emitted radiation by cold gases outside of the flame
region, emission from species at different tempera-
tures along the line of sight of the measurement,
chemiluminescence, and the variation in sensitivity of
the instrument detector with wavelength. Figure 3
illustrates that care must be taken when estimating
flame temperatures from measured spectra, since
results from simple fits of a blackbody radiation
curve to a measured spectrum may be inaccurate.

Background

Emission and absorption spectra of flames may be
continuous or banded. Continuous emission spectra
may be modelled using the Planck blackbody equa-
tion (Eqn [2]). Modelling of banded spectra requires
an understanding of the statistics that govern the
way the population of a species is distributed among
available energy levels. It is the dependence of popu-
lation of molecular energy levels upon temperature,
and the influence of this population upon band
shape and spectral emissivity and absorption, which
makes vibrational spectroscopy a useful tool for
flame diagnostics.

The necessary mathematics for species and tem-
perature measurements from infrared spectra of
flames are outlined below. The example given is for
a diatomic molecule, such as CO. It is assumed that
the spectra are measured in absorption at low pres-
sure, where the amount of light absorbed is less than
approximately 5% of the incident intensity (often re-
ferred to as absorption in an optically thin medium).
For extension to more complicated molecules (in-
cluding more complicated diatomic molecules, such
as NO), and to higher pressures, the reader should
consult the ‘Further reading’ section for details.

Population distribution among available energy 
levels

The classical Maxwell Boltzmann distribution law
may be used to approximate the distribution of
population among the quantized energy levels of a
gas-phase diatomic molecule. For most diatomic
molecules (such as CO, but not NO), each separate
line shape observed in the infrared spectrum
corresponds to a simultaneous change in vibrational

Figure 2 Radiation from an ideal blackbody at several
temperatures.

Figure 3 The infrared emission spectrum measured using an
FT-IR spectrometer from an 18 torr CH4/O2 flame and the black-
body radiation (1173 K) emitted over the same region. The infra-
red emission spectrum has not been corrected for the
responsivity of the detector.
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and rotational energy. For this reason, the spectral
lines that make up the band structure observed in
most infrared spectra are often called rovibrational
transitions. For purposes here, it is convenient to de-
scribe the initial and final energy levels of the transi-
tion as rovibrational energy levels.

When describing two energy levels of a given spe-
cies, the superscript ′ denotes the state of higher ener-
gy, and the superscript ″ denotes the state of lower
energy. At thermodynamic equilibrium, the ratio of
the number of molecules in the rovibrational energy
level with vibrational quantum number ν′ and
rotational quantum number J′ to the number of
molecules in the rovibrational energy level with
vibrational quantum number ν″ and rotational quan-
tum number J″ is given by:

where NJ′ ,ν′ is the population of the higher rovibra-
tional energy level, NJ″ ,ν″ is the population of the low-
er rovibrational energy level, ∆Eν is the change in
vibrational energy (units of cm−1) and ∆EJ is the
change in rotational energy (units of cm−1) which
occurs during the transition, h is Planck’s constant, k
is Boltzmann’s constant, and c is the speed of light.
The quantity [(2J′+1)/(2J″+1)] accounts for the
degeneracy of rotational levels for a given value of J,
providing a statistical weight to the levels with a
given rotational energy.

For interpretation of measured spectra, it is useful
to know the fraction of the total population (NT) in
the energy level from which the transition originates.
For absorption (where the transition originates from
the level of lower energy), this may be given by:

where the summation is over all values of J″ and ν″
and NJ=0,ν=0 is the population in the rovibrational
energy level with rotational quantum number J and
vibrational quantum number ν both equal to 0. The
denominator on the right side of Equation [4] may
be written to a first approximation as:

The first rotational constant, B, is inversely propor-
tional to the moment of inertia of the rotating mole-
cule, and determines the rotational energy level
spacing. This means that, in general, the larger the
mass of the rotating molecule, the closer is the spac-
ing of the rotational energy levels. The right-hand
side of Equation [5] may be factored into rotational
and vibrational components:

where QR and QV are, respectively, the rotational
partition function and the vibrational partition func-
tion:

The summations in Equations [7] and [8] are over all
J and all ν, respectively. Substituting Equations [3],
[7], and [8] into Equation [4] gives:

Equation [9] shows how the fraction of total popula-
tion in a given rovibrational energy level varies with
temperature and rotational and vibrational quantum
numbers. For most gas-phase diatomic molecules, if
the population in a known rovibrational level is
measured, Equation [9] allows the total population
(and hence total pressure) of the gas to be calculated.

Absorption of radiation

The Einstein transition probability of absorption,
Bmn (not to be confused with the first rotational con-
stant B), predicts the energy removed (IR) from an
incident beam of radiation by an optically thin layer
of absorbers for a transition from a lower state m to
an upper state n as:

where Nm is the number of molecules per unit
volume in the energy level from which absorptions
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occur, I0 is the energy crossing unit area of absorbers
per second, ∆x is the absorber thickness, and νmn is
the energy (in cm−1) of the monochromatic radiation
exciting the transition. In Equation [10], I0NmBmn is
proportional to the number of transitions per second
per unit volume produced by the radiation and hνmn

is proportional to the energy removed from the inci-
dent beam per transition.

In an absorption experiment, the intensity of radi-
ation exiting the absorbing medium, I, is described
according to the Bouguer–Lambert Law (later restat-
ed by Beer for solutions):

where x is the path length travelled by the light
through the absorbing medium, and σ(λ) is called the
cross section for absorption. This cross section repre-
sents the ‘effective area’ that a molecule presents to
the incident photons. When σ(λ)Nmx is small
(optically thin medium), Equation [11] may be
rewritten:

Integrating Equation [12] over the wavelength range
for which the absorption may occur gives:

The way in which the cross section for absorption
(σ(λ)) varies with wavelength depends mainly upon
the total pressure of the gas. For gas pressures above
approximately 100 torr, the absorption is observed
to occur with a Lorentzian line shape given by:

where A0 is the peak spectral absorbance (−log(I(λ)/
I0(λ))) at the wavelength of maximum light attenua-
tion by the gas, and γ is the half width at half height
(HWHH) of the spectral line.

Substituting Equation [14] into Equation [13],
assuming that Ι0 is invariant with wavelength over
the absorption line width, and integrating over the

full line width gives:

Substituting Equation [15] into Equation [10], and
solving for the peak absorbance, A0, gives

The number of molecules in the initial state, Nm, is
related to the total number of molecules, NT,
through the vibrational (QV) and rotational (QR)
partition functions:

Substituting Equation [17] into Equation [16] gives:

Equation [18] is useful for extracting temperature
and concentration information from measured
values of peak absorbance (A0) for individual
transitions in a rovibrational band. By simul-
taneously fitting T and NT to A0 measured over a
rovibrational band, temperature and gas pressure
may be obtained. Equation [18] shows that it is
necessary to know the half width at half height
(HWHH) of each line in the spectrum used in the
calculation, and the value of Bmn. This is not always
trivial, since this value may be temperature and
J-value dependent. Additionally, it is important to
recognize peak absorbances must be corrected when
measured with an instrument of moderate spectral
resolution. The method for extracting true peak
absorbance from peak absorbance measured at
moderate resolution has been treated in detail by
Anderson and Griffiths. Substituting Equation [18]
into Equation [16], and expressing the result in the
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form of the Bouguer–Lambert Law gives:

Equation [19] allows direct comparison between
high resolution measurements of transmittance (I(λ)/
I0(λ)) and transmittance calculated from spectral
parameters, pressure of the absorbing gas, and the
temperature. It should be noted that knowledge of
the spectral line HWHH (γ) is required, as well as an
instrument capable of measuring the transmittance
at high resolution. In practice, values of Bmn (usually
converted to line strengths) for different
rovibrational transitions are taken from the
literature or estimated from measurements of total
band strength. Also, the Voight line shape profile,
which describes the convolution of a Gaussian line
shape function (applicable to gases at low pressure)
and a Lorentzian line shape function, is usually used
to model spectral lines in flames at reduced pressure.
As with fits to data based upon Equation [18], when
spectra are measured on an instrument of moderate
resolution (in general, an instrument resolution
>0.1γ), the instrument line shape function is
convoluted with the true line shape (Eqn [19]).
When this is the case, this convolution must be
included in the model.

Equation [19] describes the fully resolved band
structure observed in high resolution infrared spectra
of many gas-phase diatomic molecules, such as CO.
Figure 4 shows the transmittance (I(λ)/I0(λ)) spec-
trum of CO, calculated using Equation [19], for a
constant number of molecules at the temperatures
shown in Figure 2. Figure 4 shows that as the
temperature increases, and more rotational energy
levels becomes populated, the overall shape of the ab-
sorption band broadens to cover a wider spectral
range. Additionally, because the total number of mol-
ecules is divided between a greater number of initial
energy levels as temperature is increased, the intensity
of individual rovibrational transitions changes with
increasing temperature.

Experimental methods narrative

By the 1950s, the mathematical and instrumental
methods for determination of temperatures and spe-
cies concentration from measurements of infrared
spectra had been established, in large part spurred by
electronics developed during the Second World War,
by perfection of the method of commercial

replication of diffraction gratings, and by publication
in 1945 of Hertberg’s book ‘Infrared and Raman
Spectra of Polyatomic Molecules’. During the 1950s,
comparison of infrared emission spectra from high
temperature sources in different laboratories was
complicated by temperature gradients along the
measurement line of sight, and by incomplete spec-
tral parameters for gas absorption at high tempera-
tures. To obtain spectral parameters for gases under
study, several efforts were made to study gases in
closed cells at controlled temperatures. Most of these
efforts at studying gases at high temperature under
static conditions employed absorption spectroscopy,
in part to minimize self absorption along the line of
sight, and also to enable using modulation of the
source radiation (allowing discrimination of the high
intensity, unmodulated background infrared emis-
sion). The success in fundamental studies of band
structure and in predicting emissivities and changes
in absorption at high temperatures and pressures led
to an increase, by the early 1960s, in studies of radi-
ation transfer for systems ranging from jet and rocket
motors to high efficiency oil burners. A particular
success which resulted from the study of gas-phase
emissivities was the determination of thermal stress
on NASA rocket motors from exhaust gas radiation.

With the development in the early 1970s of the
Fourier transform spectrometer and the computer
based fast Fourier transform (FFT), it became poss-
ible to achieve high resolution coupled with high
energy throughput and phase-sensitive detection.
However, the development of laser-based techniques
(particularly laser-induced fluorescence (LIF) for
measurement of flame radical species, such as OH,
HCO, H, O, CH, and C2) enabling direct measure-
ment of species participating in flame propagation
reactions caused a shift in focus of fundamental spec-
troscopic investigations of flame systems. This shift

Figure 4 Calculated transmittance of light through a fixed
pressure of CO gas at different temperatures. Spectra are offset
for clarity (each baseline corresponds to 100% transmission).
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led to a decrease in the late 1960s and early 1970s in
the number of publications describing basic research
that applied the techniques of dispersive infrared ab-
sorption and emission spectroscopy to flames. This
decrease was offset by a considerable body of work
on emission studies of hot gas sources, particularly
smokestack and waste gas plumes from industrial
sources.

By the late 1970s, laser-based techniques employ-
ing tunable infrared lasers began to be used for
species measurements in flames. The majority of this
work used tunable diode lasers (TDLs), semiconduc-
tor devices in which the output laser radiation wave-
length is tuned by varying the temperature and diode
injection current. Initial experiments used TDLs
emitting narrow-line width (typically <10−4 cm−1)-
radiation in the mid-infrared spectral region. The
narrow line width usually enables species specificity,
even in congested spectral regions. Since the laser
line width is typically several orders of magnitude
less than the absorption line width, measurements of
the fully-resolved absorption transition may be
made, enabling the determination of line shape de-
pendence upon pressure and temperature. An addi-
tional advantage to using tunable diode lasers,
besides very narrows line widths, is the ability to
tune the lasers, rapidly (kHz to MHz) over their out-
put wavelength range. This enables phase-sensitive
detection that minimizes the effect of the laser out-
put noise, and also enables time-resolved measure-
ments of dynamic systems.

Recently, tunable diode lasers operating in the
near-infrared spectral region have begun to see appli-
cation to the spectroscopy of flames and to flame gas-
es. At this time, commercial availability of TDLs in
the mid-infrared spectral range is greater than for the
near-infrared spectral range. TDLs operating in the
mid-infrared spectral range must be cooled to cryo-
genic temperatures. TDLs operating in the near-infra-
red spectral range operate near room temperature,
and unlike mid-infrared radiation, the near-infrared
radiation may be transmitted over long distances
through optical fibres. However, since absorption in
the near-infrared spectral region corresponds to a
change in vibrational quantum number greater than
unity (referred to as an overtone transition), the
sensitivity to a given molecule is much less than for
mid-infrared spectroscopy, which is usually used to
measure rovibrational transitions in the fundamental
vibrational band. Typically, mid-infrared TDLs are
used when extreme sensitivity is required (ppb range).
For many field based techniques which require trans-
portability in rugged environments, near-infrared
TDLs are more appropriate (ppm range).

Experimental methods – dispersive 
and Fourier transform spectroscopy

Emission measurements

Since the mid-1970s, most measurements of emis-
sion spectra of steady flames have used Fourier
transform techniques. Figure 5 shows the emission
spectrum measured from a premixed, stoichiometric
CH4/O2 flame (total pressure equal to 18 torr) to
which 3% CF3Br has been added as a flame suppres-
sant. When appropriate, reduced-pressure flames are
often studied because at reduced pressure the flame
region is expanded, allowing more detailed study.
The emission spectrum shown in Figure 5 was meas-
ured using a Fourier transform infrared (FT-IR)
spectrometer at a resolution of 1 cm−1.

In Figure 5, spectral features from several flame
species are identified, but the spectrum is dominated
by emission from CO2 and gaseous H2O. This is
because higher temperatures allow emission over a
wide range of rovibrational transitions (see
Figure 4), from combinations of different vibrational
states, and the geometry of the emitting species
(specifically in this case H2O) causes the spectrum to
be complicated (relative to that for a diatomic
molecule). The measured spectrum in Figure 5
reports emission from species over a wide range of
temperatures, because the line of sight from the flame
centre to the detector includes gases at many different
temperatures. Also, because many flame species are
products of an ongoing chemical reaction
(combustion), these species may be produced with
vibrational and rotational population distributions
which are not in equilibrium with translational

Figure 5 The infrared emission spectrum measured from a
premixed, stoichiometric CH4/O2 flame (total pressure 17 torr) to
which 3% CF3Br has been added.
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temperatures. Because of this, temperatures
calculated from emission spectra using expressions
similar to Equations [18] or [19] may give misleading
results. When these factors are taken into account,
temperature and partial pressures of gas species may
be extracted from high resolution measurements of
infrared emission spectra.

Absorption measurements

Figure 6 shows an absorption spectrum measured
through an opposed-flow CH4/air flame (total pres-
sure 50 torr) using a FT-IR spectrometer at 1 cm−1

resolution. It should be noted that this spectrum is
less congested and has a slightly more regular
appearance than that shown in Figure 5. Absorption
features from several species are evident in the spec-
trum. For flame diagnostics using infrared absorp-
tion spectroscopy, CO is probably the most widely
studied molecule. The fundamental rovibrational ab-
sorption band of CO (ν = 0−1, centred at 2170 cm−1)
is well approximately by Equation [19], and has a
spacing between rotational lines (2B) of approxi-
mately 3.6 cm−1. Modelling of measured spectra is
relatively straightforward and fully-resolved rovibra-
tional lines may be measured at moderate instrument
resolution (although the reported line shape may be
just the instrument line shape function. In addition,
since CO is a major product of hydrocarbon com-
bustion, it is present in most flame systems. Figure 7
shows the spectrum of the first overtone (ν = 0–2) of
CO, measured using a dispersive system, and the fit
to the measured spectrum using an equation similar
to Equation [19]. Since the resolution of the spec-
trometer used to measure the spectrum in Figure 7
was insufficient to fully resolve the line shapes of the
individual rovibrational transitions, it was necessary
to convolute the instrument function with the true
line shape function (Eqn [19]) to obtain an accurate
fit of the measured to the calculated spectrum.

A major difficulty in obtaining quantitative absorp-
tion measurements of flame species is that absorption
of radiation by cold gases in the probe beam line of
sight may lead to errors. Currently, several methods
of excluding contributions to absorptions by cold
gases in the line of sight are used, with most methods
employing some type of computer averaged tomogra-
phy (CAT). Using these method (often referred to as
inversion methods), multiple line of sight measure-
ments at different relative orientations are made with-
in a plane, or slice, through the flame. Using these
multiple line of sight measurements, numerical meth-
ods are used to calculate species concentration at a
given point within the plane. Applying this technique
to multiple planes, or slices through the flame, can
yield a three-dimensional reconstruction of species

concentration within the flame. This technique has
been used to measure CO in reduced- and atmospher
ic-pressure flames. A summation of inversion meth-
ods used to measure temperatures and species in
flames has been given by Limbaugh.

It should be noted that when measuring flame ab-
sorption spectra using a FT-IR spectrometer, care
must be exercised so that flame emission is not re-
flected through the interferometer and reported as an
absorption signal. To minimize the emitted radiation
which reaches the interferometer, the collimated
probe infrared beam is brought to a focus at an iris
prior to entering the flame region. After passing
through the iris, the probe radiation is re-collimated
prior to entering the flame. While useful for identifi-
cation of species within the flame, FT-IR spectros-
copy will not yield high spatial resolution unless the
infrared probe beam is reduced in cross section (usu-
ally by being passed through a set of apertures) prior

Figure 6 The infrared absorption spectrum measured through
a 50 torr opposed-flow CH4/air flame. The inset shows the burner
configuration used to produce the flame.

Figure 7 The transmittance spectrum of the first overtone
(ν = 0–2) of CO. The gas was contained in a static cell at 1
atmosphere total pressure and a temperature of 423 K. The
dotted line is the measured spectrum, the solid line represents
the least-squares fit to the data.
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to entering the flame region. This reduction in power
of the infrared probe beam energy reduces the signal
to noise ratio in the measured spectrum. A typical
experimental setup for measuring infrared absorp-
tion spectra through a flame using an FT-IR spec-
trometer is shown in Figure 8.

Most commercial spectrometer systems employing
broadband sources (typically FT-IR systems) are not
capable of resolving the true line shape of an absorb-
ing gas phase species because of limitations to instru-
ment resolution. The instrument yield the
convolution of the true absorbing gas line shape and
the instrument response function. Computer-based
programs used to retrieve species concentration and
temperature must either take into account this convo-
lution, or use for calculations the instrument
response-corrected peak intensity of the rovibrational
transition.

Experimental methods – applications 
of tunable diode laser absorption 
spectroscopy (TDLAS)

Tunable diode lasers (TDLs) are semiconductor
devices (typically GaAs) which are essentially light
emitting diodes constructed with an optical resona-
tor. Lasing is achieved by delivering a small current
to the photodiode. Tuning is achieved by changing

the temperature, and hence the Fermi level, of the
device. The tuning range varies by type, but is usu-
ally between 2 cm−1 and 30 cm−1. The useful tuning
range (that is, the range over which the device may
be rapidly tuned without encountering changes in
laser modes, which can mask absorption features) is
usually less than 1 cm−1. This restricted tuning range
means that the devices are not used in a survey
mode. In general, a TDL laser spectrometer system is
designed to detect a single gas using a single, spe-
cially-fabricated, dedicated, laser diode. Occasion-
ally, absorption transitions from different gases of
interest may occur within the useful tuning range of
a single laser, but such occurrences are usually fortu-
itous. Additionally, because of the limited tuning
range, calculation of temperature and species con-
centration may be difficult when only one line is
measured.

There are, however, several advantages to using
TDLs for measurement of gas-phase flame species.
These include high resolution (typically better than
1 × 10−4 cm−1), good spatial resolution (200 to
1 mm), reasonable output power (∼ 1 mW), and the
ability to scan over their spectral range on a millisec-
ond or better timescale. Probably the most widely
studied molecular flame species by tunable diode
laser spectroscopy is CO. In addition to the reasons
for study outlined above in the discussion of broad-
band source methods, CO possesses several funda-
mental (ν = 0−1) and hot-band transitions (ν = 1–2,
ν = 2–3) which occur within several line widths (ap-
proximately 0.05 cm−1) of each other. At room tem-
perature, populations of states from which hot-band
transitions occur are very low. However, at flame
temperatures, populations of vibrational states other
than the ν = 0 state may become appreciable. When
temperatures (and also species concentrations) are
calculated from simultaneous measurement of a fun-
damental and a hot-band transition, the technique is
referred to as two-line thermometry.

Figure 9 shows several spectra of CO measured in
a low-pressure (20 torr), stoichiometric CH4/O2

flame using mid-infrared tunable diode laser spec-
troscopy. Because the wavelength of the diode laser
radiation corresponds to single quantum number
changes in CO (in this case a ν = 0−1 and a ν = 1−2
transition) simple absorption spectroscopy may be
employed. Each spectrum is measured at a different
height above the burner surface. For these experi-
ments, the probe laser beam location was fixed, and
the burner location was translated vertically. The
infrared laser beam diameter through the flame re-
gion was 0.5 millimetres. As the diode laser radia-
tion passes through different portions of the flame,
the relative areas under the two peaks corresponding

Figure 8 Experimental apparatus for measurement of FT-IR
absorption spectra through flames. The system is designed to
minimize the amount of flame emission which reaches the
interferometer. The burner is mounted on a translating stage (X
and Z axes) to allow for tomographic analysis.
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to absorption from different rovibrational levels
changes. Figure 10 shows the results of fitting an
equation similar to Equation [19] to an absorption
spectrum from Figure 9. Using this method, the CO
vibrational temperature was calculated as a function
of height above the burner surface (Tmax = 2150 K
±50 K). Additionally, tomographic analysis of the
data showed that the error from cold gas absorption,
for these experiments, was always less than 10% of
calculated temperatures and partial pressures.

Tunable diode laser spectroscopy is also used for
detection of many trace gas species in flames and in
flame environments. The method used for measure-
ments of small amounts of gases (often to the ppb
range) relies on modulation spectroscopy using

phase-sensitive detection. The principal advantage to
using modulation spectroscopy results from minimi-
zation of laser output noise by shifting detection to
high frequencies. When phase-sensitive detection is
employed using tunable diode lasers, the second de-
rivative of the diode laser probe beam intensity with
respect to wavelength is usually measured, since the
wavelength at which the second derivative is a maxi-
mum coincides with the wavelength of maximum
light absorption. The second-derivative signal peak
height may be shown to be proportional to
absorbance, A:

Here, X″ is the peak height of the second-derivative
signal (volts), V is the DC voltage measured by the
detector in the absence of any molecular absorbance,
and k is a constant which includes the measuring
instrument and optics function. Letting S, denoted as
the 2f signal peak to trough height (the distance
between the maximum and minimum points on the
2f signal – see Figure 11C, equal X″/V, yields:

The slope of a plot of LP versus S provides the
value of kα. A calibration of the system using known
concentrations of the absorbing gas must be per-
formed to determine the value of kα. Once this value
is known, gas pressure (P) may be obtained directly
from Equation [21]. Care must be exercised so that
changes in optical surfaces during measurement (as
when measuring corrosive gases such as HF) do not
affect the value of kα, since this value is instrument-
function dependent. For this reason, calibration
should be performed at the beginning and end of each
measurement set. Additionally, for gas concentra-
tions which attenuate more than 5% of the incident
light, the linear relationship between gas pressure and
2f signal peak height may no longer hold.

Modulation spectroscopy using tunable diode
lasers (often referred to as 2f spectroscopy) has been
extensively discussed in the literature. Figure 11 gives
a generic description of the signal processing
employed in these experiments. Briefly, the laser
output wavelength is scanned (10 Hz–10 kHz)
through a spectral region where the gas being meas-
ured absorbs. The output at the detector during the
laser scan (with the high-frequency modulation
turned off) may be seen in the upper trace of

Figure 9 Mid-infrared tunable diode laser spectra of CO,
measured through a premixed CH4/O2 flame, at a total pressure
of 20 torr, as a function of height above the burner surface. The
maximum temperature calculated using two-line thermometry
was 2150 K.

Figure 10 A transmission spectrum measured through a low-
pressure, premixed, CH4/O2 flame at 20 torr. The main
absorption features are the two CO lines used to calculate
temperature using the method of two-line thermometry.
Calculated temperature was 2150 K.
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Figure 11. A high-frequency (10 KHz to MHz)
wavelength modulation with an amplitude approxi-
mately equal to line width under investigation is
superimposed on the laser drive current (middle trace
in Figure 11). Demodulation at twice the frequency
of the high-frequency laser drive modulation yields
the second-derivative signal shown in the lower trace
in Figure 11. It should be noted that the upper trace
in Figure 11 shows that the laser diode output power
has a non-linear dependence on laser drive current.
While this is non-ideal behaviour, this is a common
trait of commercially available laser diodes. The non-
linear power output dependence on laser drive cur-
rent (exaggerated here for illustration) causes the
sloping baseline for the second-derivative signal in
Figure 11. For measurements at extremely low con-
centrations or for gases with small absorption cross
sections, the non-linearity of laser diode output
power with laser drive current may affect limits of
detection.

Modulation spectroscopy enables discrimination
against contributions to light attenuation by scatter-
ing from particulate matter using a single laser beam.
Attenuation of laser radiation by a ro-vibrational
transition of a small gas molecule is detected because
the wavelength range of the scan is several times the
width of the spectral absorption feature (typically on
the order of 0.1 cm−1 at atmospheric pressure). Be-
cause light scattering by particulate matter is nearly
constant over the very small wavelength range of the
laser scan, the change in detector signal intensity
with the change in wavelength is effectively zero in
the absence of any absorbing gas. However, because
the 2f signal is also proportional to the background

signal intensity, the second-derivative signal is
divided by the DC signal to account for light scatter-
ing by particles.

While modulation techniques enable trace gas de-
tection, special care must be exercised when making
measurements in flames, especially when using near-
infrared laser radiation. Significant errors in meas-
ured concentrations may arise because of beam steer-
ing as the laser radiation passes through the flame. In
some cases, the beam steering may be severe enough
to cause loss of signal at the detector. Secondly, great
care must be exercised when measuring 2f spectra
through regions of differing temperature and pres-
sure, since the 2f signal is extremely sensitive to
changes in line width of the absorbing species.

Conclusion

Infrared spectroscopy continues to be a valuable tool
for measuring species concentrations and tempera-
tures in flames and combustion gases, especially in
field-based studies. The advent of compact, fibre-
coupled, tunable diode lasers operating at room tem-
peratures is expanding the use of vibrational spec-
troscopy beyond the laboratory, and providing a
useful complement to broadband methods currently
in place.

List of symbols

A = area of radiator surface; A0 = peak spectral
absorbance; B = first rotational constant;
Bmn = Einstein transition probability of absorption
for states m, n; c = speed of light; c1, c2 = radiation
constants; E = internal energy of gas-phase molecule;
Eλ = emissivity; h = Planck’s constant; HWHH = half
width at half height; I0 = energy crossing unit area of
absorbers/second; IR = energy removed from incident
beam by absorbers; Iλ = radiant intensity at wave-
length λ; J = rotational quantum number; k = con-
stant; k = Boltzmann’s constant; N = energy-level
population; QR = rotational partition function;
QV = vibrational partition function; S = signal peak-
trough height; T = temperature (K); V = DC voltage
from detector for no absorbance; x = path length
through absorbing medium; X″ = peak height of sec-
ond-derivative signal; ∆x = absorber thickness;
γ = half width at half height of spectral line;
ν = vibrational quantum number; νmn = energy of ex-
citing radiation; σ(λ) = absorption cross-section.

See also: Laser Spectroscopy Theory; Rotational,
Spectroscopy Theory; Solid State NMR, Rotational
Resonance; Vibrational, Rotational and Raman Spec-
troscopy, Historical Perspective.

Figure 11 Simulated signal versus wavelength of laser
radiation after passing through a gas with an absorption feature
near 7665.5 cm−1. Graphs for (A) unmodulated laser radiation;
(B) laser radiation with a small-amplitude, high frequency
modulation; (C) demodulation at twice the high-frequency
modulation in (B).
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Like all atomic spectroscopic techniques, emission
and fluorescence spectrometry require the produc-
tion of free atoms (or ions) in the gaseous phase for
detection. These two techniques require the popula-
tion of a particular excited electronic state and deter-
mine concentration by monitoring the radiative
relaxation process, i.e. by detection of the photon
produced. In general, the intensity of the light emit-
ted should be proportional to the gas-phase atom
density and, ultimately, to the concentration of the
analyte atoms in the sample being introduced to the
atomization source. Likewise, it follows that increas-
ing the excited-state population will enhance the sen-
sitivity of the method.

The difference between the two spectroscopic ap-
proaches stems from the means by which the excited
state is populated. In fluorescence, absorption of ra-
diation at the proper frequency is used for excita-
tion; in emission spectroscopy, collisional energy
transfer with other atoms, molecules, ions or elec-
trons produces the excited-state population.

Atomic emission

Excited-state population

Since excited-state populations are achieved by colli-
sions with other charged or neutral particles within
the source, the population of any given excited state
can be calculated if local thermodynamic equilibrium
(LTE) can be assumed to exist within the source. Un-
der LTE, the fractional population of any given excit-
ed electronic state, Nj, is given by 

where gj and Ej are the statistical weight and excita-
tion energy of the jth state, respectively; kB is the
Boltzmann constant and T is the temperature (in kel-
vin). The partition function Z(T) is the ‘sum-over-
states’, or simply represents the relative population of
all other states in the atom:

For relatively cool sources (e.g. T < 5000 K), Z(T)
can be approximated by the value for the statistical
weight of the ground state, g0, which implies that a
majority of the atoms are present in the ground state
(E0 = 0). While an elevated population of the excited
state is a necessary condition to realize a strong emis-
sion signal and good analytical sensitivity, it is not a
sufficient condition. It is also necessary that there ex-
ists a high probability that, once populated, the
excited state will radiatively relax to a lower energy
state. In many instances the transition used termi-
nates in the ground state of the atom or ion, and the
line emitted is termed the resonance line. The proba-
bility that radiative relaxation will occur is indicated
by the magnitude of the oscillator strength (f ) or
Einstein A coefficient for spontaneous emission.
Both of these parameters are indicators of the
strength of the emission, with smaller values indica-
tive of low probability or even ‘forbidden’ transi-
tions. Examples where such transitions might have a
low probability include transitions in which an ap-
parent change in electron spin state is needed to ac-
complish the relaxation, i.e. a ‘spin forbidden’
transition. As a result of selection rules that dictate
transitions with a high probability, not all possible
transitions from an excited state to a lower-lying
state occur with equal probabilities. In spite of this,
the emission spectrum of elements with d or f elec-
trons can exhibit hundreds to thousands of lines in
the UV and visible region of the spectrum.

Line widths

While radiative relaxation can produce relatively nar-
row spectral lines (e.g. 0.0001 nm or less, depending
on the source and line), the lines are not truly mono-
chromatic. At the very least each spectral line exhibits
a ‘natural line width’ that is governed by the Heisen-
berg uncertainty principle

where ∆E is the uncertainty in the position of the
state, τr is the excited-state lifetime (typically 1–10 ns)
and h is the Plank constant. With rearrangement and
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substitution of the Plank relationship (E = hν),
the natural line width in hertz can be expressed as 

where Aji is the Einstein A coefficient for spontaneous
emission from the jth to the ith state. With typical ex-
cited-state lifetimes of approximately 10 ns, the nat-
ural line widths are of the order of 0.00001 nm.

Line widths in most sources are generally broader
than the neutral line widths as a result of collisional
and Doppler broadening. Collisional broadening is a
result of collisions or near collisions between the ex-
cited-state atom or ion and other particles in the sys-
tem that result in a perturbation of the relative
location of the energy states of the atom at the time
of emission. As a result, elevated pressures and
temperatures in the source enhance the impact of
collisional broadening on the line width. Doppler
broadening is a consequence of phenomena similar
to the familiar Doppler effect for sound, which re-
sults in change in pitch or frequency as a sound emit-
ting source approaches and then passes an observer,
for example for a passing train that is blowing its
whistle. In a similar fashion, an emitting atom that is
moving towards or away from the observer exhibits
a frequency shift in the emitted radiation that is re-
lated to the relative direction and velocity of the
emitter. Taken over an ensemble of atoms moving in
random directions, this produces a broadened spec-
tral line. Like collisional broadening, this is accentu-
ated with increasing temperatures since the average
molecular velocities increase with temperature. For
sources at atmospheric pressure and temperatures of
a few thousand degrees, these broadening events are
similar in magnitude and produce spectral line
widths in the range of 0.001–0.01 nm.

Other effects that can produce broadening or split-
ting of the spectral lines include Stark broadening
and Zeeman splitting. Stark broadening results from
local electric fields from neighbouring ions and elec-
trons or from externally applied, strong electric
fields. Zeeman splitting results from the interaction
of a magnetic field with the particles or ions.

From Equation [1] it is apparent that elevated tem-
peratures promote population of electronic excited
states. However, competing with this enhanced ex-
cited state population is ionization: 

This is an equilibrium condition and can be
expressed by the Saha equation:

where n represents the number density of the respec-
tive species. This equilibrium is quantitatively de-
scribed by 

where Z represents the partition functions for the re-
spective species and Eion is the ionization potential in
eV. In brief, the equation predicts that reduced ioni-
zation potentials, low partial pressures of the neu-
trals in the source and elevated temperatures will
enhance the fraction of the neutrals that are ionized.
It is for this reason that in some high-temperature
sources, such as inductively coupled plasmas, the res-
onance transitions of the ions produce more intense
emission lines (and improved analytical detection
limits) than neutral atom lines for the same element.

While the above discussion applies to many ana-
lytical atomic spectroscopic sources, much of the dis-
cussion and quantitative treatment requires the
existence of local thermodynamic equilibrium, LTE.
Some sources do not exist at LTE. Typically, sources
that are at reduced pressure, which limits the rate of
collisional distribution of energy, or those where en-
ergy is being input at a rapidly changing rate, may
not exhibit LTE. As an example, glow discharge
sources such as hollow-cathode lamps used in atomic
absorption are operated in a low-pressure noble gas
environment and exhibit extremely high ionization
temperatures but very low kinetic gas temperatures;
that is, the temperatures are not equal and, as a re-
sult, the system is not considered at LTE. This
source, in spite of its kinetic gas temperature of only
a few hundred degrees, exhibits an extremely high
degree of ionization and population of some very
high transition energy excited states.

Calibration curves

In general, the intensity of light emitted from the ex-
citation source should be proportional to the concen-
tration of analyte atoms or ions within the source.
This linear relationship should be valid as long as
equilibrium processes within the source govern the
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fraction of the total analyte population. An example
where this may not be true can be seen in
Equations [5]–[7], where ionization can be depend-
ent on the partial pressure of the free atomic species.
In the case of a flame source, low concentrations of
the easily ionized elements (e.g. alkali metals) show
measurably higher degrees of ionization. As a result,
there can be curvature at the low concentration end
of the calibration curve. Interestingly, the much hot-
ter inductively coupled plasma does not exhibit the
same nonlinearity at low concentrations. This is a
result of the nearly constant electron density (ne),
which keeps the degree of ionization nearly inde-
pendent of concentration.

Since resonance lines are often used for spectro-
chemical analysis, radiation emitted from the centre
of an excitation source may pass through a substan-
tial concentration of atoms in the ground state in the
outer regions of the source. As a consequence, some
of this light may be absorbed by the analyte atoms in
this region. This is referred to as self-absorption. In
the extreme, the absorbing atoms can reduce the in-
tensity at the central wavelength of the emitting line
to near zero (self-reversal). Figure 1 shows intensity
profiles with increasing analyte concentrations for
an atomic emission line subject to self-absorption.

Consider light emitted from the hot centre region
of a source (e.g. a flame) at an intensity of I . The
intensity is a function of both the analyte concentra-
tion and the wavelength, with maximum intensity
emitted at the line centre. Since the intensity is pro-
portional to the concentration c of the analyte ele-
ment in the sample, 

where k  is a constant that is wavelength dependent.
The resonance emission also passes through the cool-
er outer regions of the source that also contain ana-
lyte atoms. However, they are emitting a negligible
amount of light because of the cooler temperatures
and the very strong temperature dependence of emis-
sion (Eqn [1]). Thus, these cooler atoms can absorb
the resonance radiation without contributing signifi-
cantly to the emission intensity. The absorption of
this resonance radiation exhibits a Beer’s law type of
behaviour, where the intensity passing through this
layer is related to the concentration c and the inci-
dent intensity I .

where k  is indicative of the strength of the absorp-
tion at any given λ. A graphical representation of the
wavelength dependence of k′ and k″ is shown in
Figure 2. (Note: The scale for k″ has been reversed
for clearer presentation.) Since I  is dependent on c
(Eqn [8]), the intensity emitted from the source after
passing through this absorbing layer can be de-
scribed as 

From this expression two things become apparent:
(a) the intensity detected (Ic) is not linearly depend-
ent on c unless 0 ≤ k << 1 (i.e. there is a low proba-
bility of absorbing a photon) or c is very small; and
(b) as c increases, the deviation from the ideal

Figure 1 Intensity profiles with increasing analyte concentra-
tion (bottom to top) for an emission line subject to self-absorption.

Figure 2 Wavelength dependences of k ′ and k ″. Note that the
vertical axis for k  has been inverted to aid presentation.
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calibration curve slope of k′ increases. This behav-
iour generates nonlinear calibration curves with
greatest curvature at higher concentrations. Other
instrumental factors (such as stray light in the spec-
trometer) can also affect the shape of the calibration
curve but will not be dealt with here.

Atomic fluorescence

Excited-state population

Fluorescence, like emission, relies on radiative relax-
ation of an atom or ion from an excited electronic
state to a lower-lying state. Unlike emission spectros-
copy, population of the excited state occurs via
absorption of a photon. Two of the possible fluores-
cence schemes are shown in Figure 3. If the excita-
tion beam that is absorbed is the same as the
detected fluorescent wavelength, it is termed reso-
nance fluorescence. Nonresonance fluorescence de-
notes the case where the excitation and fluorescence
wavelengths are different. The latter excitation/de-
tection approach offers the advantage of minimizing
scattered radiation from the excitation beam from
reaching the detector. Additionally, by using a non-
resonance line for analysis, self-absorption by the
source of the fluorescent signal is minimized. (See
also the discussion below on calibration curves.)

If the relaxation is a spontaneous emission process
occurring after photon absorption has populated the
excited state, then it follows that the intensity of the
detected radiation will increase for transitions with
larger Einstein A coefficients, as in emission spec-
troscopy. However, population of the excited state is
not governed by thermal or collisional processes, but
instead by absorption of a photon of the proper fre-
quency. Thus, it is logical that improved absorption
should also yield improved sensitivity.

Absorption is a stimulated event, that is the
number of atoms that are promoted to a higher
energy level is dependent not only on the total
number of atoms in the low-lying originating state
that are capable of absorbing a photon, but also on
the photon flux. For example, if one were to double
the incident excitation beam intensity, one would ex-
pect twice as many atoms to absorb photons. (Note:
This implies that the fraction of the total photons ab-
sorbed by the analyte is constant, which is consistent
with the precepts of absorption where the ratio of I0/
I is independent of I0.) This dependence on the inci-
dent photon flux makes the absorption a stimulated
process and the probability of absorbing a photon is
governed by the magnitude of the Einstein B coeffi-
cient for stimulated absorption. This B coefficient is
proportional to the Einstein A coefficient and to f,

the oscillator strength. Hence there is justification
for the axiom that ‘a strong emitter is a strong
absorber’ often cited in atomic spectroscopy.

Since sensitivity is dependent on the excitation
source intensity, it would seem that one should be
able to increase the source intensity and thereby im-
prove the sensitivity of the fluorescence technique for
analysis. This is valid with low radiative fluxes.
However, there is one more interaction between ra-
diation and matter that must be introduced into this
discussion to explain the limitation of this assump-
tion: stimulated emission.

Stimulated emission is the process that occurs
when an atom or ion (or molecule, for that matter) is
in an excited state and a photon interacts with this
atom to stimulate the relaxation to a lower energy
state (where ∆ E = hν). The stimulated photon is
emitted at the same wavelength as the incident
photon, travels in the same direction as the incident

Figure 3 Two fluorescence schemes. (A) Resonance fluores-
cence: excitation and detection at the same wavelength. (B) Non-
resonance fluorescence: excitation and detection at different
wavelengths, λdet > λexc.
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photon and is in phase with the incident photon. As
a result of this process, the excited state has been di-
minished by this interaction with light. Since this is a
stimulated process (like absorption), the number of
particles that will participate in this interaction will
depend on the incident flux and the number of atoms
or ions located in the proper excited state. In short,
as the excitation source intensity continues to in-
crease, the population of the excited state increases
from stimulated absorption, and the number of stim-
ulated emission events also increases as the excited
state population increases. Eventually a point is
reached where the rate of the stimulated absorption
process equals the rate of the stimulated emission
and no net increase (or decrease) in population of the
excited state occurs. The system is said to be ‘satu-
rated’. Additional increases in the incident radiation
source intensity will have little impact on either the
fraction of atoms or ions in the excited state or the
spontaneous emission, i.e. fluorescence signal. As a
result, small fluctuations in the source light intensity
will not alter the detected signal for a given concen-
tration of atoms in the atomization cell. Usually,
source intensities comparable to that produced by la-
sers are needed to reach saturation.

Since the excitation process is dependent not only
on the photon flux of the source but also on the
number of atoms or ions in a state capable of absorb-
ing the photon, most absorption/excitation steps in-
volve transitions that originate in the ground
electronic state where a majority of the analyte atoms
or ions reside. Two-colour (or multiphoton) experi-
ments can also be conducted in which multiple-step
excitation is the objective. Similarly to nonresonance
fluorescence discussed previously, multiphoton exci-
tation also makes the fluorescent transition energy
distinctively different from the excitation energy, and
minimizes self-absorption if the terminating levels of
the fluorescent wavelength is not the ground state.
(See calibration curve discussion below.) Multicolour
experiments are almost always restricted to high-
intensity sources such as lasers.

Once a photon is absorbed, there is a finite possi-
bility that it will relax radiatively. The fraction of the
atoms or ions that fluoresce after they absorb radia-
tion is referred to as the quantum yield, Φ.

Line widths

Parameters discussed previously for line broadening
in emission spectrometry are also applicable for fluo-
rescence spectrometry, especially since many of the
same atom producers (flames, inductively coupled
plasmas, etc.) are used for both techniques. In fluo-
rescence, the width of the absorption profile can be

as critical as that of the fluorescent line profile. This
is particularly true when narrow-band excitation
sources (e.g. lasers or low-pressure discharge lamps)
are employed. At the atomic cloud becomes less
transparent, the intensity of the excitation beam that
reaches the ‘analytical volume’ in the source centre
also decreases, since it is being attenuated by passing
though absorbing atoms in the outer regions of the
atomization source. The intensity distribution of this
exciting beam is, of course, moderated by k .
Narrow absorption line profiles and narrow excita-
tion line widths (e.g. from laser and low-pressure
discharge lamps) accentuate the impact that this
absorption will have on the fluorescent intensity.

Calibration curves

As in emission spectrometry, the intensity of the de-
tected radiation should be proportional to concen-
tration in the original sample, and this is generally
true at low concentrations. As with emission, curva-
ture at low concentrations can occur as a result of
ionization interferences in some sources for the more
easily ionized elements.

Also similarly to emission spectrometry, self-
absorption (and self-reversal) of the fluorescent spec-
tral lines can take place within the sample ‘cell’ if a
resonance line is the line being monitored and
detected and the atom density is sufficiently large.
This alone can lead to a flattening of the calibration
curve at elevated concentrations similar to that
observed with emission spectroscopy. In addition, if
the excitation beam is also a narrow line source used
at a resonance wavelength of the analyte, the excita-
tion beam intensity can be attenuated. This leads to
lower populations of the excited state and decreased
fluorescence signals when the beam attenuation
becomes significant. In fact, with a line source (in
contrast to use of a continuum excitation source) at
elevated analyte concentrations, the calibration
curve can actually roll over, i.e. exhibit a negative
slope at higher concentrations.

List of symbols

Aij = Einstein A coefficient for spontaneous emission
from jth to ith state; c = analyte concentration;
Ej = excitation energy of the jth state; f = oscillator
strength; gj = statistical weight of the jth state;
h = Planck constant; I = intensity of emitted/ab-
sorbed radiation; kB = Boltzmann constant; k = pro-
portionality constant (I = k c); k = constant
expressing strength of absorption at λ;
Ki = equilibrium constant in Saha equation;
nX = number density of species X; T = temperature;
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Z(T) = partition function; ∆E = uncertainty in energy
of a state; ∆νN = natural line width; λ = wavelength;
ν = line/transition frequency; τr = lifetime of excited
state; Φ = quantum yield.

See also: Atomic Absorption, Theory; Atomic
Absorption, Methods and Instrumentation; Atomic
Emission, Methods and Instrumentation; Atomic Flu-
orescence, Methods and Instrumentation; UV-Visible
Absorption and Fluorescence Spectrometers.
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This article gives an overview of the current applica-
tions of the technique of fluorescence microscopy.
The four sections describe, respectively, (1) the basic
principles of fluorescence microscopy, (2) the types
of information which can be obtained by fluores-
cence microscopy, (3) the technical ways in which
fluorescence microscopy can be adapted to study
various chemical species and (4) some examples of
the range of biological, mineralogical and artificial
specimens that can be studied.

Principles of fluorescence 
microscopy

Fluorescence microscopy is a technique whereby flu-
orescent substances are examined in a microscope. It
has a number of advantages over other forms of mi-
croscopy, offering high sensitivity and specificity.

In fluorescence microscopy, the specimen is illumi-
nated (excited) with light of a relatively short wave-
length, usually blue or ultraviolet (UV). The
specimen is examined through a barrier filter that ab-
sorbs the short-wavelength light used for illumina-
tion and transmits the fluorescence, which is
therefore seen as bright against a dark background

(Figure 1). Because fluorescence is observed as lumi-
nosity on a dark background, fluorescent constitu-
ents of the specimen can be seen even in extremely
small amounts. There are several different modes of
fluorescence microscopy, of which the most impor-
tant is confocal fluorescence microscopy.

In most modern fluorescence microscopes, epi-illu-
mination is employed. This means that the light used
for excitation is reflected onto the specimen through
the objective, which acts as a condenser. Opaque or
very thick objects can be examined using epi-illumi-
nation, even the skin of living people.

The position of fluorescence microscopy in relation
to other techniques is summarized in Table 1. Con-
ventional, transmitted-light, absorption microscopy
is appropriate for coloured objects of resolvable size,
and instrumentally is the simplest form of microsco-
py. Colourless, transparent objects can be studied
only by retardation techniques (polarization, phase-
contrast, interference); these techniques depend upon
conversion of phase retardation into changes in in-
tensity that can be seen by the eye. An exception is
darkground illumination, which may reveal colour-
less transparent objects by reflection or refraction at
interfaces of differing refractive indices. Darkground
microscopy is otherwise suitable mainly for

ELECTRONIC SPECTROSCOPY
Applications
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particulate matter, and (like fluorescence microsco-
py) can reveal the positions of particles too small to
be resolved. Fluorescence microscopy is closely allied
to transmission (absorption) microscopy in its range
of application, but possesses particular advantages:
great sensitivity for detection and quantification of
small amounts of fluorescent substances or small
particles, and the possibility of application to opaque

objects. Since fluorescence involves two wavelength
bands (excitation and emission), optical specificity
can be substantially increased by careful selection of
filter combinations to favour the excitation and emis-
sion of some particular fluorophore, and modern
developments also permit time-resolution of the fluo-
rescence lifetime.

Fluorescence microscopy, because of its complexi-
ty, gives more difficulty than usual in interpretation
of the image. Factors which may affect the appear-
ance of the image in a fluorescence microscope are re-
lated to the specimen, to the microscope optical
system (particularly the filter combination) and to the
observer's own optical and neurological characteris-
tics. In particular, the use of a narrow-band barrier
filter can be misleading, since it makes everything ap-
pear its specific colour, whereas a wide-band or
long(wavelength)-pass filter allows differentiation of
different colours. Even photography, apparently ob-
jective, may be misleading if not interpreted correctly.

The current definitive texts on fluorescence micro-
scopy are those of Rost (see Further reading). There
also exists several introductory works, such as that
of Abramowicz, and a vast specialized literature. The
major texts on confocal fluorescence microscopy are
those of Pawley and of Wilson.

Types of information to be obtained

Because many substances are fluorescent, or can be
made so, fluorescence microscopy is widely applica-
ble. It has a number of advantages over other forms
of microscopy, offering high sensitivity and specifici-
ty. Because fluorescence is observed as luminosity on
a dark background, specific constituents of the speci-
men can be seen even in minute amounts. Therefore,
fluorescence microscopy is used mainly to detect and
localize very small amounts of substances in speci-
mens. The chemical substance being studied is either
fluorescent of itself, made so by a chemical process
or attached to a fluorescent label.

Figure 1 Fluorescence photomicrographs of a section of a
plant stem, cut longitudinally (main picture) and transversely (in-
set, at higher magnification). The tissue was stained with a fluoro-
chrome, Aniline blue, to show the sugar-conducting tissue
(phloem). Aniline blue stains specialized regions of the cell walls.
Intense fluorescence is most obvious on the transverse (end)
walls of elongated cells. The end walls have pores so that there
is continuity from cell to cell, forming a continuous tube in which
sugars may be moved down the plant from the leaves. A face
view of one of the end walls is shown in the inset. There is a ring
of fluorescence around each pore. There is also fluorescent stain-
ing, to a much lesser degree, on the longitudinal walls. This sur-
rounds pores that allow sugar transport between adjacent tubes.
Aniline blue stains 1→3β–glucans. Here it is staining callose, a
glucan which is deposited to occlude the pores should the tubes
become damaged, as when tissue is cut. This presumably blocks
the cut part of the tubes, minimizing loss of sugars from the cut
ends of the tubes, and may well also minimize entry of micro-
organisms that would be attracted by leaking sugars. The tubes
shown in the main picture are 70 µm in diameter. Field size of
main picture approximately 500 × 1000 µm (0·5 × 1 mm), of inset
approximately 100 × 100 µm. Pictures courtesy of Professor AE
Ashford, University of New South Wales.

Table 1 Applicability of fluorescence microscopy, compared with other techniques

Absorption microscopy is the conventional transmitted-light type. Retardation microscopy includes Nomarski interference-contrast
(DIC), phase-contrast and polarization. Reflection microscopy includes darkground.

Specimen Fluorescence

Type of microscopy

Absorption (transmission) Retardation (DIC, Pol, etc.) Reflection (incl. darkground)

Coloured Suitable Suitable Unsuitable Suitable

Transparent Impossible Impossible Suitable Impossible

Opaque Suitable Impossible Suitable Suitable

Dynamic Suitable Impossible Impossible Impossible

Particles below limit of
resolution

Suitable Impossible Unsuitable Suitable
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Fluorescence microscopy offers three significant
capabilities. First, its high sensitivity allows very low
concentrations of specific substances to be localized.
Secondly, specific substances can be localized in
structures smaller than the resolution of the micro-
scope. Thirdly, fluorescence is particularly suitable
for confocal microscopy, which offers optical sec-
tioning, giving very clear imaging and the possibility
of building up 3D reconstructions.

As in other forms of microscopy, there are three
basic kinds of fluorescence microscopy: qualitative,
quantitative and analytical. Qualitative fluorescence
microscopy is concerned with morphology, or with
whether something (e.g. an immunological reaction)
is present. Quantitative fluorescence microscopy is
concerned with finding out how much of a specific
substance is present in a specified region of the speci-
men. Analytical fluorescence microscopy is the char-
acterization of a fluorophore by measurement of
excitation and emission spectra or other characteris-
tics such as polarization or decay time. Kinetic studies
essentially involve studying the fluorescence parame-
ters described above over a period of time; examples
include the study of fading rates, enzyme kinetics,
time-resolved fluorescence and phosphorescence.

Photomicrography

Images may be captured by photographic or digital
means. Photography is best achieved by fast colour-
positive (transparency) film in a small (35 mm) for-
mat. Film is certain to be largely replaced by solid-
state electronic devices (CCDs) in the near future be-
cause these have a higher quantum efficiency,
enabling the recording of fluorescence which is weak-
er and/or the use of a shorter exposure time. Confo-
cal microscopy produces a digital image directly.

Video intensification microscopy (analogue and 
digitized)

Attachment of a video camera to a fluorescence
microscope facilitates viewing of the image, which is
normally rather dim. A video camera, particularly
one using a CCD, can readily be interfaced to a com-
puter for image analysis. For details of video micros-
copy, see the book by Inoué and Spring and for an
introduction to technique see the book by Herman,
both listed under Further reading.

Confocal fluorescence microscopy and 3D imaging

If both the illumination and detection systems are
simultaneously focused onto a spot which is scanned
over the specimen, this is called confocal fluorescence
microscopy, and has several advantages. Most

importantly, the confocal microscope has sharp
depth discrimination, and therefore produces optical
sections in the plane of focus. This is because the
detector does not accept all the light from out-of-
focus planes and so these are imaged less strongly
than the in-focus plane. Background fluorescence is
thereby sharply reduced. Three-dimensional data can
be obtained by computer reconstruction of a series of
optical sections. Confocal fluorescence microscopy
offers greatly increased discrimination against back-
ground and some increase in resolution, and gives the
possibility of optical sectioning and three-dimension-
al reconstruction. For detailed information, see the
books by Gu, Matsumoto, Pawley, and Wilson listed
under Further reading.

Other modes

Several other modes of fluorescence microscopy have
been developed, including automated fluorescence
image cytometry (AFIC), fluorescence resonance
energy transfer microscopy (FRETM), two-photon
fluorescence microscopy, total internal reflection
fluorescence microscopy, and standing-wave fluores-
cence microscopy.

Combination with other techniques

Because the image seen in the microscope may consist
of only a few small fluorescent areas in an otherwise
black field, fluorescence microscopy is sometimes
supplemented with other forms of microscopy to en-
able the specimen as a whole to be visualized and to
show the position of fluorescent areas in relation to
the rest of the specimen. Fluorescence microscopy is
easily combined simultaneously or alternately with
other methods for increasing object contrast, such as
darkground illumination, interference-contrast (DIC)
or phase-contrast microscopy. Combined electron
microscopy and fluorescence microscopy of the same
stain is possible with a small number of stains which
contain heavy atoms.

Quantification by microfluorometry

For quantification, microfluorometry has four
advantages as compared with microdensitometric
methods: distributional error does not occur, so that
scanning or two-wavelength techniques are not
required; optical specificity can be obtained by selec-
tion of appropriate wavelengths both for excitation
and for measurement of emission; great sensitivity
can be obtained; and thick or opaque objects can be
examined. Disadvantages of microfluorometry
include the necessity for artificial standards, and
(usually) relatively rapid fading of the specimen. It is
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important to ensure that the background fluorescence
is kept to a minimum and that an adequate standard
is available.

Microspectrofluorometry

Excitation and/or emission spectra are measured
from a specified area of the specimen using a micro-
spectrofluorometer. Such instruments usually have to
be assembled by addition of an appropriate light
source and monochromators to a microfluorometer.
This can be applied either for the identification of
unknown fluorophores or to the investigation of the
conditions of fluorescence of known fluorophores.
The main application to date has been the identifica-
tion of neurotransmitter amines in situ using formal-
dehyde-induced fluorescence.

Kinetic studies: time-related and 
video fluorescence microscopy

Kinetic studies essentially involve studying the
fluorescence parameters described above over a peri-
od of time; examples include the study of fading rates,
enzyme kinetics, time-resolved fluorescence and
phosphorescence.

Scanning of the image with a television camera,
with the televised image shown on a video monitor,
enables an otherwise dim image to be seen more con-
veniently. Time-lapse video recording can be used to
study movements of fluorescent probes in living
cells.

The specimen often photobleaches (fades) under
irradiation. Photobleaching is put to good use in
modern studies of molecular kinetics using video
recording and subsequent measurements of fluores-
cence recovery after photobleaching (FRAP), which
gives information about rates of diffusion of
fluorescent species back into a bleached area.

Fluorescence lifetime imaging microscopy (FLIM)

In this technique, the instrumentation provides time
resolution of the fluorescence process, enabling spa-
tial resolution of changes in fluorescence lifetime
caused by environmental changes. This is useful for
monitoring intracellular processes which cannot be
studied by other means.

Types of fluorescence

Autofluorescence

Autofluorescence (primary fluorescence) is the fluo-
rescence of naturally occurring substances, such as

chlorophyll, collagen and fluorite. Most plant and
animal tissues show some autofluorescence when
excited with ultraviolet light (e.g. light of wavelength
around 365 nm). Sometimes this autofluorescence is
a nuisance as it may conceal or be confused with a
specific fluorescence. The term autofluorescence is
sometimes extended to cover the fluorescence of
drugs and other exogenous substances which may be
present in tissues, e.g. tetracycline antibiotics which
accumulate in growing bone. In biology, autofluores-
cence is often regarded as a nuisance, masking the
specific fluorescence of introduced substances, but it
usually provides a guide to the morphology of the tis-
sue, and is also worthy of study in its own right. In
geology, fluorescence microscopy is widely used to
study coal. In minerals, autofluorescence is most com-
monly due to the presence of trace amounts of activa-
tor substances, generally regarded as ‘impurities’.

Induced fluorescence

This is observed following a chemical reaction to
convert some non-fluorescent substance, already
present in tissue, into a fluorescent substance. The
most important example is the demonstration of neu-
rotransmitter amines such as noradrenaline, which
can be converted into fluorescent substances by treat-
ment with formaldehyde or glutaraldehyde.

Fluorochromy

This is the process in which specimens are stained
with fluorescent dyes, as compared with diachromy
in which tissues are stained with coloured dyes. An
example is shown in Figure 1, in which structures in
a botanical specimen are stained with a fluorescent
dye, Aniline blue. Many dyes which are used as
coloured stains are also fluorescent, and can be used
as either diachromes or fluorochromes. Hence, many
conventionally stained preparations can be examined
with either a conventional microscope or a fluores-
cence microscope. However, the use of fluorescence
microscopy extends the range of dyes which can be
used, because of the additional possibility of using
dyes which are colourless or nearly so but fluoresce in
the visible region after excitation with ultraviolet
light. Fluorescence also gives increased sensitivity.
Staining can also be carried out after chemical treat-
ment, as in the Schiff reaction for carbohydrates and
in the Feulgen reaction for nucleic acids. Some stain-
ing procedures commonly applied to biological mate-
rial are listed in Table 2. For data and references on
fluorochromes and fluorescent probes, see the Molec-
ular Probes catalogue and the books by Kasten,
Mason and Rost.
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Immunofluorescence This is a special form of
fluorochromy, in which the site of an antigen– anti-
body reaction is revealed by labelling one of the
components of the reaction (the antigen, the anti-
body or complement) with a fluorescent dye. Such
reactions allow specific proteins to be localized rap-
idly, reasonably accurately and with great sensitivity.

Similar techniques are used for the demonstration
of other cytochemical affinity reactions, such as in
nucleic acid hybridization and in the binding of
lectins, hormones and other substances. I refer to
these techniques as indirect fluorochromy, since the
fluorochrome is bound indirectly (through at least
one intermediate molecule) to the substrate (the sub-
stance intended to be stained). Immunofluorescence,
nucleic acid hybridization and similar affinity reac-
tions have made an enormous contribution to cell
biology.

Double- and triple-staining techniques enable visu-
alization of two or more affinity reactions in the same
preparation, using differently coloured fluoro-
chromes for each reaction. Special filter combinations
are available to facilitate simultaneous visualization
of the different colours, and wedge-free filters allow
sequential photography of images in each colour
without image shift.

Enzymatically induced fluorescence

In general, enzyme activity is demonstrated by fluo-
rescence microscopy as follows. A substrate is offered
to the enzyme, which is allowed to act on the sub-
strate to obtain a reaction product which is localized
at the site of enzyme activity and is either fluorescent
or easily rendered so. The technique is usually used
for qualitative purposes only, to demonstrate the
location of enzyme activity, but quantification of
enzymatic activity and estimation of Michaelis–
Menten constants (Km) are possible. It is usually

easier to demonstrate the presence of the enzyme pro-
tein using immunofluorescence, but of course this
does not guarantee that the enzyme system is active.

Applications

Fluorescence microscopy is widely used in biology
and medicine, as well as in other fields. The litera-
ture is vast, and only a very brief outline of actual or
potential applications can be presented here.

Fluorescence techniques can be applied to all kinds
of material. Because fluorescence microscopy
requires more complex and expensive instrumenta-
tion than conventional transmitted-light microscopy,
fluorescence microscopy is usually reserved for those
applications in which its high sensitivity is of impor-
tance: i.e., to examine substances present in low
concentrations. Fluorescence microscopy can also be
applied to detect particles below the resolution of a
light microscope, and in histochemistry to visualize
substances which cannot be seen by conventional mi-
croscopy –  e.g. neurotransmitter amines. Biological
material is commonly stained in some manner with a
fluorescent stain.

Biological applications

Probably the most important applications of fluores-
cence microscopy are to the study of living cells and
tissues, to protein tracing by the Coons fluorescent
antibody technique and to the study of nucleic acids
by in situ hybridization.

Fluorescence microscopy has long been used in the
study of living tissues (Table 3). This is possible be-
cause fluorescence microscopy reveals the position of
very tiny amounts of fluorescent substances, which

Table 2 Some examples of fluorochromes (fluorescent stains)

Field Application Stain

Bacteriology Acid-fast bacteria Auramine O

Botany Plant cell walls Calcofluor White

Cell biology Chromosome 
banding

Quinacrine, Quinacrine 
mustard

Cell biology Labels for affinity 
reactions

FITC, Texas Red 
isothiocyanate 

Cell biology Membrane lipids ANS, SITS

Cell biology Nucleic acids Acridine Orange, 
bisbenzimide

Neurology Nerve cell tracing DiI

Pathology Amyloid Thioflavine T

Table 3 Some examples of fluorescent probes used in living
tissues

Application Probes

Bone growth Tetracycline, chlortetracycline

Calcium ions Fura-2, Indo-1, Calcium Green

Magnesium ions Mag-Fura-2

Membrane lipids ANS, SITS, Nile Red

Mitochondria Rhodamine 123, DASPI, DASPMI

Neoplasia Haematoporphryin derivative

Neuronal tracing Fast Blue, Lucifer Yellow

Nuclei Acridine Orange, bisbenzimide, 
ethidium bromide

pH Indication BCECF, carboxyfluorescein, 
dicarbocyanines

Streaming (plant cells) Ethidium bromide

Viability 6-Carboxyfluorescein diacetate
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can be introduced into living tissues or cells. Infor-
mation about the environment of fluorescent probes
in the tissues can be obtained by measuring changes
in fluorescence spectrum or other characteristics.
This technique is now widely applied to the intravi-
tal study of the concentration of various inorganic
ions. The measurement of pH and of calcium ion
concentration are particularly important. 

The viability of cells is testable by using fluorescent
esters, such as 6-carboxyfluorescein diacetate, which
are non-fluorescent and which (being non-polar) can
pass through the cell membrane. Inside the cell, the
ester is hydrolysed to release the free fluorescent
anion (6-carboxyfluorescein), which, if the mem-
brane is intact, accumulates inside the cell. Fluores-
cence is also widely used to demonstrate the
ramifications of nerve cells, by injection or takeup of
fluorochromes into or by living cells.

Mineralogical applications

Fluorescence microscopy is widely and routinely
used for the study of coal.

Technological applications

Fluorescence microscopy is ideal for studies of
porosity in ceramics, using a fluorescent dye. It is
also applicable to studies of semiconductors.

List of symbols

Km = Michaelis– Menten constant.

See also: NMR Microscopy; Rotational Spectros-
copy, Theory; Scanning Probe Microscopy, Applica-
tions; Scanning Probe Microscopy, Theory.
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Fluorescence Polarization and Anisotropy
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Fluorescence polarization techniques have proved to
be a very useful method of investigating the environ-
ment and motion of fluorescent molecules and fluor-
ophores within larger macromolecules.

When molecules are illuminated by plane-polar-
ized light, those with their transition electric dipole
moment parallel with the plane of polarization will
preferentially absorb the light (‘photoselection’).
Subsequent emission of light from this excited elec-
tronic state, as the molecule returns to the original
electronic ground state, will be similarly polarized
parallel to the transition moment of each molecule. If
the molecules are unable to rotate during the lifetime
of the excited state, then the plane of polarization of
the emitted light will be consistent and directly relat-
ed to that of the exciting light (their electric vectors
will be parallel). However, if the molecules are able
to rotate within this time period, then the degree of
polarization will be diminished. A similar description
can be envisaged for fluorophoric groups within
larger molecules; in this case the rotational relaxa-
tion involves the tumbling of the complete molecule
together with the localized motion of the fluoro-
phore with respect to the molecular environment.

Although rotational relaxation is the main mech-
anism for loss of polarization, other phenomena can
also contribute to depolarization, not least radiation-
less transfer among fluorophores. Furthermore, if
the emission occurs between a different pair of elec-
tronic states from that of the original absorption,
with differently oriented transition moments with re-
spect to the molecular axes, then a change in polar-
ization may be observed.

Steady-state anisotropy

In a typical fluorescence spectrometer, the excitation
beam illuminating the sample and the optical path
employed to detect the emission are orthogonal to
each other and define a ‘horizontal’ plane. By em-
ploying linear polarizers before and after the sample,
the plane of polarization of the excitation beam can
be controlled and the polarization components of the
emitted light determined. Specifically, by orientating

the polarizers as either parallel or perpendicular to
the horizontal plane, the plane of polarization of the
excitation or detected emission can be described as
either parallel to the plane (H, for horizontal) or per-
pendicular to it (V, for vertical). Four emission spec-
tra can then be acquired:

VV = intensity of vertical emission from vertical
excitation

HV = intensity of horizontal emission from ver-
tical excitation

VH = intensity of vertical emission from hori-
zontal excitation

HH = intensity of horizontal emission from hori-
zontal excitation

In these circumstances, for an ideal instrument, the
fluorescence polarization, p(λ) for a sample at a
given wavelength λ is 

and the corresponding fluorescence anisotropy, r(λ),
as

In principle, this would allow the fluorescence polar-
ization or anisotropy to be determined with just two
spectral acquisitions: VV and HV. However, in prac-
tice, it is vital to correct for the differing efficiencies
of the emission monochromator and detector
towards vertically and horizontally polarized light,
which may be substantial. Consequently, for iso-
tropic samples, Equation [1] can be amended to

ELECTRONIC SPECTROSCOPY
Theory
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where

and similarly for the fluorescence anisotropy,

The basis for the correction ratio κ is that, for hori-
zontally polarized excitation of isotropic samples,
the resulting vertically and horizontally polarized
fluorescences detected should be of equal intensity;
any difference may be attributed to the polarization
dependence of the emission monochromator and
detector.

The fluorescence polarization p(λ) and anisotropy
r(λ) both take the value of unity for the limit of com-
plete preservation of polarization during the excited
state lifetime (e.g. if the molecules are immobile).
Likewise, they both take the value of zero if there is a
complete loss of polarization (i.e. a randomization of
orientation). However, their values differ for states
between these extremes. In principle −1 < p < 1 and
−0.5 < r < 1, although the limits are rarely encoun-
tered; negative values may be indicative of processes
beyond depolarization through rotational relaxa-
tion, such as transitions to other excited states.

If the only significant process for depolarization is
rotational relaxation, then the fluorescence aniso-
tropy, for a single molecule or fluorophore, may be
given by a form of the Perrin equation:

where τ is the fluorescence lifetime, φ is the rotational
correlation or relaxation time for the fluorophore’s
tumbling and r0 is the intrinsic anisotropy in the ab-
sence of rotational relaxation. Small molecules (less
than 1000 Da molecular mass) with fluorescence life-
times of the order of τ = 10 ns are able to tumble
with relative ease in low-viscosity solvents (e.g. wa-
ter), typically φ= 0.1 ns and thus τ >> φ and there is
almost complete depolarization during the fluores-
cence lifetime (r → 0). In contrast, a fixed fluoro-
phore in a large protein may have the same
fluorescence lifetime, but a rotational relaxation time
of φ= 10 ns, so that τ ∼ φ  and there is significant
preservation of the polarization.

As a convenient rule of thumb, the rotational
relaxation time (in nanoseconds) for a spherical mol-
ecule of mass M (g mol−1) in a medium of viscosity η
(g cm−1 s−1) is

with, for example, η = 0.01 g cm−1 s−1 for water.
In the case of a small fluorescent molecule binding

to a large macromolecule, the bound form should be
distinguishable from the unbound form by having a
substantially greater fluorescence anisotropy. Like-
wise, fluorophores rigidly held within a macromole-
cule would show significantly greater anisotropies
than those exposed to the solvent and possessing
some degree of motional freedom. Thus, one can em-
ploy fluorescence anisotropy to locate groups within
a structure. This can prove particularly powerful if
an environmental change (including perhaps the
binding of a compound) induces a change in rigidity
about observable fluorophores. Finally, if the varia-
tion of fluorescence anisotropy is plotted against
wavelength, spectroscopic bands originating from
distinct transitions or fluorophores may be distin-
guished by their differing anisotropies.

Fluorescence lifetime anisotropy

By the use of fluorescence lifetime instrumentation,
one can further determine the evolution of the fluo-
rescence anisotropy with time during and beyond the
lifetime of the excited state. In the simplest case of a
fluorophore in solution, with a single fluorescence
lifetime and depolarization through rotational relax-
ation alone, the fluorescence anisotropy will decay
according to 

whereas the total emission intensity, IT(t) will decay
as

Thus the rotational relaxation and fluorescence life-
time may be directly distinguished. 

In more complex cases, perhaps involving binding
kinetics or multiple environments, it is possible to
deduce characteristic half-lives for the various proc-
esses. For example, one may identify subpopulations
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of molecules that are bound in different modes and
even characterize the residual motion of a molecule
while it is bound to a site that is itself tumbling. None-
theless, these complex applications all require a
sufficiently robust hypothesis regarding the phenom-
ena being modelled if the interpretations are to be
valid.

List of symbols

HH = intensity of horizontal emission from horizon-
tal excitation; HV = intensity of horizontal emission
from vertical excitation; IT = total emission intensity;
M = molar mass; p(λ) = fluorescence polarization at
wavelength λ; r, r(λ) = fluorescence anisotropy (at
wavelength λ); r0 = intrinsic anisotropy; t = time;
VH = intensity of vertical emission from horizontal
excitation; VV = intensity of vertical emission from

vertical excitation; η = viscosity; κ(λ) = VH/HH; τ =
fluorescence lifetime; φ = rotational correlation time.

See also: Chiroptical Spectroscopy, Oriented Mole-
cules and Anisotropic Systems; NMR in Anisotropic
Systems, Theory.
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Introduction

Fluorescent methods have been extensively developed
for analytical purposes. Due to their specificity and
sensitivity, fluorescent molecular probes (FMP) are
presently largely used for the labelling of living cells.
Numerous applications in biomedical research, inclu-
ding pharmacology and toxicology, are in progress.
Initially, only flow cytometry was capable of quanti-
fying fluorescent signals in cell biology and obtaining
information such as cell type characterization, anti-
gen expression, cell receptor localization, etc. More
recently the most important advances have resulted
from the combination of probe development for
exploring specific cellular functions in situ and the use
of performing instrumentation. Spectrofluorimetry
associates the high sensitivity of fluorescence with the

reproducibility of microplate reading. Moreover, new
probes are expected in the near future and attempts
are being made to develop automatic procedures for
monitoring analysis and producing a variety of tests
used in cell biology, microbiology, toxicology and
oncology. Several reviews and monographs on molec-
ular fluorescent probes are available in the bibliogra-
phy and are listed in the Further reading section.

Micromethods are one of the most recent applica-
tions of fluorescence and efforts are devoted to the ad-
aptation of apparatus capable of direct measurement
on cell culture microplates that can be automatically
scanned. In basic research, as well as in pharmaceuti-
cal drug development, this advanced technology rep-
resents a significant gain in productivity and cost
control. This article deals first with probe labelling
strategy, choice of suitable devices for microplate

ELECTRONIC 
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reading and data analysis. Secondly, selected applica-
tions are discussed.

Fluorescent molecular probes and 
practical considerations
Fluorescence theory and applications have been doc-
umented by Guilbault. According to this author, a
fluorescent probe could be defined as ‘a chromo-
phore that undergoes changes in absorption charac-
teristics as a function of environmental disturbance’.
The molecule absorbs energy, rises to an excited
state, and then returns to its normal state, concomi-
tantly emitting energy as photons. This light emis-
sion is named fluorescence. The optimum difference
between excitation and emission wavelengths (the
Stokes shift) lies between 20 and 50 nm.

Several cellular functions are revealed by probes
which react stoichiometrically and thus lead to a
quantitative relationship between probe and target.
In fact, fluorescent probes are versatile tools that can
be used to reveal specific cell properties, such as in-
formation about cell structure, function, viability,
proliferation or differentiation. Probes include fluo-
rescent dyes, antibodies coupled with fluorochromes
or fluorogenic substrates, and oligonucleotides. New
fluorescent probes are being constantly developed,
and additional fluorescent indicators can be found in
catalogues or Web pages of a few specialized compa-
nies; among them are Molecular Probes and Fluka
Biochemicals. A probe is generally selected because
of its specific spectroscopic properties: fluorescence
lifetime, fluorescence intensity, or functional charac-
teristics: cellular incorporation, behaviour under pH
variation. To minimize cellular probe disturbance,
i.e. possible chemical interactions between probe and
the tested xenobiotic, low probe concentrations
(micro- to nanomolar) must be used. Moreover, to
avoid photochemically induced reactive oxygen
species production, all experiments have to be car-
ried out with as little light present as possible. It is
also necessary to consider quenching which results in
fluorescence reduction by absorption of emitted light
by a fluorophore or other substances present in the
medium, such as phenol red.

Currently, there are a wide variety of highly
fluorescent extrinsic dyes that may be grouped in
two classes:

• fluorescent exclusion probes, which do not pene-
trate into the cell and so maintain its integrity;

• vital fluorescent probes, which are incorporated
into living cells. The latter are more frequently
used and can be divided into four sub-classes:

• probes related to membrane integrity;
• probes related to membrane potential;
• probes related to DNA content;
• probes related to ion content.

Fluorescent probes and their derivatives
commonly used in microspectrofluorimetry are listed
in Table 1 with their specific spectra in UV, visible
and near IR areas. The structures of some of the
probes mentioned later are given in Figure 1.

Concerning cells

Adherent or non-adherent cells could be obtained
from either primary cultures or immortalized cell
lines. While better reproducibility is generally ob-
tained with cell lines, with careful monitoring very
good results have also been obtained with primary
cell cultures (see below). Concerning adherent cells,
for better reproducibility, the cell monolayer should
be used only when subconfluent. In such controlled
condition, the cell outline is clearly visible
(Figure 2A). Non-adherent cells in suspension must
be carefully isolated before distribution into each
well (Figure 2B). In both cases, monolayer variability
or cell clusters should be avoided. Moreover, cellular
autofluorescence has to be precisely measured before
experiment, although there is a generally low fluor-
escence background when the labelling procedure is
well adapted. The morphology and integrity of the

Table 1 Fluorescent probes commonly used in microspectro-
fluorimetry

Fluorochrome
Excitation wave-
length (nm)

Emission wave-
length (nm)

Acridine orange / RNA 460 620

Acridine orange / DNA 485 530

DAPI / RNA 360 510

DAPI / DNA 360 460

DIOC (3) / RNA 482 610

Ethidium bromide / DNA 530 620

Ethidium bromide / RNA 370 620

Hoechst 33258 360 460

Hoechst 33342 365 502

Propidium iodide 530 620

Alamar blue 530 590

Rhodamine 123 485 530

BCECF 485 530

Calcein 485 530

Neutral red 540 635

Resorufin 530 585

Methylumbelliferone(4-MU) 360 460
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Figure 1 Structure of some fluorescent probes used in microspectrofluorimetry.
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cells and their distribution on the bottom of the
microplate have to be monitored to see if they are
correctly reproduced from one set to another, paying
particular attention to optimization of the culture
support. The best optical design is represented by
plates with a transparent flat bottom and black edg-
es, but accepting some cross contamination between
wells, and standard culture supports can be used in
most apparatus. An optimal distribution of micro-
plated cells is shown on Figure 3. The cell popula-
tion could vary in terms of staining levels due, in
part, to the state of the type of cells. In any case, the
methodology has to be adapted to each cell type and
controlled by fluorescence microscopy. Besides vali-
dating a new procedure, a comparison could also be
made by using fluorescence-activated cell sorting
(FACS).

Choosing a fluorescent probe

The choice of a probe depends on the function or the
major target to be explored. The first step of the la-
belling procedure is the determination of the concen-
tration– response relationship between the probe and

the fluorescent signal. Toxic effects of probes related
to their concentration are easily controlled, as is
non-release of the probe, when experiments are car-
ried out in dilute samples. Higher concentration
could induce leakage or quenching. The probe stabil-
ity in the storage solvent and the culture medium has
to be controlled. As deleterious effects and structural
damage have been observed in loaded cells exposed
to high light energy, potential phototoxic effects, i.e.
peroxidative damages or necrosis, must be consid-
ered. Moreover, probes may be photolabile, and thus
it is necessary to expose the sample in the wells for a
short time, at the lowest possible light energy. In
these experimental conditions, phototoxic interfer-
ences are minimized. In most apparatus, the micro-
plate is scanned at a defined wavelength for 0.3 s,
which results in limited fading.

General labelling procedure

In all cases, whatever the probe used, concentra-
tion– response and kinetics curves should be estab-
lished. These studies will indicate the optimal
concentration and incubation time for the probe,
depending on the cell type. As an example, calcein-
AM is used at 20 µM for lymphocytes and 5 µM
for keratinocytes, at 37°C, for a 30min incubation
period. Before loading, the cells are washed three
times with PBS and then incubated with the appro-
priate concentration of the probe in PBS-BSA
(0.2%) for 30 min. After elimination of the non-
incorporated probe by centrifugation, labelled cells
are distributed over the plate, in accordance with
the scheme presented in Figure 3. The fluorescence

Figure 2 (A) Endothelial cells (magnification × 200) in a portion
of monolayer labelled with calcein-AM (5 µM for 30 min); (B) HL
60 (magnification × 200) in suspension labelled with calcein-AM
(10 µM for 30 min) adhering onto an endothelial cell monolayer.

Figure 3 Experimental setup with configuration of the 96-well
microtitre plate. BG, background fluorescence; B, blank (solvent
and xenobiotic); C, control (cells loaded with probe without any
treatment); S, samples (cells loaded with probe, treatment ap-
plied in quadruplicate; five concentrations of xenobiototic could
be tested S1 to S5).
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is then rapidly monitored using a cytofluorimeter.
All manipulations concerning the loading of cells
with fluorophores are carried out avoiding expo-
sure to direct light. Generally, probes are aliquoted
in a concentrated stock solution (0.1 to 1 mM), and
diluted before use of the required final concentra-
tion. At low concentrations (below 50 µM), probes
have little deleterious effect on cells. The efficiency
of probe incorporation is temperature-dependent,
with an optimum at 37°C. The excess probe is elim-
inated by gentle centrifugation and the cell pellet is

resuspended in the medium and examined under an
inverted microscope. Finally, the fluorescence is
measured using a microplate reader.

Selecting a microplate reader

The instrumentation for microspectrofluorimetry
consists of two essential units: a source of radiation
and a system for measuring the intensity of the fluo-
rescence emission. The basic components of this
apparatus are shown on Figure 4. The different

Figure 4 (A) Diagram of an epiillumination pathway in a fluorimetric plate reader. (Reproduced by permission of EG & G WALLAC.)
(B) Schematic overview of the main components of the Fluostar. (Reproduced by permission of BMG Labtechnologies, France.)



578 FLUORESCENT MOLECULAR PROBES

appliances available from various companies are
compared in Table 2. As an energy source, the
xenon lamp has a better continuum than that of the
tungsten lamp in the ultraviolet spectrum. For this
reason the xenon lamp is the most widely used
source of radiation in spectrofluorimetry.

For quantitative measurements, excitation and
emission monochromator can be set at the optimum
wavelength for the probe. Difficulties are encoun-
tered with apparatus according to the chosen plate
reading method above or below the plastic support
of the microplate; to counter this, most manufactur-
ers equip their instruments with two types of plate
reader. To diminish interference with other biologi-
cal molecules, longer wavelengths are preferred to
shorter ones.

Environmental factors also have to be considered.
The main inconvenience using fluorimetry comes
from parameters such as (i) temperature: the de-
crease of fluorescence with temperature is estimated
to be 1% per °C, consequently automated tempera-
ture control is of the upmost importance, (ii) light
bleaching: it is necessary to operate out of direct
light, (iii) pH. All appliances should serve as routine
instruments and provide a wide range of excitation
wavelengths. Most of them are provided with many
accessories, such as automatic sample distributor,
temperature regulator, shaking system, etc., as listed
in Table 2.

Collecting data (interpretation)

Each test must be repeated at least three times and
each microplate has it own control with quadruple
wells for each concentration. The intra-assay

variability among quadruple concentrations must be
less than 5%. The mean and standard deviation
should be used in standard tests. Data could be ex-
ported into other programs and dealt with statistical-
ly. Plate-reader software, however, does possess
graphical functions and data analysis capabilities. A
wide range of graphical functions, such as linear re-
gression and statistical tests, are included in most
apparatus.

Microspectrofluorimetry: biological 
applications
In the following section, selected applications of
fluorescence are briefly discussed, and experimental
results given. Our aim will be restricted to the pres-
entation of some specific probes which target differ-
ent mechanisms of cytotoxicity, oxidative stress,
detoxification potential or cellular adhesive capaci-
ties. We demonstrate here that the selection of the
most appropriate method for early detection of the
cytotoxicity of xenobiotics is directly related to the
mechanism of the toxic agent.

Fluorescent probes for studying cell viability

To study cell viability, several probes are proposed,
as indicated in Table 3. Two examples will be given
in this section. They correspond to either membrane
damage (calcein-AM) or disturbance of mitochondri-
al potential (Alamar blue). Cell viability is often esti-
mated by the Neutral red assay which is widely used
in classical spectrometry and, more recently, in fluor-
imetry because of its increased sensitivity. More
often than not, the fluorogenic dye calcein

Table 2 Some manufacturers of fluorescent microtitreplate readers: apparatus and specifications

Manufacturers and 
instruments Fluorescence reading Light source and power

Temperature control / 
plate shaking

Sensitivity (lowest 
detectable fluorescein 

concentration)

BMG
Fluostar II

340–700 nm Xenon 75 W yes / yes 10 fmol/well

EG & G
Instruments

340–850 nm
Xenon flash

Xenon flash yes / yes 10 fmol/well

FISHER 340–750 nm Quartz–halogen
75 W

yes / yes 10 fmol/well

LABSYSTEM
Fluoroskan II

320–670 nm Quartz–halogen
30 W

yes / yes 75 fmol/mL
(4–MU)

TECAN 320–670 nm Xenon 75 W yes / yes 10 fmol/mL

PACKARD
Fluorocount

340–670 nm Quartz–halogen
150 W

yes / yes 5 fmol/well

MILLIPORE
Cytofluor

340–650 nm Tungsten yes / yes 10 fmol/mL

DYNEX
(Fluorolite 1000)

300–880 nm
Cold light fluorimetry

Tungsten/
halogen/xenon

no / yes 10 fmol/mL
(Hoechst 33258)
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acetoxymethylester (calcein-AM) can be used to pro-
vide a rapid and sensitive method for measuring cell
viability as well as cell– cell and cell– substratum ad-
hesion interactions. Calcein-AM is cleaved by intra-
cellular esterases to produce highly fluorescent and
well retained calcein, independently of pH.

The mitochondrial membrane potential can be
monitored using several fluorescent probes. These
probes are often cationic and accumulate in active
mitochondria with a high membrane potential. A re-
view on the use of rhodamine 123 has been published
by Slavik. It is stated that the fluorescence intensity of
rhodamine 123 in mitochondria of living cells could
be quantified by various techniques such as fluores-
cence microscopy or FACS, and can also be used in
microspectrofluorimetry. A new fluorimetric meta-
bolic indicator for detecting mitochondrial activity
(which reflects the viability of target cells) is Alamar
blue. Alamar blue is a redox indicator that gives
fluorescence and visible colour changes in response to
cellular metabolic activity. It acts as an intermediate
electron acceptor in the electron transport system be-
tween the final reduction of O2 and cytochrome oxi-
dase. Alamar blue spectra are shown in Figure 5.

Performing calcein-AM assay in practice To per-
form the assay, the probe is added at the concentration
determined in preliminary experiments to each well

before or after cell treatment with the xenobiotic,
be it sodium dodecyl sulfate (SDS) (Figure 6A)
dinitrophenol (DNP) (Figure 6B) or doxorubicin
(Figure 6C). After incubation for 30 min, all wells are
gently rinsed before scanning the microplate using an
excitation wavelength of 490 nm and an emission
wavelength of 530 nm. The calcein fluorescence in
treated samples is compared to that of control cells
and the relative fluorescence intensity is used to cal-
culate the viability percentage.

Performing Alamar blue assay in practice After
treatment with the studied xenobiotic, cells are care-
fully washed to eliminate proteins which decrease
the rate of dye reduction. Alamar blue solution
(10% final concentration in PBS) is added to each
well and after two hours, supernatants are trans-
ferred to a separate 96-well culture plate and the flu-
orescence is monitored using an excitation
wavelength of 560 nm and an emission wavelength
of 590 nm.

The cytotoxicities of both DNP and SDS are pre-
sented in Figure 6A and B. For each compound, one
can determine the cytotoxic concentration exerting
50% cell damage, i.e. 50% decrease of the fluores-
cent signal of control cells. Depending on the target,
membrane or mitochondrial damage, the best test
for SDS is the calcein-AM assay, whereas the Alamar
blue assay is the most sensitive one for DNP.

Table 3 Biological applications of fluorescent probes in microspectrofluorimetry

Tests Fluorescent probes Targets References

Cell proliferation Hoechst 33258
Propidium iodide

DNA / apoptosis Papadimitriou E and Lelkes P (1993) Journal of Immunological 
Methods 162: 41–45

Cellular viability Calcein-AM Cytoplasmic 
membrane

Braut-Boucher F et al. (1995) Journal of Immunological Methods
178:41–51

Cellular viability Neutral red Lysosomes Noel-Hudson MS et al. (1997) Toxicology in Vitro 11: 645–651

Energetic
metabolism

Alamar blue 
Rhodamine 123

Mitochondrial 
system

Shanan TA et al. (1994) Journal of Immunological Methods 175:
181–187

Lilius H et al. (1996) Toxicology in Vitro 10: 341–348.

Oxidative stress H2DCFDA Reactive oxygen 
species

Le Bel CP et al. (1992) Chemical Research and Toxicology 5: 227
Braut-Boucher F et al. (1998) Veterinary and Human Toxicology
40: 178

Detoxification Resorufin Cytochrome P450 
activity

Rat P et al. (1997) In van Zutphen LFM and Balls M, (eds), Animal
Alternatives, Welfare and Ethics, pp 813–825. Amsterdam: 
Elsevier.

Enzymatic systems CMFDA Glutathione trans-
ferases

Lilius H et al. (1996) Toxicology in Vitro 10: 341–348

Bromobimane Rat P et al. (1995) Cold light fluorimetry: a microtitration technology 
for cell culture to evaluate anethole dithiolethione and other thiols. 
Methods in Enzymology 252: 331–341

Adhesion Calcein-AM Cytosolic 
enzymes

Braut-Boucher F et al. (1995) A non-isotopic, highly sensitive, 
fluorimetric, cell-cell adhesion assay using calcein AM-labeled 
lymphocytes. Journal of Immunological Methods 178: 41–51
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Probes for assessing oxidative stress

Intracellular peroxide levels were assessed using 2′,7′-
dihydrodichlorofluorescein diacetate (H2DCFDA),
an oxidation sensitive fluorescent probe. Once inside
the cell, the probe is deacetylated by intracellular es-
terases forming 2′,7′-dichlorofluorescin (H2DCF),
which is oxidized in the presence of a variety of per-
oxides, to a highly fluorescent compound, namely
2′,7′-dichlorofluorescein (DCF).

Performing H2DCFDA assay in practice Cells are
loaded with 10 µM, H2DCFDA for microplate
fluorescent analysis for 30 min. The fluorescence is
quantified with the microtitreplate reader using an
excitation wavelength of 480 nm and an emission
wavelength of 538 nm, with three separate assays
per treatment. This protocol was validated using
well-known peroxide inducers, such as: H2O2,
cumen hydroperoxide and the t-butylhydroperoxide
(t-BHP). For each compound, a concentration– re-
sponse relationship is observed.

The sensitivity of the assay allows the early detec-
tion of the formation of reactive oxygen species
(ROS) induced by doxorubicin, when applied to a

monolayer of endothelial cells. Cells treated with
20 µg/mL of doxorubicin for three hours revealed a
50% increase in ROS measured by the DCFDA assay
(Figure 6D) which correlates to the cell viability
estimated by the calcein-AM assay (Figure 6C), as
aforementioned.

The study of the cytotoxicity of doxorubicin, a red
coloured molecule for which cytotoxic effects in-
volve at least three mechanisms (necrosis/apoptosis,
mitochondrial activity and oxidative stress) connect-
ed in some way or another, is a prime example to
demonstrate the relevance of fluorimetric methods.

Probes for assessing intracellular sulfhydryl levels

An easy and sensitive method to evaluate the func-
tion of the cellular detoxification mechanisms, which
could possibly be linked to stress conditions, is valu-
able. Glutathione (GSH), a tripeptide (Glu-Cys-Gly)
which plays a key role in numerous metabolic
processes, is a major intracellular reducing agent in-
volved in detoxification of reactive species. A
number of flow cytometric methods for measuring
cellular GSH have been described using probes that
form adducts with GSH. Cellular thiol levels could
be analysed using either the monobromobimane
(mBBr), which forms a fluorescent adduct with sulf-
hydryl groups, or 5-chloromethylfluorescein diace-
tate (CMFDA). CMFDA, a non-fluorescent molecule
capable of permeating cells, becomes fluorescent af-
ter cleavage by cellular esterases. The glutathione
transferase catalyses the reaction between CMF and
the intracellular thiols retained inside the cell, where-
as the unconjugated probe is released in the medium
and eliminated. A decrease of fluorescence reveals a
decrease of GSH content.

Performing CMFDA assay in practice In order to
validate the CMFDA assay, intracellular sulfhydryl
groups of the cells were depleted either by using N-
ethylmaleimide (NEM), a thiol depleting agent, or by
inhibiting GSH synthesis with buthionine sulfox-
imine (BSO). An overnight incubation with 2 mM
BSO reduces the fluorescent signal intensity by 30%,
compared to control cultures, whereas a 2 min incu-
bation with 100 µM NEM induces a more acute de-
pletion of 50%.

Cell–cell adhesion assay

We have previously described a non-isotopic, highly
sensitive, fluorimetric, cell– cell adhesion microplate
assay using calcein-AM-labelled lymphocytes. To
successfully perform the lymphocyte/keratinocyte
adhesion assay, the following conditions are
recommended:

Figure 5 Fluorescence and absorbance spectra of Alamar
blue (oxidized or reduced) reprinted from Interchim, France.
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Figure 6 (A) Cytotoxicity of SDS, Calcein-AM and Alamar blue assays; (B) Cytotoxicity of DNP, Calcein-AM and Alamar blue assays;
(C) Cytotoxicity of doxorubicin, Calcein-AM assay; (D) Cytotoxicity of doxorubicin, H2DCFDA assay.
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• the confluence of the keratinocyte monolayer
should be checked in each well;

• the lymphocytes should be labelled with 20 µM
calcein AM and incubated for 30 min;

• a defined lymphocyte density per well should be 
plated onto the monolayer;

• fluorescence should be monitored immediately us-
ing the fluorimetric microtitreplate reader to avoid 
probe release.

The percentage of lymphocytes adhering to the
keratinocyte monolayer was calculated as follows: 

where FA is the fluorescence of adherent lymphocytes,
FT the fluorescence of total lymphocytes deposited,
and FR the released fluorescence. This equation takes
into account the background fluorescence emitted by
contol wells in the spectrum considered.

This method can be easily applied to any cells
whose adhesive capacities have to be investigated
and can also be used to manage cell– extracellular
matrix adhesion.

Concluding remarks

The aim of this article was to introduce microspec-
trofluorimetry, using fluorescence probes, as a new
technology in analytical fluorescent applications and
provide practical guidelines to the use of this power-
ful technique. When compared with conventional
methods, its main advantages are: 

• high sensitivity and specificity;
• simultaneous monitoring of different cellular func-

tions;
• combining two or more probes, if the probes emit 

at different wavelengths;
• use of coloured molecules without interference;
• easy handling, low cost and possibility of batch 

studies;
• increasing number of available fluorescent probes 

and kits;
• avoiding the use of radiolabelled molecules.

Successful applications require the appropriate
choice of model system and probes with the aim of
defining the target cell functions. Under these condi-
tions, microspectrofluorimetry offers innovative

analytical tools for both research and development
projects, as well as rapid and accurate assays for
quality control. Recently, cytofluorimetric microti-
tration was recommended by the European Centre
for Validation of Alternative Methods (see Further
reading). These methods, based on the selection of
appropriate test systems, could give strong evidence
for possible molecular mechanisms involved in cellu-
lar functions.

See also: Cells Studied By NMR; Colorimetry, Theo-
ry; Dyes and Indicators, Use of UV-Visible Absorption
Spectroscopy; Fluorescence Microscopy, Applica-
tions.
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Food and Dairy Products, Applications of
Atomic Spectroscopy

NJ Miller-Ihli and SA Baker,  U.S. Department of 
Agriculture, Beltsville, MD, USA

Food composition data are critical for consumers and
health care professionals to make choices and recom-
mendations based on the nutrient content of foods.
Trace elements contribute significantly to human
health with 25 elements identified as being of interest.
A review of the nutrients for which recommended
daily allowances (RDAs) exist shows that 7 of 19 are
minerals (Ca, Fe, I, Mg, P, Se, and Zn). In addition,
the National Research Council has established esti-
mated safe and adequate daily dietary intakes (ESAD-
DIs) rather than RDAs for an additional five elements
(Cr, Cu, F, Mn, and Mo) and three electrolytes (Cl, K,
and Na) have been identified as essential. Ten addi-
tional trace elements are considered essential but no
human requirement level has been set for them: As,
Ni, Si, B, Cd, Pb, Li, Sn, V, and Co. The status of flu-
orine as an essential nutrient has been debated and
conflicting data exist but its valuable effects on dental
health certainly make it of potential interest.

Recent reviews of the state of knowledge of food
composition data shows that there is a significant
lack of data for specific food groups and for several
of the elements of interest, including the seven for
which RDAs have been identified. This is owing, in
large part, to the lack of suitable analytical method-
ology, which is why rugged, accurate methods are
needed that use modern analytical methodology and
instrumentation. Health professionals and the public
are increasingly interested in the maintenance or pro-
motion of good health and disease prevention, rather
than the diagnosis and cure of diseases. Clearly good
nutrition is an important part of good health so nu-
tritionists need high quality food composition data so
that they can assess the nutrient content of foods con-
sumed. Recent reviews of food composition data still
suggest the mineral composition of foods is not well
characterized despite the extensive data found in U.S.
Department of Agriculture’s Nutrient Data Base for
Standard Reference SR-12 (the former USDA Hand-
book 8). In addition, there is now interest in knowing
the exact chemical form of the trace elements in
foods since not all forms are biologically active.

Another issue which highlights the importance of
continued research for methods for trace elements in
foods and beverages is related to the Nutrition

Labelling and Education Act of 1990 (NLEA); this is
now law in the United States and provides nutritional
information to the consumer. Fifteen mandatory nu-
trients must be listed on the labels, including three
trace elements (Ca, Fe, and Na). Thirty-four addi-
tional ‘voluntary’ nutrients which affect human
health may be required in the future and 12 of those
are trace elements (K, P, Mg, Zn, I, Se, Cu, Mn, F,
Cr, Mo and Cl).

Typically, essential elements have been at suffi-
ciently high concentrations that, with the introduc-
tion of graphite furnace atomic absorption
spectroscopy (GFAAS) more than two decades ago,
detectability is not an issue. At present, researchers
are interested in ‘new’ low-level trace elements with
known or potential nutritional impact, which are
present at lower concentrations and, because of
potential interferences in GFAAS, it has been found
that inductively coupled plasma mass spectrometry
(ICP-MS) coupled with graphite furnace/electrother-
mal vaporization (ETV-ICP-MS) provides superior
detectability. The most often utilized instrumenta-
tion for generation of food composition data
includes: atomic absorption spectroscopy [flame
(FAAS) and graphite furnace (GFAAS)]; flame atom-
ic emission spectroscopy (Na, K); inductively cou-
pled plasma atomic emission spectroscopy (ICP-
AES) and ICP-MS.

In this article, the description of applications will
highlight the selection of the instrumentation used as
well as the sample preparation methods (often the
most critical part of a complete analytical method).
Calibration strategies will be discussed and any spe-
cialized interference effects will be highlighted. Strat-
egies for validating and facilitating technology
transfer of the methods will also be discussed and the
need for commercial as well as in-house reference
materials will be featured.

Sampling (sample collection and 
processing)

One of the most overlooked aspects of analytical
determinations relates to the suitability of the sample

ATOMIC SPECTROSCOPY
Applications
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provided for analyses. If food composition data are
being generated it is very important to know if
interest lies with the specific sample at hand or if
that sample is supposed to be representative of a
larger bulk sample (e.g. 1 jar from a lot totalling
100 000 jars). Work completed in the Food
Composition Laboratory (USDA, Beltsville Human
Nutrition Research Center, Beltsville, MD) is often
in support of the Nutrient Data Laboratory which is
responsible for the publication of the U.S.
Department of Agriculture’s Nutrient Data Base for
Standard Reference SR-12 (formerly known as
Handbook 8) which is the primary US database for
food composition data. As such, the goal is to
include data representative of the national US food
supply. Because large-scale national sampling is too
expensive, samples are often obtained nationwide (if
possible) and brands are selected on the basis of
popularity (consumption) to try to gain
representative samples for analysis. Samples are
typically brought into the laboratory and, depending
on the form of the sample, a decision is made to
either analyse multiple samples or to composite and
homogenize the whole of the material (if possible)
and to remove separate sample aliquots. Most often,
a preliminary evaluation of the homogeneity of a
selected number of analytes in the material, serves as
a basis to select the sample size and number of
replicate samples to be analysed.

Tools are available which facilitate sample homo-
genization without trace element contamination and
equipment that is not available commercially can
often be custom made. To dissect meat, titanium
blade knives or high purity glass knives may be
appropriate. Large-scale mixers (e.g. Robot-Coupe,
Jackson, MS) equipped with a plastic-lined bowl and
titanium blades to avoid possible contamination
from the stainless steel apparatus have been used
successfully to blend both common samples and a
diet reference material (RM8431) sold by the
National Institute of Standards and Technology
(NIST, Gaithersburg, MD). Polythene trays and
polypropylene storage containers are most often
used without risk of contamination. An assessment
of contamination risk is summarized in Tables 1
and 2. Table 1 lists those elements prone to
contamination while highlighting common sources
of contamination. Table 2 contains a list of
materials (from most preferable to least) for use
during sample preparation for trace element
determinations. To further minimize the likelihood
of contamination [particularly for low temperature
(≤ 85–95°C) wet ash preparations] glassware can be
silanized; the coating will be retained on the surface
of the glassware up to temperatures of approxim-

ately 350°C, providing excellent protection from
contaminants leached from the glassware owing to
matrix interaction with the glass. In addition,
silanization prevents loss of analyte due to
adsorption on the container walls.

Contamination control, in a general sense, is not
difficult and common sense can often provide pro-
tection from sample contamination, especially dur-
ing the early sample handling stage. In an ideal
world, samples are processed in clean rooms (e.g.
class 100 clean room) designed to have minimal con-
tamination because the air is filtered through hepa
filters. Clean hoods and laminar air flow units can
also prove useful, as well as wearing clothing that
minimizes particulate generation, selecting powder-
free gloves, taking care in cleaning glassware and
plasticware with dilute, high purity acid, and cover-
ing gas cylinders which may be delivered coated with
rust and peeling paint.

Sample preparation (reagents and 
ashing methods)

One of the most important means of avoiding
unnecessary risk for trace element contamination is

Table 1 Trace element determinations – risk assessment

Table 2 Sample container materials

Contamination potential

High potential Al, Ca, Cr, Cu, Fe, Pb, Sn, Zn
Medium potential Co, K, Mn, Mo, Na, Ni, V
Low potential Mg, Se

Sources of contamination
Glass Al, Ca, Co, Cr, Cu, Fe, K, Mg, Na
Porcelain Al, Cu, K, Na, V
Rubber Co, Cu, Fe, Zn, Sn
Building materials Al, Ca, Mg
Stainless steel Co, Cr, Cu, Fe, Mn, Ni, Zn
Cosmetics Fe, Pb, Zn, Cu
Skin K, Na, Ni, Cu, Fe
Smoke Fe, Pb, K, Ni
Haemolysis Ca, Co, Cu, Fe, K, Mg, Mn, Zn

Material

Teflon
PFA
FEP
Tefzel

Most desirable (least trace 
element contamination)

Polyethylene
Polypropylene
Quartz
Platinum

Borosilicate glass Least desirable
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the judicious selection of reagents for sample
preparation. Sub-boiling distilled or double-distilled
acid is a good choice for sample treatment. As an
example, Pb contaminant concentrations found in
nitric acid (65–70% v/v) ranged from < 1 part per
trillion (ppt) for sub-boiling distilled to 0.3 ppb for
commercial ‘high’ purity acid. Although ppb levels
may be suitable in many instances, sub-boiling
distilled nitric acid (Seastar Chemicals, Sidney,
British Columbia) provides even lower blanks with
levels of < 50 ppt for Ca; < 20 ppt Fe and K; < 10
ppt Cr, Cu, Na, Mg, Ni, Sn, Zn; and < 1 ppt for Cd,
Mn, and V, and is therefore highly recommended for
ultratrace analyses.

Of course all reagents used throughout the course
of any analyses provide potential sources of contam-
ination and must be evaluated. Hydrogen peroxide
comes in different levels of purity and some types
prove to be particularly problematic for only a select
number of elements. In the past, unacceptably high
Cr levels have often been found. A peroxide called
Perone (DuPont, Wilmington, DE), made for the
semiconductor industry, has been evaluated in
several laboratories and proved suitable for any
number of elements (including Mn, Cu, Zn, Fe, Cr,
and Co). Unfortunately this is not sold in small
enough quantities to be suitable for the typical ana-
lytical laboratory. For analysts using matrix modifi-
ers for GFAAS, the modifier can provide a
significant level of contamination, indicating that
very high purity materials should be used.

In all instances, environmental considerations are
equally as important as reagent purity, when select-
ing a sample preparation method. In an ideal situa-
tion, samples can be handled under clean air
conditions under laminar flow to prevent contami-
nation. Potential sources of environmental contami-
nation include the analyst (particles from skin or
clothing), sample container material, air, gloves,
heating block, muffle furnace, etc.

The two most common ashing procedures for food
analyses are wet ashing and dry ashing procedures.
Wet ashing may be done using a typical hot plate or
heating blocks or it may be done using microwaves
under increased pressure. Many modern microwave
systems are now under temperature and pressure
control and various methods are available in the lit-
erature. In a laboratory which processes many sam-
ples with one matrix type, microwave digestion can
be quite useful. If, however, the matrices are varia-
ble, experiment design requires that samples of simi-
lar type be put in the microwave together.
Otherwise, depending on the carbohydrate content,
pressure will build up in the samples at different
rates, requiring venting which can be problematic if

the microwave system does not have temperature
and pressure monitoring control for each vessel.
Another great benefit is the use of microwave diges-
tion as a reference to compare with wet ashing
results. The microwave system provides the benefit
of increased pressure, ensuring almost complete
digestion (depending on the sample matrix). When
used under optimum conditions, microwave digests
provide a reliable dissolution of samples and mini-
mize the risk of sample contamination while saving
significant time. Microwave sample digestion is very
much a growing field and the number of analysts
using this sample preparation tool probably
increased 10-fold between 1993 and 1998.

Method selection and method 
validation

Several factors should be considered in selecting the
appropriate sample preparation and instrumental
detection method for a particular set of analyses.
Factors include detection capability, ease of use,
availability of instrumentation, time, cost, etc. One
must consider the relative importance of the factors
for their application but, most often, detection capa-
bility is the top priority. A good general rule is to use
the simplest method possible that meets your analy-
sis requirements. For example, if asked to determine
Mn, Cu, and Zn in soft drinks, analysts should
check to see if it could be carried out with a simple
dilution directly using FAAS or simultaneous multi-
element ICP-AES (for greater speed). Once a method
is selected it should be validated using one or more
of the following strategies: (1) analysis of one or
more standard reference materials; (2) comparison
of results using an alternative method; (3) compari-
son of results with those from another laboratory;
and (4) thorough evaluation of possible matrix inter-
ference effects (compare direct calibration with the
method of additions). Table 3 contains a list of
commercial reference materials with matrices suita-
ble for food and beverages analyses. One unfortu-
nate aspect of solid commercial materials is that they
are almost all freeze-dried and this is not a realistic
representation of typical samples (e.g. meats, vegeta-
bles, fruits, etc.); analysts prefer to analyse ‘as
received’. Because these primary controls are so
expensive, analysts should consider developing
secondary, in-house controls that represent the
food type/matrices most often analysed in their
laboratory. These materials can be characterized
using all the validation strategies listed above, with
the assistance of colleagues and by using alternative
methods.



586
FO

O
D

 A
N

D
 D

A
IR

Y
 P

R
O

D
U

C
TS

, A
P

P
LIC

A
TIO

N
S

 O
F A

TO
M

IC
 S

P
E

C
TR

O
S

C
O

P
Y

Table 3 Commercial reference materials

FCL-ID Reference material (µg/g dry weight) Number Manufacturer Ca Cd Co

R - 0010 Rice Flour SRM 1568 1568 NIST 140 ± 20 0.029 ± 0.004 0.02 ± 0.01

R - 0011 Rice Flour SRM 1568a 1568a NIST 118 ± 6 0.022 ± 0.002 (0.018)

R - 0020 Wheat Flour SRM 1567 1567 NIST 190 ± 10 0.032 ± 0.007

R - 0021 Wheat Flour SRM 1567a 1567a NIST 191 ± 4 0.026 ± 0.002 (0.006)

R - 0030 Total Diet SRM 1548 1548 NIST 1740 ± 70 0.028 ± 0.004

R - 0040 Carrot Powder ARC/CL 1700 ± 45 0.0686 ± 0.0031

R - 0050 Skim Milk Powder ARC/CL 13040 ± 260 (<0.005)

R - 0060 Pork ARC/CL 150 ± 6 0.022 ± 0.0042

R - 0070 Wheat Flour ARC/CL 208 ± 4 0.039 ± 0.004

R - 0080 Potato ARC/CL 91 ± 6 0.035 ± 0.0016

R - 0090 Total Diet HDP/CL 2860 ± 124 0.021 ± 0.003

R - 0100 Skim Milk (recommended values) ARC/CL 13000 ± 291 (<0.005)

R - 0110 Mixed Diet SRM 8431 (recommended values) 8431 NIST 1940 ± 140 0.042 ± 0.011 0.038 ± 0.008

R - 0120 Non-Fat Milk Powder SRM 1549 1549 NIST 13000 ± 500 0.0005 ± 0.0002 (0.004)

R - 0130 Milk Powder IAEA A-11 A-11 IAEA 12900 ± 800 (0.526) 0.005 ± 0.001

R - 0140 Oyster Tissue SRM 1566a 1566a NIST 1960 ± 190 4.15 ± 0.38 0.57 ± 0.11

R - 0150 Bovine Liver SRM 1577a 1577a NIST 120 ± 7 0.44 ± 0.06 0.21 ± 0.05

R - 0151 Bovine Liver SRM 1577b 1577b NIST 116 ± 4 0.50 ± 0.03 (0.25)

R - 0160 Dogfish Muscle and Liver DORM1 DORM1 NRCC 0.086 ± 0.012 0.049 ± 0.014

R - 0170 Dogfish Muscle and Liver DOLT1 DOLT1 NRCC 4.18 ± 0.28 0.157 ± 0.037

R - 0180 Dogfish Muscle and Liver DORM2 DORM2 NRCC 0.043 ± 0.008 0.182 ± 0.031

R - 0190 Dogfish Muscle and Liver DOLT2 DOLT2 NRCC 20.8 ± 0.5 0.24 ± 0.05

R - 0210 Bovine Muscle Powder SRM 8414 8414 NIST 145 ± 20 0.013 ± 0.011 0.007 ± 0.003

R - 0220 Non-defatted Lobster Hepatopancreas LUTS-1 (as bottled) LUTS-1 NRCC 203 ± 33 2.12 ± 0.15 0.051 ± 0.006

R - 0230 Non-defatted Lobster Hepatopancreas LUTS-1 (dry weight) LUTS-1 NRCC 1360 ± 220 14.2 ± 1.0 0.34 ± 0.04

R - 0240 Lobster Hepatopancreas TORT-1 TORT-1 NRCC 8950 ± 580 26.3 ± 2.1 0.42 ± 0.05

R - 0250 Spinach Leaves SRM 1570 1570 NIST 13500 ± 300 (1.5) (1.5)

R - 0251 Spinach Leaves SRM 1570a 1570a NIST 15270 ± 410 2.89 ± 0.07 0.39 ± 0.05

R - 0260 Apple Leaves SRM 1515 1515 NIST 15260 ± 150 (0.014) (0.09)

R - 0270 Citrus Leaves SRM 1572 1572 NIST 31500 ± 1000 0.03 ± 0.01 (0.02)

R - 0280 Peach Leaves SRM 1547 1547 NIST 15600 ± 200 0.026 ± 0.003 (0.07)
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FCL-ID Cr Cu Fe I K Mg Mn Na

R - 0010  2.2 ± 0.3 8.7 ± 0.6 1120 ± 20 20.1 ± 0.4 6.0 ± 1.5

R - 0011 2.4 ± 0.3 7.4 ± 0.9 (0.01) 1280 ± 8 560 ± 20 20.0 ± 1.6 6.6 ± 0.8

R - 0020 2.0 ± 0.3 18.3 ± 1.0 1360 ± 40 8.5 ± 0.5 8.0 ± 1.5

R - 0021 2.1 ± 0.2 14.1 ± 0.5 (0.001) 1330 ± 30 400 ±  20 9.4 ± 0.9 6.1 ± 0.8

R - 0030 2.6 ± 0.3 32.6 ± 3.6 6060 ± 280 556 ± 27 5.2 ± 0.4 6250 ± 260

R - 0040 12.6 ± 0.79 10200 ± 350 350 ± 9 4.90 ± 0.17 485 ± 24

R - 0050 0.0079 ± 0.0032 0.58 ± 0.06 4.53 ± 0.61 1.74 ± 0.07 17700 ± 590 1230 ± 24 0.45 ± 0.07 4870 ± 350

R - 0060 2.68 ± 0.283 52.84 ± 5.456 (1010) 0.30 ± 0.024

R - 0070 0.028 ± 0.005 2.35 ± 0.18 51 ± 3.79 2200 ± 190 562 ± 10 12.87 ± 0.34

R - 0080 0.098 ± 0.018 3.87 ± 0.18 22.0 ± 2.0 14100 ± 100 747 ± 16 8.1 ± 0.32 895 ± 42

R - 0090 3.18 ± 0.19 30.4 ± 0.9 9420 ± 300 785 ±  25 12.9 ± 0.58 7870 ± 570

R - 0100 0.59 ± 0.148 4.54 ± 0.855 1230 ±  27 0.44 ± 0.104

R - 0110 0.102 ± 0.006 3.36 ± 0.33 37.0 ± 2.6 7900 ± 420 650 ± 40 8.12 ± 0.31 3120 ± 160

R - 0120 0.0026 ± 0.0007 0.7 ± 0.1 1.78 ± 0.10 3.38 ± 0.02 16900 ± 300 1200 ± 30 0.26 ± 0.06 4970 ± 100

R - 0130 (0.257) 0.838 ± 0.165 3.65 ± 0.76 (1.5) 17200 ± 1000 1100 ± 80 0.373 ± 0.081 4420 ± 330

R - 0140 1.43 ± 0.46 66.3 ± 4.3 539 ± 15 4.46 ± 0.42 7900 ± 470 1180 ± 170 12.3 ± 1.5 4170 ± 130

R - 0150 158 ± 7 194 ± 20 9960 ± 70 600 ± 15 9.9 ± 0.8 2430 ± 130

R - 0151 160 ± 8 184 ± 15 9940 ± 20 601 ± 28 10.5 ± 1.7 2420 ± 60

R - 0160 3.60 ± 0.40 5.22 ± 0.33 63.6 ± 5.3 15900 ± 1000 1210 ± 130 1.32 ± 0.26 8000 ± 600

R - 0170 0.40 ± 0.07 20.8 ± 1.2 712 ± 48 10100 ± 1000 1100 ± 150 8.72 ± 0.53 7260 ± 730

R - 0180 34.7 ± 5.5 2.34 ± 0.16 142 ± 10 3.66 ± 0.34

R - 0190 0.37 ± 0.08 25.8 ± 1.1 1103 ± 47 6.88 ± 0.56

R - 0210 0.071 ± 0.038 2.84 ± 0.45 71.2 ± 9.2 0.035 ± 0.012 15170 ± 370 960 ± 95 0.37 ± 0.09 2100 ± 80

R - 0220 0.079 ± 0.012 15.9 ± 1.2 11.6 ± 0.9 948 ± 72 89.5 ± 4.1 1.20 ± 0.13

R - 0230 0.53 ± 0.08 107 ± 8 77.8 ± 6.0 6360 ± 480 601 ± 28 8.02 ± 0.86

R - 0240 2.4 ± 0.6 439 ± 22 186 ± 11 10410 ± 400 2550 ± 250 23.4 ± 1.0 36700 ± 2000

R - 0250 4.6 ± 0.3 12 ± 2 550 ± 20 35600 ± 300 165 ± 6

R - 0251 12.2 ± 0.6 29030 ± 520 (8900) 75.9 ± 1.9 18180 ± 430

R - 0260 –0.3 5.6 ± 0.24 (80) (0.3) 16100 ± 200 2710 ± 80 54 ± 3 24.4 ± 1.2

R - 0270 0.8 ± 0.2 16.5 ± 1.0 90 ± 10 1.84 ± 0.03 18200 ± 600 5800 ± 300 23 ± 2 160 ± 20

R - 0280 (1) 3.7 ± 0.4 218 ± 14 (0.3) 24300 ± 300 4320 ± 80 98 ± 3 24 ± 2

Table 3 Continued
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FCL-ID Ni P Pb Se Zn

R - 0010 (0.16) 0.4 ± 0.1 19.4 ± 1.0

R - 0011 1530 ± 80 (<0.010) 0.38 ± 0.04 19.4 ± 0.5

R - 0020 (0.18) 1.1 ± 0.2 10.6 ± 1.0

R - 0021 1340 ± 60 (<0.020) 1.1 ± 0.2 11.6 ± 0.4

R - 0030 (0.41) 3240 ± 40 (0.05) 0.245 ± 0.005 30.8 ± 1.1

R - 0040 6.9 ± 0.15

R - 0050  0.059 ± 0.022 0.016 ± 0.003 0.082 ± 0.0072 41.7 ± 1.00

R - 0060 0.089 ± 0.013 0.0394 ± 0.031 103.80 ± 3.005

R - 0070  0.153 ± 0.009 2090 ± 140 0.018 ± 0.007 0.057 ± 0.00545 14.6 ± 0.71

R - 0080  0.193 ± 0.043 2370 ± 100 0.026 ± 0.0028 9.0 ± 0.32

R - 0090  0.271 ± 0.038 0.043 ± 0.008 0.181 ± 0.017 28.9 ± 1.3

R - 0100 0.016 ± 0.003 0.082 ± 0.0077 41.68 ± 1.056

R - 0110  0.644 ± 0.151 3320 ± 310 0.242 ± 0.030 17.0 ± 0.6

R - 0120 10600 ± 200 0.019 ± 0.003 0.11 ± 0.01 46.1 ± 2.2

R - 0130 (0.93) 9100 ± 1020 (0.27) 0.0339 ± 0.0072 38.9 ± 2.3

R - 0140  2.25 ± 0.44 6230 ± 180 0.371 ± 0.014 2.21 ± 0.24 830 ± 57

R - 0150 11100 ± 400 0.135 ± 0.015 0.71 ± 0.07 123 ± 8

R - 0151 11000 ± 300 0.129 ± 0.004 0.73 ± 0.06

R - 0160  1.20 ± 0.30 0.40 ± 0.12 1.62 ± 0.12 21.3 ± 1.0

R - 0170  0.26 ± 0.06 1.36 ± 0.29 7.34 ± 0.42 92.5 ± 2.3

R - 0180  19.4 ± 3.1 0.065 ± 0.007 1.40 ± 0.09 25.6 ± 2.3

R - 0190  0.20 ± 0.02 0.22 ± 0.02 6.06 ± 0.49 85.8 ± 2.5

R - 0210  0.05 ± 0.04 8360 ± 450 0.38 ± 0.24 0.076 ± 0.010 142 ± 14

R - 0220  0.200 ± 0.034 0.010 ± 0.002 0.641 ± 0.054 12.4 ± 0.8

R - 0230  1.34 ± 0.23 0.069 ± 0.011 4.30 ± 0.36 82.9 ± 5.4

R - 0240  2.3 ± 0.3 8790 ± 210 10.4 ± 2.0 6.88 ± 0.47 177 ± 10

R - 0250 (6) 5500 ± 200 1.2 ± 0.2 50 ± 2

R - 0251  2.14 ± 0.10 5180 ± 110 (200) 0.117 ± 0.0009 82 ± 3

R - 0260  0.91 ± 0.12 0.470 ± 0.024 0.050 ± 0.009 12.5 ± 0.3

R - 0270  0.6 ± 0.3 1300 ± 200 13.3 ± 2.4 (0.025) 29 ± 2

R - 0280  0.69 ± 0.09 1370 ± 70 0.87 ± 0.03 0.120 ± 0.009 17.9 ± 0.4

Table 3 Continued
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Instrumentation and applications

The literature is the most informative source of
insights on how to select the most appropriate sam-
ple preparation methods and instrumentation to
make accurate and precise trace element determina-
tions. Analysts worldwide are continuously publish-
ing their successes (and often their failures), allowing
their colleagues to benefit from their experiences.
Since the bulk of trace element determinations for
foods and biological samples are done by a handful
of techniques, four methods represent 98% of all
determinations: (1) flame atomic absorption spec-
troscopy (FAAS); (2) graphite furnace atomic
absorption spectroscopy (GFAAS); (3) inductively
coupled plasma atomic emission spectroscopy (ICP-
AES); and (4) ICP-mass spectrometry (ICP-MS).
Comments on both the sample preparation method
and the instrumentation are available to the reader.
It is often a good idea to combine the best portions
of several different methods when developing a
method, and it is always good to avoid mistakes doc-
umented by others.

FAAS and GFAAS

An estimated 80% of all currently available trace el-
ement food composition data are the result of FAAS
analyses after either wet ashing or dry ashing sample
pretreatment. FAAS is a simple, robust, and easy to
implement tool for the analysis of digests, and cali-
bration can typically be accomplished using aqueous
standards. Detection limits are in the sub-ppm range,
making this method suitable for a wide range of
elements (including Ca, Cu, Fe, Mg, Mn, Zn) in
various sample matrices. Please note that Na and K
are most often determined using flame emission spec-
troscopy rather than absorption on an AAS system.

GFAAS provides sub-ppb detection capability with
µL-sized sample injections into a platform-containing
graphite tube which is resistively heated to high (e.g.
2700°C) temperatures for sample atomization. Over
the last decade, so-called STPF (stabilized tempera-
ture platform furnace) conditions established by
Slavin have been almost universally adopted. STPF
conditions call for the use of (1) platform atomiza-
tion, (2) matrix modification, (3) rapid heating
(1500°C s–1 or more), (4) pyrolytically coated tubes;
(5) fast digital electronics, (6) integrated absorbance
measurements (peak area), (7) argon (stop-flow dur-
ing atomization), and (8) Zeeman (or Smith–Hieftje)
background correction. Methods developed with
these criteria in mind will facilitate straightforward
quantitation using aqueous standards to make exter-
nal calibration curves, in most cases minimizing

matrix interference effects and reducing the need for
using the method of additions. Analytical figures of
importance include sensitivity/characteristic mass,
detection limit, accuracy, and precision.

The field of trace element analyses in nutrition is
one of the most interesting areas. Trace elements
serve as structural components of enzymes, vitamins,
hormones, and protein-containing tissues. The trace
element selenium helps in the defense mechanism
against diseases and environmental risk. Selenium is
the most promising trace element potentially
involved in immune response. Chromium is a
cofactor for several enzyme systems, and is required
for insulin receptor interaction. Consequently,
research was conducted using FAAS to assess the Se
and Cr content of eight food categories (cereals,
beans, vegetables, greens, fruit, condiments and
spices, dried fruits, and edible flowers). Samples
were wet ashed using a combination of three acids
and samples were analysed using FAAS at 196 nm
(Se) and 425 nm (Cr) using an air–acetylene flame. A
total of 190 samples were analysed and from the
study it was concluded that dried fruits have the
highest Cr content (15–43.5 µg per 100 g) and that
beans have the highest Se content (48.7–
02.5 µg per 100 g). FAAS also recently proved useful
in the monitoring of Pb in dinnerware where excess
levels can provide increased risk to fetuses, children,
and adults. A total of 0.9% of imported ceramic
dinnerware and 2.5% of domestic ceramic
dinnerware, evaluated over the course of 2 months
in 1992, had levels in excess of the 3 ppm allowed
limit for plates, saucers, and flatware. This work
involved the use of Association of Official Analytical
Chemists Official Method 973.32. FAAS was used
by scientists at Behrend College (Erie, PA) to
evaluate stainless steel cookware as a significant
source of Ni, Cr, and Fe for ingestion. Nickel
ingestion is potentially dangerous since Ni is
implicated with health problems related to allergic
dermatitis. Conversely, Cr and Fe are essential
nutrients and stainless steel (typically 18% Cr, 8%
Ni and 70–73% Fe) may provide a significant
source. Sample preparation involved the addition of
5% acetic acid (Fisher), both cold and boiled, in each
vessel for 5 min. Next the acetic acid was analysed
using FAAS and the manufacturers’ standard
conditions. Measurable levels of all three elements
were determined with only Ni being high enough
(0.0–0.1 mg Ni per day) to pose a health threat,
leading to a recommendation that Ni-sensitive
patients avoid stainless steel cookware and that the
industry switch to a non-Ni formulation.

As evidenced by the previous examples, FAAS is a
powerful technique but it may not always provide
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the necessary sensitivity for the determination of
trace elements present at extremely low concentra-
tions. This became apparent when the Swedish
National Food Administration set out to develop a
method for the determination of Pb, Cd, Zn, Cu, Fe,
Cr, and Ni in dry foodstuffs after dry ashing at
450°C. Realising that contamination with elements
such as Pb, Cr and Ni is probable, care was taken to
acid-wash all plasticware associated with the
analyses. FAAS was selected for Zn (213.9 nm air–
acetylene, oxidizing), Cu (324.7 nm air–acetylene,
oxidizing), and Fe (Fe 248.3 nm nitrous oxide–acety-
lene, oxidizing). Owing to the lower concentrations,
GFAAS was used for Pb, Cd, Cr and Ni. Conditions
were optimized based on the use of the appropriate
resonance line but no one set of instrumental condi-
tions proved acceptable for all four elements. Lead
was analysed using platform atomization while Cd
was measured in an uncoated tube and Cr and Ni
were measured in a standard pyrolitic tube. Unfortu-
nately, not using STPF conditions limited the capa-
bilities of the method and the method of additions
was required by most collaborating laboratories to
get reasonably accurate results.

GFAAS serves as an excellent method for the di-
rect determination of Pb in degassed cola beverages.
Recent reports indicate, however, that GFAAS anal-
yses of cola diluted with a solution of lanthanum to
reduce chlorides and other matrix interferences
required the use of the method of additions to obtain
accurate results. If the authors had done in situ
oxygen ashing, and used Pd or Pd combined with
magnesium nitrate as a matrix modifier, all matrix
interference effects could have been removed. It is
likely that the biggest problem with the background
was owing to the sugar (carbon) which could have
been removed during the thermal pretreatment step
using oxygen ashing – permitting the use of aqueous
calibration standards rather than requiring the meth-
od of additions. Sugars and syrups have recently
been analysed directly after diluting ∼ 1 g of sugar
per 10 mL 5% nitric acid and using oxygen ashing in
the thermal pretreatment step. Instrumental GFAAS
detection limits (DL) were 10 pg, corresponding to a
method DL of 0.9 ng g–1. Researchers often use
ingenious approaches to improve GFAAS perfor-
mance. This was the case when developing a strategy
for the determination of La in food and water sam-
ples. The problem is that La has a strong affinity for
the graphite, leading to carbide formation and mem-
ory effects. Although the graphite has been improved
to reduce this, lining the tube with tantalum or tung-
sten foil can eliminate physical contact with the
graphite and lead to increased sensitivity. The tung-
sten-lined tube provided a detection limit of 7.8 ng

and a characteristic mass of 8.1 ng for La. Precisions
were better than 10% RSD and the average accuracy
was 90 ± 10%. GFAAS has been used by researchers
at the US Food and Drug Administration to success-
fully determine Se in infant and enteral formulas.
The method utilizes sample digestion on a hotplate
after addition of magnesium nitrate–nitric acid. Fol-
lowing heating, digests were evaporated to dryness
and placed in a 500°C muffle for 30 min to complete
ashing. All Se is converted into Se4+ by dissolving the
ash in HCl (5:1) and holding the solution at 60°C for
20 min. The Se4+ was subsequently reduced to Se0

with ascorbic acid and collected on a membrane
filter which was digested in nitric acid using micro-
wave digestion. Following digestion and dilution, Se
was determined using GFAAS. The recovery range
for Se was 85–127% and analysed reference materi-
als fell within the certified range for Se. The work
was performed on a commercial system equipped
with only a deuterium background correction. Peak
height and peak area measurements both provided
accurate results when using nickel nitrate for matrix
modification. Finally, GFAAS has proved useful for
the determination of Cr and Mo in medical foods.
Both wet ashing and dry ashing proved acceptable
and the detection limits were 0.24 ng mL–1 for Cr
and 0.67 ng mL–1 for Mo. Both elements could be
determined directly off the shelf and neither required
the use of a matrix modifier. Optimum ashing tem-
peratures of 1650 and 1600°C were found for Mo
and Cr, respectively. The ideal atomization
temperatures were 2400 and 2650°C, respectively,
and all standard reference materials analysed
provided results within the certified concentration
range.

ICP-AES and ICP-MS

To assist consumers in maintaining healthy dietary
practices and to assure product safety, the Nutrition
Labelling Education Act (NLEA) was published in
1990 and the compliance deadline was May, 1994.
More than 17 000 food companies were affected by
NLEA and labels for more than 250 000 products
required modification. As such, Perkin-Elmer
researchers developed a multielement ICP-AES meth-
od using an axially viewed plasma which they cou-
pled with microwave sample digestion. ICP-AES
measurements allowed both trace and macro ele-
ments to be determined simultaneously owing to the
wide linear dynamic range. In contrast to many
official methods, which are analyte and/or matrix
specific, and which often require multiple dilutions,
this ICP-AES method gives multielement data (seven
elements; nine wavelengths), providing an elemental
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fingerprint which proves useful in adulteration and/
or contamination studies. Measurements were made
on a Perkin-Elmer Optima [echelle polychromater
with a segmented array charge coupled detector
(SCD) equipped with a standard torch, a Scott spray
chamber, and a cross-flow nebulizer]. Although only
a single 10 ppm multielement standard was success-
fully used for calibration, the use of three or more
standards is recommended to cover such a large
range. The use of duplicate wavelengths for Ca and
Mg, combined with spike recovery checks, assisted
with method validation. Literature reports highlight-
ed the benefit of the Multiwave (Perkin-Elmer,
Norwalk, CT) microwave system which provides
pressure monitoring in each vessel, allowing differ-
ent sample types to be digested together. Simultane-
ous multielement ICP-AES provides significant time-
savings and the establishment of compromise
conditions does not typically lead to significant
deterioration of performance as compared with
single element determinations.

In the 1990s, ICP-MS determinations have started
to play a significant role in generation of food
composition data. This technique provides
multielement isotopic data with sub-ppb detection
limits with the same convenience as flame AAS or
ICP-AES and it is much faster than GFAAS. As
interest in low level trace element concentrations
continues to grow, more data are generated by ICP-
MS and often alternative methods are employed to
validate the ICP-MS method and resultant data.
Such was the case in the recent study of Pb in green
vegetables where GFAAS (dry ashing) and isotope
dilution–ICP-MS (ID-ICP-MS) (wet ashing) were
both used. The end result was comparable
detectability and accuracy for in-house and
commercial control materials. The limit of detection
for Pb was 1–3 µg kg–1 and precisions ranged from
6% RSD for kale containing 500 µg kg–1 Pb to 20%
RSD for cabbage containing 3 µg kg–1 Pb. These
methods were used for a four-year study of Pb levels
in green vegetables with good success. Another
advantage of ICP-MS is that it provides excellent
detection capability for non-metals of nutritional
interest, including P and I. Methods for I have
typically been dependent on radio-iodide
measurements and the specialized equipment
required is not widely available. In contrast, ICP-MS
allows the direct determination of I in solution using
highly sensitive, specific, and interference-free
detection of monoisotopic iodine (127I). Samples
were wet ashed in closed steel bombs using a mixture
of nitric and perchloric acids which converted any
volatile I species into non-volatile species. The
concentrations measured were in the range 0.15–

4.59 µg g–1 (dry mass) and the detection limit was
30 ng g–1 (dry mass) for a 0.5 g (dry) sample diluted
to a final volume of 20 mL. The importance of
ICP-MS in food analysis is growing but probably
won’t be fully realized until the list of the mandatory
nutrients for labelling has been expanded.
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The exquisite analytical sensitivity and specificity of
MS have found numerous and diverse applications in
the field of food science.

Trace analysis for undesirable chemical contami-
nants in foodstuffs is conducted in many laboratories
around the world. This may be for quality control,
regulatory or surveillance purposes. MS is frequently
the analytical method of choice because of its ability
to produce unequivocal data.

Organic compounds sought include naturally
derived materials, such as mycotoxins and off-
flavours (produced by rancidification or spoilage),
and man-made/industrial chemicals, e.g. pesticides,
veterinary drugs, environmental contaminants (such
as polychlorodibenzo-p-dioxins, polychlorinated
biphenyls, polynuclear aromatic hydrocarbons, etc.)
and food tainting compounds (e.g. 2,4,6-trichloro-
anisole, the compound responsible for musty cork
taint in wine, arising from the inappropriate use of
wood preservatives). GC-MS and HPLC-API-MS are
widely used for these types of analyses. Desirable
food components present at trace levels, such as nu-
trients, are also determined using these techniques.

Trace levels of inorganic chemical species, e.g.
lead, arsenic, cadmium, are also monitored in food-
stuffs, often using ICP-MS. The advantage of MS
over AAS is that several elements may be measured
simultaneously and the concentrations of individual
isotopes may be measured, facilitating metabolism/
nutrient studies with stable isotope materials. Precise
determination of isotope ratios (e.g. C, N and O) by
IRMS is also important in agricultural and food
authenticity studies. Accelerator mass spectrometry
is used in tracer studies, for the determination of ex-
tremely low levels of carbon-14 (and other) isotopes.

The table below summarizes the ranges of analyti-
cal sensitivities required for different classes of food
analysis.

Much work has been done on the characterization
of food flavours and aromas by GC-MS. A signifi-
cant recent advance has been the use of APCI and
drift tube MS techniques for sensitive, on-line (‘real
time’) monitoring of trace volatiles, e.g. in human
breath during flavour release studies.

Characterization of unfractionated foodstuffs and
related materials for screening or taxonomic
purposes may be performed by pyrolysis MS and
direct headspace MS. These techniques generate
rather simple mass spectra that may be classified
using pattern recognition/chemometric software.

MS is also used for the analysis of the more
abundant (non-trace) components of food, e.g. oils
and fats (triglycerides), proteins and carbohydrates.
Analysis of these materials is often challenging, as
they may comprise complex mixtures of isomeric
compounds. Modern MS techniques (MALDI TOF
and electrospray ionization) have become extremely
important in protein and peptide studies.

Table 1 Typical analytical sensitivities required for various
classes of food contaminant/component

Class Typical concentraion sought (by weight)

Flavours % - ppb

Food taints % - ppq

Pesticide residues ppm - ppb

Trace elements ppm - ppb

Mycotoxins ppb

Dioxins ppt - ppq

MASS SPECTROMETRY
Applications
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The applications of NMR in food science have been
the subject of several international conferences,
reviews and books which are cited in the Further
reading section. This intense interest in the NMR
spectroscopy of food is driven not only by the com-
mercial importance of food, but also by the intellec-
tual challenge of unravelling the physicochemical
properties of this exceedingly diverse and complex
group of materials. In order to focus on food aspects,
it will be assumed that the reader is familiar with the
principles of NMR and magnetic resonance imaging
(MRI), which are lucidly explained in other articles of
this encyclopedia.

Spatially resolved NMR applications

MRI is beginning to have a major impact on our un-
derstanding and control of the growth of food crops,
on our assessment of fruit and vegetable quality and
in developing the best methods of fruit and vegetable
preservation. Moreover, by providing noninvasive,
real-time images of moisture and lipid distributions,
as well as spatial maps of temperature and food qual-
ity factors, MRI has the potential for making a major
impact on food processing science. We therefore
begin with a brief review of whole-plant functional
imaging, then progress on to MRI applications in
food processing and storage.

Functional imaging of whole plants

The growth of agricultural crops is affected by many
factors, including drought (osmotic stress), lumines-
cence, disease and soil pollutants, such as heavy
metals. By permitting noninvasive monitoring of a
whole plant under realistic environmental conditions,
MRI has become a powerful tool in the plant physi-
ologists’ armoury. The development of small seed-
lings can be observed directly inside adapted NMR
tubes. Larger plants can be grown in controlled-
environment boxes, which bathe the root system in
nutrients, and control humidity, temperature and
luminescence. The root system, stem or leaf areas can
then be imaged noninvasively. Root imaging is now
an established technique, though it is not applicable
to all soil types because paramagnetic impurities in
the soil can severely shorten the water relaxation
time. Nevertheless, three-dimensional (3D) T1-
weighted imaging has been used to distinguish roots
and soil in developing pine seedlings, to follow water
depletion zones around the tap root, lateral roots and
fine roots, and to follow the effects of symbiotic rela-
tionships, such as infection with mycorrhizal fungus,
on water uptake. The increase in root network
volume and surface area can also be measured from
the 3D images.

A combination of flow imaging and chemical shift
imaging has been used to monitor the effect of

MAGNETIC RESONANCE
Applications
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environmental stresses on the flux of nutrients
through the plant stem. For example, chemical shift
imaging has been used to map the spatial distribution
of sucrose, glucose, glutamate, lysine, arginine and
valine in castor bean seedlings. If, at the same time,
the velocity distribution through the vascular bundles
in the stem is observed with phase-encoding MRI, the
product of the concentration and flow rate gives the
nutrient fluxes. The effects of varying osmotic stress
and luminescence on the nutrient fluxes can then be
monitored nondestructively. Table 1 lists examples
of this type of application.

Imaging quality factors in intact fruit and 
vegetables

Understanding the development of the whole plant
under realistic environmental conditions is only one
aspect of food production. The quality of unpro-
cessed, intact fruit, grains or vegetables as they are
stored or transported is just as important. Here
again MRI provides a useful noninvasive monitor of
the effect of storage conditions on the ripening of
fruit and vegetables, on the progress of detrimental
changes such as disease and bruising and on the
effects of preservation processes such as chilling and
surface heat sterilization.

The ripening changes in tomato are of commercial
importance because they are picked when they are
green and  transported, internationally, in boxes
gassed with ethylene. Unfortunately, on arrival the
tomatoes display a wide range of ripeness from green
to the red-ripe fruit and require costly (and damag-
ing) hand-sorting. If, when first picked and boxed,
the degree of ripeness could be determined noninva-
sively by MRI, then ripening could be made more
uniform and the second sorting stage rendered unnec-
essary. Motivated by these considerations, Saltveit
and co-workers have shown that ripening in the early
green stages is associated with increased water

content, and hence increased MRI signal intensity, as
the locular tissue ‘liquefies’. Later stages of ripening
are associated with increased image graininess as
small air pockets develop in the pericarp tissue.

Strawberries have also been the subject of several
MRI investigations. Bruising is associated with a
lengthening of the apparent transverse relaxation
time (T2*) and an increase in apparent water proton
spin density, consistent with the reduction of local
magnetic susceptibility inhomogeneities as a result of
the filling of the intercellular gas spaces with
intracellular fluid released through membrane and
cell wall damage. A similar increase in T2* was found
on infection with the fungus Botrytis cinerea and per-
mitted the diseased and healthy tissue to be T2*-con-
trasted and the rate of progress of the disease
quantified as the rate of increase in the volume of
infected tissue. Ripening of strawberries is associated
with an increase in T2 from about 16–25 ms in the
immature green fruit to 25–100 ms in the red, ripe
fruit. The ability to discriminate diseased, bruised and
unripe regions from healthy ripe tissue is essential for
the development of on-line MRI quality monitoring.
Table 2 lists a number of other MRI studies on the
quality of fruit and vegetables, references to which
can be found in the Further reading section.

MRI studies of food processing

Many foods are processed before being packaged,
distributed and consumed. The major processing

Table 1 Applications of functional imaging to the development
of fruit and vegetablesa

Plant MRI technique Phenomenon

Castor bean 
seedlings

Flow imaging, chemi-
cal shift imaging

Effect of environmental 
stresses on nutrient 
fluxes

Maize and 
millet

Proton density map-
ping, T2 mapping

Osmotic stress

Wheat grains Water proton density, 
velocity and diffu-
sion maps

Relationship between 
flow and grain devel-
opment

Red raspberry Gradient-echo signal 
intensity

Fungal infection

Strawberry Proton density T1,T2 Fungal infection

Table 2 Representative MRI studies of quality factors in fruit
and vegetablesa

a For references see Hills (1998) in Further reading section.

Plant Quality factor/process NMR parameter

Red raspberry Ripening Spin-echo signal 
intensity

Strawberry Ripening, bruising Spin density, T2

Grape berries Ripening, drying Chemical shift

Red raspberry Fungal infection Gradient-echo signal 
intensity

Barley seeds Ripening Diffusion

Wheat grains Ripening Diffusion and flow

Tomato Ripening Spin density, T1

Mango Heat sterilization Relaxation-weighted 
signal intensity

Blueberry Freezing–thawing T1 discrimination of 
sugar and water

Cherry Ripening T1, D and volume 
selective spectros-
copy 

Papaya Heat injury Spin density, T1,T2
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operations include drying, freezing, baking and
extrusion, but novel processing methods, such as
high-pressure treatment, are under development and
can be used either alone or in combination with more
conventional processing operations. By providing
spatial maps of moisture, temperature and quality
factors during processing, in either the off-line or the
on-line mode, MRI has the potential of revolutioniz-
ing the food processing industry. The scope for this
type of study is very wide and will be illustrated by a
few key operations, beginning with drying.

Drying The output of MRI drying studies is a set of
moisture profiles at known drying times. The usual
strategy is then to fit the profiles with appropriate
mass transport models, which are used subsequently
to optimize the drying conditions for maximum
product quality with minimum energy expenditure.
In practice, complexities, such as shrinkage, case
hardening and spatially varying diffusivities have
meant that the MRI data do not always conform to
simple drying models, and this has highlighted the
need for more refined theoretical models. Table 3
lists a number of MRI drying studies on foods such as
pasta, potato and apple.

Rehydration The quality of extruded cereal
products, such as pasta, depends on extrusion
temperature and the variety of wheat used in the
extrusion process. The effect of varying the ratio of
hard and soft wheat on the rehydration kinetics of
extruded spaghetti has been investigated by MRI. By

measuring the moisture profiles at various times as
the spaghetti is cooked in hot water it was shown
that increasing the amount of soft wheat shifts the
rehydration kinetics from a case II situation, where
there is a fairly sharp water front ingressing into the
pasta, towards rehydration by conventional Fickian
diffusion. Other MRI studies have been reported for
the rehydration of starch films and air-dried apple
tissue. Besides simple Fickian diffusion, the Thomas
Windle model provides a useful theoretical tool for
analysing the rehydration kinetics, especially near
the case II regime. Table 3 lists a number of MRI
rehydration studies.

Freezing Ice has a proton transverse relaxation
time of just a few microseconds, so it does not con-
tribute signal in conventional liquid-state MRI.
Freezing is therefore associated with a progressive
loss of signal and this provides a powerful tool for
investigating freezing kinetics. The freezing of raw
potatoz has been imaged at various resolutions. At
low spatial resolution an ice front is observed to
ingress into the food. But with smaller samples and
higher spatial resolutions (∼ 40 µm) there appears to
be a gradation in signal intensity throughout the
sample, indicating that different regions are associat-
ed with different amounts of unfrozen water. This
observation is, perhaps, a consequence of the differ-
ent freezing behaviour of starch granules, cell walls,
vacuolar and cytoplasmic regions in the potato cell,
though the possibility of ice ‘channelling’ in the
extracellular spaces cannot be discounted. Like dry-
ing and rehydration, finding suitable theoretical
models to quantify this type of behaviour presents a
considerable theoretical challenge. Table 3 includes
a number of  MRI food freezing studies. The poten-
tial of using MRI as an on-line monitor of food
freezing has yet to be exploited but clearly has con-
siderable potential.

Freeze-drying Despite the earlier statement that ice
does not contribute signal in conventional MRI, it
has, nevertheless, been possible to image the shrink-
age of the frozen core in potato during freeze-drying.
In this example there is sufficient unfrozen water in
the ‘frozen’ potato to permit the core to be imaged.
The absence of liquid water, which would saturate
the signal, is another important factor, permitting
high receiver gains during image acquisition. The
time course of the sublimation of the frozen potato
core was shown to follow a simplified freeze-drying
model, but no other MRI freeze-drying studies have
yet appeared.

Temperature mapping and thermal transport Most
food processing operations involve not only mass

Table 3 Representative MRI processing studiesa

a For references see Hills (1998) in Further reading section.
b STAFI, stray field imaging.

Food Process MRI technique

Model food gel Drying 2D spin density

Extruded pasta Drying Radial imaging

Apple, potato Drying 1D profiling

Pasta Rehydration T2-weighted radial 
imaging

Starch gels Rehydration STRAFIb

Wheat grains Boiling/steaming 2D spin density

Dry beans Rehydration Spin warp imaging

Potato Rehydration 1D profiling

Pasta, potato Freezing Radial imaging

Meat Freezing–thawing Magnetization 
transfer imaging

Potato Freeze-drying Spin warp imaging

Cookies Baking Spin warp imaging

Potato Frying Chemical shift 
imaging

Model fluid Extrusion Flow imaging

Soya bean Rehydration Chemical shift 
imaging
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transport but also simultaneous heat transport. By
providing real-time temperature maps, MRI can also
be used to monitor heat transport. All that is required
is an NMR parameter, such as a relaxation time,
chemical shift or water diffusivity that depends
uniquely on temperature over the desired range, so
that, after calibration, a map of the parameter, or the
parameter-weighted signal intensity, can be con-
verted into a temperature map. Table 4 lists a
number of examples of MRI temperature mapping.
Most recently the technique has been applied to the
problem of aseptic food processing in which a fluid
suspension of food particles is thermally processed in
a continuous process. The problem here is knowing
whether the central regions of the particles have
attained sufficiently high temperature to ensure
complete cooking and sterilization.

Imaging quality factors in processed food  Process-
ing involves not only mass and heat transport but
also changes in quality factors associated with micro-
structure, phase changes, gelatinization, aggregation
and chemical or enzymatic reactions, Some of these
changing quality factors are not amenable to NMR
measurements, colour and aroma being obvious
examples. However, in many cases NMR parameters
are sensitive to quality factors so that MRI  can be
used to image changes in food quality during
processing and storage. Chocolate confectionery is a
typical example of this type of study. The long-term
storage stability of fat-containing foods, such as
chocolate, can be affected by fat crystal growth and
polymorphic transitions in the solid fat phase. The
MRI signal from cocoa butter arises from regions of
high lipid chain mobility and so depends both on the
solid–liquid ratio and, because each polymorph is
associated with different chain mobility, on the poly-
morphic state of the solid lipid components, For this
reason transverse-relaxation time-weighted MRI has
been used to distinguish regions of chocolate that
have melted and resolidified from those that have
remained solid throughout. The migration of liquid
lipid components between two phases in multilayer

confectionery products greatly affects the long-term
quality of the product. For example, the transport of
liquid triglycerides from a praline filling into the sur-
rounding solid chocolate layer in a filled chocolate
sweet can alter thermal stability and accelerate
blooming on the chocolate surface. Accordingly,
MRI has been used to image the transport of liquid
lipids into chocolate in a model lamellar, 2-layer
chocolate product, consisting of a layer of hazelnut
oil and sugar layered over with dark chocolate. The
lamellar structure permitted a 100 µm spatial resolu-
tion to be achieved and the time course of the lipid
migration was followed over an 84 day period for
two samples stored at 19 and 28°C. Intensity
changes in the profiles were converted to liquid lipid
concentrations by calibrating with homogeneous
samples of known liquid-fat content. At 19°C, the
liquid lipids were observed to accumulate at the
interface between the hazelnut oil and the chocolate
layers. In contrast, at 28°C, the lipid accumulated at
the chocolate surface. Other examples where MRI
has been used to image lipid transport and its effect
on quality include the migration of fat into bread
from peanut butter and the separation of cream from
milk over a 9 h period.

The spatial distribution of fat in meat affects qual-
ity factors such as texture and has been imaged with
chemical shift and T1-weighted imaging. A number of
feasibility studies have shown that MRI can detect
bruises in apples, pears, onions and peaches, and de-
tect the deterioration of apples in storage, watercore
distribution in apples and core breakdown in pears.
The quality of cereal products is also amenable to
MRI analysis. The staling of baked biscuit ‘sweetrolls’
over several days storage has been imaged and shown
to be associated with a migration of moisture from
the inside to the outside of the sweetroll. Table 5 lists
a number of examples where MRI has been used to
image quality factors.

Flow imaging and food rheology

Knowledge of the rheological properties of food
pastes, slurries and sauces, such as ketchup,
mayonnaise and salad creams, is important both for
quality assurance and for optimizing industrial flow
and mixing processes. Unfortunately, many food slur-
ries and pastes are opaque and do not lend themselves
to flow studies with conventional techniques such as
laser Doppler anemometry. Moreover, conventional
rheological measurements are model-dependent in
that it is necessary to fit the data by assuming a
function relationship between the stress and strain (or
strain rate) and to assume a set of boundary condi-
tions (such as slip or stick) at the fluid–container

Table 4 MRI temperature mapping in food systemsa

a For references see Hills (1998) in Further reading section.
b FLASH, fast low-angle shot.

Food Temperature mapping technique

Food gel T1  inversion recovery, snapshot FLASH b

Agar gel Diffusion-weighting

Potato Diffusion-weighting

Carrot T1 weighting

Potato pieces in 
6% starch

Aseptic processing by chemical shift 
weighting
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interface. This is satisfactory when it is known that
the fluid has a simple rheological behaviour, such as
that of a Newtonian or power-law fluid. However,
many liquid foods do not conform to simple rheolog-
ical models so their stress–strain relationship, usually
called the flow curve, must be deduced in a model-
independent way. MRI can do this by imaging the
velocity profile at every point in a rheometer,
including the boundary layer (at least within one
voxel dimension). The rheometer can be of any of the
standard types, including a cylindrical tube and
rotational viscometers (or couette cell). Table 6 lists
a number of representative MRI rheological studies.

Shear-induced nonrheological changes Shear-in-
duced aggregation in concentrated food emulsions
such as dairy creams and shear-induced particle mi-
gration are just two examples of microstructural or
compositional changes caused by shear. These chang-
es can be studied with MRI methods by combining
flow imaging with MRI spatial maps of NMR param-
eters, such as relaxation times or spin densities, which
are sensitive to the microstructural changes. Table 6
includes a number of examples of this approach.

Flow and quality assurance On-line quality control
of food slurries and pastes often requires rapid,
empirical, rheological tests based on flow times or
flow lengths rather than quantitative measurements
of well-defined rheological parameters such as shear
viscosities. The Bostwick consistometer (which is
used to determine the quality of puréed fruit and veg-
etable products), the Brabender Visco-amylograph
(which is used to test the consistency of starches) and
the Torque plasticorder (used for dough consist-
ency), are examples of such empirical rheological
testing. MRI studies of the flow within these various
test rigs, such as the Bostwick consistometer, have
helped provide a rheological rationale for these
empirical measurements.

Flow in extruders Pioneering MRI studies on flow
in an extruder have been reported by McCarthy and
co-workers (see Further reading section) who
designed a special nonmagnetic single-screw extruder
for operation inside the magnet of an NMR spectro-
meter, and used carboxymethyl cellulose solution as
a model extrudate. The flow patterns were compared
with theoretical models of extruder flow for an
incompressible Newtonian fluid. This type of study
has considerable research potential because extrusion
is used widely throughout the food industry for the
manufacture of pasta, snacks, confectionery, pet
foods and animal feeds. Despite this, extrusion is,
perhaps, the least understood of all food processing
operations, involving complex series of physical and
chemical changes such as mixing, gelatinization,
denaturation, evaporation, flavour production (and
loss) and rheological changes. To date only the flow
aspects of extrusion have been studied by MRI, but,
by exploiting relaxation and diffusion weighted imag-
ing techniques, the potential exists for exploring other
associated physical and chemical changes.

NMR diffusion studies of food 
microstructure

The use of pulsed gradients and fringe field gradients
in NMR diffusion measurements has been widely
documented in the research literature and is reviewed
in other articles of this encyclopedia. Provided certain
conditions are fulfilled, such as factorization of the
effects of relaxation and diffusion and translational
invariance, the pulsed-gradient techniques permit
measurement of the average displacement

Table 5 NMR studies of food quality factorsa

a For references see Hills (1998) in Further reading section.

Food Quality factor NMR technique

Chocolate Lipid migration MRI

Model food 
emulsion

Crystallization 
kinetics

Localized spectroscopy

Creaming Phase separation T1-weighted MRI

Egg-white and 
beer foam

Foam stability MRI profiling

Meat Curing/brining 23Na NMR

Various fruits Bruising
T2- and T2*-weighted 

MRI

Cookies 
(sweet rolls)

Retrogradation M0 maps

Table 6 Flow imaging studies of food–related materialsa

a For references see Hills (1998) in Further reading section.

Fluid Apparatus Phenomenon

Nutrient fluid Hollow fibre bio-
reactor

Starling flow

1.5% Carboxymethyl 
cellulose solution

Tube flow Rheology

Tomato juice Tube flow Rheology

Fibrous suspensions Tube flow Rheology

Carboxymethyl
cellulose solution

Extruder Velocity field in an 
extruder

Particle suspensions Tube/couette 
flow

Shear-induced 
migration

Xanthan gum Tube flow Shear thinning and 
apparent wall slip

Egg-white, cornflour/
water, tomato sauce

Couette, flow/
cone and plate 
flow

Shear-induced 
phase transitions
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propagator, Pav(R,∆), where R is the distance diffused
by a spin in the diffusion time, ∆. Various theoretical
models have been developed relating Pav(R,∆) to
microstructure in simple geometries, so that measure-
ments of the average propagator can be used to gain
information about food microstructure. In favourable
circumstances, microstructural information on the
submicrometre distance scale can be accessed by this
approach, which greatly exceeds the spatial resolu-
tion in NMR microscopy. In the following we con-
sider the application of diffusometry to various food
systems, including gels, cellular tissue and emulsions.

Diffusion studies of gels and starch-based systems

The microstructure of starch and gellan gum gels has
been investigated by the stimulated-echo pulsed-
gradient method as a function of increasing diffusion
times, ∆ (up to 1010 ms), and at various gradient
amplitudes, G, at fixed gradient pulse duration δ and
pulse separation, t1. An effective water diffusion
coefficient, D(∆) was extracted by assuming the echo
attenuation for unrestricted diffusion,

The gel microstructure caused the coefficient D(∆) to
decrease with increasing ∆, and this decrease was
fitted with the model of von Meerwall and Ferguson.
This model represents the gel micropores as a series of
parallel compartments of width, a, separated by
barriers of permeability, P. Within each compartment
the intrinsic water diffusivity was assigned the value,
D0. Pore sizes, a, of the order of 10–15 µm for starch
gels and 5–15 µm for gellan gums were deduced and
these varied slightly with gel concentration, and, for
gellan gums, with ionic strength. These pore spacings
appear to be rather large for these concentrated gel
systems and, in the case of starch gels, may reflect the
presence of residual granule structure resulting from
incomplete gelatinization. The effects of retro-
gradation on starch gel microstructure were also
followed in these studies, and were associated with
changes in pore size and water diffusivity. Fringe field
diffusion methods have been used to monitor water
diffusion in gelatine gels of increasing concentration
and in protein aerogels obtained by freeze-drying.
The diffusion behaviour in the aerogel system was
shown to be anomalous, and akin to diffusion in a
fractal space. Echo attenuation of the pulsed-gradient
stimulated echo of water in packed beds of potato
starch granules appears to conform to diffusion in a
lower dimensional space, lying between one and two

dimensions, depending on the water content. This
could be a consequence of the crystalline A- and B-
type starch regions in the granule, channelling the
water translational motion, but further work is
needed to test this hypothesis.

Diffusion studies of cellular plant tissue

The pulsed-gradient stimulated-echo sequence has
been used to investigate the effects of electrical and
conventional heating on intercell permeabilities in
carrot tissue. The echo attenuation was interpreted
with a lamellar cell model in which carrot cells were
represented as lamellar regions of width, W, contain-
ing water of diffusivity, D, and separated by a barrier
of effective permeability, P. Presumably this barrier
arises from the combined effect of diffusion through
the tonoplast, cytoplasm, plasmalemma and cell wall
subcellular compartments. It was found that cooking
increases the apparent diffusion coefficient and
barrier permeability, which is consistent with the
breakdown of cell structure, but there were also
small, but statistically significant, differences between
electrical and conventional cooking.

Diffusion studies of food emulsions

The determination of droplet-size distributions in
water-in-oil or oil-in-water emulsions by pulsed-
gradient diffusion measurements is now a routine
industrial method for monitoring the quality of food
emulsions such as mayonnaise and salad creams. The
method was first described in a classic paper by
Packer and Rees (see Further reading section) and
subsequently developed into a rapid analytical
method. The theoretical model assumes spherical
droplets and a log-normal size distribution, but other
distributions have been considered. The MRI
generalization of the method to spatially dependent
droplet-size distributions in emulsions undergoing
coalescence and/or phase separation has yet to be
implemented, although a spatially dependent study of
emulsion crystallization has been reported.

Cheese is, in essence, a distribution of fat droplets
in a protein–water matrix. The fat droplet size
distribution has been studied by the NMR diffusion
method and showed a very broad Gaussian size
distribution with significant differences between
Swiss and cheddar cheeses. In this sample the water
signal could be removed by using a long echo time,
because the water transverse relaxation time was
much shorter than that of the fat. The water diffusion
was also shown to be consistent with 1D diffusion
along the protein chains in the cross-linked protein
matrix of the cheese. In this case the water signal was
separated by Fourier transforming the echo obtained
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at shorter echo times. This resulted in separate peaks
for the fat and water.

NMR relaxation studies of food

Relaxation studies of food microstructure

NMR relaxation time measurements provide a
unique window to view both food microstructure and
the dynamic behaviour of molecules comprising the
food matrix. The microstructural aspect arises
because different aqueous microscopic compartments
are usually associated with different intrinsic water-
proton relaxation times. Provided the exchange of
water magnetization between compartments is slow
on the NMR measurement timescale, the distribution
of water-proton relaxation times therefore reflects the
number and relative volumes of the microscopic com-
partments. The proviso that the exchange is slow is
important, because if the exchange is fast, then only a
single average relaxation time will be observed and all
compartmental information is lost. Like diffusion,
theoretical models are required to relate the observed
relaxation-time distribution to microstructure, and
these models are usually based on numerical solution
of the Bloch–Torrey equations. The Monte Carlo
method is perhaps one of the most powerful solution
tools for doing this. A cube is divided into N3 volume
elements and the morphology of the system is defined
by assigning compartments (or regions) within the
cube characterized by intrinsic relaxation times and
diffusion coefficients. Magnetization density vectors
are then randomly distributed throughout the cube,
which then diffuse between voxels and relax with a
rate corresponding to their location. In this way echo-
decay amplitudes for the CPMG (Carr–Purcell pulse
sequence, Meiboom–Gill modification) and pulsed-
gradient diffusion sequences can be calculated and
analysed with one of the standard deconvolution soft-
ware packages.

Numerical solutions of the Bloch–Torrey equations
have been used to interpret relaxation data for a
variety of microscopically heterogeneous model
systems, including randomly packed, water-saturated
beds of Sephadex, silica and glass microspheres. Their
application to plant cell tissue is perhaps more
directly relevant to food. The three major compart-
ments in a plant cell are the vacuole, cytoplasm and
cell-wall region, though starch granules comprise an
additional compartment in some foods, such as
potato. The Bloch–Torrey equations describing relax-
ation and diffusive exchange between these intracel-
lular compartments have been solved for an idealized
three-compartment spherical cell morphology and
used to predict the dependence of the relaxation-time

distribution and pulsed gradient spin–echo (PGSE)
diffusion behaviour of apple tissue, both fresh and
during air drying. The latter showed that water is
removed mainly from the vacuolar compartment
during air-drying, and that this is associated with
volume shrinkage of the tissue. The subcellular
changes induced by the freezing and drying of potato
and carrot have also been investigated in this way.

Relaxation studies of aqueous solutions, gels and 
glasses

There are at least two proton pools in aqueous solu-
tions of dissolved sugars, proteins and polysaccha-
rides, namely the nonexchanging CH proton pool and
the exchangeable pool of protons on water and
biopolymer/solute hydroxyl and amino groups. Fast
proton exchange between the water and exchange-
able biopolymer protons means that any process,
such as denaturation or gelation, that changes the
rigidity of the biopolymer chains will result in an
altered transverse relaxation time of both the
exchangeable ‘water’ and the nonexchanging proton
pools. The latter can be observed by replacing water
with D2O, or, at sufficiently high concentrations, as a
faster relaxing component in the free induction decay
(FID). The transverse relaxation rate of the exchange-
able ‘water’ proton pool can be monitored as a slowly
relaxing component in the FID or, more usually, with
the CPMG pulse sequence, and can be used to follow
the kinetics of gelation and denaturation. This
approach has been used to follow the thermal dena-
turation of whey proteins and the gelation of pectins
and starch.

Longitudinal and rotating-frame relaxation in
these systems is complicated not only by proton
exchange but also by the possibility of secular dipolar
cross relaxation between all proton pools. This makes
theoretical modelling difficult, although it does not
prevent longitudinal relaxation being used empiri-
cally to monitor food processing changes.

At lower water contents, below ∼ 50% by weight
water, the signal from the nonexchanging solute pro-
ton pool appears clearly as a faster relaxing compo-
nent in the FID and can be characterized with an
effective T2 by analysing the decay as either Gaussian
or exponential. For example, in concentrated gelatine
gels, the fast relaxing component has a T2 of the order
of a few tens of microseconds, and this increases with
increasing water content as the gelatine chains are
plasticized. Plasticization, which permits high-energy
‘strained’ interchain conformations to be relaxed, can
result in increased local order and changes in texture.
For this reason it has been investigated in a number of
cereal proteins that are important in controlling the
functional behaviour of dough and bread, such as
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glutenin in wheat and chordein in barley. Retrograda-
tion in starch-based foods is one of the most impor-
tant examples of plasticization, and permits the
partial recrystallization of amylopectin chains into A
or B crystallites, and results in the staling of bread and
cake products. The retrogradation kinetics can be
followed from the concomitant decrease in the water-
proton relaxation time, and the lowering of the glass
transition temperature by plasticization can be
modelled with the polymer science approach.

NMR and food compositional analysis

High-resolution NMR spectral studies

The application of high-resolution NMR methods to
molecular structure elucidation of purified proteins,
polysaccharides and lipids is too extensive to be
treated in depth in this chapter. The use of 1H high-
resolution solution-state NMR spectroscopy, in
combination with enzymatic debranching and chro-
matographic purification, for elucidating the molec-
ular structure of complex food polysaccharides, such
as amylopectins, carrageenans, pectins and alginates,
has been reviewed (see Gil and co-workers in the
Further reading section). High-resolution liquid-state
1H and 13C NMR has also been widely used in the
compositional analysis of lipids in vegetable and fish
oils and Table 7 indicates the extent of this type of
study. Cross-polarization magic angle spinning (CP
MAS) spectroscopy and other high-resolution solid-
state NMR methods have been used to study
structure–function relationships in the solid and
gelled states of starches and other polysaccharides.
Multinuclear NMR spectroscopy has been especially
valuable for understanding cation–polysaccharide
interactions in ionic food polysaccharides, and some
examples are listed in Table 8.

The low-speed MAS technique is worthy of special
mention because it overcomes spectral-line broaden-
ing artefacts from local field gradients created by
differences in magnetic susceptibility across phase
boundaries in microscopically compartmentalized
foods. This technique has been used to obtain well-
resolved spectra of sugars and metabolites in intact
fruits, and to resolve water and oil peaks in multiple
water-in-oil-in-water emulsions, found, for example,
in low fat spreads. The detection of food adultera-
tion is of increasing commercial importance and
several high-resolution NMR methods, such as site-
specific natural isotope fractionation (SNIF) NMR
are being used routinely for food authentication, and
have been extensively reviewed (see the Further read-
ing section).

Low-resolution NMR analysis of food lipids

The NMR analysis of the oil content of seeds relies
on the differences in proton transverse relaxation
times of the constituents. Typical T2 values of solid

Table 7 Recent NMR studies of food lipidsa

a For reference see Gil et al (1996) in Further reading section.

Table 8 Multinuclear NMR studies of food biopolymersa

a For references see Gil et al (1996) in Further reading section.

Lipid Nucleus Analytical purpose

Vegetable epoxidized 
oils

13C Epoxy acid content

Castor oil 13C Quantification of castor oil 
in edible oils

Minuta oil 13C, 1H Chemical changes during 
plant flowering and fruiting

Olive oil 13C Saturated fatty acid con-
tent.  Grading of olive oils

Pomace oils 13C Composition of unsaponifi-
able matter in pomace oil

Fish oils 13C, 1H Quantification of oils in 
tuna and Atlantic salmon

Oxidative deteriora-
tion of oils

1H Ratio of olefinic to aliphatic 
protons as an index of 
deterioration

Canula (rapeseed) 
oils

13C, 1H Colour pigment formation 
during bleaching and 
deodorization

Liguloxide 13C, 1H Characterization of odour 
in tomato ketchup

Butter, baking and 
spreading fats

13C Compositional analysis

Milkfat 13C, 31P Solid fat content of milkfat 
fractions and blends

Tripalmitin 2H Lipid polymorphism and 
crystallization

Animal and vegetable 
fats

1H Solid fat content

Nucleus Biopolymer Phenomenon
23Na, 1H, 13C Carrageenans Role of cation in gelation

23Na, 1H Pectins Role of 23Na and degree of 
esterification on gelation

31P Starch Number and location of phos-
phate ester groups and rela-
tionship to viscosity.  
Location of amylose in 
granule.

87Rb, 133Cs, 127I Carrageenans Role of cation in gelation

23Na, 1H Xanthan gum Sequestration of Fe2+. Effect 
of Na+ content on texture 
and stability

25Mg, 43Ca, 31P β-Casein Ion binding sites

111Cd, 1H β-Lactoglobulin Aggregation–gelation kinetics
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macromolecules in seeds are just a few microsec-
onds, and so they appear as the initial, rapidly decay-
ing part of the FID. Water in seeds is strongly
adsorbed to macromolecules and so has a short T2

(of the order of a few milliseconds). In contrast, oil
exists as liquid droplets in the seeds and therefore
has a relatively long T2 (of the order of hundreds of
milliseconds). This means that the oil content can be
determined directly from the FID as the ratio,

where L is the FID signal intensity measured after
the solid signal has decayed and near the beginning
of the liquid signal (typically after ∼ 75 µs) and S is
the FID intensity of the slightly decayed solid signal.
The correction factor, f, takes account of the decay
during the instrument deadtime (typically the first 5–
10 µs). The Hahn-echo pulse sequence is an alterna-
tive means of determining oil content. The water sig-
nal can be eliminated by choosing an echo time
much longer than 5T2 of the seed water, the remain-
ing oil signal then being calibrated with standard oil
samples.

Alternatively, the echo amplitudes of the full
CPMG echo-decay envelope acquired at short inter-
pulse spacing can be analysed as a multiple exponen-
tial decay, whose relative weightings are proportional
to the water and oil content of the seed. If this mea-
surement is combined with the relative solid to liquid
ratio determined from the FID, the complete solid–
oil–moisture content of the seeds can be determined.
Solid to liquid fat ratios in chocolate can be deter-
mined in a similar way. Table 7 includes a number of
such low-resolution studies of food lipids.

List of symbols

a = pore width; D(∆) = water diffusion coefficient;
f = correction factor; G = gradient amplitude;

L = FID liquid signal intensity; M0 = initial magneti-
zation; Pav(R, ∆) = average displacement propagator;
P = permeability; q = diffusion wavevector defined
as (2π)−1 γGδ; R = distance diffused by a spin;
S = amplitude of solid component in FID;
S = chemical shift; S = FID solid signal intensity;
S(q, ∆) = stimulated echo amplitude; t1 = pulse sepa-
ration time; T2 = transverse relaxation time;
W = width of lamellar regions; ∆ = diffusion time;
γ = gyromagnetic ratio.

See also: Contrast Mechanisms in MRI;  Diffusion
Studied Using NMR Spectroscopy; Food and Dairy
Products, Applications of Atomic Spectroscopy;
Food Science, Applications of Mass Spectrometry;
High Resolution Solid State NMR, 13C; Industrial Ap-
plications of IR and Raman Spectroscopy; Labelling
Studies in Biochemistry Using NMR; MRI Applica-
tions, Biological; MRI Instrumentation; MRI Theory;
MRI Using Stray Fields; NMR Data Processing; NMR
Relaxation Rates; NMR of Solids.
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Introduction

A number of studies have been published of the use
of atomic spectroscopy in the furtherance of forensic
science. This short article is intended to provide an
outline of recent work that has been published in the
open scientific literature. The representative Further
reading at the end of this article should allow the
reader an entry point into the scientific literature for
details of methods and other studies.

Reviews

The Journal of Analytical Atomic Spectrometry
publishes periodical reviews of atomic spectroscopy,
including its application to problems in metallurgy
and industrial materials. This review also includes
forensic studies and a recent example is given in the
Further reading section.

Analysis of glass

Fragments of glass can be transferred to a person dur-
ing many criminal activities and recent work on the
elemental analysis of glass has been reported using
atomic emission spectroscopy. Results have been
compared with those obtained using X-ray
fluorescence.

Gunshot residues

A review of many types of instrumental analysis used
for the characterization of gunshot residues has
appeared recently. This includes descriptions of the
use of atomic absorption spectroscopy, neutron
activation analysis and X-ray fluorescence as well as
various mass spectrometry techniques after precon-
centration of analytes using separation methods such
as HPLC and capillary electrophoresis. In addition,
atomic absorption spectroscopy has been used to
characterize the brass used in different production
lots of cartridge cases.

Metal residues

Inductively coupled plasma atomic emission spec-
troscopy (ICP-AES) has been used to characterize the
elemental composition of steel fragments found at
crime scenes. In general the levels of chromium,
nickel, cadmium, zinc and copper could be used as
fingerprints to identify the source of the steel. The
trace elemental composition of household alumini-
um foils can also, in some cases, be used to identify
the brand name and production details.

See also: Atomic Absorption, Methods and Instru-
mentation; Atomic Absorption, Theory; Atomic Emis-
sion, Methods and Instrumentation; Atomic
Spectroscopy, Historical Perspective; Forensic Sci-
ence, Applications of IR Spectroscopy; Forensic Sci-
ence, Applications of Mass Spectrometry; X-Ray
Fluorescence Spectrometers; X-Ray Fluorescence
Spectroscopy, Applications.
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Introduction

Infrared spectroscopy has been applied to the char-
acterization of molecules. Conventional dispersive
infrared spectrometers have been replaced by
Fourier-transform infrared equipment, which incor-
porates a Michelson interferometer and presents a
series of advantages over dispersive systems, such as
an improvement of energy and the simultaneous
measurement of the whole spectral range.

Owing to these improvements, infrared spectros-
copy has undergone a marked development in the
last few years because of the possibility of adapting
new accessories to the spectrometers and, therefore,
of analysing samples whose infrared spectrum was
impossible to obtain some years ago. Among these
accessories are those which can measure specular
and diffuse reflection, attenuated total reflectance
and microscopes. One area in which the technique
has improved dramatically is forensic analysis.

Many laboratories perform forensic analysis now-
adays. Some of them seek to determine what is
wrong with a process, while others are trying to copy
a process from a competitor. The possibility of ana-
lysing and identifying microscopic particles, the ac-
curate comparison of samples from different origins
and the fact that the sample is not destroyed, have
also converted the FT-IR technique into a valuable
tool where criminal and social implications are
present. Some of the forensic materials that can be
identified by infrared spectroscopy are: paints,
fibres, textiles, polymers, explosives, varnishes, ad-
hesives, papers, gemstones, drugs, food additives, fur
or textile treatments and physiological samples. An
important feature is the possibility of analysing solid,
liquid or gaseous samples. In criminal investigations
it is important to attach the infrared spectrum to

each sample, which is unique to every substance, like
a fingerprint. In addition, in lawsuits where several
parties are involved, infrared spectroscopy can con-
tribute relevant information.

This article shows a number of applications of in-
frared spectroscopy to the forensic analysis of a
range of samples using different accessories and
methods. A number of examples are given, although
applications are unlimited and any analysis might be
of value in forensic research.

Main accessories and methods used
in forensic analysis

The two main restrictions of analysis by infrared
spectroscopy are size and difficulties regarding
handling. Three kinds of sample compartments are
available depending on the size of the sample to be
placed in the spectrometer:

• macro compartment: this employs a beam be-
tween 2 to 10 mm and any type of accessory might
be fitted.

• Semimicro compartment: this requires the use of a
beam condenser and the spot of the beam in the
sample is about 1 or 2 mm.

• micro compartment: the size of the beam is less
than 1 mm and a microscope needs to be used.

A beam condenser can be installed in the sample
compartment of the conventional equipment, but the
microscope needs the infrared beam to go out of the
bench to an externally attached accessory. The mi-
croscope uses the source and beamsplitter of the in-
frared equipment to which it is coupled, but it has its
own more sensitive detector. Obviously, large sam-
ples can also be located on the microscope, but in
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such cases the measurement area is reduced to less
than 100 µm. Therefore, if an analysis of the pre-
dominant material in the sample is required, its ho-
mogeneity must be assured and defects or pollutants
must be avoided.

Depending on the manipulation that the sample
requires, a range of accessories might be used. Many
samples for forensic analysis must not be destroyed
or manipulated either because they need to be kept
for further analysis or because of their economic or
historic value. KBr pellet measurement requires mix-
ing the sample with the salt and, therefore, the possi-
bility exists that it might be lost. Other methods such
as diamond cell or reflection do not require any
alteration or mixing of the sample with other sub-
stances. In the main, liquid and gaseous samples suf-
fer no risk of destruction and it is only necessary to
fit them in cells which are transparent in the desired
range of measurement and which are also compat-
ible with the material to be analysed. Solid samples
can be mixed with salts in order to make an infrared
transparent pellet, or can be placed on a suitable sur-
face for further analysis.

Diamond cell

Diamond cell is one of the most frequently used
methods in forensic analysis. It is normally used
when samples are very small, but can be separated
from the matrix. The particle or fibre, which can be
as small as 5 µm, is placed on a diamond window
and put under pressure with the help of another dia-
mond window. The pressure of the cell allows the
sample to spread over the diamond increasing its
surface area while decreasing in thickness. In this
way, the infrared radiation is able to go through the
sample and, therefore, its infrared spectrum can be
obtained by transmission.

Diamond cells are about 4 mm2 in aperture and
depending on the area of the spot of the spread sam-
ple it is possible to utilize a beam condenser or a mi-
croscope. Despite the absorption of diamond in the
mid infrared, the wavenumber reproducibility that
FT-IR is able to achieve makes it possible to subtract
the diamond spectrum and to obtain clean spectra of
the sample. In forensic analysis this technique is
applied to paints, varnishes, inks, fibres, crystals and
particles in general, which can be put under pressure
and suffer a deformation. To avoid excess of absorp-
tion, one of the cells can be removed. In the case of
samples such as cork, tobacco and some polymers,
which recover their original size after decompression
of the cell, the alternative is to use two diamond win-
dows with the sample in between, instead of remov-
ing one of them.

Specular reflection

When a sample cannot be manipulated at all, is
opaque and has a specular or polished surface, spec-
ular reflection is the technique to be applied in either
the microscope or the macro compartment.

Diffuse reflection

When the surface of the sample is not specular and
there is a certain diffuse component of reflected
light, or when analysing a cut gemstone, the analysis
is appropriately conducted by using the diffuse re-
flection technique where all the light emitted by the
sample is measured.

Attenuated total reflectance (ATR)

Attenuated total reflectance is applied to samples
where the composition of the surface needs to be
measured. It is applied to soft samples such as paper,
fur, polymers and textiles, which can achieve good
contact with the crystal used. It is also used for aque-
ous samples and viscous or sticky samples such as
pastes, soaps and detergents. The only consideration
to be borne in mind is the need to obtain good opti-
cal contact between the surface of the sample and the
crystal of the accessory, which can be made of dia-
mond, ZnSe, Ge, Si, KRS-5, etc.

When the surfaces to be analysed are very small it
is possible to use the attenuated total reflectance ob-
jective of the microscope. A unique internal reflection
over the sample in touch with the crystal is enough to
obtain the spectrum. This is the alternative when
even a single particle cannot be removed from the
matrix, which is the case for very ancient or valuable
samples such as manuscripts, books or paintings.

Separation techniques

Determination of complex mixtures is one of the
most common problems in infrared analysis. Hy-
phenated techniques such as chromatography pro-
vides a useful way of separating mixtures into
individual compounds. Gas chromatography (GC)
has been by far the best application of combining in-
frared spectroscopy and a separation technique. One
of the principal reasons has been the use of carrier
gases which do not absorb in the infrared region.

Specific analyses

Analysis of paints

Infrared spectroscopy has been widely applied in the
forensic analysis of paints. It is particularly useful in
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car accidents where it is necessary to determine the
origin of the paint adhering to a car. In some coun-
tries there are car paint libraries, and it is possible to
find the model of the car and the year of manufac-
ture by analysing the paint. In the absence of wit-
nesses, or if a vehicle has left the scene of an
accident, this analysis can be a crucial element in ob-
taining a verdict.

Another major application of the technique is in
the analysis of ancient paints used in a particular pe-
riod of history or a particular place. This is essential
not only for the study of the pigments and materials
used by different civilisations, but also for authenti-
cating works of art, restoration work and in lawsuits
involving damaged works of art.

Figure 1 shows two spectra from two sections of a
modern painting. The damage to the picture might
have been caused by a heterogeneous application of
oil or the poor conservation of the picture. A non-
homogeneous distribution of oil over the surface was
made evident when two sections of the picture were
analysed. As it was possible to use part of the picture
from under the frame, the amount of sample was
sufficient to allow use of the attenuated total reflect-
ance horizontal accessory.

A further application of this technique is in seek-
ing to obtain high quality paints. Changes in pig-
ment composition as well as in solvent composition
can have a considerable impact in industry. There-
fore, it is important to be able to determine quickly
the composition of both solid and volatile fractions.
In addition, increasingly stringent controls make it
necessary to check for the presence of forbidden sol-
vents in commercial paints.

Figure 2 shows the spectrum of the volatile frac-
tion of a commercial paint. The spectrum is obtained
by placing a long strip of aluminium foil on the bot-
tom of the gas cell with some paint on the foil. After
a few minutes the number of molecules within the
cell corresponding to the volatile fraction is suffi-
ciently great to obtain the spectrum of the gas. In
this particular case it was possible to identify xylol as
a component of the gaseous fraction. Pigment analy-
sis can be performed by covering a KBr pellet with a
very thin layer of paint.

When paint samples are very small, for example in
the case of a valuable painting, or an archaeological
sample or the paint which remains attached to a lead
bullet once it has passed through the bodywork of a
car, the most widely used technique is to put small
particles on a diamond cell and to obtain the
infrared spectrum by transmission. If the sample
cannot be removed from the matrix, microscopy
with an attenuated total reflectance objective can be
used.

Fibre analysis

Forensic analysis of fibres constitutes another major
application of infrared spectroscopy. The spherical
structure of fibres makes it necessary to flatten the
sample before measuring its spectrum, for which it is
possible to use either a roller or a diamond cell.
Once the fibre is prepared, the variable apertures of
the microscope allow the masks to be adapted to the
size of the fibre.

Figure 3 shows the spectrum of a fibre found in a
pharmaceutical product. Here, it was necessary to
know whether the sample came from the filters in
the industrial process or from the white coats of the
workers. Although it was clear that the three fibres
analysed were polyester, the technique was able to
identify the kind of polyester and to determine its re-
lation to fibres coming from the filters of the indus-
trial process. In this case the sample consisted of a
single fibre and, therefore, the use of a microscope
was the only option. If the sample consists of a piece
of textile or several fibres, other methods such as at-
tenuated total reflectance, KBr pelleting following
shattering after treatment in liquid nitrogen or dia-
mond cell in the beam condenser can be used.

Other applications have been reported, in the field
of medicine where suture threads have had harmful
reactions in patients, and for analysing single fibres
recovered from the scenes of crime.

The appearance of surface defects in animal furs is
another reported application of attenuated total re-
flectance techniques. Figure 4 shows an example of
a valuable fur damaged by white spots. The manu-
facturer claimed that the client was responsible for
damage to the fur because it had been stored in an
inappropriate environment or because of treatments
it had been exposed to. The client, on the other
hand, claimed its original treatment during manufac-
ture was to blame. Infrared analysis demonstrated
that the white spots came from the migration of ani-
mal fat to the surface and bands were comparable to
the fat extracted from the natural fur. Other sub-
stances, such as silicone, have been found in this
kind of sample.

Paper and ink analysis

Application of the infrared technique with micro-
scope to inks in paper has been a useful tool. Exam-
ples include comparison of inks used on the same
cheque, for example an additional zero to the total
sum or in the signature, and documents which are
signed and dated, where it is possible to analyse the
inks from printers or hand typewriters to determine
if they actually existed when the document was
signed. Particles of toner from a photocopy can also
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Figure 1 Spectra of two pieces of painting: damaged painting does not show the bands corresponding to oil (ATR horizontal).

Figure 2 Spectrum of volatile fraction (xylol) of an industrial painting (gas cell).
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Figure 3 Comparison of fibres from a polluted sample, white coats and an industrial filter (diamond cell in the microscope).

Figure 4 Comparison of spectra of clean and dirty furs with glycerine spectrum (ATR horizontal).
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help to solve cases by comparing the particles of the
document with the toner from the photocopying
machine used.

Figure 5 shows the spectra obtained by transmis-
sion microscopy of two cotton fibres, one of which
contains a blue ink spot. Comparison of the spectral
differences between the clean fibre and that spotted
with ink, shows that this difference can indeed be
imputed to the ink.

Cellulose fibres also have a highly characteristic
infrared spectrum. Acidity of paper due to the pres-
ence of acidic inks or biological degradation can be
measured by analysing the infrared spectrum.
Figure 6 shows the spectral differences in certain
ranges of the spectrum due to corrosion related to
the acidity of ancient papers. Carbonate bands at
875 and 1797 cm−1 decrease with decreasing pH,
carbonyl groups increase with decreasing pH and hy-
droxyl groups from cellulose decrease with increas-
ing pH. This kind of change arises as a result of poor
conservation or the type of paper.

Spots on papers can also be measured. Figure 7
shows the spectra of two samples from the same
piece of paper, one of which is spotted. The attenuat-
ed total reflectance objective of the microscope al-
lows us to identify the presence of paraffins. In such
cases, a microscope is essential to obtain the infrared
spectrum while the attenuated total reflectance ob-
jective allows the analysis to be carried out without
destroying the document.

Analysis of gemstones

There is an increasing number of gemstones, treated
or synthetic, that need analysing and the technique
that allows them to be distinguished visually is not
particularly reliable. Infrared spectroscopy can pro-
vide objective evidence for the characterization of
such samples and this is very important for both
identification and certification purposes in commer-
cial and legal practices.

Diamonds are one of the more interesting groups
of gems to study. Only when diamonds present two
parallel faces is it possible to use transmission to de-
termine the infrared spectrum. Normally diamonds,
especially those destined for jewellery, have a bril-
liant cut. This cut affects the light and makes it go
out in all directions. In this case the only technique
that allows us to obtain the infrared spectrum is dif-
fuse refle.ction. Here the gem is placed horizontally
over an aluminium mirror.

Natural diamond without impurities has a charac-
teristic spectrum with bands that are common to
both natural and synthetic diamonds, but most dia-
monds also present bands caused by defects in the

crystalline lattice. We can distinguish three different
ranges in the infrared spectrum. The first corre-
sponds to the interval between 5000 and 2700 cm−1

and is the range where the bands corresponding to
hydrogen impurities appear (4499, 4169, 3237,
3107 and 2785 cm−1) and is characteristic of the nat-
ural diamond. The second range corresponds to the
common bands of the diamond structure but they do
not reveal the difference between natural and syn-
thetic diamond (2505, 2443, 2159, 2033 and
1970 cm−1). Finally, the range between 1400 and
1000 cm−1 identifies the impurities due to nitrogen as
a specific defect in the crystalline lattice. According
to the type of nitrogen substitution, there are differ-
ent kinds of diamonds and it is in this range that it is
possible to distinguish between the natural and the
synthetic stones. Figure 8 shows the spectra of a nat-
ural diamond with hydrogen and nitrogen impuri-
ties, and of a synthetic diamond.

The spectral differences of each diamond are in
general great enough to distinguish between them. It
is of particular value in identifying a gem with a high
commercial value. If an infrared spectrum is attached
to a gem, it can be used as proof in case of legal cer-
tification. The ratio of the hydrogen or nitrogen
bands to the common bands of the second region of
the diamond provides a value that is probably
unique to the stone.

Another group of gems for which it has been poss-
ible to measure the differences between natural and
synthetic specimens is emeralds. The water and car-
bon dioxide content in natural gems means they can
be distinguished by measuring both mid and near in-
frared bands. Figure 9 shows the infrared spectra of
a natural and a fused phase synthetic emerald, where
carbon dioxide and water are not present. Nowa-
days, techniques of manufacture of synthetic emer-
alds allow water to be incorporated in the lattice. In
spite of this, infrared spectroscopy can distinguish
between both kinds of water with the help of polar-
ized radiation. Figure 10 shows the near infrared
spectra of a natural and a synthetic emerald using
polarized light at 0° and 90°. In general, infrared
spectroscopy enables us not only to see the differ-
ences between certain synthetic and natural speci-
mens, but also to obtain the fingerprint of each gem
with its impurities and, therefore, to use it in judicial
and commercial certification.

Polymer analysis

Polymers are a group of substances that can easily be
investigated by infrared spectroscopy. Apart from
analyses aimed at identifying small particles or the
composition of packagings used for food or drinks,
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Figure 5 Comparison of the difference between a clean and a blue cotton fibre with the suspected ink (diamond cell in the
microscope).

Figure 6 Changes of four different regions of infrared spectrum with pH of paper (diffuse reflection accessory).



610 FORENSIC SCIENCE, APPLICATIONS OF IR SPECTROSCOPY

Figure 7 Spectrum of a spot on the surface of a paper identified as paraffin (ATR microscope).

Figure 8 Comparison of a natural and a synthetic diamond (diffuse reflection).
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Figure 9 Comparison of a natural and a synthetic emerald (diffuse reflection).

Figure 10 Comparison of bands of water in the near infrared between a natural and a synthetic emerald using polarized light (reflec-
tion microscope).
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Figure 11 Spectra of the polymer and the adhesive of a multilayer film (transmission microscope).

Figure 12 Spectrum of a PVC polymer used in contact with drinking water, showing phthalate bands at 1719 cm−1 (ATR horizontal).
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Figure 13 GC-IR spectra of six aldohexoses.

Figure 14 Spectrum of particles on the surface of a frozen fish (diamond cell in beam condenser).
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the use of infrared spectroscopy allows multilayer
polymers and adhesives used with them to be deter-
mined. Figure 11 shows the infrared spectra of a
50 µm thick packaging where the content was al-
tered because of migration of components from the
adhesive between the layers.

The use of phthalates as plasticizers in the poly-
mers of food packagings can lead to the migration of
these molecules to the food itself. Therefore, it is es-
sential to check for their presence in such packag-
ings. Figure 12 shows the attenuated total
reflectance spectra of a polymer in contact with
drinking water where phthalates are detected.

Analysis of physiological samples

Infrared spectroscopy has also been applied to the
identification of particles found in organs such as the
lung, kidney or liver. Some studies have been
reported in which this technique has been applied to
the analysis of malignant cells, by measuring the
region of phosphodiesters of lymphocytes. This tech-
nique has been applied to the determination of sam-
ples of normal and malignant cervical cells. The
presence of biomaterials such as polyesters, poly-
urethanes and silicones originating from implants
can also be measured.

In the field of drugs, the analysis of human and an-
imal hairs has been reported. Application of infrared
microscopy in determining the presence of drugs in
inner cuts of hair samples is a useful method for
avoiding false positives from external contamination.

Some minerals, including carbonates and phos-
phates, from both inner and external parts of bones,
have also been measured.

Food analysis

A number of analyses show the possibility of measur-
ing additives used as preservatives in foods. Adulter-
ation of juices, vegetable oils and milk, as well as
caffeine content, protein and lipid content or sugar
composition are other examples that have been
reported.

Figure 13 shows the GC-IR spectra of six aldo-
hexoses. None of the monosaccharides showed iden-
tical spectral patterns, so the technique was effective
for their identification following separation by GC. 

Figure 14 shows the spectrum of particles re-
moved from the surface of frozen fish. The particles
were identified as pyrophosphate.

Environmental samples

Analysis of solid samples which might contain par-
ticles from a contamination is another area for
which infrared spectroscopy might be needed. In cas-
es where it is necessary to prove that a particular
waste has been introduced in a certain place, the
technique allows the nature of the particles found to
be analysed. Compensation is often available for
those who have lost crops or cattle, but evidence of
pollution must be proved.

Analysis of vapours from polluted soils or from
stacks can also be carried out.

Figure 15 shows the spectrum of particles from the
spill near the natural park of Do ana (Spain) which
caused an ecological catastrophe in 1998. The pool
from which the spill originated was full of pyrite
waste and a black wave covered crops over an area
extending many kilometres. The band at 422 cm−1

Figure 15 Spectrum of pyrite from the spill of waste in Do ana, showing pyrite band at 422 cm−1 (KBr pellet).
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corresponds to pyrite (FeS2). Infrared spectroscopy
was able to identify this compound at a distance of
many kilometres from the spill.

The identification of compounds that should not
occur in a place, makes it possible to impute them to
spills or pollution from other places.

Conclusions

To sum up, infrared spectroscopy allows a rapid, ini-
tial determination of a substance sent for forensic
analysis and can provide evidence that is of great,
perhaps decisive, use.

It is often difficult to identify a substance by its
infrared spectrum, especially one containing organic
molecules, when there is no indication of what it
might be. Inorganic molecules are easier to identify,
at least those bands corresponding to the anionic
part of the molecules: carbonates, silicates, nitrates,
sulfates, phosphates, etc. Yet, frequently it is only
necessary to compare samples or to follow up a sus-
picion of the presence of a substance.

Libraries play an important role in forensic analy-
sis, but the best libraries are the ones built up by
analysts themselves using suitable accessories and
developing their own methods.

See also: ATR and Reflectance IR Spectroscopy, Ap-
plications; Chromatography-IR Methods and Instru-

mentation; Chromatography-IR Applications; Fibres
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An important component of forensic toxicology is
the determination of drugs in biological specimens
when the analytical results have potential legal
consequences. Mass spectrometry is generally the
primary analytical tool for these investigations. This
is because mass spectrometry, in combination with
chromatographic methods of sample introduction,
offers the best combination of high sensitivity and
reliable identification. The areas of forensic
toxicology where mass spectrometry has played a
particularly important role include workplace drug

testing, testing of motor vehicle operators for drug
impairment, and postmortem toxicology.

Workplace drug testing typically involves the anal-
ysis of urine samples from job applicants and/or
employees to determine whether they have recently
used drugs of abuse such as heroin, marijuana,
amphetamines or cocaine. Test samples are normally
screened by a relatively inexpensive immunoassay,
and all presumptively positive samples are submitted
for mass spectral analysis to confirm the presence of
the drug or drugs. Similarly, for determination of

MASS SPECTROMETRY
Applications
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impairment in motor vehicle operators, blood sam-
ples are often analysed by mass spectrometric meth-
ods to determine whether the impaired performance
was associated with recent use of a psychoactive
drug. In postmortem toxicology, additional sample
matrices are often analysed by mass spectrometric
methods in order to gain the greatest insight into
whether drugs contributed to the cause of death. In
each of these applications the biological specimens
must be collected, transported, stored and analysed
by procedures that are scientifically and legally sup-
portable.

The application of mass spectrometry in forensic
toxicology typically consists of extraction of the
drug or drug metabolites from selected body fluids
or tissues, chromatographic separation of the drug
from other co-extractants, and mass spectrometric
detection of the analyte. The chromatographic sepa-
ration is most often performed by capillary column
gas chromatography (GC), following chemical
conversion of the analyte to a volatile derivative that
has more favourable chromatographic and mass
spectral characteristics. The combination of liquid
chromatography and mass spectrometry (LC-MS)
can also be used, but its adoption by forensic toxi-
cology laboratories has been slow, primarily because
of the high cost of LC-MS instrumentation. Never-
theless, LC-MS offers the important advantages of
not requiring derivatization and of being amenable
to analysis of high-molecular-mass compounds (such
as peptides and proteins) and very polar compounds
(such as glucuronide-conjugated metabolites).

GC-MS analyses can be performed using electron
ionization (EI) or chemical ionization (CI), followed
by either full-scan mass analysis or selected-ion mon-
itoring. Electron ionization is favoured in forensic
toxicology because it generates detailed, compound-
specific mass spectra, and because more than
100 000 electron ionization reference mass spectra
have been published. However, chemical ionization
can often provide better sensitivity, depending on the
chemical characteristics of the analyte. Most drugs
contain basic functional groups that are easily proto-
nated in the gas phase within a chemical ionization
source, resulting in a simple mass spectrum dominat-
ed by a large protonated molecule (MH+) ion peak.
Drugs that contain functional groups with high elec-
tron affinity, such as halogens, can be ionized selec-
tively and with very high efficiency by electron-
capture negative-ion chemical ionization.

Figure 1 compares the mass spectra resulting from
analysis of a cocaine-containing sample using
electron ionization and positive-ion chemical
ionization, and illustrates the features typical of these
two types of mass spectra. The electron ionization

mass spectrum has a relatively low-intensity molecu-
lar ion (M+) peak at m/z 303 and contains many frag-
ment ion peaks. In contrast, the positive-ion chemical
ionization mass spectrum shows a single intense peak
(m/z 304) that corresponds to the protonated mole-
cule ion (MH+). The high sensitivity often afforded
by chemical ionization is due to the way the analyte
ions are concentrated at a single m/z value, rather
than being distributed among many different m/z val-
ues.

Both full-scan recording and selected-ion
monitoring are widely used in forensic toxicology.
Each has advantages. A full-scan spectrum that
closely matches a reference spectrum generally
constitutes the most reliable identification of an ana-
lyte. However, monitoring just a few well-selected
ions characteristic of an analyte is more sensitive
than full-scan recording and can be a reliable identi-
fication if it is combined with a selective chromato-
graphic separation.

Workplace drug testing

The analysis of urine specimens from employees to
determine whether they are inappropriately using
drugs that can affect job performance falls under the

Figure 1 Comparison of the electron ionization and positive-
ion chemical ionization mass spectra of cocaine.
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broad category of forensic toxicology because of the
legal consequences that can arise. In the United
States, workplace drug testing is widely practised,
and can be divided into ‘regulated’ and ‘nonregulat-
ed’ testing. ‘Regulated drug testing’ refers to
programmes that fall under federal regulations, such
as the ‘Mandatory Guidelines for Federal Workplace
Drug Testing Programs’ issued in 1988. These
‘mandatory guidelines’ define how workplace drug
testing must be performed, and include the require-
ment that the testing be performed by laboratories
certified by the National Laboratory Certification
Program. Another key component of the guidelines
requires a two-tier testing process consisting of an
initial series of immunoassays followed by
confirmatory tests based on gas chromatography–
mass spectrometry. For a sample to be reported as
positive for a drug, the immunoassay screen must
show the presence of a drug class at a concentration
above the cutoff values shown in Table 1 and the
GC-MS confirmation assay must show a drug, or
metabolite within the drug class, to have a
concentration above the cutoff values listed in
Table 2.

‘Nonregulated’ workplace drug testing refers to
programmes that do not fall under federal
regulations. These programmes may include testing
for other psychoactive drugs such as benzodi-
azepines, barbiturates and lysergic acid diethylamide
(LSD). Also, nonregulated drug testing programmes
sometimes include analysis of other types of
specimens, such as hair or sweat.

Federal regulations do not identify specific
methods for performing GC-MS confirmations.
However, certain mass spectrometric procedures
have become widely adopted by laboratories that
perform workplace drug testing. A laboratory must
first demonstrate and document that each
confirmation assay is specific for the target drug and
that it is sufficiently sensitive to permit accurate
measurement of the drug at its established
confirmation cutoff.

Typically, an analytical batch of urine samples will
include each of the following: (1) calibration stand-
ards with at least one standard at the analyte’s cutoff
concentration; (2) quality-control samples contain-
ing known concentrations of the analyte both above
and below the analyte’s cutoff; (3) a sample blank
containing none of the analyte; and (4) the test sam-
ples submitted for confirmation. A specific amount
of internal standard is added to each of these sam-
ples. Deuterium-labelled analogues, now commer-
cially available for all common drugs of abuse, are
generally the first choice as internal standards. After
addition of the internal standard, each sample is ex-
tracted to separate the analyte from other compo-
nents of the urine. This step may involve a simple
liquid–liquid extraction with a water-immiscible or-
ganic solvent, extraction onto a solid adsorbent and
elution with an organic solvent, or a combination of
these procedures.

Most drugs and metabolites are chemically
converted to more volatile and stable derivatives be-
fore GC-MS analysis. Table 3 gives examples of
derivatizations commonly used for GC-MS
confirmation of drugs of abuse.

Before any test samples are analysed, the mass
spectrometer’s mass calibration is checked by

Table 1 Initial test cutoffs

Table 2 Confirmation test cutoffs

a The major urinary metabolite of ∆9-tetrahydrocannabinol,
the psychoactive component of marijuana.

b The major urinary metabolite of cocaine.

Drug class Cutoff (ng mL−1)

Marijuana metabolites  50

Cocaine metabolites  300

Opiate metabolites  300

Phencyclidine  25

Amphetamine 1000

Drug Cutoff (ng mL−1)

9-Carboxy-∆9-THCa 15

Benzoylecgonineb 150

Morphine 300

Codeine 300

Phencyclidine  25

Amphetamine 500

Methamphetamine 500

Table 3 Examples of derivatization procedures for GC-MS
analysis of common drugs of abuse

Drug group Derivatization procedure

Amphetamines Acylation with acid anhydrides such 
as trifluoroacetic anhydride (TFAA), 
pentafluoropropionic anhydride 
(PFPA) or heptafluorobutyric anhy-
dride (HFBA)

Opiates Trimethylsilylation with bis(trimethylsi-
lyl)trifluoroacetamide (BSTFA) or 
acylation with a fluorinated anhy-
dride

9-Carboxyl-∆9-THC Trimethylsilylation with BSTFA or alky-
lation with methyl iodide in dimethyl 
sulfoxide

Benzoylecgonine Trimethylsilylation with BSTFA

Benzodiazepines Trimethylsilylation with BSTFA

Barbiturates Alkylation with trimethylanilinium 
hydroxide (TMAH)
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analysis of a reference material such as
perfluorotributylamine (PFTBA), and the measured
mass-to-charge (m/z) values for the major PFTBA
ions are compared with the corresponding theoreti-
cal m/z values. A reference solution containing a
known concentration of the analyte or analytes of
interest is then injected into the GC-MS system to
evaluate the instrument’s performance. If the ana-
lyte’s peak intensity, retention time and chromato-
graphic peak shape are acceptable, analysis of a
batch of samples can be initiated.

Fused-silica capillary gas chromatographic
columns are universally used for analysis of drugs in
forensic laboratories. Typically the columns are
coated to a thickness of approximately 0.3 µm with
relatively nonpolar methylsilicone or phenylmethyl-
silicone adsorptive phases and have internal
diameters of 0.2–0.3 mm and are 10–30 meters in
length. Extracted and derivatized samples injected
into the GC-MS are most often detected by electron
ionization and selected-ion monitoring (SIM) of
three prominent analyte ions and two prominent in-
ternal standard ions. The analyte concentration is
determined by reference to a calibration curve based
on a plot of the ratio of the area of the analyte’s
quantitating ion to the area of the internal standard’s
quantitating ion versus analyte concentration. For a
urine sample to be confirmed as positive for a drug,
the analytical results must meet all of the following
criteria:

1. The drug’s measured concentration must be equal
to, or greater than, the established cutoff concen-
tration for the drug (see Table 2).

2. The ratios of peak areas for the monitored ions of
the analyte and internal standard must fall within
20% of the corresponding peak area ratios for
the calibration standard at the cutoff concentra-
tion.

3. The retention times for the analyte and the inter-
nal standard must be within 2% of those for the
cutoff calibrator.

4. The chromatographic peaks for the analyte and
the internal standard must be clearly separate
from co-eluting compounds.

The analytical methods most widely practised in
laboratories for workplace drug testing have been
well validated and are highly reliable. However,
some problems continue to be of concern. For exam-
ple, ingestion of certain legitimate food products can
result in a urine sample testing positive for a control-
led drug. Poppy seeds, widely used in bakery
products, contain low concentrations of morphine,
and hemp oil contains low concentrations of ∆9-
tetrahydrocannabinol, the psychoactive component

of marijuana. Efforts to develop analytical methods
for testing urine that would permit distinction be-
tween ingestion of these food products and
nonmedical use of regulated drugs have so far been
unsuccessful. However, methods are now available
for determining whether urine found to be positive
for methamphetamine reflects nonmedical use of
methamphetamine or legitimate use of ‘Vick’s
Inhaler’, an over-the-counter medication which in
the United States contains the l-enantiomer of meth-
amphetamine. To make this distinction, the urine
must be analysed by a method that can separate
and identify each of the optical isomers of
methamphetamine. This can be accomplished by
derivatizing the extracted methamphetamine with a
chiral derivatizing reagent such as N-trifluoroacetyl-
L-prolyl chloride. This reaction forms separate
diastereoisomers of d- and l-methamphetamine that
are easily distinguished by GC-MS analysis.

Testing of motor vehicle operators for
drug impairment

Drug impairment of operators of motor vehicles
(cars, buses, trains, airplanes, etc.) is a continuing
threat to public safety. To counteract this threat
there has been increased effort devoted to developing
analytical methods for determining when an opera-
tor’s impaired performance is due to use of psycho-
active drugs. These analytical methods have also
played an important role in investigations into how
drugs of abuse, as well as some legitimate prescrip-
tion drugs, can affect a person’s ability to operate a
motor vehicle safely. To better understand how
drugs can affect human performance, controlled
clinical laboratory experiments are required. These
experiments are designed to record self-reported im-
pairment and to detect physiological, perceptual and
cognitive drug-induced changes that may impact the
subject’s performance. The most useful clinical-study
designs incorporate collection of biological samples
at predetermined times for measurement of the drug
concentration. Here mass spectrometry is used
extensively to quantify the studied drug and its
metabolites. Drug concentrations can then be
compared to the physiological and performance
measures to determine whether a dose–response
relationship exists for the drug being evaluated.
These clinical studies provide invaluable data for as-
sisting in interpreting cases with legal implications.

Mass spectrometry is also used to analyse
biological samples collected from subjects suspected
of operating a motor vehicle under the influence of a
drug. In contrast to workplace drug testing, where
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urine is the body fluid normally analysed, blood is
the preferred body fluid for determining impaired
performance. This is because drug concentrations in
blood have been found to correlate better with the
level of impairment at the time the blood was
collected than drug concentrations in urine, which
can vary widely depending on the subject’s degree of
hydration and other variables. For some drugs, col-
lection and analysis of saliva can also be an effective
method for determining impairment.

Alcohol is the drug most frequently associated
with driving impairment, but its presence in the body
is measured by a breathalyser or by analysis of blood
using procedures that do not require the use of mass
spectrometry. Analysis of blood or saliva for other
drugs normally includes an initial screening
procedure based on a series of immunoanalyses or
by a chromatographic screening method, followed
by confirmation and quantitative measurement of
the drug by mass spectrometry in combination with
gas or liquid chromatography.

The frequency with which specific drugs are de-
tected in impaired motor vehicle operators varies
from one country or region to another. In the United
States, marijuana is the second most frequently de-
tected drug in impaired drivers, with cocaine
probably the third most frequently detected.
Benzodiazepines have been shown to affect funda-
mental driving skills such as coordination and
reaction time, and are reported to be frequently de-
tected in drivers suspected of being drug impaired.
Amphetamines and chemically related sympathomi-
metic drugs are sometimes used to reduce fatigue in
drivers, but large doses of these drugs may lead to
greater risk-taking and aggressive driving. Other
drugs that have been detected in motor vehicle oper-
ators suspected of driving under the influence (DUI)
include opiates, barbiturates, antihistamines and
antidepressants.

The confirmation and quantitation of drugs
identified in DUI cases is a challenge to the forensic
toxicologist because drug concentrations are typical-
ly lower in blood than in urine or in tissue samples.
The determination of marijuana use by DUI suspects
is particularly challenging. Although ∆9-tetrahydro-
cannabinol (THC) and its major metabolites may be
detected in blood following recent use, the concen-
trations of these analytes are usually in the low
nanogram per milliliter range. THC and its metabo-
lites have active hydroxyl or carboxyl groups that re-
quire derivatization prior to GC-MS analysis.
Examples of derivatization procedures are shown in
Table 3. GC-MS with electron ionization may be
used for the analysis of THC and its metabolites, but
this combination has limited use in forensic cases

because it lacks sufficient sensitivity to routinely
measure these analytes in blood samples. Better sen-
sitivity can be achieved using GC-MS with negative-
ion chemical ionization following conversion of the
cannabinoids to derivatives containing electron-cap-
turing substituents. Sub-nanogram- per -milliliter de-
tection limits have also been achieved by
trimethylsilylation of the extracted cannabinoids fol-
lowed by gas chromatography coupled to a tandem
mass spectrometer operated in the positive-ion
chemical ionization mode.

Cocaine is rapidly metabolized, primarily to ben-
zoylecgonine and ecgonine methyl ester, and this
conversion can continue after the blood is drawn un-
less an esterase inhibitor such as potassium fluoride
is added to the blood immediately. This step is im-
portant because the blood concentration of the par-
ent cocaine is a better indicator of the degree of
impairment than the concentrations of the inactive
metabolites.

Mass spectral identification and quantification of
benzodiazepines in blood is complicated by the large
number of prescription benzodiazepine drugs
available to the public. Treatment of blood extracts
with strong acid has been used to convert benzodi-
azepines to benzophenones, which are more easily
identified by GC-MS analysis. However, more
recently developed methods using GC-MS with
negative-ion chemical ionization or LC-MS with
electrospray ionization take less time and offer better
sensitivity.

Postmortem toxicology

Postmortem forensic toxicology involves the analysis
of drugs and poisons in body fluids and tissues col-
lected from victims that have died under suspicious
circumstances. Postmortem forensic toxicology is a
key part of a death investigation in that it can pro-
vide information addressing the following questions
and issues: (1) What drugs or toxins are present in
the body? (2) Are the concentrations of the drugs or
toxins in the lethal range? (3) Could drugs have
caused impairment resulting in a fatal accident?

Currently in the United States there are no
federally mandated regulations governing postmor-
tem forensic toxicology. However, several forensic
toxicology accreditation programmes have been
established, and the Society of Forensic Toxicology
and the American Academy of Forensic Sciences
have published guidelines for forensic toxicology
laboratory procedures and performance.

Unlike workplace drug testing, in which urine
samples are analysed for a relatively small number of
drugs and drug metabolites, postmortem forensic
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toxicology often involves analysis for a wide variety
of drugs and poisons in many different specimens,
including gastric contents, vitreous humor, blood,
liver, spleen, muscle and brain tissue. Analysis of
blood is particularly important because drug
concentrations in blood that are high enough to
cause death are known for most drugs. However,
drug concentrations in blood are generally lower
than in urine or in tissues.

Before extraction and analysis, tissues must be
homogenized. Water or buffer solutions such as
0.1 M sodium phosphate, pH 6, are added to the tis-
sue sample prior to homogenization. It is important
to record the weight of the tissue and the volume of
the fluid in which the tissue is homogenized. This
information will be used to express the amount of
drug per gram of tissue.

Extraction efficiency and sample cleanliness can be
a particular challenge in the analysis of postmortem
samples because the samples are often collected from
decomposed bodies. Products from decomposition
can reduce the extraction efficiency and can produce
interfering peaks. Also, tissue homogenates contain
lipid material that must be separated from the drug
analyte prior to GC-MS analysis. Basic drugs can be
efficiently separated from lipid material by back-ex-
traction. In this procedure the drug is extracted from
the tissue homogenate into a water-immiscible
organic solvent and then back-extracted into a dilute
acid solution while the neutral lipid material remains
in the organic solvent. The dilute acid solution is
then made basic and the drug is re-extracted into an
organic solvent.

Another cleanup procedure is to reconstitute the
initial extract residue in a mixture of hexane and
ethanol–water (80:20 v/v). Most drugs will partition
into the ethanol–water layer and lipid compounds
will partition into the hexane layer. Precipitation of
proteins from the tissue homogenates prior to
extraction is also helpful for improving cleanliness of
the extract and increasing the extraction efficiency.
Reagents that precipitate proteins include
acetonitrile, methanol and trichloroacetic acid. Di-
gestion of tissue samples with proteolytic enzymes
such as subilisin A can also enhance the recovery of
drugs in the extraction procedure.

Following extraction, the analyte is derivatized, if
necessary, and analysed by GC-MS. As discussed
previously, electron ionization continues to be fa-
voured. However, use of chemical ionization is in-
creasing because it often provides better sensitivity.
Also, a chemical ionization mass spectrum will fre-
quently provide valuable complementary informa-
tion. For example, Figure 2  shows electron
ionization and chemical ionization mass spectra for

two similar drugs, amitriptyline and cyclobenz-
aprine. The electron ionization mass spectra for the
two drugs are virtually identical owing to the promi-
nence of the common fragment ion at m/z 58. The
positive-ion chemical ionization mass spectra show
protonated molecule ion peaks that differ by two
daltons, thereby permitting identification of the two
drugs.

Of course, the relevant questions in a death
investigation cannot be answered by mass spectro-
metric analysis and other analytical data alone. Final
interpretation should always include careful
consideration of all the information relating to the
case.

Future developments

The combination of gas chromatography and
electron ionization mass spectrometry will continue
to be an important analytical tool for identification
and quantification of drugs and toxins in most
forensic toxicology laboratories. However, the use of
liquid chromatography with mass spectrometry is
certain to increase, and is likely to become the most
widely used method for identification and
quantification of drugs and other toxins in forensic
toxicology samples. Many variations of liquid

Figure 2 Comparison of the electron ionization and positive-ion
chemical ionization mass spectra of cyclobenzaprine and
amitriptyline.
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chromatography, such as capillary electrophoresis
(CE) and capillary electrochromatography (CEC),
have been successfully coupled to mass spectrome-
ters and will provide the forensic toxicologist with
an array of techniques that will permit many analyti-
cal tasks to be performed with improved sensitivity,
accuracy and efficiency.

See also: Biochemical Applications of Mass Spec-
trometry; Chemical Structure Information from Mass
Spectrometry; Chemical Ionization in Mass Spectrom-
etry; Chromatography-MS, Methods; Forensic Sci-
ence, Applications of Atomic Spectroscopy; Forensic
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ed Techniques, Applications of in Mass Spectrome-
try; Ion Trap Mass Spectrometers; Isotopic Labelling
Mass Spectrometry; Medical Applications of Mass
Spectrometry; MS-MS and MSn; Negative Ion Mass
Spectrometry, Methods; Quadrupoles, Use of in Mass
Spectrometry.
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Introduction

Analytical methods of atomic spectroscopy have
been used in forestry and wood product research
since their earliest development. Nowadays, almost
all of the spectroscopic techniques available are
employed in the analysis of metals and trace
elements in diverse samples of industrial and
environmental origin. The techniques that find most
regular application include flame atomic absorption
spectroscopy (F-AAS), graphite furnace atomic
absorption spectroscopy (GF-AAS), inductively
coupled plasma atomic emission spectroscopy (ICP-
AES) and, occasionally, also direct current plasma
atomic emission spectroscopy (DCP-AES). In many
applications F-AAS is a sufficiently sensitive and
precise technique; however, in the analysis of some
environmental samples for trace elements (forest
soils, plant material and water) where
concentrations may be very low (of the order of
100 ng mL–1) the greater sensitivity of GF-AAS and
ICP/DCP-AES is required. In considering the
applications of atomic spectroscopy to forestry and

wood products it is worthwhile remembering that
the analytical method available for use is often
determined by the volume and variety of analyses
carried out in individual laboratories.

Atomic spectroscopic techniques in 
use

F-AAS is probably the most widely used analytical
method in forestry and wood product research for
two reasons. Firstly, it is a long established tech-
nique, machines are relatively cheap and widely
available and many of the analyses routinely per-
formed by this method have now been optimized.
Secondly, the concentrations of many nutrient ele-
ments that are important for forest growth, which
are present in soil and water (e.g. Ca, Mg, Al, Fe, K,
Si) and in wood treated with metal-containing pre-
servatives (Cu, Cr, As, Zn), are well within the limits
of detection (100 ppm) of the technique. Environ-
mental samples of this kind are also usually available
in large quantities. F-AAS offers a precise, rapid

ATOMIC SPECTROMETRY
Applications
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method of analysis, and automation is possible for
large numbers of samples.

GF-AAS, also known as electrothermal atomiza-
tion atomic absorption spectroscopy (ET-AAS) or
heated graphite atomizer atomic absorption spec-
troscopy (HGA-AAS), is widely available in research
analytical laboratories where trace element work is
carried out. GF-AAS is possibly the most sensitive
method available in the atomic spectrometry range
but machines are approximately twice as expensive
as F-AAS set-ups. The detection limit for determina-
tions is typically in the order of 10–100 ng mL–1. El-
ements in soil/water samples most commonly
determined by GF-AAS might include Ca and Mg,
but also, in particular, toxic Cd, Cr, Cu, Ni and Pb.
Details of the furnace program (the temperature,
ramp, hold and purge gas flow characteristics of the
drying, charring, atomization and cleaning steps)
should be reported in published results more often
than they are. The heightened sensitivity of this tech-
nique requires the careful use of analytical reagents
to keep background contamination to a minimum.
Matrix matching between samples and calibration
solutions is critical in GF-AAS, and matrix modifica-
tion (through the addition of ammonium nitrate,
magnesium nitrate or palladium salts) may be neces-
sary to prevent the loss of analytes before and in the
atomization stage.

When DCP/ICP-AES becomes cheaper and
therefore more widely available, the advantages
offered by simultaneous multielement determinations
combined with detection limits comparable to those
of F-AAS (100 ng mL–1), the technique will
undoubtedly find greater application in the analysis
of forestry and wood samples.

Forestry

Forestry research embraces both the monitoring of
environmental impacts on forest ecosystems as well as
the impact of forestry on surrounding landscapes, in
particular on water catchments. Studies carried out
have analysed soil to monitor the effects of acid rain
on forest nutrition in relation to observed disease sus-
ceptibility in trees from different geographical loca-
tions. It is postulated that immobilization of essential
plant nutrients such as calcium and magnesium oc-
curs in soil where toxic aluminium becomes increas-
ingly mobile owing to the reduced soil pH attributed
to acid rain. Routine monitoring of water catchments
that surround forestry follows the level of movement
of both nutrient elements (N and P) and other forest
exudates (Mn, Cu, Zn, Sr and Ba) in run-off. Both F-
AAS and GF-AAS are used in these analyses and offer
acceptable sensitivity and precision.

Wood and wood products

Timber harvested from commercial forests has sever-
al possible end users. Good quality timber (i.e.
timber with good growth characteristics) is sawn to
produce timber for the construction industry. Non-
construction grade timber can end up being pro-
cessed to make wood pulp and ultimately paper or
used as sawn timber, joinery, fencing rails and posts,
transmission poles, bulkheads and pilings. Recently,
poorer quality timber has been used more and more
to make value added commodities such as board
materials like medium density fibre board (MDF),
oriented strand board (OSB) and particle/chip board.
Each of these areas generates the need for further
monitoring for various reasons.

The awareness of the need to monitor paper and
pulp mill effluent is not novel. The reduction, and
even elimination, in the use of chlorine in the bleach-
ing of pulp has focused environmental concern on
the other elements present in wood pulp. Pulp and
paper mill effluent may contribute to elevated metal
concentrations in receiving waters and sediments.
Consequently, the wood pulp industry, along with
statutory monitoring bodies, make regular use of
sensitive and quantitative techniques such as DCP-
AES and GF-AAS in attempts to reduce metal levels.

The implication of wood dust and the metals from
machined treated wood in the increased instance of
carcinoma in people working with wood also re-
quires the use of GF-AAS and F-AAS in the health
and safety analysis of dusts from wood related work
places (joinery manufacturers, sanding and sawing
operations, particle board and plywood industries).

Wood preservatives

The bulk of analytical work performed in the wood
sector is associated with wood preservatives. Most
temperate timbers are perishable and therefore re-
quire treatment with toxic combinations of elements
to achieve protection from biodeterioration owing to
attack by fungi, insects, termites and, in marine situ-
ations, wood-boring crustaceans and molluscs.

The most widely used preservatives are the class of
inorganic waterborne salts that contain Cu, Cr, As,
B and Zn. A list of commonly used preservatives of
this type is presented in Table 1.

Preservative penetration and retention

The necessity of monitoring the levels of preserva-
tives (waterborne inorganic salts as well as organic
solvents and creosote) in treated timber arises from
the fact that such timber is supposed to be treated
to specified levels or retentions (kg preservative salt
m–3 wood), depending on the biological hazard to
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Table 1 Common inorganic waterborne salt type wood preservatives; active ingredients and nominal compositions as well as the
recommended in-service situation are listed

The country of use, is not intended as an exhaustive list.
a CCA type 1 (UK).
b CCA type 2 (UK).
c CCA type A (USA).
d CCA type B (USA).
e CCA type C (USA).

Table 2 Biological hazard classes for timber exposed in service as defined by the European Standard EN 335-1:1992

a U, Universally present within Europe. L, Locally present within Europe.
b The risk of attack can be insignificant, according to specific service situations.

Preservative Active ingredient Nominal % composition Principal use/country of use

Chromated zinc chloride (CZC) Zinc as ZnO 80 Out of ground contact

Chromium as CrO3 20 USA, Germany

Copper–chromium–arsenic (CCA) Copper as CuSO4•5H2O
as CuO

33a, 35b

18.1c, 19.6d, 18.5e

Ground contact, freshwater 
and marine situations

Chromium 
as Na2Cr2O7•2H2O 
as CuO3

41a, 45b

65.5c, 35.3d, 47.5e

Worldwide

Arsenic  as As2O5•2H2O 
as As2O5

26a, 20b

16.4c, 45.1d, 34e

Copper–chromium–boron (CCB) Copper as CuSO4•5H2O 36 Out of ground contact

Chromium as Na2Cr2O7•2H2O 40 Continental Europe

Boron as H3BO3 24

Ammoniacal copper arsenate 
(ACA)

Copper as CuO 49.8 Ground contact, freshwater 
and marine situations 

Arsenic as As2O5 50.2 USA

Fluor chrome arsenate phenol 
(FCAP)

Fluoride as F 22 Out of ground contact

Chromium as CrO3 37

Arsenic as As2O5 25 Continental Europe,

Dinitrophenol 16 USA

Ammoniacal copper, zinc arsenate 
(ACZA)

Copper as CuO 50 Out of ground contact

Zinc as ZnO 25

Arsenic  as As2O5 25 Scandinavia, USA

Description of wetting in 
service

Occurrence of biological agenciesa

Hazard class General service situations Fungi Beetlesb Termites Marine borers

1 Above ground, covered (dry) None – U L –

2 Above ground, covered (risk of wet-
ting)

Occasionally U U L –

3 Above ground, not covered Frequently U U L –

4 In contact with ground or fresh water Permanently U U L –

5 In salt water Permanently U U L U

which it is expected to be exposed in service. There
are five classes of biological hazard based on the ex-
pected exposure to wetting and these are shown in
Table 2.

Technical standards exist which prescribe the lev-
els of preservative salt necessary in timber exposed
to a given hazard class. Treatment levels are defined
in terms of required penetration depths and must be
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matched to individual wood species’ treatability. The
more pertinent European and American standards
covering these technical requirements are listed in
Table 3.

Meeting the requirements of these standards gener-
ates an enormous amount of routine analysis in the
preservative treatment plants that are responsible for
correctly treating the timber, and also in research lab-
oratories examining biodeterioration of timber and in
industrial development laboratories. Inorganic water-
borne elements are readily determined using F-AAS
and this is the method recommended in the technical
standards governing the analysis of inorganic water-
borne preservatives, the European and American ex-
amples of which are included in Table 3.

Naturally occurring levels of 
elements

The naturally occurring levels of the elements most
frequently analysed in forestry soil and foliage sam-
ples and wood/wood product samples are presented
in Table 4. The normal manner in which samples
containing these elements are prepared so as to re-
lease the element as an analyte for trace element de-
termination is indicated in the table. Where several
analytical techniques are possible this is indicated in
the footnotes. The most commonly recommended F-
AAS and GF-AAS settings for the same elements are

shown in Table 5 along with potential interferences
and their control. From these two tables it is readily
appreciated that, for most determinations involving
forestry related or wood samples, contamination is
not usually problematic and background levels can
frequently be ignored.

General instrument settings

Sample instrument settings for F-AAS, GF-AAS and
ICP-AES analyses are shown in Table 6. However,
instrument manufacturers, recommendations should
always be followed.

Analytical procedures

General comments

In the use of AAS or AES, quality control can be
maintained by the use of standard reference materi-
als in analyses. Although expensive, the practice of
including reference samples provides extra control to
the data generated. The heterogeneity of elemental
distributions in ecological samples requires adequate
field sampling to generate a statistically significant
number of samples on which accurate determina-
tions can be made. In many instances the pooling of
samples after initial processing (grinding, drying,
sieving etc.) is possible (and has been reported for

Table 3 National standards referring to preservative treatment of wood and also to the laboratory methods used to analyse the pre-
servative content of wood and treating solutions (including F-AAS)

Standard No Title

EN 335-1: 1992 Durability of wood and wood-based products.  Hazard classes of wood and wood-based prod-
ucts against biological attack.  Part 1.  Classification of hazard classes

EN 335-1: 1992 Durability of wood and wood-based products. Hazard classes of wood and wood-based products 
against biological attack.  Part 2. Guide to the application of hazard classes to solid wood

EN 335-3: 1996 Durability of wood and wood-based products.  Definition of hazard classes of biological attack.  
Part 3.  Application to wood based panels

EN 350-2: 1994 Durability of wood and wood-based products.  Natural durability of solid wood.  Part 2.  Guide to 
natural durability and treatability of selected wood species of importance in Europe

EN 351-1: 1996 Durability of wood and wood-based products.  Preservative-treated solid wood.  Part 1.  Classifi-
cation of preservative penetration and retention

EN 599-1: 1997 Durability of wood and wood-based products.  Performance of preventive wood preservatives as 
determined by biological tests.  Part 1.  Specification according to hazard class

BS 5666-3: 1991 Methods of analysis of wood preservatives and treated timber.  Part 3.  Quantitative analysis of 
preservatives and treated timber containing copper/chromium/arsenic formulations

BS 4072: 1978 Specification for wood preservation by means of copper/chrome/arsenic compositions

AWPA Standard P5-98 
(1998)

Standards for waterborne preservatives

AWPA Standard C1-98 
(1998)

All timber products – preservative treatment by pressure processes

AWPA Standard A11-
93 (1993)

Standard method for analysis of treated wood and treating solutions by atomic absorption spec-
troscopy

EN = European standard; BS = British Standard; AWPA = American Wood Preservers’ Association Standard.
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soils and herbaceous plant matter) but the decision
must be made whether to sacrifice the spatial pattern
for a mean concentration. The practice is not recom-
mended for wood. Matrix matching of calibration
and test solutions is critical, especially where the
more sensitive GF-AAS is concerned. If acid digests
have been carried out on samples the same acids
must be used in calibration standards. Analytical
grade chemicals should be used in all determinations
and, where specified, distilled and deionized water
may be preferred over distilled water.

Applications of atomic spectroscopy 
in forestry and wood products

Fine estuarine sediments

Particulate organic matter (POM) is largely associat-
ed with fine sediment fractions, i.e. silts (2–20/
50 µm) and clays (< 2 µm). Inorganic copper–
chromium–arsenic salts (CCA) leached from sub-
merged or floating treated wood in coastal situations
also tend to be associated with the organic matter in
this fraction. The settlement of fine particulates
(POM, silts, clays) where Cu, Cr and As may be
present is dependent on the flushing characteristics
of the water body as well as the age of the structure
from which preservative components are leaching. In
slow currents where recently treated timber is
present, Cu, Cr and As can be detected several me-
tres from treated wooden emplacements such as pil-
ings, floating jetties and bulkheads. It is important
that experimental design takes these facts into
account when deciding on a sampling regime.

Fine sediments should be allowed to settle out in
volumetric cylinders before subsampling so as to re-
duce the risk of contamination from metal sieves.
Sediment is then dried (150ºC) and a subsample wet
ashed in a 3:1 mix of nitric acid and perchloric acid
(HNO3–HClO4). Caution: perchloric acid is highly
explosive when it comes into contact with organic-
matter. Therefore raw organic samples should al-
ways be pre-mixed in warmed nitric acid before the
addition of perchloric acid. Once perchloric acid has
been added, the digest mix should not be allowed to
boil dry. Only experienced personnel should handle
and store this reagent.

Determinations of Cu, Cr and As can be made on
the filtered liquid fraction, using the recommended
settings in the manual accompanying the atomic
spectrometer used. Elemental levels determined by F-
AAS methods from fine coastal sediments have been
found in the range 25–2000 µg Cu per g sediment,
40–180 µg Cr per g sediment and 10–100 µg As

per g sediment. The possibility of carrying out hy-
dride generation before the determination of arsenic
is an option on many machines.

Algae and animal tissues

Plant and animal material (e.g. algae, crustaceans,
molluscs and bivalves) collected to determine the
transfer of metals from the environment to biota
within habitats can be collected at field sites and
frozen until laboratory analysis is possible. Defrosted
or fresh material can then be oven dried (150ºC) be-
fore a subsample is selected and wet ashed in a 3:1
mix of nitric and perchloric acid (HNO3–HClO4).
Note the cautions expressed above for the handling
of this mixture.

The filtered leachate is analysed in F-AAS using
the settings recommended by the manufacturer of
the machine for each element under determination.
In cases where the elemental concentrations are like-
ly to be very low (e.g. control samples from ‘clean’
sites) it may be necessary to carry out analysis using
GF-AAS (or ICP-AES if available) with a simpler
acid digestion. Typical levels of CCA encountered in
coastal biota where preserved wood is submerged
are in the range 5–10 µg g–1 (As) 5–15 µg g–1 (Cr)
and 60–150 µg g–1 (Cu).

Trees and herbaceous plant material

Foliage samples are collected fresh and then stored
cold or frozen until analysis. Dried/defrosted sam-
ples are oven-dried at 60–80ºC and then ground to a
fine powder in a suitable mill. Beware: steel mills
may lead to contamination by Fe, Mn, Mo and Co
while other mills can lead to contamination by Cu
and Zn. Ceramic ball mills may lead to contamina-
tion by Al, B, Ca, K or Na.

Ground samples are dissolved in a wet digestion
procedure on a heating block using a 3:1:2 mix of
HNO3–H2SO4–H2O2 (typically 1–5 g in 1.5:0.5:1.0
mL of acid mix). Lanthanum (as lanthanum chlo-
ride, 1000 µg mL–1) is added as a releasing agent to
prevent phosphate interference in the analysis of Ca
and Mg by F-AAS. Aluminium levels may need to be
determined by the more sensitive GF-AAS, in which
case the chances of contamination need to be mini-
mized by using smaller volumes of acid in the diges-
tion mix (1 mL HNO3, 0.2 mL H2SO4, 0.2 mL
H2O2).

Forest soils

Soils are collected in the field using stainless steel soil
probes which sample to depths of 40–50 cm, main-
taining the stratigraphic integrity of the sample.
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Table 4 List of common soil minerals and methods for sample preparation and analysis; Naturally occurring levels (in mineral soils, freshwater, etc.) are also included. With the permission
of Blackwell Scientific Publications data based on Allen SE (1989) In: Allen SE (ed) Chemical Analysis of Ecological Materials, 2nd edn. Oxford: Blackwell Scientific Publications.

Element Fusion type
Acid digestiona (as an 
alternative to fusion)

Sample size(g) 
(to give 100 mL 
solution)

Mineral soil 
(µg g–1)

Organic soil 
(µg g–1)

Soil extracts 
(µg g–1)

Plant materials 
(µg g–1)

Animal tis-
sues (µg g–1)

Rain water 
(µg L–1)

Fresh water 
(µg L–1)

Al Na2CO3 or NaOH 0.1 1–12% 0.05–0.5% 10–200 (mg 
per 100 g)

0.01–0.1% 0.001–0.02% 2–100 100–2000

B Na2CO3 + 30 mL water, 
then 20% v/v H2SO4 
until melt dissolves

0.25 5–50 2–20 0.2–5 10–80 0.4–2 100 10–500

Ca Any fusion method HF–HClO4 0.1 (less for cal-
careous soils)

0.5–2%(excl. 
calcareous 
soils)

0.1–0.5% 10–200 (mg 
per 100 g)
(excl. calcar-
eous soils)

0.3–2.5% (high 
in calcareous 
species)

0.03–0.3% 
(excl. bones)

0.1–3 mg L–1 0.1–100 mg L–1

Cl Na2CO3 + NaNO3 to 
improve flux Dissolve 
melt in water Adjust pH 
to 8 with 0.1 M H2SO4

1.0 0.004–0.08% 0.03–0.2% 1–40
(excl. saline 
soils)

0.04–0.4% 0.2–0.8% 1–25 mg L–1 2–100 mg L–1

Co Any fusion method HF–HClO4 0.5 1–50 0.2–1 0.05–4 0.1–0.6 0.02–0.1 0.05–0.5 0.5–2.5

Cu Na2CO3 or KHSO4 HF–HClO4 0.25 5–80 6–40 0.1–3 2.5–25 10–100 0.2–2 2–50

Fe Na2CO3 HF–HClO4 0.1 0.5–10% 0.02–0.5% 50–1000 40–500 100–400 5–150 50–1000

Mg Any fusion method HF–HClO4 0.1 0.2–2% 0.05–0.3% 4–50 mg per 
100 g

0.1–0.5% 0.05–0.2% 0.1–2.0 mg L–1 0.5–20 mg L–1

Mn Any fusion method
If solution is pink–
brown add a few drops 
of H2SO3(5%w/v SO2) 
and boil before dilution 
to volume

HF–HClO4 0.1 200–2000 50–500 5–500 50–1000 5–50 0.4–3 1–80

Mob 0.6 or > 0.5–10 0.05–0.5 0.01–0.2 0.1–0.8 0.03–0.3 0.05–0.3 0.1–2

Nc 0.5–1.0 0.1–0.5% 0.5–1.5% NH4
+-N 0.2–3 

mg per 100 g
NO3-N 0.1–2 
mg per 100 g

1–3% 4–10% NH4
+-N 0.1–0.8 

mg L–1 NO3-N 
0.05–0.4 mg 
L–1

NH4
+-N 0.1–2 mg 

L–1

NO3-N 0.05–3 
mg L–1

P Fusion followed by boil-
ing with H2SO4 to con-
vert into ortho-
phosphate

HF–HClO4 provided all 
HF removed or
digest with HNO3 
(2 mL) + HClO4(1 mL)
+ H2SO4(0.5 mL) or
digest with H2SO4–
H2O2 for 2 h

0.1

0.05

0.2

0.02–0.15% 0.01–0.2% 0.3–8 mg per 
100 g

0.05–0.3% 0.3–4% 
(excl.bone)

2–50 g L–1 5–500 g L–1
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Note: for the naturally occurring levels all measurements are on a dry weight (µg g–1) basis unless otherwise stated. Dissolution methods (fusion and acid digestion) for the determination of
total element concentrations in soil are shown.
a Perchloric acid is explosive if handled incorrectly.  Consult safety manuals for information on correct handling.
b This element presents difficulty in determination.  Consult specialist texts for methodology.
c Various chemical methods for the determination of NH3-N, NO3-N, NO2-N and tot. N exist.  Consult specialist texts.
d Various methods exists. Consult specialist tests for methodology.
e Fusion/dry ashing would cause volatilization of Hg, other methods preferred.  Consult specialist texts for methodology.

K Any fusion method HF–HClO4 0.1 0.3–2% 0.02–0.2% 5–50 mg per 
100 g

0.5–5% 0.3–1.5% 0.1–1 mg L–1

Fusion reagents may 
give high blanks

Si NaOH 0.1 20–60% 0.2–2% 0.05–0.5% 0.05–0.3% 0.01–0.1 0.5–8 mg L-1

Na HF–HClO4 0.1 0.1–2% 0.02–0.1% 2–20 mg per 
100 g

0.02–0.3% 0.2–1.0% 0.5–15 mg L–1 2–100 mg L–1

S Mix soil with 2.5 g 
Na2CO3, preheat to 
450°C for 30 min 
before fusion

0.5 0.03–0.3% 0.03–0.4% 100–500 0.08–0.5 0.2–0.8% 0.4–4 mg L–1 2–150 mg L–1

Addition of 0.2 g NaNO3 
or 0.1 g Na2O2 
improves the flux

as SO -S as SO -S

Ti Na2CO3 HF–HClO4 0.5 0.2–1.5% 0.01–0.08% 0.1–2 0.4–8 0.01–0.1 0.03–0.2 0.4–4

 Evaporate solution 
obtained and add 30 
ml 50% v/v H2SO4.  
Evaporate to white 
fume stage.  Add 10 ml 
50% v/v H2SO4 and 
filter

Not in presence of high 
soil P

Zn Any fusion method HF–HClO4 0.1 20–300 10–50 1–40 15–100 100–300 1–15 5–50

Crd 10–200 0.05–0.5 0.01–0.3 0.1–0.5

Asd 0.5–30 0.1–1 0.1–0.5 
(accumu-
lates in cer-
tain 
organisms)

0.2–1

Pbd 2–20 0.05–3 0.1–3 1–20

Hge 0.1–1 0.005–0.1 0.03–0.3 0.3–3
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Before analysis soil may be split into different levels,
most metals are associated with the organic fraction
in the active root zone 10–15 cm down. Soil should
be air-dried for several days (∼ 7) and then ground in
a mortar and pestle and passed through stainless
steel (2 mm) and 1 mm mesh sieves. After thorough
mixing, soils can be stored in polythene bags until
analysed.

Available nutrient elements are extracted from
∼ 2 g subsamples which are treated with ammonium
acetate (100 mL) and placed on a mechanical shaker
for 1 h and then the resulting solution is gravity

filftered. Concentrated HCl can be added (2–3
drops) to decrease the bacterial activity in the sam-
ple. Lanthanum (as lanthanum chloride at
1000 µg mL–1) is added to the filtrate so as to pre-
vent the interference of phosphate in the determina-
tion of Ca and Mg. Soil element concentrations are
usually determined by F-AAS. Certain micronutri-
ents such as Mo occur at levels near the limits of de-
tection of F-AAS and are best determined by GF-
AAS. Naturally occurring levels of Cr, Pb and Ni are
also best determined by the more sensitive GF-AAS.
Only chromium absorbance experiences potential

Table 5 Summary of flame techniques applicable to the analysis of ecological materials. With the permission of Blackwell Scientific
Publications, data based on Allen SE (1989) In: Allen SE (ed) Chemical Analysis of Ecological Materials. 2nd edn. Oxford: Blackwell
Scientific Publications.

E=emission,  A=atomic absorption, EA=electrothermal atomization.

Eleme
nt

Wave-
length 
(nm) Mode Flame

Suitable 
ranges 
(ppm)

Potential
interferences

Control of
interference Comments

Al 309.3 A N2O–C2H2 0–20 Fe, Ti, Ca, HOAc Include Fe in stan-
dards

Very hot flame essential 
EA possible

Ca 422.7 E Air–C2H2

O2–C2H2

0–40 Al, P, Si, S Add releasing agent 
(Sr or La salt)

A more sensitive than E

A Air–C2H2 0–10 As above As above
0–40

 A N2O–C2H2 0–40 Na, K Include ionization 
buffer

Co 240.7  A Air–C2H2 0–50 Fe if high Extract Prior concn normally 
reqd. 

EA 0–1 EA preferable
Cr 357.9 EA – 0–0.1 Ca, Fe Standard compensa-

tion
EA usually essential

Cu 324.8 A Air–C2H2 0–5 None significant Prior concn desirable 
EA preferable

Fe 248.3 A Air–C2H2 0–20 Si Add CaCl2
Hg 253.7  A Flameless 0–1 None Hg vapour is produced 

which is passed into an 
abs cell in the light path

Mg 285.2  A Air–C2H2 0–3 Ca, Al, P, Si Add releasing agent
(Sr or La salt)

Mn 279.5  A Air–C2H2 0–2 None significant Samples and standards 
to be in same valency 
state

0–20

Mo 313.3  A Air–C2H2 0–3 Prior concn with organic 
extraction

K 766.5 Air–C2H2

Air–pro-
pane

 0–10
0–100

Na, Ca, H2SO4, 
HCl 

Include in standards
Dilute sample

A has no marked advan-
tage over E

Na 589.0 Air–C2H2

Air–pro-
pane

0–5
0–20

Ca, H2SO4, HCl Include in standards 
Dilute sample

E preferable

Ni 232.0 EA – 0–0.2 None serious EA essential

Pb 217.0  EA – 0–0.5 None serious,
Cl possible

EA desirable

A Air–C2H2 0–10 Prior concn necessary
Zn 213.9 A Air–C2H2  0–1 None significant
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interference, from Ca and Fe, which is controlled by
several means, including the addition of 2% ammo-
nium chloride (NH4Cl) to samples and standards.

Solid wood

The analysis of solid wood for elements (both natu-
rally occurring and as preservative components) is a
relatively straightforward determination using spec-
troscopic techniques. Some values for naturally oc-
curring elements in hardwoods and softwoods are
presented in Table 7, the levels of toxic metals re-
ported for spruce are noteworthy. The methodology
detailed here for the analysis of wood preserving ele-
ments is widely accepted.

Only Ca, Mg and phosphate are reported to occur
in appreciable amounts in wood and experiments car-
ried out in the presence of excess Ca, Mg and phos-
phate showed no interference in typical digest mixes
[0.5 M sulfuric acid and 0.3% (w/v) sodium sulfate]
in the determination of Cu, Cr, As and Zn. Phosphate

does not interfere with As determination, indicating
that an insignificant amount of the phosphate present
is ionic. Good extractives are not reported to cause in-
terference in the determination of Cr and Cu and they
can enhance the As signal unless the burner height is
maintained between 1.3 and 1.5 cm (1.4 cm is fre-
quently used). There is no interelement interference in
the determination of Cu, Cr and As solutions. Pre-
servative compounds are extracted from treated
wood prepared as thin sections (0.2 mm thick), saw-
dust (produced by sawing a suitably representative
part of the treated wood) or wood flour (prepared by
hammer milling wood chips).

The decomposition step is carried out in a mixture
of 0.5 M sulfuric acid and 100 volume hydrogen per-
oxide. The copper(II) sulfate, potassium/sodium
dichromate and arsenic pentoxide in CCA preserva-
tives undergo fixation to form potassium/sodium
sulfate by-products. Any potential interference in the
chromium and arsenic signals from these compounds
in the leachate is overcome by an excess of sodium

Table 6 Sample instrumental setting for analyses in F-AAS (A) and GF-AAS (B) 
(A) F-AAS Settings for the measurement of Cu, Cr and As in CCA treated wood preservatives (BS 4072:1974)

(B) GF-AAS Settings for the determination of aluminium in conifer foliage. Reproduced from Lee CE, Cox JM, Foster DM, Humphrey
HL, Woosley RS and Butcher D (1997) Determination of aluminium, calcium, and magnesium in Fraser fir (Abies fraseri) foliage from
five native sites by atomic absorption spectrometry: the effect of elevation upon nutritional status. Microchemical Journal 56: 236–246.

These conditions represent improved optimization compared with conditions recommended in manufacturers manual for Al
determination
a Maximum power heating.

Parameter Copper Chromium Arsenic

Wavelength (nm) 324.8 357.9 or 429.0 193.7 or 197.2

Slit width (mm) 0.08 0.06 to 0.10 0.30

Lamp current (mA) 4 8 7

Scale expansion up to × 10 up to × 10 up to × 10

Burner 10 cm acetylene 10 cm acetylene 10 cm propane

Burner height (cm) 1.0 0.5 1.4

Acetylene flow rate (P of 0.7 kg cm–2)/cm–3 
min–1

1000 1800 –

Air flow rate (P of 2.1 kg cm–2)/L min–1 5 5 –

Hydrogen flow rate (P of 0.7 kg cm–2)/cm–3 
min–1

– – 1800

Argon flow rate (P of 2.1 kg cm–2)/L min–1 – – 5

Analytical wavelength: 394.4 nm
Chemical modifier: magnesium nitrate (2 µg as Mg)
Bandpass: 0.40 nm
Background correction: continuum source

Furnace program

Dry step Char step Atomization step Clean step

Temperature (°C) 110 1100 2300 2500

Ramp (s) 20 20 0a 1

Hold(s) 15 30 4 4

Purge gas flow Low Medium None High
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sulfate (at 0.3% w/v) added to samples and calibra-
tion standards. Wood that has been submerged in
water for a prolonged period can experience leaching
of preservative salts and so the concentration of po-
tassium/sodium salts in treated wood can be very
variable.

The analytical sensitivity for arsenic has been
improved from 0.60 µg mL–1 to 0.10 µg mL–1 by the
use of an argon–hydrogen flame (instead of air–
acetylene) and a 10 cm propane burner (instead of a
10 cm acetylene burner) analysed at a wavelength of
197.2 nm, and this flame is recommended in arsenic
analysis. The argon–hydrogen combination is highly
explosive and should only be used by trained
personnel.

Standard curves can be prepared in the range of 5–
35 µg mL–1 Cu and 10–70 µg mL–1 Cr and As for
preservative concentrations in the region of 3% w/v.
The acid decomposition described is suitable for
samples in the range of 3–8 g.

The comminution of wood probably represents
the most time-consuming part of the sample prepara-
tion procedure. The production of wood flour re-
quires the tedious reduction of wooden samples to a
small enough size (ca. matchstick) before feeding
into a hammer mill. The hammer mill itself can be a
cause of contamination in the form of Cr or Cu from
the hammers or the chamber though this is probably
insignificant compared with the levels of Cu and Cr
in the treated wood. Though wood flour represents
the maximum surface area to volume ratio for the
action of the acid decomposition, the use of thin
wood sections (0.2 mm thick) or sawdust is accept-
able providing they are obtained from areas of treat-
ed wood deemed representative of the whole, i.e. not
from the ends or surfaces, which can be over-treated
with respect to the rest of the timber.

Water

The requirements of the analysis of water from vari-
ous sources is one area of environmental research
that is driving efforts to improve the limit of
detection of spectroscopic analysis. Elements are fre-
quently in very dilute concentrations and the

presence of dissolved salts (chiefly sodium chloride
and magnesium salts in marine samples) can offer
some interference in sensitive analyses.

The pulping of hardwood and softwood during
the manufacture of paper generates waste water that
contains elements such as Na, Al, Mn, P, Fe, Mn,
Zn, and metals such as Cd, Cu, Cr, Ni, Hg and Pb.
These elements and metals are released in mill efflu-
ent to receiving waters and elevated concentrations
can build up in fine sediments at some distance (up
to 12 km) from the effluent source.

Water samples can be handled in several ways but
an important precaution is to prevent the sorption of
metals to sample bottles. This is achieved by the ad-
dition of 0.02 vol.% suprapure nitric acid. Both
plasma AES and GF-AAS methods are suitable for
the determination of the elements mentioned. Wave-
lengths (nm) considered more sensitive for elements
in organic matrices analysed by DCP-AES include
568.82 (Na), 308.215 (Al), 259.94 (Fe), 403.076
(Mn) and 202.548 (Zn).

The determination  of  Cr, Ni  and Pb require the
addition of NH4H2PO4 to samples for matrix
modification. Most elements in pulp effluent occur
in µg L–1  concentrations (As, Ba, Co, Li, Sr, Sn) while
some, such as Na, Ca, Mg, Si and K (naturally
present in wood or added to pulp during processing
in various chemicals), occur in mg L–1 concentra-
tions. Mass spectrometry may be employed for cer-
tain elements that are present in very low
concentrations < 1 µg L–1  (Ag, Mo, Sb, Tl) and the
combination of elements determined by this method
offers a characterization of pulp and paper mill efflu-
ent in water. Mercury is determined by cold vapour
AAS where the detection limit is ∼ 0.1 µg-Hg L–1.

Air

The concentration of metals in the air of wood-
processing factories has recently become a more
prominent health and safety issue and the analysis of
metal-containing dust samples is carried out by AAS
and AES methods.

For the analysis of metal elements in the air of fac-
tories that process wood which has been treated with

Table 7 Naturally occurring metal ion concentrations in wood of various kinds; values on a mg per kg dry weight basis

Source Na Al Fe Mn Zn Cu Pb Cd Cr B

Spruce 76–133 3.2–8.3 1.6–3 32–271 5.7–22.9 0.7–1.3 0.3–1.5 0.2–0.5

Birch 96 11 21 76

Pine 35 16 24 76

Hardwoods 0.2–2.1 0.2–4.6 1.5–7.2

Softwoods 0–3.0 0.2–4.8 0.8–6.8
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wood preservatives (such as Cu, Cr and B) the finest
dust particles are collected by suction onto glass
fibre filter paper. The concentration of dust (in
mg m–3 air) is calculated by dividing the mass of the
dust (mass of filter paper after filtering minus the
mass of filter paper before filtering) by the volume of
air filtered.

Elements are determined in dust by first drying the
dust sample over silica gel. Fine dust samples are
very mobile and difficulties may be experienced
transferring samples. A dust sample is leached in
20 mL HNO3 (1 M) mixed with 1 mL H2O2 (30%)
in an Erlenmeyer flask and shaken on a mechanical
shaker for 20 h. After filtration, Cu and Cr determi-
nations may be made in F-AAS as described above.

Hexavalent chromium (the more toxic form of Cr)
can be determined separately by extraction from
dried dust with diphenylcarbazide followed by pho-
tometric analysis. Boron is extracted from silica gel
dried dust by leaching in the HNO3 (1 M) mix de-
scribed above. After 20 h in the solution on a me-
chanical shaker the sample is filtered, extracted with
2-ethylhexa-1,3-diol and curcumin and analysed by
photometry.

To date, research has shown that in less than half
of the workplaces examined the concentration of
dust in workplace air was above the recommended
threshold (2 mg dust per m–3 of air), and in fewer
than a third of cases the levels were five times the
recommended threshold value. It has also been
shown that the concentration of metals in the dust
did not have its origin exclusively in preservative
treated wood but that there was a significant load of
metals from external air. The concentration of hexa-
valent chromium in dust was in line with natural lev-
els in air and well below the safe threshold levels of
50000 ng m–3.

Future developments

Analytical improvements in atomic spectroscopy are
most likely to affect the analysis of water and air

samples related to environmental impacts of
wood-products and the health and safety aspects of
working with wood and wood preservatives. Atomic
absorption spectrometry is now such a thoroughly
tried and tested analytical technique that regular ma-
jor advances are unlikely.

In spite of the advent of ICP based techniques,
F-AAS and GF-AAS continue to be used routinely in
many laboratories for the analysis of waters, soils
and plant material. As might be expected, most of
the significant developments in the AES field have
been associated with ICP-AES, and especially with
aspects of sample introduction to the ICP, though
reports of novel developments in wood related
research are not plentiful.

See also: Atomic Spectroscopy, Historical Perspec-
tive; Environmental and Agricultural Applications of
Atomic Spectroscopy; Inductively Coupled Plasma
Mass Spectrometry, Methods; Quantitative Analysis;
X-Ray Fluorescence Spectroscopy, Applications.
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In Fourier transform spectroscopy (FTS), the output
of the detector can be represented as a value that is a
function of the independent variable, usually time.
For a given finite measurement time T, it can be con-
sidered a transient signal that lasts T seconds. This
transient is the interferogram in FT-IR or the free in-
duction decay in FT-NMR. In either case, this tran-
sient function contains all the spectral information
being measured, but the spectral amplitude for each
frequency is encoded in the detector signal and in
general is not discernible directly. The Fourier trans-
form is a mathematical operation that can be used to
change this function of time into an amplitude that is
a function of frequency, which is a representation of
the desired spectrum.

Signal processing has always been a critical aspect
in spectroscopy and especially in FTS. The general-
ized use of computers as components in spectrome-
ters to implement the Fourier transform and/or other
digital signal processing (DSP) tasks requires, as a
first step, that the signals used be discrete amplitude,
discrete time-sampled representations of continuous
amplitude, continuous time (analogue) signals, such
as the output of a detector. The sampling process
must meet certain minimum requirements for the re-
sulting sample sequence to contain all the informa-
tion of the original signal. The output of the
sampling process is a continuous amplitude, discrete
time representation of the original signal. To obtain
a discrete amplitude sequence, the amplitude of each
sample is quantized with finite precision by a digital
to analogue converter (ADC) and is then represented
by a number. The resulting sequence of numbers is
the input to the DSP.

The Fourier series

In the artificial case that the spectrometer measures
the same sample multiple times, the successive tran-
sients will be identical, and the entire sequence will
be a periodic signal of period T.

The Fourier series provides a representation of the
signal as a sum of sinusoidal components of different
frequencies. For a periodic signal of period T it is
easy to visualize that the component frequencies will
be fk = k/T, where k = 0, 1, 2, 3 …, because these

sinusoids are the only ones periodic in T. These com-
ponents are called harmonics of the signal. The sinu-
soid of frequency fk is the kth harmonic.

Sinusoids are used to study and represent signals
in linear time invariant systems because an input si-
nusoid generates an output from a linear time invari-
ant system that is a sinusoid of the same frequency.
(See Mason and Zimmerman in the Further reading
section). The Fourier series representation of a peri-
odic signal v(t) with period T is 

for k = 1 … ∞, and −∞ < t < ∞; 2πk/T is the radian or
angular frequency of the kth harmonic and Ak

cos(2πk/T)t and Bksin(2πk/T)t are the harmonic
components of v(t). Ak is the amplitude of the cosine
component of frequency k/T. A0 is the average of v(t)
over a period T, and Ak and Bk are the averages of
2v(t)cos(2πk/T)t and 2v(t)sin(2πk/T)t respectively,
also over a period T.

For an even function of t, that is ve(t) = ve(−t) the
above simplifies to 

For an odd function of t, that is vo(t) = −vo(−t) we
have 

The Fourier series can be written in a more compact
form with the use of the complex exponential func-
tion exp(iωt) = cos(ωt) + i sin(ωt), where ω is the
radian frequency 2πf, and ω0 = 2π/T. Then 
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where Vk is the average of v(t)exp(−ikω0t) over the
period T: 

Vk has the dimension of voltage, and in the general
case will be complex. This expression leads to the
Fourier transform, also called the Fourier integral. If
we assume v(t) is periodic with period T, and differ-
ent than zero for |t| <  T/2, we can define

V(kω0) has dimensions of voltage per unit frequency.
It is independent of T, and does not change when T
increases, while the Fourier coefficients Vk become
smaller as T increases. 

For T approaching infinity, ω0 tends to zero, and if
we define ω = kω0, in the limit 

and

where V(ω) is the Fourier transform of v(t). The term
V(ω) is also called the frequency spectrum of v(t) or
simply the spectrum. This is the Fourier representa-
tion of a single pulse, because we defined it by select-
ing one pulse and moving all others in the sequence
to infinity.

In the case of the periodic signal, the coefficients
of the Fourier series have the dimension of voltage.
The Fourier transform of a pulse v(t), V(ω), has the
dimensions of voltage multiplied by time, and we
can think of it as a voltage density spectrum with a
dimension of voltage per unit frequency. Therefore,
the area under V(ω) has the dimension of voltage.

Table 1 lists some of the properties of the Fourier
transform. The functions v(t) and u(t) are defined for
−∞ < t < ∞, and their respective Fourier transforms
V(ω) and U(ω) are defined for −∞ < ω < ∞. In prop-
erty 6 of Table 1 the convolution is defined for −∞ <
ξ < ∞, where ξ is the angular frequency. It is used
here to distinguish it from the independent variable
ω of the result.

Discrete time signals and sampling

In the development of the Fourier transform above
we have assumed that the signal v(t) was a continu-
ous time signal defined for −∞ < t < ∞. These signals
are also commonly called analogue signals.

Discrete time signals may be generated by a dis-
crete time process or may be the result of a sampling
process on a continuous time signal.

The common method to obtain a discrete represen-
tation of a continuous time signal is to take periodic
samples of the signal, and create a sequence v[n] from
the continuous time signal vc(t) defined by the equal-
ity 

Table 1 Some properties of the Fourier transform

Function Fourier transform

v(t ) −∞ < t < ∞ V(ω) −∞ < ω < ∞

u(t ) U(ω)

1 A u(t ) + B v(t) A U(ω) + B V(ω)

2 v(−t) V(−ω)

3 v(t/a) a V(aω) for a real positive

4 v(t–t0) V(ω) exp(−iωt0)

5 dv(t)/dt iωV(ω)

5 V(ω)U(ω)

6 v (t)u(t)

7
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where Ts is the sampling period, and its inverse, fs = 1/
Ts, is the sampling frequency, in samples per second.

The sampling operation is not invertible in gener-
al, that is given v[n], it is not possible in general to
reconstruct vc(t) because many continuous signals
can be represented by v[n]. The sampling theorem
due to Nyquist removes this uncertainty by imposing
a restriction on the signal vc(t).

Figure 1A shows a portion of the continuous time
signal vc(t) defined for −∞ < t < ∞, and the Fourier
transform of vc(t), the spectrum Vc(ω). We have cho-
sen vc(t) such that Vc(ω) = 0 for | f | > f0. (| ω | > 2πf0).
Figure 1B shows a portion of the periodic train of
unit impulses up(t), defined for −∞ < t < ∞, and a
portion of the Fourier transform of up(t), the spec-
trum Up(ω), −∞ < f < ∞.

It is convenient to represent the sampling process
in two steps, as shown in Figure 2. First the multi-

plication of vc(t) with a periodic train of unit impuls-
es up(t), which results in the train of impulses vs(t)
for −∞ < t < ∞, and second, the conversion of the
train of impulses to a sequence of samples v[n].

The product of the continuous signal vc(t) with the
periodic train of impulses generates the train of
impulses vs(t) that is zero except at integer multiples
of Ts.

Figure 2A shows a portion of the train of impulses
vs(t) that has a spectrum Vs(ω) for −∞ < ω < ∞, where
ω is the radian frequency 2πf. This spectrum can be
obtained using property 6 of the Fourier transform
in Table 1, which shows that the transform of the
product of two functions is the convolution of the
transforms. The convolution of Vc(ω) with the
periodic train of impulses Up(ω) of Figure 1 results
in periodically repeated copies of Vc(ω), separated by
1/Ts, a portion of which is shown in Figure 2A.

Figure 1 Sampling the continuous signal with a periodic impulse train.

Figure 2 Impulse train converted into a discrete time sequence.
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Sampling theorem

The sampling theorem due to Nyquist (see Mason
and Zimmermann in the Further reading section) can
be visualized from Figure 2A. The sampling fre-
quency, fs = 1/Ts, must be at least twice the highest
frequency f0 contained in the signal, otherwise the
spectrum of Vs(ω) will be corrupted by the overlap of
adjacent replicas of Vc(ω) and it will not permit the
recovery of the original signal. When the above con-
dition is met, the spectrum of Vs(ω) contains all the
information of the original spectrum Vc(ω), therefore
the original signal is recoverable from Vs(ω), for ex-
ample by passing the sampled signal through a low
pass filter that rejects frequencies above f0 but passes
all the frequency components below f0.

Sampling at a rate higher than 1/Ts has the unde-
sirable effect of increasing the computational cost of
any digital signal process that follows. One excep-
tion is the case of the recovery of the original signal
with a simple filter. The trade off between sampling
rate and filter complexity is more common in the
case of narrow band signals and analogue filters.

The discrete sequence v[n] for −∞ < n < ∞ in
Figure 2B is indexed on the integer variable n, which
does not have information about the sampling rate
and represents the samples of vc(t) with finite num-
bers instead of the areas of impulses as in vs(t). The
spectrum of v[n] is Vs(Ω) for −∞ < Ω < ∞, the discrete
Fourier transform of v[n], where Ω is in radians.

Discrete time signals and the Fourier transform

A sequence that represents a sinusoid has the general
form for −∞ < n < ∞: 

By analogy with the continuous time case, Ω0 is
called the frequency of the complex sinusoid, and φ is
called the phase. Here n is a dimensionless integer
number. Therefore, the dimension of Ω0 is radians.
One can specify the units of Ω0 in radians per sample,
for a better analogy with the continuous time case.

A more important difference with the continuous
time case becomes apparent when we consider the
frequency (Ω0 + 2π). In this case 

It is easy to see that sinusoids and complex exponen-
tial sequences that differ in frequency by a multiple

of 2π are identical. For these sequences, we only
need to consider frequencies in an interval of length
2π, such as −π to π, or 0 to 2π.

Discrete time periodic sequences are also different
from continuous periodic signals in the behaviour of
the frequency of the harmonics. A periodic discrete
time sequence can be defined as 

for −∞ < n < ∞, where the period N has to be an inte-
ger. A periodic discrete time sinusoid sequence, 

requires that Ω0N must be a multiple of 2π. There-
fore

where m is an integer. The same result applies to
complex exponential sequences.

A further conclusion from Equations [13] and [16]
is that, for a periodic sequence of period N, the only
frequencies that can be different are 

Furthermore, low and high frequencies appear dif-
ferently than in continuous signals. In the discrete
time sinusoid v[n] = A cos(Ω0n+ φ) as Ω0 increases
from 0 to π, v[n] cycles faster, but as Ω0 increases
from π to 2π, v[n] cycles slower and slower, and the
sequence for Ω0 = 2π is the same as the one for
Ω0 = 0.

In general we can define the discrete Fourier trans-
form of the sequence v[n] as 

that is valid whenever v[n] meets 
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Using similar reasoning to that used for the continu-
ous time case, we can write 

Equations [18] and [20] form a discrete Fourier
transform pair that relate the discrete sample space
with the frequency space.

Table 2 lists some of the properties of the discrete
Fourier transform. The functions v[n] and u[n] are
defined for −∞ < n < ∞, and their respective discrete
Fourier transforms V(Ω) and U(Ω) are defined for −
π <Ω < π. In property 5 of Table 2 the convolution
is defined for −π <θ < π where θ is the angular
frequency. It is used here to distinguish it from the
independent variable Ω of the result.

List of symbols

A0 = average of v(t) over T; Ak = amplitude of cosine
components of frequency k/T; fk = sinusoid frequen-
cy (kth harmonic); T = signal time period;
vc(t) = continuous time signal; vc(±) = continuous
time signal; v[n] = discrete sequence; v(t) = periodic
signal; V(ω) = Fourier transform of v(t); θ,
ξ = angular frequency; φ = phase of complex sinu-
soid; ω = the radian frequency 2πf; Ω0 = frequency
of a discrete sinusoid.

See also: FT-Raman Spectroscopy, Applications;
Raman and IR Microspectroscopy.
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Table 2 Some properties of the discrete Fourier transform

Function Discrete Fourier transform

v(n ) −∞ < n < ∞ V(Ω ) −π < Ω <π

u(n )
U(Ω )

1 a v [n] + b u[n] a V(Ω ) + b U(Ω )

2 v [n−m] (m an integer) exp(− iΩm)V(Ω)

3 exp(iΩ0n) V(Ω−Ω0)

4 nv [n] idV(Ω )/dΩ

5 v [n].u[n]

6
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Fragmentation reactions of radical 
cations

Organic molecules are usually even-electron species
with spin paired valence electrons. The one-electron
oxidation of these molecules, which is performed by
oxidation with certain transition metal salts, by elec-
trochemical oxidation, by photoinduced single-elec-
tron transfer (PET), by ionization using high energy
radiation or electron impact, results in odd-electron
radical cations. Sometimes these organic radical cati-
ons form stable salts which can be isolated; a well-
known example is ‘Wurster’s red’, the bromide of
the N,N-dimethyl-1,4-diaminobenzene radical cati-
on. Mostly, however, organic radical cations are
highly reactive, and the study of radical cations as re-
active intermediates of organic reactions is an impor-
tant and active field of research both with respect to
reaction mechanism and to synthetic application. In
the context of mass spectrometry, the radical cations
are generated by electron impact ionization (EI) or
by photoionization (PI) in the ion source of the mass
spectrometer as energetically excited molecular ions
with a rather broad range of excess energy. Because
of the low pressure (usually < 10–6 mbar) and the
short residence time of the ions within the ion source
deactivation of the excited molecular ions by colli-
sion does not occur and radiative deactivation is too
slow as described by a review by Dunbar (see Fur-
ther reading section). Consequently the excess ener-
gy of the radical ions created by EI or PI is used for
unimolecular chemical reactions, which eventually
results in the formation of fragment ions. The surviv-
ing molecular ions and the fragment ions formed
constitute the mass spectrum of the compound
analysed. This illustrates that ‘obtaining a mass spec-
trum’ is principally a kinetic experiment, and kinet-
ics laws postulate that in the case of parallel
reactions of the same reaction order, which is inher-
ently first order in the case of mass spectrometric
fragmentations, the relative concentrations (intensi-
ties Ii) of the individual products match the ratio of
the corresponding rate constants ki (Scheme 1).

Therefore, a detailed interpretation of a mass spec-
trum both for understanding the reactivity of organic
radical cations and for a structure analysis of the

compound studied requires the knowledge of the
rate constant ki of the individual fragmentation steps
and the dependence of ki on the structure of the reac-
tants and their excess energy.

The unimolecular fragmentation of excited radical
cations in a mass spectrometer refers to the general
problem of the reaction kinetics of the decomposi-
tion of energized species isolated from their environ-
ment. The Rice, Ramsperger, Kassel, Marcus
(RRKM) theory, the quasi-equilibrium theory (QET)
of Rosenstock and Wahrhaftig, and related ‘statisti-
cal’ theories have been developed to deal with this
problem. These theories are discussed in detail in the
other articles. Using certain prerequisites they result
in Equation [1], showing the dependence of the rate
constant ki on the excess energy E, the number s of
vibrational degrees of freedom of the reactant ion,
the activation energy Ei0 and the so-called frequency
factor νi of fragmentation i. 

While the oversimplifications used in deriving
Equation [1] prevent any genuine calculation of
ki(E) it is useful to demonstrate the factors that influ-
ence ki, and its relation to reaction kinetics in a con-
densed phase at thermal equilibrium. The activation
energy Ei0 has the same meaning as in condensed
phase kinetics, and in the case of cleavage of only
one bond of the reactant radical cation during the
fragmentation process, Ei0 corresponds to the en-
thalpy of reaction ∆Hr. This approximation is valid

MASS SPECTROMETRY
Theory
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because the reverse process of the fragmentation, i.e.
bond formation between the ionized fragment (a cat-
ion) and the neutral fragment (a radical), requires no
or only a very small activation energy (the so-called
‘reverse’ activation energy). If the excess energy E of
the reactant ion (the ‘parent ion’) is very large (E >>
Ei0) the rate constant ki approaches the limiting

value of ν. The frequency factor ν reflects the fre-
quency of that vibration of the reactant ion which is
transformed into translation along the reaction coor-
dinate of the fragmentation. The frequency factor ν
is large if the transition corresponds simply to the
elongation of the bond to be broken. The situation is
more complicated in the case of a fragmentation by a
rearrangement of the reactant radical cation which
requires the making of new chemical bonds in a par-
ticular conformation as well as bond cleavage. As a
consequence of the required conformation of the
transition state the frequency factors ν of fragmenta-
tions by rearrangement are smaller than those of
direct bond cleavages, and a rearrangement can
compete successfully for the decomposition of the
excited reactant ion only if the activation energy E0

is small. Generally, a small activation energy is
expected for an energetically favourable fragmenta-
tion that yields stable ionized and neutral fragments,
if any extra reverse activation energy can be
neglected.

Applying these general considerations to the frag-
mentation of organic molecules in a mass spectrome-
ter one expects three types of fragmentation
reactions. Fragmentations of type I correspond to the
direct cleavage of a weak bond of the reactant ion.
Since this reaction has a large frequency factor and
needs only a small activation energy, the rate con-
stant will be large for any energy regime of the par-
ent ion and the parent ion will always decompose
preferably by this pathway. The result is a ‘one-peak
mass spectrum’ that exhibits only the intense signal
of the respective fragment ion in addition to a weak
peak of the parent ion. Examples of type I fragmen-
tations are found in the mass spectra of many orga-
no-element compounds, which decompose by
cleavage of the weak element–carbon bond, and
compounds such as N,N-dimethyl-β-phenethyl
amine (Scheme 2), which fragments into a stable ion
(CH3)2N+ =CH2 and a stable benzyl radical
C6H5CH2

• on electron impact ionization, or β-amino
ethanol, which fragments into a stable ion
H2N+=CH2 and a stable •CH2OH radical.

A type II fragmentation corresponds to decompo-
sition of the parent ion via a rearrangement into a
stable fragment ion and a stable neutral fragment.
Because of the stable products the reaction enthalpy
of this process is usually small, as in the case of the

type I fragmentation. However, the small frequency
factor causes a slow rise of the rate constant with the
excitation energy of the parent ion. Thus, this rear-
rangement process is the favoured decomposition
pathway for parent ions of low excitation energy. A
typical type II fragmentation process is the elimina-
tion of H2O from the molecular ions of n-butanol
and its higher homologues. Specific studies have
shown that this process is mainly a 1,4-elimination
and most likely proceeds as a two step process
(Scheme 3) with a slow initial H-atom transfer to
the hydroxy group.

A type III fragmentation corresponds to the cleav-
age of covalent bond compounds, e.g. a C–H or a C–
C bond. Since these bonds are rather strong the acti-
vation energy of this process (comparable to the
reaction enthalpy) is relatively large, but the cleavage
is entropically favoured by a large frequency factor.
Hence, reactant ions with plenty of excess energy fol-
low this fragmentation pathway. In principle there
could be a fourth type of fragmentation, an
energetically unfavourable rearrangement process
that exhibits a large activation barrier and a small
frequency factor. Such a fragmentation will be slow
for all energy regimes of the reactant ions and cannot
compete with the other types of fragmentation. If a
process of this type appears in the mass spectrum,
there is either no other fragmentation path or a ‘hid-
den’ rearrangement of the reactant ion to another
isomer precedes the fragmentation. Examples of the
first situation are the mass spectra of benzene and
polycyclic arenes, which show a distinct signal for the
loss of a methyl radical from the parent ion. The only
‘simple’ fragmentation of these radical ions is the loss
of an H atom, which, however, requires about 3–
4 eV activation energy because of the strong Carene–H
bond. Therefore, the deep-seated rearrangement
necessary for the elimination of a methyl radical is
possible but most molecular ions of the arene do not
fragment at all during their residence time within a
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mass spectrometer. An example of the second situa-
tion is the loss of a methyl substituent from the
molecular ions of xylene which would require cleav-
age of a strong Carene–C bond and which should not
compete effectively with loss of H to generate a stable
methyl-benzyl cation (Scheme 4). An investigation of
the fragmentation mechanism by Grotemeyer and
Grützmacher showed (see the Further reading sec-
tion) that a direct loss of the methyl substituent oc-
curs only for highly excited molecular ions whereas
most of the molecular ions rearrange either by H-mi-
gration or by a skeletal rearrangement into a methyl
cycloheptatriene radical cation before elimination of
the methyl group.

The peak pattern of the EI mass spectrum of a
standard organic compound arises from competition
between type II and type III fragmentations. This
will be illustrated below by a few examples to famil-
iarize the reader with the concepts used for the inter-
pretation of the fragmentations of radical ions in a
mass spectrometer. However, it has to be remem-
bered that the peak pattern in the mass spectrum of a
compound depends very much on the method used
for the ionization and on the type of mass spectrom-
eter and scan mode used to acquire the spectrum.
The former determines the energy content of the par-
ent ions created in the ion source of the instrument
and the latter influences the reaction time allowed
for the ions to decompose. If the ionization method
chosen supplies only a relatively small amount of ex-
cess energy to the molecular ion, the rates of most
fragmentations (apart from those of type I) are small
and the mass spectrum will consist mainly of the
peak for intact parent ions. At long reaction times
(> 10 µs) peaks of the product ions of type II frag-
mentation will appear because of the small activa-
tion energies of such processes. ‘Soft’ ionization

methods that produce this category of spectra are
field ionization (FI), charge exchange (CE) ionization
with a primary ion of low ionization energy (C6F6,
CS2), and multiphoton ionization (MUPI) as de-
scribed by Grotemeyer and Schlag. In particular,
MUPI can be used to steer the ionization into a ‘soft’
or a ‘hard’ mode by adjusting the number and energy
of the photons absorbed by the molecules of the
sample. Ionization of molecules is most often
achieved by electron impact (EI) with electrons of
70 eV kinetic energy and is a ‘hard’ ionization proc-
ess that produces parent ions having a broad distri-
bution of excess energy up to several eV.

The type of instrument, ion source and scan mode
used to obtain the mass spectrum define the reaction
time during which the fragment ions that appear in
the mass spectrum are generated. A routine sector
field mass spectrometer with several kV ion acceler-
ating voltage has a residence time for the ions within
the ion source of < 1 µs; this time is extended slightly
for a quadrupole mass spectrometer using lower ac-
celerating voltages. All ions appearing in the mass
spectrum recorded under standard conditions have
to be formed within the ion source, and a short resi-
dence time is favourable for the observation of frag-
mentations with a large frequency factor, i.e. type I
and type III fragmentations which originate from
highly excited parent ions. However, with tandem-
mass spectrometry the reaction time can be extended
by more than an order of magnitude. At a reaction
time of 10 µs or longer the highly excited parent ions
have decomposed already and only ions with small
amounts of excess energy remain. Since the only
fragmentation pathways open to these gently excited
ions are those with small activation energies, the de-
composition of these so called metastable ions occurs
predominantly by type I and type II processes. Some-
times this is not very useful for analytical applica-
tions of mass spectrometry because the rearrange-
ment and isomerization may obscure the original
structure of the molecules analysed, but these low
energy processes of the radical cations within a mass
spectrometer are more closely related to chemical
reactions under thermal conditions and are of emi-
nent importance for an understanding of radical ion
chemistry.
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Fragmentation mechanisms and 
fragmentation/structure relationship

The fragmentation reactions observed in an EI mass
spectrometer are usually discussed with respect to
their reaction mechanisms and the effect of structur-
al parameters of the compound studied on these
mechanisms. The types of arguments used in this
discussion follow closely the practice used in mecha-
nistic organic chemistry, considering in particular
the stability of individual fragmentation products,
intermediates and transition states. Some of the more
general fragmentation mechanisms observed in the
EI mass spectra of organic compounds are discussed
in the following examples.

Example 1: type I fragmentation and charge 
distribution on the fragments

For a compound of structure X–CH2–CH2–Y where
X and Y correspond to functional groups, one ex-
pects an easy cleavage of the central C–C bond in the
radical cation, generating the fragments X–CH2 and
Y–CH2. Only one of these fragments will carry the
positive charge while the other one remains as a neu-
tral radical. Stephenson’s rule states that in a
fragmentation the positive charge appears predomi-
nantly with the fragment of lowest ionization energy
(IE). This rule is explained easily by the (relative) re-
action enthalpy ∆Hr of the competing fragmenta-
tions (Scheme 5). Starting from the neutral molecule
the ∆Hr for the fragmentation routes a and b are giv-
en by Equations [a] and [b], and since the dissocia-
tion energy of the central bond is the same for both
processes, that with the lowest IE will exhibit the
lowest ∆Hr and will be preferred. Examples of this
effect are given in Table 1 for neopentyl derivatives
(CH3)3 C–CR2–Y and β-phenethyl derivatives for the

competition between a t-butyl or benzyl group and
the fragment CH2–Y.

Example 2: competing bond cleavages and 
fragmentation by rearrangement

A similar example of the effect of the relative reac-
tion enthalpy ∆Hr on the relative abundance of com-
peting fragmentations is obtained by an estimation
of ∆Hr for the (hypothetical) C–C and C–O bond
cleavages within the molecular ion of n-butanol and
for the loss of a H2O molecule. From the data given
in Scheme 6 it is seen that C–C bond cleavage next
to the α-C atom carrying the OH group (‘α-cleav-
age’) is the energetically most favoured but that a
fragmentation of the molecular ion by loss of H2O is
even more favoured. The EI mass spectrum of n-bu-
tanol indeed exhibits large peaks due to α-cleavage
by formation of the +CH2OH (100% rel. int.) and to
loss of H2O (∼ 50% rel. int.) from the molecular ion
as the only abundant primary fragmentation process.
However, loss of H2O requires a rearrangement by
hydrogen migration and is hindered by a small fre-
quency factor (type II fragmentation). By investigat-

Table 1 Ionization energy (IE) and relative intensity (rel. int.) in
the 70 eV mass spectra of some neopentyl derivatives (CH3)3C–
CR2–Y and β -phenethyl derivatives C6H5–CH2–CH2–Y

Compound Fragment (CH3 )3C Fragment CH2 –Y

(CH3)3CCH2Y IE(eV)
rel. int. 

(%) IE (eV)
rel. int. 

(%)

(CH3)3CCH2NH2 6.7 2 6.1 100

(CH3)3CCH2OH 6.7 100 7.56 9

(CH3)3CCH(CH3)OH 6.7 100 6.7 93

(CH3)3CC(CH3)2OH 6.7 15 < 6.7 100

Fragment C6H5CH2 Fragment CH2–Y

C6H5CH2CH2NH2 7.2 11 6.1 100

C6H5CH2CH2OH 7.2 100 7.56 3
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ing specifically isotopically labelled n-butanols it was
shown that loss of H2O occurs by a 1,4-elimination
and is most likely a two-step process, in which the
transfer of the hydrogen atom to the OH group in
the first step has an additional activation barrier.
Hence α-cleavage (a type III fragmentation) is pre-
dominant. However, the long-lived metastable mo-
lecular ions of n-butanol, which have more time for
reactions and which are less excited, decompose only
by loss of H2O. If a similar estimation is made for n-
butylamine it turns out that elimination of NH3 is
not energetically favoured over the α-cleavage of the
molecular ion, resulting in the very stable ion
+CH2NH2 (m/z 30). This latter process corresponds
to a type I fragmentation, and the 70 eV mass spec-
trum of n-butylamine (as most other n-alkyl amines)
is a ‘one-peak’ mass spectrum, exhibiting only one
intense signal at m/z 30.

Example 3: the McLafferty rearrangement

An example related to Example 2 is the fragmenta-
tion of the molecular ions of hexan-2-one by α-
cleavage at the carbonyl group and by a McLafferty
rearrangement, as shown in Scheme 7. α-cleavage at
a carbonyl group bond gives rise to a stable acetyl
cation CH3CO+, m/z 43, and a •C3H7 radical while
transfer of a H atom from the γ–CH2 group to the
C=O group accompanied by cleavage of the C(α)–
C(β) bond produces the radical cation of the acetone
enol and a propene molecule. The latter process ex-
hibits a smaller reaction enthalpy and probably also
a smaller activation energy than the α-cleavage, but
because of the larger frequency factor ν of this sim-
ple bond cleavage the acetyl cation is normally the
base peak in the mass spectrum at m/z 43.

The fragmentation of the radical cation of a carbo-
nyl compound by a rearrangement corresponding to
H atom transfer from a γ position to the carbonyl
group and cleavage of the bond between the atoms

at the α and β positions (Scheme 7) is known as the
McLafferty rearrangement and is a general reaction
of excited radical cations of aldehydes, ketones, es-
ters and amides. Because of this the McLafferty rear-
rangement is one of the most widespread and
reliable fragmentations for mass spectrometric struc-
ture analysis. Its mechanism is related to the well-
known Norrish type II photoreaction of carbonyl
compounds and has been studied in much detail.
Normally the McLafferty rearrangement is a two-
step process composed of a 1,4-hydrogen migration
to the carbonyl-O atom followed by bond cleavage
in the intermediate. This intermediate corresponds to
a unique class of radical cations named distonic ions,
which are characterized by the positive charge and
the radical cation residing in separate molecular or-
bitals, in contrast to ‘normal’ radical ions (or molec-
ular ions) in which the positive charge (the ‘electron
hole’) and the radical electron are located in the
same molecular orbital. Distonic ions and their char-
acteristics have been reviewed by Hammerum and by
Kenttämaa (see the Further reading section). The
properties of distonic ions will be discussed in more
detail in Example 7 below. In the case of the
McLafferty rearrangement the distonic intermediate
is composed of an oxonium ion (the protonated car-
bonyl group) and an alkyl radical. The rate of its for-
mation is favoured sterically by the six-membered
transition state and depends on the bond energy of
the H–X bond (X = C,O,N,S) at the γ position
which is cleaved during the process. Any structural
feature which lowers the dissociation energy of this
bond (for example tertiary C–H bond versus primary
C–H bond) enhances the intensity of the product ion
of the McLafferty rearrangement in the mass spec-
trum. The charge may remain with either of the two
fragments of the McLafferty rearrangement accord-
ing to Stevenson’s rule; usually this is the oxygen-
containing species. Another interesting detail of the
mechanism is the possibility that the two fragments
stay bound to each other in the gas phase, forming
an intermediate ion–neutral complex. (The proper-
ties of these intermediate ion–neutral complexes will
be discussed in Example 7 and have been reviewed
by Morton and others; see the Further reading sec-
tion). During the lifetime of this complex the compo-
nents may undergo intermolecular reactions, usually
H atom transfers that give rise to the ‘McLafferty
+1’ fragment ion seen in the mass spectra of many
esters of long chain alcohols.

Fragmentations related to the McLafferty rear-
rangement, and often denoted also as a McLafferty
rearrangement, are observed in the mass spectra of
other organic compounds with a γ-H atom available
to a suitable H acceptor group. An important
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example of this type of fragmentation is radical
cations of long-chain alkyl arenes, which contain
the ionized arene systems as the H acceptor group
(Scheme 8). The 1,4-migration of the H atom from
the γ position of the sidechain creates a distonic ion
composed of a protonated arene (an arenium ion)
and an alkyl radical. Subsequent bond cleavage with-
in the sidechain gives rise to an alkene fragment and
the tautomer of a methyl arene (‘isotoluene’), which
usually carries the positive charge. An interesting
feature of this fragmentation is proton migration
within the arenium ion by successive 1,2-shifts (a
‘ring walk’) which may initiate further reactions.

Example 4: the ortho effect and steric effects on 
fragmentations

While the EI mass spectra of the positional isomers of
many di- and polysubstituted aromatic compounds
are almost identical, the mass spectra of isomers car-
rying certain substituents in the ortho positions are
clearly different from the meta and para isomers. A
typical example is the mass spectra of para-, meta-,
and ortho-hydroxybenzoic acid. The mass spectrum
of the para isomer is easily analysed; the main frag-
ment ions arise from a series of simple bond cleav-
ages starting with the loss of an •OH radical by α-
cleavage within the carboxy group (Scheme 9). Anal-
ogous reactions are observed in the mass spectrum of
the meta isomer. In contrast the mass spectrum of the
ortho isomer (salicylic acid) is dominated by a signal
of the fragment ions [M−H2O]•+. An investigation by
McLafferty in 1959, of the mechanism of this ortho
effect showed that the H2O molecule lost from the
molecular ion is generated by a specific transfer of
the H atom of the hydroxy group to the neighbouring
carboxy group. The loss of H2O is energetically very
favourable, and the frequency factor for the H rear-
rangement is large because the H donor (the hydroxy
group) and the H acceptor (the carboxy group) are
fixed in a sterically favourable arrangement of the
ortho disubstituted benzene ring. Similar intense

fragmentations by this ortho effect are observed in
the mass spectra of many ortho substituted arenes,
the prerequisites being the presence of a H donor
group H–Y– (H–CR2–, H–O–, H–NR–, H–S–) and
the possibility to eliminate a thermodynamically sta-
ble molecule H–X (H–Cl, H–OH, H–OR, H–NH2,
etc.) after H transfer to the acceptor group in the
ortho position. Thus, fragmentation by the ortho ef-
fect is a very reliable and useful reaction for mass
spectrometric structure analysis.

A special aspect of the ortho effect, in addition to
the ‘driving force’ of the reaction by elimination of a
stable molecule, is the fixed arrangement of the two
groups, allowing their intramolecular interaction.
This proximity effect or neighbouring group effect,
which guarantees a favourable frequency factor ν of
the fragmentation by rearrangement, is present in
many other semi-rigid organic molecules and can be
used to differentiate mass spectrometrically between
stereoisomers. An early example of this type of effect
is the mass spectra of cis- and trans-cyclohexanediols
and their di-O-methyl ethers, which can be easily
distinguished by their EI mass spectra because of the
stereospecific fragmentations shown in Scheme 10.
However, it should be noted that this type of effect
requires that the molecular ions of the stereoisomers
do not interconvert before fragmentation.

Example 5: fragmentations by intramolecular 
substitution

The generation of the principal fragment ions in the
EI mass spectrum of benzalacetone is depicted in
Scheme 11. These fragment ions can be pictured as
arising, at least formally, by a series of simple bond
cleavages, with the exception of the formation of the
ions [M−H]+. The mass spectra of deuterated
derivatives demonstrate that the H atom is lost from
the aromatic ring. This is explained by an intramo-
lecular attack of the (nucleophilic) carbonyl group
on the ionized benzene ring, eventually giving rise to
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a very stable benzopyrylium ion via an intermediate
related to the σ-complex of aromatic substitution.

This type of fragmentation by an intramolecular
substitution has been studied in detail by the author
and is a rather common reaction of unsaturated or
aromatic radical cations of a suitable structure. The
substitution occurs by attack of a nucleophilic group
on an ionized C=C double bond or an ionized aro-
matic ring and is driven by the generation of a stable
cyclic fragment ion. By this process a substituent at
the attacked position is lost, and the process is par-
ticularly abundant in the mass spectra if a weak
bond is cleaved, for instance during the loss of a Cl

or Br substituent, but methyl or alkyl groups are also
easily eliminated.

Interestingly, two definitively different intermedi-
ates are generated by the intramolecular substitution
of an aromatic ring which exhibit different reactivi-
ties depending on whether the positive charge is
fixed at the attacking group. In the case of the inter-
mediate created from cinnamic aldehyde, however,
both the radical electron and the positive charge are
delocalized over the total π-electron system
(Scheme 12). As a consequence the positive charge
may also appear at the (formerly) aromatic ring, giv-
ing it the properties of a true σ-complex. In these σ-
complexes a proton migrates by successive 1,2-shifts
around the ring (‘ring walk’) before further fragmen-
tation. Consequently, substituents which are good
‘mass spectrometric leaving groups’ because of a
small bond energy (such as Cl or Br) are lost not only
from the attacked position but also from all other
positions after H migration by protolytic bond cleav-
age (a well-known process of substituted arenes in
acidic solutions). The other type of intermediate is
represented by the intramolecular substitution with-
in the molecular ion of 2-stilbazole or other related
heteroaromatic analogues of stilbene. In this case the
positive charge of the intermediate is localized out-
side of the attacked aromatic ring in a quaternary
ammonium ion and only the radical electron is delo-
calized in the π-electron system. This type of inter-
mediate is therefore a distonic radical cation. The
migration of H in radicals by a 1,2-shift is forbidden
by the Woodward–Hoffman rules. Hence, from this
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type of intermediate, substituents (or a H atom) are
lost specifically from the attacked position of the
aromatic ring.

Example 6: the toluene–cycloheptatriene radical 
cation rearrangement

The examples of fragmentation reactions of radical
cations discussed so far correspond either to direct
bond cleavages or to bond cleavages preceded by H
migration or intramolecular bond formation. These
rearrangements do not alter the connectivity of C
and other atoms of the original molecules. However,
fragmentations of radical cations by ‘skeletal rear-
rangements’ are also known. The most familiar
example is the interconversion of the radical cations
of toluene and cycloheptatriene, which interchanges
C atoms within the C skeleton and which gives rise
to stable tropylium ions (Scheme 13) after H loss.

The rearrangement of C7H8 radical cations has
been studied in detail both by experimental methods
and by theoretical calculations and the mechanism is
well understood. The crucial feature is the initial gen-
eration of a distonic ion by a 1,2-H shift from the me-
thyl substituent to the aromatic ring. This is followed
by cyclization to a bicyclic norcarane-like structure
which eventually ring opens to the cycloheptatriene
radical cation. This last step exhibits the highest acti-
vation barrier of the rearrangement and makes it a
high energy process. However, a fragmentation of
the toluene radical cation by a direct C–H bond
cleavage also needs a large activation energy. Hence,
the rearrangement competes successfully with this
fragmentation, and a C7H8 molecular ion may under-
go several reversible toluene–cycloheptatriene rear-
rangements before the final fragmentation.

It often is assumed that this type of toluene–
cycloheptatriene rearrangement applies to other
polysubstituted alkylbenzenes, alkylarenes and even
alkyl heteroarenes. Indeed, this rearrangement ex-
plains the abundant loss of a whole substituent from
an arene molecular ion in spite of the normally
strong bond to a C(sp2) atom of the arene, which has
to be cleaved to detach the substituent. Rearrange-
ment into a substituted cycloheptatriene radical

cation and proton migrations within the ionized sev-
en-membered ring can place any substituent at the
C(sp3) atom of the cycloheptatriene, facilitating the
loss of the substituent X from a >CH–X group.
Nonetheless, one must realize that the toluene–cyclo-
heptatriene rearrangement is a high energy process
of excited ions, and other, less energy demanding,
fragmentation mechanisms of polysubstituted arenes
into substituted derivatives of the C7H7

+ ion may
override this rearrangement. Thus, the loss of a me-
thyl radical from t-butylbenzene radical cations oc-
curs by a direct ‘benzylic’ cleavage, producing the
stable cumyl cations, and the loss of a methyl radical
from the radical cations of p-xylene is preceded by
the toluene–cycloheptatriene rearrangement only for
highly excited ions that fragment in the ion source of
a mass spectrometer, while the only gently excited
metastable p-xylene radical cations decompose by H
transfer to the aromatic ring, a proton ring walk to
the position of the second methyl group and proto-
lytic bond cleavage (Scheme 4).

Example 7: distonic radical cations and 
intermediate ion–neutral complexes

The examples of mass spectrometric fragmentations
of radical cations presented above show that in
many cases a process which formally appears to be a
simple bond cleavage corresponds to a multistep
mechanism and includes several intermediates. The
reason for this detour in the fragmentation route is
usually the lower activation energy of the multistep
process, which converts the original radical cation
into an isomer more suitable for fragmentation into
thermodynamically stable products. This is especial-
ly true if decompositions of metastable ions in a
mass spectrometer are investigated, since these ions
have long lifetimes and hence do not rely only on
fragmentations with a large frequency factor. How-
ever, it is always essential that the intermediate ions
of the multistep mechanism correspond to energeti-
cally favourable structures compared with the origi-
nal radical cation. Two types of such intermediate
ions have gained importance in explaining mass
spectrometric fragmentations and will be discussed
in this last example: distonic ions and intermediate
ion–neutral complexes.

As mentioned before, distonic ions are distin-
guished from normal molecular ions by the occur-
rence of the positive charge and the radical cation in
separate molecular orbitals. Several examples of in-
termediate distonic ions have been discussed above,
and these distonic ions arise usually by hydrogen mi-
gration, for example during the initial step of the
McLafferty rearrangement. Other modes for the
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generation of distonic ions are the ring cleavage of
cyclic molecular ions or the addition of a radical cat-
ion to a C=C double bond. Depending on the mini-
mum number of atoms between the positive charge
and the radical site, α-, β-, γ- or even more distant
distonic ions are known. A hydrogen shift within an
aliphatic molecular ion to a heteroatom generates
distonic ions composed of an onium structure and a
radical. The stability of these distonic ions relative to
the original molecular ion is important for their role
as reaction intermediates, and this can be estimated
from the thermochemical cycle (Scheme 14) generat-
ed from the energy needed for homolytic cleavage of
the C–H bond, the ionization energy of hydrogen,
and of the proton affinity at the heteroatom. For a
series of isomeric distonic ions with different distanc-
es between the positive charge and the radical site
the proton affinity of the heteroatom and ionization
energy of the H atom are identical. Hence, the essen-
tial feature for the relative stability within this series
is the dissociation energy of the C–H bond. It can be
shown that this is more or less constant, with excep-
tion of the smaller C–H bond energy adjacent to the
heteroatom. It follows that in this series of isomeric
distonic ions the α-distonic ion should always be the
most stable. However, the 1,2-H shift necessary to
convert the conventional molecular ion into the α-

distonic isomer is usually associated with a high acti-
vation energy and a direct isomerization does not
take place. Instead, other distonic ions are formed by
less energy demanding 1,4-, 1,5-, 1,6- or even more
distant hydrogen shifts, and these distonic ions are
eventually transformed into the stable α-distonic iso-
mer by further H shifts.

It is of interest to note that distonic ions also
isomerize by shifts of the protonated group that con-
tains the heteroatom. A typical example is the 1,2-
NH3 shift in the α-distonic ion of an n-alkyl amine.
This shift converts the molecular ion of the n-alkyl
amine into the molecular ion of an s-alkylamine and
is responsible for the small but distinct signals at m/z
44 that are found in addition to the expected base
peak at m/z 30 in the mass spectra of these amines
(Scheme 15). Originally it was supposed that the
ions were generated by ‘β-cleavage’ and formation of
protonated ethylene imine.

The main factors that determine the relative stabil-
ity of a distonic ion with respect to molecular ions
containing different heteroatoms are, on the one
hand, the ionization energy of the molecule and, on
the other hand, the proton affinity of the heteroatom
at the basic centre of the molecule. Considering these
quantities for different heteroatoms it can shown
that distonic ions containing an oxonium structure
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should be especially stable because alcohols and
ethers exhibit rather high ionization energies and
also large proton affinities. In n-alkylamines the ami-
no group also exhibits a large proton affinity, but
the ionization energy of amines is also quite low, fa-
vouring the stability of the conventional molecular
ion. These expectations are confirmed by high level
ab initio calculations by Radom (see the Further
reading section). Of particular stability is the diston-
ic isomer of the molecular ion of methanol, and it
has been shown that the methanol molecular ions
may isomerize (catalytically!) into the α-distonic iso-
mer during a biomolecular collision with a neutral
methanol molecule (Scheme 16). It is possible that a
similar isomerization of molecular ions into distonic
isomers by collision with a neutral molecule may oc-
cur in different systems.

Because parent ions, fragment ions and the neutral
fragments travel through the mass spectrometer at
the very high speed resulting from the acceleration by
the high electric field of the ion source, the relative
velocities of a fragment ion and the corresponding
neutral fragment after a fragmentation are usually
quite small and the fragmentation products drift only
slowly apart. Since ions and neutrals attract each oth-
er by ion–dipole and ion–induced-dipole forces, the
fragment ion and neutral fragment may be held by
electrostatic attraction during the first stages of the
dissociation in an ion–neutral complex. This gives
the components of the intermediate ion–neutral com-
plex of a mass spectrometric fragmentation a chance
to undergo an exothermic bimolecular reaction with-
in the complex. After the dissociation, the result of
this reaction mimics the fragmentation mechanism of
a rearrangement process. However, since the compo-
nents within the intermediate ion–neutral complex
are more or less free to rotate with respect to each
other, this fragmentation route by intermediate ion–
neutral complexes avoids the small frequency factor
of a rearrangement with a sterically strained transi-
tion state. Since the bimolecular reaction within the
complex has to be fast to compete with the direct dis-
sociation of the ion–neutral complex, only rather
simple reactions (without a large additional activa-
tion energy) are observed, i.e. exothermic hydrogen
or proton transfer or nucleophilic addition of
carbenium ions to electron lone pairs or π-electrons.

The first fragmentation of this type was described by
Longevialle and Botter (see the Further reading sec-
tion) in the mass spectra of certain amino steroids, in
which a fragment ion generated at the right hand side
of the steroid molecule transported a proton over a
very large intramolecular distance to a functional
group at the left hand side of the steroid. Probably
the most ubiquitous fragmentation via intermediate
ion–neutral complexes is the loss of alkane molecules
that originate from H abstractions by an alkyl radical
in an ion–neutral complex generated by a simple C–C
bond cleavage of an alkyl chain. Traeger and co-
workers (see the Further reading section) have shown
that this fragmentation is especially abundant in
the mass spectra of cycloalkanes carrying alkyl
sidechains. Indeed, the EI mass spectra of these com-
pounds are distinguished by a series of peaks at even
m/z values which arise by this mechanism. Other in-
teresting examples for this fragmentation mechanism
are the migration of onium ions (and other stable
carbenium ions) over long molecular distances within
ion–neutral complexes before the terminating ion–
molecule reaction. This corresponds to a reactive in-
teraction between two functional groups which are
far apart in the original molecule. Thus, this type of
fragmentation provides an explanation for a formal
rearrangement by migration of functional groups
within the original molecular ion.

Secondary fragmentation

As discussed in the introduction and shown in
Scheme 1, the fragmentations of organic molecular
ions, which are induced by electron impact in a mass
spectrometer and which give rise to the peak pattern
of the EI mass spectrum, correspond to a kinetic
scheme of parallel and consecutive unimolecular
reactions. Any fragment ion that still contains suffi-
cient energy for further fragmentation will do so, and
these fragmentations correspond to the reactions of
an isolated and energetically excited species described
by QET or RRKM theory. However, the radical cat-
ions (molecular ions) generated by EI from the neu-
tral molecules may decompose either by elimination
of small neutral molecules (loss of H2O, see Example
2; loss of alkene, see Example 3) or by loss of radicals.
In the former case the newly generated secondary
fragment ions correspond to radical cations, while in
the latter case the fragmentations give rise to second-
ary even-electron cations. The different electronic na-
ture of the fragment ions has an effect on the
preferred pathways for further fragmentations.

The types of fragmentation reactions observed for
secondary radical ions are more or less those
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discussed in the previous section. Thus, the frag-
mentations of the [M•+−H2O] fragment ions in the
mass spectra of aliphatic alcohols concur with those
of the radical cations of the corresponding alkenes
(or alkylcyclobutanes), and because of these further
fragmentations of secondary fragment ions the mass
spectra of long chain alcohols and alkenes are very
similar. In comparing the fragmentations of second-
ary radical cations with radical cations produced di-
rectly by EI from stable neutral molecules one has
to account for the different excess energy present in
radical cations originating from EI and from
fragmentation, and, more importantly, for the pos-
sibility that fragment ions may correspond to dis-
tonic isomers or tautomers of the molecular ions.

Thus, the secondary C3H6O•+ radical cations creat-
ed by the McLafferty rearrangement of the molecu-
lar ions of hexan-2-one (Scheme 7) correspond to
the ionized enols of acetone and not acetone radi-
cal cations, and further fragmentation may require
‘re-ketonization’. Similarly, elimination of an alkene
fragment from the molecular ions of alkylbenzenes
gives rise primarily to an isotoluene radical cation
(Scheme 8) which differs in reactivity from the tolu-
ene molecular ion. In most cases these differences
alter the details of the fragmentation mechanisms,
but not the principal routes of a further fragmenta-
tion.

Secondary fragment ions which are even-electron
cations prefer the elimination of neutral molecules in
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their further decompositions. This has inspired the
formulation of the so-called ‘odd–even-electron’ rule
which states that odd-electron radical cations may
yield either odd-electron or even-electron secondary
ions on decomposition while even-electron cations
produce only smaller even-electron cations as
products. However, many exceptions to this rule are
known, in particular for the mass spectra of large
polyalkylated arenes and of organo-element com-
pounds. In individual cases it is clearly the stability
of the product ions which directs further fragmenta-
tions. Nevertheless, the rule can still be used as a first
guide for the interpretation of mass spectra of organ-
ic compounds. The elimination of a small molecule
from an even-electron cation is achieved by a shift of
an electron pair only or by hydrogen migration. A
typical example for the former mechanism is the
fragmentation cascade observed for the [M–CH3]+

ion in the mass spectrum of benzalacetone while the
latter fragmentation is typical of alkene eliminations
from the onium ions produced by α-cleavage
(Scheme 17).

Even-electron cations are known to rearrange eas-
ily by ‘electron-sextet rearrangements’ of the Wag-
ner–Meerwein type. In particular, alkyl cations and
other hydrocarbon cations rearrange easily by this
mechanism. Thus, 1,2-hydrogen shifts and 1,2-alkyl
shifts in an alkyl cation compete successfully with a
direct fragmentation by alkene loss as depicted in
Scheme 18. The formation of an unstable primary
alkyl cation by direct bond cleavage within a molec-
ular ion is very likely associated with a concerted
1,2-H shift to create a more stable secondary frag-
ment ion. As a consequence of these rearrange-
ments the abundant C3H7

+ and C4H9
+ ions observed

in the mass spectra of n-alkanes at m/z 43 and m/z
57 correspond to stable isopropyl cations and t-
butyl cations.
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E = excess energy; Ei0 = activation energy; ki = rate
constant; νi = frequency factor; ∆Hr = reaction en-
thalpy.
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Introduction

A major advantage proposed for the application of
Raman spectroscopy to many problems is the mini-
mal sample preparation required for presentation of
the specimen to the spectrometer. Unlike most other
analytical techniques, no chemical or mechanical
pretreatment is necessary; of particular relevance to
biological and biomedical studies is the ability to ob-
tain Raman spectra from specimens which are in
their state of natural hydration without further des-
iccation. The weak Raman scattering of hydroxyl
groups and silica means that water and glass will not
strongly affect the observation of Raman spectra. In
other cases, specimens which have been prepared for
optical microscopy and protected using standard
glass cuvettes or slide cover-slips can also be studied
using a Raman microscope without any changes
being effected.

The swamping of weaker Raman spectra by strong
fluorescence emission in the visible region of the
electromagnetic spectrum is an occupational hazard
of Raman spectroscopy using laser excitation,
particularly in the blue and green regions (400–
520 nm). This arises from the high latent energy of
excitation at these wavelengths. In some cases sample
fluorescence arises from impurities in the specimen,
and in these cases sample treatment may be indicated.
This may be a trivial or difficult task, depending on
the particular specimen being studied. For example,
the swabbing of biological tissue, which is common
practice to remove surface contaminants, is neither
effective nor admissible when archaeological bio-
materials are being studied, which may have involved
the absorption and concentration of fluorescent
materials over a long period of time.

It has often been reported that prolonged exposure
of a specimen to a laser beam will produce a Raman
spectrum with enhanced signal-to-noise (the little-
understood physical phenomenon of ‘fluorescence
burnout’ which is illustrated in Figure 1); by this
means, good quality Raman spectra can be recorded
in the presence of fluorescent material. However, the
removal of the fluorescence emission is only tempo-
rary and the method is not always appropriate. Some
biomaterials, such as skin and wool, exhibit strong

fluorescence in the blue region of the spectrum and
their Raman spectra generally cannot be recorded
using laser radiation around 4880 nm.

The choice of exciting line wavelength is therefore
of critical importance for the observation of Raman
spectra of biomaterials without attendant fluore-
scence emission. A particular advantage of the move
towards red excitation (600–800 nm) and particular-
ly the near-infrared (1064 nm) is the minimization of
fluorescence from biological tissues and organs, such
as skin, because of lower excitation energies. Other
methods of combatting fluorescence have involved
the use of pulsed laser excitation and d.c.-chopping
or synchronization of the scattered radiation to
electronically filter out the background emission.

When coupled to a microscope a Raman instru-
ment with a high spatial resolution (approximately
5 µm) is then available which can produce spectra
that are largely fluorescent-free. The Raman micro-
scope exhibits a high signal-to-noise ratio and is ideal
for the characterization of weak scattering samples
and analysis of specific regions within a sample.

Another attachment that can be effected to a
Raman spectrometer is a remote probe. This consists
of a fibre optic cable that passes the laser beam to a
sample outside the conventional sampling chamber.
This can be of use in many different applications, the
most obvious of which is where the sample is too
large or complex to fit into the instrument. In vivo
biological studies utilize a fibre optic probe for the
investigation of human tissue. Industrial process
monitoring uses a Raman spectroscopic probe for
online quality control during manufacture.

The linear dependence between intensity of scat-
tering and species concentration means Raman spec-
troscopy is not considered to be a sensitive technique
for trace quantities of material, unless these are
localized, can be identified microscopically and have
a large molecular scattering cross-section factor.
However, the linearity of dependence between con-
centration and observed band intensities can be used
to good effect in quantitative Raman spectrometry,
especially for solution equilibria, for which impor-
tant physicochemical data can be obtained, such as
rate constants, equilibrium constants and enthalpies
of chemical bond formation or breakage. Hence,
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whereas in absorption spectrometry weak bands can
be enhanced using larger path lengths, this is not
practicable in Raman spectroscopy.

The effect of the input of high energy visible laser
radiation into samples with consequent possible
increase fluorescence emission may also be marked
in local sample heating. This is particularly impor-
tant for valuable samples that must not suffer dam-
age during analysis; also, coloured materials may
absorb the laser radiation particularly effectively and
literally burn in the process. For this reason, high
laser powers focused onto stable mineral or geologi-
cal materials are not acceptable for sensitive bioma-
terials and an experienced Raman spectroscopist
would always attempt to use low laser powers ini-
tially on samples whose reaction to laser radiation is
not known. Even when sample degradation or dam-
age does not occur through laser absorption, for this
reason, special devices based on a spinning sample
illumination system exist where the species is
permitted to have only low residence times in the la-
ser focus, so reducing the localized heating.

With 1064 nm infrared excitation, generally used
in FT-Raman studies, the effect of sample heating is
noted first in emission at higher wavenumber shifts
(> 2000 cm−1), but the problem is exacerbated when
the sample itself is being thermally investigated. For
this reason, the ‘background’ emission of infrared ra-
diation at higher wavenumbers with 1064 nm excita-
tion varies with sample temperature until near
200 °C it becomes effectively unworkable, e.g. the
Raman spectrum of S8 at elevated temperatures.

Biological materials

Fluorescence and the inherent weakness of the Ram-
an effect seriously hampered the use of Raman spec-
troscopy for the routine analysis and investigation of
biological samples. Until the commercial develop-
ment of the FT-Raman technique in 1986 some
researchers went to quite extreme lengths to over-
come these problems. This is well demonstrated by
workers who found it necessary to ‘burn out’

Figure 1 Dissipation of fluorescence in wool on extended exposure to laser irradiation. (A) 0, (B) 30 and (C) 210 s. (633 nm, 5 s
acquisition time).



FT-RAMAN SPECTROSCOPY, APPLICATIONS 651

fluorescence in wool for up to 20 hours before being
able to acquire an acceptable Raman spectrum.

The keratins are a specialized group of structural
fibrous proteins that are characterized by their high
cystine content and can be classified according to the
amount of sulfur present in the protein. Structures
such as wool, hair, hooves, horns, claws, beaks and
feathers are classified as ‘hard’ keratins because the
sulfur concentration in these proteins is greater
than 3%. Keratin proteins containing less than 3%
sulfur, such as the stratum corneum (the outermost
layer of skin), are classified as ‘soft’ keratins.
Although these keratin proteins have a similar
molecular composition major spectral differences
have been observed in: the intensities of the C–S and
S–S stretching vibrations; the conformation of the
disulfide bond; and the position, line shape and
bandwidth of vibrations associated with the proteins
secondary structure.

Figure 2 shows the FT-Raman spectra of wool
(Figure 2A) and hydrated stratum corneum
(Figure 2B) over the wavenumber regions 2600–
3600 cm–1 and 400–1800 cm–1. The presence of
water near the ν(CH) stretching region can be clearly

seen; the characteristic amide I, ν(CONH), δ(NH2)
and δ(CH2) modes are seen in the region 1200–
1700 cm–1. Lipid modes are near 1000–1200 cm–1

and the prominent ν(SS) band in wool near 500 cm–1

is also noteworthy.
To date, Raman spectroscopy has been used for

the characterization of stratum corneum, epidermal
membrane and dermal tissue. Of current interest is
the administration of therapeutic agents across the
skin barrier (transdermal drug delivery); however,
there are a number of difficulties which involve the
supply, storage and use of biohazardous human
material.

Medical/pharmaceutical

The use of Raman spectroscopy in medical diagnos-
tics is an ever-expanding field of application. Again,
features such as the nondestructive and noninvasive
nature of the technique mean that the technique is
well suited to this type of application. Raman
spectra have often been masked by fluorescence from
some of the naturally occurring constituents of
animal tissues. Raman spectra of cells and tissues are

Figure 2 FT-Raman spectra of (A) untreated Merino wool, and (B) hydrated stratum corneum.
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usually excited in the near infrared with radiation at
780, 830 or 1064 nm as the probability of exciting
fluorescence is reduced at these longer wavelengths.

Raman spectroscopy has been used for the compo-
sitional analysis of gallstones and kidney stones; the
distribution of the mineral and organic components
of a human tooth have been mapped by FT-Raman
microspectroscopy; the characterization of normal
and pathological tissues including breast, liver, colon
and brain. Furthermore, analysis can be performed
in vitro, on biopsy samples, or in vivo whereby spec-
tra are recorded using a fibre optic cable. Examina-
tion of complex Raman spectra that contain a large
number of bands as in biological tissues can be
somewhat subjective, and it is often difficult to
detect subtle changes or differentiate between similar
spectra. To overcome this problem it is necessary to
automate the interpretation of spectra by developing
a non-subjective technique for analysis, such as a
neural network. To date, neural networking has
been successfully used to differentiate between Ram-
an spectra of basal cell carcinoma and healthy skin.

Interactions between hydroxyapatite crystallites,
inorganic ions, cellular components and the organic
matrix in living tissues form part of the complex
process known as biomineralization. An example of
biomineralization is the production of calcified tis-
sues such as bone and teeth. The Raman spectrum of
bone is dominated by a very intense vibration at 960
cm–1, which is attributed to the phosphate stretch of
the hydroxyapatite component.

Bone implants are commonly made of metal
coated in a similar material to bone, i.e. synthetic
hydroxyapatite, to improve the biocompatility and
to aid bonding between the natural bone and the im-
plant. Raman studies of bone implants utilize the
spectral difference between bone and that of synthet-
ic hydroxyapatite. The synthetic material lacks many
of the characteristic Raman vibrations of bone and
those of phosphate have significantly reduced band-
widths. Thus, it is possible to study the interface
between the implant and the recipient’s bone. Bio-
mineralization of implants coated with materials
other than hydroxyapatite can be followed by moni-
toring the intensity of the phosphate vibration relat-
ed to those produced by the coating material.

Art and archaeology

The identification of materials that make up an
object is important to art historians and archaeolo-
gists for a variety of reasons. Information can be
provided on trade routes that existed at the time, the
development of artistic styles and techniques and the

understanding of chemical technology. This informa-
tion may help to authenticate and date an object,
and aid in the process of restoration and conserva-
tion. Identification of the products of degradation
will help in devising a regime for treatment to arrest
or reverse the deterioration, thus aiding the conser-
vator in the preservation of the object. In many cases
previous conservation treatments are a problem as
the materials used breakdown and damage the
object. Often treatment records have not been kept,
or are lost, and analysis is required to identify the
materials previously employed so they can be
successfully removed.

Some problems have been found in analysing ar-
chaeological materials from certain burial environ-
ments where absorption of coloured and/or
fluorescent impurities has taken place. Special care
has also to be taken when handling rare or very frag-
ile samples. Often very low laser powers are neces-
sary in order to prevent thermal damage from
occurring. These problems are being overcome and
Raman spectroscopy is now being applied to the
identification of a diverse range of material types
including pigments, resins, waxes, gums, ivory and
ancient skin.

Pigments

Pigments can be found on a wide range of objects
such as paintings, frescoes, manuscripts and china.
Often only a very small section of the pigment will
remain perhaps only several grains. It is important to
be able to identify the pigment (often in situ) without
harming the object in anyway. Raman microscopy
has been found to be one of the best techniques for
identifying pigments. It is sufficiently sensitive to
analyse pigment grains, generally does not suffer
from interference (from surrounding media such as
binders) and most importantly it is nondestructive. It
is also possible to identify components in a pigment
mixture, as the spatial resolution of the technique is
about ≤ 2–10 µm. A wide range of pigments have
been identified using Raman spectroscopy; for exam-
ple, it is possible to differentiate between the red pig-
ments: red lead, red ochre and vermilion used in
antiquity and to determine the mixture composition
quantitatively and nondestructively (see Figures 3B,
3C and 3E).

Pigments used in the wall paintings in Winchester
Cathedral and Sherborne Abbey have been analysed
using FT-Raman spectroscopy. Wall paintings from
circa 1175–1185 are found in the Holy Sepulchre
Chapel, North Transept of Winchester Cathedral.
They illustrate several scenes around the Crucifixion
and are amongst the most important paintings of
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their period in the UK. Those found at the Chapter
House at Sherborne Abbey are much more
fragmentary and date to the late 12th/early
13th Century. The Raman spectra shown in Figure 3
demonstrate that the pigment from Sherborne Abbey
(Figure 3D) is pure vermilion (Figure 3C) whereas
that from Winchester Cathedral (Figure 3A) is a
mixture of red ochre (Figure 3B) and vermilion
(Figure 3C). Adulteration of pigments was practiced
for economic reasons even though it was recognized
that the resulting pigment mixture stability could be
adversely affected. Also, variation in pigment compo-
sition over a painting could indicate to a conservator
that some more recent renovation has been under-
taken.

Analysis of frescoes at the palazzo Farnese, a man-
sion at Caprarola, Italy, helped to characterize chem-
ically the biodeterioration that had occurred. A
circular courtyard at the mansion has inner walls at
ground and first floor levels bearing frescoes painted
by Zuccari in the 1560s. In recent years serious bio-
deterioration through lichen invasion has affected
the frescoes. D. massiliensis forma sorediata, which
produces oxalate encrustations which are almost
2 mm thick in some places is responsible for the dis-
figurement and the chemicals involved in this process
have been identified by Raman spectroscopy.

Archaeological resins

Raman spectroscopy can be used to identify different
natural resins. By comparing spectra from ancient

resins with a database of modern materials it is
sometimes possible to identify the source of the an-
cient sample. An example of this use is the identifica-
tion of the different forms of the resin ‘dragon’s
blood’. Since ancient times this resin has been used
for a diversity of medical and artistic purposes. This
rich red resin has been used to make varnishes for a
variety of objects including reputedly 16–18th centu-
ry Italian violins such as those made by Stradivarius.
Many cultures have at least one indigenous natural
resin which they call ‘dragon’s blood’ but the botan-
ical sources are not necessarily the same. Today, the
primary commercial supply of dragon’s blood is the
resin from the fruit of the Southeast Asian rattan, or
cane-palm, Daemonorops draco (Palmae). In West-
ern antiquity, in the Roman Empire, one of the main
sources was Dracaena cinnabari L., which was once
prevalent around the Mediterranean coast, but now
endemically localized to Socotra Island, off the Horn
of Africa. Figure 4 presents the FT-Raman spectra of
these two resins. Clearly the spectra are very differ-
ent and provide a means of identification of a botan-
ical source of ‘dragon’s blood’ resin. Elsewhere,
other trees have been tapped for their ‘dragon’s
blood’ such as Eucalyptus resinifera (actually a gum)
in Australia. The FT-Raman technique is capable of
distinguishing between fresh resins from these three
sources mentioned. Identification of the resin can
play a deciding role in the cleaning or stabilization of
an object coated in resin and with the provenancing
of the artefact.

Figure 3 FT-Raman spectra of (A) pigment from wall painting in Winchester Cathedral (baseline corrected) (B) red ochre, (C) ver-
milion, (D) pigment from wall painting in Sherborne Abbey, and (E) red lead pigment.
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Forensic science

The field of forensic science, scientific analysis used
within the legal system, is very wide-ranging;
narcotics and explosives are amongst the areas of
analysis covered. Many different techniques are
used within the field to identify samples found at a
crime scene or seized by police. Techniques used
must fulfil certain requirements: sensitive enough to
deal with often very small or trace samples, pro-
vide clear, characteristic results which easily distin-
guish different materials and minimal sample size
and preparation. The latter point is one which Ra-
man spectroscopy can easily fulfil, as the technique
is both nondestructive and noninvasive. No sam-
pling is required, which means that further analysis
is possible should it be necessary, for example in the
case of an appeal. Raman spectroscopy fulfils the
other requirements as it is both sensitive and pro-
vides characteristic spectra for different substances.

Raman spectroscopy has been applied to a range
of different materials of interest to the forensic sci-
entist. A wide range of narcotics can be identified
including heroin, cocaine and amphetamines. The

wavelength of excitation has to be varied, as some
samples are highly fluorescent under certain condi-
tions. For example, heroin fluoresces when excited
at 633 nm but a clear, characteristic spectrum can
be obtained with resonance Raman using 244 nm
excitation. Fluorescence can also be a problem if a
narcotic has been ‘cut’ (mixed) with a fluorescent
material. The spectra of these ‘street’ drugs require
baseline correction in order to be successfully com-
pared with a database of ‘pure’ standards or again a
lower wavenumber excitation can be employed.
Narcotics often enter the laboratory in a crime
scene bag and may also still be in their original
packaging – often wrapped in plastic. It has been
found that it is possible to take a Raman spectrum
of the sample through the packaging (including
black plastic), subtracting the spectrum of the pack-
aging to get a spectrum of the sample alone. This is
very useful in forensic science as this minimizes any
contamination that could occur to the sample dur-
ing preparation for analysis. Along with the lack of
any sample preparation required and with provi-
sion of a suitable database, a computerized analyti-
cal instrument means that relatively unskilled users

Figure 4 FT-Raman spectra of (A) Daemonorops draco (Palmae), and (B) Dracaena cinnabari.
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could potentially use Raman spectroscopy to ana-
lyse any seizure more quickly.

Raman spectroscopy has also been applied to the
identification of different explosives. Most explo-
sives, both nitro-containing (i.e. 2,4,6-trinitrotoluene
(TNT)) and non-nitro-containing (i.e. TATP), pro-
duce high quality, low fluorescence Raman spectra.
Some plastic explosives (i.e. Semtex) have some fluo-
rescence originating from the binder materials but
this can be overcome by use of anti-Stokes bands and
Boltzmann correction of the data.

Raman microscopy has been used for the analysis
of gunshot residues. Chemical analysis of the materi-
als that leave the barrel of a gun on firing can give
information about the gun, the ammunition, the
shooting distance and direction. All of this informa-
tion is important for investigators of any shooting
incident. The residues that leave a gun on firing are
deposited on the victim, user, weapon and within the
immediate vicinity. Gunshot residues are composed
of the metallic components of the bullet, partly burnt
propellant particles and particles of elements origi-
nating from the primer, the bullet, the propellant
and the propellant additives. Raman microspectros-
copy has illustrated that different metal anions con-
tained in gunshot residue such as carbon, barium
carbonate, lead sulfate, lead oxide and mixtures of
these compounds are easily identified.

Real or fake?

An area that combines the interests of historians and
forensic scientists is whether an object has been con-
structed from the material from which it is purport-
ed to have been made. Rare or valued materials are
often replaced by cheaper, more easily available imi-
tations, some of which are of such good quality that
they deceive even expert examination. Examples of
these materials are ivory and amber, both having
been simulated using a wide range of materials, in-
cluding modern polymers. In some instances great ef-
fort is given by the forger to copy the weight and
texture of the original material. Ivory is much heavi-
er than many modern plastics so fillers such as cal-
cite (calcium carbonate) may be added so that the
weight then more closely matches that of ivory. On
highly carved objects it can be very difficult to identi-
fy the material as genuine ivory, for example, or an
imitation. The ‘hot pin’ test has been used to identify
modern plastics, over ivory. Plastic materials will
tend to melt or burn when a hot pin is applied but it
will have no effect on genuine ivory. This rather
crude method has one quite obvious drawback in
that a plastic object will be marked. Even though the
item is not made of ivory it may still be of some

value, which would be affected by any marking. FT-
Raman spectroscopy provides a good alternative; a
result can be obtained almost as quickly and the ob-
ject is not damaged. The spectra of ivory and amber
are clearly different to polymeric imitations, so a de-
finitive identification can be given where previously
it has proved difficult, or impossible, to do so visual-
ly. This is illustrated in Figure 5 which presents the
FT-Raman spectra of African elephant tusk, micarta
(phenolic thermoset resin), an imitation ivory and
calcite. It can be seen that the spectrum of the imita-
tion ivory contains vibrational features which are
characteristic of polymer mixtures, in this case poly-
styrene and polymethylacrylate. The spectrum of mi-
carta indicates that it probably contains either
polyethylene or polybutylene terephthalate.

Gemmology

Analytical techniques commonly used in gemmology
include X-ray and neutron diffraction, scanning
electron microscopy and, more recently, FT-Raman
microspectroscopy. Traditional identification is
based on the gems’ unique physical, chemical and
optical properties. These include specific gravity,
cleavage, hardness, toughness, fracture, refraction,
transparency, lustre and sheen. However, some gem-
stones have similar properties for example taaffeite
(BeMgAl4O8) and musgravite (Mg2Al6BeO12) have
essentially identical chemical composition and gem-
mological properties. The advantage of utilizing
Raman spectroscopy for analysis lies in the non-de-
structive nature of the technique, rapid identification
and the ability to analyse both carved and rough sur-
faces.

Other applications include the detection of syn-
thetics and imitations, the detection of composite or
assembled stones and the investigation of inclusions
to assist in the identification of the origin of the gem-
stone. In order to hide surface cracks, improve col-
our or provide protection for soft stones, gemstones
may undergo certain enhancement treatments. For
example, they may be treated with oil, artificial res-
ins or waxes to fill any fissures or fractures thus im-
proving their clarity. These foreign substances
produce distinctive Raman spectra from which their
presence may be identified.

Polymers and plastics

Characterization of polymers and their reaction
processes can be carried out using Raman spectrosco-
py. Both qualitative and quantitative information can
be provided about stereoregularity, chemical nature,
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orientation, conformation and three-dimensional
state of order in a polymer. The polymerization proc-
ess may also be monitored, allowing the effect of
different parameters on the course of the reaction to
be analysed. Many different polymers and polymer
reactions have been studied using Raman spectrosco-
py in recent years. For example, epoxysilanes that are
used to obtain hybrid polymers via a sol-gel process.

Process control and remote Raman sensing are
now possible through the application of fibre optics.
Remote measurements can now be taken directly in
the reaction vessel. The real-time monitoring of
chemical reactions can aid in the streamlining of
the process and thus produce cost savings. The
minimal fluorescence produced using near-infrared
excitation means that FT-Raman spectroscopy is
becoming widely accepted as an industrial tool. An
example is the analysis of waterborne polymer emul-
sions, i.e. styrene/butadiene copolymers, which are
used as binders in coated paper and carpet manufac-
ture. Raman spectroscopy is useful in this case due to
little interference being caused by the aqueous phase
or the scattering effects from the emulsion particles,

which can be a problem with other spectroscopic
techniques.

Assessment of the mechanical properties and engi-
neering applications of polymers is made by
consideration of orientation, conformation and
three-dimensional state of order of the polymer dur-
ing the deformation processes. FT-Raman spectros-
copy is also applied to the analysis of transient
structural changes induced by polymer deformation.
For a clear understanding of a deformation mecha-
nism, characterization of structural changes is re-
quired online. Studies have been performed on a
wide variety of polymers during elongation and re-
covery, to monitor phase transitions and alterations
in crystallinity and anisotropy. Particularly useful for
this purpose has been the simultaneous analysis of
mechanical and spectroscopic properties, called
rheooptical measurements.

Inorganic/organometallic materials

A typical FT-Raman spectrum covers the wavenum-
ber range 100–3500 cm–1, which encompasses the

Figure 5 FT-Raman spectra of (A) African elephant ivory, (B) micarta, (C) an imitation ivory and (D) calcite.
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skeletal vibrational modes of organic molecules
normally occurring in the functionality region
(1000–2000 cm–1) and the bonds between heavy
metals and carbon, oxygen and sulfur which all
occur below 500 cm–1. This ability to record the
spectra of ‘inorganic’ and ‘organic’ components
within a sample is a valuable attribute of Raman
spectroscopy. For example, the Raman spectrum of
mercury (II) sulfide (commonly known as vermil-
lion), shown in Figure 3C, exhibits a strong Raman
band due to ν(HgS) at 257 cm–1 which is not normal-
ly seen in infrared spectrometry unless special
instrumentation is used.

The ability of Raman spectroscopy to detect coor-
dinate bands in inorganic and organometallic com-
pounds lends itself particularly well to the
observation of metal–metal, metal–halogen and
metal–phosphorus clusters such as Ag4I4(PMe3)4,
metals–oxygen bonds in corrosion studies involving
zirconium(IV) oxide and iron(III) oxide in nuclear
fuel claddings and steels, and metal–carbon bonds in
organometallic compounds used in catalysis.

Studies of metal ion coordination with anion
ligands in mixed organic/aqueous solvent systems
have provided novel information about the metal ion
coordination numbers and mechanism of crystalliza-
tion processes from Raman spectroscopy. Also, ther-
modynamic parameters such as enthalpy of band
formation or breakage have been evaluated from
Raman spectra of solution studied over a range of
temperatures.

Geological materials/solid states

Access to the low-wavenumber regions of the vibra-
tional Raman spectra of minerals and solids of geo-
logical relevance have yielded information on crystal
lattice symmetries and on the effect of ionic impuri-
ties. Databases of geological materials now rival
those of organic compounds and affiliations to solid-
state physics, crystal engineering and to substrate
characterization for thin-film devices are numerous.

Some of the most recent affiliations in this area in-
clude the analysis of extraterrestrial material in the
form of Martian meteorites (Shergotty–Nakhla–
Chassigny classification) and in the characterization
of simulated soils for planetary exploration.
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copy; Biochemical Applications of Raman Spectros-
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NMR spectroscopy has been used to study many
aspects of the physics and chemistry of molecules in
the gas phase for more than 50 years. The third report
of the observation of the magnetic resonance phe-
nomenon, which was published in 1946, described a
study of H2 gas. The signal/noise ratio obtained from
a 10 atm H2 sample (line width 600 ppm at 0.68 T)
was ∼ 15/1 in that study. Nuclei in larger molecules
have longer relaxation times and in many cases pro-
duce NMR spectra with natural line widths of less
than 1 Hz. Currently, it is possible to obtain 1H and
19F spectra with good signal/noise ratios from gases
present at partial pressures of less than 1 torr. With
this sensitivity, NMR spectroscopy can be used to
address many questions about molecular interactions
and dynamics in the gas phase. Experimentally mea-
sured chemical shifts and spin–spin coupling con-
stants of gas-phase molecules are a benchmark for
theoretical calculations of NMR parameters.
Temperature- and pressure-dependent relaxation rate
constants, T1, T2, and T1ρ, have been measured for
several different nuclei in diatomic and small poly-
atomic molecules in the gas phase. These data provide
information about relaxation mechanisms, rotation-
ally inelastic collision cross sections, coupling con-
stants and intermolecular forces. NMR spectroscopy
is an important tool for studying hydrogen bonding
in the gas phase. Thermodynamic parameters for
keto–enol tautomeric equilibria and conformational
equilibria of gases have been determined from meas-
urements of temperature-dependent relative intensity
ratios. Temperature- and pressure-dependent rate
constants for low-energy intramolecular chemical
exchange processes of gases including conformational
interconversion, ring inversion and Berry pseudorota-
tion have been measured using NMR spectroscopy.
The motion of xenon atoms diffusing in zeolite matri-
ces and the motion of gas-phase molecules in protein
cavities can be studied using NMR spectroscopy.
Gas-phase NMR spectroscopy can be used to study
chemical reactions involving volatile species. Density-
dependent chemical shielding and gas-phase spin–
lattice relaxation were reviewed a few years ago. The
application of gas-phase NMR spectroscopy to chem-
ical exchange processes was reviewed more recently.

Principles

Gas-phase chemical shifts and coupling constants

The general features of high-resolution NMR spectra
of gases resemble those of liquids, but the actual re-
sonance frequencies in the gas phase and in solution
are different owing to differences in the local environ-
ment. A gas sample has a smaller bulk magnetic sus-
ceptibility and weaker intermolecular interactions
than a liquid. The bulk magnetic susceptibility differ-
ence causes the entire gas-phase NMR spectrum to be
offset a few ppm from that of the corresponding
liquid. The direction and magnitude of the offset
depend on the magnetic field strength, the shape of
the sample, its orientation in the magnetic field and its
chemical composition. The magnetic field experi-
enced by the sample, B0(s), is B0(s) = B0[1+(4π/3 –
α)κs], where B0 is the permanent magnetic field, κs is

the volume susceptibility, a negative quantity which is
much smaller for a gas than for a liquid owing to den-
sity differences, and α is a shape factor that is zero for
a cylinder aligned along the magnetic field axis and 2π
for a cylinder aligned perpendicular to the field axis.
For the parallel arrangement of a cylindrical sample
in a 7.2 T superconducting magnet, the gas-phase
spectrum is shifted a few ppm to higher frequency
from the spectrum of the corresponding liquid.

In the gas phase, intramolecular factors primarily
determine the relative resonance frequencies of the
nuclei in a molecule. In a liquid, intermolecular
interactions are also an important factor and the rel-
ative resonance frequencies of nuclei located at dif-
ferent sites within a molecule can be phase
dependent. The largest phase-dependent shifts in rel-
ative resonance frequencies occur for nuclei in posi-
tions near the molecule’s exterior and for nuclei
capable of strong intermolecular interactions such as
hydrogen bonding. Figure 1 shows gas-phase NMR
spectra of a series of alcohols obtained at 421 K. The
major difference between these spectra and those of
the corresponding liquid alcohols is the position of
the hydroxyl proton resonance which, in each case, is
near 0 ppm relative to gaseous TMS. The hydroxyl
proton resonances of the corresponding alcohols in
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the liquid phase are several ppm lower than that of
liquid TMS owing to participation in intermolecular
hydrogen bonding. In contrast, the position of the
resonances of the protons attached to the carbon
atoms relative to TMS is similar for both gas-phase
and liquid alcohols. For cases where intermolecular
interactions are weaker, gas and solution spectra are
more similar, but small relative changes are often
observed. For example, the limiting 1H methyl chem-
ical shift differences for dimethylacetamide and
dimethylformamide are slightly smaller in the gas
phase than in solution.

The temperature and density dependences of the
chemical shifts of nuclei of gas-phase molecules have
received significant theoretical and experimental

attention. The chemical shifts of most nuclei at a con-
stant temperature exhibit a linear density dependence
for moderate densities up to ∼ 50 atm. Intermolecular
effects are deshielding for almost all gas-phase mole-
cules, except for molecules with π* electronically
excited states. The temperature dependence of the
chemical shift of nuclei of gas-phase molecules at
constant gas density can be used to probe the effects
of ro-vibrational shielding. Deshielding occurs with
increasing temperature as the population of rotation-
ally and vibrationally excited states increases and the
average internuclear distances in the molecule
increase.

The phase dependence of spin–spin coupling con-
stants is usually small since spin–spin coupling mech-
anisms are primarily intramolecular in nature.
However, changes in conformational equilibria and
molecular geometry can result from intermolecular
interactions and can affect the magnitude of spin–
spin coupling constants. For example, the magnitude
of the spin–spin coupling between two nuclei sepa-
rated by three bonds is dependent on the effective
torsional angle and will be phase dependent if the
conformational equilibrium established in the gas
phase differs from that in solution. For substituted
ethanes such as dimethoxyethane, the average 3JHH

coupling constants in the gas phase have been mea-
sured as a function of temperature and used to deter-
mine conformational equilibria and barriers to inter-
nal rotation using models based on the Karplus
equation. Solvent effects are determined by compari-
son with results of similar experiments performed on
condensed-phase samples. Small phase-dependent
differences in the 1JNH and 2JNH coupling constants of
formamide have been observed and can be attributed
to changes in bond lengths that occur upon
solvation. For molecules that do not exhibit confor-
mational isomerism or form strong intermolecular
interactions, gas-phase and solution-phase spin–spin
coupling constants are very similar.

Relaxation

Nuclear spin–lattice relaxation of gas-phase mole-
cules occurs primarily via the spin–rotation (SR)
mechanism. The magnitude of the magnetic field gen-
erated by the rotational motion of the molecule
changes at a rate that is dependent on the rotationally
inelastic collision frequency. Scalar coupling of the
nuclear spin angular momentum to this time-
dependent field provides an efficient relaxation path-
way that is generally not available in condensed
phases where rotational motion is hindered. For
medium-sized molecules, 1H and 13C T1 values are
typically on the order of a few hundred milliseconds

Figure 1 1H NMR spectra of gaseous t-butanol (A), isopropa-
nol (B), ethanol (C), and methanol (D) at their respective vapour
pressures at 421.8 K. Reprinted from Chauvel JP Jr and True NS
(1985) Gas-phase NMR studies of alcohols. Intrinsic acidities.
Chemical Physics 95: 435–441, © 1985, with permission from
Elsevier Science.
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and 19F T1 values are typically on the order of 10 to
100 ms at a gas pressure of 1 atm.

Figure 2 shows the characteristic nonlinear density
dependence of T1 in the gas phase. Most NMR relax-
ation studies of gases report gas densities in units of
amagats where 1 amagat is the density of an ideal gas
at 1 atm and 273 K, i.e. 2.687 × 1019 molecules cm–3,
or 44.612 moles m–3. At the T1 minimum, the colli-
sion frequency is approximately equal to the Larmor
precession frequency of the nucleus. The T1 minimum
can be used to determine the rotationally inelastic
cross section, σNMR, and the average spin–rotation
(SR) coupling constant. The density-dependent T1

data for the 1H resonance of NH3, shown in Figure 2,
is consistent with a σNMR of 105(8) Å2. This value is
almost twice as large as the geometric cross section of
the molecule, 60 Å2, indicating that long-range inter-
actions are important in the relaxation process. The
effective 1H SR coupling constant of NH3 is
20.3(0.1) kHz, considerably larger than the 1H–1H
dipole–dipole coupling constant in this molecule.

Relaxation via dipole–dipole interactions and
quadrupolar interactions has also been observed for

nuclear spins of molecular gases. Dipole–dipole
relaxation is competitive with spin–rotation relaxa-
tion of H2 in the gas phase. For H2, the SR coupling
constant is ∼ 110 kHz and the dipole–dipole
coupling constant is 143 kHz. This mechanism has
not been found to contribute significantly to spin–
lattice relaxation of larger molecules, where dipole–
dipole distances are greater. The lack of observable
nuclear Overhauser enhancement (NOE) in gaseous
benzene indicated that relaxation via dipole–dipole
interactions is not significant at densities between 7
and 81 mol m–3 at 381 K. For 14N in nitrogen gas,
the dominant relaxation mechanism is through
intramolecular quadrupolar interactions. Experi-
ments on ClF established that there is a significant
contribution to T1ρ

F from modulation through quad-
rupolar relaxation of 35Cl and 37Cl of J(35Cl–F) and
J(37Cl–F). The dependence of T1ρ

F on the spin-lock
field strength allowed values of these two spin–spin
couplings to be obtained.

Dipole–dipole interactions occurring during colli-
sions provide a relaxation mechanism for atoms in
the gas phase. Xenon-129 atoms in the gas phase
have spin–lattice relaxation times on the order of
minutes which are dependent on gas density, temper-
ature and the amount of other gases in the sample.
For xenon-129 adsorbed in cavities inside zeolite
matrices relaxation occurs via dipole–dipole interac-
tions with hydrogen atoms that are bound to the
sides of the cavities.

Methods

Sample preparation

For many applications, gas-phase samples can be pre-
pared using a routine vacuum line consisting of
mechanical and diffusion pumps, a cold trap, thermo-
couple and capacitance manometer gauges and a
manifold with attachments for sample tubes and gas
inlets. NMR sample tubes are either sealed with a
glass torch or constructed with self-sealing top assem-
blies. Preparation of samples at elevated pressures
requires quantitative transfer operations. With few
exceptions, gas-phase NMR samples used to study
conformational processes contained a volatile bath
gas in addition to the sample molecule, which usually
has a low vapour pressure. Molecules with low
vapour pressures tend to behave nonideally even at
very low pressures and this factor must be taken into
consideration when converting measured gas pres-
sures into densities.

Sample diffusion and convection are significant
problems in temperature-dependent studies and in
relaxation experiments using gases. In most NMR

Figure 2 The density dependence of the proton T1 of ammonia
gas at 300 K. The density of an ideal gas at STP is defined as 1
amagat. The solid line is the best fit of a theoretical model that
allowed for multiple relaxation times to the data. Reproduced with
permission of the American Physical Society from Lemaire C and
Armstrong RL (1984) Proton spin longitudinal relaxation time in
gaseous ammonia and hydrogen chloride. Journal of Chemical
Physics 81: 1626–1631.



GAS PHASE APPLICATIONS OF NMR SPECTROSCOPY 663

probes the heater is positioned below the bottom of
the sample and the top of the sample protrudes above
the spinner. With this arrangement a significant tem-
perature gradient occurs along the length of a
standard NMR tube when working at elevated tem-
peratures. This causes convection in the sample and
makes it impossible to establish, maintain and
measure the temperature. Diffusion can cause signifi-
cant line broadening at low pressures and can result in
large systematic errors in relaxation measurements.
To minimize these problems, short NMR tubes are
frequently used for gas-phase studies. They provide
better temperature control and minimize diffusion of
magnetized molecules from the active volume region
of the receiver during monitoring of the free induction
decay. For relaxation studies of gases, the sample
must be confined to the active volume of the receiver
for accurate measurements of relaxation times and
the tube length cannot exceed the receiver coil dimen-
sions. Short tubes can be placed directly inside a
standard size coaxial outer tubing to facilitate sample
spinning or they can be attached to a spinner via a
stem.

For samples containing total gas pressures of
3 atm and below, sample cells constructed from
standard thickness 12, 10, or 5 mm o.d. NMR-qual-
ity glass tubing have been employed. Sample cells
constructed from heavy-wall NMR-quality glass tub-
ing, single-crystal sapphire and vespel can be used for
studies of gases at pressures above 1 atm. Special pre-
cautions are necessary at all stages of assembling,
testing and using any kind of high-pressure NMR
apparatus because of the hazards involved. Samples
in the 5–50 atm range can be prepared in small-diam-
eter tubes with 2 mm thick walls that can withstand
pressures of 50 atm. The maximum pressure is limit-
ed by the ratio of the outer diameter to the inner
diameter of the tube. Pyrex and borosilicate glasses
have been used. Xenon gas has been studied at
pressures up to 200 atm in borosilicate glass (3.9 mm
o.d./1.2 mm i.d.) Methane and ethane have been
studied at pressures up to 300 atm in Pyrex tubes
(5 mm o.d./0.5 mm i.d.) Sample cells constructed
from single-crystal sapphire epoxied to titanium
flanges that attach to vacuum lines have been used to
prepare samples containing gases at pressures up to
about 130 atm. A newer design allows use with 5 or
10 mm tubes, is light enough to allow spinning in
most spectrometers and allows attainment of proton
line widths of 0.5 Hz in 300 MHz spectrometers.
Heavy-walled Vespel tubes have been used to study
reactive systems at elevated pressures. This polyimide
material is resistant to chemical attack but heavy
walls are required and after several pressurizations
the tubes tend to deform.

Specially designed NMR probes capable of with-
standing high internal pressures have been described.
Improved sensitivity and resolution have been ob-
tained with toroidal probes. They consist of a toroi-
dal-shaped RF detector inside a pressure vessel with
RF and gas connectors mounted on the top and bot-
tom, respectively, and are useful for studying pressu-
rized reactor effluent.

Spectral acquisition

Gas-phase NMR spectra can be acquired using pro-
cedures similar to those employed for liquid samples.
Most gas-phase NMR spectra are obtained without
use of a frequency lock. The field drift of most super-
conducting magnets is only a few hertz per day and
does not contribute significantly to observed line
widths of spectra acquired in a few hours or less. The
absence of a lock necessitates that shimming must be
done by observing the magnitude and shape of the
free induction decay. Inclusion of several torr of TMS
gas ensures a free induction decay of adequate mag-
nitude for shimming. For very high-resolution work
or long runs, a deuterated bath gas such as neopen-
tane-d12 or isobutane-d10 can be used, but the low
sensitivity in the lock channel on most spectrometers
requires the presence of a partial pressure of at least
0.5 atm of these molecules to achieve a stable lock.

Acquisition of gas-phase NMR spectra is facilita-
ted by rapid spin–lattice relaxation. This is especially
true for 13C studies of gases where T1 values can be
hundreds of times shorter than in condensed phases
and transients can be acquired much faster. Howev-
er, relaxation times and mechanisms in the gas phase
preclude many experiments involving intermolecular
and intramolecular polarization transfer that are
routinely performed on solution samples.

Applications

Specific applications of gas-phase NMR spectroscopy
to research in heterogeneous catalysis, conformation-
al dynamics and absorption processes in zeolites are
described below. The application of gas-phase NMR
spectroscopy to many other research areas is de-
scribed in the Further reading section at the end of
this article.

Heterogeneous catalysis

Gas-phase NMR can be used to study the kinetics of
reactions that consume or generate volatile species.
In a recent study, gas-phase NMR spectroscopy was
used to follow the kinetics of the hydrogenation of
cis/trans mixtures of perfluoro-2-butenes (R=CF3)
and perfluoro-2-pentenes (R=C2F5) over palladium
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supported on alumina (Eqns [1] and [2]).

Samples were prepared in 12 mm NMR tubes and
contained a total gas pressure of ∼ 3.1 atm at 333 or
338 K. The time dependence of the composition of
the sample was determined from 19F NMR spectra.
Since the T1 values of all the 19F nuclei present are
short, it was possible to obtain spectra, the result of
16 transients, with a signal/noise ratio of 1000 in
2.9 s. The data obtained in these experiments would
be very labour intensive to obtain by conventional
chemical techniques. Figure 3 shows typical data
obtained in this experiment. The erythro/threo prod-
uct ratio was the same as the starting cis/trans reac-
tant ratio, indicating that the olefins did not
isomerize during the reaction and hydrogenation of
the cis olefins produces the corresponding erythro
hydrofluorocarbons while hydrogenation of the
trans olefins produces the corresponding threo
hydrofluorocarbons. The rate of hydrogenation was
faster for the trans isomer of both perfluoro-2-
butene and perfluoro-2-pentene, with the rate
constant ratio, ktrans /kcis , ranging from 2 to 3.4. It
was also found that the cis isomers are preferentially
absorbed on the catalyst, a fact that may account for
their lower relative reactivity.

Conformational kinetics

For many gas-phase molecular processes with activa-
tion energies in the 5–20 kcal mol–1 range, tempera-
ture- and pressure-dependent rate constants can be
obtained from analysis of exchange-broadened
NMR line shapes. Frequently, rate constants can be
obtained with accuracy comparable to that obtained
in the best liquid-phase studies. This technique can
be applied successfully to gases that have at least
1 torr of vapour pressure at temperatures at which
slow or intermediate exchange can be observed.
Temperature-dependent gas-phase rate constants

and kinetic parameters can be compared with simi-
larly obtained parameters in condensed phases to
determine the direction and magnitude of solvent
effects on these processes. Gas-phase results also
provide a critical test for theoretical calculations.
The pressure dependence of rate constants for chem-
ical exchange processes in the gas phase provides
information on the microscopic dynamics of these
processes in isolated systems.

Rate constants for the chemical exchange processes
that occur in alkyl nitrites, cyclohexane, substituted
cyclohexanes, sulfur tetrafluoride and formamide are
pressure dependent. The mechanism for these
thermally initiated, unimolecular gas-phase proc-
esses, reported by Lindemann in 1922, involves
competition between the reaction and collisional
deactivation of the critically energized molecule, A*
(Eqn [3]). 

where ka, kd and k(E) are the rate constants for
activation, deactivation and reaction. The rate con-
stant for reaction, k(E), is energy dependent. The
solution of this mechanism yields the macroscopic

Figure 3 Time dependence of the concentrations of reactants
and products of the Pd/Al2O3-catalysed hydrogenation of a 24.8/
75.2% cis/trans mixture of perfluoro-2-pentene at 65°C obtained
by 19F gas-phase NMR. Reprinted with permission from Kating
PM, Krusic PJ, Roe DC and Smart BE (1996) Hydrogenation of
fluoroolefins studied by gas phase NMR: a new technique for het-
erogeneous catalysis. Journal of the American Chemical Society
118: 10 000–10 001. © 1996 American Chemical Society.
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pseudounimolecular rate constant, kuni (Eqn [4]).

At large [M] the integrand reduces to k(E)ka/kd

and kuni is a constant. At small [M] the integrand re-
duces to ka[M] and kuni is a linear function of the gas
density. The zero of energy is taken at the energy at
threshold. The details of the fall-off curve, i.e. the
rate constant kuni as a function of gas density, pro-
vides information about intramolecular energy trans-
fer in the critically energized molecule. If this is
ergodic and rapid on a timescale that is short com-
pared to the reaction rate constant, statistical theo-
ries such as RRKM theory can be used to calculate
k(E). The molecular conditions that favour statistical
behaviour are high densities of states in the reactant
and efficient coupling mechanisms. Reactions of
large molecules at high internal energies can general-
ly be modelled adequately with statistical theories.
The processes that can be studied by gas-phase
NMR spectroscopy occur at much lower energies
where state densities are sparse and coupling mecha-
nisms are inefficient. The shape and location of the
experimental fall-off curves of chemical exchange
processes provide a test of the applicability of statis-
tical kinetic theories to these low-energy processes.

Figure 4 shows exchange-broadened gas-phase 1H
NMR spectra of n-propyl nitrite obtained at 240.6 K
as a function of CO2 bath gas pressures. Each sample
contained 2 torr of n-propyl nitrite. Rate constants
for the syn–anti conformational exchange process,
obtained from the spectral simulations, range from
315 s–1 at 720 torr to 112 s–1 at 11.8 torr. The
pressure dependence of these rate constants was
compared with predictions using RRKM theory. The
agreement obtained indicated that vibrational redis-
tribution in n-propyl nitrite is statistical or nearly so
at the average internal energy required for the syn–
anti conformational interconversion process, which
is ~12 kcal mol–1. The observed fall-off curve is
dependent on the bath gas used in the study and rela-
tive collision efficiencies for activation of the confor-
mational process can be obtained from studies that
vary the bath gas. Smaller nitrites, SF4 and forma-
mide have lower state densities and are currently the
subjects of detailed analysis.

Absorption processes in zeolites

Several factors make xenon a very useful probe
nucleus for studying absorption processes in

Figure 4 Gas-phase 1H NMR spectra of n-propyl nitrite at
240.6 K. The spectral region shown corresponds to the methyl-
ene protons attached to the carbon bonded to the oxygen. Sam-
ples contained 2 torr of n-propyl nitrite and various pressures of
CO2. Spectral labels refer to the total sample pressure in torr. In
each plot the top trace is the simulated spectrum, the middle
trace is the experimental spectrum and the lower trace is the dif-
ference between the two. Reprinted with permission from
Moreno PO, True NS and LeMaster CB (1990) Pressure-
dependent gas-phase 1H NMR studies of conformational kinetics
in a homologous series of alkyl nitrites. Journal of Physical
Chemistry 94: 8780–8787. © 1990 American Chemical Society.
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microporous materials such as zeolites. It is chemi-
cally inert, monatomic and of a convenient size, and
its chemical shift is very sensitive to environmental
factors and is amenable to theoretical modelling. Two
of the stable isotopic species of xenon, 131Xe and
129Xe have magnetic moments. 129Xe, which has a
spin of , a natural abundance of 26.44%, a receptiv-
ity 31.8 times greater than 13C and T1 values on the
order of seconds, is the most extensively used. The
effects of environmental interactions on the chemical
shift of xenon have been modelled using grand canon-
ical Monte Carlo simulations, allowing the determi-
nation of the cluster size of xenon in cavities in a
zeolite from chemical shift measurements. A recent
study of xenon adsorbed in AgA zeolite, which is a
system of silicoaluminate cages containing charged
Ag clusters separated by 8-membered Si–O–Si rings,

demonstrated that up to 10 different cluster sizes
could be distinguished by their differences in chemical
shifts. Figure 5 shows static NMR spectra of 129Xe in
AgA zeolite. Spectral labels refer to the zeolite com-
position, dehydration temperature, and average
number of xenon atoms per cage. Chemical shifts are
referenced to xenon gas present in spaces between the
crystallites. Exchange between cages is slow and the
129Xe NMR spectrum consists of a series of lines cor-
responding to cages with different numbers of xenon
atoms. The 129Xe resonances from high field to low
have chemical shifts that range over 200 ppm and are
assigned to cages containing from 2 to 8 xenon atoms.
Xenon intercage exchange dynamics can be studied
using 2D-EXSY experiments. If chemical exchange
occurs on the order of the mixing time, off-diagonal
cross peaks appear in the 2D spectrum between the

Figure 5 NMR spectra of xenon in AgA zeolite. The axis in each spectrum is labelled in ppm with 0.00 ppm corresponding to the
chemical shift of xenon gas in the space between the crystallites in the sample. Spectral labels refer to the zeolite composition, sample
preparation temperature, and the average number of xenon atoms per α cage. The progression of lines to lower field corresponds to
resonances from 1 xenon atom per α cage to 8 xenon atoms per α cage, respectively. Reprinted with permission from Moudrakovski
IL, Ratcliffe CI and Ripmeester JA (1998) 129Xe NMR study of adsorption and dynamics of xenon in AgA zeolite. Journal of the Amer-
ican Chemical Society 120: 3123–3132. © 1998 American Chemical Society.
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sites involved in the exchange. The cross peaks pro-
vide information about the exchange pathways and
their intensities are a function of the exchange rate
constant. Rate constants for exchange between cages
indicate that sorption energies decrease at higher
loading.

List of symbols

B0(s) = magnetic field experienced by sample; ka, kd,
k(E) = rate constants for activation, deactivation, re-
action; kuni = macroscopic pseudo-unimolecular rate
constant; α = shape factor; κs = (sample) volume sus-
ceptibility; σNMR = rotationally inelastic cross section.

See also: High Resolution IR Spectroscopy (Gas
Phase) Applications; High Resolution IR Spectros-
copy (Gas Phase) Instrumentation; NMR Relaxation

Rates; Parameters in NMR Spectroscopy, Theory of;
Xenon NMR Spectroscopy.
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Introduction

With their high level of sensitivity and specificity,
atomic absorption and atomic emission spectroscopy
methods have been applied to the analysis of elemen-
tal metal content in samples of geological, mineral
and metal ore relevance. This article highlights some
recent studies in the scientific literature and should
serve to direct the reader to appropriate articles for
further investigation.

Review

A recent review by Balaram gives an account of the
various instrumental techniques used in geological
analysis. These include atomic absorption spectros-
copy and inductively coupled plasma atomic emission
spectroscopy as well as X-ray fluorescence, isotope
dilution mass spectrometry and neutron activation
analysis in addition to recent developments in induc-
tively coupled plasma mass spectrometry especially in
rare earth element analysis.

Atomic absorption spectroscopy

A background to this technique is given elsewhere in
this Encyclopedia. Tungsten has been determined in
ores as its thiocyanate complex after separation
using an Amberlite resin. Arsenic has been measured
by pre-reduction of As(V) to As(III) using L-cysteine.
Much study has been devoted to the quantitation of
gold in rocks and ores. This has been achieved using
a chelate-forming resin for preconcentration or a
two-stage solvent extraction process or by treatment
with MnO2 or KMnO4 and HCl. Additionally, bis-
muth, indium and lead have been quantified using
electrothermal atomic absorption spectroscopy.

Atomic emission spectroscopy

The theory of, and the instrumental methods used in,
atomic emission spectroscopy are given elsewhere in

this Encyclopedia. The simultaneous determination
of hafnium, scandium and yttrium in rare earth
element geological materials has been described us-
ing separation and concentration stages.

See also: Atomic Absorption, Methods and
Instrumentation; Atomic Absorption, Theory; Atomic
Spectroscopy, Historical Perspective; Fluorescence
and Emission Spectroscopy, Theory; Inductively
Coupled Plasma Mass Spectrometry, Methods; X-Ray
Fluorescence Spectrometers; X-Ray Fluorescence
Spectroscopy, Applications.
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Introduction (synopsis)

This article describes the basic characteristics and
methodology of glow discharge mass spectrometry
(GDMS). First, the working principles of the glow
discharge source will be explained, and its use for
mass spectrometry will be clarified, followed by a
short historical background of GDMS. Further, the
various glow discharge source configurations and
mass spectrometers used in GDMS will be outlined.
GDMS can be operated in three different electrical
operation modes, with either a direct current, radio-
frequency powered or pulsed-glow discharge system.
The glow discharge can also be ‘boosted’, by
combining it either with a laser, a graphite furnace, a
microwave discharge, magnetic fields or external gas
jets, in order to improve the analytical results. The
three electrical operation modes and the boosting
methods will be briefly discussed. Moreover, the
quantification methods in GDMS will be described,
as well as possible solutions to overcome spectral
interferences. Finally, although GDMS is particularly
suitable for the analysis of conducting materials, con-
siderable effort has been undertaken also to analyse
nonconductors, and three commonly used methods
to achieve this will be briefly discussed.

Principle of the glow discharge and 
its use for mass spectrometry

A glow discharge is a kind of plasma, i.e. a partially
ionized gas, consisting of positive ions and electrons,
and a large number of neutral atoms. It is formed
when a cell, consisting of an anode and a cathode,
is filled with a gas at low pressure (e.g. 1 torr;
1 torr = 133.3 Pa). In glow discharges used for mass
spectrometry, argon is most frequently used as the
filling gas. A potential difference (of the order of
1 kV) is applied between the two electrodes, and

creates gas breakdown (i.e. the splitting of the gas
into positive ions and electrons). The ions are acceler-
ated towards the cathode and cause the emission of
electrons upon bombardment at the cathode. The
electrons arrive in the plasma, and give rise to excita-
tion and ionization collisions with the argon gas
atoms. The excitation collisions (and the subsequent
decay, with emission of light) are responsible for the
characteristic name of the ‘glow’ discharge. The ioni-
zation collisions create new ion– electron pairs. The
ions are again accelerated towards the cathode,
giving rise to new electrons. The electrons can again
produce ionization collisions, creating new electron–
ion pairs. Hence, the latter processes make the glow
discharge a self-sustaining plasma.

The use of the glow discharge as an ion source for
mass spectrometry is based on the phenomenon of
sputtering. The material to be analysed serves as the
cathode of the glow discharge. The argon ions from
the plasma (and also fast argon atoms) that bombard
the cathode can also release atoms of the cathode ma-
terial, which is called sputtering. The sputtered atoms
arrive in the plasma where they can be ionized. Thus
formed ions of the material to be analysed can be de-
tected with a mass spectrometer, giving rise to
GDMS. Figure 1 illustrates the basic principles of the
glow discharge and its coupling to mass spectrometry.

Typical discharge conditions used for GDMS are
about 1 kV discharge voltage, an argon gas pressure
in the order of 1 torr, and a d.c. discharge current in
the mA range. The detection limits of this technique
are generally in the ppb range.

Short history of GDMS

The glow discharge has been known as an ion source
for mass spectrometry for more than 60 years. Gas
discharges were indeed already used in the 1920s and
1930s as ion sources in the first mass spectrographs of

MASS SPECTROMETRY
Methods & Instrumentation



670 GLOW DISCHARGE MASS SPECTROMETRY, METHODS

Aston and Thompson. However, the early popularity
was followed by a decline into relative obscurity
during the next 30 years, due to the development of
the simple electron impact ion source. There was in-
deed more interest at that time for the analysis of
organic samples with relatively high vapour pressure;
hence simple ionization in the gas phase by an elec-
tron beam was largely sufficient. When the interest
also shifted to the analysis of inorganic materials with
lower vapour pressure, there was again need for other
sources, with sufficient energy for atomization and
ionization. Since spark and arc discharges were
already widely used as excitation sources for atomic
emission spectrometry, it was obvious that these
sources could also be applied for mass spectrometry.
These sources exhibit a high sensitivity, large applica-
bility and only a few spectral interferences, but they
do not yield a stable ion population. This led to the
reexamination of the glow discharge as a stable, low
energy ion source. The first come-back of GDMS was
due to Coburn and coworkers; but later, Harrison
and co-workers in particular were pioneers in the
development of modern GDMS.

Glow discharge source configurations

As mentioned above, the glow discharge is formed in
a cell consisting of two electrodes. These two elec-
trodes can be mounted in five different geometries
(see Figure 2).

The coaxial cathode (Figure 2A) is the most widely
used source configuration in GDMS applications.
Samples can be made in pin-form (with a few
millimetres exposed to the discharge) or in disk-form
(partly shielded so that only the top part is exposed to
the discharge). The sample acts as cathode whereas
the anode is formed by the cell body itself.

The planar diode (Figure 2B) is the simplest ana-
lytical source. It is used for analysing samples in
disk-form. The cathode (sample) and anode are in
parallel configuration and are placed inside a tube.

In the hollow cathode lamp (Figure 2C) the
cathode forms a cavity rather than a pin or disk. It can
be considered as three planar cathodes placed so close
to each other that their negative glow regions coalesce
into a single negative glow. This results in increased
sputtering and ionization/excitation, yielding much
better analytical sensitivity. A disadvantage of this
source is the extensive machining required to make
hollow cathodes from metal samples. Because most of
the sputtering occurs at the cathode base, studies have
been performed using a disk sample as the base of the
cathode.

In the hollow cathode plume (Figure 2D) the sam-
ple is mounted in the base of the hollow cathode, in
which an orifice is also made. A highly energetic
flamelike plume, where excitation and ionization
processes occur, is ejected through this hole. Due to
the high atom population, this geometry is also
characterized by a high sensitivity. Nevertheless, it is
rarely used for practical analyses.

In the Grimm configuration (Figure 2E) the cell
body (anode) approaches the cathode very closely (at
a distance smaller than the thickness of the cathode
dark space), so that the discharge is constricted to a
well-defined part of the sample surface. It is therefore
called an ‘obstructed discharge’. A similar concept is
also used in the standard cells for analysing flat
samples in commercial mass spectrometers (e.g. the
VG9000 instrument, see below). Moreover, the
Grimm source possesses an additional pumping canal
close to the cathode, which reduces the pressure near

Figure 1 Schematic of the basic processes in a glow
discharge.

Figure 2 Different glow discharge source configurations:
(A) coaxial cathode; (B) planar diode; (C) hollow cathode lamp;
(D) hollow cathode plume; (E) Grimm source. Reprinted from
Bogaerts A and Gijbels R (1998) Fundamental aspects and ap-
plications of glow discharge spectrometric techniques (Review).
Spectrochimica Acta Part B 53: 1–42, with permission from Else-
vier Science.



GLOW DISCHARGE MASS SPECTROMETRY, METHODS 671

the cathode, thereby minimizing redeposition. This
geometry can, however, only be used for flat samples.
Although this source is extensively used in glow
discharge optical emission spectrometry (GD-OES;
particularly for in-depth analysis), and forms the
basic design for all commercial optical emission
instruments, it is not so frequently used in GDMS.

Mass spectrometers coupled to the 
glow discharge

To date, all common mass analysers have been ex-
plored for use in GDMS. The first commercial
GDMS instruments used a double-focusing mass
analyser, permitting the acquisition of high-resolu-
tion spectra with high sensitivity. Figure 3 shows a
schematic of the ‘VG9000’ GDMS instrument, with
first a magnetic and then an electrostatic sector (VG
Elemental, Thermo Group). This instrument was
made commercially available in 1985. About 60
instruments of this type are currently being used
worldwide. Beside this VG9000 instrument, two oth-
er double-focusing GDMS instruments are used now-
adays: the Kratos ‘Concept’, from which only two
instruments have been manufactured, and the ‘Ele-
ment’ from Finnigan MAT, which is essentially an
inductively coupled plasma mass spectrometer
(ICP-MS) that also became recently available with a
glow discharge source. Figure 4 shows a typical

GDMS mass spectrum obtained with the VG9000
glow discharge mass spectrometer.

The wide expansion of modern GDMS began,
however, with the quadrupole-based mass analysers,
which are mainly being employed for fundamental
and development research of GDMS. Nevertheless,
this research resulted also in the commercial
availability of quadrupole GDMS systems, e.g. the
‘VG Gloquad’ (VG Elemental, Thermo Group).

Moreover, glow discharges have also been coupled
to ion trap mass spectrometers, double and triple

Figure 3 Schematic of the VG9000 glow discharge mass
spectrometer (VG Elemental, Thermo Group).

Figure 4 Typical GDMS mass spectrum obtained with the VG9000 glow discharge mass spectrometer (VG Elemental, Thermo), for
specific elements in a copper sample, using an argon glow discharge. The VG9000 software provides a separate window for each of
the isotopes to be measured, instead of showing the complete mass spectrum. The values shown at the top of each window give the
isotopic-corrected concentrations of the elements, in ppm.
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quadrupole instruments, time-of-flight mass spec-
trometers, and Fourier-transform mass spectrometers,
but these investigations can rather be considered as
research topics. Indeed, the commercial GDMS
systems available at present employ only double-
focusing and quadrupole-based mass spectrometers.

Glow discharge electrical operation 
modes

The simplest and cheapest operation mode is the
direct current (d.c.) mode. Voltages are typically
500– 1500 V, yielding electrical currents in the order
of mA. This type of discharge mode is the oldest and
the most widely used in glow discharge applications.
However, it has the serious drawback of not being
able to analyse nonconducting samples directly.
Indeed, since in a glow discharge the sample to be
analysed acts as the cathode, which is sputter bom-
barded by positive ions, it must be conducting. If
not, the surface will be charged, preventing the posi-
tive ions from bombarding further. Due to this
drawback of the d.c. mode, attention has been
drawn during the 1990s to the radiofrequency (RF)
operation mode.

The radiofrequency mode is indeed able to analyse
nonconductors directly, since the positive charge
accumulated during one half-cycle will be neutral-
ized by negative charge accumulation during the
next half-cycle, so that no charging occurs. Opera-
tion with RF-power of a glow discharge using a non-
conducting sample yields a negative d.c. bias voltage
on the sample surface (see Figure 5). Indeed, during
the half-cycles in which the nonconducting electrode
is positive, surface charging will occur much faster
than in the half-cycles in which the electrode is

negative, due to the much higher mobility of the elec-
trons compared to the positive ions. The self-bias
phenomenon permits the establishing of a time-aver-
aged cathode and anode in the glow discharge, so
that sputter-bombardment of positive ions on the
cathode is still possible. Since the electrons try to fol-
low the RF electric field, they oscillate between the
two electrodes and spend more time in the plasma
before they are lost, which results in a higher ioniza-
tion efficiency. This leads to the second advantage of
RF discharges, i.e. they can be operated at much
lower pressures for the same current than d.c.
discharges, which is interesting for reducing redepo-
sition and spectral interferences. The capability of
RF-powered GDMS for direct analysis of noncon-
ductors was demonstrated already in the 1970s by
Coburn and Kay and by Harrison and co-workers.
However, it took until the late 1980s before RF-
GDMS was revisited by Marcus and collaborators.
Since then, extensive work has been done in this
field. RF-discharges used for GDMS have been com-
bined with quadrupole mass spectrometers, a Fou-
rier-transform mass spectrometer, an ion trap mass
spectrometer, a time-of-flight system and two sector-
based mass spectrometers, but up to now there is no
commercial RF-GDMS instrument available.

The third mode of operation of a glow discharge is
the pulsed mode, which can be employed in combina-
tion with a conventional d.c. or with an RF glow dis-
charge. Voltage and current are applied only during
short periods of time (generally the millisecond
range). Hence, compared to a normal d.c. discharge,
higher peak voltages and peak currents can be ob-
tained for the same average power. Therefore, more
highly energetic gaseous ions can be produced, yield-
ing more sputtering, a higher concentration of ana-
lyte atoms in the plasma and hence better analytical
sensitivity. In addition to the better sensitivity, the
pulsed mode has a second advantage for mass spec-
trometry, i.e. the analytically important ions and the
interfering ions are formed during a different time in
the pulse. By coupling this ‘time-resolved’ production
of ions to a time-resolved detection (time-of-flight
mass spectrometer), spectral interferences in the mass
spectrum can be reduced. Moreover, the construction
of a pulsed dual discharge system allows for simulta-
neous analyses with two electrodes, rendering possi-
ble the in situ calibration of an unknown sample
against a reference standard. Recently, Harrison and
co-workers introduced the microsecond-pulsed glow
discharge. Due to the still higher peak currents and
voltages that can be obtained during the short pulses,
this source exhibits an even better analytical
sensitivity. As shown in Figure 6, the microsecond-
pulsed copper signals are one order of magnitude

Figure 5 Formation of a d.c. bias voltage in an RF-powered
glow discharge with a nonconducting sample.
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higher than those in the d.c. glow discharge, and they
can still be further enhanced, when the pulse power is
increased.

Boosting of the simple GDMS systems

Beside these three electrical operation modes, which
make use of the glow discharge in its simple form as
a spectroscopic source, the glow discharge can also be
employed in a hybrid construction, in combination
with lasers, graphite furnaces, microwave discharges
or magnetic fields. The common purpose of these
constructions is to increase the sputtering (atomiza-
tion) and/or ionization (or excitation), and hence to
improve the analytical sensitivity of the glow dis-
charge.

Laser-based methods

The development of cost-effective laser systems has
generated a variety of laser techniques that can be
coupled to a glow discharge. The atomization and
the ionization/excitation steps occur independently
of each other in the glow discharge, and a laser can
be employed to enhance either of these two steps.

First, the laser can be utilized to ablate material
from the sample cathode, enhancing the atomization
step. The laser can also ablate material from a sec-
ondary sample (not the cathode) into the glow
discharge. In the latter case, the sample must not be
conductive, expanding the analytical applications of
glow discharges to the analysis of nonconductors
without the need to apply RF powers (see above).
Beside the enhanced atomization, the possibility of
performing spatially resolved measurements is an
additional advantage of this method.

Second, the laser can also be used to enhance the
excitation/ionization processes in the discharge. The
usefulness of this laser enhancement has been dem-
onstrated in a variety of application areas, such as
optogalvanic effect spectroscopy (i.e. the laser results
in alternations in the ionization rate of the discharge,
which are electrically detected by the resulting
changes in voltage or current), laser enhanced ioniza-
tion (i.e. directly measuring the electrons released
when the ionization in the discharge is enhanced due
to laser photons) and resonance ionization mass
spectrometry (i.e. the laser is used for selectively
ionization enhancement of sputtered species in the
discharge, increasing both the sensitivity and
selectivity in GDMS).

Furnace atomization nonthermal excitation 
spectrometry (FANES)

By analogy to the laser ablation glow discharge
technique, FANES also makes use of an external at-
omization source (i.e. thermal vaporization from a
graphite furnace) whereas the atoms created are
excited and/or ionized in the glow discharge plasma.
This source type is markedly different from a classical
glow discharge source. Indeed, sample volatilization is
accomplished thermally and the rate of volatilization
can be three orders of magnitude higher than typical
sputtering rates in a glow discharge. Moreover, this
technique is mostly operated at much higher pressures
than a conventional glow discharge, which results in
a longer residence time for the analyte atoms in the
plasma, and hence higher sensitivity.

Microwave boosted glow discharge

Coupling of auxiliary microwave power to a glow
discharge, in order to enhance the ionization and
excitation, can be performed in two different ways.
An antenna can be inserted in the plasma to match
the microwave power, or an additional microwave
induced plasma can be applied. The latter technique
has, in particular, been applied to GD-OES, where
considerable enhancement of analytical optical

Figure 6 Mass spectra of a d.c. (A) and a microsecond-pulsed
(B) glow discharge, at 1 torr gas pressure. Conditions for d.c.:
800 V, 3 mA; conditions for pulsed: 2 kV, 15 µs. Reprinted from
Hang W, Baker C, Smith BW, Winefordner JD and Harrison WW
(1997) Microsecond pulsed glow discharge time-of-flight mass
spectrometry: analytical advantages. Journal of Analytical Atom-
ic Spectrometry 12: 143–149, with permission of the Royal
Society of Chemistry.
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emission lines has been attained. However, this tech-
nique is not commonly used for GDMS.

Magnetron discharges

Another method to improve the performance of a con-
ventional glow discharge, is based on magnetic
enhancement. One simple device among magnetically
enhanced glow discharges is the magnetron glow
discharge. In this device, permanent magnets are used
to form a magnetic field of a few hundred gauss in the
plasma. Electrons in the plasma are forced to move in
closed-loop trajectories parallel to the cathode
surface. Hence, the electron path length is increased
and the ionization of the discharge gas is significantly
enhanced. Therefore, the magnetron discharge can
operate at much lower pressures than conventional
discharges. Lower pressure operation provides higher
ion and electron kinetic energies, leading to higher
atomization and excitation/ionization efficiencies,
and hence a better analytical sensitivity.

Gas-assisted sputtering glow discharges

Another way to increase the analytical sensitivity of a
glow discharge is to use a gas-jet discharge. Due to the
gas jet impinging on the sample surface, the sputter
ablation is improved by both reduced redeposition
and increased sample transport. This results in a
higher sputtered atom population in the plasma and
hence better analytical sensitivity. The gas-jet glow
discharge was first developed for glow discharge
atomic absorption spectrometry (GD-AAS), but a few
applications in GDMS have also been reported.

Quantification in GDMS

To obtain quantitative concentrations in GDMS, two
main approaches can be used. The easiest approach is
the ion beam ratio method. The assumption is made
that the ratio of the ion current for any one isotope
with respect to the total ion current (except the signal
arising from the discharge gas ions) is representative
of the concentration of that isotope in the sample.
Since the matrix ion signal is generally large
compared to the individual trace species, especially
for a high purity metal or semiconductor, the matrix
ion current is, to a good approximation, equal to the
total ion current and the matrix atoms can be as-
sumed to have a concentration of 100%. Since this
method can not correct for the variation in analytical
sensitivity among different elements (e.g. due to vari-
ations in sputtering and ionization of the elements), it
provides only semiquantitative results, i.e. accuracies
of a factor of 2– 3.

Real quantitative results require the differences in
elemental sensitivities to be characterized using
standards similar to the material under study. This
characterization generates relative sensitivity factors
(RSFs) that can be employed to correct the measured
ion beam ratios. Since RSFs vary only slightly
between matrices of the same general composition,
exact matrix matching is not required to yield quan-
titative results with accuracies of 15– 20%. The RSF
method of quantification is the most widely employed
in GDMS. Generally, the RSFs of different elements
in GDMS lie within one order of magnitude, which
makes GDMS a technique with rather uniform sensi-
tivity for most elements. Experimental RSFs have
been reported in the literature for different kinds of
matrices, and some empirical models based on fitting
parameters have been developed to predict RSFs.
Moreover, it was found that the theoretically
calculated RSF values correlated better with the
experiment when 1% H2 was added to the argon dis-
charge gas. This suggests that RSFs could be more
accurately predicted theoretically in a gas mixture of
Ar + 1% H2, leading to satisfactory quantitative
results without the need to analyse a standard. This
might be very interesting, because solid reference
materials with known concentrations at the (ultra-)
trace level are not commonly commercially available.
However, this method is not yet routinely used in
practice.

Spectral interferences in GDMS

A common problem in GDMS, as in most mass
spectrometric methods, is the occurrence of spectral
interferences in the mass spectrum, e.g. by impurity
gas ions, various types of cluster ions or multiply
charged ions. This problem can partly be overcome
by using a high-resolution mass spectrometer, such as
a double-focusing instrument or a Fourier-transform
mass spectrometer, or by using high purity gases and
special purification systems to suppress these
interferences. However, some interference problems
cannot be overcome in this way. For example, 103Rh
(rhodium is monoisotopic) in a copper matrix (63Cu
has 69% abundance) is severely limited by the 40Ar
63Cu cluster. Even if one could separate both peaks
with a high-resolution mass spectrometer (a resolu-
tion of M/∆M = 7620 is required), the tailing of the
huge cluster peak would prevent one from reaching
low limits of detection for rhodium. In this case, the
problem can be solved using an alternative plasma
gas, e.g. neon instead of argon. It is demonstrated that
both discharge gases exhibit similar analytical
performance if a correspondingly higher pressure is
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used for neon; and hence, specific interference prob-
lems can be overcome. To illustrate this, Figure 7
presents a part of the mass spectrum (m/z 90– 100) of
a pure iron sample, both in argon and in neon. It
appears that most peak intensities in this mass range
are significantly decreased in the neon discharge. This
clearly demonstrates that these peaks are interfering
peaks due to ArFe+ clusters, which can be avoided by
using neon as the discharge gas.

Moreover, another method has recently been
proposed in the literature, which tries to suppress the
cluster interferences by sampling from a reversed hol-
low cathode ion source. Indeed, it was found that the
analyte ions are characterized by a peak at high ener-
gy, whereas argon ions and cluster ions possess a peak
at low energy. By sampling only high energy ions, the
argon ion and cluster ion interferences can be
suppressed. Finally, the clusters can also be used for
quantification. Indeed, since argides, dimers and
doubly charged analyte ions may be less disturbed by
spectral interferences, they can therefore sometimes
be better employed for quantification than singly
charged analyte ions, as has also been recently
demonstrated.

The analysis of nonconductors by 
GDMS

Since the sample in the glow discharge acts as the cath-
ode bombarded by positive ions, the concept seems to
restrict the applications of GDMS to the analysis of
electrically conducting materials, because nonconduc-
tive materials will be charged. The analysis of
conducting materials (e.g. high-purity metals or
alloys) forms, indeed, the most important field of
application of GDMS. Nevertheless, much effort has
also been applied to analyse nonconducting materials
with GDMS, to greatly widen the application field. As
mentioned above, RF-discharges are often used to
analyse nonconductors directly. Nevertheless, there is
no commercial RF-GDMS instrument available up to
now, which is a serious drawback for routine analysis.

In a d.c. discharge, nonconductors can, however,
also be analysed when applying certain modifications.
Two methods are reported in the literature. The first
consists of mixing the nonconducting sample as a
powder with a conductive binder (Cu, Ag, Ga) and
pressing it into an electrode. This method is generally
well established, as follows from the large number of
papers in the literature. However, in addition to the
increase in sample preparation time compared to
direct analysis of conducting solids, the mixing with
the conductive matrix can introduce contamination.
Other problems arise from the trapping of water

vapour and atmospheric gases in the sample during
the compaction process. Also, the time to reach steady
state conditions with a composite cathode can be pro-
hibitively long.

The second approach in d.c.-GDMS is the use of a
metallic secondary cathode diaphragm in front of the
flat nonconducting sample surface. Due to the
redeposition of a part of the sputtered metal atoms
from the secondary cathode, a very thin conductive
layer is formed on the nonconductive material. The
sampling depth is large enough (∼5 Å, or 0.5 nm) to
allow atomization of the nonconducting sample as
well. The principle of this method is explained
schematically in Figure 8. This method is rather new,
but has already been successfully applied to the
analysis of glass, ceramics, marble, polymers and even
atmospheric particulate matter (aerosols).

Figure 7 Mass spectra of a pure Fe sample in argon and
in neon (m/z 90–100 range). The difference between argon
and neon is caused by ArFe+ interferences. Reprinted from
Jakubowski N and Stüwer D (1989) Comparison of Ar and Ne as
working gases in analytical glow discharge mass spectrometry.
Fresenius’ Journal of Analytical Chemistry 355: 680–686, with
permission of Springer-Verlag, Berlin.

Figure 8 Schematic representation of the sputter-redeposited
film formation on the nonconducting sample surface.
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The higher halogens, chlorine, bromine and iodine all
possess NMR active nuclei, all of which are quadru-
polar. Chlorine has two NMR active isotopes 35Cl
(75%) and 37Cl (25%) of which 35Cl is the isotope of
choice owing to its higher magnetogyric ratio and
natural abundance. Bromine also presents two NMR
active isotopes 79Br (50.5%) and 81Br (49.5%). De-
spite its marginally lower natural abundance, 81Br is
the isotope of choice because of its slightly higher
magnetogyric ratio. Iodine has only one NMR active
nucleus 127I (100%). More NMR studies have been
reported on chlorine than on the other two halogens
for two reasons: (i) the chloride ion is the most abun-
dant intracellular anion in normal mammalian cells,
giving a biological incentive for NMR studies and (ii)
both isotopes of chlorine have relatively low quadru-
pole moments, reducing unfavourable quadrupolar
interactions and consequently enhancing visibility
relative to the other halogens. This chapter reviews
the use of NMR to study halides in biological
systems, in solution chemistry and in solids. In partic-
ular it concentrates on the use of quadrupolar
interactions from the isotopes available. There have
been relatively few reviews of halogen NMR (exclud-
ing 19F) and as a consequence several leading papers
from the primary literature are included in the
Further reading section list at the end of this article.

Nuclear properties

The nuclear properties of the five NMR active
isotopes of the halogens are presented in Table 1.

Quadrupolar relaxation and visibility

The NMR spectra of the halogens are dominated by
the fact that all the isotopes are quadrupolar. Indeed,
the majority of the reported studies of halogen NMR
make use of the resulting quadrupolar interactions.
Many of the problems that arise and solutions
adopted are similar to those involved with the alkali
metals. Quadrupolar nuclei have an asymmetric dis-
tribution of charge which gives rise to an electric
quadrupole moment. Apart from when the nucleus is
in an environment with cubic or higher symmetry,
the quadrupole moment interacts with the electric
field gradient (EFG) experienced by the nucleus,
giving rise to, among other things, quadrupolar re-
laxation. The strength of the quadrupolar interac-
tion between the quadrupole moment (eQ) and the
electric field gradient (eq) is given by the
quadrupolar coupling e2qQ/h. This can take values
from very small to hundreds of MHz depending on
the magnitudes of Q and q.

In solution, modulation of the EFG at the quadru-
polar nucleus by isotropic and sufficiently rapid
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molecular motions (where ω0τc << 1) leads to relaxa-
tion according to the expression:

where η is the asymmetry parameter associated with
the EFG.

For all of the nuclei in this chapter the quadrupo-
lar couplings for covalently bound halogens are
typically many tens for MHz, depending upon the
particular case (~70 MHz for chloroalkanes). This
can be thought of as arising from the asymmetric dis-
tribution of electrons in the covalent bond giving rise
to a large EFG at the nucleus. For molecules in
solution that tumble with typical correlation times
(τc) of 10–12 s, this gives rise to T1 and T2 values that
are typically in the submillisecond range. As a conse-
quence, line widths range from the very broad to the
invisibly broad with the latter case being the norm.
With very broad line widths due to short T2 values,
much if not all of the halide resonance can be lost in
the dead time between the pulse and the start of
signal acquisition. Thus, quadrupolar relaxation has
a devastating effect upon the signals of the cova-
lently bonded halogen nuclei in solution, rendering
them invisible in all but the most favourable circum-
stances. In passing, it is worth noting that the 35Cl
line width in a typical small molecule like CCl4 is
about 2000 ppm at an observing frequency of
10 MHz. This has to be compared with a chemical
shift range of around 1000 ppm from aqueous Cl–,
which is amongst the most shielded cases, to ClO ,
which is one of the most deshielded cases.

Quadrupolar couplings are smaller in cases where
chlorine is covalently bound to the second and third
row elements such as silicon, phosphorus, sulfur
and arsenic (Si–Cl ~35 MHz), making observation
easier but the lines are still very broad.

The anions themselves in solution present a differ-
ent picture since they are subject to much lower
quadrupolar interactions. In aqueous solution the
anions are solvated by hydrogen bonding. At any
one instant the pattern of hydrogen bonded water
molecules around the anion does not have spherical
symmetry but is always close to it. Thus the quadru-
polar couplings are much lower than for the
covalently bound halogens but are not zero. Typi-
cally, in aqueous solution and in the absence of
extraneous influences, both isotopes of chlorine
show Cl– line widths of 10–15 Hz, both isotopes of
bromine show Br¯ line widths of ~ 400 Hz, 127I− has a
line width of over 1000 Hz.

Covalent compounds with the halogen nucleus at
a site of tetrahedral or octahedral symmetry, as in
ClO  or IF , present a low EFG at the halogen
nucleus and frequently have relatively sharp reso-
nances. Indeed the spectra of the tetrahedral
perhalate ions in acetonitrile solution show excep-
tionally sharp lines that enable secondary isotope
effects on shielding to be observed. The shielding
difference between (Cl16O4)– and (Cl18O16O3)– is
0.090 ppm.

In cases where molecular motion is restricted (ω0τc

is not <<1) the situation is more complex. The quad-
rupolar interaction with the nucleus shifts the
energies of the Zeeman levels according to the
square of the quantum number to a first
approximation. Thus, the energy level splittings for a
nucleus with I =  (e.g. 35/37Cl and 79/81Br) become as
illustrated in Figure 1. With rapid isotropic motion,
as described above, the multiple line pattern will col-
lapse into a single line. In the absence of rapid
isotropic motion the relaxation rate of the outer
transitions, which combine to have 60% of the total
intensity, is different from that of the inner transition
which has 40% of the total intensity. The frequen-
cies of the outer transitions also shift from the inner
transition (dynamic frequency shift). There are three
principal consequences of these changes for cases

Table 1 Nuclear properties of the halogens other than 19F

Ξ is the observing frequency in a magnetic field in which 1H is at 100 MHz.
DC is the receptivity relative to 13C.
Quadrupole moments Q are the least well determined parameters in this table.
Data taken from Mason J (1987). In: Mason J (ed) Multinuclear NMR, p 623. New York: Plenum Press.

Isotope Spin
Natural 
abundance (%)

10 –7 Magnetogyric
ratio γ (rad T –1 s –1)

1028 Quadrupole 
moment Q (m 2)

NMR frequency
Ξ (MHz)

Relative
receptivity D C

35Cl 3/2 75.53 2.624 –8.2 × 10–2 9.809 20.2
37Cl 3/2 24.47 2.184 –6.5 × 10–2 8.165 3.78
79Br 3/2 50.54 6.726 0.33 25.140 2.28 × 102

81Br 3/2 49.46 7.250 0.27 27.100 2.79 × 102

127I 5/2 100 5.390 –0.79 20.146 5.41 × 102
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where the motion of halogen is restricted. Firstly,
line shapes become a double and not a single
Lorentzian, secondly two relaxation times are appar-
ent, and finally, where the more rapid relaxation
time becomes very short, partial or total invisibility
of the signal from the outer transitions may occur.
For example, studies on dog erythrocytes showed a
relatively sharp 35Cl line (line width ~40 Hz) but
only 40% visibility and in renal tubules the 35Cl
signal was reported to be invisible. An excellent
review of quadrupolar relaxation effects has been
given by Springer (listed in the Further reading).

In solids the situation is even more complex with,
for example, the possibility of multiple quantum
relaxation pathways. A discussion of this is outwith
the scope of this article. In general, however, relaxa-
tion times for halogens in solids are several orders of
magnitude longer than for those in solution and this,
in turn, in favourable cases, does allow effects due to
the halogen nuclei to be observed.

Biological chloride

Chlorine is the eighth most abundant element in the
human body. Although it is present in large amounts
as chloride ion in extracellular spaces the intracellu-
lar concentration of chloride is high and it is the most
abundant intracellular anion in normal mammalian
cells. For example, its concentration in the human

erythrocyte is ~150 mM. Chloride is involved in
many important biochemical pathways. The most
used membrane transport system in mammals is
band III protein whose role is to exchange HCO3

− in-
side the cell for Cl– outside, thus facilitating the re-
moval of CO2. Abnormal chloride transport is
implicated in several serious medical conditions such
as cystic fibrosis and Duchenne muscular dystrophy.
Many good reasons exist, therefore, to develop NMR
methods to study biological chloride.

One of the main problems in using NMR to study
biological chloride is that the chemical shift of
aqueous 35Cl– is essentially independent of the ion’s
surroundings, making differentiation of intra- and
extracellular chloride difficult. Further difficulties
arise because of the binding of chloride to proteins,
some of which may contain paramagnetic ions,
which can greatly increase the line width. If the
exchange rate between the free and the bound chlo-
ride is slow this leads to a loss of signal.

The first problem can be met by using a contrast
reagent (either a shift or a relaxation agent) in one of
the compartments, normally extracellular. Aqueous
shift reagents that have been employed include
Co(II) either as Co2+ cations or as the triglycinate
complex [Co(Gly)3]–. Manganese (II) has been
shown to be an extremely efficient relaxation agent
for 35Cl– in which rapid exchange of chloride for
water in the inner ligation sphere brings the chloride
ions transiently under the paramagnetic influence of
the five unpaired electrons on the manganese.

It has been argued that the relaxation agent Mn2+

is superior to Co(II)-based shift reagents. First, the
concentrations of Co(II) reagents needed to visualize
intracellular or intravesicular chloride are considera-
bly higher than those of Mn2+. Secondly, all contrast
reagents induce paramagnetic line broadening of the
extracellular 35Cl resonance that is proportional to
the square of the magnetic field whilst the induced
shift is only linearly dependent on the field. There-
fore, on moving to the high fields required to attain
satisfactory signal-to-noise, Mn2+ has the advantage
of requiring even lower amounts of reagent to
achieve the same line widths, whilst Co(II)-based
shift reagents require even higher concentrations to
achieve the same relative separation of resonances.

Cobalt(II) as a shift reagent has been employed to
visualize the 35Cl− resonance from chloride ions
inside vesicles and erythrocyte ghosts. The latter
observation allowed measurements of the kinetics of
chloride/sulfate exchange mediated by the band III
protein. The same group also used Co(II) to observe
Cl− inside the cells of an alga, Chlorella pyrenoidosa
and inside the cells of a suspension of cultured plant
cells from Nicotiana tobbaccum. In both of these

Figure 1 Changes in the energy levels for a spin  nucleus
subject to a quadrupolar interaction.
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cases relatively sharp intracellular resonances that
were suitably separated from the extracellular reso-
nance were observed.

For many years it was believed that the 35Cl− reso-
nance from chloride ions inside human erythrocytes
was invisible owing to interaction of the ions with
the paramagnetic protein haemoglobin. However,
the shift reagent [Co(Gly)3]− and the relaxation agent
Mn2+ have been used in separate studies that demon-
strate the visibility of the intracellular chloride as a
line that is ~700 Hz wide (11.75 T magnet). The
intracellular 35Cl− resonance shows a double
Lorentzian line shape and two T2 values of ~0.09
and 1.2 ms, in keeping with a halide ion undergoing
restricted motion. Figure 2 shows typical spectra
using both shift and relaxation agents. In the report
using the shift reagent the exchange of intracellular
Cl¯ with extracellular hypophosphite (H2PO2)− as a
typical monovalent anion was followed by 35Cl
NMR. The exchange followed first order kinetics
with a rate constant of 2.4 ± 0.8 × 10−3 min−1. This
work shows the potential of 35Cl NMR to study
chloride transport kinetics in cellular systems such as
erythrocytes.

Manganese(II) has been used in conjunction with
model vesicle systems to examine membrane trans-
port induced by natural and synthetic anion carriers.

There are problems, however, with the use of Co2+

and Mn2+ as contrast reagents because it has been
shown that biological membranes are very slowly
permeable to these ions. It is, however, claimed that
the shift reagent [Co(Gly)3]− does not show

membrane permeability and is, therefore, more suit-
able for studies on model systems.

The other way that 35Cl NMR can be used in bio-
logical systems is in the study of chloride bound to
proteins or other macromolecules. Sometimes this
can be done by direct visualization of the resonance
or from its free induction decay. More commonly it
is performed by relaxation time measurements pro-
vided that there is rapid exchange of bound and free
anions, because bound chloride relaxes very much
more rapidly than free chloride. Frequently, double
quantum filtered (DQF) spectra are employed which
give useful information on chlorine bound to sites on
the macromolecule.

The most studied system has undoubtedly been the
integral membrane band III protein which mediates
the one-for-one exchange of hydrogencarbonate and
chloride ions across the membrane, thus playing an
integral part in respiration. NMR proved useful in
verifying a ping-pong mechanism for the mode of
action of this protein. Binding sites for chloride at
both surfaces have been identified although the cyto-
plasmic face has the larger number. Chloride
affinities for the binding sites determined by NMR,
DQF spectra and 35Cl− and 37Cl− relaxation rates at a
variety of field strengths, both in absence and pres-
ence of various inhibitors, have also given large
amounts of information about the operation of this
important protein.

In a typical example, DQF 35Cl NMR was used to
study the binding of Cl¯ to external sites on the
surface of red blood cells. A DQF 35Cl signal was

Figure 2 The 35Cl NMR spectra at the mid-points of data accumulation (1) 20, (2) 60, (3) 100, (4) 140 and (5) 180 minutes of human
erythrocyte suspensions at 70% haematocrit containing (A) 60 mM [Co(Gly)3]¯, 40 mM CoCl2 (B) and 20 mM MnCl2 (C)–. The symbols
i and o denote the resonances originating from the intra- and extracellular halide, respectively. From Lin W and Mota de Freitas D
(1996) Magnetic Resonance in Chemistry 34: 768–772. Copyright John Wiley & Sons Limited. Reproduced with permission.
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observed in cell suspensions containing 150 mM
KCl, but the DQF signal was totally eliminated by
adding 500 µM 4,4′-dinitrostilbene-2,2′-disulfonate
(DNDS), an inhibitor that interferes with Cl¯ binding
to the band III protein transport site. This result
shows that only the binding of Cl¯ to transport sites
of band III can give rise to a 35Cl DQF signal from
red blood cell suspensions. In accordance with this
concept, analysis of the single quantum FID revealed
that signals from buffer and DNDS-treated cells
could be fitted with a single exponential function,
whereas the FID signals of untreated control cells
were biexponential. The band III-dependent DQF
signal is thus caused, at least in part, by non-iso-
tropic motions of Cl¯ in the transport site, resulting
in incompletely averaged quadrupolar couplings.

Other biological systems that have been investi-
gated by such techniques include sarcoplasmic
reticulum membranes, superoxide dismutase, drome-
dary haemoglobin, the oxygen-evolving complex of
spinach photosystem II, the zinc binding sites of
human α-2-macroglobulin, alkaline phosphatase and
halorhodopsin chromoprotein.

Spin–spin coupling

The rapid quadrupolar relaxation of halogens, in
general, effectively masks fine structure arising from
scalar coupling between the halogen and other cova-
lently bound magnetically active nuclei. Exceptions
occur when the halogen experiences a low EFG as,
for example, when it is bound in sites of high
symmetry. Thus, for the octahedral IF6

+ ion, the 19F
resonance appears as a sextet due to coupling to the
127I nucleus (I = 5/2). Analogously, the 19F spectrum
of BrF6

+ appears as two quartets due to coupling to
the two almost equally populated Br isotopes (for
both of which I = 3/2). In the perhalate ions XO ,
when labelled with 17O, it is possible to measure cou-
pling between the halogen and the oxygen. Figure 3
shows the 127I spectrum of singly 17O-labelled IO .
The six lines arising from coupling between the 127I
and the 17O are visible. For non-symmetric sites
where direct determination of coupling constants is
difficult it is sometimes possible to make use of the
scalar contribution to the relaxation of a dipolar nu-
cleus (I = 1/2) coupled to the quadrupolar halogen.
Typical values of one–bond J couplings to Cl, Br and
I are given in Table 2.

Residual dipolar coupling in solids

In the solid state the relaxation times of quadrupolar
nuclei are typically several orders of magnitude
greater than in solution. One important consequence

of these longer relaxation times is the ability,
sometimes, to determine indirect spin–spin coupling
constants, J, involving quadrupolar nuclei. These ex-
periments are performed typically by high resolution
cross-polarization magic-angle spinning experiments
on spin  nuclei that are coupled to the quadrupolar
nucleus. The longer quadrupolar relaxation times in
solids mean that direct dipolar interactions involving
quadrupolar nuclei are not completely averaged by
the MAS. This is because the magnetic moments of
the quadrupolar nuclei are quantized, not only by
the magnetic field, B0 but also by interaction with
the electric field gradient tensor. Consequently the
magic angle (described by the familiar 3 cos2 θ –
1= 0) is no longer magic and fails to reduce the dipo-
lar interaction to 0. Only since 1993 have examples
of residual dipolar coupling of chlorine nuclei to 13C
been reported but many examples are now known.
The residual dipolar couplings of chlorine to directly
bonded 13C are of the order of several hundred Hz
and are field dependent, the coupling decreasing
with increasing magnetic field. The observed 13C
doublets contain overlapping components from cou-
pling of both 35Cl and 37Cl to the 13C nucleus. Analo-
gous residual dipolar coupling between 79/81Br and
13C has been observed in 1,4-dibromobenzene and
4-bromo-3,5-dimethylpyrazole.

Shielding

From a consideration of the section above on
quadrupolar relaxation of covalent compounds it

Table 2 Illustrative values of one-bond coupling constants to
Cl, Br and I

Compound Spin–spin coupling constant (Hz)

HCl J(35Cl–1H) = 41 ± 2

PCl3 J(35Cl–31P) = 120

SnCl4 J(35Cl–119Sn) = 375

PbCl4 J(35Cl–207Pb) = 705

ClF3 J(35Cl–19F) = 260

ClF6
+ J(35Cl–19F) = 337

HBr J(79Br–1H) = 57 ± 3

SnBr4 J(81Br–119Sn) = 920

BrF6
+ J(79Br–19F) = 1575

Snl4 J(127I–119Sn) = 1097

lF6
+ J(127I–19F) = 2730 ± 15

ClO4
– J(35Cl–17O) = 83 ± 3

BrO4
– J(79Br–17O) = 408 ± 6

BrO4
– J(81Br–17O) = 440 ± 6

IO4
– J(127I–17O) = 489 ± 6
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will be realized that, in all but exceptional cases, the
large line widths of the resonances give rise to a low
precision in the determination of chemical shifts for
Cl, whilst shielding studies for Br and I are virtually
impossible. Only in molecules in which the halogen
is present in a site of high symmetry can chemical
shifts (relative to the free halide ion in aqueous solu-
tion as standard) be determined with precision. In
the case of halogens present in non-ligated anions
the chemical shift generally has a low dependence on
the accompanying cation. Ligation can, however,
have a substantial effect upon the chemical shift (see
below). The largest deshieldings, relative to Cl¯, are
to be found in species such as ClO3F (978.1 ppm)

and ClO  (1002.5 ppm). The corresponding aqueous
shifts for perbromate and periodate are 2478 and
4089 ppm, respectively. The normal chemical shift
reference for halogen NMR is the frequency of the
aqueous halide ion. Differences in the chemical envi-
ronment of halogens are generally far more readily
studied by using relaxation methods than by looking
for chemical shift differences.

Halide–ligand interactions

Halide ions may be chelated by ligands that contain
suitable arrays of hydrogen-bonding N–H groups.
The binding is stronger if the NH is present as part
of a positively charged ammonium ion. The ligands
(shown as [1] and [2]) form tetra- and hexaammoni-
um ions, respectively, and bind a halide strongly in-
side the cavity with hydrogen bonds pointing
inwards. The chelation of halide ions by ligands of
this type is demonstrated by the generation of very
substantial chemical shifts for the halide ions either
as the ligand is added to an aqueous solution, or as
the pH of the solution is lowered to generate the
ammonium ion centres. Line widths of the encapsu-
lated 35Cl¯ ions range from tens to thousands of Hz,
depending upon the particular case. The larger line
widths demonstrate that there are appreciable
electric field gradients present at the chloride nucleus
due to transient deformations of the coordination
sphere away from ideal symmetry.

Figure 4 illustrates the use of 35Cl NMR to study
the binding of chloride ions to the ligand [1] (as the
4H+ species) as the ratio of free to bound Cl¯ is
increased. The chloride ion enters the centre of the
ligand and is held in position by four inward facing
hydrogen bonds from the N+–H groups. The signal
near 50 ppm is from the coordinated 35Cl¯ and is
relatively sharp owing to the tetrahedral site symme-
try. The signal at 0 ppm is from free 35Cl¯, which at
relatively small amounts of free Cl¯ is 300 Hz wide
due principally to dynamic line broadening that
arises from exchange with the bound Cl¯. At an
equal concentration of bound and free Cl¯ the contri-
butions to the line width of the free 35Cl¯ of 80 Hz
are 36 Hz from exchange and 44 Hz from quadru-
polar interactions. At higher relative concentrations
of free Cl¯ the exchange contribution to the line
width diminishes still further but the free 35Cl¯ line
remains relatively broad probably owing to attrac-
tion of the free Cl¯ ions to the exterior of the triply
positively charged complex.

Halide ions show a weak association with cyclo-
dextrins which can be visualized by the quadrupolar
line broadening of the halide resonances. Competi-
tion between bromide ions and other ions for the

Figure 3 127I spectrum (50.05 MHz) of 0.1 M 17,18O-enriched
Et4NIO  in CH3CN at 24°C. The central line arises from I16O
(46%) and I18O16O  (17%); the sextet arises from I17O16O  (29%)
and I17O18O16O  (6%). The vertical expansion reveals the slight
variation in line widths of the sextet. From Dove MFA, Sanders
JCP and Appelman EH (1995) Comparative multinuclear (35Cl,
79Br, 81Br, 127I and 17O) magnetic resonance study of the perhalate
anions XO  (X = Cl, Br or I). Magnetic Resonance in Chemistry
33: 44–58. Copyright John Wiley & Sons Limited. Reproduced
with permission.
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binding site in cyclodextrins can be studied by the
reduction in the 81Br¯ line width as other electrolytes
are added to an aqueous solution containing
cyclodextrin and KBr.

Halide–cation interactions

Interaction between ions of opposite charge is an
important aspect of the chemistry of electrolyte
solutions. The line widths of quadrupolar nuclei are
an important probe of such interactions since the
closer two ions of opposite charge approach the
greater the EFG at their nuclei. This in turn can lead
to a stronger quadrupole interaction, more rapid
quadrupolar relaxation and larger line widths. Thus
studies of the concentration dependence of quadru-
polar relaxation are probes for ionic interactions.
Such concentration dependence varies markedly with
the cation present. Most monovalent ions show a low
dependence of quadrupolar relaxation with concen-
tration but this is not the case with alkyl substituted
ammonium ions. In one typical such study 35Cl, 81Br
and 127I NMR was used to study the interaction of

halide ions with alkylammonium ions. The intrinsic
line widths (line width at  height corrected for tem-
perature and viscosity) of the halide ions, plotted
against molality (m) of the salt, show distinct plateau
in the region 1–4 m with the effect being greatest for
iodide. These findings suggest the presence of contact
ion pairs in these concentration ranges.

Similarly, the T2 values of 35Cl¯ ions show a pH
dependence in the presence of polybasic molecules
such as polyamines, or amino acids such as histidine
or arginine. The relaxation rates increase as the pH
is lowered and show steepest changes at pH values
equivalent to the pKa values for the various titratable
groups. This is consistent with increasing ionic inter-
actions between the anion as the number of positive
charges on the organic substrate is increased.

Figure 4 35Cl NMR spectra (at 39.2 MHz) of aqueous solutions
of the Cl¯ complex of ligand [1]-4H+ (20 mM) and uncomplexed
Cl¯ as a function of the ratio of free Cl¯ to Cl¯ complex. The shifts
are given in ppm relative to external aqueous NaCl (0.1 M); pH
1.5 and 20°C. Reprinted with permission from Kintzinger JP,
Lehn J-M, Kauffmann E, Dye JL and Popov AI (1983) Anion co-
ordination chemistry – 35Cl NMR studies of chloride anion
cryptates. Journal of the American Chemical Society 105: 7549–
7553. Copyright 1983 American Chemical Society.
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Halogens in conducting and
semiconducting lattices

The ionic mobility of halogen-containing ions in
solids, polymeric matrices and solutions may be
studied by halogen NMR techniques. The self-diffu-
sion of perchlorate ions in aqueous solutions of
NaClO4, LiClO4 and Mg(ClO4)2 has been studied
using pulsed field gradient techniques.

Both 81Br and 35Cl MAS NMR have been used in
the investigation of sodium, silver and halo-sodalite
semiconductor supralattices. Useful information is
available on the environments of the encapsulated
clusters within the sodalite lattice. The Na4X
(X = Cl, Br) tetrahedra provide a symmetric environ-
ment around the halide and give rise to narrow reso-
nances for specific locations. The spectra are
sensitive to the distribution of anion empty cavities
or to I ¯-containing cavities.

35Cl and 79&81Br T1 measurements between 77 and
700 K shed light on ionic transport in (solid) silver
halides. A hopping process due to thermally acti-
vated diffusion of defects accounts for the data. The
chloride ion conductor CH3NH3GeCl3 has a variety
of solid state phases and shows electrical conductiv-
ity above 398 K. The mobile ion in the high tempera-
ture phase was deduced to be Cl¯ because a
disordered perovskite structure at the Cl site was
found by Rietveld analysis of X-ray powder data and
confirmed by 35Cl NMR. At temperatures above
364 K a 35Cl resonance becomes visible. This sug-
gests that the rate of isotropic motion at the Cl¯ site
is becoming comparable with or greater than the
quadrupolar coupling, thus reducing the importance
of the quadrupolar interactions.

Two-dimensional spectroscopy

Two-dimensional multiple-quantum (2D2Q) 35Cl
NMR spectra of systems exhibiting electric quadru-
polar effects have been obtained. In such spectra the
single quantum spectrum is displayed along one axis
against the double quantum spectrum along the
other. Such spectra give information about the quad-
rupolar interactions present in ordered systems.

List of symbols

I = nuclear spin quantum number; Q = quadrupole
moment; η = asymmetry parameter; τc = correlation
time for molecular rotation; ω0 = Larmor frequency.

See also: Contrast Mechanisms in MRI; Membranes
Studied By NMR Spectroscopy; Quadrupoles, Use of
in Mass Spectrometry; Relaxometers; Spin Trapping
and Spin Labelling Studied Using EPR Spectroscopy.
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All the elements of group 15 of the periodic table have
at least one isotope suitable for study by NMR spec-
troscopy. The magnetically active isotopes of ar-
senic, antimony and bismuth (75As, I = ; 121Sb, I = ;
123Sb, I = ; 209Bi, I = ) have high abundance and rel-
atively high sensitivity; nevertheless they have been
little employed in multinuclear NMR spectroscopy
owing to their high spin quantum numbers, which
produce large quadrupolar moments. In fact, an effi-
cient quadrupolar mechanism dominates their relax-
ation behaviour and gives rise to extremely broad
resonances; this has limited the application of 75As,
121,123Sb and 209Bi NMR spectroscopy to species hav-
ing a high degree of symmetry. Only a few NMR
studies have been reported in the last three decades,
and only a small amount of data, often useful in the
determination of the molecular structure, is currently
available.

Properties of the nuclei
75As is 100% abundant with a receptivity of 2.5 ×
10−2 relative to the proton; 121Sb is 57% abundant
with a receptivity of 9.2 × 10−2; and 209Bi is 100%
abundant with a receptivity of 0.14 × 10−2; by
contrast, 123Sb is about 43% abundant with a
receptivity of 1.9 × 10−2. In the case of antimony, the
nuclide generally chosen for NMR determinations is
121Sb, presumably owing to the lower abundance of
123Sb.

The group 15 nuclides can be studied by NMR
spectroscopy only when the E-containing com-
pounds (E = As, Sb, Bi) are highly symmetric, with E

in the oxidation state +5. These nuclides are spectro-
scopically silent in nonsymmetric compounds or in
the +3 oxidation state. Narrow line widths arise from
quadrupolar nuclei residing at the centre of a highly
symmetric ligand environment. In addition, in oxida-
tion state +5, no lone pairs remain in the valence
shell and tetrahedral or octahedral symmetry can be
achieved through bonding of four or six donor
ligands, as in the case of (SbCl4)+ and (SbCl6)−. By
contrast, when the group 15 elements are in oxida-
tion state +3, there is a lone pair in the valence shell
and the structures are generally characterized by
substantial electric field gradients at the central
atom, which prevents observation of NMR
resonance.

The main nuclear properties of group 15 nuclides
are shown in Table 1.

Experimental aspects
75As, 121Sb, 123Sb and 209Bi NMR spectra can be
obtained efficiently using a broad-band probe. The
observation frequencies are 85.637 MHz (75As),
119.696 MHz (121Sb), 64.819 MHz (123Sb) and
80.381 MHz (209Bi) when 1H NMR is at 500 MHz.
The ideal spectral width setting is 20 kHz, to yield a
data point resolution of 4.9 Hz per data point and
an acquisition time of 0.205 s. The number of tran-
sients that must be accumulated varies with the
nuclide under observation and with the concentra-
tion of the sample; however, typical values are
14 000 (75As), 7000 (121Sb), 36 000 (123Sb) and
200 000–400 000 (209Bi). A suitable line-broadening

Table 1 Selected nuclear properties of magnetically active isotopes of As, Sb and Bi

Isotope 75As 121Sb 123Sb 209Bi

Nuclear spin quantum number, I

Natural abundance (%) 100 57.25 42.75 100

Magnetogyric ratio (10−7 rad T−1 s−1) 4.5804 6.4016 3.4668 4.2986

Quadrupole moment 0.3 −0.53 −0.68 −0.4

Resonance frequency / MHz referred to 1H 
TMS resonance at 100 MHz 

17.122 23.930 12.958 16.069

Receptivity relative to 13C 143 520 111 777

Receptivity relative to 1H 2.5 × 10−2 9.2 × 10−2 1.9 × 10−2 0.14
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parameter can be applied by the exponential
multiplication of the free induction decay prior to
Fourier transformation. A line broadening factor
equal to the original line width will produce the opti-
mum signal-to-noise ratio.

The chemical shift standards generally used (at
room temperature) are 0.1M [(Et4N)+(AsF6)−] in
CH3CN for 75As, 0.3M [(Et4N)+(SbCl6)−] in CH3CN
for 121,123Sb, and a saturated solution of
[(Me4N)+(BiF6)−] in CH3CN for 209Bi. In some cases,
0.1M [(Et4N)+(SbF6)−] in CH3CN as standard
(0.0ppm) for antimony has also been used. All the
antimony data reported here are referred to
[(Et4N)+(SbCl6)−] at 0ppm.

Chemical shifts

75As, 121,123Sb and 209Bi chemical shift ranges are very
large (Tables 2 and 3). A positive sign indicates a
chemical shift to higher frequency (lower shielding)
with respect to the reference compound.

In the case of arsenic(+5) derivatives, the chemical
shift range spans approximately 700ppm, with the
tetrahedral oxoanion (AsO4)3− and the cation
(AsH4)+ occupying the deshielded and the shielded
ends of the range, respectively.

Although there is limited chemical shift data in
the case of 75As and 121Sb it is possible to observe
some general patterns analogous to those found for

Table 2 75As NMR data for selected arsenic-containing compounds

Prn = n-propyl; Bun = n-butyl; Pri = isopropyl; st = septet, q = quartet; qu = quintet; t = triplet; d = doublet; s = singlet.

Compound Symmetry Solvent δ (ppm) Multiplicity nJ(75As–M)(Hz)

[AsF6]− Oh CH3CN 0.0 st 932 1J(75As–19F)

[AsClF5]− Oh CH3CN 12.2 q of d ax.897 1J(75As–19F)
eq.1009 1J(75As–19F)

[cis-AsF4Cl2]− Oh CH3CN −0.3 q 1013 1J(75As–19F)

[trans-AsF4Cl2]− Oh CH3CN  −42.4 qu 1259 1J(75As–19F)

[fac-AsF3Cl3]−

[mer-AsF3Cl3]−

[cis-AsF2Cl4]− Oh CH3CN  −102.2 t 985 1J(75As–19F)

[trans-AsF2Cl4]− 925 1J(75As–19F)

[AsFCl5]− Oh CH3CN  −212.4 d 1005 1J(75As–19F)

[AsCl6]− Oh CH3CN  −391.8 s 5551J(75As–1H)

[AsF5Br]− Oh CH3CN  102.5 st

[AsO4]3− Td CH3CN  369 s

[AsH4]+ Td HF  −291 q

[AsMe4]+ Td H2O  206 s

[AsEt4]+ Td H2O  249 s

[AsPrn
4]+ Td H2O  230 s

[AsBun
4]+ Td H2O  234 s

[AsEt3Me]+ Td H2O  242 s

[AsEt3Prn]+ Td H2O  243 s

[AsEt3Bun]+ Td H2O  245 s

[AsPrn
3Me]+ Td H2O  225 s

[AsPrn
3Et]+ Td H2O  234 s

[AsPrn
3Bun]+ Td H2O  231 s

[AsPri
3Et]+ Td H2O  258

[AsPh4]+ Td H2O  217 s

Cs[As(OTeF5)6] Oh CH3CN  −28.9 st 420 2J(75As–125Te)

NMe4[As(OTeF5)6] Oh CH3CN  −29.1 st 430 2J(75As–125Te)

Te(OTeF5)3[As(OTeF5)6] Oh SO2  −28.2 st 432 2J(75As–125Te)

H3AsW12O40 Td H2O/dioxane  298 s

H3AsMo12O40 Td H2O/dioxane  337 s
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other nuclides, such as group 14 elements. For
example, even if there seems to be no regularity
among the shifts of the AsR4

+ compounds, the
ordering in terms of alkyl substituent is consistent
with that found for group 14 and group 15 alkyls:
labelling the atoms of the structural unit
[As(alkyl)4]+ as Asα-Cβ-Cγ-Cδ, methyl substitution
for one hydrogen at the β position (∆β) deshields by
11 ppm, ∆γ shields by 5 ppm, and ∆δ shields by
1 ppm. This trend in shielding effect as one pro-
ceeds down the chain is characteristic of methyl
substitution.

In (AsF6−nCln)− (n = 0–6) derivatives, the trend
observed for F/Cl exchange in 75As chemical shift
also suggests an increasing shielding with increasing
n, owing to lower electronegativity of chloride with
respect to fluoride donor ligands; a further example
is the difference in chemical shift for (AsF5Cl)−

(12.2 ppm) and (AsF5Br)− (102.5 ppm).
In the case of the two heteropoly anions

(AsW12O40)3− and (AsMo12O40)3− (‘Keggin’ anions),
the chemical shifts reflect the influence of electron

density surrounding the arsenic atom, which is
dependent on the nature of peripheral metal atoms:
as expected, the As atom will be shielded to a
greater degree in the former anion that in the
latter, the same trend being observed for phosphate
anions. Moreover, both arsenic-containing
heteropoly anions display chemical shifts that
are upfield from the relatively deshielded arsenate
ion (AsO4)3−.

The antimony(+5) chemical shift range spans
approximately 3500 ppm. Rather more information
is available for 121Sb than for 75As NMR chemical
shifts. To date, (SbS4)3− and (SbBr6)− occupy the
deshielded and shielded ends of the range,
respectively.

In (SbF6)− and (SbCl6)− the small difference
between the antimony shifts (∼ 87 ppm) compared
with those for analogous 31P and 75As species (152
and 392 ppm, respectively) is probably due to the
electronic excitation energy that in both antimony
and, more likely, arsenic is responsible for the anom-
alous paramagnetic shielding term.

Table 3 121Sb NMR data for selected antimony-containing compounds

st = septet, q = quartet; d = doublet; qu = quintet; t = triplet; s = singlet.

Compound Symmetry Solvent δ (ppm) Multiplicity nJ(121Sb–M) (Hz)

[SbF6]− Oh CH3CN 86.6 st 1938 1J(121Sb–19F)

[SbF5Cl]− Oh CH3CN 149.3 q of d ax. 1859 1J(121Sb–19F)

eq. 2088 1J(121Sb–19F)

[cis-SbF4Cl2]− Oh CH3CN 183.9 q 2083 1J(121Sb–19F)

[trans-SbF4Cl2]− Oh CH3CN 187.5 qu 1980 1J(121Sb–19F)

[fac-SbF3Cl3]−

[mer-SbF3Cl3]−

[cis-SbF2Cl4]− Oh CH3CN 174.4 t 1981 1J(121Sb–19F)

[trans-SbF2Cl4]−

[SbCl5F]− Oh CH3CN 114.9 d 2079 1J(121Sb–19F)

[SbCl6]− Oh CH3CN 0.0 s

[SbCl4]− Td SO2ClF 847.0 s

[Sb(OTeF5)6]− Oh SO2ClF 72.9 s

[SbBr4]+ Td SO2ClF 95.3 s

[Sb(OTeF5)6]+ Oh SO2ClF 73.1 s

NMe4[Sb(OTeF5)6] Oh CH3CN 72.7 s

[SbCl5Br]− Oh CH3CN −380 s

[SbCl4Br2]− Oh CH3CN −780 s

[SbCl3Br3]− Oh CH3CN −1180 s

[SbCl2Br4]− Oh CH3CN −1590 s

[SbClBr5]− Oh CH3CN −2005 s

[SbBr6]− Oh CH3CN −2430 s

[SbS4]3− Td H2O 1032 s

[SbMe4]+ Td H2O 780 s

[Sb(OH)6]− Oh H2O 296 s
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121Sb chemical shifts fall into the normal halogen
dependence category and, in the case of the mixed
halide compounds (SbXnY6−n)−, it is possible to
assign the cis and trans isomers by the pairwise addi-
tivity parameter, calculated using Equation [1]:

The dominant contribution to the shielding, σp, can
be expressed in the form 

The large variation in Sb shielding arises from the
dominant and negative paramagnetic shielding term,
σp. The magnitude of σp is directly proportional to
changes in the inverse mean excitation energy (∆E−1),
the mean inverse cubes of the p and d electron–
nucleus distances (〈r−3〉np and 〈r−3〉nd), and the valence
imbalance in the p and d orbitals centred on the Sb
atom (Pu and Du).

The relative chemical shifts of the SbX4
+ and

SbX6
− ions follow the valence imbalance terms and

are dependent upon the electron density and relative
electronegativities of the halogens. The electro-
negativity difference of chlorine and bromine
accounts quantitatively for the high-frequency shifts
of (SbCl4)+ (847.0 ppm) and (SbCl6)− (0.0 ppm)
relative to those of (SbBr4)+ (95.3 ppm) and (SbBr6)−

(–2430 ppm), and the formal positive charge, which
is expected to reside mainly on the Sb atom,
accounts for the high-frequency shift of the (SbX4)+

cations compared to the (SbX6)− anions, which have
their formal negative charge located on the halogens.

Only one value is reported for antimony com-
pounds having a symmetry other than octahedral or
tetrahedral: SbCl5 resonates at +509 ppm, but the
line width is about 8000 Hz. This very broad
absorption band illustrates the effect on the rate of
quadrupolar relaxation as the geometry around the
antimony nucleus is reduced from Oh or Td to trigo-
nal bipyramidal (C3ν).

In the case of the heaviest bismuth nuclide, only a
few 209Bi NMR data are available yet. For example,
taking (BiF6)− (0.0 ppm, 2700 Hz 1J(209Bi–19F)) as
reference, the anion [Bi(OTeF5)6]− is shifted to
+126.7 ppm (2269 Hz 1J(209Bi–125Te)) (Figure 1),
contrary to what is observed in analogous
[As(OTeF5)6]− and [Sb(OTeF5)6]− compounds, which
exhibit low frequencies with respect to (AsF6)−

(Figure 2) and (SbF6)−, respectively. This anomalous

behaviour could be caused by relativistic effects of
the bismuth atom.

Coupling constants

In the case of 75As, only one J(75As–1H) (555 Hz)
value, related to the (AsH4)+ cation, has been report-
ed, whereas several 1J(75As–19F) values have been ob-
tained from the spectra of (AsFnCl6−n)− derivatives,

Figure 1 209Bi NMR spectrum of [Bi(OTeF5)6]−. Reproduced
with permission from Mercier HPA, Sanders JCP and
Schrobilgen GJ (1994) Hexakis(pentafluorooxotellurato)pnic-
tate(V) anions, M(OTeF5)6 (M = As, Sb, Bi): a series of very weak-
ly coordinating anions. Journal of the American Chemical Society
116: 2921–2937. © 1994 American Chemical Society.

Figure 2 75As NMR spectrum of [As(OTeF5)6]−. Reproduced
with permission from Mercier HPA, Sanders JCP and
Schrobilgen GJ (1994) Hexakis(pentafluorooxotellurato)pnic-
tate(V) anions, M(OTeF5)6 (M = As, Sb, Bi): a series of very weak-
ly coordinating anions. Journal of the American Chemical Society
116: 2921–2937. © 1994 American Chemical Society.
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and these range from 897 to 1259 Hz depending on
the position of the fluorine atom in the octahedron
around arsenic. More recently, several J(75As–125Te)
values have been measured (420–430 Hz) in
[As(OTeF5)6]− compounds.

Also in [SbFnCl6−n]− compounds, some 1J(121Sb–19F)
values have been observed (Figure 3): the typical
range is 1859–2088 Hz and, as with arsenic, the
values depend on the fluorine position around the
antimony atom.

Relaxation behaviour

For a quadrupolar nucleus, the relaxation under
conditions of extreme narrowing can be described by 

where ∆ν1/2 is the line width at half-height, T2 is the
spin–spin relaxation time, T1 is the spin–lattice re-
laxation time, I is the nuclear spin quantum number,
e is the charge on the electron, Q is the nuclear quad-
rupole moment, q is the electric field gradient (EFG)
along the principal z axis, η is the symmetry
parameter for the EFG, and finally τc is the rotation-
al correlation time.

A careful inspection of several factors in Equation
[3] reveals that line widths are dramatically reduced
for nuclides having a high value of I or a small value
of Q, or both. Moreover, τc serves to increase the
∆ν1/2 of the quadrupolar anion with increasing ionic/

molecular radius, increased ion pairing and increas-
ing solvent viscosity (decreasing temperature).

The resonance line widths for (MF6−nXn)− increase
as n increases from 0 to 5 (with the exception of
(SbF)−Cl5), and are also greater for X = Br than for
X = Cl. This behaviour reflects the increase in the
quadrupolar relaxation rate of the central nucleus as
its octahedral environment is distorted by the
replacement of F by the larger halogens. An ana-
logous behaviour has been noted in the bromo-
chloroantimonates(+5).

Although the larger radius of the (SbBr4)+ cation
should result in a longer τc and larger ∆ν1/2 values
than for (SbCl4)+, the opposite effect is found; this is
attributed to the greater Lewis acidity of the latter
cation, which is expected to form with the very
weakly basic SO2ClF solvent a stronger, albeit weak,
donor–acceptor bond than (SbBr4)+. An equilibrium
concentration of the adduct leads to an increase in
the EFG at the antimony nucleus and increased τc,
both of which serve to decrease the relaxation time
and increase ∆ν1/2.

A more complete study of the factors influencing
relaxation behaviour has been made on arsonium
salts by altering the alkyl group, the temperature, the
solvent, the concentration and the counterion. It has
been shown that the line width of the resonances
increases with increasing size of the alkyl group, i.e.
with increasing molecular mass of the species under
investigation; in fact, the isotropic motion of a solute
in a mobile liquid can be correlated to the
correlation time τc by

where v is the viscosity of the solution and a is the
radius of the ‘spherical’ molecule. Moreover in the
case of these small molecules, the hypothesis of
extreme narrowing conditions (τ2

cω2 �1, i.e. fast
molecular motions with respect to the resonance fre-
quency) seems very likely to be valid.

Combining Equations [3] and [4], a linear plot of
∆ν1/2 vs the experimentally measurable value v/T is
observed. The ∆ν1/2 values, unlike 75As chemical
shifts, are generally strongly dependent on the type
of solvent employed, partly surely owing to ion pair-
ing; in fact, the line widths for (AsEt4)+Br− are
reported to be 168, 455, 670 and 700 Hz in water,
acetonitrile, dimethylformamide and dimethyl sul-
foxide, respectively. Finally, the concentration of the
sample influences the arsenic line width, whereas the
counterion seems not to play a significant role in
temperature variation.

Figure 3 121Sb NMR spectrum of [SbFnCl6−n]−. Reproduced with
permission from Dove MFA and Sanders JCP (1992) Synthesis
and characterization of chlorofluoroantimonates(V). Journal of
the Chemical Society, Dalton Transactions 3311–3316.
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Applications

NMR spectroscopy of 75As, 121,123Sb and 209Bi is
arousing increasing interest. 75As, 121,123Sb and 209Bi
NMR studies have been found to be very useful for
structural characterization in solutions of very
weakly coordinating anions such as [M(OTeF5)6]−

(M = As, Sb, Bi). These are able to stabilize Meer-
wein salts (tertiary carbonium salts) and cations such
as Cs+, Rb+, K+ and Na+ can help in the development
of the field of stable carbocation chemistry and of
protosolvated superelectrophiles.

75As NMR spectroscopy has been applied in solu-
tion in elucidating the structures of heteropoly oxo-
metalates (AsM12O40)3− (M = W or Mo), currently
known as ‘Keggin’ anions, which are important in
both fundamental and applied studies.

In some cases, 75As relaxation of the (AsF6)− ion
has been employed for probing anion sites in pro-
teins by analysing the band shape of the 19F multi-
plets in terms of the transition probabilities for 75As
relaxation. Outside the motional narrowing limit,
the transition probabilities Pm,m+1 and Pm,m+2 for 75As
relaxation become unequal. However, the actual
transition probabilities dominating the line shape are
weighted averages of those in the free and bound
states, since binding usually occurs under fast
exchange limit conditions. In this way, it has been
possible to reproduce the experimental 19F line shape
for the binding of (AsF6)− to human serum albumin.

Finally, a 75As solid-state NMR study has been
done on the measurement of isotropic indirect cou-
pling to gain a better understanding of the electronic
nature of semiconductor solids of the binary 13–15
type compounds, such as GaAs. 75As NMR has also
been used to study the microscopic magnetic behav-
iour of an incipient heavy-electron compound UAs.
It has been reported on the basis of the temperature
dependence of the energy scale of the spin fluctua-
tion that the relative importance of the exchange
interaction with respect to the single-site dynamics in
the moment relaxation generally increases on going
from UP to UAs.

List of symbols

a = radius of a spherical molecule; c = speed of light;
Du = d orbital valence imbalance; e = electron

charge; � = Planck constant/2π; I = nuclear spin
quantum number; J = coupling constant; kB = Boltz-
mann constant; m = mass; Pu = p orbital valence im-
balance; Pm,n = transition probabilities; q = electric
field gradient; Q = nuclear quadrupole moment;
r = electron–nucleus distance; T = temperature; T1 =
spin–lattice relaxation time; T2 = spin–spin relaxa-
tion time; δ = chemical shift; ∆E = mean excitation
energy; ∆ν1/2 = line width at half-height; η = electric
field gradient asymmetry parameter; σ = viscosity;
σ = shielding parameter; τc = rotational correlation
time; ω = angular frequency.

See also: Nitrogen NMR; NMR Principles; NQR Ap-
plications; NQR, Theory; Parameters in NMR Spec-
troscopy, Theory of; Solid State NMR, Methods; Solid
State NMR Using Quadrupolar Nuclei; Structural
Chemistry Using NMR Spectroscopy, Inorganic
Molecules.
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Introduction

The naturally occurring nuclei of the Group 13 ele-
ments, 10B and 11B, 27Al, 69Ga and 71Ga, 113In and
115In, 203Tl and 205Tl, are NMR-accessible magneti-
cally. The receptivities of these nuclei are quite high
and, except for thallium, the resonance frequencies
are convenient for most multinuclear spectrometers.
The relevant NMR properties of these nuclei are
summarized in Table 1. With the exception of thal-
lium all the nuclei possess a quadrupolar moment.
Thallium nuclei with spin-1/2 have a relaxation time
much longer than that characteristic of the lighter
nuclei. Due to the quadrupolar nature of those nu-
clei, resonance signals are broadened in all environ-
ments, except those where the electric field gradient
approaches zero, while the quadrupolar line width
effect increases down the group. In the case of 115In,
the quadrupole moment is significantly large and
only highly symmetric compounds are observable us-
ing 115In NMR, even these producing extremely
broad lines. From the two naturally occurring boron
isotopes, 11B is more advantageous for NMR investi-
gation and only this nucleus is usually studied. This
is due to its higher degree of abundance and its lower
nuclear spin. For gallium the 69Ga nucleus, due to its
significantly lower receptivity and despite its greater
abundance, is considerably less favourable than the
71Ga nucleus. 115In and 205Tl have superior receptivi-
ties and higher natural abundances than the other
natural isotopes of these elements, and are preferred
for indium and thallium NMR. Later in this article,
the NMR spectroscopy of the preferred nuclei will
be discussed.

Nuclei of the Group 13 atoms have been used as
NMR probes, especially in view of being able to
identify molecular structures, to monitor reaction
courses, detect intermediate species, and indicate
chemical equilibria in exchange reactions. In general,
the relative importance of the heteronuclear NMR
technique is dictated by the chemistry of certain ele-
ments and because of this 11B NMR and 27Al NMR
have been used most extensively. Structural evidence
of molecules is mainly deduced from the chemical
shift values. Correlations between chemical shifts
and chemical parameters, such as coordination
environment, different types of π-interaction,

electronegativity, charges, etc. may be observed.
Very often no one factor controls the chemical shift,
but a combination of several interactions may be
balanced to control the chemical shifts. Therefore,
conclusions with respect to the structure of com-
pounds in solution can be drawn usually from the
chemical shifts when a sufficient amount of experi-
mental data is available for comparison. In some
cases, efficient techniques for calculating NMR
chemical shifts may provide valuable data, strongly
supporting the interpretation of experimental chemi-
cal shifts (particularly the individual gauge for the
localized orbital method, IGLO, and the gauge-
including atomic orbital method, GIAO).

Since a chemical shift is the most informative char-
acteristic of heteronuclear NMR, it is, therefore, of
interest to indicate briefly the factors affecting the
chemical shift of a nucleus. Generally, the chemical
shifts are affected by local diamagnetic (σdia) and par-
amagnetic (σpara) contributions to the nuclear screen-
ing constant (σ): σ ≅  σpara+ σdia. The diamagnetic
contribution in the Group 13 nuclei is generally
assumed to be relatively small compared with the
observed chemical shift range, and remains roughly
constant for each nucleus despite dramatic changes of
the nucleus chemical environment, since in chemical
bonding the core electrons are relatively unperturbed.
Hence, the paramagnetic shielding term is considered
to be responsible for the variation observed in the
chemical shifts and it results from the local aniso-
tropic motion of the valence electrons surrounding
the nucleus in question. The local paramagnetic term
σpara depends to a first approximation on the average
electronic excitation energy ∆E, the average radius of
the valence orbitals and the symmetry of the distribu-
tion of bonding electrons around the nucleus in ques-
tion. A convenient form of description of the local
paramagnetic shielding term is the expression based
on Ramsey’s nonrelativistic approach: 

The value of σpara is larger the lower the energy of the
excited states involving a rotation of charge (∆E is
small), the more asymmetric the distribution of p elec-
trons (the Pu term is large) and the closer they are to

n′
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the origin (the radial term is large). An electronegative
neighbouring atom increases the effective nuclear
charge on the atom in question, thereby increasing the
〈r−3〉p term and increasing σpara. But even for closely
analogous compounds, the electronegativity argu-
ment must be used with care since other effects may
alter the radius and energy terms in σpara in a complex
fashion. Therefore, for Group 13 compounds the sub-
stituent effect, for instance, may affect the shielding,
often in a way not yet completely understood.
According to the above consideration concerning the
factors determining the chemical shift, a greater range
of chemical shifts may be expected for the three-coor-
dinate than for the four- and higher coordinate Group
13 compounds. In the former there is a p orbital avail-
able for π-interaction with the heteroatom lone pair.
Due to this interaction a significant variation in
orbital angular momentum will be present resulting
from the wide variation of strength and number of π-
donor ligands. This type of interaction is not available
for the four-coordinate complexes since all the
valence orbitals are involved in the σ bond formation.

Much less attention has been paid to magnetic
relaxation measurement of the Group 13 element
nuclei which may provide useful information in the
study of molecular motion and interactions, and the
symmetry of the nuclear environment. Nuclear mag-
netic relaxation is usually described both in terms of
the methods of coupling of the local magnetic field
with the spin system (the spin–lattice and spin–spin
relaxation) and the different mechanisms. There are a
number of different nuclear magnetic relaxation
mechanisms: the quadrupolar mechanism which
governs the relaxation behaviour of most quadrupo-
lar nuclei, the spin–spin rotation and the chemical
shift anisotropy mechanisms (important for spin-1/2
heavy metal ions), the magnetic dipole–dipole inter-
action of two nuclei (which is the predominant relax-
ation mechanism for instance for 13C nuclei with
directly bonded hydrogen), the scalar coupling mech-
anism, and relaxation induced by the presence of
unpaired electrons. The contribution of the individ-
ual relaxation mechanisms to the overall relaxation
rate is additive. Nuclei with spin I ≥ 1 have unfavour-
able characteristics arising from the quadrupole
moment which interacts with the electric field gradi-
ent created by the surrounding electrons. This leads
to a decrease of relaxation times and, accordingly, an
increase of the line widths.

11B NMR spectroscopy

Boron was among the first elements to attract the
attention of NMR spectroscopists in the 1950s. The
11B nucleus has a relatively small quadrupoleT
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moment and the NMR line widths are relatively
sharp, ranging between 2 and 100 Hz, usually in the
30–60 Hz range. Occasionally, such as for (R2N)2B+

borinium cations, the line widths increase greatly to
400–800 Hz owing to the more rapid relaxation
associated with an increase in the nuclear field gradi-
ent. Boron NMR spectroscopy has found wide-
spread application in boron chemistry. The 11B
chemical shifts, intensity of 11B resonances and cou-
pling constants between boron and other nuclei are
very useful for the elucidation of molecular struc-
tures and for control of reactions involving boron
compounds. The peak area of a resonance is propor-
tional to the number of boron atoms in the respec-
tive chemical environment. The chemical shift is
affected by the chemical environment of the boron
nucleus under investigation, i.e. the coordination
number and the nature of substituents directly at-
tached to the boron atom, and the chemical shift can
be readily correlated with structure. The 11B chemi-
cal shifts of boron compounds cover a range of
about 250 ppm. The solvent effect on δ 11B is of
small magnitude and can usually be neglected.
Noticeable solvent shifts (up to 4 ppm) have been
observed only for some polyhedral boranes and re-
lated compounds. BF3⋅OEt2 is a reference compound,
usually employed as an external standard. Several
correlations of δ 11B with structural parameters in
molecules have been established. The number of re-
ported 11B NMR data is enormous. Almost any new
boron-containing compound has been subjected to
structural analysis by 11B NMR. In general, 11B
NMR measurements are applied in two areas: orga-
noboranes and miscellaneous compounds, and bo-
ron polyhedral borane derivatives. The first area
encompasses research in organic synthesis chemistry
and on the structure and dynamics of boron com-
pounds in solution. 11B NMR provides important in-
formation on the electronic environment of a boron
atom and can be useful in predicting some of the
chemical behaviour of boron compounds. The sec-
ond area is largely a domain of elucidation of the
structure and bonding in polyhedral boranes, carbo-
ranes, azaboranes, metallaboranes and related
compounds.

Organylboranes and miscellaneous compounds

Two-coordinate boron compounds are relatively
rare. The 11B chemical shifts of (R2N)2B+ borinium
cations cover a narrow range of 35–38 ppm. How-
ever, the δ 11B values of iminoboranes, R–B≡N–R′,
fall in the range of 3 to 22 ppm and are sensitive to
the nature of the substituents at the site of the imino
nitrogen atom. The trend in the 11B shifts

corresponds closely to that observed for the 13C
chemical shifts of similarly substituted alkynes.

11B chemical shifts have proved to be an extremely
valuable tool for distinguishing between three- and
four-coordinate boron compounds. Chemical-shift
data of representative compounds are given in
Table 2. Furthermore, a schematic structure repre-
sentation of compounds [1] – [5] with the corre-
sponding chemical shift values, provides a good
illustration of the power of 11B NMR for intimate
understanding of the nature of π-interactions in
boron compounds. In trialkylboranes of a trigonal
planar structure [1] the p orbital remains unoccupied
(π-bonding is not an obvious possibility), resulting in
a great imbalance of bonding electrons around the
boron atom and leading to a large shift of the 11B
NMR signal to low field (δ ~ 86 ppm). By contrast,
another triorganylborane compound, 7-borabicy-
clo[2.2.1]heptadiene ([2], δ –5 ppm), exhibits a sig-
nificant upfield shift, and the magnitude of this shift
is rationalized in terms of the interaction of the
empty p orbital on boron with the π-clouds of two
C=C bonds. 11B NMR spectroscopy has also been
commonly employed to provide information about
the contribution of π-bonding between boron and
carbon centres in many other cyclic and open-chain
unsaturated organylboron compounds, i.e. vinyl-
boanes, alkynylboranes, allylboranes, borinenes,
boroles and boron derivatives of six-membered rings.

Referring to the R3B compounds, replacement of
the R substituent by a strong electronegative atom or
ligand X with a lone pair available for π-interaction
results in a high-field shift. For example, the δ 11B
values for three-coordinate R2BNR′R″ and R2BOR′
compounds are found approximately in the range
44–50 ppm and 50–55 ppm, respectively. Hence, the
11B signal of Et2B(benzoinato) [4] at 55 ppm is indic-
ative of a three-coordinate environment at boron
with the uncoordinated carbonyl group of the bifunc-
tional benzoinato ligand. In this case 11B NMR gives
an accurate picture of the π-interaction and is addi-
tionally a good indicator of the relative strength of a
boron–oxygen π-bond vs. boron–carbonyl dative
bond. It is worth noting that the solution structure of
compound [4] is consistent with that found in the
solid state. From the differences in 11B chemical shifts
of three-coordinate diorganylboranes R2BX the
following order of increasing π-interaction for
various X results: PR2 < SR < Cl < OR < NR2 < F.
This is only a qualitative interpretation and a quanti-
tative correlation should not be expected from chem-
ical shift values since the magnitude of the shift may
be influenced by other electronic and steric effects,
e.g. various functionalities of the ligand X have a
remarkable influence on the 11B nuclear shielding.
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Further successive replacement of an alkyl group by
the ligand X leads to a progressive upfield shift of 11B
resonances and the magnitude of shift depends on the
nature of the substituent X. Minor changes in the
chemical shift values are observed for sulfide and
then for chloride derivatives, and more significant
changes are for X = OR, NR2 and F. A great variety
of noncyclic RBX2 and cyclic RB(X,X) compounds
have been studied by 11B NMR spectroscopy. It is
interesting to note that for BX3 compounds the order
of increasing substituent effect is somewhat different
from that for R2BX diorganylboranes: SR < Cl <
NR2 < OR < F. 11B NMR is extremely useful in the
investigation of the chemistry of three-coordinate
diborane compounds, X′X″B–BX′X″. The presence
of the B–B bond is reflected in the 11B resonance

low-field shift compared with that in the correspond-
ing organylboranes RBX′X″.

11B NMR is very useful in the investigation of the
rich chemistry of transition metal complexes with
boron-containing heterocycles like borole and
borabenzene derivatives or various boron–nitrogens
and boron–oxygen cyclic compounds. In general, the
metal–boron bonding interaction is reflected by a 11B
high-field shift compared with that of the cor-
responding heterocycles. In the triple-decker
complexes, the boron of the bridging ligand (to
which two metals are bonded) is more shielded than
that in the end or capping boron-containing ring to
which only one metal atom is bonded.

11B NMR provides valuable information concern-
ing the interaction between three-coordinate boranes

Table 2 11B chemical shifts of some representative three-coordinate and four-coordinate organylboranes and miscellaneous
compounds

Compound δ 11B Compound δ 11B Compound δ 11B

CN = 3

Me3B 86.6 Ph3B 68.0 [MeB(NH)]3 34.5

(CH2=CH2)3B 56.4 Me2BPh 77.6 (MeBO)3 33.2

52.8 84.5 (nBuBS)3 68.4

Me2BF 60.1 MeBF2 8.2 BF3 10.0

Et2BCl 78.0 EtBCl2 63.4 BCl3 46.5

Et2BBr 81.9 EtBBr2 65.6 BBr3 38.7

Et2BI 84.4 EtBI2 55.9 BI3 −7.9

Me2BNMe2 44.6 MeB(NMe2)2 33.5 B(NMe2)3 27.6

Me2BOMe 53.0 MeB(OMe)2 29.5 B(OMe)3 18.3

Me2BSMe 73.6 MeB(SMe)2 66.3 B(SMe)3 61.0

33.7 31.5 68.3

CN = 4

Me3B⋅NMe3 0.1 H3B⋅NMe3 −8.3 BMe4
− −20.2

(CH2=CH2)3B⋅NMe3 −3.0 H3B⋅SMe2 −20.1 B(OMe)4
− 2.7

Me3B⋅PMe3 −12.3 F3B⋅NMe3 0.6 BF4
− −1.6

(C6F5)3B⋅O=C(NiPr2)Ph −0.1 Cl3B⋅NMe3 10.2 BCl4
− 6.7

(C6F5)3B⋅O=C(H)Ph 5.0 Br3B⋅NMe3 −3.3 BBr4
− −23.8

(C6F5)3B⋅O=C(OEt)Ph 19.2 I3B⋅NMe3 −54.4 BI4
− −127.5

2.2 13.0 17.5
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and donor ligands and enables prediction of some of
the chemical behaviour. The formation of the
four-coordinate Lewis acid–base adducts is evident
from the 11B NMR spectrum. When the coordination
number of boron increases from three to four, an
upfield shift of the 11B resonance is generally
observed. The interaction between a borane and a
donor ligand often results in a dynamic equilibrium
and 11B NMR measurements at variable tempera-
tures are particularly helpful for investigations of this
type of equilibrium. The influence of various ratios
of donor and acceptor molecules upon the equilib-
rium can be determined by 11B NMR spectroscopy.
However, the utility of 11B NMR to determine the
Lewis acid strength of three-coordinate boranes is
strongly limited, since the magnitude of chemical
shift change upon coordination reflects the π-
bonding effect in a parent borane as well as the sensi-
tivity to steric factors. Similarly, an observed order of
ligand basicity usually corresponds to certain boron-
system affinities and is strongly affected by steric
effects. The structures of dialkylboron derivatives of
saturated and unsaturated hydroxy carbonyl com-
pounds, Et2B (benzoinato) [4] and Et2B (maltolato)
[5], are a good illustration of the importance of π-
bonding between boron and oxygen. The 11B signal
of [5] at 22 ppm is significantly shifted to high field
when compared with that for complex [4] and the
chemical shift value falls in the region associated
with neutral, four-coordinate boron nuclei. This
result is consistent with the chelation of the carbonyl
group to the boron atom and the four-coordinate
chelate structure [5] in solution. Thus, these data,

based on 11B NMR and X-ray crystallographic stud-
ies, provide strong evidence that for organylborane
derivatives of unsaturated hydroxy carbonyl com-
pounds the π-interaction of the alkoxide oxygen lone
pairs with the chelate-ligand-extended π system may
dominate and effectively obstruct the boron–oxygen
π-interaction.

Many coupling constants between directly bonded
nuclei can be obtained from 11B NMR spectra, espe-
cially for four-coordinate boron, where in many
cases the quadrupolar relaxation rate is sufficiently
slow. The accuracy is somewhat limited because of
the line width of the resonance signals. Therefore,
the use of a high magnetic field strength is advanta-
geous. One-bond 11B–X coupling constants from 1–5
Hz in BF  up to more than 1000 Hz for X = 119Sn or
207Pb have been observed. For terminal boron–
hydrogen bonds, the 1J(11B–1H) values are in the
range 100–190 Hz, but when a hydrogen bridge is
involved 1J(11B–1H) is less than 80 Hz. Thus, it is
possible to use these coupling constants to determine
the coordination at each boron in a boron hydride
when resolution permits. Despite the wide use of 11B
NMR for the characterization of boron compounds,
relatively little attention has been paid to 11B relaxa-
tion. Typical values for relaxation times of 11B nuclei
are in the range of 10–200 ms, commonly 10–50 ms.

Polyhedral boranes

The development of boron cluster chemistry is inti-
mately coupled with 11B NMR which has been the
most efficient method of elucidating the structure
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and bonding in polyhedral boranes and related clus-
ters. At present, based on a great amount of 11B
NMR experimental data, meaningful conclusions
with respect to the structure of boron skeleton com-
pounds in solution can be drawn from the chemical
shifts. Polyhedral boranes are electron-deficient sys-
tems involving multicentre bonding, i.e. B–H–B, B–
B–B, B–C–B, and with highly delocalized skeletal
electrons. The majority of boron vertices in borane
clusters are formally sp3 hybridized; deviation from
the ideal tetrahedral geometry, i.e. the imbalance of
bonding electrons, is the most important factor
affecting the chemical shift of individual skeletal
atoms. In borane cluster compounds the influence of
electron density of individual skeletal atoms on
chemical shift is significant, but is not the primary
factor.  11B chemical shift values of polyhedral bo-
ranes and related clusters span approximately 75 to
−60 ppm. Many empirical rules for predicting δ 11B
values have been established which are based on
various effects including those related to the
coordination number, bridging hydrogens, endo-
and exo-cluster substituents, cluster shape and antip-
odal atoms. For example, the replacement of a boron
nucleus in a polyhedral borane by a heteroatom re-
sults in a downfield 11B chemical shift for the boron
across the cage from the heteroatom, usually the so
called antipodal effect. The largest effect was
observed for the antipodal boron B(10) in the 10-
vertex series closo-1-EB9H9 heteroboranes, e.g. δ 11B
values of B(10) are −2.0, 28.4 and 74.5 ppm for E =
BH2−, CH− and S, respectively. At present, novel
two-dimensional (2D) NMR techniques, i.e. 11B–11B
2D COSY and 1H–11B 2D spectra, usually allow un-
ambiguous 1H and 11B signal assignments for most
polyhedral boranes. In applying the ab initio–IGLO–
NMR technique, the various competitive structures
are subject to ab initio structural optimization, fol-
lowing which IGLO calculations are used to predict
the sets of 11B chemical shift values to be expected of
each ab initio optimized structure.

27Al NMR spectroscopy

The first 27Al NMR measurements were performed in
the early 1960s. However, the 1980s and 1990s have
brought a considerable increase in investigations of
the nature of aluminium compounds using 27Al NMR
spectroscopy. The usual reference for chemical shifts
is [Al(H2O)6]3+ (an acidic solution of Al(III) salt, line
width several Hz) or Al(acac)3 in benzene solution
(line width ∼ 100 Hz; acac = acetylacetonate). The 27Al
NMR chemical shifts of the most often studied orga-
nometallic and inorganic aluminium (III) compounds
cover a range of approximately 350 ppm, from 290

to −60 ppm. However, there are some rare examples
such as the [Cp2Al]+ cation (δ −126.4 ppm)
(Cp = C5H5) or the salts with transition metals, i.e.
Co(AlCl4)2 (δ −225 ppm). The line width of 27Al res-
onances is highly sensitive to the symmetry of the alu-
minium coordination sphere and ranges from a few
Hz for highly symmetric species to a few kHz. How-
ever, in some cases the resonance may even be unde-
tectably broad and a given spectrum does not display
all the response of the aluminium nuclei present. In
the standard 27Al NMR spectrum the intensity ratio
of resonances cannot usually be interpreted quantita-
tively with respect to the number of aluminium atoms
in the respective chemical environment, due to this
strong effect on line widths.

Currently, almost any new organoaluminium
compound is routinely characterized by 27Al NMR.
Earlier investigations suggested that the observed
27Al chemical shift is diagnostic of the compound
coordination state. However, an increasing amount
of experimental data has shown that the chemical
shift ranges corresponding to the different coordina-

Figure 1 27Al chemical shift ranges of aluminium compounds,
demonstrating the dependence of aluminium shielding on the
nature of the coordination environment and the coordination
number (CN) of the aluminium atom. L is a monodentate ligand
(e.g. NR3, pyridine, OR2, R2C=O, H2O, PR3, SR2) or may denote
a neutral chelating group from a monoanionic bidentate ligand
(e.g. the carbonyl group in chelate complexes [6] and [9], hence
the coordination environment of these complexes is described as
C2AlO(L) and C2AlO(L)2, respectively) as well as one of the bridg-
ing alkoxide oxygen atoms in associate compounds (e.g. an
alkoxide oxygen atom in dimer [8]). X is a ligand carrying one
negative charge (e.g. H, R, OR, OH, halogen).
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tion states largely overlap and a certain value may
not be simply interpreted according to the number of
ligands. Shielding data subdivided with respect to the
aluminium coordination number, presented graphi-
cally in Figure 1 and for a series of compounds col-
lated in Table 3, show that the nature of substituent
functions significantly governs the 27Al NMR chemi-
cal shifts. Hence, although characterization of orga-
noaluminium compounds by 27Al NMR has recently
become routine, the 27Al NMR spectra still pose sig-
nificant interpretational difficulties. Additionally,
the important difficulty in resonance identification is
also due to a background signal that in some cases
(especially for dilute solutions) may dominate in a
measured spectrum (Figure 2). This relatively broad
‘probe head signal’ falls at about 60 ppm and when
this region of the spectrum is of interest then it is
advisable to use relatively highly concentrated
solutions and to identify possible extraneous signals
with blank samples.

Because of the relatively fast relaxation of the 27Al
nucleus, spin–spin coupling is not generally observed
in 27Al NMR spectra. However, a number of

coupling constants have been reported. The 1JAlH and
2JAlH coupling constants were found to be 174 Hz
and 6.3 Hz, respectively. The observed 1JAlP and 2JAlP

coupling constants are in the range of 90–290 Hz
and 6–30 Hz, respectively. The 1JAlF is ∼ 19 Hz, 1JAlB

is ∼ 9 Hz, 1JAlC is ∼ 73 Hz and 1JAlN is ∼ 22 Hz. Only a
few investigations have been made of the spin–lattice
and spin–spin relaxation times of the 27Al nucleus.
Relaxation of the 27Al nucleus is dominated by the
quadrupolar interaction, as expected from its rela-
tively high quadrupolar moment. For highly sym-
metrical species the relaxation rates are a few Hz and
other relaxation mechanisms may be significant. For
example, the relaxation of the 27Al nucleus in the
solvate complex [Al(CH3CN)6]3+ and in anions
[AlClnBr4–n]− proceeds by means of the quadrupole
and scalar mechanisms.

Organoaluminium (III) and miscellaneous 
compounds

Various factors that influence the aluminium nuclear
shielding may be employed for specifying different

Table 3 27Al chemical shifts of some representative three-, four-, five- and six-coordinate aluminium compounds

bht = deprotonated 2,6-di-tert-butyl-4-phenol; Cp = C5H5; Cp* = C5Me5; thf = tetrahydrofuran; py = pyridine; py-Me = γ-picoline; acac
= acetylacetonate; hacet = deprotonated 2′-hydroxyacetophenone; lak = deprotonated ethyl lactate; amket = deprotonated 2 ′-ami-
noacetophenone; H3ppma = tris[4-(phenylphosphinato)-3-methyl-3-azabutyl]amine; dpa = deprotonated 2,2-dipyridylamine.

Compound δ 27Al Compound δ  27Al Compound δ  27Al

CN = 3
iBu3Al 276 tBu3Al 255 (mesityl)3Al 260
iBu2Al(bht) 196 iiBuAl(bht)2 109 Al(bht)3 3

Cp3Al 81.7 Cp2MeAl 72.7 Cp2Al(bht) –15

CN = 4
[Me3Al]2 153 Me3Al(thf) 182 Et4Al− 154

[Et3Al]2 152 Et3Al(py) 167 AlH4
− 103

[Me2AlH]3 159 Me2AlH(thf) 179 AlCl4
− 102

[Me2AlCl]2 180 Me2AlCl(pyrazole) 157 AlBr4
− 80

[Me2AlOMe]3 152 Me2Al(bht)(py) 134 AlI4
− –27

[Et2AlOEt]2 151 MeAl(bht)2(py) 72 AlBr2I2
− 37

[Et2AlNEt2]2 160 Al(Omesityl)3(py) 50 Al(OH)4
− 80

Me2Al(dpa) 151 [Cl2AlOEt]3 98 [(tBuO)3Al]2 48

Et2Al(acac) 140 Cp*3Al(thf) 151 [AlCl3]2 91

Cl2Al(acac) 88 Me(Cp*)AlCl]2 8.5 [AlBr3]2 75

(Ph3SiO)2Al(acac) 53 [Cp*AlCl2]2 –53 [AlI3]2 –11

CN = 5
Me2Al(hacet)(py-Me) 118 [Me2Al(lak)]2 114 MeAl(hacet)2 68

Me2Al(amket)(py-Me) 120 [Et2AlO(CH2)2NEt2]2 112 MeAl(amket)2 70

MeAl(hacet) 64 [Et(EtO)Al(hacet)]2 60 [Cl(EtO)Al(hacet)]2 60

CN = 6
Al(acac)3 0.0 [Al(acac)2(thf)2]+ 4 [Al(OH)6

3−] 0.0

Al(dpa)3 26 [Al(H3ppma)2]3+ –12.9 [AlF6]3
− –1.2

Al(maltolate)3 38 [Al(MeCN)6]3+ –33 [Al(NCS)6]3− −33.7

HETERONUCLEAR NMR APPLICATIONS (B, Al, Ga, In, Tl)



698 HETERONUCLEAR NMR APPLICATIONS (B, AL, GA, IN, TL)

organoaluminium species in solution. Thus, the
chemical shifts for the three-coordinate aluminium
compounds range from 260 to 0 ppm, and the elec-
tronic nature of the ligand determines the extent of
metal shielding. The majority of large chemical shift
resonances of large chemical shift are generally ex-
hibited by the coordinatively unsaturated three-coor-
dinate R3Al compounds (∼ 260 ppm). Successive
replacement of the alkyl substituent by a sterically
hindered aryloxide ligand leads to a progressive de-
crease in chemical shift of the 27Al resonance in
the series of three-coordinate monoaryloxide
(∼ 190 ppm), bisaryloxide (∼ 100 ppm) and trisary-
loxide (∼ 0 ppm) compounds. These phenomena can
be explained in terms of a π-interaction between the
aluminium empty p orbital and the aryloxide oxygen
lone pairs. The increasing number of strong electron-
egative aryloxide ligands attached to aluminium

probably enhances the π-acceptor strength of
aluminium and strengthens the Al–O π-bonding,
which leads to decreasing chemical shift. In the
corresponding four-coordinate Lewis acid–base
adducts, R3Al(L), the aluminium nucleus is signifi-
cantly shielded due to the new dative bond formed
and 27Al chemical shifts are substantially smaller
than that of the parent monomeric three-coordinate
compound. A similar behaviour results when the
alkyl groups in R3Al(L) are successively replaced by
aryloxide substituents, although in this case the ob-
served decrease in chemical shift is not as great as for
three-coordinate compounds. For the four-coordi-
nate AlX  anionic species, where X = H, R, halogen,
OH or OR, an appreciable increase in chemical shift
is observed for the tetraalkylaluminium anions and a
decrease is found for the AlI  anion. The δ 27Al val-
ues of AlX  generally follow the electronegativity of
X, and some discrepancies may be attributed to the
anisotropic contribution of various ligands because
no π-bonding is likely to take place in these anions.
These highly symmetrical species can be easily identi-
fied by their chemical shift and by the very sharp res-
onance.

Recently, extensive X-ray work has revealed a
large variety of solid-state structures of cyclopentadi-
enylaluminium compounds. In combination with the
X-ray data, 27Al NMR spectroscopy in solution pro-
vides information about the contribution of π-
bonding between aluminium and carbon centres. For
example, inspection of selected data for the three-
and four-coordinate cyclopentadienyl–aluminium
complexes collated in Table 3 shows that the shield-
ing effect is most pronounced for situations where
the aluminium centre, irrespective of its coordination
number, bears electronegative substituents. This is
consistent with the expectation that the electron-
withdrawing group should enhance π-bonding in
that Al–Cp interaction.

The δ 27Al values for an extensive series of the four-
coordinate R2Al(µ−X)2AlR2 compounds with alkox-
ide or amide bridging ligands fall in a very narrow
range of approximately 160–140 ppm. In the same
range are observed chemical shifts of a substantially
different class of compounds, the monomeric four-
coordinate dialkylaluminium chelate complexes
R2Al(X,Y), where X,Y = O,O′–, O,N′– or N,N′–
unsaturated bifunctional ligands with both unsatu-
rated bifunctional atoms involved in a π conjugated
bond system. However, a pronounced change in the
shielding of aluminium resulting from the replace-
ment of both R substituents in the R2Al(O,O′)-type
complexes by chloride or alkoxide ligands is reflected
by increased shielding of the 27Al resonance of
approximately 60 ppm or 110 ppm, respectively. A

Figure 2 Background signal (2) in the 27Al NMR spectrum of a
multinuclear probe head. (A) 27Al NMR spectrum of a 0.1 M solu-
tion of [Et2AlO(CH2)2NEt2]2. (B) Spectrum obtained with the test-
tube filled with solvent only. For resolution enhancement, the
same Lorentz–Gauss transformation was used in both cases be-
fore Fourier transformation. Reprinted with permission of Wiley-
VCH from Benn R and Rufinska A (1986) Angewandte Chemie,
International Edition in English 25: 861–881.
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unique shielding situation arises for the dialkylalu-
minium chelate derivatives of saturated ketone-func-
tionalized alcohols. This group of compounds exists
in solution as an equilibrium mixture of the four-
coordinate monomer R2Al(O,O′) and the five-coordi-
nate dimer [R2Al(O,O′)]2. The monomeric chelate
complexes have the 27Al shielding greater than those
of related dialkylaluminium complexes derived from
the unsaturated hydroxy carbonyl compound. This is
illustrated by complexes Me2Al(hacet) [6] and
Et2Al(acet) [7] (where hacet = deprotonated 2-
hydroxyacetophenone, acet = deprotonated 3-
hydroxy-2-butanone) and the corresponding chemi-
cal shift values. Furthermore, there is observed a
decreased shielding of the 27Al resonance with the
association of monomeric species to the five-coordi-
nate adduct which is opposite to the expected
coordination number effects, e.g. [7] (δ 122 ppm) and
[Et2Al(acet)]2 [8] (δ 131 ppm). The observed rela-
tively high shielding of aluminium in the four-
coordinate dialkylaluminium derivatives of saturated
ketone-functionalized alcohols was reasonably
explained by π-donation from the alkoxide-oxygen
lone-pair orbitals to the σ* antibonding orbital of the
dative bond between the aluminium atom and the
oxygen atom of the chelating carbonyl group. This
type of interaction is rather unlikely for the related

aluminium compounds with unsaturated chelating
ligands due to the involvement of oxygen lone pairs in
a chelate conjugated bond system. Thus 27Al NMR
spectroscopy may be diagnostic of another type of π-
interaction, i.e. π-bonding between the alkoxide
oxygen lone pairs and Al–X σ* antibonding orbitals
in four-coordinate aluminium alkoxides.

Simple monomeric five-coordinate aluminium
complexes are usually relatively unstable and/or
highly reactive (when not stabilized by multidentate
ligands) and 27Al NMR spectroscopy becomes a
powerful tool for the characterization of these
species in solution. The available δ 27Al data show
that the aluminium chemical shifts in the series of the
five-coordinate organoaluminium compounds varies
with the number of alkyl groups attached to alumin-
ium. The δ 27Al values of the five-coordinate dialky-
laluminium complexes span a relatively narrow
range of approximately 135–100 ppm, irrespective
of whether they occur as monomeric or dimeric moi-
eties, e.g. R2Al(O,O′)·L or [R2Al(O,O′)]2. The nature
of chelate ligands bonded to aluminium does not
affect significantly the 27Al chemical shift. Further-
more, for the dialkylaluminium chelate derivatives
of unsaturated hydroxy carbonyl compounds,
R2Al(O,O′), the observed shielding effect on the five-
coordinate adduct formation, R2Al(O,O′)·L, is
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approximately in the range of 40–15 ppm, e.g. the
shielding effect for the chelate complex [6] and its
adduct with γ-picoline [9] is 16 ppm. For the
monoalkylaluminium five-coordinate compounds,
an increase in shielding with respect to the dialkyla-
luminium derivatives is observed and their δ 27Al fall
in the range of 70–50 ppm (see for example
MeAl(hacet)2 [10]).

Al3+ species in solution

For years, 27Al NMR spectroscopy has been
extensively used to investigate the physical and
chemical properties of aluminium salts in polar
solvents with regard to solvation, ion pairing,
hydrolysis and complexation. These studies involve
mainly the octahedrally coordinated aluminium
species since the solvates of Al3+ are octahedral,
except where steric restrictions favour lower
coordinated complexes. A correlation between the
chemical shifts of aluminium hexasolvated complexes
and the donor number (DN) (empirical scale of Lewis
basicity) of the ligand has been observed, as might be
expected for a metal ion with a large charge density
whose chemical shift is dominated by the σpara term.
Al(III) solvation and ion pair [Al(H2O)nL6−n]3+

complexes can be readily studied. Quadrupole
broadening usually precludes the observation of
signals for geometrical isomers of these complexes.
The δ 27Al for certain Al3+ species is essentially
independent of solution concentration and solvent
composition. This indicates that the metal-ion
electronic environment and subsequent chemical shift
depend only on the composition of the principal
solvation shell, and are not influenced by long-range
outer-shell effects. For the octahedrally coordinated
aluminium species [Al(L1)6−n(L2)n]3+, when a L1

ligand is gradually replaced by a L2 ligand, the
induced shift is usually additive. Very often the ligand
exchange rate is slow enough to permit the
observation of several solvated species and the kinetic
and thermodynamic parameters may be determined.

27Al NMR investigations play an important role in
the control of the degree of hydrolysis and further of
the polymerization of the aqueous Al(III) solution.
Various aggregates give distinctive resonances of dif-
ferent AlO4, AlO5 and AlO6 moieties, e.g. species
such as the dimer [Al2(OH)2(H2O)8]4+ and the poly-
oxocation [AlO4Al12(OH)24(H2O)12]7+ were identi-
fied. 27Al NMR spectroscopy can be used to study the
characterization of Al3+ species in aqueous solution
over a wide range of concentration and pH. For
example, a conceptual basic drawback in the inter-
pretation of aluminium toxicological data lies to a
great extent in the ill-defined nature of the

aluminium species administered at physiological pH
and in the absence of strongly complexing agents.
Hence, there are numerous applications of 27Al NMR
measurements to probe biological processes, e.g. 27Al
NMR is a useful probe for the Al(III)–phosphate
system and in this respect studies of aqueous solu-
tions of Al(III) salts with biologically relevant phos-
phates were carried out.

Aluminium(I) compounds

Monovalent aluminium compounds have been syn-
thesized and characterized during the last decade. The
calculated δ 27Al for the Al(I) compounds cover a rel-
atively large range, over 1000 ppm, and indicate that
the shift depends strongly on the nature of the bonded
ligand. There are only a few experimental data. For
example, the chemical shift for AlCl in toluene–ether
solution is 35 ppm and for the tetramer [Cp*Al]4 and
the monomer Cp*Al (Cp* = C5Me5 in benzene the
corresponding values are −80 ppm and −150 ppm, re-
spectively. The observed line widths for the Al(I) com-
pounds range from 100 to 1800 Hz.

Solid-state 27Al MAS NMR

The increasing popularity of 27Al NMR is strongly
connected with high-resolution magic angle spinning
(MAS) solid-state NMR, which allows investigation
of polycrystalline and amorphous materials, which
are of great practical importance. Understanding the
structure of these materials is fundamental to many
problems in materials science. High-resolution solid-
state NMR is particularly valuable in quantifying the
extent and nature of disorder. Another reason for
the interest in solid-state studies is that the fluxional
behaviour is often frozen out and consequently the
NMR results are more amenable to correlation with
X-ray studies, and these studies can act as a bridge
between the crystal and solution structures. For ex-
ample, 27Al MAS NMR spectra have been extensive-
ly used to inspect the structural character of the
aluminium species in zeolites. One of the most im-
portant applications yields the state of aluminium,
shows the transformation of the zeolite symmetry,
and yields access to the chemical status of the extra-
framework aluminium species after stream treatment
of zeolites. 27Al MAS NMR is one of the main tech-
niques for investigating cement, glasses, sol-gel pre-
cursors of the zeolites and other ceramic materials.
Simple MAS spectra are usually limited by the low
resolution generally caused by second-order broad-
ening, and special techniques such as double rotation
or two-dimensional MAS may be used to enhance
the resolution.
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71Ga NMR spectroscopy

71Ga NMR spectroscopic studies are much less com-
mon due to the characteristically broad resonances,
associated with the large quadrupole moment, and
low receptivity, and partly because Ga chemistry has
attracted much less attention than that of B or Al.
The chemical shifts are referred to [Ga(H2O)6]3+.
71Ga NMR data are rather scant and at present no
meaningful conclusion with respect to the structure
of gallium compounds in solution could be drawn
from an interpretation of the chemical shift values.
However, in view of the significant structural simi-
larity of analogous gallium and aluminium com-
pounds it is reasonable to expect that the general
observation concerning the correlation between 27Al
shifts and the structure of aluminium species may be
transferred to gallium. Table 4 presents the 71Ga
chemical shifts for some gallium compounds.

71Ga NMR spectroscopic studies have been used
in the considerable research of the chemical nature
of gallium(III) hydrolysis species. For example, it
was found that the base hydrolysis of gallium(III)
salt solutions led to the [GaO4Ga12(OH)24(H2O)12]7+

polyoxocation. However, much less of this species is
formed than in the case of aluminium. Furthermore,
71Ga NMR spectroscopy can be used to study the
structure and stability of gallium complexes. The
clinical use of 67Ga as a radioactive tracer in tumour
scanning and the inhibition of cellular incorporation
in vivo by citrate, phosphate and other chelating
agents served as the impetus for these studies. For
example, in order to provide complexes with poten-
tially greater in vivo stability with respect to acid-
catalysed dissociation, model complexation studies
with amino phosphonic acids have been carried out.
It was found that the tripodal amino phosphinato
ligand, tris[4-(phenylphosphinato)-3-methyl-3-aza-
butyl]amine (H3ppma), forms stable complexes of
octahedral geometry at extremely low pH, a regime
in which potentiometry is of no use for studying the
solution chemistry. Other methods were sought to
determine the stability constants, with NMR spec-
troscopy proving to be the only suitable tool. The

highly symmetric environment around the metal
centre in [Ga(H3ppma)2]3+ produces a low electric
field gradient at the gallium nucleus, leading to an
unusually narrow line (50 Hz) in the 71Ga NMR
spectrum. The narrow resonances made the complex
amenable to stability constant studies via a combina-
tion of 71Ga and 31P NMR spectroscopies as illus-
trated in Figure 3. The chemical shifts observed for
the gallium complexes are indicative of octahedral
geometries. The gradual disappearance of the reso-
nance for [Ga(H2O)6]3+ (Ga) with the concomitant
growth of the resonance for [Ga(H3ppma)2]3+ (GaL2)
is evident as R is increased (concentration ratio
R = [H3ppma]/[Ga3+]). The [Ga(H3ppma) (H2O)3]3+

species (GaL) is barely observable as an insignificant
broad resonance and is only seen when R is small.
The relative intensities of the gallium resonances cor-
relate with their respective 31P NMR spectra. The
latter consist of three major resonances correspond-
ing to the two diasteroisomers of GaL2 and to the
free ligand L, respectively. The formation constant of
the GaL2 complex was determined from the integra-
tion of the 71Ga and 31P NMR spectra.

The +1 oxidation state of gallium represents a rel-
atively unexplored area. There are only a few availa-
ble data. For example, the 71Ga chemical shift for
benzene solutions of GaAlX4 compounds shows a
considerable dependence on the type of AlX  anion
and a decreased shielding of about 130 ppm was
observed: from −680 ppm (AlCl ) and −635 ppm
(AlBr ) to −552 ppm (AlI ). The 71Ga chemical shifts
of GaAlX4 were found to be solvent- and tempera-
ture-dependent. The observed line widths for the
Ga(I) species are in the range of 80–1200 Hz.

115In NMR spectroscopy

The first NMR measurements of In(III) salts in aque-
ous solution were reported in the 1950s. However,
115In has a relatively large quadrupole moment
which reduces its observability. 115In NMR studies
of indium complexes in solids or melts of indium
metals, alloys and salts have been carried out.
Relatively few experimental results are available in

Table 4 71Ga chemical shifts of selected gallium compounds

dmf = dimethylformamide.

Compound δ 71Ga Compound δ 71Ga Compound δ 71Ga

[Me3Ga]2 720 Me3Ga(OEt2) 560 GaH 682

[Me2GaCl]2 355 Me3Ga(NMe3) 430 Ga(OH) 192

[MeGaCl2]2 295 Me3Ga(SMe2) 365 GaCl 250

[GaCl3]2 221 [Me2GaOMe]2 340 GaBr 69

[GaBr3]2 40 GaBr3(OEt2) 125 GaI –27

[Ga(MeCN)6]3+ −76 [Ga(dmf)6]3+) −25 [Ga(H2O)6]3+ 0
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solution. The adopted reference of chemical shift is
[In(H2O)6]3+ and the reported line widths even for
this symmetrical species are in the range of 1500–
2000 Hz. For example, 115In NMR studies of indium
halide complex formation in an aqueous solvent
mixture have been carried out. The chemical shifts
were used along with the line width to elucidate the
chemical equilibria and the exchange processes of
indium halide complexes in HCl, HBr and HI aque-
ous solution and in water–acetone mixtures. The
115In chemical shifts in the series of four-coordinate
InX  ions are 420 ppm (InCl ), 180 ppm (InBr ) and
−440 ppm (InI ) and follow a trend similar to that
found for the analogous Al and Ga species. Further-
more, δ 115In for [In(H3ppma)2]3+ in CD3OD solution
is −14.6 ppm. The relaxation rates of the 115In nucle-
us were obtained for In(ClO4)3 in aqueous HClO4,
i.e. spin–lattice and spin–spin relaxation times of
0.33 ms and 0.24 ms, respectively.

205Tl NMR spectroscopy
205Tl is among the most sensitive NMR nuclides
and was investigated quite early on. The first liq-
uid- and solid-state spectra for thallium were meas-
ured in 1953. The resonance frequency of 205Tl
demanded a single-frequency tuned probe, except
for new probe designs at lower fields. Thallium
provides significant contrast from the lighter Group

13 elements both in terms of nuclear properties (see
Table 1) and chemical behaviour. For thallium the
+1 oxidation state is normally the more stable, an
exception among the Group 13 elements, where the
+3 oxidation state dominates. 205Tl is the fourth
most receptive spin-  nuclide. The sensitivity of the
NMR parameters, such as chemical shift, the spin–
spin coupling constant and the relaxation time, to
the changes in the chemical environment of the
thallium nucleus is more pronounced than is that of
the lighter Group 13 nuclei; this is quite reasonable
in view of the greater polarizability of the sixth-row
elements. Therefore, 205Tl NMR spectroscopy is
quite useful for investigating such phenomena as
ion-pairing, solvent–solute interactions, phase
changes, long-range substituent effects and binding
constants.

The chemical shift ranges are approximately
3400 ppm for Tl(I) and 5000 ppm for Tl(III) com-
pounds. The lower oxidation state 205Tl is apprecia-
bly shielded. The 205Tl chemical shift is highly
sensitive to the anion, solvent, concentration, phase
change, substituents and temperature effects. For
example, the chemical shift of the 205Tl(I) ion
increased by about 2000 ppm as the solvent changed
from water to liquid ammonia, and that of TlCl
increased by 925 ppm from the melt to the solid. The
anion- and concentration-dependent shifts are in the
range of 10–100 ppm. The coupling constants involv-
ing the 205Tl nucleus are usually large and vary signif-
icantly with changes in the physical and chemical
environments. For example, 1JTlC is nearly 6000 Hz
for CH3TlX salts and 2JTlH ranges from –187 Hz to
–1120 Hz for different organothallium(III) com-
pounds. Only a few coupling constants have been
observed for Tl(I) compounds due to the highly ionic
nature of these complexes.

Tl(I) species in solution

205Tl NMR has been used to determine ion-pair for-
mation constants and the thermodynamic parame-
ters of ion-pairing processes for Tl(I) salts in a
number of solvents. The values of ion-pair formation
constants have been found to be dependent on the
dielectric constant of the solvent. A correlation be-
tween the 205Tl chemical shift and the DN of the sol-
vent has been indicated: the more basic the solvent,
the lower the shielding of the Tl+ ion. There have
also been numerous studies of the preferential solva-
tion of the Tl+ ion in mixed solvent systems. The rel-
ative solvating abilities were analysed in terms of
solvent donor–acceptor properties and the solvent
DN was found to be most important in the
preferential solvation.

Figure 3 71Ga (65.7 MHz) (left) and 31P (121.0 MHz) (right)
NMR spectra for the stability constant study of the Ga(III)–
H3ppma system (R = [H3ppma]/[Ga3+]). Reprinted with permis-
sion of the American Chemical Society from Lowe MP, Rettig SJ
and Orvig C (1996) Journal of the American Chemical Society
118: 10446–10456.
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An important recent application is the use of 205Tl
NMR measurements to probe biological processes in
which Tl+ replaces alkali cations; the Tl+ ion has an
ionic radius of 1.40 Å and in terms of size is close to
K+. 205Tl NMR has been useful in the study of a wide
range of the Tl(I) complexes with synthetic and bio-
logical ionophores. The mode of complexation may
be indicated by the solvent effect. For example, the
chemical shifts of the cryptate complexes of the Tl+

ion are usually independent of solvent, while those
of the various Tl(I)–crown complexes are very
solvent dependent. The latter reflect the open axial
position of the Tl(I)–crown, where the solvent and
anion interaction with the complexed ion occurs. A
series of the Tl(I)–antibiotics complexes has been
characterized by the 205Tl chemical shift and the
spin–lattice relaxation. The trend in chemical shifts
reflected the diversity of the ligand used to bind the
Tl+ ion. On the other hand, the magnitude of the
chemical shift anisotropy was diagnostic of the sym-
metry of the Tl+ binding site, and the magnitude of
the dipolar contribution to the spin–lattice relaxa-
tion indicated the proximity of hydrogen atoms.
Hence, 205Tl NMR shows great promise as a probe
of the nature of metal binding sites.

Much effort has been expended in studying the
relaxation behaviour of the 205Tl+ ion in solution and
has found application in the study of enzyme struc-
ture. The spin–lattice relaxation time of the Tl(I) was
found to be very sensitive to environmental effects.
For example, the 205Tl+ spin–lattice longitudinal
relaxation times T1 were found to vary by over one
order of magnitude for the solvent series, ranging
from 1.8 s in water to 0.08 s in n-butylamine. The
relaxation time of the Tl(I) ion aqueous solution was
independent of concentration, and spin–rotation was
found to be the dominant relaxation mechanism. In
nonaqueous solution ion pairing becomes important
and the longitudinal relaxation time of the Tl+ ion is
dominated by the chemical shift anisotropy mecha-
nism. Furthermore, in the case of Tl+ complexes with
antibiotics, the longitudinal relaxation time is deter-
mined by the contribution from spin rotation, dipo-
lar, and chemical anisotropy shift mechanisms. A
strong influence of dissolved dioxygen on the 205Tl+

relaxation rate has also been found. Therefore, it is
advisable to use a degassed solution before attempt-
ing relaxation measurements.

Organothallium(III) and miscellaneous compounds

The 205Tl chemical shifts of organothallium(III) com-
pounds cover a range of over 2000 ppm and they dis-
play solvent dependence, although not as striking as
that for Tl(I). Solvent basicity and ion pairing
contribute to the solvent dependence. The

dependence of the 205Tl chemical shift of Me2TlX salts
upon solvent, concentration, X anion and tempera-
ture has been studied. The latter factor was found to
affect the chemical shifts the most. Substituent chang-
es produce large chemical shifts, for example the dif-
ference in chemical shift between Me3Tl and Et3Tl is
130 ppm. The relaxation behaviour of 205Tl(III) has
been investigated for Me2Tl+ in solution as a function
of temperature and magnetic field strength and the
dominant relaxation mechanism was found to be
chemical shift anisotropy.

List of symbols

I = spin; J = coupling constant; Pu = elements of the
bond-order charge-density matrix (expresses popula-
tion of the np orbitals and a p-electron ‘imbalance’
about the nucleus in question); r = radius of the va-
lence p orbitals (r−3 is usually called the orbital ex-
pansion term); δ = chemical shift; ∆E = average
electronic excitation energy; σ = nuclear screening
constant; σpara and σdia = local paramagnetic and di-
amagnetic, respectively, contributions to the nuclear
screening constant.

See also: NMR Relaxation Rates; NMR Spectro-
meters;  Parameters in NMR Spectroscopy, Theory
of; Relaxometers; Solid State NMR Using Quadrupo-
lar Nuclei; Solid State NMR, Methods.
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Heteronuclear NMR Applications (Ge, Sn, Pb)
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Group 14 of the periodic table is surely one of the
most interesting for the NMR spectroscopist. With
the exception of germanium, all the other members
have favourable NMR properties: tin, silicon and lead
have at least one spin  isotope of good sensitivity.

Silicon and tin have been studied extensively, and
several applications have been found in chemistry.
Only few reports are available on germanium, which
has only one magnetic isotope, 73Ge, characterized
by a relatively large quadrupole moment; this has
limited the number of compounds studied, and only
a little more data is available on lead. There is a size-
able literature on tin, beginning with the first investi-
gation in 1961. For example, there has been
extensive compilation of solution and solid-state
119Sn chemical shifts and coupling constants, mainly
in organometallic chemistry. These data are often
useful in the determination of molecular structures,
not only of small molecules but also of polymeric
and cluster compounds. In particular, solution data
are the main tools for gaining information on the
progress of a selected reaction, on the existence of
donor–acceptors and/or solute–solvent interactions,
of dissociation or autoassociation, and of intramo-
lecular coordination.

Moreover in the last few years, one-dimensional
(1D) and two-dimensional (2D) proton detected het-
eronuclear correlation NMR techniques involving
119Sn and 207Pb nuclei have been used for applica-
tions in organometallic NMR. In particular, the
development of organometallic chemistry has been
affected markedly by the ever-increasing capabilities
of NMR instruments. Prominent NMR parameters
such as chemical shifts, coupling constants and
relaxation times have also been exploited to gain

information on organo-E (E = Ge, Sn, Pb) com-
pounds not readily available by other methods.

Properties of the nuclei

The nuclear properties are summarized in Table 1.
Germanium possesses only one magnetic isotope,

73Ge, with spin . This nucleus shows a combination
of properties unfavourable to magnetic resonance
studies, so that only a limited range of molecules can
be studied: the natural abundance is 7.76%, the gy-
romagnetic ratio is very small (γ = −0.9332 × 107 rad
T−1 s−1), and the nuclear quadrupole is moderately
large. The sensitivity with respect to 1H at natural
abundance and constant field is 1.08 × 10−4. Since
quadrupolar relaxation dominates, dipole–dipole
relaxation and nuclear Overhauser effects (NOE) are
not important and unsymmetric germanium com-
pounds often give very broad 73Ge NMR signals.

Tin possesses three magnetically active tin isotopes
with spin I =  (115Sn, 117Sn, 119Sn). Two of them, 117Sn
(7.51%) and 119Sn (8.58%), have an appreciable nat-
ural abundance and receptivities ∼ 20 and 25 times
greater, respectively, than that of 13C. The low natu-
ral abundance makes the 115Sn resonance unfavoura-
ble. The basic resonance frequencies for 115Sn, 117Sn,
and 119Sn are 98.16, 106.90, and 111.87 MHz on a
spectrometer that operates at a field strength of 7.05
T with 1H NMR at 300 MHz.

In tin NMR experiments, the negative gyromag-
netic ratio can lead to disadvantageous NOE behav-
iour, which can be suppressed by inverse gated
decoupling or by using relaxation rate enhancement
additives. This problem is not present in the NMR of
lead compounds: in fact 207Pb, the only lead isotope

Table 1 NMR propertiesa of magnetic isotopes of germanium, tin and lead

a NA is the natural abundance (%); RH and RC are the receptivities relative to that of 1H and 13C, respectively; γ is the gyromagnetic
ratio; Ξ is the resonance frequency for the reference compound (Me)4E (E = Ge, Sn or Pb) in a magnetic field for which (Me)4Si has
a proton resonance of 100 MHz; Q is the electric quadrupole moment.

b Varies with sources.

Nucleus Spin NA(%) RH R C γ
(107 rad T–1 s–1)

Ξ
(MHz)

Q
(10– 28 m2)

73Ge 7.76 1.08 × 10–4 0.622 –0.9332 3.488 315 –0.17
115Sn � 0.35 1.24 × 10–4 0.705 –8.792 32.718 780 –
117Sn � 7.51 3.49 × 10–3 19.8 –9.578 35.632 295 –
119Sn � 8.58 4.51 × 10–3 25.6 –10.021 37.290 662 –
207Pb � 22.6b 2.1 × 10–3 11.9 5.6264 20.920 597 –
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with spin (the natural abundance is ∼ 22% and the
sensitivity to detection is 0.09% of that of the pro-
ton), has a positive gyromagnetic ratio. The
maximum 207Pb-{1H} nuclear Overhauser effect is
350%.

Experimental aspects

Samples for solution studies are prepared in the same
manner as for 1H NMR spectroscopy. In most of the
experiments, the standard reference compound is the
tetramethyl-E (E = Ge, Sn, Pb) derivative, although
sometimes GeCl4 and SnCl4 are used as references in
73Ge and 119Sn NMR spectra, respectively. The
tetramethyl-E compound can be used externally;
however, on modern NMR spectrometers it is gener-
ally preferable to use a known absolute frequency.

There are great difficulties in determining the
chemical shifts of 73Ge nuclei by direct observation
owing to its low natural abundance and receptivity
and large quadrupole moment. Coupling to 73Ge is
rarely reported; however, if appreciable 1H–73Ge cou-
pling is present, the observation of 73Ge resonances
can be achieved by heteronuclear double-resonance
experiments. Special pulse sequences such as INEPT
(insensitive nuclei enhancement by polarization trans-
fer) which effect nuclear spin polarization transfer
from nuclei of high gyromagnetic ratio (γ), usually
1H, to nuclei of small γ, and allow dramatic increases
in signal-to-noise ratio and corresponding decreases
of spectral accumulation time, have been used in the
study of simple symmetrical molecules.

The 119Sn nucleus is generally preferred in tin
NMR experiments because of its greater natural
receptivity. 119Sn chemical information is obtained
from 1D 119Sn NMR and nJ(119Sn, 1H), nJ(119Sn, 13C)
and nJ (119Sn, 117/119Sn) coupling, or by using the 1H-
{119Sn} heteronuclear double magnetic resonance
(HDMR) method, polarization transfer techniques
such as INEPT and DEPT (distortionless
enhancement polarization transfer), or proton-
detected heteronuclear 1H-{119Sn} correlation
techniques such as HQMC (heteronuclear multiple-
quantum coherence). HQMC NMR spectroscopy
can be easily applied to the structure elucidation of
organotin compounds, while in those containing at
least a single Sn–N bond it is possible to measure very
efficiently the J(119Sn, 15N) coupling constant from
15N satellites in 119Sn NMR spectra by application of
the Hahn-echo extended (HEED) INEPT experiment.

The magnitude and sign of nJ(119Sn,X) and
nJ(207Pb,X) coupling constants are fundamental req-
uisites for interpreting the bonding and structure in
tin and lead compounds. Relative signs of the
coupling constants can be obtained efficiently from

2D heteronuclear shift correlation (HETCOR)
experiments. This method is helpful also in deter-
mining small long-range coupling constants (e.g.
4J(117/119Sn,1H)), which are normally not resolved in
1D 1H NMR spectra.

In order to obtain highly resolved, selective solid-
state information, in recent years much work has
been done on solid-state 119Sn and 207Pb NMR using
magic angle spinning (MAS) and cross-polarization
(CP) methods.

Chemical shifts

In agreement with Ramsey’s theory, the variation of
the ‘paramagnetic term’ σp is the dominating factor
in the nuclear screening (Eqn [1]) for all three ele-
ments, i.e. germanium, tin and lead.  

In Equation [1] σd is the diamagnetic contribution to
shielding; σn includes all diamagnetic and paramag-
netic nonlocal contributions; and σp is a function of
at least three factors: the effective nuclear charge, the
p and d electron imbalance term, and the average
excitation energies; σp and σd may be calculated in
principle for a given system, but the theory has not
yet been developed, so that this model may be ap-
plied with success only when calculating the differ-
ence in shielding in closely related compounds,
whereas for heavy-atom substituents σp does not
reflect the influence of nearest neighbours.

Germanium, tin and lead chemical shifts cover a
very large range if inorganic and organometallic
compounds are examined: more than 1200 ppm for
73Ge, 5000 ppm for 119Sn, and 12 000 ppm for 207Pb.
Tables 2, 3 and 4 exhibit selected 73Ge, 119Sn and
207Pb data, all referred to (Me)4E (E = Ge, Sn or Pb),
a negative sign indicating a higher shielding or a shift
to lower frequencies.

Isotope effects

In the case of tin, the primary isotope effect (depend-
ence of the screening upon the type of nuclide of tin
investigated) should be considered. The chemical
shift difference [δ(119Sn) − δ(117Sn)] has been meas-
ured for a number of organotin compounds in non-
coordinating solvents, and in most cases the primary
isotope effect is negligibly low. Secondary isotope
effects are more important: for example, 119Sn chem-
ical shifts have been measured for Me2SnH2,
Me2SnHD and Me2SnD2 and a shift of ~1 ppm to
lower frequencies has been observed when one H is
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replaced by one D. The largest isotopic effect has
been observed with the [SnH3]− anion, where the
119Sn chemical shift moves by 9.84 ppm on perdeu-
teration. The isotopic effects in the case of germani-
um and lead compounds have not been widely
studied: however, it has been found that they are
generally greater for 207Pb and less for 73Ge with re-
spect to 119Sn.

Solvent and temperature dependence of tin, 
germanium and lead chemical shifts

Tin, germanium and lead chemical shifts are not very
sensitive to temperature in the absence of chemical
changes (e.g. autoassociation, dissociation, change in
coordination number of the atom of the nucleus
examined). Sometimes variations in conformational
populations and electrostatic solvent–solute interac-
tions can produce appreciable effects, and it has been
found, for example, that shielding of the 119Sn
nucleus generally increases roughly linearly with
increasing temperature. Analogously, change in sol-
vent, in the absence of solvent–solute chemical inter-
actions, autoassociation or dissociation affects the
tin, germanium and lead chemical shifts only slightly
with respect to their chemical shift ranges.

Coordination number dependence of tin, 
germanium and lead chemical shifts

Taking into account that relevant excitation energies
are fairly constant, the paramagnetic term σp, which
represents the imbalance of charge, could be related
to local symmetry. It has been established that an

increase in coordination number produces a signifi-
cant increase in the shielding of Sn(IV) and Pb(IV).

Germanium(IV) compounds have been less studied
in this regard; however, they seem to show the same
behaviour. For example the GeCl4-2,2′-bipyridine
adduct [1] containing a hexacoordinate germanium
has δ(73Ge) ~340 ppm upfield shifted with respect to
the four-coordinate compound GeCl4.

The knowledge of δ(119Sn) chemical shifts is very
important for predicting the geometry of coordina-
tion polyhedra of tin compounds in solution. In the
case of tetravalent tin compounds, an increase in tin
coordination number from four to five corresponds
to an increase in tin shielding by ~150–200 ppm.
Similar increases are generally associated with six and
seven coordination. The δ(119Sn) for PhSn(edtc)2Br
[2], a hexacoordinate pseudooctahedral tin complex,
is −704.1 ppm, whereas δ(119Sn) for PhSn(edtc)3 [3]
in which the central Sn has coordination number
seven and the shape is distorted pentagonal bipyra-
midal is −806.5 ppm.

The 119Sn chemical shift also provides effective
means of studying covalent solute–solvent interac-
tion, autoassociation, dissociation, and intramolecu-
lar coordination. For example, the 119Sn chemical
shift is nearly concentration independent when
tin(IV) and organotin compounds such as Me2SnCl2

Table 2 Selected 73Ge NMR chemical shifts in ppm relative to
Me4Ge

Compound δ(ppm) Compound δ(ppm)

Me4Ge 0 Ge(CH=CH2)4 −58.7

Et4Ge 17.3 Me3Ge(CH=CH2) −15.6

Ph4Ge −31.6 Me2Ge(CH=CH2)2 −30.6

GeH4 −283.7 MeGe(CH=CH2)3 −44.9

EtGeH3 −186.4 Ge(C≡CH)4 −173

Et2GeH2 −88.4 MeGe(C≡CH)3 −118

Et3GeH −15.7 Me2Ge(C≡CH)2 −77

GeCl4 30.9 Me3Ge(C≡CH) −34

GeBr4 −311.3 Ge(OMe)4 −37.8

GeI4 −1081.8 Ge(OEt)4 −43.9

GeCl3Br −47.8 Ge(OPr)4 −49.7

GeCl2Br2 −131.3 Ge(OCH2CF3)4 −48.1

GeClBr3 −219.4 Germacyclohexane −131.2

GeCl4(Bipy) −313.7 1-Me-Germacyclohexane −65.3

GeCl4(phen) −319.4 1-Ph-Germacyclohexane −69.4

[Ge(NCS)6]2− −442.5 Ge(NCS)4(Bipy) −351.8
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Table 3 Selected 119Sn NMR chemical shifts in ppm relative to Me4Sn

Table 4 Selected 207Pb NMR chemical shifts in ppm relative to Me4Pb

Vi = vinyl.

Compound δ(ppm) Notes Compound δ(ppm) Notes

Me4Sn 0 Neat liquid Me3SnCl +168.9 5% in CH2Cl2

(CD3)4Sn +2.6 Neat liquid Me3SnBr +128.0 Benzene

Et4Sn +1.4 20% in CCl4 Me3SnI + 38.6 3–20% toluene

Pri
4Sn −43.9 Neat liquid Ph3SnCl  − 44.7 CDCl3

Ph4Sn –137 ± 2 30% in C2H3Cl3 Ph2SnCl2  −32 CH2Cl2

Me3SnEt +3.0 CCl4 Me2SnCl2 +137 30% in CH2Cl2

(Me3Sn)4C +49.8 C6D6 (Me3Sn)3P  +36.3 65% in benzene

Me3SnPh −28.6 20% CH2Cl2 [(Cl3Sn)5Pt]  −142.0 Acetone-d6

Me3Sn(C≡CH) −68.1 CH2Cl2 Ph3SnOH −86 CH2Cl2

Me3SnC≡CH-Ph −69.0 CDCl3 Me3SnOH  +11.8 Saturated CH2Cl2

Et3SnCH=CH2 −42.0 50% CCl4 MeSnH3 −346 60% in toluene

Me3SnPh −30 Neat liquid Me2SnH2 −229 Neat liquid

Me2SnPh2 −60 Neat liquid Me3SnH −104.5 Benzene

MeSnPh3 −98 CH2Cl2 Ph3SnH −148 Neat liquid

SnCl4 −150 Neat liquid MeSnCl3⋅2DMSO −457 Saturated DMSO

SnBr4 −638 Neat liquid Me2SnCl2⋅2DMSO −246 Saturated DMSO

SnI4 −1701 CS2 Me3SnCl⋅DMSO  −86 Saturated CH2Cl2

SnCl3Br −265 1:1M SnBr4/SnCl4 SnCl2 −388 In 12 M HCl

SnCl2Br2 −387 1:1M SnBr4/SnCl4 Cp2Sn −2199 ± 10 C6H12

SnClBr3 −509 1:1M SnBr4/SnCl4 Me3SnOMe +120.9 Benzene

MeSnCl3  +18.7 Saturated benzene Me2Sn(OMe)2 −126.3 Benzene

PhSnCl3 −64 CDCl3 MeSn(OBui)3 −452.0 50% in mesitylene

(Me3Sn)2NMe +81 20% C6D6 Me3SnNMe2   +75.5 10% in benzene

Compound δ(ppm) Notes Compound δ(ppm) Notes

Me4Pb 0 Containing 15% toluene Me3PbCl +432 Saturated in CH2Cl2

Et4Pb +73.3 Neat liquid Me3PbBr +367 Saturated in CH2Cl2

Vi4Pb −251 Neat liquid Me3PbI  +203.6 10% in CH2Cl2

Me3Pb(NMePh) +226 10% in C6D6 Me3ViPb −65.3 Neat liquid

Me3Pb(SnMe3) −324 Saturated in C6D6 Me3(SMe)Pb +214 Neat liquid

Ph3PbGePh3 −271.5 CDCl3 Ph3PbSnPh3 −256.5 CDCl3

Me3(Pri)Pb  62 Saturated CDCl3 Me2PbCl2 −222 DMSO

Et3Pb(O2CMe) 317 CDCl3 (CH2CMe3)3Pb +336 Saturated CH2Cl2

Et2Pb(O2CMe)2 −441 CDCl3 [Pb(CH2CMe3)3]2 −237 Saturated CH2Cl2

Pb(O2CMe)4 −1869 – Ph3Pb(O2CMe) −93 –

PbCl2 −4750 Solid Pb(NO3)2 −2961.2 1.0 M in H2O

PbO2 +4550 ± 30 Powder, 98% pure Pb(ClO4)2 −2950 In H2O

Pb9
4− −4152 Naked anion cluster Me3PbPbMe3 −281 Saturated in C6H6

Pb2Ph6 −79.8 Saturated CDCl3 Pb(2-naphthyl)6 −74.6 CDCl3
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are dissolved in noncoordinating solvents such as
chloroform or benzene (Figure 1). On the other
hand, when Me2SnCl2 is dissolved in various donor
solvents such as acetonitrile, pyridine and dimethyl
sulfoxide, the chemical shift shows dependence on
the concentration.

The magnitude of the chemical shift can permit
determination of association constants between the
tin compound and the solvent. For example, forma-
tion of a 1:1 complex of trimethyltin chloride in
dimethyl sulfoxide may be written as in Equation
[2].

Figure 1 119Sn NMR spectra of Me2SnCl2 in chloroform, benzene, acetone, methanol, dimethyl sulfoxide and acetonitrile (concen-
tration ~ 40 mg mL−1).

HETERONUCLEAR NMR APPLICATIONS (Ge, Sn, Pb)
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The equilibrium constant can be calculated from the
concentration dependence found for 119Sn chemical
shifts (Eqn [3]): 

where δo is the 119Sn chemical shift for Bun
3SnCl, δc is

the 119Sn chemical shift for the Bun
3Sn(DMSO)Cl,

and C is the molar fraction of Bun
3SnCl.

This type of behaviour is also displayed by lead
and organolead compounds; the changes in δ(207Pb)
are generally larger than changes in δ(119Sn): for
example, the 207Pb chemical shift for derivative
Pb(Ph)2(O2CMe)2 is −688 ppm in CHCl3 and −859
ppm in pyridine.

Organotin(IV) thiolates show a low tendency to
form complexes with molecules of coordinating
solvent. However, it has been observed that although
the δ(119Sn) for the organotin(IV) thiolate compound
Bun

3Sn[S(1-C10H7)] [4] is concentration independent
in noncoordinating solvent, the variation of δ(119Sn)
with temperature in pyridine(Py) is at first a sigmoidal
curve which is typical of the equilibrium (Eqn [4]).

In several organometal derivatives, changes in
the coordination number can arise from self-
association, as in the case of organotin alkoxides.
This self-association depends on steric and elect-
ronic effects and it can be studied with 119Sn NMR.
Several R4–nSn(OR′)n compounds exhibit values of
chemical shifts suggesting self-association as neat
liquid or in noncoordinating solvents. For example,
butyltin(IV) trialkoxides with an unbranched alkoxy

group (such as BuSn(OMe)3, [5], are six-coordinate
at room temperature, the association presumably
involving octahedral structures with both bridging
and nonbridging alkoxy oxygen atom. Isopropoxy
groups on tin, for example in [6], increase the steric
effect and inhibit six-coordination. At room
temperature, the chemical shift is typical of an
essentially five-coordinate situation.

Effective nuclear charge and presence of 
low-lying excited states

Electronegative substituents generally lead to higher-
frequency germanium, tin and lead chemical shifts.
The effect of ligand electronegativity can be illustrat-
ed by the changes of 119Sn chemical shifts along the
series RnSnCl4–n (R = alkyl or aryl) as the value of the
n changes from 2 to 0 (Figure 2A). However, the
plot of the δ(119Sn) for the compounds RnSnCl4−n

(R = alkyl or aryl; n = 0, 1, 2, 3 or 4) in Figure 2B,
indicates clearly that there are no obvious general re-
lationships between δ(119Sn) and the ligand electron-
egativity. The U-shape trend is usually attributed to
change in the paramagnetic term due to p electron
imbalance, generally maximum at n = 2.

The 73Ge chemical shift of GeCl4, GeBr4, GeI4 and
the mixed tetrahalogermanes is not a linear function
of halogen coordination but is consistent with the
pattern of nuclear shielding established for halogens
bonded to main-group elements: as expected, the
nuclear shielding increases in the order Cl < Br < I.

The 119Sn and 207Pb chemical shifts follow the
same trend shown by 73Ge, but the larger lead and
tin shift range allows a clearer distinction between
closely related species (Figure 3).

In a series of methylvinylgermanes, the 73Ge chem-
ical shifts were compared with those of the corre-
sponding methylvinylsilanes, and the correlation
δ(73Ge) = 1.96 δ(29Si) + 2.37 was found. It has been
observed that the magnitude of the chemical shift
cannot be simply attributed to the electron densities,
but relative contributions of the diamagnetic and
paramagnetic terms to the 73Ge chemical shift should
be considered.

HETERONUCLEAR NMR APPLICATIONS (Ge, Sn, Pb)
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From a comparison between ethylvinylgermanes
and ethynylstannanes, a similar linear correlation
δ(73Ge) = 0.481 δ(119Sn) − 0.892 was obtained.

Several studies have been made to evaluate the
effects of the paramagnetic circulation of charge: in
the monomeric bis[N,N-bis(trimethylsilyl)amino]-
tin(II) compound [7], it has been found that circula-
tion of charge from the trigonal plane into the unde-
roccupied tin pπ orbitals deshields the tin atoms and
produces a strong high-frequency shift (+776 ppm in
C6D6) of the 119Sn resonance. On the other hand, MO
calculations indicate in monomeric tin(II) compounds
such as stannocene, (C5H5)2Sn [8], a highly shielded
tin atom (−2199 ppm in C6H12) as a consequence of

an inefficient paramagnetic charge circulation due to
the high LUMO energy of this molecule.

When tin is bonded to transition metals, large
119Sn chemical shift ranges have been found that
cannot be explained in terms of simple inductive and
coordination number effects. The shielding could be
interpreted in terms of dπ–dπ overlap and the effect
on the average excitation energy.

Effects of interbond angles at the metal atoms

Changes in the bond angles in molecules in which
the metal atom is a part of a ring system generally ef-
fect anomalous shifts of the resonances with respect
to those found in analogous acyclic molecules. This
is shown, for example, with tin–sulfur and lead–sul-
fur and with tin–carbon and lead–carbon bonds. A
reduction of the cyclic interbond angles at the metal
in five-membered rings generally decreases shielding.
119Sn NMR data can be used to distinguish between
six-membered and five-membered cyclic compounds:
the δ(119Sn) for compound [9] is −42.5 ppm, whereas
that for the five-membered derivative [10] it is +53.5
ppm.

Figure 2 Plot of δ(119Sn) against n for a series of monomeric tin(IV) compounds RnSnCl4–n. ■ , Me; ● , Ph; ▲, Bu.

Figure 3 Plot of δ(119Sn) against n for a series of monomeric
methyltin(IV) halides. MenSnX4−n. ■ , Cl; ● , Br; — ▲, l.

HETERONUCLEAR NMR APPLICATIONS (Ge, Sn, Pb)
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Other substituent effects

In the unassociated tin compounds R4−nSnXn

(n = 0–4), as the electron–releasing power of the or-
ganic group R increases, the tin atom is generally
more shielded and the δ(119Sn) moves to a higher
field. This high-field shift, which cannot be ex-
plained in terms of pπ–dπ bonding between the π
electron of the electron negative groups and the un-
filled 5d orbital of the tin atom, is probably due to
ring current effects by the π electron and/or a finite
contribution to the shift from the diamagnetic term.

The values of the δ(119Sn) chemical shift of diphe-
nyltin(IV), dibenzyltin(IV) and di-n-butyltin(IV)
compounds exhibit a good mutual correlation which
can be expressed as in Equation [5]. 

where [R Sn] and [R Sn] represent pairs of diorgan-
otin(IV) compounds with different organic substitu-
ents, and a and b represent the slope and the
intercepts of the linear correlation, respectively.

In some cases it has also been observed that a
remote substituent in molecules in which direct π
transmission mechanisms are prohibited can have a
very strong influence on the nuclear shielding: for
example, the 119Sn substituent chemical shift (SCS)
for derivative [11] (relative to parent molecule [12],
which is due to both ‘polar-field’ and ‘residual
contribution’ where the latter is probably due to
‘through-bond’ and/or ‘through space electron
delocalization’, is very sensitive to polar substituent
influences, like that derived from iodide groups.

Coupling constants
The valence electron-mediated nuclear spin–spin
couplings, J(73Ge,X), J(117Sn,X), J(119Sn,X) and

J(207Pb,X), are dominated by the ‘Fermi contact’
term arising from the interaction of the nuclear spin
magnetic dipole with the electron spin, which has a
finite density at the nucleus. If the contact term is ex-
pressed with Pople and Santry’s MO treatment and
it is permissible to use the mean electronic excitation
energy approximation, the coupling constants can be
related to the hybridization (i.e. ‘s’ electron density)
and effective nuclear charge of the atoms participat-
ing in the bond. This implies that the parameters
J(E,X) (E = Ge, Sn or Pb) are useful in the discussion
of the structure and bonding.

The reduced couplings K(Ge,X) and K(Sn,X) are
of opposite sign with respect to J(Ge,X) and J(Sn,X),
respectively, owing to the negative magnetogyric
ratios of 73Ge and 115/117/119/Sn.

In the case of X = 1H, 19F, 31P, highly abundant
spin-  nuclei, the nJ(E,X) data are obtained conven-
iently from the X atom NMR spectra, whereas in the
case of couplings with rare spin-  nuclei (X = 13C,
29Si, 15N), the nJ(E,X) can be obtained also from E
NMR spectra by using Hahn-echo extended pulse
sequences. In tin derivatives, in the case of couplings
to quadrupolar X nuclei (X = 11B, 14N), it frequently
happens that splitting due to 119Sn–X coupling
cannot be detected as a consequence of fast quadru-
polar relaxation of X. The magnitude of J can be
obtained from Equation [6]. 

where Sx is the spin I of the quadrupolar nucleus,
T2

SC(119Sn) is the transverse scalar relaxation time,
and T  is the quadrupolar relaxation time.

The most correct way to obtain the coupling sign
of J(E,X), which is helpful in the discussion of the
nature of chemical bonding, is based on the analysis
of an energy level diagram that describes the interac-
tion in a spin system. In a system containing at least
three different magnetically active nuclei (E, A and
X), two of them are defined as active spins, whereas
the other is the passive one. If the relative signs of the
coupling J(E,A) and J(E,X) and the absolute sign of
one of these two are known, it is possible to deter-
mine the absolute sign of the other.

Spin couplings involving 73Ge have been generally
reported only in highly symmetrical compounds;
Table 5 gives a selection of the values the of cou-
pling constants in germanium compounds of tetra-
hedral symmetry. The signs of these coupling con-
stants are indicated only by comparison with those
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of similar group 14 element compounds and not by
double resonance experiments.

One-bond couplings

In the case of couplings with electropositive ele-
ments, the one-bond reduced coupling constants
show the trend 1K(Ge,X) < 1K(Sn,X) < 1K(Pb,X). In
fact, the increase of 1K(E,X) with increasing size of E
corresponds to the change of valence s electron den-
sities ΨM(O)2. This relationship is not valid when X
is a less electropositive or more polarizable atom.
Table 6 gives a selection of values of a one-bond
coupling constant involving 119Sn and 207Pb.

1J(E,1H)

Very few one-bond coupling constants between 119Sn
or 207Pb and H have been measured. This is in part
due to the instability and the difficulty of preparing
suitable species. Limited data are available for 119Sn
and indicate that the magnitude of the 1J(119Sn–H) in
R4−nSnHn increases with n when R = alkyl and de-
creases with n when R = phenyl, owing to greater
electronegativity of phenyl with respect to alkyl
groups. In SnH3

− the presence of an electron lone
pair at tin leads to a very low s character for hybrid
orbitals in Sn–H bonds, and hence to a very small
magnitude of coupling.

1J(E,13C)

Owing to the large number of organolead and orga-
notin species, there is a sizeable literature of data on
1J(E,13C) coupling constants (E = 119Sn or 207Pb).

The magnitude of 1J(119Sn,13C) organotin com-
pounds has been related quantitatively to the C–Sn–
C bond angles. A simple linear relationship between
1J(119Sn,13C) coupling constants of a group of
dimethyltin(IV) compounds and their C–Sn–C angle
(θ) has been found on the basis of the analysis of a
large set of experimental data (Eqn [7]).

A similar relation has been described for di-n-
butyltin(IV) compounds (Eqn [8]).

and for tetra-, tri- and diphenyltin(IV) compounds
(Eqn [9]) 

Table 5 Some representative spin coupling involving 73Ge

Compound Coupling constant (Hz)

GeH4
1J(73Ge,1H): −97.6

Me4Ge 1J(73Ge,13C): −18.7

GeF4
1J(73Ge,19F): −97.6

Me4Ge 2J(73Ge,1H):  +3.0

(MeO)4Ge 3J(73Ge,1H): −1.9

(MeS)4Ge 3J(73Ge,1H): −2.5

Table 6 Some representative one-bond spin 1J(119Sn,X) and
1J(207Pb,X)

Compound X E 1J(E,X) values (Hz)

SnH4
1H 119Sn −1 930

MeSnH3
1H 119Sn −1 850

Me2SnH2
1H 119Sn −1 797

Me3SnH 1H 119Sn −1 744

Ph3SnH 1H 119Sn −1 935.8

MeSnH2Cl 1H 119Sn −2 228

Me4Sn 13C 119Sn −340

Me3SnCl 13C 119Sn −380

Me2SnCl2 13C 119Sn −566

Ph2SnCl2 13C 119Sn −785

Me2Sn(acac)2
13C 119Sn −966

Me3SnLi⋅3THF 13C 119Sn +155

(Me3Sn)2
13C 119Sn −240

[SnF6]2− 19F 119Sn 1 550

[Sn(OH)F5]2− 19F 119Sn 1 776,127.8

cis-[Sn(OH)2F4]2− 19F 119Sn 1 820,1 518

trans-[Sn(OH)2F4]2− 19F 119Sn 1 956

(Me3Sn)3P 31P 119Sn +832.5

SnCl4(PEt3)2
31P 119Sn 2 383.1

Me3SnPH2
31P 119Sn +463

Me3SnSnMe3
119Sn 119Sn +4240

trans-
Pt(SnCl3)2(PEt3)2

195Pt 119Sn 20 585

[Rh(SnCl3)Cl5]3− 103Rh 119Sn 864

Me2PbH2
1H 207Pb +2 454.6

Me3PbH 1H 207Pb +2 295

Ph4Pb 13C 207Pb +481

Me4Pb 13C 207Pb +320

Me3PbBr 13C 207Pb +246

Me3PbPbMe3
13C 207Pb +28

Ph2Pb(O2CMe)2
13C 207Pb 1 203

PhPb(O2CMe)3
13C 207Pb 2 100

Me3PbSeMe 13C 207Pb −1170

Me3PbCH=CHMe 13C 207Pb 268

Me3PbPbMe3
207Pb 207Pb +290

Me3PbPbMe3
119Sn 207Pb −3 570

[Pt(PR3)2(PbPh3)2] 195Pt 207Pb 14 500−18 500

Pb9Pt 195Pt 207Pb 4 122
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Equation [7] is not valid for cyclic methyltin(IV)
compounds.

The sign of 1J(119Sn,13C) is generally negative for all
tetraorganotin(IV) compounds, whereas 1J(207Pb,13C)
is positive for tetraorganolead(IV) derivatives.

In R4Sn (R = alkyl) compounds, 1J(119Sn,13C)
decreases in magnitude with increasing chain length
and branching. It has also been found that in the
tetraorganotin derivatives the magnitude of
1J(119Sn,13C) increases with change of the hybridiza-
tion of the carbon atoms from sp3 to sp.

The replacement of alkyl groups with electronega-
tive substituents causes an increase in the magnitude
of 1J(119Sn,13C) as the result of a greater s character
in the Sn–C hybrid orbital.

Very small values of 1J(119Sn,13C) are found in
cyclopentadienyltin(IV) compounds owing to the
low carbon s character in the pentahapto link to tin,
whereas the small values in allyl- and benzyltin(IV)
compounds may be ascribed to σ–π conjugative con-
nection of the polarized σ(Sn–C) bond with the adja-
cent π electron system.

As in the case of the δ(119Sn) chemical shift,
moderate linear correlations have been found
between the values of triphenyltin(IV) compounds
and those of analogous triorganotin compounds
R3SnX (R = Bun, Bz, Vi) which can be expressed as
Equation [10] 

a and b being slope and intercepts, respectively.

1J(E,X) (X = 15N, 31P, 19F, 119Sn, 207Pb)

Several studies have been carried out on the
bis(amino)stannylenes, where the coupling constants
1J(119Sn,15N) are generally large and negative in ac-
cordance with a Ψ-pseudotrigonal-bipyramidal
structure, whereas in stannylphosphane compounds
1J(119Sn,31P) are generally positive and strongly de-
pendent not only on changes in hybridization and
substituent electronegativity, but also on s-overlap
integral.

It has been found that the values of 1K(119Sn,31P)
for (R3Sn)3P derivatives become less negative if the
phosphorus lone electron pair is used in metal
complexation.

1J(119Sn,19F) coupling constants are reported for
hydroxo- and peroxotin(IV) fluoro complexes [13]
and [14] and for [SnF6]2− species. Their magnitude is
strongly dependent on the stereochemistry.

Several negative terms contribute to the extent of
1K(E,19F) so that no values are known for lead–fluo-
rine and only a few tin–fluorine couplings have been
reported.

1J(119Sn,119Sn) values are generally positive and
show clear dependence upon tin hybridization.
When very bulky substituents are on tin atoms, the
tin–tin s-overlap integral is small, whereas the
mutual polarizability term changes sign, so that very
small or negative 1J(119Sn,119Sn) values are found.
Large values of 1J(119Sn,119Sn) have been detected in
tin–tin complexes containing electronegative substit-
uents or characterized by greater coordination
number.

1J(119Sn,207Pb) values are normally negative and
often of very small magnitude owing to reduced
lead–tin s-overlap.

1J(207Pb,207Pb) are positive, and values are also
very small for the same reason: lead–lead com-
pounds are in fact easily dissociated in solution
owing small lead–lead overlap.

1J(E, transition metal)

Many tin–transition metal coupling constants are
known owing to the ease of obtaining [(SnCl3)–tran-
sition metal] derivatives. The 1J(119Sn, transition
metal) values are generally large and are used to
characterize complexes having tin–metal bonds also
in solution. It has been observed that in square pla-
nar Pt(II) complexes [15] and [16], the magnitude of
the 1J(195Pt,119Sn) coupling constants depends on the
magnitude of the trans effect of the respective
substituent.

HETERONUCLEAR NMR APPLICATIONS (Ge, Sn, Pb)
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Geminal coupling constants, 2J(E,Y)

The geminal coupling constants 2J(E–X–Y)
(Table 7) are sensitive not only to the factors
reported for one-bond couplings, but also to the na-
ture of the intervening atom X, to the metal–X–Y
bond angle, to the stereochemistry of the molecule
and finally to the nature of other substituents.

2J(E–X–1H)

Several data have been reported, in particular for
X = C. There is a linear relationship between
2J(119Sn,1H) and 2J(207Pb,1H) and also between
2J(119Sn,1H) and 1J(119Sn,13C) in related methyltin(IV)
and methyllead(IV) derivatives. In several dimethyl-
tin(IV) complexes the values of 2J(119Sn,1H) can be
used to calculate the bond angles C–Sn–C in solution
(Eqn [11]).

The sign of 2J(119Sn,1H) is generally positive. Excep-
tionally the coupling can be negative, as in Me3Sn–

and diorganostannylenes, whereas the 2J(207Pb,1H)
are negative and normally greater than 2J(119Sn,1H)
in related compounds. The magnitude of 2J(E–C–1H)
increases with increasing coordination number on
the metal. 2J(207Pb,1H) values are generally less sensi-
tive than 2J(119Sn,1H) to structural geometrical differ-
ences. In several octahedral and square planar

complexes, the magnitude of the 2J(119Sn–X–1H)
across a transition metal X can be used to distinguish
the trans (compound [17]) and cis positions (com-
pound [18]) of Sn and H.

2J(E–X–13C)

The 2J(119Sn–X–13C) couplings are generally small
and positive in aliphatic and tetracoordinate tin de-
rivatives, whereas they are large and negative in
compounds containing an Sn–Colefinic–C bond and
close to 0 in compounds containing an Sn–C=C
bond. In some cases the values are exceptionally
large, as in Sn(C≡CBu)4.

Other geminal couplings

The couplings best studied are those involving 119Sn,
117Sn, 19F and 31P. For example, in bis(triorgano-
tin)oxides the geminal couplings 2J(119Sn,119Sn) indi-
cate a linear structure in solution. The 2J(119Sn–X–
119Sn), where the X intervening atom is a transition
metal, show a strong dependence on the geometry
and on the nature of other ligands on the metal or
on tin atoms: for example, the 2J(119Sn–Pt–119Sn) is
2601 Hz in cis-[PtCl2(Cl3Sn)2] compound [19] and
36 286 Hz in trans-[PtCl2(Cl3Sn)2] (compound [20]).

A similar geometrical dependence has been shown
by 2J(119Sn–Pt–31P). Two-bond couplings involving
19F are detected in (CF3)4Ge (26.3 Hz), in (CF3)4Sn
(531 Hz) and also in the organolead derivatives
(Me)3Pb(CF3) (240 Hz) and (Me)2Pb(CF3)2 (379 Hz),
which show a strong dependence on the effective
nuclear charge.

Table 7 Selected germinal coupling constants 2J (E,Y)

Compound X E 2J(E,Y) values (Hz)

MeSnH3
1H 119Sn +63.6

Me2SnH2
1H 119Sn +58

Me2SnH 1H 119Sn +56.5
Me4Sn 1H 119Sn +53.9
Me2SnCl 1H 119Sn +58.2
Me2SnCl2 1H 119Sn +68.9
MeSnCl3 1H 119Sn +96.9
Me2SnPH2

1H 119Sn 62.5
(Bu2ClSn)2O 119Sn 119Sn 74
(Me)3SnCF2H 19F 119Sn 265.6
Ph2SnCl2 13C 119Sn 63
Me2SnPh 13C 119Sn 36.6
Et4Sn 13C 119Sn +23.5
Me4Pb 1H 207Pb −60.5
Me2PbCl2 1H 207Pb −70
Me2PbH2

1H 207Pb −76
VI4Pb 1H 207Pb 213.3
Ph4Pb 13C 207Pb −68
Me2PbPbMe3

13C 207Pb +92

HETERONUCLEAR NMR APPLICATIONS (Ge, Sn, Pb)
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Vicinal and long-range coupling 
constants, nJ(E,Y) (n ≥ 3)

Many vicinal coupling constants (Table 8) are
known, with different combinations of intervening
atoms. In most cases the 3J(119Sn,X) data are depend-
ent on the respective dihedral angles and follow a
Karplus-type relationship. The sign of 3J(119Sn,1H)
and 3J(119Sn,13C) is negative and the magnitudes of
3J(119Sn,1H) and 3J(119Sn,13C) are usually greater than
that of 2J(119Sn,1H) and 2J(119Sn,13C), respectively.

In several olefinic compounds it has been observed
that 3J(119Sn,13C)trans is greater than 3J(119Sn,13C)cis.
The magnitude of 3J(119Sn,1H) and 3J(119Sn,13C) is
strongly dependent on the nature of the substituents,
an increase being observed in the presence of electro-
positive substituents on the C=C double bond.

3J(119Sn,119Sn) often behaves in a similar manner
to 3J(119Sn,1H) and 3J(119Sn,13C). For example,
3J(119Sn,119Sn) is 491 Hz in cis- and 1012 Hz in
trans-Me3SnCH=CHSnMe3, respectively. An excep-
tionally large value of 3J(119Sn,119Sn) is found for the
derivative [21] owing to an additive coupling
pathway across the Pt–Pt bond, whereas very small
3J(119Sn,119Sn) are observed across the C≡C bond.

Several long-range coupling constants (Table 8)
are reported for many different X nuclei, but they
have not been systematically studied. Analogously to
nJ(1H,1H) (n ≥ 3), the nJ(E,Y) couplings are best
transferred by π system or by σ–π interaction.

Relaxation behaviour

The dominant relaxation mechanism for 73Ge is
quadrupolar, and it is possible to obtain T1 directly
from the line width.

The tin and lead compounds so far described are
generally small, highly symmetrical molecules in
which the spin-rotation (SR) mechanism is important.

In the tetrahalogermanes GeX4 (X = Cl, Br or I),
T1 is almost exclusively dominated by the quadru-
pole relaxation mechanism, while T2 is dominated
by the combination of the scalar coupling and the
quadrupole relaxation mechanism in the high-tem-
perature region. The contribution of scalar coupling
to the relaxation mechanism decreases in the order 

Relaxation studies on liquid tetrahalotin(IV) com-
pounds, carried out to determine temperature and
field dependences of relaxation, indicated that T1 for
SnCl4, SnMe4 and SnMeCl3 is dominated by a spin-
rotation mechanism, while both scalar (SC) and
spin-rotation (SR) mechanisms contribute to T1 for
SnBr4 and SnI4. On the other hand, T2 for SnCl4,
SnBr4 and SnI4 is scalar dominated. When the mole-
cules have hydrogens directly linked to tin, 119Sn/1H
dipolar relaxation is significant.

In the derivative Bu3SnSnBu3, the relaxation is
about 75% T1

DD.
In a 3 M solution of Pb(ClO4)2, the dominant T1

relaxation is spin rotation. At higher concentration,
CSA (chemical shift anisotropy) and dipolar contri-
butions are also present and important. SC and SR
mechanisms contribute to T1 for neat PbCl4. CSA is
significant in PbMe3Cl in DMSO, which probably
coordinates the lead atom.

Table 8 Selected vicinal and long-range coupling constants
nJ(E,Y)

Compound Y E n nJ(E,Y) values (Hz)

Et4Sn 1H 119Sn 3 −71.2

Vi4Sn 1H 119Sn 3 183.1

EtSnCl3 1H 119Sn 3 −242

Et2SnCl2 1H 119Sn 3 −130.8

PhSnCl3 1H 119Sn 3 122

(MeS)4Sn 1H 119Sn 3 −66

(Me2N)4Sn 1H 119Sn 3 −51.0

Me3SnSMe 1H 119Sn 3 −37.5

(Me3Sn)2C=CH2
1H 119Sn 3 124 (cis); 208 (trans)

(CH3)2B−N(SnMe3)2
1H 119Sn 3 33.0  (cis); 

48.4 (trans)

Me2Sn(CF=CF2)2
19F 119Sn 3 25 (cis); 29 (trans)

Et3Sn(CH2)2SnEt3 119Sn 119Sn 3 920

Bu4Sn 13C 119Sn 3 52.0

BuSnCl3 13C 119Sn 3 120.0

Ph2SnCl2 13C 119Sn 3 90

Ph2SnCl2 13C 119Sn 4 16

Me3SnPh 13C 119Sn 4 10.8

Et4Pb 1H 207Pb 3 +128.6

Ph4Pb 13C 207Pb 3 80

Ph4Pb 13C 207Pb 4 20

(4-MeC6H4)4Pb 1H 207Pb 6 5.4

Me3PbPbMe3
1H 207Pb 3 +22.9

(Me3CCH2)4Pb 1H 207Pb 4 5.3
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Applications

Solid-state NMR

Solution and solid-state structures of metal and orga-
nometal derivatives are often not identical.
High-resolution solid-state NMR experiments on me-
tallic and organometallic compounds are important
tools for bridging the information gap between X-ray
diffraction results and solution-state NMR data. Un-
til now, most of the high-resolution work in tin(IV),
organotin(IV), lead and organolead(IV) chemistry has
dealt with the combined use of cross-polarization and
magic angle spinning (CP/MAS) techniques. The ex-
perimental conditions for 119Sn and 207Pb spectra are
different from those usually employed for 13C CP/
MAS spectra of organic and organometallic com-
pounds owing to smaller gyromagnetic ratios and
larger shielding anisotropies. The usual CP/MAS sit-
uation for 119Sn and 207Pb is the presence of only a few
resonances with large shielding anisotropies, so that it
is very easy to determine shielding tensor components
from one-dimensional CP/MAS spectra.

An example of application of CP/MAS is the
(Bui

3Sn)2CO3 derivative [22]: the 119Sn solution spec-
trum gives only one resonance at +101.7 ppm, in
accordance with a monomeric tetracoordinated tin
atom. The crystal structure of this compound clearly
indicates a two-Sn environment: a polymeric chain
of trigonal-bipyramidal trans-R3SnO2 units linked to
each other via bridging carbonate anions and tetra-
hedral R3SnO units bonded to the third oxygen atom
of the CO3

2− bridging group. In the 119Sn CP/MAS
spectrum, the presence of both tin fragments, a and
b, is well resolved.

CP/MAS NMR spectra are also used to clarify the
controversial view of the structures of R2SnX2 and
R3SnX species in the solid and solution state: for
example, the tricyclohexyltin hydroxide, which is a
linear polymer in the solid state (δ = −217 ppm) is
monomeric in solution (δ = +11.6 ppm). The diorga-
notin derivatives, which are monomeric in both
phases, exhibit very similar shifts both in 119Sn CP/
MAS and 119Sn solution NMR spectra. Small
chemical shifts are observed in diorganotin and trior-
ganotin derivatives weakly associated in the solid
state and not associated in solution.

The CP/MAS NMR technique is also useful for
investigating dynamic processes in solids such as re-
orientational processes and structural phase transi-
tions: an example of solid-state phase transition
monitored by variable temperature 119Sn CP/MAS is
given by Me3Sn–C≡C–C≡C–SnMe3, for which a
structural phase change occurs in the temperature
range 232–248K.

Other applications

The 73Ge NMR chemical shifts of several methyl-
and phenyl-substituted germacyclohexanes have
been determined, and it has been shown that the
chemical shifts are very sensitive to steric effects and
can provide a useful tool for the conformational
analysis of organogermanium compounds.

The progress of reactions involving tin and lead
compounds can readily be monitored by 119Sn and
207Pb NMR. For example, the various products
derived from the 1,1-organoboration of 1-alkynyltin
compounds can be easily identified by 119Sn NMR,
compounds [23, 24, 25].

The content of complex reaction mixtures can be
also analysed: for example, several species and inter-
mediates are detectable in exchange reactions by 119Sn
NMR techniques, e.g. compounds in Equation [12].

1D and 2D 1H–119Sn HQMC experiments are
useful in the investigation of weak coordination in
functionalized triphenylvinyltin(IV) compounds of
the type Ph3Sn–CH=CH–C(OH)RR′.

The HQMC technique is widely employed in the
study of the condensation product of salicylaldoxime
(o-HO–N=CH–C6H4–OH) with di-n-butyl oxide,
which in solution exists as a mixture of several
coordination complexes such as [26]. In this case,
two-dimensional 1H–119Sn HQMC spectroscopy
yields essential data for the structure elucidation of
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most of these complexes and also of the transient
species, and allows several correlations between geo-
metric parameters and nJ(119Sn,1H) to be established.

List of symbols

T1 = spin–lattice relaxation times; T2 = spin–spin re-
laxation time; T Q = quadrupolar relaxation time;
T SC = transverse scalar relaxation time; δ = chemical
shift; γ = gyromagnetic ratio; σ = shielding constant

(σd = diamagnetic, σn = nonlocal contribution, σp =
paramagnetic).

See also: NMR Principles; NMR Pulse Sequences;
Parameters in NMR Spectroscopy, Theory of; 29Si
NMR; Solid State NMR, Methods; Solid State NMR Us-
ing Quadrupolar Nuclei; Structural Chemistry Using
NMR Spectroscopy, Inorganic Molecules; Two-
Dimensional NMR, Methods.
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Introduction

NMR spectroscopy for this group of metals is domi-
nated by the three nuclei: 183W, 195Pt and 199Hg. Each
of these will be dealt with in turn, followed by brief
mention of other nuclei with non-zero values of the
nuclear spin quantum number, I.

Tungsten, 183W

The only tungsten isotope with a non-zero value of I
is 183W, I = , (14.4% natural abundance). Its
receptivity relative to that of 1H is low (1.06 ×10–5).
Its resonance frequency in a magnetic field of 2.35 T,
where protons resonate at 100 MHz, is 4.17 MHz.
This nucleus is radioactive, an α-particle emitter
with a long half-life (> 1 × 1017 y). ‘Satellite’ peaks
from coupling with 183W are readily observed in the
31P NMR spectra of tertiary phosphine complexes,
the 1H NMR spectra of hydrides, the 19F NMR spec-
tra of fluoro complexes and the 13C NMR spectra of
carbonyl complexes. The earliest measurements of
tungsten chemical shifts were indirect measurements
through INDOR (internuclear double resonance) ex-
periments. Direct measurement is now common-
place, but large sensitivity enhancements are possible
with two-dimensional indirect spectroscopy, using
the highly receptive 100% abundant nuclei 31P, 1H
or 19F.

A solution of Na2[WO4] (1 M in D2O, pD 9) is
now becoming accepted as the standard reference for
183W NMR in preference to WF6. Relaxation times
for 183W are frequently long. Since a major relaxa-
tion mechanism is through chemical shift anisotropy
(CSA), shorter, more favourable relaxation times are
obtained when the environment about the tungsten
nucleus is less symmetric. Addition of a paramag-
netic substance, such as [Cr(acac)3] can be used to
shorten relaxation times which are inconveniently
long. The tungsten chemical shift is very sensitive to
the environment about the nucleus. The overall
range is large (~6000 ppm). Shifts for some repre-
sentative compounds are given in Table 1.

Variations in chemical shifts for heavy atom nuclei
are dominated by changes in σp, the paramagnetic
contribution to total nuclear screening. For a

transition metal complex, a simplified expression for
σp is

where r is an average distance of valence d-electrons
from the nucleus, Ek and Ej are energies of unoccu-
pied and occupied molecular orbitals, respectively,
and C is a sum containing the coefficients of the
metal s, p and d orbitals used in the summation to
develop the various molecular orbitals. It will be
noted that the tungsten nucleus in the series
[W(CO)3(Cp)X] becomes progressively more
shielded as the halide is changed from chloride to
bromide to iodide, which is the ‘normal halide
dependence’ order for transition metal complexes.
This is opposite to the order expected from the effect
of X– on excitation energies, which must therefore be

Table 1 183W chemical shifts for some representative com-
pounds

Cp = η5-cyclopentadienyl.

Compound δW (ppm)

W(0)

W(CO)6 −3505

W(CO)5(PMePh2) −3324

W(I)

[{W(CO)3(Cp)}2] −4040

W(II)

[W(CO)3(Cp)CI] −2406

[W(CO)3(Cp)Br] −2584

[W(CO)3(Cp)l] −2996

[W(CO)3(Cp)Me] −3549

[W(CO)3(Cp)H] −4017

W(IV)

[W(Cp)2H2] −4671

W(VI)

WF6 −1120

[W10O22]4– −43

[WO4]2– 0

[W6O19]2– +59

[WCl6] +2181
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outweighed by the effects of metal–ligand covalency
on r and the coefficients C. For the W(VI) complexes
WF6 and WCl6, however, the order expected from
excitation energies is observed.

One area where 183W NMR has made a major
contribution is in the study of iso- and heteropoly-
tungstate ions. Since the tungsten atoms are usually
in highly distorted octahedral environments, the
relaxation times are short enough to allow
convenient direct observation. The sensitivity of δw

to the tungsten environment, and the observation of
W–O–W coupling patterns, facilitate structural
assignments. Paramagnetic heteropolytungstate ions
have been included in these studies.

Where similar series of tungsten and molybdenum
compounds have been studied by 183W and 95Mo
NMR, respectively, there are close parallels between
the two series. 95Mo (I = ) is quadrupolar, and lines
are relatively broad in unsymmetrical environments.
Magic-angle spinning (MAS) solid-state 183W NMR
spectra may be obtained, but long spectrometer
times are usually required because of long spin–
lattice relaxation times.

Platinum, 195Pt

The only platinum nucleus with magnetic properties
is 195Pt, I = , (33.7% abundance). The resonance
frequency in a magnetic field of 2.35 T is
approximately 21.4 MHz. ‘Satellite’ peaks from cou-
pling with 195Pt were observed in 1H and 31P NMR
spectra in the 1960s, and much of the early work on
193Pt detection used INDOR methods. Direct
one-dimensional observation of 195Pt NMR spectra
is now routine. Because 195Pt relaxation times are
short for most compounds, there need be only a very
short delay between pulses, allowing rapid accumu-
lation. Two-dimensional inverse detection methods
are also being increasingly used.

The most commonly used reference for 195Pt NMR
is an aqueous solution of Na2[PtCl6]. As a number of
authors have pointed out, there are some
disadvantages in using this substance. At high mag-
netic fields, peaks due to different combinations of
chlorine isotopes may be resolved, and the resonance
frequency is significantly dependent on temperature.
This leads to some uncertainty (up to ± 5 ppm) in
reported chemical shifts, but this is not very signifi-
cant in the context of the overall chemical shift range
for platinum (~15 000 ppm). However, this reference
does have the great advantage of convenience, and is
therefore unlikely to be supplanted. Other sugges-
tions have been [Pt(CN)6]2– (– 3863 ppm) and ΞPt, a
frequency of exactly 21.4 MHz in a magnetic field in
which the resonance frequency of tetramethylsilane

(TMS) is exactly 100 MHz (–4533 ppm). An
aqueous solution of K2[PtCl4] (δPt –1624 ppm) is
sometimes used as a secondary reference. Of greater
concern than the small uncertainty in the reference
frequency is the possibility, with a very wide chemi-
cal shift range for 195Pt, of observing ‘folded’ peaks. If
peaks are not carefully ‘checked for folding’,
reported shifts may be in error by hundreds of ppm!

Chemical shifts for some representative platinum
compounds are given in Table 2. The order of
ligands in their effect on δPt is similar to that on
other well-studied transition metals (e.g. 59Co,
103Rh). In particular, ligands with heavy donor
atoms tend to cause increased shielding of the metal
nucleus so that, for example, the shielding increases
from Cl− to Br− to I−. As discussed above for W(II)
compounds, this may be understood in terms of the
heavier donor atoms having a greater effect on r and
C in Equation [1].

While δPt depends primarily on the donor atom
set, the nature of the whole ligand does have an
important effect (compare, for example, [Pt(NH3)4]2+

and [Pt(NO2)4]2–). Geometric isomers will also have
different shifts, which are greatest when the different
ligands bound to the metal are very different in their
trans influence (compare the cis and trans pairs
[PtCl2(NH3)2] and [Pt(NH3)2(H2O)2]2+). There are
also ‘ring-size’ effects, evident in the difference
between the shifts for [{Pt(NH3)2(µ-OH)}n]n– with
n = 2 (four-membered ring) and n = 3 (six-mem-
bered ring), and for cis-[Pt(NH3)2(H2O)2]2+ and
[Pt(en)(H2O)2]2+ (five-membered chelate ring).

Chemical-shift anisotropy relaxation is important
for platinum complexes, especially for square planar
complexes, and at high magnetic field strengths. It is
also enhanced when there is significant hydrogen-
bonding between the solvent and solute (as with
diammineplatinum compounds in water), and when
platinum is coordinated to bulky ligands (both of
which will decrease the rate of tumbling in solution).
Fast CSA relaxation leads to broadening of peaks
and loss of resolved splittings from couplings. It can
also effectively decouple platinum from another
nucleus which is being observed. Coupling constants
involving 195Pt [e.g. 1J(Pt–31P), 1J(Pt–15N), 1J(Pt–1H),
1J(Pt–13C), 2J(Pt–CH3), 2J(Pt–CF3)] can provide
useful structural information (e.g. through the trans
influence of the trans ligand on these couplings)
which may therefore be lost at high magnetic fields.
In compounds containing platinum–platinum bonds,
the magnitude of J(Pt–Pt) does not appear to be
related simply to bond length or bond strength,
although J(Pt–Pt) is affected in the same way as other
coupling constants by the trans influence of the
ligands trans to the metal–metal bond.
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When platinum is bound by ligands with donor
atoms having quadrupolar nuclei (e.g. 14N, 75As),
NMR peaks are frequently broad, because the rate of
quadrupole-induced relaxation is such that 195Pt is
only partially decoupled from the quadrupolar
nucleus.

Solid state 195Pt NMR spectra, including CP-MAS
spectra, have been obtained. Much higher spinning
rates are required for platinum(II) compounds than
for most platinum(lV) complexes, because of their
much greater shielding anisotropy.

Mercury, 199Hg
Mercury has two isotopes with I > 0, 199Hg (I = ;
16.8% abundance) and 201Hg (I = ; 13.2% abun-
dance). Because of the large quadrupole moment of
201Hg, this nucleus is not readily observed, and only
199Hg is of significance for NMR spectroscopy. Its
resonance frequency in a magnetic field with
strength 2.35 T is 17.9 MHz. There is general agree-
ment on the use of neat dimethylmercury as
reference, despite the high toxicity of this substance.
An aqueous solution of Hg(ClO4)2 (–2253 relative to
Me2Hg) has been suggested as an alternative but its
shift is dependent on concentration and temperature.

Common coordination behaviour for Hg(II)
involves strong linear coordination by two ligands,
often with additional weaker interactions from
solvent molecules, counter-ions, etc. In some cases,
(e.g. halides X−) higher coordination numbers are
possible (e.g. tetrahedral [HgX4]2–). There is consid-
erable ligand lability, so that averaged signals are
often observed. There is therefore often some uncer-
tainty about the precise nature of the species being
observed.

Chemical shift anisotropies are also large (except
for highly symmetrical [HgX4]2–), leading to efficient
relaxation, and some line broadening at high
magnetic fields. Two-dimensional NMR spectra may
be readily obtained.

Some 199Hg chemical shift data are given in
Table 3 for some representative compounds whose
structures appear to be fairly well defined in
solution. As with typical transition metals, such as
195Pt, and 113Cd, the nuclear shielding increases in
halide complexes as the halide ion becomes heavier
(‘normal halide dependence’)

Coupling constants between 199Hg and other
nuclei [e.g 13C, 31P and 1H(2J, 3J)] have been exten-
sively studied. In a series of complexes (e.g.
CH3HgX) the coupling constants [2J(Hg–CH3) in
this instance] may be used to establish a trans influ-
ence series which is similar to that obtained from
coupling constants involving 195Pt.

Table 2 195Pt chemical shifts for some representative com-
pounds

Compound δPt

Pt (0)

[Pt(PPh3)3 −4583

[Pt(1,5-cyclooctadiene)2] −4636

[Pt(PMe2Ph)4] −4728

[Pt(PCy3)2] −6501

Pt(I) (Pt—Pt bond)

[{PtCl2(CO)}2]2− −4162

Pt(II)

[Pt(H2O)4]2+ +31

[{Pt(NH3)2(µ-OH)}2]2− −1153

[PtCl3(H2O)]− −1180

trans-[Pt(NH3)2(H2O)2]2+ −1374

[{Pt(NH3)2(µ-OH)}3]3− −1505

cis-[Pt(NH3)2(H2O)2]2+ −1584

[PtCI4]2− −1620

[PtCl3(NMe3)]− −1715

[Pt(en)(H2O)2]2+ −1914

trans-[PtCI2(NH3)2] (indmf) −2101

cis-[PtCl2(NH3)2] (indmf) −2104

[Pt(NO2)4]2− −2166

[Pt(NH3)4]2+ −2580

[PtBr4]2− −2690

[PtCI3(SMe2)]− −2757

[PtCI3(PMe3)]− −3500

[Pt(CN)4]2− −4746

Pt(III) (Pt—Pt bond)

[{(H2O)Pt(µ-SO4)2}2]2− +1753

[{ClPt(µ-P(O)2O(O)2P)2}2]4− −4236

Pt(IV)

[PtF6]2− +7314

[Pt(OH)6]2− +3277

[PtCl6]2− 0

fac-[PtMe3(H2O)3]+ −1794

[PtBr6]2− −1860

[Pt(CN)6]2− −3866
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Other elements, La–Hg

Lanthanum

Nuclei with I > 0 are 139La (I = ; 99.91% abun-
dance) and 138La (I = 5; 0.09% abundance). Because
of its low natural abundance, 138La is of no practical
importance for NMR spectroscopy. The common
oxidation state, La(III), is diamagnetic but co-ordi-
nation complexes are usually labile, and quadru-
pole-induced relaxation causes broad line widths,
except when the environment is highly symmetric, as
in [LaX6]3– complexes, which are presumably octa-
hedral. Both the chemical shift and line width can
provide information about the average environment
of the La3+ ion. As expected for a d0 ion, the metal
nucleus is less shielded in [LaBr6]3– (+1090 ppm from
aqueous La3+) than in [LaCl6]3– (+851 ppm).

Other lanthanides

Diamagnetic oxidation states tend to be unstable in
aqueous solution, except for Yb(II) and Lu(III). Since
171Yb (14.3% abundance) has I = , there have been
some solution studies on Yb(II) complexes. 169Tm
(100% abundance) also has I = , but diamagnetic
compounds are not stable in solution. 175Lu (I = ,
97.4% abundance) has a large quadrupole moment,
which limits its use. Solid state spectra have been ob-
tained on paramagnetic compounds using nuclei
with relatively low quadrupole moments: 141Pr (I = ;
100% abundance), 151Eu (I = ; 47.8% abundance),
159Tb (I = ; 100% abundance), 165Ho (I = ; 100%
abundance) and with 169Tm (I = ; 100%
abundance).

Hafnium

171Hf (I = ; 18.5% abundance) and 179Hf (I = ;
13.8% abundance) have large quadrupole moments,
causing severe line broadening.

Tantalum

181Ta (I = ; 99.99% abundance) also possesses a
large quadrupole moment so that, even in octahedral
species such as [TaCl6]−, lines are broad.

Rhenium

185Re (I = ; 37.1% abundance) and 187Re (I = ;
62.9% abundance) also have large quadrupole
moments, so that the line widths are large even for
the symmetric species [ReO4]−.

Osmium

187Os has I = , but its low natural abundance
(1.64%) and its very low receptivity make it difficult
to observe. 189Os (I = ; 16.1% abundance) has a
large quadrupole moment, leading to very broad
lines, except in highly symmetric environments. In
some cases, 187Os spectra may be obtained by indi-
rect detection, using more sensitive nuclei such as
31P. Coupling constants between 187Os and other
nuclei (e.g. 31P, 13C) may be easily observed, and
provide structural information.

Iridium

191Ir (I = ; 37.3% abundance) and 193Ir (I = ;
62.7%) have large quadrupole moments, low
receptivity and low resonance frequencies, which
make observation difficult.

Gold

197Au (I = ; 100% abundance) has a large
quadrupole moment. With the preferred linear
[Au(I)] and square planar [Au(III)] geometries, quad-
rupole-induced relaxation is very fast, and signals
have not been observed in solution.

List of symbols

I = nuclear spin quantum number; J = coupling
constant; σp = paramagnetic contribution to total
nuclear screening.

See also: Fourier Transformation and Sampling
Theory; Heteronuclear NMR Applications (Sc–Zn);
Heteronuclear NMR Applications (Y–Cd); NMR Relax-
ation Rates; NMR Spectrometers.

Table 3 199Hg shifts for some representative compounds

Compound δHg (ppm)

Hg(I)
[Hg2]2+(ClO4)2 /H2O(satd.) −1614

Hg(II)

Me2Hg 0

MeHgCl −813

MeHgBr −915

[MeHg(NH3)]BF4 −943

MeHgI −1097

[MeHg(OH2)]+ −1150

[HgCl4]2– −1200

[HgBr4]2– −1810

[Hg(H2O)6]ClO4)2 −2253

[HgI4]2– −3510

HETERONUCLEAR NMR APPLICATIONS (La–Hg)
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NMR spectroscopic properties and 
techniques for 17O, 33S, 77Se and 
123,125Te

Nuclear properties

Both 17O and 33S are quadrupolar nuclei with very
low natural abundance (Table 1). The NMR active
isotopes of selenium and tellurium are spin  nuclei.
The receptivity of 77Se is about three times larger
than that of 13C. The element tellurium has two
active isotopes, 123,125Te. 125Te has been used in the

majority of tellurium NMR investigations owing its
significantly better receptivity.

Experimental techniques

The stringent requirements in 17O and 33S NMR
studies of compounds at natural abundance are the
high concentrations and extensive signal averaging
needed. Recording of spectra can be greatly facilitat-
ed by the use of enriched samples. Synthesis with
oxygen isotopes involves rather straightforward or-
ganic reactions. The quadrupolar moments of 17O

Table 1 Nuclear properties of 17O, 33S, 77Se, 123Te and 125Te

a At 9.395 T (1H frequency: 400 MHz).
b Relative to proton, at constant field, for equal number of nuclei.
c Product of relative receptivity and natural abundance.

Isotope Spin
Natural abundance
(%)

NMR frequency a 
(MHz)

Receptivity

Relative b Absolute c

17O 0.037 54.227 2.91 × 10–2 1.08 × 10–5

33S 0.76 30.678 2.26 × 10–3 1.71 × 10–5

77Se � 7.58 76.270 6.93 × 10–3 5.26 × 10–4

123Te � 0.87 104.831 1.80 × 10–2 1.57 × 10–4

125Te � 6.99 126.387 3.15 × 10–2 2.91 × 10–3

MAGNETIC RESONANCE
Applications
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and 33S result in very effective relaxation and, thus,
extensive line broadening with T1 and T2 relaxation
times often in the range below 1 ms. A possible way
to attenuate extensive line-broadening effects is to
use higher temperatures and/or solvents of low
viscosity. Observation of very broad (>1 kHz)
resonances, however, is a potential problem due to
baseline distortions. The most severe origin of base-
line artifacts is the transient response of the NMR
probe, often referred to as ‘acoustic ringing’, caused
by the generation of ultrasonic waves from the ac-
tion of the RF pulse. Several methods have been pro-
posed to overcome this problem, with particular
emphasis on multipulse sequences.

The longitudinal relaxation of 77Se and 125Te at
high fields is governed by the spin–rotation (SR)
mechanism with typical T1 values in the range of 1–
30 s. In the solid state the relaxation times are very
long; consequently the use of MAS NMR with cross
polarization from 1H is necessary. The 77Se and 125Te
shieldings indicate a strong temperature dependence
(several ppm/K), and so extreme care is necessary to
maintain constant temperature, particularly when
broadband decoupling is employed.

As is common with many heteronuclei, a variety of
reference compounds and referencing procedures
(both internal and external) have been suggested.
The most commonly used standards (δ = 0, as exter-
nal reference) are H2O (a temperature dependence of
the 17O shielding has been reported) or 1,4-dioxane
at 30°C for 17O; (NH4)2SO4 or Cs2SO4 in water for
33S; Me2Se in CDCl3 for 77Se and Me2Te in CDCl3
for 125Te.

17O NMR parameters and applications

17O shieldings

The total range of 17O shieldings of diamagnetic
compounds is about 2600 ppm (Figure 1). For com-
pounds containing oxygen bonded only to carbon
and/or hydrogen there is a clear correlation between
C–O π bond order and high frequency shift. This
type of correlation arises from the multiple bond
term in the Karplus–Pople equation. Bridging oxy-
gens indicate a strong deshielding for π-accepting
acyl substituents which introduce π character into
the C–O bond of the bridging oxygen.

Figure 1 17O chemical shift ranges of selected diamagnetic oxygen  functional groups.
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In nitrogen compounds, chemical shift values are
also determined largely by π bonding effects. Bridg-
ing oxygen resonances are observed at higher fre-
quencies in nitrites (R–O–N=O), where π bonding is
appreciable. A lesser but nonetheless significant
effect is observed for bridging oxygens in nitrates
(R–O–NO2). The most striking feature of the 17O
shifts observed for P–O bonds is the small chemical
shift range (20–260 ppm) which cannot be related to
P–O bond order in a straightforward fashion. How-
ever, 17O resonances for non-equivalent oxygens in
phosphates and polyphosphates could be resolved
and could be utilized in stereochemical and binding
site studies. For S–O bonding, similar trends to those
of P–O bonds were observed. Modification of π-
bond order in a X=O group due to substituents on X
results in a decrease (or increase) in the net charge on
X as the charge on O increases (or decreases). The
chemical shift variations experienced by the nuclei X
and O are then opposite and roughly proportional to
the ratio 〈r–3〉2PX/〈r–3〉2PO.

For a series of oxyanions and a series of C=O and
N=O compounds a linear correlation between
δ(17O) and the inverse of the lowest energy n → π*
transition was found. A linear correlation exists
between acetone chemical shifts and the maximum
of the n → π* transition for acetone–water solutions
or for acetone in different solvents. Similar trends
have also been observed in a variety of substituted
acetophenones; however, it was suggested that such
trends may be fortuitous. In a series of aliphatic
ethers a correlation between δ(17O) and the first
ionization potential was suggested.

Compounds that contain oxygen–oxygen bonds
and oxygen–fluorine bonds display large high fre-
quency shifts. The ability, therefore, of 17O NMR to
unambiguously distinguish between non-equivalent
oxygens has found application in several structural
and mechanistic studies. Many stereochemical studies
have dealt with polynuclear, anionic oxo complexes
(polyoxoanions) of the early transition elements in
their highest oxidation states. Despite their structural
complexity, these polyoxoanions often yield
well-resolved 17O NMR spectra since large shielding
ranges are observed and samples may be studied at
elevated temperatures in nonviscous solvents.
Furthermore, 17O enrichment can easily be obtained.

Indirect spin coupling constants

Because of the breadth of 17O resonances, only rela-
tively large coupling constants can be measured and
hence the majority of those recorded refer to
couplings from directly bonded nuclei. 1J(O,H) in
water and in alcohols has a value close to 80 Hz.

The 1J(P,O) couplings involving P=O groups cover a
fairly wide range (145–210 Hz) and for a series of
compounds of type OPX3 (X=F, O in OMe, N in
NMe2 and C in Me) there is a consistent drop in
coupling with decreasing electronegativity of X. The
oxygens in P–OMe groups within phosphates give
rise to a consistently smaller coupling constant, com-
pared with P=O, of between 90 and 100 Hz. The re-
duced coupling constants decrease with increasing
atomic number of the central atoms along the
isoelectronic sequence VO4

3–, CrO4
2– and MnO4

–.
An application of 17O spin–spin couplings has been
made to investigate H3O+ species.

Nuclear quadrupole coupling constants (χ )

Experimental χ values cover a range from –8 to
17 MHz. The experimental χ values for a series of
compounds in the solid state with C=O, –O–, PO,
NO, and SO bonds show the following trends: 

Strong hydrogen bonding reduces the χ values by up
to 2.6 MHz. The χ values of the terminal CO groups
in metallocarbonyls were found to be between 1–
3 MHz although values below 0.1 MHz have also
been observed. It was suggested that increased dπ–pπ
back bonding from the metal will increase electron
density perpendicular to the C–O axis and so reduce
χ values.

Dynamic and kinetic studies

Numerous dynamic and kinetic studies have been
performed using 17O NMR. Line shape analysis is
not straightforward because the line width itself is
temperature dependent. Nevertheless, it has been
shown that dynamic 17O NMR is a convenient alter-
native to 13C NMR with, for example, methyl car-
bonyl compounds. A substantial number of publica-
tions have been concerned primarily with studies of
the hydration (solvation) of  ions in solution and the
determination of rates and activation parameters for
ligand substitution (a rapid development of high-
pressure NMR has occurred in the last twenty
years). There is an extensive literature of 17O NMR
spectroscopy used for the study of hyperfine interac-
tions between the unpaired electrons in paramagnet-
ic molecules and ions and the 17O nucleus. The
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magnitudes and temperature dependences of line
widths (or relaxation time measurements) of the
‘bound’ and ‘free’ resonances, and the chemical shift
separations between those resonances, can in princi-
ple be used to derive information about the hyper-
fine splitting constant, the rate of the solvent
interchange process and the solvation number. How-
ever, because the shifted resonance of the solvated
water molecules is often very broad, it is usually not
possible to derive the hydration number of the para-
magnetic cation from straightforward area measure-
ments. In these cases, the hydration numbers may be
obtained by the use of theory developed by Swift and
Connick.

Torsion angle and hydrogen bonding effects

17O NMR spectroscopy is a powerful method for the
detection of  steric effects in molecules in which
steric interactions are characterized by rotation of
functional groups around single bonds to relieve van
der Waals interactions or on rigid systems in which
steric interactions are partially accommodated by
bond angle and bond length distortions. Applica-
tions include aromatic and heteroaromatic nitro
compounds, aryl ketones, aldehydes, 1,2-diketones,
aromatic carboxylic acids, esters and amides.

17O NMR appears to be especially promising for
use in hydrogen bonding interaction studies because
of the large chemical shift range of the oxygen
nucleus. The dominance of intramolecular hydrogen
bonding effects over substituent effects was clearly
demonstrated in acetophenones, benzaldehydes and
hydroxynaphthoquinones. Detailed studies of the
influence of intermolecular solute–solvent hydrogen
bonding in amides and peptides demonstrate that
both long range dipole–dipole interactions and
hydrogen bonds at the amide oxygen induce signifi-
cant and specific shielding of the 17O nucleus.

Water orientation in lyotropic phases and bilayers 
– hydration of proteins and DNA

17O NMR studies have several advantages compared
with 1H and 2D NMR for investigating water
orientation in lyotropic phases and bilayers and the
hydration of proteins and DNA since the relaxation
effect is large and the intramolecular origin of the
electric field gradient makes the quadrupolar interac-
tion virtually independent of the molecular environ-
ment. Recently, it has been suggested that the
relaxation dispersion in aqueous protein and DNA
solutions in the MHz frequency range is not owing to
a long-lived hydration layer at the biomolecular
surface, but to a small number of crystallographically
well-defined water molecules.

The solid state

Under conditions of magic-angle spinning (MAS) the
powder band shape of the ( , – ) transition of quad-
rupolar nuclei with non-integral spin does not de-
pend on first-order quadrupolar interactions but
only upon second-order quadrupolar effects which
do not eliminate the possibility of obtaining mean-
ingful NMR spectra. In this case operation at very
high magnetic fields will generally be most advanta-
geous since the maximum second-order quadrupolar
line width of the ( , – ) transition decreases linearly
with the magnetic field. Typical results are those ob-
tained for a range of oxides, oxyanions and high-
temperature oxide superconductors.

33S NMR parameters and applications

33S shieldings

33S shieldings cover a range of about 1000 ppm. Four
regions (with several exceptions) can be identified:
(a) singly bonded sulfur, (b) multiple bonded sulfur,
(c) sulfur in delocalized π systems and (d) S=O
bonds. The sulfur nucleus in thiols and thioethers is
strongly shielded (δ = –300 to –510 ppm). Oxidation
to sulfoxides results in 300 –400 ppm deshielding
(δ = +40 to –100 ppm). Further oxidation to sul-
fones does not significantly change δ(33S) values
(δ = +40 to –30 ppm). Sulfur in three- and four-
membered ring compounds ([1]–[3]) is more shielded
than in the corresponding acyclic and cyclic ana-
logues of larger ring sizes (similar trends have been
observed for 1H, 13C and 17O nuclei).

The resonance range of sulfones is about 60 ppm
and it has been used to follow the analysis of sulfur-
containing oils after oxidation of the sulfur species.
The values of δ(33S) in sulfonamides are quite similar
to those of sulfones. Sulfoximines [R–(O=)S(=NR″)–
R′] resonate at lower frequencies than the corre-
sponding sulfones [R–S(=O)2–R′], which may be
attributed to the lower electronegativity of the
doubly bonded NR group in the sulfoximine replac-
ing the oxygen in sulfones. The opposite is seen
when sulfimines [R–S(=NR″)–R′] are compared with
the corresponding sulfoxides [R–S(=O)–R′].

HETERONUCLEAR NMR APPLICATIONS (O, S, Se AND Te)
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Sulfuric acid and sulfates resonate around δ = 0.
Significant deshieldings have been observed when
oxygen is replaced gradually by sulfur in thiomolyb-
date anions. Thiotungstates show a similar trend.
Sulfides cover a wide range, over 600 ppm (e.g. –680
and –42 ppm for Li2S and BaS, respectively). This
can be attributed to different bond characters (ionic-
ities) in the crystal.

Substituent effects in diorganyl sulfones, 3- and
trans-3,4-substituted thiolane 1,1-dioxides and 4-
substituted 2-thiolene 1,1-dioxides have been investi-
gated and correlations with 13C and 17O in analo-
gous compounds as well as with Taft (Hammett)
electronic parameters have been reported. Stereo-
chemical effects on 33S shielding have been studied
such as the stereomeric sulfones [4] and [5].

33S Coupling constants

There is a limited number of 33S coupling constants
in the literature due to severely broadened signals.
2J(33S–1H) coupling constants of 3 and 4.5 Hz were
measured for Me2SO2 and sulfolane and a 3J(33S–1H)
coupling constant of 6 Hz for 2,5-dihydrothiophene
1,1-dioxide. One-bond 33S–19F coupling of ∼ 252 Hz
has been found for SF6.

33S Relaxation times

The line widths of 33S cover a range of 10 to 300 Hz
for [MoSnO4–n]2– and [WSnO4–n]2– (n = 1–4), >4 kHz

for sulfoxides and >9 kHz for sulfonium salts. The
narrow 33S signal in solid ZnS can be attributed to
cubic symmetry and magnetic dilution of this com-
pound.

77Se NMR parameters and their 
applications

77Se shieldings

The total range of 77Se shieldings is about 3300
ppm. Figure 2 illustrates the resonance ranges of

various selenium functional groups. Electropositive
substituents such as H3Si and H3Ge attached to
selenium result in very strong shielding (δ = –666
and –612 ppm, respectively). Selenide ions are even
more shielded, e.g. K2Se (δ = –670 ppm) and H3Si–
Se–Li+ (δ = –736 ppm). Increasing electronegativity
of substituents directly attached to selenium in R–
Se–X (R-organyl) results in deshielding. In selenium
halides (SeX2), strong shielding is observed with de-
creasing electronegativity of X in the series X=Cl
(δ = 1758 ppm), Br (δ = 1474 ppm) and I (δ =
814 ppm). Deshielding, but with an opposite trend
to the halogen effect, is observed for the oxygenated
species: SeOF2 (δ = 1378 ppm), SeOCl2 (δ =
1479 ppm) and SeOBr2 (δ = 1559 ppm).

Alkyl substituents in dialkyl and arylalkyl selenides
have a significant deshielding effect on δ(77Se), with
β-effects being larger than α-effects. Analogous
trends have been observed for phenylselenenylalkanes
(PhSe–R), alkylselenols (RSeH), alkylselenolates
(RSe−Na+) and in dialkyl diselenides (RSeSeR). The
γ-effects are substantially shielding. The large magni-
tudes of α-, β- and γ-effects have been discussed in
terms of intramolecular polarizability effects. The

Figure 2 (A) 77Se chemical shift ranges of selected selenium functionalities (excluding metal complexes). (B) 77Se chemical shift
ranges of compounds containing C=Se groups (excluding metal complexes). Reproduced by permission of John Wiley and Sons from
Duddeck H (1996) Sulfur, selenium and tellurium NMR. In Grant DM and Harris RK (eds) Encyclopedia of Nuclear Magnetic Reso-
nance, pp 4623–4635. Copyright 1996. John Wiley & Sons.
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δ(77Se) of selenoanisoles (Ph–Se–Me) substituted at
the aromatic ring have been expressed in terms of
dual substituent parameters (DSP).

Oxidation of Se(II) and Se(IV) generally results in
significant deshielding: Me2Se (δ = 0 ppm), Me2SeBr2

(δ = 389 ppm) and Me2SeCl2 (δ = 448 ppm). The
magnitudes of substituent effects of alkyl groups are
approximately four times smaller in the selenoxides
than in the corresponding selenides. Halogenated
species show the opposite tendency.

Se(VI) species are shielded compared with the
structurally related Se(IV) analogues: H2SeO4

(δ = 1001 ppm) and H2SeO3 (δ = 1300 ppm). The
δ(77Se) of hypervalent tetraarylselenium compounds
are not significantly different compared with those
of divalent diaryl selenides.

The C=Se functional group shows shieldings
which cover the whole of the known range of
δ(77Se): selenoaldehyde (δ = 2398 ppm) and
O=C=Se (δ = –447 ppm). Shieldings strongly
depend on the nature of the atoms and substituents
attached to the carbon of the C=Se group.
Furthermore, correlations with n → π∗  transitions
and δ(17O) in C=O analogues have been found.

Cyclic compounds with selenium in the ring(s) have
been comprehensively investigated. Annulation of
conjugated ring systems to selenophene causes con-
siderable shieldings. Replacement of carbon by an
electronegative element such as nitrogen atom results
in a deshielding by up to 900 ppm. Even minor strain
effects within the heterocycle can cause significant
shielding. As expected, positively charged unsatu-
rated ring systems cause extreme deshielding effects.

P=Se bonds indicate negative δ(77Se) values
which was attributed to the dipolar mesomeric
form II: –P=Se (I) ↔ –P+–Se− (II). Shieldings depend
strongly on the nature of the sustituent at phosphorus
and the branching of carbon substituents.

There is a large number of δ(77Se) of selenium-
metal compounds which, according to Duddeck, can
be classified into three types: (a) selenium with cova-
lent bonds to main group metals. Deshielding is

usually observed compared with the corresponding
selenide anions. (b) Selenium σ-, π-, µ- or η-coordi-
nated to transition metal atoms. The δ(77Se) of these
complexes cover the whole shift range. In most cases
deshielding is observed compared with the free sele-
nium-containing ligand. Strong shieldings have been
observed in the case of the η4-cobalt complexes com-
pared with the free heterocycles. (c) Selenium ligands
with other atoms (usually phosphorus or nitrogen)
directly coordinated to the metal atom. The δ(77Se)
of this type of metal complexes do not differ signifi-
cantly from those of the free ligands.

Variable temperature NMR has been utilized in
the conformational analysis of selenium-containing
compounds such as the ring inversion process
of phenylselenenylcyclohexane, 2,11-diselena[3.3]
metacyclophane, [3.3]diselena- and [4.4]tetraselen-
acyclophanes and 1,4,5,7-tetrahydro-3H-2,6-benzo-
diselenines.

77Se NMR has been utilized as a tool for chiral rec-
ognition which occurs across several bonds such as
in the derivatizing agent (4S,5S)-(−)-4-methyl-5-phe-
nyloxazolidine-2-selone.

CP MAS 77Se NMR in the solid has been utilized
to investigate conformational properties in cyclic
compounds and comparison with X-ray structures.
δ(77Se) were found to be strongly dependent on the
crystallographic non-equivalences in the unit cell.

77Se coupling constants

77Se coupling constants are abundant in the literature
since they can be investigated in a straightforward
way from the spectra of the coupling partner such as
1H, 13C and 31P nuclei. The J values have been
reviewed extensively so in this article only a synopsis
will be given.

nJ(77Se, 1H) One-bond coupling constants are,
presumably, positive with values between 65.4 Hz
(H2Se) to 5.3 Hz for Cp–W(CO3)SeH. Geminal cou-
plings are mostly positive and vary between 4 and
16 Hz for hydrogen atoms in aliphatic fragments,
but can increase to 50 Hz if the fragment has further
geminal heteratoms or if it is in a heteroatom ring.
Two- and three-bond (vicinal) coupling constants
show some stereochemical dependence.
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nJ(77Se, X where X = 13C, 15N, 19F, 29Si, 31P, 77Se,
125Te and 129Xe) One-bond couplings 1J(77Se,
13C) are negative and strongly depend on the hybrid-
ization of the carbon atom. Typical values are –45 to
–100 Hz for Csp3 — Se. Geminal couplings (< 15 Hz
for aliphatic carbons) and vicinal couplings (3–
12 Hz) are very little investigated and it is not clear
whether a Karplus-type dependence exists.

There are very few reports of 77Se–15N couplings
(60.1 Hz for CF3Se–NH2). One-bond 77Se–19F coup-
ling constants considerably exceed 1000 Hz and
strongly depend on the stereochemical position of
the fluorine atoms (for SeF4 the coupling to the axial
fluorine atom is 284 Hz and that to the equatorial
one 1206 Hz). Geminal couplings can be substantial
(∼ 120 Hz in fluorinated 1,3-diselenetanes) and four-
bond coupling constants of ∼ 12 Hz have been
observed.

Few data of one bond 77Se–29Si have been pub-
lished and are generally in the region of 110–49 Hz.
One-bond 77Se–31P couplings are negative and show
a strong dependence on both the bond order
between phosphorus and selenium (−800 to −1200
Hz for P=Se double bonds and –200 to –620 Hz for
single bonds) and the stereochemistry of the com-
pounds investigated.

One-bond 77Se–77Se couplings have been observed
in a number of diselenides (+22 to −67 Hz) and
polyselenide anions with charged selenide atoms
(250 ± 20 Hz). Two-bond couplings can have large
values, particularly in cyclic sulfur–selenium com-
pounds (95–114 Hz). Three-bond couplings (3–16
Hz) have been observed and four-bond couplings up
to 16 Hz have been observed in sulfur–selenium
cyclic compounds.

Couplings to metal nuclei Typical one-bond coup-
lings to metal nuclei are 119Sn, 500–1700 Hz; 207Pb,

780–150 Hz; 103Rh, 20–44 Hz; 113Cd, 126–195 Hz;
183W, 109–14 Hz; 195Pt, 630–74 Hz (a strong
dependence on the nature of the substituents and the
stereochemistry has been emphasized) and 199Hg, −
1270 to −751 Hz.

125Te NMR spectral parameters and 
their applications

125Te shieldings

The total range of 125Te shieldings is nearly 5000
ppm. The δ(125Te) of phosphine tellurides, R3PTe, lie
between –513 (R = Me) and –1000 ppm (R = Pri)
and have been interpreted in terms of the character
of the P–Te bond.

The effects of replacing α-hydrogen atoms of
dimethyl telluride and phenylmethyl tellurides or
ditellurides are in close analogy to those in the corre-
sponding selenides. The same holds for diorganyltel-
lurium dichlorides and difluorides. Similarly,
δ(125Te) in ortho-substituted tellurophenetols can be
correlated with analogous selenophenetols.

Telluroketones [6] indicate strong deshielding
(δ = 2858 ppm). If a heteroatom is attached to the
tellurocarbonyl group, such as in [7], then a
shielding is observed. The unusually high shielding
(δ = −168 ppm) for [8] has been interpreted in terms
of the dipolar canonical form.

The (125Te) of cyclic tellurium compounds indicate
similar trends to those with the selenium analogues.
Halogenation of the tellurium atom indicates strong
deshielding. Furthermore, positively charged satu-
rated and unsaturated ring systems cause extreme
deshielding effects.

Variable temperature 125Te NMR has been utilized
to investigate ring inversion in phenyltellurenyl-sub-
stituted cyclohexane derivatives. 125Te NMR was
shown to be an excellent tool for chiral recognition.
Thus, the 125Te chemical shifts of the stereoisomeric
bicyclic compounds [9] and [10] differ by 34 ppm.
Interestingly long-range effects, through several
bonds, of the menthyl residue in [11] on tellurium
shieldings have been observed.
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Very few CP MAS 125Te NMR studies in the solid
have been reported; however, they clearly demon-
strate the great sensitivity of the method in investi-
gating even minor distortions from octahedral
crystallographic symmetry.

125Te coupling constants

125Te coupling constants are less abundant in the
literature than those involving 77Se and are of the
opposite sign due to negative magnetogyric ratio.
The ratio J(125Te,X)/J(77Se,X) is 2–3 (in absolute
value) and very probably reflects differences in the
Fermi contact interaction. One-bond coupling con-
stants 1J(125Te,1H) are negative (–59 Hz for H2Te),
geminal couplings in dialkyltellurides are ∼ 20 Hz
and –90 Hz in tellurophene. Vicinal couplings are
smaller (Et2Te, –22.7 Hz).

One-bond 1J(125Te,13C) couplings show a strong
dependence on the hybridization state of the carbon
atom (Me2Te, 162 Hz; (H2C=CH)2Te, 285 Hz; Me–
Te–C≡C–Bu, 531 Hz). One-bond 1J(125Te,19F) values
are very large (TeF6, 3688 Hz; TeF7−, 2876 Hz;
Ph2TeF2, 530 Hz). The 1J(125Te,31P) couplings
strongly depend on the bond order (R3P=Te, 1548–
1743 Hz; (But)2P–Te–P(But)2, 451 Hz).

1J(183W,125Te) and 1J(195Pt,125Te) couplings have
also been reported.

List of symbols

J = coupling constant; T1, T2 = relaxation constants;
χ = nuclear quadrupole coupling constant.

See also: High Pressure Studies Using NMR Spec-
troscopy; NMR in Anisotropic Systems, Theory; NMR
of Solids; NMR Relaxation Rates; Solid State NMR,
Methods; Solid State NMR Using Quadrupolar Nuclei.
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one has to take care that the signals appear in the
correct window (i.e. are not folded). For the quadru-
polar nuclei, it is advisable to set the pulse width to
60–90° and to apply a line broadening factor.
Relaxation delays can usually be avoided. Except in
special cases, 1H broad-band decoupling is unneces-
sary. For very large molecules (metalloproteins),
high magnetic field strengths are recommended to
cope with second-order shift contributions to the
+ →−  quadrupole component. See Individual
nuclei and applications, vanadium, below).

Commercially available equipment is used for
solid-state static, MAS, OFF-MAS and double rota-
tion techniques, and precautions have to be taken to
discriminate between resonance signals and rotation
side-bands by measuring the spectra at different
spinning frequencies. The information that can be
extracted from spectra under the static versus non-
static conditions (where quadrupole perturbations,
dipole interaction and chemical shift anisotropy

effects are suppressed) will be exemplified for solid
state Sc NMR spectra below. Note again that the
position of the central + →−  transition which,
owing to large quadrupole coupling anisotropy often
is the only accessible one, is not coincidental with the
isotropic shift δiso.

Table 1 also contains chemical shift reference
compounds (used as the zero point of the shift scales)
and, in the table footnote, standards employed in
practice, including their chemical shifts with respect
to the reference if not identical. Chemical shifts
depend on concentration, isotopic composition (in
the first but also the second coordination sphere),
nature of the solvent, ionic strength, counterion and
other influence of the medium, and these depend-
ences are proportional to the intrinsic shielding sen-
sitivity of a nucleus. Where the shielding sensitivity is
exceedingly large (59Co), these effects are significant
and have to be taken into account when preparing
sample and standard solutions. Coupling constants

Table 1 NMR properties of 3d transition metal nucleia

a The nucleus usually employed in NMR experiments is denoted by an asterisk. 
b Measuring frequency at 2.35T (where 1H of TMS resonates at 100 MHz).
c Electric nuclear quadrupole moment, in 10–28 m2.
d Magnetogyric ratio, in 107 rad s–1 T–1.
e Receptivity relative to 1H = 1.
f 47/49Ti NMR signals appear ‘paired’, separated by 266 ppm.
g The quadrupole moment for 53Cr is still under debate. Values for |Q| as low as 0.04 have also been reported.
h Dilute, aqueous solution of Sc(ClO4)3.
i [TiF6]2– is also used as a standard (δ = –1163 ppm).
j An aqueous, alkaline solution of vanadate ([VO4]3–, δ = –576 ppm) is sometimes employed as a standard in solution  NMR, Na3[VO4] in

solid state NMR.
k Dilute, aqueous solution of K2[CrO4].
l Saturated aqueous solution of K[MnO4].
m The following standards are frequently employed: [Fe(CN)6]4– (δ = +2497ppm), (η5-C5H5)2Fe dissolved in CDCl3 (δ = −954.2 ppm).
n Alternative standards are: Co(acetylacetonate)3 (δ = +12 500 ppm), [Co(NH3)6]3+ (+8150 ppm), [Co(ethylenediamine)3]3+ (+7120 ppm).
o Me = CH3. Alternatively (but not recommended) [Cu(NCMe)4][ClO4/BF4] in MeCN (δ = – 83 ppm) may be used.
p The standard commonly used is an aqueous solution of Zn(ClO4)2.

νb (MHz) Spin Qc γd

Natural 
abundance (%) re

Reference
compound

45Sc 24.330 7/2 −0.22 +6.5088 100 0.30 [Sc(H2O)6]3+ h

47Tif 5.643 5/2 +0.29 −1.5106 7.28 1.5×10–4 TiCl4i

49Tif 5.644 7/2 +0.24 −1.5110 5.51 1.5×10–4 TiCl4i

50V 9.988 6 +0.21 +2.6721 0.24 1.3×10–4 VOCl3j

51V* 26.350 7/2 −0.052 +7.0492 99.76 0.38 VOCl3j

53Cr 5.636 3/2 −0.15g −1.5007 9.55 8.6×10–3 [CrO4]2– k

55Mn 24.840 5/2 +0.55 +6.6453 100 0.175 [MnO4]– l

57Fe 3.238 1/2 – +0.8687 2.19 7.4×10–7 Fe(CO)5
m

59Co 23.727 7/2 +0.42 +6.3015 100 0.28 [Co(CN)6]3– n

61Ni 8.936 3/2 +0.16 −2.3948 1.19 4.2×10–5 Ni(CO)4

63Cu* 26.515 3/2 −0.21 +7.1088 69.09 0.064 [Cu{P(OMe)3}4]+ o

65Cu 28.404 3/2 −0.195 +7.6104 30.91 0.035 [Cu{P(OMe)3}4]+ o

67Zn 6.257 5/2 +0.15 +1.6778 4.11 1.2×10–4 [Zn(H2O)6]2+ p
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are less dependent on medium effects, but relaxation
times can also be very dependent on solution
conditions. Other factors influencing shielding (and
relaxation times) are temperature and pressure (see
below). Chemical shifts should also be corrected
with respect to field-lock shifts if different deuterium
locks are used for the (external) standard/reference
and the sample, and with respect to influences of the
bulk susceptibility, if different sample shapes are
compared (e.g. cylindrical versus spherical).

Chemical shifts (nuclear shielding)

Figure 1 is a summary of chemical shift ranges for
the 3d series nuclei in their more common oxidation
states in diamagnetic compounds, representing the
present state of knowledge but also, to a certain ex-
tent, the intrinsic shielding sensitivities. Shift ranges
for high and low oxidation states are represented by
open and solid bars, respectively. Metals that form
closed shell complexes (d0: ScIII; d10: CuI, ZnII) have
relatively narrow shift ranges, while open shell sys-
tems (d4: VI; d6: V–I, MnI, FeII, CoIII; d8: Fe0, CoI) give
rise to extended shift ranges. Particularly noteworthy
is the overall shift range of ∼ 20000 ppm for 59Co.

There is a tendency for deshielding of the nucleus
(downfield shift with respect to the magnetic field,
high-field shift with respect to the RF field) in com-
pounds with high-valency metal nuclei, and for
shielding in compounds containing the metal nuclei
in a low oxidation state. However, as demonstrated
by the large overlapping areas of open and solid bars
for the same metal in Figure 1, no clear correlation
between shielding and oxidation state exists, indicat-

ing that the nature of the coordination environment
of the metal centre has to be considered. The factors
influencing shielding are complex but can be
described in a simplified manner by the expression
σ = σ(dia) + const.(∆E–1)av (C2r–3)av, where σ is the
overall shielding and σ(dia) the (essentially constant,
since dominated by the core electrons) diamagnetic
contribution. The second term, the paramagnetic
contribution σ(para), the main factor influencing
variations in shielding (and hence chemical shift),
contains the mean HOMO-LUMO splitting ∆E, the
LCAO coefficient C of relevant orbitals (C = 1 in the
crystal field approximation), and a measure for the
expansion of the orbitals, 〈r–3〉. The main contribu-
tions to this term arise from the valence d orbitals,
but in closed shell systems valence p contributions
have to be taken into account and may become pre-
dominant. Based on this relationship, the following
shielding trends can be predicted and have been
verified by experiment.

(1) A strong ligand field decreases σ(para) via an
increase of ∆E and thus gives rise to high overall
shielding. In compounds with a low-valency
metal centre, strong ligands are π acceptors such
as CO, PR3 and CNR; in compounds with a high-
valency metal centre, ‘hard’ ligands such as oxo
and nitrogen functional groups induce a large ∆E
splitting. Consequently, the 51V nucleus is
shielded in [VO4]3− (δ = –540) as well as in
[V(CO)6]− (–1952), and deshielded in [VS4]3−

(+1395) as well as in [V(NO)2(thf)4]+ (+269ppm).
(2) Mainly in open shell compounds, shielding is

additionally influenced through the (C2r–3)3d

term. This factor becomes small for ligands such

Figure 1 Chemical shift ranges for the 3d series metals. Open bars correspond to high, solid bars to low oxidation states. Chemical
shift values δ have negative signs to the right of the vertical δ = 0 line, which connects the references given in Table 1. Where the shift
range extends beyond the scale of the figure, the limiting δ values are indicated.
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as H−, R−, I−, SR2 or, more generally, for ligands
with a high polarizability/low electronegativity.
In a series such as [Co(NO)2X]2, shielding
increases in the sequence Cl (δ = +3640),
Br (+3390), I (+2790ppm), known as the
‘normal halogen dependence of chemical shield-
ing’. Corresponding trends (‘normal polarizabil-
ity dependence’) are commonly found in the
series amine, phosphine, arsine and stibine, as
well as in the series oxo, thio, seleno and telluro
functional ligands. The inverse halogen (polariz-
ability) dependence, i.e. a decrease of shielding
(mainly as a consequence of a decrease in ∆E)
usually prevails in closed shell d0 systems; cf.
Cp2TiF2 (δ = –1052), Cp2TiCl2 (–772), Cp2TiBr2

(–668 ppm).
(3) Bulky ligands and strained ring structures (e.g.

3- and 4-membered chelate rings) induce
deshielding in open shell and increase shielding
in closed shell systems with respect to sterically
normal conditions. This sensitivity of shielding
to steric effects often allows for the distinction
of conformers and diastereomeric pairs of
enantiomers.

(4) Non-innocent ligands (typically catecholates,
cat) can give rise to substantial deshielding of the
metal nucleus, e.g. in VO(sb)cat (sb is a triden-
tate Schiff base dianion) δ = +480ppm instead of
an expected δ ≈ –540ppm for a vanadium com-
pound with an ‘innocent’ NxOy donor set.

(5) Since the number of relevant transitions between
highest occupied and lowest unoccupied molecu-
lar orbitals increases with a decrease in local
symmetry, structural isomers (e.g. cis/trans, fac/
mer) exhibit different shielding situations.

Secondary factors influencing shielding

Apart from effects arising directly from the coordi-
nating functions and the arrangement of the
ligands, various second-sphere and outer-sphere ef-
fects have to be considered, some of which will be
noted here. (i) Ligand substituents, e.g. Z in phos-
phines PZ3, very effectively influence the steric and
electronic nature (donor/acceptor properties) of the
ligand. P(OR)3, for example, induces stronger
shielding than P(alkyl)3 and PMe3 stronger shield-
ing than P(But)3. (ii) The shielding variations ob-
served as the counterion or the solvent varies can
indicate contact-ion pairing (e.g. in the series
[Co(en)3]X3, X = Cl, Br, I: ∆δ = 32 ppm) and solva-
tion, respectively. (iii) In the solid state, distinct
crystallographic sites are represented by distinct res-
onance signals. The δiso(solid) are not usually equal
to δiso(solution).

Isotopic substitution leads to increased shielding
for the heavier isotope (e.g. 12CO versus 13CO;
C14N– versus C15N–). This isotope effect can be
traced back to the same origin as the temperature
and pressure dependence of shielding, i.e. they can
be related to the vibrational fine structure of the
highest electronic levels participating in electronic
transitions: as the temperature decreases, vibroni-
cally excited levels become decreasingly populated;
∆E increases, and overall shielding decreases. An
equivalent effect is responsible for increased shield-
ing with increased pressure and an increase of shield-
ing for a heavier with respect to a lighter isotopomer.
Table 2 provides selected examples and Figure 2
illustrates isotope effects for C5H5V(CO)4.

Anisotropy of chemical shifts

Under anisotropic conditions (solid state, meso-
phases), the chemical shift consists principally of
three components (a parallel (δ�) and two
perpendicular ones (δ1 and δ2, where δ⊥ = (δ1 + δ2)),
the separation of which depends on the molecular
anisotropy which, for quadrupolar nuclei, correlates
with the extent of quadrupole perturbation and hence
with the size of the nuclear quadrupole coupling
constant e2qQ/h. The extent of anisotropy is
expressed by the molecular asymmetry parameter η,
defined by η = (δ2 – δ1)/δ� – δiso), and the chemical
shift anisot--ropy ∆δ = δ� – δ⊥. Selected values for
δiso, ∆δ and η are listed in Table 3 together with
e2qQ/h values. The chemical shift anisotropy

Table 2 Isotope, temperature and pressure effects on shield-
ing

a The one- and two-bond isotope shifts are indicated per isotopic
substitution.

b The temperature gradients (tg) are given in ppm per degree,
averaged over a temperature (T ) range of ∼ 230–320 K (51V)
and 290–350 K (59Co); the (tg)/T relation is not strictly linear.

c kg cm–2, for a pressure range of 1000 to 9000 kg cm–2 and at
291 K.

Iso-
tope Compound

Detected
by

Iso-
tope 
shifta

Temper-
ature
gradientb

Pressure
gradientc

1/2H [Sc(H2O)6]3+ 45Sc –0.52

C5H5V(CO)4
51V –0.715 0.61

[(CpV(CO)3H]– 51V –4.7

[Co(NH3)6]3+ 59Co –5.2 1.55
12/13C [V(CO)6]– 51V –0.27 0.30 –0.032

[Co(CN)6]3– 59Co –0.85 1.38 –0.018
14/15N [Co(CN)6]3– 59Co –0.197
16/18O [V(Co)6]– 51V –0.10

[MnO4]– 55Mn –0.60
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produces an important relaxation mechanism in
nonquadrupolar nuclei (57Fe; see below).

Scalar coupling constants

Information on electron-mediated (scalar) spin–spin
coupling J may be obtained from the NMR spectrum
of the metal nucleus NM or the ligand nucleus NL.

When NM is the NMR probe, two limiting cases have
to be considered. One case is where coupling is fully
effective and thus gives rise to a resolved first-order
multiplet for the M resonance. This is the case if M is
a spin-  nucleus (57Fe), or if the quadrupole moment
of M is small (51V) and L is a spin-  nucleus or again
a quadrupole nucleus with a small quadrupole mo-
ment (14N). Examples are given in Figure 3A and
Figure 3B(ii). For the medium quadrupole nuclei, re-
solved J coupling is restricted to compounds where
M is in a local symmetry providing small electrical
field gradients at the nucleus and hence less effective
quadrupole relaxation. The second case is where cou-
pling is completely quenched. This is the case if fast
relaxation leads to relaxation decoupling of NM and
NL, or in the case of intermolecular exchange if it is
accompanied by bond rupture. Fast relaxation is en-
countered with quadrupolar nuclei in all but highly
symmetric environments, and with long molecular
correlation times τc. Bulky and/or large molecules,
and a high viscosity of the medium (polar solvents,
low temperature, high concentration) will give rise to
slow molecular tumbling and hence long τc.

If NL is the NMR probe, we again have to deal
with two limiting cases. One is when all of the cou-
pling information is available. This is the case if M
belongs to the low quadrupole category nuclei and/
or M is at a highly symmetric site. The spectrum
appears as a resolved nonbinomial multiplet of

Figure 2 Two-bond deuterium isotope shifts on the 51V chemi-
cal shifts in η5-{C5

1H5–n
2Hn} V(CO)4 (assigned dn). The asterisks

indicate the high-field components of the natural-abundance 13C
satellite doublets for d0 and d5. Reproduced with permission from
Rehder D, Hoch M Jameson CJ (1990) Deuterium isotope effects
and bonding in carbonylvanadium complexes. Magnetic Reso-
nance Chemistry 28: 138–144. © John Wiley & Sons Ltd.

Table 3 Solid-state chemical shifts δiso, chemical shift anisotropies ∆δ, asymmetry parameters η, and nuclear quadrupole
coupling constants e2qQ/h

a Referenced against the standards given in Table 1.
b nta = nitrilotriacetate (3−).
c tppp = tetraphenylporphyrin, im = imidazole.
d From solution studies.
e In CuBrxI1−x crystals.

Compound Nucleus δiso
a ∆δ η e2qQ/h (MHz)

Sc(O2CMe)3
45Sc –40 – 0 5

α-NaVO3
51V –578 365 0.70 2.95

VOCl3 51V ~0 Not reported 0.09 5.7

[NH4]2[VO2nta]b 51V –507 800 0.04 8.80

CpV(CO)4
51V −1534 Not reported 0.11 2.79

KMnO4
55Mn ∼ 0 Not reported 0.121 1.57

Mn(CO)5Cl 55Mn ∼  −1000 1350 0.1 13.9

Co(tpp)(im)2
c 59Co +8940 2497 0.17 5

Co(acac)3
59Co +12505 1029 0.38 5.6

FeCo3(CO)12H 59Co −2833 1140 0.23 12.19

Myoglobin.CNEtd 57Fe +9223 1288 – –

Cule 63Cu ∼  −410 Not reported Not reported 1.7

Zn(O2CMe)2.2H2O 67Zn ∼  0 Not reported 0.87 5.3
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multiplicity 2I + 1 (I is the nuclear spin of M;
Figure 3B(i)) or as the envelope of such a multiplet,
a typical plateau-like signal where the width at half-
height divided by (2I + 1) provides a good estimate
for J. In the solid state J(NMNL) multiplets can be
distorted owing to the anisotropy of J and the quad-
rupole coupling interaction. An example is
(Ph3P)2CuCl, where the 31P quartet spacings are
1.43, 1.27 and 10.94 kHz. The second limiting case
is again complete relaxation decoupling, resulting in
a comparatively sharp resonance signal for NL. More
or less broad signals with a Lorentzian–Gaussian
line shape are typical for intermediate situations.

Coupling constants J(NMNL), in most cases one-
bond couplings 1J, are available for all of the 3d
series nuclei except for 67Zn. They are dominated by
the Fermi contact term and the main factors in this
term contributing to the size of J are the s electron
densities |S(0)|2 at the M and L nuclei, which are
susceptible to the metal oxidation state and donor/
acceptor properties of the ligands. For a direct com-
parison of coupling constants of different nuclei, it is
advisable to employ the reduced coupling constant
K ∝ J/γMγL; γ is the magnetogyric ratio, see Table 1
for the γM values. Figure 4 summarizes 1J/γMγL

ranges for various M–L pairs in relation to the |S(0)|2
terms.

Figure 3 (A) One-bond scalar couplings in the 51V NMR spectrum of trans-[V(15N)2(Me2PCH2CH2PMe2)2]−: 1J(51V–31P) = 314
(quintet), 1J(51V–15N) = 57Hz (triplet splitting). Reproduced with permission of the Royal Society of Chemistry from Rehder D, Woitha
C, Priebsch W and Gailus H (1992) Structural characterization of a dinitrogenvanadium complex, a functional model for
vanadiumnitrogenase. Chemical Communications 364–365. (B) Two-bond coupling 2J(51V–31P) = 120Hz in the 31P (i) and 51V (ii) NMR
spectra of [V(NPPh3)4]+. Reprinted with permission from Aistars A, Doedens RJ and Dohesty NM (1994) Synthesis and
characterization of vanadium(V) mono-, bis-, tris- and tetrakis(phosphoraniminato) complexes. Inorganic Chemistry 33: 4360–4365.
© 1994 American Chemical Society.

Figure 4 Reduced one-bond M–L coupling constants versus
the product of the s electron densities at the respective nuclei
(assuming effective zero charge). Open bars represent M–P
(phosphine) coupling; the shaded circle represent phosphites
[P(OR)3]. S(0)2 values have been taken from Pregosin PS and
Kunz RW (1979) NMR Basic Principles and Progress 16: 80–85.
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Relaxation and line widths

The width of a resonance line, usually measured at
half-height and quoted as W1/2 (or ∆ν1/2) in units of
Hertz, is mainly determined by the spin–spin
relaxation time T2 (W1/2 = (πT2)–1) which, in nonvis-
cous solutions and other than highly symmetric com-
plexes, usually has about the same magnitude as the
spin–lattice relaxation time T1. In the solid state, T1

and T2 can deviate from each other considerably. The
knowledge of T1 values is a necessary precondition
for optimizing NMR detection, especially for nuclei
with long T1, viz. 57Fe. In the absence of quadrupolar
ligand nuclei, the main relaxation mechanism in 57Fe
compounds with a nonisotropic coordination envi-
ronment is the chemical shift anisotropy ∆δ: T1 is in-
versely proportional to (∆δ)2, the square of the
applied magnetic field B0 and is a function of the cor-
relation time τc. τc gains importance for large and/or
bulky molecules; compare T1 (B0 ≈ 9 T) = 4.2 s for
ferrocene, and 0.02 s for myoglobin⋅CO.

Chemical shift anisotropy has also been noted for
cobalt complexes as a B0-dependent component to
relaxation which, for quadrupolar nuclei, is other-
wise dominated by the quadrupolar relaxation
mechanism: T2

–1 ∝ f(I)(e2qQ/h)2 (1 + η2/3)τc, where
f(I) is a function of the nuclear spin, and e2qQ/h
and η (= 0 under axial symmetry) are as defined
above (cf. also Table 2). τc describes the intimacy
of interaction between solvent and solute molecules
and hence the ease by which a solute molecule
tumbles in a solution. As noted previously, T1 and
T2 are very similar. For example, in aqueous
ZnSO4, 67Zn T1 and T2 are 9.3 and 9.8 ms; in
aqueous Co(acac)3 the 59Co T1 and T2 are both
1.7 ms, and in neat VOCl3 its 51V T1 and T2 are
both 17 ms while the 50V T1 and T2 are both 5 ms.
The latter example (VOCl3) clearly demonstrates
the importance of the size of the nuclear quadru-
pole moment Q (cf. Table 1), since all of the other
parameters are identical. On the other hand, in a
series of similar compounds containing the same
metal nucleus (i.e. the same f(I) and Q), T2 reflects
variations of τc and the electric field gradient q at
the nucleus. For solutions, long T2 (narrow reso-
nance lines) can hence be expected for nuclei with a
reasonably small Q(e.g. 51V), for small, nonbulky
molecules in nonviscous media (influence via τc), for
molecules of cubic point symmetry and for a few
other cases where q becomes small, e.g. octahedral
complexes of C3v symmetry, half-sandwich com-
plexes having local C3v or C4v symmetry, or trigo-
nal-pyramidal complexes of C3v symmetry. The field
gradient q also reflects the donor and acceptor
power and related properties of the ligands.

Finally, it should be remembered that relaxation is
also influenced by chemical exchange.

Individual nuclei and applications

Scandium and titanium

Scandium-45 is a relatively easily accessible nucleus
owing to its 100% natural abundance and high mag-
netogyric ratio, but the comparatively large quadru-
pole Q has restricted its application. In the solid
state, the large Q can provide valuable information
on the quadrupolar interaction as exemplified for
ScCl3⋅6H2O and Sc(O2CCH3)3 in Figure 5. Relevant
data can be extracted from static spectra, which de-
pending on the strength of the applied magnetic
field, reveal first-order or second-order quadrupole
patterns (Figure 5B), while under MAS conditions
(Figure 5C) the main spectral information is the
exact isotropic chemical shift.

The concentration, counterion and pH depend-
ences of δ(45Sc) in aqueous solutions of scandium
salts have revealed equilibria between outer-sphere
versus inner-sphere complexes (contact ion pairs
versus direct coordination of the anion), in addition
to the equilibria between [Sc(H2O)6]3+, which
is present at low pH, its deprotonation
([Sc(H2O)5(OH)]2+) and oligomerization products
([Sc2(H2O)x(OH)2]4+, [Sc3(H2O)y(OH)4]4+), present
at pH values up to 4, and [Sc(OH)4]–, the species that
is formed at high pH.

Owing to the very similar magnetogyric ratios,
47/49Ti, NMR spectra are twinned, the two reso-
nances separated by only 266ppm. The slightly
smaller Q and larger spin of the 49Ti nucleus make
the low-field (high-frequency) twin the better-
resolved one. As in the case of 45Sc, the sizeable
quadrupole moments restrict the observability of 47/

49Ti resonances to rather symmetric molecules.
[Ti(CO)6]2− marks the high-field, TiI4 the low-field
margin of the Ti chemical shift scale. Mono- and
bis(cyclopentadienyl) complexes are in between. In
the context of their application in Ziegler–Natta
polymerization, a dependence of chemical shift upon
the electronic nature of the substituents on cyclopen-
tadienyl (Cp) is noteworthy, an effect which is also
observed for δ(51V) and δ(57Fe) in Cp-vanadium and
Cp-iron complexes.

Vanadium, chromium and manganese

The nucleus 51V is the only one among the quadru-
polar transition metals with a relatively low quadru-
pole moment and a high receptivity, and is hence a
particularly well-suited NMR probe even in
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compounds with no actual symmetry. Well-resolved
coupling patterns, however, require compounds of
medium to high local symmetry, as shown in
Figures 2 and 3 for complexes of idealized C4v, D4h

and Td symmetries. A large body of J and δ data has
been accumulated (see Further reading for compila-
tions), many of them in the context of investigations
into biological/biomimetic vanadium systems, vana-
dium catalyst systems, correlations between NMR
parameters and ligand properties, and vanadium
speciation analysis.

More than a dozen species have been detected in
aqueous vanadate solutions, and their interconver-
sion and protonation/deprotonation equilibria have
been studied by quantitative 1D-NMR, 2D-EXSY,
and a combination of 51V NMR with potentiometric
measurements. The latter procedure has turned out
to be a powerful tool for investigating the speciation
in ternary systems containing, along with vanadates
and protons, a biogenic ligand as a third component.
Figure 6 is an illustrative example for such a system.
While the extreme narrowing conditions (ωτc << 1)
are fulfilled in these systems, this is no longer so for
large VV–protein molecules with a tightly bound
vanadium, placing the vanadium outside the extreme
narrowing (though still within the motional narrow-
ing) regime. Here, acquisition of spectra is restricted
to the quadrupolar central + →–  transition, which
makes up only about 20% of the overall intensity
(and is subject to a second-order shift contribution)
but, contrasting the other three quadrupole compo-
nents, does not suffer from severe relaxation broad-
ening. The two slightly different metal ion binding
sites in the C- and N-terminal lobes of transferrin
have thus been characterized by 51V NMR.

The main oxidation states investigated by 51V
NMR are the diamagnetic –I (carbonylvanadates), +I
(half-sandwich complexes) and +V states (e.g. vana-
dates and other oxovanadium(V) compounds), but
other oxidation states such as –III, low-spin +III and
binuclear, and strongly antiferromagnetically
coupled +IV have also been studied. Irrespective of
the oxidation state, the concepts of electronic and
steric ligand influences upon δ(M) outlined above
are valid throughout. The steric effect has been
employed to distinguish between diastereomers
based on pairs of enantiomers in VI and VV com-
plexes. Depending on the separation of the chiral
centres, the diastereomer splittings amount to ∼ 2 –
10 ppm.

Chemically there are many similarities between V,
Cr and Mn in their low-valency diamagnetic states
(d6: V−I, Cr0, Mn+I) and in their highest, closed shell
(d0) oxidation states. Where data are available
(mainly for Cr-d6 and Mn-d6), dependences of chem-
ical shifts δ(53Cr) and δ(55Mn) upon the donor/
acceptor properties and sensitivities towards steric
effects have been documented that parallel those
reported for δ(51V) in V-d6 and V-d4 complexes.

The relative receptivity of the 55Mn nucleus com-
pares with that of 51V; Q(55Mn) is, however, an order
of magnitude larger than Q(51V), limiting the accessi-
bility of 55Mn as an NMR probe. The manganese shift
range is flanked by [Mn(CO)3(NCMe)3]+ at the low-
field margin, and the formally Mn–III complexes
Mn(NO)3L at the high-field margin. The only MnVII

compound studied so far by NMR is KMnO4, which
gives a very sharp resonance line in solution in
accordance with its Td symmetry but a very broad
feature in the solid state as a consequence of effective

Figure 5 Solid state 45Sc NMR spectra A: Static of ScCl3.6H2O at 8.45 T; B: static of Sc(O2CCH3)3 at 3.52 T; C: MAS of Sc(O2CCH3)3

at 8.45 T, showing the central line and spinning side-bands. Reproduced with permission of the Royal Society of Chemistry from Old-
field E (1987) Solid-state scandium-45, yttrium-89 and lanthanum-139 nuclear magnetic resonance spectroscopy. Chemical Commu-
nications, 27–29.
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interaction between Q and a crystallographically
imposed field gradient q. For |Q(53Cr)|, reported
values range between 0.04 and 0.15 × 10–28 m2.
NMR experience with this nucleus places it in the
medium quadrupole category which, along with
the low receptivity, makes 53Cr a difficult
nucleus to detect. The δ(53Cr) shift range is flan-
ked by [CrO3Br]− (+670) and cis-[Cr(CO)2(PF3)4]
(–1898 ppm).

Iron, cobalt and nickel

Iron-57 (I = ) is among the least NMR-sensitive
nuclei of the periodic table. Isotopic enrichment or
steady-state techniques (in the case of long T1), high
magnetic field strengths and large sample volumes
may be applied in the case of direct detection, but
1D double resonance and 2D indirect techniques are
nowadays much more commonly employed in spec-
trum acquisition wherever coupling to a sensitive
ligand nucleus in the coordination sphere (such as
1H, 13C, 15N, 31P) is observable. The chemical shift
range spanned by 57Fe, ∼ 12 000 ppm, is surmounted
only by the 59Co shift range of ∼ 20 000 ppm. In the
case of 59Co, this extended shift range, reflecting a
high intrinsic shielding sensitivity, somewhat
neutralizes the disadvantage of the relatively large
Q(59Co), leading to line widths commonly of several
kHz. Nonetheless, abundant data on hexa- and tet-
racoordinated cobalt complexes in the oxidation

states +III, +I and –I are in fact available. In contrast,
61Ni, again a medium quadrupole category nucleus,
but with a very low receptivity, causes severe detec-
tion problems. Only recently, through the use of spe-
cial devices such as solenoidal coils, has a
comprehensive series of NMR parameters been ob-
tained on mixed phosphine/carbonylnickel(0) (d8)
complexes, which exhibit chemical shift dependences
on the nature of the substituents Z in the phosphine
PZ3 comparable to what is known from open shell
complexes of other transition metals.

Recent applications of 57Fe and 59Co NMR have
been directed towards correlations between chemical
shift and kinetic parameters on the one hand and the
investigation of iron–porphyrin and cobalt–porphy-
rin systems on the other. In the half-sandwich
complexes CpFe(CO)2R ([1] in Figure 7) shielding
decreases with increasing bulk of R (δ(57Fe) values
cover the range of +684 for R = Me to +805 for R =
Bus), and δ(57Fe) in turn correlates linearly with the
rate constant k for the insertion of CO in the reaction

CpFe(CO)2R + PPh3 → CpFeCO(PPh3)COR

(increase in k as shielding decreases). The sensitivity
of shielding to steric effects is also evident in the dis-
crimination of conformers of the complexes (diene)
Fe(CO)2L [2]. The catalytic activity of the complexes
Cp′Co(diene) ([3] in Figure 7) in the formation of
substituted pyridines [4] by co-trimerization of

Figure 6 pH-dependent 131.5 MHz 51V NMR spectra of the system vanadate/H+/alanylhistidine (Ah). The resonances correspond
to decavanadate (V10), vanadate-Ah complexes (V-Ah), monovanadate (V1), divanadate (V2), tetravanadate (V4) and pentavanadate
(V5) in chemical equilibrium with each other. Reproduced with permission from Elvingsn K, Fritzsche M, Rehder D and Pettersson L
(1994) Potentiometric and 51V NMR study of aqueous equilibria in the H+-vanadate(V)-alanylhistidine system. Acta Chimica Scandi-
navica 48: 881.
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alkynes and isonitriles is closely related to δ(59Co),
which in turn is related to the nature of Cp′: an
electron-rich Cp′, such as C5Me5 gives rise to high
shielding of the 59Co nucleus and induces the
preferred formation of the symmetrically substituted
pyridine [4a].

The presence in porphyrin and related systems of
cobalt (cobalamines) and iron (heme proteins) has
initiated metal NMR studies into native (myoglobin,
cytochrome c) and model systems (substituted por-
phyrins) with the objective of elucidating the influ-
ence of the chemical nature of axial ligands (CO,
isonitriles, N-donors) upon parameters such as δ and
T1 (and e2qQ/h in the case of 59Co), and hence of the
functionally interesting metal centre. The differing
binding strengths of isonitriles and carbon monoxide
in myoglobins produce a change of the chemical shift
anisotropy (CSA), viz. ∆δ = 3600 ppm for Mb⋅CO
versus 1250 ppm for Mb⋅CNR, and thus clearly dif-
ferent CSA-induced T1 values (17 ms for Mb⋅CO,
140 ms for Mb⋅CNR).

Copper and zinc

Cu+ and Zn2+ are closed shell d10 systems and exhibit
relatively low intrinsic shielding sensitivities. This
fact, together with the unfavourable size of the quad-
rupole moment, the low receptivity in the case of
67Zn, and the ease of chemical exchange in the case of

Cu complexes has restricted NMR access to these
biologically important metal nuclei. The δ(63/65Cu)
range spans ∼ 1000 ppm, with an extension from the
high-field margin (–517 ppm, occupied by [CuI4]3–)
to –2494 ppm for the cluster compound
[Cu3Fe3(CO)12]3–. 67Zn chemical shifts encompass
about 450ppm. CuI complexes with N-donor ligands
such a nitriles and pyridines undergo exchange of the
kind [CuL4]+  [CuL3]+ + L, where the lower sym-
metry component considerably broadens the reso-
nance line. Despite this complication, some insight
has been obtained by 63Cu NMR into the distribution
of Cu+ in mixed-solvent systems comprising nitriles
and phosphites. A few series of tetrahedral Cu and
Zn complexes, viz. [Cu(phosphite)4]+, [Cu(ER2)4]+

(E = S, Se, Te) and [Zn(ER2)4]2+ (E = S, Se) have been
investigated. The latter are of interest in the context
of biogenic {ZnCys4} centres present in alcohol dehy-
drogenase and thioneins.

The 63/65Cu probe is also increasingly used to eluci-
date solid-state features of copper-containing super-
conducting materials.

List of symbols

J = scalar coupling constant; q = electric field gradi-
ent; Q = nuclear quadrupole moment; r = receptiv-
ity; T1 = spin–lattice relaxation time; T2 = spin–spin
relaxation time; W1/2, ∆ν1/2 = resonance line width [at
half-height]; γ = magnetogyric ratio; δiso = isotropic
chemical shift; η = molecular asymmetry parameter;
σ = shielding; σ(dia) = diamagnetic contribution to
shielding; σ(para) = paramagnetic contribution
shielding; τc = molecular correlation time.

See also: Chemical Exchange Effects in NMR; High
Pressure Studies Using NMR Spectroscopy; NMR in
Anisotropic Systems, Theory; NMR Relaxation Rates;
Parameters in NMR Spectroscopy, Theory of; Solid
State NMR Using Quadrupolar Nuclei; Solid State
NMR, Methods.
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The elements yttrium (Y), zirconium (Zr), niobium
(Nb), molybdenum (Mo), technetium (Tc), ruthe-
nium (Ru), rhodium (Rh), palladium (Pd), silver (Ag)
and cadmium (Cd) form a series of transition metals
characterized by the electronic configurations
Kr4dn5s2 where n = 1–10. This series of d-block met-
als is located in the 5th row of the periodic table, be-
tween the series from Sc to Zn (4th row) and from
La to Hg (6th row). The NMR spectroscopy of tran-
sition metals is a rapidly increasing area of magnetic
resonance with new experimental methods and new
applications for both the solution and, especially, for
solid state. There is an extensive literature on multi-
nuclear NMR studies applied to the structures of
polyoxometalates of many transition metal nuclei,
especially Nb and Mo. The NMR data available for
the series from Y to Cd depends strongly on the ele-
ment. A literature search using the Chemical Ab-
stracts data base reveals that in case of Y, Zr, Tc, Ru
and Pd the number of reports is limited while for
113Nb, 95Mo, 103Rh and 113Cd there exists much ex-
perimental data. Cadmium-113 alone makes up
about 20% of the total NMR papers dealing with
these d-block metals. However, this situation might
change significantly in the future. For example, with
the advent of high temperature superconductors one
might expect that 89Y NMR could become a very
common method in characterizing yttrium-contain-
ing superconducting materials.

Generally, in this article the main aim is to cover
novel NMR techniques and promising new results,
supplemented with characteristic reference data
available in the excellent reviews and articles cata-
logued in the Further reading section at the end of
this article. In selecting and arranging the reference

material it has been the goal to demonstrate obvious
trends in NMR data (mainly collected in tables of
characteristic chemical shifts) that depend on the
structural characteristics and measuring conditions:
solution vs. solid state, the ligand in a metal complex
and its substitution, coordination number, solvent,
temperature, etc. From these tables the reader can
get a hint as to where to hunt for a ‘hidden’ NMR
signal. The text itself, dedicated to each of the NMR-
nuclei concerned, serves as a general guide to select
an appropriate measuring technique and to estimate
if it is worth examining a given NMR-nucleus when
compared with the other possible nuclei and
techniques available.

Properties of the nuclei

Some important properties of the NMR active iso-
topes of Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag and Cd
are collected in Table 1. From the practical point of
view the receptivity (R) relative to that of 13C (=1) is
one of the most important terms in estimating how
easily a nucleus can be observed by NMR. In the
case of nuclei with, I =  such as 89Y, 103Rh, 107Ag,
109Ag, 111Cd and 113Cd, which are characterized by
sharp NMR spectral lines, this parameter can be
used as a direct basis in this estimation. However, a
nuclear quadrupole moment can produce serious
broadening of the spectral lines and hence decrease
the signal-to-noise ratio in the NMR spectra. In the
case of transition metal nuclei this signal broadening
can be the most serious limiting factor from a practi-
cal NMR point of view. For example, 105Pd should
be a promising NMR nucleus based on its receptivity
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and natural abundance but it suffers from a huge
nuclear quadrupole moment such that in, for exam-
ple, K2PdCl6 the line width at half-height is 25 kHz.
Other limiting factors often met in the early days of
NMR, viz. the limited spectral range of the spectro-
meter hardware, probe and amplifiers, are nowadays
not usually problematic. A modern NMR spectrom-
eter can be tuned and matched routinely to observe
nuclei from 103Rh to 31P, 19F and 1H. This flexibility
and the increased sensitivity of NMR spectrometers,
e.g. inverse 2D detection techniques, are pushing the
detection limits of transition metal nuclei to small
concentrations and allowing complex structural
characterizations.

Experimental methods

The variety of measuring techniques and applica-
tions in heteronuclear NMR is enormous. In the case
of I =  nuclei the same basic rules as for 1H, 19F and
13C are true. However, one should remember that
negative gyromagnetic ratios as in case of silver-107/
109 and cadmium-111/113 isotopes prevent the sig-
nal enhancement by NOE effects. This is different to
the case for 13C NMR. For I ≥ 1 nuclei the nuclear
quadrupole moment opens an efficient relaxation
channel and magnetization (free induction) decays
often very rapidly. Starting the acquisition as soon as
possible after the excitation pulse to avoid the loss of
magnetization causes some distortions on the spec-
tral base line (rolling) owing to the acoustic ringing
of the probehead. This distortion can be eliminated

by ‘an antiringing’ pulse sequence (at the expense of
sensitivity) or by using base line correction routines
that are now available as a standard in the
spectrometer software.

Two-dimensional experimental techniques such as
homo- and heteronuclear chemical shift correla-
tions are frequently used in heteronuclear NMR
applications. COSY (correlation spectroscopy) and
INADEQUATE (incredible natural abundance
double quantum transfer experiment) are suitable
methods if the natural abundance is not very low, as
in the case of 113Cd. The most promising 2D tech-
niques are, however, inverse detected heteronuclear
chemical shift correlations such as 1H,X HSQC
(heteronuclear single quantum coherence), 1H,X
HMQC (heteronuclear multiple quantum coher-
ence) and 1H,X HMBC (heteronuclear multiple
bond correlation) and, especially, 31P,X HMQC and
31P,X HMBC. If the scalar coupling constants
between a proton (phosphorus or any nucleus of
high natural abundance and high gyromagnetic ratio
used for free induction decay (FID) detection) and
the heteronucleus is small (<2 Hz) the delay in the
evolution of these couplings increases to such a
length that a significant loss of magnetization occurs
and inverse heteronuclear multiple quantum (or
bond) correlation becomes impractical. Using the
proton for detection of heteronuclear chemical shift
correlation can be done easily by a standard two-
channel spectrometer equipped with a direct or
inverse dual (proton and X) probehead. To observe
heteronuclear chemical shift correlation by 31P or

Table 1 Istotope, spin (I), Natural abundance (%NA), frequency (B0) relative to 1H (at 100 MHz), receptivity (R) relative to 13C (= 1),
magnetogyric ratio (γ), magnetic moment (µ) and nuclear quadrupole moment (Qm

2)

Isotope I NA (%) B0 R
10 7 

(γ rad T−1s−1) µ
10 28Q

(m2)

89Y –� 100 4.92 0.67 –1.31 −0.137 –

91Zr 11.2 9.37 6.05 –2.50 −1.304 −0.21

93Nb 100 24.55 2740 6.54 6.17 −0.32

95Mo 15.9 6.52 2.88 1.74 −0.914 −0.015

97Mo 9.55 6.65 1.84 –1.78 −0.934 0.17

99Tc 0 22.5 – 6.05 5.66 −0.13

99Ru 12.7 3.39 0.82 –1.23 −6.41 0.076

101Ru 17.0 4.94 1.54 −1.38 −0.719 0.44

103Rh –� 100 3.17 0.18 −0.85 −0.088 –

105Pd 22.3 4.58 1.43 −0.76 −0.642 0.8

107Ag –� 51.8 4.05 0.20 −1.08 −0.113 –

109Ag –� 48.2 4.65 0.28 –1.24 −0.131 –

111Cd � 12.8 21.2 7.01 −5.70 −0.595 –

113Cd � 12.2 22.2 7.59 −5.93 −0.622 –
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some other heteronucleus the spectrometer should
have two broad band channels and a triple reso-
nance probehead to be able to perform proton
decoupling during an experiment if necessary.

Low natural abundances, low gyromagnetic ratios
and high quadrupole moments of several NMR-
active isotopes of the series from yttrium to cadmium
can cause difficulties in solution state NMR. How-
ever, these formidable obstacles in the solution state
can be turned to advantages in solid state NMR.
Low natural abundance (i.e. dilute spins) can help in
solid state measurements because the problem raised
by dipolar interactions between like spins is elimi-
nated. Sensitivity problems found with low gyromag-
netic ratios in the solution state can be overcome in
the solid state by the cross-polarization (CP) tech-
nique by which the magnetization of the observed
nucleus (S) can be increased by a factor, γH/γS. Fur-
ther, a nuclear quadrupole moment can result in con-
siderable sensitivity to local nuclear site symmetry,
thus giving useful structural information.

The major technique to eliminate dipolar interac-
tions in the solid state NMR is MAS (magic-angle
spinning). Together with CP and high-power proton
decoupling it has become the most often applied
method in solid-state NMR. However, in this
connection it is worth mentioning some other tech-
niques such as double-rotation (DOR) and dynamic-
angle spinning (DAS) which could remarkably
increase the potential of the NMR of quadrupolar
nuclei in the future. In DOR, MAS and DAS tech-
niques the sample must be rotated at high speed,
which can cause some technical problems. These are
avoided by manipulation of nuclear spins by pulse
sequences such as two-pulse free induction decay
(TPF) and nutation spectroscopy. 2D NMR nutation
spectroscopy of powder samples has been applied,
for example, in 93Nb NMR.

Yttrium-89

Although 89Y is characterized by I = , its long T1

relaxation time, low magnetic moment and low
measuring frequency have caused problems in
89Y NMR. On the other hand, its 100% natural
abundance and the increasing interest in organo-
yttrium and solid state chemistry (high-temperature
superconducting materials, e.g. YBa2Cu3O7–x) have
created strong interest in this NMR nucleus. Espe-
cially promising in this respect is the CP-MAS tech-
nique. At first, CP-MAS was applied in the case of
the ‘common’ NMR nuclei such as 13C, 27Al, 29Si and
31P but has now expanded into ‘more difficult’ low γ-
nuclei such as 89Y. The first solid state 89Y CP-MAS

NMR spectra of Y(NO)3·6H2O, Y2(SO4)3·8H2O,
YCl3·6H2O, Y(OAc)3·4H2O and Y(acac)3·3H2O
were reported by Merwin and Sebald in 1990. Later,
mono-, di- and polymetallic samples were character-
ized by 89Y CP-MAS NMR, revealing a direct corre-
lation between the number of 89Y NMR signals and
the unique solid state environments of the 89Y nuclei.

In Table 2 are collected some characteristic 89Y
NMR chemical shifts. Nowadays, a common refer-
ence compound for 89Y NMR is aqueous Y(NO3)3

although aqueous YCl3 also has been used. In fact,
both salts form, in water, the same hexahydrate
cation, [Y(H2O)6]3+. Generally, the chemical shifts of
the yttrium salts show similar concentration trends to
those observed for scandium and lanthanum.

Zirconium-91

The number of papers dealing with 91Zr NMR is still
small. However, some 91Zr NMR chemical shifts of
organometallic compounds (mainly zirconocene
derivatives) and inorganic ions are available and are
collected in Table 3. The line widths, LW1/2 of these
compounds vary between 19–3100 Hz. The most
often used standard is Cp2ZrBr2 because it shows a
sharper resonance line than any other zirconium
complex. Von Philipsborn and co-workers (Orga-
nisch-Chemisches Institut, Universität Zürich), have
used zirconium-91 NMR chemical shifts and line
widths as indicators of coordination geometry distor-
tions in zirconocene complexes. Further, the experi-
mental trends in 91Zr NMR chemical shifts of these
zirconocene complexes are well reproduced compu-
tationally by molecular orbital calculations using the

Table 2 Some characteristic 89Y NMR chemical shifts from

[Y(H2O)6]3+ (δ = 0 ppm)

aCp′ = C5H4Me, THF = tetrahydrofuran.

Compound Solvent/conditions δ (89Y)/(ppm)

Y(NO3)3 0.77 M in H2O−
OCMe2 at 298 K

− 4.9

Y(NO3)3·6H2O Solid − 53.2

YCl3·6H2O Solid +58

Y(OAc)3.4H2O Solid +46.7

Y(acac3)3.3H2O Solid +21.5 and +27.9

Y2(SO4)3.8H2O Solid −40 and − 46.2

Y2O3 Solid +270 and +315

Y2Sn2O7 Solid +150

Cp′3Y(THF)a THF − 371

Cp′2YCl(THF) THF − 103

[YCl6]3– Nitrobenzene +240

[Y(EDTA)]– H2O +126
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IGLO (individual gauge for localized orbitals) or
GIAO (gauge including AOs) SCF methods employ-
ing large basis sets. In the solid state, Zr-metal,
ZrH2, ZrC, ZrCo, ZrO2 and ZrO2 doped with Y2O3

and MgO have been characterized by 91Zr NMR.
Solid state 91Zr NMR line shapes have been found to
be related to the Zr (or Nb) content in Zr1–xNbx al-
loys. These applications suggest an increasing inter-
est in 91Zr NMR in metallurgy and material sciences.

Niobium-93

There exist several reports on 93Nb NMR, as expect-
ed based on a natural abundance of 100% and a
receptivity of 2740 (Table 1). In fact, the receptivity
of 93Nb is one of the most promising among all the
NMR-active nuclei. However, the influence of broad
resonance lines again effectively diminishes its use-
fulness although its other NMR-properties are
favourable. In Table 4 are collected some character-
istic 93Nb NMR chemical shifts. In general the chem-
ical shift trends of 93Nb are similar to those observed
for 51V NMR. Recommended reference compounds
for niobium-93 are NbOCl3 in acetonitrile or the
[NbF6]– anion in concentrated aqueous HF, although
[NbCl6]– in acetonitrile has also been used. In
addition to inorganic salts and their anions, and
various carbonyl niobium complexes collected in
Table 4 there exist several cyclopentadienyl niobium
complexes. The 93Nb NMR chemical shifts of these
orgnaometallic complexes are clearly shielded,
varying between 1290 and 2258 ppm upfield from
the reference. Their LW1/2 vary from 20 Hz for

CpNb(CO)4 in THF–CH2Cl2 to 10 300 Hz in [Cp-
Nb(AuPPh3)(CO)3]–.

In addition to the previously mentioned 2D
nutation NMR spectroscopy, an interesting new
method in solids, first-satellite spectroscopy, applied
to 93Nb NMR of LiNbO3 (and 27Al NMR in Al2O3)
has been reported by McDowell and his co-workers.
This technique is experimentally easier and more
sensitive than the other methods for studying wide,
quadrupolar broadened spectra. Further, the experi-
mental data are considerably simpler and easier to
interpret than obtained by the other methods. Exam-
ples of the significance of 93Nb NMR in materials
science include novel solid state studies on ion order-
ing and ion shifts in relaxor ferroelectrics, structural
distortions and intrinsic defects in LiNbO3 and
studies on superconducting Nb–Cu multilayers by
the field cycling method.

Molybdenum-95 and -97

Molybdenum has two naturally abundant NMR-ac-
tive isotopes (Table 1). The nuclear properties of the
isotope 95Mo are more favourable than those of
97Mo. Malito has reviewed more than 150 original
papers on 95Mo NMR. The vast majority of those
reports are solution state studies whilst very few of
them deal with solid state 95/97Mo NMR. This

Table 3 Some characteristic 91Zr NMR chemical shifts from
Cp2ZrBr2 (δ = 0 ppm)

a Cp = C5H5.
b THF = tetrahydrofuran.
c  Cp* = C5Me5.
d ip = η4-isoprene.

Compound Solvent δ ( 91Zr) (ppm)

Zr(NEt2)4 – +875

Zr(BH4)4 Benzene-d6 +41

H2ZrCl6 Conc HCl +601

[ZrF6]2– D2O –191

Cp2ZrCl2a – –122

Cp2ZrBr2 THFb 0

Cp2ZrI2 – +126

Cp ZrCl2c THFb +82

Cp2ZrCl(vinyl) THFb +16

CpZr(η3-allyl)(ip)d – +132

Cp2Zr (ip) – –325

Table 4 Some characteristic 93Nb NMR chemical shifts from
[NbCl6]– (δ = 0 ppm)

a J(F, Nb) = 410 Hz.

Compound
Solvent/tempera-
ture (K) δ(93Nb)/ppm)

Cu3[NbS4] Solid +380

Cu3[NbSe4] Solid +1110

Cu3[NbTe4] Solid +2590

[NbW5O19]3 – − −888

NbOCl3 MeCN −450

[NbOCl4]– MeCN −480

[NbOF4]– a MeCN −1228

[NbOBr4]– MeCN −210

[NbSCl4]– MeCN +500

[NbSeCl4]– MeCN +970

[NbF6]– MeCN −1550

[NbCl6]– MeCN 0

[NbBr6]– MeCN +735

[HNb(CO)5]2– NH3 /223 −2122

[Nb(CO)6]– NH3 /223 −2136

[Nb(CO)6]– THF/298 −2121

[Nb(CO)5NH3]– NH3 /223 −1880
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scarcity of solid state 95/97Mo NMR data is owing to
the relatively low NMR receptivity, long probe dead-
times and acoustic ringing associated with the pulse-
NMR observation of these low-frequency isotopes.
Recently, however, it has been demonstrated that
solid state MAS 95Mo NMR studies of organometal-
lic complexes of molybdenum are feasible, particu-
larly if the compounds are known to give relatively
narrow 95Mo NMR spectral lines in solution.

As mentioned before (poly)oxometalates and
related structures are traditional topics for multinu-
clear NMR studies. In the case of molybdenum,
there exist systematic experimental NMR and ab
initio molecular orbital studies on [MoO4–nXn]2–

anions (X = S or Se and n = 0–4). It has been shown
that the 95Mo NMR chemical shifts of these anions
can be reliably estimated by such calculations. The
paramagnetic shielding term mainly determines the
chemical shift variation, ligand induced changes in
molybdenum valence d-orbitals correlate with the
changes in the metal chemical shift and the excita-
tion energy term, ∆E, in the Karplus–Pople equation
is related to the character of the ligand.

Some characteristic 95Mo NMR chemical shifts are
collected in Table 5. A common reference for 95Mo
NMR is aqueous (0.2 M) Na2MoO4 (δ = 0 ppm).
The chemical shift variation of 95Mo is from +4000
to −2000 ppm and clearly depends on the oxidation
state of the metal. 95Mo NMR line widths can be
very broad (>5 kHz). Generally, slower molecular
motion (as a consequence of increased relative
molecular mass) results in broader resonance lines.
This fact can be a limiting factor in studies of molyb-
denum-containing metalloenzymes and other bio-
polymers by 95Mo NMR. A very recent area of bio-
chemical interest is the Mo(VI) complexes of carbo-
hydrates such as alditols and corresponding acids.
For example, it has been shown by 1H, 13C, 17O and
95Mo NMR that D-galacturonic and D-glucuronic
acids in their aqueous solutions form complexes with
molybdate anions. Although the acids predominately
exist in the pyranose forms, their complexes involv-
ing the less stable α- and β-furanose anomers as well
as the α-pyranose form was detected also. The 2:1
complexes with the α-pyranose forms, insofar as
they involve metal binding to the ring oxygen atom,
are considered to play an important role in the oxi-
dation of the acids by Mo(VI).

Technetium-99

Technetium is an artificially produced element used
for medical imaging. Reports dealing with 99Tc NMR
are very rare. In addition to unfavourable NMR
properties (Table 1) a more complex situation

regarding practical measurements comes from the
fact that 99Tc is radioactive. Nevertheless, there are
some 99Tc NMR chemical shifts available, as
collected in Table 6, referenced to the signal of
TcO4

– (δ = 0 ppm). 99Tc NMR line widths can vary
strongly from < 100 Hz to > 3 kHz.

Ruthenium-99 and -101

Ruthenium has seven stable isotopes, of which 99Ru
and 101Ru are NMR active. Although their natural
abundances and resonance frequencies are quite sim-
ilar the smaller quadrupole moment of ruthenium-99
makes the former more favourable from a NMR spec-
troscopic point of view. The 99Ru NMR chemical
shift range is enormous (> 18 000 ppm). The shifts of
ruthenium compounds and complexes follow roughly
the same trends as those of iron and osmium. The ref-
erence compound in 99Ru NMR is the [Ru(CN)6]4–

anion (δ = 0 ppm). Some characteristic 99Ru NMR
chemical shifts are collected in Table 7.

Ruthenium complexes with nitrogen-containing
ligands show very interesting photochemical proper-
ties which can be monitored by 99Ru NMR. In mate-
rials science, solid state 99Ru and 99Ru NMR has
been recently applied in characterizing the packing
of ruthenium metal. This result represents the first
detection of Ru NMR in a paramagnetic solid.

Rhodium-103

Traditionally 103Rh NMR spectroscopy has been
regarded as problematic owing to the very low gyro-
magnetic ratio and long relaxation time of rhodium-
103 although its natural abundance is 100% and
I =  (Table 1). However, by using modern broad
band spectrometers rhodium-103 is an easy nucleus
to observe. Taking into account the catalytic signifi-
cance of rhodium compounds, 103Rh NMR spectros-
copy has turned out to be a very powerful method
and there exist plenty of experimental data. Some
characteristic 103Rh NMR chemical shifts are collect-
ed in Table 8. In the case of 103Rh NMR, several
chemical shift references have been used but
nowadays mer-[RhCl3((SCH3)2)3] is generally accept-
ed. Owing to the low gyromagnetic ratio of rho-
dium-103, its detection is now based on polarization
transfer techniques such as INEPT (insensitive nuclei
enhanced by polarization transfer), DEPT (distor-
tionless enhancement by polarization transfer) or
HMQC although earlier INDOR (internuclear dou-
ble resonance) was also utilized. If a rhodium-bound
proton is used for the detection of rhodium-103 an
enhancement of (γH/γRh)5/2 = 5635 can be achieved in
1H, 103Rh HMQC. If the proton is not directly
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bound to rhodium and 1H, 103Rh HMBC must be
used instead of HMQC, the delay required for polar-
ization transfer [generally J(1H,103Rh≤2 Hz)] is so
long that an extensive loss of magnetization occurs.
The magnitude of 1J(31P, 103Rh) is generally not less
than 80 Hz and therefore 31P is an excellent nucleus
for indirect detection of rhodium NMR resonances
although the enhancement by differences in
gyromagnetic ratios is not as favourable as in the
case of proton. Figure 1 shows the 31P, 103Rh
HMQC contour map obtained from a mixture of
[Rh(H)(PPh3)4] (0.02 M), CySH (0.2 M) and Ph3P
(0.2 M) in 10% pyridine–toluene at –25°C. If the
rhodium-103 nucleus is in an unsymmetric
environment it can also be detected easily by direct
observation but in a symmetric environment this can
be rather difficult.

There exist many papers on 103Rh NMR. For
example, small rhodium particles have been
characterized by the 103Rh NMR line broadening and

chemical shift changes which have been interpreted
in terms of both the electron-orbital (chemical) and
electron-spin (Knight) shifts. Further, alkylrhodoxi-
mes, [Rh(Hdmg)2RL], where Hdmg is the monoan-
ion of dimethylglyoxime, L is H2O, pyridine or PPh3

and R is alkyl or an halomethyl, have been exten-
sively studied by 103Rh NMR spectroscopy. The
103Rh shielding decreases in the order R = Et > Me

Table 5 Some characteristic 95Mo NMR chemical shifts from [MoO4]2– (δ = 0 ppm)

Compound Oxidation state δ (95Mo)/(ppm) Compound Oxidation state δ (95Mo)/(ppm)

Mo(CO)6 (in DMF) 0 –1850 K4[Mo2Cl8] 2 +3816

Mo(CO)6 (in CD3CN) 0 –1855 Mo2[OCH(CH3)2]6 3 +2444

Mo(CO)6 (in (CH3)2CO) 0 –1856 Mo2[OC(CH3)3]6 3 +2645

Mo(CO)6 (in CDCl3) 0 –1857 Mo2[N(CH3)2]6 (in toluene) 3 +2430

Mo(CO)6 (in C6H6) 0 –1858 Mo2[N(CH3)2]6 (in hexane) 3 +2420

Mo(CO)6 (in CH2Cl2) 0 –1855 to –1858 (Cp)2Mo2[µ-S2C2(CF3)2]2 3 +2301

Mo(CO)5CH3CN 0 –1440 K4[Mo(CN)8] 4 –1309

Mo(CO)5Cl– 0 –1513 [(MoO3)2(EDTA)2]4– 4 +63

Mo(CO)5Br– 0 –1540 [MoH2(Cp)2] 4 –2507

Mo(CO)5I– 0 –1660 (Cp*)2Mo2(µ-S)2(µ-S2) 4 +440

Mo(CO)4(CH3CN)2 0 –1307 (Cp*)2Mo2(µ-S)2(µ-Se2) 4 +770

Mo(CO)3(CH3CN)3 0 –1114 [MoOCl2P(CH3)3] 4 +1890

Mo2(CO)6(Cp)2 1 –1856 [MoOCl2(PPh2CH3)3] 4 +2180

Mo2(CO)6(Cp*)2 1 –1701 [Mo2O4(EDTA)·H2O]2– 5 +609

Mo2(CO)4(Cp)2 1 +182 [Mo2O4(EDTA)· 2H2O]2– 5 +982

Mo2(CO)4(Cp*)2 1 +133 (Cp*)2Mo2O2(µ-S)2 5 –93

Mo2(CH3CO2)4 2 +3702 (Cp*)2Mo2S2(µ-S)2 5 +478

Mo2(CH3CH2CH2CO2)4 2 +3682 (Cp*)2Mo2O2(µ-Se)2 5 +131

Mo2(CH3CH2CH2CH2CO2)4 2 +3661 Na2MoO4 (pH 7) 6 –11.71

Mo(η6-C6H6)2 2 –1362 Na2MoO4 (pH 9) 6 –10.33

Mo(η6-C6H6CH3)2 2 –1270 MoO2(NCS) 6 –155

Mo(η5-C7H9)(η7-C7H7) 2 –469 MoNCl3 6 +952

Mo(η6-C7H8)2 2 +358 Mo2O 6 +120

Mo(Cp)(CO)3Cl 2 –836 Mo + D-glutaric acid 6 +45 to +115

Mo(Cp)(CO)3Br 2 –956 Mo + threo-alditol 6 +22

Mo(Cp)(CO)3I 2 –1248 Mo + erythro-alditol 6 +30 to +34

Table 6 Some characteristic 99Tc NMR chemical shifts from
[TcO4]– (δ = 0 ppm)

a 1,2-Bis(dimethylphosphino)ethane.

Compound δ (99Tc)/(ppm)

Tc(CO)3ClPPh3(trans) −1481

Tc(CO)3BrPPh3(trans) −1555

Tc(CO)3BrPPh3(cis) −1460

Tc(CO)3(CH3CN)3 −2853

Tc(CO)3(CH3CN)(PPh3)2 −3213

Tc(DMPE)  −13
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> Bu > Pri > Bui > neo-pent > But. In the case of
[(P2)Rh(hfa-cac)], where P = bidentate chelating
phosphane and hfacac = hexafluoroacetylacetonate,
correlations between solid state structures, 103Rh
NMR chemical shifts and catalytic activities (CO2

hydrogenation) have been investigated. 103Rh NMR
chemical shift correlations have also been clarified
for rhodium(III) complexes with cyanide and sulfur-
donor ligands. A very interesting report describes a
correlation between the rhodium-103 shielding in
rhodium enamide complexes and the stereoselectivity
of dihydrogen (H2) addition to diastereomeric olefin
complexes.

Palladium-105

Palladium belongs to the same group of elements as
nickel and platinum. The only report dealing with

105Pd NMR is on K2[PdCl6] for which the LW1/2 is
25 kHz.

Silver-107 and -109

From the NMR spectroscopic point of view, silver
suffers from poor sensitivity owing to the low gyro-
magnetic ratio of both NMR-active isotopes. Fur-
ther, long relaxation times make it necessary to
incorporate long delays within the pulse sequence to
avoid saturation effects during acquistion. Sensitivity
enhancement by NOE effects is not possible owing to
the negative γ value of both NMR-active silver nuclei.
In spite of these unfavourable nuclear properties,
there exist several papers on 109Ag NMR. Although
the natural abundance of the isotope-109 is less than
that of 107, the larger γ value of 109 gives a better
receptivity. As in the case of rhodium-103, direct
observation of silver-109 is not useful and various
polarization transfer techniques such as INEPT and
HMQC are recommended. An example has been
published by Berners-Price and co-workers where a
retro-INEPT 2D 31P-{109Ag} pulse sequence (pub-
lished by Bodenhausen and Ruben for 15N-{1H}) was
utilized.

Remarkable progress in solid state 109Ag NMR has
taken place during the last few years. The first 109Ag
CP-MAS NMR spectrum was published by Merwin
and Sebald in 1992. Some isotropic solid state 109Ag

Table 7 Some characteristic 99Ru NMR chemical shifts from
[Ru(CN)6]4– (δ = 0 ppm)

Compound δ (99Ru)(ppm)

Ru(η5-C5H5) −1270

Ru3(CO)12 −1208

[Ru(CO)3Cl2]2 +1204

[Ru(CO)3Cl3]– +1090

[Ru(CO)2Cl4]2– +2523

RuO4 ∼+ 2000

[Ru(NH3)6]2+ ∼+ 7750

[Ru(H2O)6]2+ +16 050

Table 8 Some characteristic 103Rh NMR chemical shifts to high
frequency from Ξ (103Rh) = 3.16 MHz

Compound δ (103Rh)/(ppm)

[(η5-C5H5)Rh(η4-C4H4)] –2057

[(η5-C5H5)Rh(η4-C8H8)] –348

[(η5-C5H5)Rh(CO)2] –1322

[(η5-C5Me5)RhMoO4]4 +4079

[Rh6(CO)16] –426

[Rh6(CO)15C]2– –313

[Rh(CO)2Cl2]– +84

[Rh(acac)(CO)2] +309

[Rh(cod)Cl(PPh)2] +409

[Rh(cod)Cl]2 +1112

[Rh(cod)(acac)] +1306

[Rh(acac)(p-quinone)] +2065

[RhCl6]3– +8075

[Rh(H2O)6]3– +9931

Figure 1 31P, 103Rh HMQC spectrum obtained from a mixture of
[Rh(H)(PPh3)4] (0.02 M), CySH (0.2 M) and Ph3P (0.2 M) in 10%
pyridine–toluene at −25°C. Reproduced with permission of John
Wiley and Sons from Carlton L (1997) Rhodium-103 NMR of
carboxylate and thiolate complexes by indirect detection using
phosphorus. Magnetic Resonance in Chemistry 35: 153–158.
Copyright 1997, John Wiley & Sons.
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NMR chemical shifts are included in Table 9 as well
as a collection of characteristic solution-state data of
silver-109.

Cadmium-111 and -113

Among the NMR-active isotopes included in this
article the most exhaustively studied is certainly
113Cd. The reasons for this are quite obvious: I =
and a relatively good receptivity. Cadmium has also
another NMR-active isotope (111Cd) characterized
with I =  but with a somewhat smaller receptivity
than 113Cd. This is why 113Cd is preferred over 111Cd.
According to a review by Granger, the number of
publications dealing with Cd NMR from 1980 to
1987 is ∼ 160. Since then the number of papers on
Cd NMR has continuously increased. Therefore,
including all the data available here is not possible.
Nevertheless, owing to the significance of 113Cd
NMR in biological, inorganic, organic and organo-
metallic chemistry extra attention is given to this
NMR-active nucleus. At first sight it looks strange
that 113Cd NMR could possess any biological inter-
est because cadmium is known to be a very toxic ele-
ment for living organisms. However, the Cd2+ cation
resembles closely the divalent cations of calcium and
zinc which are involved in very many biological
complexes. From an NMR spectroscopic point of

view these two cations are very impractical. Replac-
ing calcium and zinc by cadmium in these complexes
is often easy and opens new versatile NMR spectro-
scopic possibilities in this area of research. 113Cd
NMR studies in biochemistry and bio-inorganic
chemistry have been reported by Sadler and Viles on
the binding sites of Cd2+ and Zn2+ in serum albumin
and by Chung and co-workers on the binding of
Cd2+ in soil fulvic acid.

The direct observation of 113Cd is generally easy,
although in some cases long relaxation times may
cause prolonged acquisition times. This can be
avoided by using a paramagnetic additive such as
Gd3+ in the sample. If there exists a coupling between
proton and cadmium, polarization transfer tech-
niques such as HMQC are useful, as in the case of
rhodium and silver. Owing to the relatively high
natural abundance, homonuclear COSY can also be
useful alternative in the case of 113Cd. Figure 2
shows the DQF (double quantum filtered) 113Cd–
113Cd COSY spectrum of cadmium metallothionein
2 (MT-2).

Although the observation of 113Cd NMR spectral
lines is easy and obtainable by a plethora of various
measuring techniques, there is an obvious danger of
oversimplification of the chemical shift data. This is

Table 9 Some characteristic 109Ag NMR chemical shifts from
aqueous AgNO3 (δ = 0 ppm)

Compound
Solvent/tempe-

rature (K) δ (109Ag)/ (ppm)

Ag(pyridine)2
+Ac– C5H5N +350

Ag(pyridine)2
+NO3

– C5H5N +259

Ag(C5H5)+NO3
– H2O/300 +128

Ag(CH3CN)+NO3
– H2O/300 +108

Ag(DMSO)+NO3
– H2O/300 +94

Ag(C6H6)+ClO4
– – +350

Ag(NH3)2
+NO3

– Conc. aq. NH3/
300

+593

[(C2H5O)3P]4Ag+SCN– CH2Cl2 +1371

[Ag(dppe)2]+NO3
– CDCl3/300 +1338

Ag[CH3CHC(OH)CO2] Solid +345.9,+320.2

+219.7,+210.7

Ag(CH3CO2) Solid +401.2, +382.7

Ag(p-CH3C6H4SO3) Solid +44.1

Ag(acac) Solid +471.6

AgN(SO2Me)2 Solid +210.3

AgN(SO2Me)2·�H2O Solid +32.5

Figure 2 DQF 113Cd–113Cd COSY spectrum of MT-2. Repro-
duced with permission of the American Chemical Society from
Frey MH, Wagner G, Vašak M, Sørensen OW, Neuhaus D,
Wörgötter E, Kägi JHR, Ernst RR and Wüthrich K (1985)
Polypeptide-metal cluster connectivities in metallothionein 2 by
novel 1H–113Cd heteronuclear two-dimensional NMR experi-
ments. Journal of the American Chemical Society 107: 6847–
6851. Copyright 1985, American Chemical Society.
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because chemical exchange often occurs between dif-
ferent complexation or binding sites (including
ligand and solvent) for cadmium and the observed
Cd NMR line is a time average of the different chem-
ical shifts from these different sites. Therefore it is

recommended that 113Cd NMR studies are carried
out at low temperature to ‘freeze out’ these different
species. Figure 3 shows the 113Cd NMR spectra of
five different Cd(II) complexes of multiple pipera-
zine–pyridine ligands measured in ethanol at −50°C.

Figure 3 113Cd NMR spectra of the Cd(II) complexes of five different piperazine–pyridine ligands measured in ethanol at −50°C. The
signal of the uncomplexed Cd2+ cation is marked by an asterisk. Reproduced with permission of VCH Verlagsgesellschaft from
Ratilainen J, Airola K, Kolemainen E and Rissanen K (1997) Regioselective complexation of new multiple piperazine/pyridine ligands:
differentiation by 113Cd-NMR spectroscopy. Chemische Berichte/Recueil 130: 1353–1359.
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Cd2+ cations can form salts and complexes with
numerous anions and molecules that bear free
electron pairs. For example, in supercooled water at
–80°C five different CdIn

2–n (n = 0–4) species are
observed with the chemical shifts −86, +20, +43,
+122 and +101 ppm, respectively. Generally, 113Cd
NMR chemical shifts are referenced to the signal of
0.1 M aqueous Cd(ClO4)2. For low-temperature
measurements this reference is not suitable and
0.1 M Cd(ClO4)2 in ethanol can be used. In
Table 10 are collected some characteristic 113Cd
NMR chemical shifts. In addition to the monometal
compounds and complexes, cadmium can form clus-
ters with several cadmium and/or zinc atoms which
also are characterized by 113Cd NMR.

As noted before, the isotropic 113Cd NMR chemi-
cal shift determined in solution is influenced by
exchange processes, temperature, concentration and
solvent effects which may limit the interpretation of
the structural data. In the solid state, complete infor-
mation concerning the shielding tensor can be
obtained without the difficulties mentioned above.
From single-crystal NMR experiments the orienta-
tion of the principal elements of the shielding tensor
with respect of the coordinate system based on the
molecule are obtained. Further, this knowledge pro-
vides information on the coordination of cadmium,
for example in the active site of metalloproteins such
as parvalbumin and concanavalin A. There exist
many solid-state NMR studies on cadmium com-
plexes with ligands that contain nitrogen, oxygen
and sulfur donor groups. A novel application of
solid state 113Cd NMR is an investigation on host–
guest systems. In these studies 113Cd NMR has been
used to differentiate the possible coordination
environments.

Summary

In an article with a limited length and depth of cov-
erage like this, dealing with 10 elements and 14
NMR-active nuclei, it is impossible to discuss all the
important NMR parameters. Therefore, most atten-
tion has been paid to NMR chemical shifts while
spin–spin coupling constants and relaxation times
are only mentioned in the contexts where they
should be taken into account to obtain useful NMR
results. However, as well as direct NMR detection,
one should remember, for example, the usefulness of
the (inverse) two-dimensional pulse sequences and
the MAS technique to utilize homo- and heteronu-
clear spin–spin coupling constants for polarization
transfer between nuclei to enhance the sensitivity of
the measurement. These approaches have increased

the number of heteronuclear NMR applications
dramatically and should play an important role in
future studies.

List of symbols

I = nuclear spin quantum number; J = coupling con-
stant; R = receptivity; T1 = relaxation time; γ = gyro-
magnetic ratio; δ = chemical shift.

Table 10 Some characteristic 113Cd NMR chemical shifts from
0.1 M aqueous Cd(ClO4)2 (δ = 0 ppm)

Compound δ (113Cd) (ppm)

[Cd(CH3S)4]2– +663

[Cd(C2H5S)4]2– +648

[Cd(n–C3H7S)4]2– +647

[Cd(n–C4H9S)4]2– +644

[Cd(C6H5S)4]2– +590

[Cd(C6H5CH2S)4]2– +646

[Cd(SCH2CH2S)2]2– +829

[Cd(C6H5Se)4]2– +541

[Cd(H3O)6]2+ 0.0

[Cd(NH3S)6]2+ +287.4

[Cd(pyridine)]2+ +10

[Cd(pyridine)2]2+ +40

[Cd(pyridine)3]2+ +70

[Cd(pyridine)4]2+ +95

Cd(CF3SO3)2[P(n-C4H9)3] +167

Cd(CF3SO3)2[P(n-C4H9)3]2 +379

Cd(CF3SO3)2[P(n-C4H9)3]3 +505

Cd(CF3CO2)2[P(n-C4H9)3] +194

Cd(CF3CO2)2[P(n-C4H9)3]2 +431

Cd(CF3CO2)2[P(n-C4H9)3]3 +485

Cd(CIO4)2[P(n-C4H9)3] +163

Cd(CIO4)2[P(n-C4H9)3]2 +354

Cd(CIO4)2[P(n-C4H9)3]3 +506

CdF2(solid) –233

CdCl2(solid) +211

CdBr2(solid) +41

CdI2(solid) –672

[Cd(S-2,4,6-Pr C2H2)2(bpy)2]

Single crystal: σ11 +814

σ22 +630

σ33 +32

[Cd(S-2,4,6-Pri
3C2H2)2(phen)]

Solid +371.5

Solution +450

HETERONUCLEAR NMR APPLICATIONS (Y–Cd)
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See also: 13C NMR, Methods; Heteronuclear NMR
Applications (B, AI, Ga, In, Tl); Heteronuclear NMR
Applications (La–Hg); Heteronuclear NMR Appli-
cations (Sc–Zn); Magnetic Resonance, Historical
Perspective; MRI Theory; NMR Pulse Sequences;
NMR of Solids; NMR Spectrometers; Parameters in
NMR Spectroscopy, Theory of; Solid State NMR,
Methods.
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The interactions between medium energy (1–5 MeV)
atomic ions and the atoms of a sample produce a
wide variety of reaction products; electromagnetic
radiation from the electron shells or gamma rays
from the nucleus, scattered particles from the pri-
mary beam which may be modified in direction and
energy, or particles of a different species emitted
from the nucleus. Any of these may be analysed spec-
troscopically using suitable detectors to provide
information about the elemental and in some cases
isotopic composition of the sample.

Analysis using MeV ions

Interactions of MeV ions in matter

MeV ions interact with matter through collisions
with the electrons and nuclei of the atoms of the
material. Ion–electron collisions give rise to reactions
associated with the electron shells of atoms (photon
emission, Auger electrons, conduction electrons or
holes, secondary electron emission) and nuclear col-
lisions give rise to reactions involving the nucleus

HIGH ENERGY 
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(nuclear scattering, atomic displacement, sputtering,
nuclear reactions resulting in gamma ray or particle
emission). The products of these reactions may be
detected and used for analytical purposes.

In nuclear scattering theory, the relative probabil-
ity of a reaction taking place is expressed as a cross-
section, σ. Each atom or nucleus is represented by a
disk of area σ, and if a beam particle passes through
this disk a reaction takes place resulting in the detec-
tion of a particle or photon in a detector with 1
steradian (sr) solid angle. Thus high yield reactions
have a high cross-section. Values of cross-section are
of the order of 10–24 cm2, and this quantity is called
1 barn. Reaction cross-sections are usually quoted as
barn sr–1. The yield of a particular reaction may be
calculated using the expression

where Y is the number of reaction products (pho-
tons, particles) detected in a detector of solid angle Ω
sr when a sample containing nT target atoms per
square centimetre is bombarded with N projectile
ions. Here, the cross-section, σ, is assumed to be in
square centimetres.

Cross-sections for ion–atom reactions vary over a
wide range depending on the specific reaction, the
ion and atom (or nuclear) species, the ion energy and
the angle of detection. Clearly for analytical pur-
poses, high cross-section reactions are preferable,
but this also depends on the relative intensity of any
competing reactions which produce a background
signal. In many cases, ion beam analysis (IBA) reac-
tions are free from background so that even low
cross-section reactions may be used for analysis.

PIXE (proton induced X-ray emission)

In PIXE, the basic interaction between the beam and
the sample which gives rise to the emission of char-
acteristic X-rays is analogous to the processes in-
volved in electron induced X-ray emission (EDX, or
electron probe microanalysis, EPMA). In each case,
the charged particle in the beam creates inner elec-
tron shell vacancies in the sample atoms, leaving
them in an excited state which decays by electron
transitions from higher shells, each of which causes
the emission of an X-ray quantum whose energy is
determined by the atomic number of the atom. This
can be detected either using a wavelength dispersive
crystal spectrometer (WDX) or an energy dispersive
lithium drifted silicon detector (Si-Li) (EDX). The
use of WDX detectors is not common in PIXE.

Because of the use of Si-Li detectors, EDX and
PIXE share many characteristics, especially the

advantage of rapid multielemental analysis, but the
use of MeV protons as the incident particle gives one
crucial advantage over the technologically simpler
use of keV electrons in an electron microscope, and
that is in reducing the background of broad spec-
trum non-characteristic X-rays. In EDX, the major
source of background is created by the scattering
and deceleration of the electrons of the primary
beam as they collide with the electrons in the sample.
Each collision gives rise to a large change in momen-
tum of the primary electron and causes the emission
of broad spectrum ‘Bremsstrahlung’ radiation which
has a maximum energy equal to the beam energy.
Bremsstrahlung is the major source of background in
EDX and is a fundamental limitation to the
minimum detectable limit (MDL).

In contrast, MeV ions lose negligible momentum
in each collision with an electron, which means that
the primary Bremsstrahlung is effectively absent,
permitting the detection of weak characteristic X-ray
lines and giving a reduction in MDL of 100 to 1000
times over EDX. PIXE is not totally free from back-
ground; the electrons created during the initial ioni-
zation generate a background at low energies
(secondary electron Bremsstrahlung), which limits
the MDL for elements in the range Na to Fe
(depending on the primary beam energy), but a sub-
stantial improvement (two to three orders of magni-
tude) over EDX is achieved. Figure 1 presents a
comparison of EDX and PIXE on the same sample of
brain tissue showing the improvement in sensitivity
resulting from the lack of Bremsstrahlung.

Like EDX, the lightest element that may be
detected is determined by the response of the detec-
tor to low energy X-rays, and with conventional
beryllium window detectors, the lightest element
that can be routinely detected is sodium. PIXE has a
high cross-section (typically 10–1000 barn sr–1)
which makes it very well suited for use with micro-
probe systems.

Each element has a characteristic spectrum of X-
ray emission lines with energies depending on the
atomic number. These lines are categorized into
groups depending on which electron shell was
ionized in the collision. For example, the K series
consists of lines denoted as Kα1, Kα 2, … Kβ 1, Kβ 2 …
resulting from transitions between the L subshells
and the K subshells. The Kα and the Kβ sublines have
energies which are close in value, so that with a
detector of moderate energy resolution such as Si-Li,
only two peaks are observed. The L series, resulting
from transitions between the M subshells and the L
shells is more complex with three main groups (Lα,
Lβ, Lγ) and several less intense peaks. In heavy ele-
ments (above Ba), the M series (N shell to M shell)
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may also be observed, but the M lines are not often
used for quantification. Table 1 shows the energy of
the most intense K, L and M lines from selected ele-
ments, with those detectable using a typical Si-Li
detector. The table shows that by using both the K
series and the L series all elements heavier than Na
may be detected using PIXE. It also highlights the
possibility of interference between the series of dif-
ferent elements (e.g. As Kα has almost the same
energy as Pb Lα). When all the sublines of each series
of each element in the sample are taken into consid-
eration, the probability of overlaps is very high, and
spectrum processing software must be capable of
handling this.

Figure 2 shows the PIXE spectrum from a single
ambient aerosol particle, showing the major and
trace elements detected.

Absorbers One characteristic of PIXE analysis is
the wide dynamic range of the significant peaks. In-
tense peaks from major elements in the sample may
contain millions of counts, while in the low back-
ground region of the spectrum, significant peaks
containing less than 10 counts may be observed. For
this reason, PIXE spectra are normally presented
with a logarithmic vertical scale. Another conse-
quence of this is that spurious responses from intense
peaks in the detector can have a drastic effect in
swamping the small peaks from trace elements. For
this reason, the careful use of X-ray absorbers (fil-
ters) is crucial to obtaining the best performance
with PIXE. For example, when analysing bone, an
absorber (typically of Al or a polymer foil) may be
fitted to reduce the intensity of the Ca peak to zero
or a few parts per thousand to minimize the

Figure 1 Energy dispersed X-ray spectra from the same sample excited by 20 keV electrons (top) and 2.5 MeV protons (bottom).
The enhancement of the detection limit for the trace elements caused by the absence of primary Bremsstrahlung in the PIXE spectrum
can be seen clearly. Reproduced with permission of Wiley from Johansson SAE, Campbell JL and Malmqvist KG (1995) Particle-
Induced X-ray Emission Spectrometry. New York: Wiley.
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background and spurious peaks due to the intense
flux of Ca X-rays. This is crucial in improving the
detection limits for the metals. Fitting an absorber
means that X-ray lines of lower energy than the line
being removed are lost completely, and it is becom-
ing more common now to use two detectors simulta-
neously, one unfiltered for major elements and one
with a suitable filter for the trace elements.

The art of PIXE analysis lies in the selection of the
optimum filter.

Quantification of PIXE spectra Figure 2 shows
that a PIXE spectrum consists of peaks which are ap-
proximately Gaussian sitting on top of a continuous
background. The background-subtracted area of
each peak is proportional to the concentration of the
associated element, and a number of software pack-
ages are now available to perform the processing
required to extract the areas and convert these to
true concentrations.

For a sample consisting of a thin film (so that
proton energy loss and X-ray absorption can be
neglected), the yield of characteristic X-ray photons
of energy Ex from element Z induced by particles of
energy E is given by

where N is the total number of photons detected
using a detector of solid angle Ω, Q is the total beam
charge, Cz is the concentration of the element and
ε(Ex) is the dependence of detector efficiency on X-
ray energy. Y(Z, E) is the yield of the interaction
expressed as counts per unit of concentration per
unit of charge per unit of solid angle. This, in turn, is
derived from the ionization cross-section (the proba-
bility of creating a vacancy) and the fluorescence
yield (the number of photons emitted in each X-ray
line for each vacancy).

In more realistic thick samples, the calculation
must also take account of the energy loss of the par-
ticle as it penetrates the sample and also the absorp-
tion of the X-rays as they emerge from the sample.
To do this, a knowledge of the bulk composition of
the sample is required (together with any variation
with depth) and both the stopping power of the ion
in the matrix and the X-ray attenuation coefficient
must be known. The calculation then involves a
numerical integration of the total X-ray yield from
each sublayer of the sample.

All of the physical parameters involved in this cal-
culation (ionization cross-section, fluorescence yield,
stopping power, X-ray attenuation and detector effi-
ciency) have been measured and parameterized with
sufficient accuracy that quantitative PIXE analysis
may be carried out without routine reference to
standards once the fixed system parameters have
been determined. A small number of computer

Figure 2 Proton-induced X-ray spectrum from a single ambient aerosol particle of 2 µm diameter. The spectrum was collected in
5 min using a beam of 3 MeV protons focused to a diameter of 1 µm at a current of 100 pA.

Table 1 Energies (in keV) of the Kα, Lα, and Mα lines of select-
ed elements. Energies in italic face may be detected using a typ-
ical Si-Li detector.

Element Kα energy Lα energy Mα energy

Li 0.052

O 0.523

Na 1.041

Si 1.740

Ca 3.691 0.341

Fe 6.403 0.704

As 10.534 1.282

Zr 15.774 2.042 0.350

Ag 22.162 2.984 0.568

Ba 32.191 4.467 0.972

W 59.310 8.396 1.774

Pb 74.957 10.549 2.342

Pu 103.653 14.297 3.350
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programs have been developed to carry out PIXE
spectrum processing, and special mention must be
made of GUPIX, developed at the University of
Guelph, Ontario, which embodies the most detailed
physical model of the PIXE process and also offers
the capability to iterate the sample matrix composi-
tion (including user-defined ‘invisible’ elements such
as oxygen) until the matrix composition matches the
values obtained from the peak areas.

Accuracy and detection limit of PIXE The major
sources of error in a PIXE measurement and the
above calculation are as follows:

(1) Inaccuracies in the basic assumptions about the
target. The calculation assumes that the sample
is a flat homogenous slab of the given composi-
tion. Any departure from this model (surface
roughness, compositional variation with depth,
etc.) will introduce an error in the calculated rel-
ative intensity of the X-ray lines.

(2) Inaccuracies in the physics database. These may
contribute errors to the relative X-ray intensities,
but it is believed that the database is of sufficient
accuracy that these are relatively insignificant
compared with other sources of error.

(3) Numerical and statistical errors in processing the
spectrum. The quality of the final fit depends on
the fitting procedure and the amount of detail in
the mathematical model. The precision of each
peak determination also depends on the quality
of the statistics in the experimental spectrum.
Peaks with few counts will not be fitted so well
as intense peaks.

(4) Limitations in the model used for the detector re-
sponse function and absorber transmission. The
response of the detector varies with X-ray energy
(and also depends on any absorbers used). This
can be simulated using a simple physical model
of the detector and parameterized expressions
for X-ray absorption coefficient. However, for
the highest accuracy it is necessary to analyse
standard samples and derive a correction factor
for each X-ray line of interest.

(5) Inaccuracies in determining the charge and detec-
tor solid angle. These affect the absolute accura-
cy but not the relative concentrations. For this
reason it is more accurate to use PIXE to deter-
mine element ratios rather than absolute values.
The charge is difficult to measure accurately
since the beam currents involved are generally
quite small and also large numbers of secondary
electrons are created in the beam impact on the
sample, which, if they are not returned to the
sample, will give an error in the measurement.

Beam current normalization is often carried out
by using PIXE simultaneously with another tech-
nique (e.g. Rutherford backscattering (RBS),
which also offers the possibility of determining
the sample matrix independently).

When all these sources of error have been
addressed, it should be possible to achieve a relative
accuracy of the order of 5–10% and an absolute
accuracy of 10–20%.

The detection limit depends on the height of the
peak relative to the background (which now can
mean both the continuum background and also any
overlapping X-ray lines or detector artefacts). The
detection limit is conventionally defined as 3 times
the square root of the area of the background within
one standard deviation of the peak centre (converted
to concentration using the same factor as for the
peak). This depends on all the parameters of the
experiment, and Figure 3 shows the theoretical
detection limits for trace elements in a carbon
matrix. This indicates that values of the order of
0.1–1 ppm may be expected under optimum
conditions.

RBS (Rutherford backscattering)

Particle backscattering spectrometry, also known as
Rutherford backscattering or RBS involves measur-
ing the recoil energy of backscattered particles from
the primary beam to obtain analytical information.
Ions recoiling from direct elastic collisions with the
nuclei of atoms in the sample lose energy according
to the mass of the target atom; recoils from heavy
nuclei have a higher energy than recoils from light
nuclei. If the target atom is not at the surface, energy
is also lost during the passage through the sample to
and from the reaction site (Figure 4), so measuring
the energy distribution of recoiling atoms gives

Figure 3 Minimum detectable limit of trace elements in a carbon
matrix as a function of atomic number and proton energy. The
calculation assumes a beam charge of 1 µC and curves are
presented for K and L lines. Reproduced with permission of Wiley
from Johansson SAE, Campbell JL and Malmqvist KG (1995) Par-
ticle-Induced X-ray Emission Spectrometry. New York: Wiley.
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information on the major element composition and
depth distribution in the sample. This technique is
loosely complementary to PIXE in that the greatest
mass resolution occurs for the light elements which
are invisible using PIXE. The cross-sections are low-
er than for PIXE (typically 0.1–10 barn sr–1) there-
fore the minimum detectable limit is not so low as
for PIXE (typically 0.1%), but RBS can be used for
determining major element composition and depth
profiles. In certain favourable cases (e.g. heavy inclu-
sions embedded in a light matrix) RBS can be used to
carry out nondestructive three-dimensional map-
ping. Used simultaneously with PIXE, RBS provides,
in principle, analysis of all elements above He in the
periodic table.

Interpreting RBS spectra The classical treatment of
the scattering of two charged particles yields the fol-
lowing expressions for the recoil energy and for the
cross-section:

where E is the recoil energy of a particle of mass m1,
charge z and initial energy E0 scattering through a
total angle θ from a stationary nucleus of mass m2

and charge Z. The form of these expressions is

shown in Figure 5 for 3 MeV protons and alpha
particles recoiling off nuclei up to mass 100. These
curves show that the best mass resolution (change in
recoil energy with mass) occurs for low masses. At
high masses, the difference in recoil energy is too
small to identify the mass of the scattering nucleus
uniquely. The curves also show that the cross-section
increases with mass. Alpha particles give both a
higher cross-section and a better mass resolution,
and these are normally used for RBS applications.

Because of the interplay of mass and depth infor-
mation in RBS spectra, interpreting the data is not so
straightforward as, for example, in PIXE spectros-
copy where each peak is uniquely associated with a
particular element. At present, RBS spectrum inter-
pretation relies on simulating the spectrum from a
proposed model of the sample using a suitable com-
puter program, for example the commonly used pro-
gram, RUMP. The parameters of the model can then
be refined, either manually or using fitting routines,
until a good match is obtained to the experimental
data. Thus, some insight into the physics of the situa-
tion is required in order to decide on a suitable start-
ing point for the modelling procedure. Some of the
points to be considered are presented in Figures 6A–
E which show simulated RBS spectra. In Figure 6A
recoils from a very thin SiO2 film give two narrow
peaks, one at higher energy from Si and one at lower
energy from O. The relative areas of the peaks are
proportional to the ratio of Si to O. In Figure 6B a
thicker film of SiO2 gives two broader peaks, as
recoils from deeper inside the sample occur at lower
energies. The energy width of the peaks increases
with increasing sample thickness. In the case of an
infinitely thick sample, Figure 6C, the responses
from Si and O merge and instead of seeing peaks, the
presence of the two elements is seen as steps or edges

Figure 4 Typical geometry for Rutherford backscattering. The
incident particle loses energy ∆E1 going through the sample to
the scattering site, loses energy ∆E (determined by the Ruther-
ford formula) in the collision and loses energy ∆E2 on the recoil
path to the detector.

Figure 5 Recoil energy (left axis) and scattering cross-section
(right axis) for 3 MeV protons (solid line) and alpha particles
(dashed line) backscattering from nuclei of different masses.
Scattering angle, θ, 150° (i.e. beam to detector angle 30°).
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corresponding to the recoil energy of that element at
the surface. When a thin Cu film is added to the
surface of the SiO2, this is seen as a sharp peak at
higher energy (Figure 6D), and if the Cu layer is
made thicker (Figure 6E), the Cu peak becomes
broader, but also the Si and O edges are shifted to
lower energy because of the energy loss in the Cu
film.

The use of RBS with protons on light nuclei is
complicated by nuclear reactions (see below) and the
cross-section may be much higher (or lower) depend-
ing on the energy and the scattering angle. This is
illustrated in Figure 6F, which shows the same simu-
lation as in Figure 6E, but now using true cross-sec-
tions rather than the theoretical Rutherford formula.
It can be seen that the yield for O is significantly
higher than the Rutherford case due to nuclear reac-
tions, and this can be exploited to increase the sensi-
tivity to O. The dip in the spectrum observed at
about 1600 keV is due to a nuclear reaction in 16O
which reduces the cross-section over a limited energy
range.

In spite of the relative complexity of interpreting
the spectra, RBS with alpha particles is widely used
for materials analysis for characterizing thin film
structures or depth profiles of impurities or dopants.
RBS with protons can be used simultaneously with
PIXE to help to determine the bulk matrix composi-
tion and also the incident beam charge.

Nuclear reaction analysis (NRA)

If the incident ion penetrates the repulsive electro-
static field surrounding the nucleus of a target atom,
it is possible for nuclear reactions to take place in-
volving the weak and strong nucleonic forces. This
can result in the formation of an excited unstable
compound nucleus which may decay by the emission
of particles or gamma rays to give a final nucleus
which may be different from the original. Nuclear
reactions in general have a much lower cross-section
than atomic reactions such as PIXE (typically 10–
100 mb sr–1), but they often have resonant behav-
iour, so that provided the conditions are carefully
chosen, NRA may give a useful yield and unique in-
formation. The cross-section and the types of reac-
tions observed are strongly dependent on the isotope
of the target atom and the beam energy and do not
vary in a systematic way with atomic number, as do
the yields and X-ray energies in PIXE. Nuclear reac-
tions are often described using the notation A(a,b)B,
where A and B are the initial and final states of the
target nucleus, a is the projectile ion and b is the
emerging reaction product (particle or gamma rays).

Nuclear reactions tend to be most important for
light nuclei, as the Coulomb repulsion is less for
nuclei with low Z. There are three type of nuclear
reaction which are of interest for analytical purposes
and these are described below. In general, because of
the rapid and irregular variation of cross-section
with energy, NRA techniques are difficult to quan-
tify and in the majority of cases, quantitative data is
obtained by comparison with known standards.

Figure 6 Simulated RBS spectra using 3 MeV protons scat-
tered at an angle of 150° for the following samples: (A) 0.1 µm film
of SiO2, (B) 5 µm film of SiO2, (C) Thick sample of SiO2, (D)
0.01 µm Cu film on SiO2, (E) 2.5 µm Cu film on SiO2. Simulations
(A)–(E) carried out using the Rutherford cross-section (Eqn [3]).
(F) Simulation of 2.5 µm Cu film on SiO2 (case (E)) using true light
element cross-sections for Si and O.
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Resonant elastic scattering At certain energies, the
yield of RBS analysis may be strongly enhanced (or
reduced) by interactions with the target nucleus. One
example of this is resonant scattering of protons
from 12C, i.e. 12C(p,p)12C. At an energy of 1.76 ±
0.1 MeV, the cross-section for backscattered protons
from 12C increases by a factor of 60 relative to the
classical Rutherford formula and this can be exploit-
ed to improve the sensitivity for carbon. This is
shown in the simulations of Figure 7, for a 10 nm
thick layer of carbon on a copper substrate.

Nuclear reactions resulting in gamma ray emis-
sion  Most nuclear reactions result in the emis-
sion of gamma rays of a well defined characteristic
energy and these can be energy-analysed using a
suitable detector and used for analysis. This tech-
nique is sometimes referred to as particle-induced
gamma emission or PIGE. PIGE is useful for fluo-

rine determination, for example, since the reaction
19F(p, α γ)16O has a particularly high yield, though
many other light elements up to Al can also be
detected with a reasonable detection limit. Figure 8
shows the gamma ray spectrum of a tourmaline, a
mineral rich in light elements such as F, Li and B,
bombarded with 3 MeV protons showing the
characteristic lines from the light elements in the
sample. 

Nuclear reactions resulting in particle emis-
sion Some nuclear reactions result in the emission
of a particle (proton or alpha) with an energy higher
than the primary beam energy so that they can be
detected unambiguously in the detector used for
RBS analysis. Relatively few reactions are useful for
analytical purposes. One example is 7Li (p,α) 4He,
which occurs when Li is bombarded with 2–3 MeV
protons. Two alpha particles are emitted which have
energies of 7–8 MeV and can be detected with no
interference from the spectrum of backscattered
protons.

Equipment for ion beam analysis

Accelerators

The major component of any nuclear microbeam
facility is the particle accelerator. This must generate
ions of the species and energy required to carry out
the analysis (protons and alpha particles with
energies of a few MeV), but the requirement of
operating with a focusing system may also impose
additional requirements on the energy spread and
brightness of the beam.

Figure 7 Simulated RBS spectra of a 10 nm layer of C on a Cu
substrate using protons of 3 MeV and 1.76 MeV, which corre-
spond to the (p,p) resonance in 12C.

Figure 8 Gamma ray spectrum from a tourmaline bombarded with 3 MeV protons. Gamma ray lines corresponding to F, Li, B, Na
and Al are marked. The unmarked lines are created by background sources within the fabric of the laboratory.
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The accelerators most suitable for IBA are the elec-
trostatic type, in which a static voltage equal to the
beam energy required is generated, and the particles
are accelerated in a single step (or two steps if the
‘tandem’ principle is used). The voltage may be gen-
erated either by an electrostatic system such as the
popular ‘van de Graaff’ system, or by a voltage mul-
tiplier stack, in which an alternating voltage is recti-
fied in such a way as to generate a DC voltage many
times greater than the amplitude of the applied volt-
age. Figure 9 shows schematically the principle of
electrostatic accelerators.

Historically a nuclear accelerator formed part of a
major facility and many IBA installations still
compete for beamtime at a nuclear physics accelera-
tor institute. In contrast, modern small accelerators
represent a relatively modest investment in capital
and support costs and increasingly now, new small
accelerators are being purchased specifically for ana-
lytical applications. It is notable, for example, that
the Louvre Museum in Paris now houses a modern
accelerator facility (Accelerateur Grand Louvre pour
Analyses Elémentaire – AGLAE) dedicated to the
analysis of art objects and archaeological samples.

Detectors

The majority of detectors used in IBA are based on
the reverse biased semiconductor junction. Ionizing
radiation creates electron–hole pairs in the depletion
region of the junction which drift under the applied
electric field to the electrodes where they create a
voltage pulse which is amplified. The material and
dimensions of the detector depend on the radiation
to be detected, and must be chosen so that the

incident photon or particle has a high probability of
interacting with an atom in the depletion region
(Table 2). In order to reduce the noise due to ther-
mal electrons, photon (X-ray and gamma) detectors
must be operated with the detector crystal and
preamplifier at a low temperature (usually with liq-
uid nitrogen cooling, but newer semiconductor ma-
terials such as cadmium zinc telluride can give good
performance with Peltier junction cooling devices).
For particle detectors, other sources of noise domi-
nate and these can be operated at room temperature.

Applications of nonspatially resolved 
IBA

PIXE and RBS are the major spectroscopic tech-
niques used for materials analysis because of their
high yield and relative ease of quantification. In
many cases, however, the use of nonspatially
resolved, or ‘broad beam’ PIXE has been displaced
to some extent by inductively coupled plasma mass
spectrometry (ICPMS), which offers the same
advantages of rapid multielemental analysis with the
additional advantage of very low detection limits
and greater accessibility. However, PIXE still has ad-
vantages of speed and ease of sample preparation
and is used routinely in a number of applications, es-
pecially ambient aerosol filter analysis. Broad beam
RBS still has a wide application in characterizing
thin films and diffusion profiles of impurities in sol-
ids, for example in measuring thickness of metalliza-
tion layers on silicon or depth profiles following
implantation of dopants into semiconductors. The
technique may also be combined with channelling, in
which the variation of yield as the beam is aligned

Table 2 Properties of semiconductor detectors used for spectroscopic analysis of charged particles, X-rays and gamma rays

Name (‘common name’)
Silicon surface barrier detector 

(surface barrier, SSB) Lithium drifted silicon (Si-Li)
High purity germanium 
(HpGe)

Radiation  MeV charged particles X-rays Gamma rays
Physical form  Thin disk of Si typically 10–30 

mm diameter with depletion 
layer formed beneath an 
insulating ‘barrier’ on the sur-
face

Single crystal Si disk typically 
10 mm diameter, 4 mm thick. 
Li diffused into Si to compen-
sate defects and impurities to 
ensure efficient charge col-
lection

High purity single crystal Ge 
cylinder typically 20 mm diam-
eter, 80 mm long

Must be cooled? No Yes Yes
Depletion layer thickness Typically 100 µm ~4 mm ~80 mm
Entrance window None Varies: typically 10 µm Be. 

Also ultra-thin polymer win-
dows to extend lower energy 
range

Thin (~1 mm) Al

Energy range ~10 keV to MeV. Upper limit 
depends on depletion depth

~1 keV–50 keV. Lower limit 
depends on window; upper 
limit depends on crystal 
thickness

~30 keV–10 MeV. Lower limit 
depends on window and elec-
tronic noise; upper limit 
depends on crystal 
dimensions
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Figure 9 Schematic diagram of (A) single ended accelerator and (B) tandem accelerator. The terminal voltage may be generated
either by a moving belt or chain (the van de Graaff or Pelletron principle) or by rectifying a high frequency alternating voltage (the Tan-
detron). In the single-ended accelerator a positive ion source is mounted in the terminal and the beam energy is equal to the terminal
voltage. In the tandem accelerator an external negative ion source injects ions into the accelerator where they are accelerated
towards the positive terminal. In the terminal they pass through a region of low pressure gas (the stripper) where collisions with the
gas molecules remove some, or all, of the electrons. The resulting positive ion is further accelerated. The final energy is given by
V(1+q) where V is the terminal voltage and q is the charge state after stripping. The accelerator assembly is normally enclosed in a
pressure vessel containing several atmospheres of an insulating gas such as SF6 to avoid the possibility of electrical discharges.
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with one of the major axes of a single crystal sample
can be used to obtain information on lattice quality
and the localization within the lattice of impurity at-
oms. A full discussion of channelling is beyond the
scope of this article.

PIXE (and to a certain extent RBS) are now more
commonly used in the spatially-resolved mode. This
is because their high yield contributes to the attain-
ment of high spatial resolution.

List of symbols

Cz = concentration of element; E = energy;
m = particle mass; nT = number of target atoms;
N = number of projectile atoms, number of photons;
q = terminal charge; Q = total beam charge;
V = voltage; Y = number of reaction products;
Y(Z,E) = yield of interaction; z = charge; σ = cross-
section; ε = detector efficiency; Ω = solid angle.

See also: Atomic Absorption, Methods and Instru-
mentation; Atomic Absorption, Theory; Atomic

Emission, Methods and Instrumentation; Atomic Flu-
orescence, Methods and Instrumentation; Fluores-
cence and Emission Spectroscopy, Theory; Geology
and Mineralogy, Applications of Atomic Spectrosco-
py; Inductively Coupled Plasma Mass Spectrometry,
Methods; Proton Microprobe (Method and Back-
ground); X-Ray Emission Spectroscopy, Applica-
tions; X-Ray Emission Spectroscopy, Methods; X-Ray
Fluorescence Spectrometers; X-Ray Spectroscopy,
Theory.
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Introduction

The use of pressure as an experimental variable in
NMR studies of chemical and biochemical systems
leads to added complexity in instrumentation but the
unique information gained from the combination of
high pressure and NMR techniques justifies fully its
use. There are several fundamental reasons for carry-
ing out NMR experiments at high pressures.

First, to separate the effects of density and temper-
ature on various dynamic processes, one has to
perform the measurements as a function of pressure.
Second, for liquids the use of pressure enables one to
extend the measurement range well above the
normal boiling point and thus to study supercritical
fluids. Third, as noncovalent interactions play a
primary role in stabilization of biochemical systems,
the use of pressure allows one to change, in a
controlled way, the intermolecular interactions
without the major perturbations produced by

changes in temperature and/or chemical composi-
tion. Fourth, pressure affects chemical equilibria and
reaction rates. The following standard equations
define the reaction volume, ∆V and the activation
volume, ∆V‡:

where K is the equilibrium constant, and k is the
reaction rate. With the knowledge of ∆V‡ values one
can draw conclusions about the nature of reaction
and its mechanism. Fifth, the phase behaviour and
dynamics of molecular solids and model membranes
can be explored more completely by carrying out
high pressure experiments. Sixth, the combination of
advanced 2D, and 3D NMR techniques with high
pressure capability represents a powerful new exper-
imental tool in studies of protein folding.

MAGNETIC RESONANCE
Applications
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The usual range of pressures used to investigate
chemical and biochemical systems is from 0.1 MPa
to 1 GPa (0.1 MPa = 1 bar; 1 GPa = 10 kbar); such
pressures only change intermolecular distances and
affect conformations but do not change covalent
bond distances or bond angles.

Pressure effects on NMR spectra

This heading is related to the fact that the effects of
pressure and/or density on chemical shifts and spin–
spin-coupling in molecular systems are relatively
small and difficult to interpret. In contrast, most of
the high pressure NMR studies of chemical or bio-
chemical systems deal with pressure or density ef-
fects on dynamical behaviour of the readily
compressible gases, molecular liquids and aqueous
solution of biomolecules. Increasing pressure chang-
es both the density and shear viscosity of the liquids
which in turn changes the relaxation times and
chemical exchange. The majority of NMR studies
deal with liquids of low viscosity for which T1 = T2

and the condition of extreme motional narrowing
applies. In the case of rotational motions of a spheri-
cal top molecule the following expression can be
used to calculate the rotational correlation time, τR,
from proton relaxation times

where γ is the gyromagnetic ratio for hydrogen and
rij is the distance between protons. However, for
proton-containing molecules one has to separate the
intramolecular and intermolecular contributions to
the observed proton relaxation times. In the case of
nuclei with spin I >  the relaxation studies provide
direct information about rotational motions because
the electric quadrupole interactions provide the
dominant relaxation mechanisms. For nuclei with
spin I = 1 (e.g. 2H, 14N) the relaxation rate due to the
quadrupolar interaction is given by the well-known
expression

where χ is the asymmetry parameter, e2qQ/� is 2π
times the quadrupole coupling constant in hertz, and
τR is the rotational correlation time.

It is well established that the rotational correlation
time, τR, for the isotopic rotation of a spherical top

molecule can be expressed in terms of the macro-
scopic viscosity, η, using the Debye equation

where η is the viscosity, a is the radius of the mole-
cule and the other symbols have their usual meaning.

In the case of the intermolecular contribution to
relaxation times of proton-containing molecules and
for the effect of pressure on self-diffusion one can
use the Stokes–Einstein expression, which relates the
shear viscosity, η, to the self-diffusion coefficient D:

where all symbols have their usual meaning.
For non-hydrogen bonded liquids the increase of

pressure slows down both rotational and transla-
tional motions with the result that for low viscosity
liquids one shortens the spin–lattice relaxation times
and decreases the diffusion.

The slowing down of exchange owing to increased
pressure in chemically exchanging systems also leads
to changes in the NMR spectra. As discussed else-
where in this encyclopedia, high resolution NMR
spectroscopy is widely used to study chemical
exchange processes. As an example of the effect of
pressure on chemical exchange Figure 1 shows the
pressure dependence of hindered rotation about the
C–N amide bond in N,N-dimethyltrichloracetamide
(DMTCA). From the observed line shapes it is
straightforward to calculate the observed reaction
rate and from its pressure dependence one can calcu-
late the volume of activation ∆V‡. In the case of
DMTCA the experimental rotation rate, k, decreases
with increasing pressure and the correlation of the
rates with measured viscosity (shear viscosity, η)
shows that the hindered rotation in DMTCA falls in
the strongly coupled diffusive regime.

There is yet another important origin of observed
pressure changes in the NMR spectra of biomole-
cules in aqueous solutions. NMR studies of protein
denaturation using temperature or chemical means
are well established but pressure also leads to revers-
ible denaturation as discussed in more detail in the
section on applications. In the case of model mem-
branes the use of pressure leads to very rich
barotropic behaviour and high pressure NMR tech-
niques can establish pressure–temperature phase dia-
grams for the membrane system studied.
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In addition to gases and liquids the NMR spectra
of molecular solids exhibit sensitivity to pressure.
The relaxation behaviour is changed and, in addi-
tion, pressure also leads to changes in phase-transi-
tion temperatures.

The effect of pressure on the phase-transition
temperature can be evaluated using the Clausius–
Clapeyron equation:

where T is the transition temperature, P is the
pressure, ∆V is the molar volume change and ∆H is
the change in molar enthalpy.

High pressure NMR instrumentation

Since high resolution NMR spectroscopy represents
a spectroscopic technique of major importance for
chemistry and biochemistry the overview of high
pressure NMR instrumentation focuses on high reso-
lution, high pressure NMR techniques.

Thanks to advances in superconducting magnet
technology one can achieve a high homogeneity of
the magnetic field over the sample volume even
without sample spinning and, therefore, it is possible
to construct high resolution NMR probes for work
at high pressures. The high resolution, high pressure
NMR equipment consists of three main parts: (a)
pressure generating and pressure measuring systems;
(b) nonmagnetic high pressure vessel; and (c) a NMR
probe that includes a sample cell. All components
necessary for building a high pressure setup, such as
hand pumps, high pressure tubing, and valve intensi-
fiers are currently available from commercial
sources. Figure 2 shows a schematic drawing of a
high pressure generating system capable of produc-
ing a hydrostatic pressure up to 1 GPa. In addition
to high pressure NMR instrumentation based on a
high pressure vessel made from non-magnetic metal-
lic alloy, one can also obtain high resolution NMR
spectra using glass capillaries or special sample cells
made from sapphire. Table 1, which gives charac-
teristic performance features of high pressure NMR
probes, also includes information on the diamond
anvil cell (DAV) which is suitable for broad-line
work up to pressures of 8 GPa. However, the
extremely small sample size makes DAV probes
difficult to operate and relatively insensitive.

A schematic drawing of a high pressure NMR
vessel, and a sample cell used for high resolution
NMR experiments at pressures up to 950 MPa, is
shown in Figure 3. It is important to note that even
at pressures of 1 GPa and sample diameter of 8 mm
one can achieve a resolution of 3 × 10–9. The natural
abundance 13C NMR spectrum of 2-ethylhexylcy-
clohexanecarboxylate recorded at 80°C and
500 MPa as shown in Figure 4 serves as an illustra-
tive example of the high quality NMR spectra which
can be routinely obtained at high pressures.

Applications of high pressure NMR 
spectroscopy

Dynamic structure of liquids

Theoretical and experimental evidence indicate that
many physical properties of liquids may be

Figure 1 Pressure effects on the line shape of the N-methyl
proton NMR spectrum of DMTCA in pentane at 282.3 K. The dot-
ted lines denote the experimental line shapes, and the full lines
denote the calculated line shapes.
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determined, to a large extent, by the size and shape
of the constituent atoms or molecules. Owing to the
close packing of molecules in liquids, even a small
change in density can produce a considerable change
in the molecular dynamics of the liquid; therefore, to
test rigorously a theoretical model of a liquid, or a
model of a specific dynamic process in a liquid, one
must perform isochoric, isothermal, and isobaric
experiments. Figure 5, which shows the temperature
dependence of the self-diffusion coefficient, D, in
liquid tetramethylsilane at constant density and
constant pressure, illustrates the importance of
separating the effects of density and temperature on
molecular motions. Four main research directions
can be identified in the high pressure NMR studies
of liquids: (a) studies of self-diffusion; (b) investi-
gations of reorientational motions; (c) studies of
angular momentum behaviour; and (d) tests of

applicability of hydrodynamic equations at the
molecular level.

The effect of pressure on the anisotropic reorienta-
tion of acetonitrile-d3 in the liquid state can serve as
in illustrative example of high pressure NMR studies
of molecular reorientation in liquids. The deuteron
and nitrogen spin–lattice relaxation times of ace-
tonitrile-d3 have been measured as a function of
pressure up to 200 MPa at 23°C, using the NMR T1

relaxation technique. Since the quadrupole coupling
constants for nitrogen and deuterons in acetonitrile-
d3 are known, the experimental T1 data are inter-
pretable in terms of the rotational diffusion con-
stants for motion perpendicular D⊥ and parallel D�
to the symmetry axis.

From Figure 6, which plots the pressure depend-
ence of D⊥ and D�, it is readily apparent that
∆V‡(D⊥) >> ∆V‡(D�). This experimental finding

Figure 2 Schematic diagram of the high pressure generating equipment.

Table 1 Characteristic performance features of high pressure NMR probes

a Temperature and frequency range is determined by the commercial probe used.
b Diamond anvil cell.
c Broad line.

Probe type
Pressure range 

(MPa)
Temperature range 

(K)
Sample diameter 

(mm)
Resolution

(× 10–9) 1H Frequency (MHz)

Capillary cell 0.1–250 a 1–1.5 3 a

Sapphire cell 0.1–100 a 3.4 1.5 a

HP vessel 0.1–950 253–373 8 3 60–500

DAVb 0.1–8000 200–300 <<1 c 1–100
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reflects the difference in frictional torques connected
with the reorientation about the individual
molecular axis, or more generally stated, reflects the
symmetry of intermolecular potentials. The low
∆V‡(D�) value indicates that the intermolecular
potential energy is largely independent of the angle
of orientation about the main symmetry axis and
thus the rotational frictional coefficient is very
small.

Supercritical fluids

NMR techniques can be used to study supercritical
fluids as the employed pressures range from 0.1 to
80 MPa. The reason for renewed interest in the
properties of supercritical fluids can be traced to the
great promise of supercritical fluid extraction
techniques. High pressure NMR spectroscopy can
not only be used to investigate transport and inter-
molecular interactions in compressed supercritical

Figure 3 Schematic drawing of a high pressure NMR probe and sample cell.

Figure 4 High resolution natural abundance 13C NMR spec-
trum of liquid 2-ethylhexylcyclohexanecarboxylate at 80ºC and
500 MPa.
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fluids but an in situ NMR technique has also been
developed for the determination of the solubility of
solids in supercritical fluids.

The basic idea behind the determination of the sol-
ubility of solids in supercritical fluids is based on the
radically different spin–spin relaxation rate between
dissolved and solid material (T2, solid T2,
dissolved). Using the 90º–t–180º spin echo sequence
with a pulse separation of t << 1 ms ensures that no
contribution to the NMR echo signal can result from
the quickly relaxing protons in the solid material.
Figure 7 gives the experimental solubilities for solid
naphthalene in supercritical carbon dioxide as deter-
mined by the spin echo NMR technique. The three
isotherms measured were selected near the upper
supercritical end point (UCEP) for naphthalene in
CO2. In Figure 7 the 58.5°C isotherm shows a large
increase in solubility at about 23.5 Mpa; the slope of
the isotherm is near zero. This indicates that one
operates in close proximity to UCEP. This NMR
technique can yield both solubility data and phase
information when studying equilibria in supercritical
fluid mixtures.

Phase transitions in molecular solids

Because molecular solids exhibit significant com-
pressibility even in the pressure range 0.1 to
900 MPa one can use high pressure NMR relaxa-
tion techniques to investigate phase transitions. The
high degree of molecular rational freedom in plas-
tic crystals (orientationally disordered crystals)

Figure 5 Temperature dependence of  self-diffusion in liquid
tetramethylsilane (TMS) at (�) constant pressure and (∆) con-
stant density.

Figure 6 Pressure efffects on the rotational diffusion constants
D⊥ and D� of acetonitrile-d3 at 23oC.

Figure 7 Experimental solubilities for solid naphthalene in
supercritical CO2 expressed in moles of napthalene dissolved per
litre of solution.
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provides a good illustrative example. Adamantane,
C10H16, is a saturated hydrocarbon with an fcc crys-
tal structure in its high temperature plastic phase
(α-phase) whereas at lower temperatures it under-
goes a phase transition to a tetragonal structure (β-
phase) in which the rotation is quenched. Taking
advantage of the abrupt change in T1 or T2 at the
phase transition provides the means of detecting the
precise phase-transition pressure. At the phase-tran-
sition pressure, the T1 of adamantane decreases
abruptly by a factor of 40 in passing from the ori-
entationally disordered plastic α-phase to the β-
phase. Figure 8 shows the pressure dependence of
the proton spin–lattice relaxation times, T1, in solid
adamantane in the α- and β-phases at different
temperatures.

The relaxation time can be expressed in terms of
the rotational correlation time τ, and the

second moments (M2) where ω0 is the Larmor
frequency (Eqn [1]). The constant C is proportional
to the proton second moment expressed in angular

frequency units. For the measured T1 one can assume
ω0τ >> 1 for the β-phase rotation. Then the
expressions for the relaxation times are as follows:

where Cαω0 = 8.91 × 109 radian2 s–2 and 2Cβ/ω0 =
2.07 × 10–7.

Assuming that rotational motion is a thermally
activated process and that the second moments are
independent of temperature and pressure within our
experimental range, one can obtain the activation
volume ∆V‡(T) at constant temperature from the
pressure dependence of ln(T1):

and the activation enthaply, ∆H‡(P), at constant
pressure:

Figure 8 Pressure dependence of the proton spin–lattice relaxation times, T1, of solid adamantane in its two phases at different tem-
peratures. The open symbols denote values obtained in the compression run whereas the filled symbols give values for the decom-
pression run.
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where Equations [3] and [4] have a plus sign when
ω0τ >> 1, and a minus sign when ω0τ << 1.

The interesting feature of the experimental results
given in Figure 8 is the hysteresis of the observed
transition pressure for the compression α → β run
and the decompression β → α run. Analysis of this
hysteresis can provide valuable information about
the nature of order–disorder transitions.

Pressure effects on crystallization kinetics of 
polymers

NMR relaxation or line width measurements are sen-
sitive to the degree of crystallinity in solid polymers,
because the protons in the crystalline lattice experi-
ence strong dipole–dipole interactions which cause
fast spin–spin relaxation and line broadening. As a
result, line width and relaxation studies have been
used to measure crystallinity in a broad range of pol-
ymers. The use of high pressure as an experimental
variable in NMR studies of polymer crystallinity of-
fers new details about polymer crystallization. The
study of pressure and temperature effects on the

kinetics of crystallization of linear polyethylene can
be used as an illustrative example of this specific ap-
plication of high pressure NMR techniques. One can
determine the amount of amorphous polyethylene
present from the initial maximum by spin-echo meas-
urements 90°–τ–180°–τ–echo with τ equal to 300 µs.
Figure 9, which plots the amplitude of the echo sig-
nal against time, shows the crystallization data at
400 MPa for polyethylene. Before each measurement
the sample was equilibrated at the desired
temperature and a pressure 75 MPa below the crys-
tallization pressure. The very fast relaxation of the
crystalline material prevented it from contributing to
the echo intensity. The isotherms as depicted in
Figure 9 show the characteristic crystallization be-
haviour: an induction time before crystallization, a
primary crystallization, and a gradual decrease in
crystallization rate as the final crystallinity is ap-
proached and secondary crystallization and perfec-
tion pressures occur. The quantitative analysis of the
high pressure crystallization kinetics yields informa-
tion about the formation of extended crystals, the
value of the Avrami coefficient, the mechanism of ex-
tended chain crystallization, and the effect of pres-
sure on the surface energies of the crystal nuclei.
High pressure NMR experiments are interesting
because of their direct sensitivity to polymer chain
dynamics on the microscopic scale. In this way NMR
complements techniques such as dilatometry which
are sensitive to bulk properties.

Mechanistic studies of chemical reactions
in solution

High pressure NMR studies of various chemical re-
actions provide information about the reaction
mechanism. Almost all reactions exhibit a charac-
teristic pressure dependence of the reaction rate
which can be used to calculate the volume of activa-
tion, ∆V‡. The ∆V‡, extrapolated to ambient pres-
sure, together with the partial molar volume for the
reactants and products, or with the reaction volume

Figure 9 Normalized spin-echo amplitude as a function of time
in polyethylene at 400 MPa and temperatures of 217 to 223°C.

Table 2 High pressure kinetic studies of solvent exchange in inorganic systems

a Ethylenediamine.

System Solvent Pressure (bar) Temperature (K) Nuclei

[Cu(DMF)6]2+, [Cu(H2O)6]2+ DMF, H2O 2000 217–300 17O

[Ln(PDTA)(H2O)2]– (Ln = Tb, Dy, Er, Tm, Yb) [Er(EDTA)(H2O)2]– H2O 2000 272–292 17O

[Ln(DTPA-BMA)(H2O)] (Ln = Nd, Eu, Tb, Dy, Ho) H2O 2000 na 17O

[M(en)3](CF3SO3)2 (M = Co, Fe, Mn) ena 2000 278–332 14N

[Cp*M(H2O)3]2+ (M = Rh, Ir) H2O 2000 288–333 17O
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of the overall reaction, allows one to create a vol-
ume profile that describes the volume changes along
the reaction coordinate. The location of the transi-
tion state with respect to reactants and products de-
termines the mechanism of the reaction
investigated. Both organic and inorganic reactions
can be studied. Specifically, solvent and ligand ex-
change, and ligand substitution reactions in inor-
ganic systems have extensively been studied by high
pressure NMR techniques. Table 2 gives the activa-

tion parameters of solvent exchange studied in inor-
ganic systems.

Biochemical applications

Model membranes

Phospholipid bilayers and monolayers have impor-
tant roles in nature as components of cell membranes

Table 3 Examples of NMR studies of the pressure effects on model membranesa

a Pressure range from 0.1 to 500 MPa.
b DPPC = dipalmitoylphosphatidylcholine.
c TTC = tetracaine.
d POPC = palmitoyloleylphosphatidylcholine.

System Experiment Result

DPPCb Natural abundance 13C,T1,T2 Phase transitions

DPPC-d62 DPPC-d62-TTCc 2H line shapes Phase diagram; order parameter; pressure reversal of the anaes-
thetic effect of tetracaine

DPPC-TTCe 31P line shapes, T1 Structure and dynamics of the head group; phase diagram

DPPC-d2 (2,2); (9,9); (13,13) 2H line shapes, T1, T2 Order parameters; chain motions

DPPC-d62-cholesterol 2H line shapes Phase diagram

DPPC
POPCd

1HT1 and T1ρ Lateral diffusion

Figure 10 Pressure–temperature phase diagram of DPPC-d62.
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and lipoproteins. In cell membranes, phospholipid
bilayers constitute the permeability barriers between
aqueous compartments. Aside from their structural
interfacial roles, aggregated phospholipids modulate
the functions of associated proteins and enzymes by

direct binding and by physical effects. Therefore, syn-
thetic phospholipid bilayers, in multilamellar or
small bilayer vesicle forms, have become models for
the study of the structural and dynamic properties of
natural phospholipid aggregates.

Figure 11 Histidine region of the 1H NMR spectra of RNase A in D2O at various pressures. The standard in the insets is sodium 3-
(trimethylsilyl) tetradeuteriopropionate (TSP).
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Since the 1970s, NMR methods, in particular 2H
NMR, have been applied very effectively to
investigate the biophysical properties of phospholi-
pid bilayers. NMR experiments with high pressure
and variable temperature measurements allow one to
access diverse gel phases in phospholipid bilayers
and to study the order and dynamics of phospholip-
ids in bilayers as a function of volume changes.

Table 3 gives illustrative examples of high
pressure NMR studies of model membranes and
indicates the type of information that can be
obtained from these studies. Figure 10 shows the
pressure–temperature phase diagram of deuterated
dipalmitoylphosphatidylcholine, DPPC-d62, as
determined by high pressure NMR techniques using
direct measurement of the deuteron quadrupole
splitting of the methyl group and first moment
analysis.

Pressure denaturation of proteins

The relationship between the amino acid sequence
and the structure of the native conformation of pro-
teins represents the key unsolved problem of
biochemistry and biology. Temperature and chemi-
cal perturbation represent the usual approach used
in studies of protein stability and the folding prob-
lem. However, it is advantageous to use pressure to
study protein solutions as pressure perturbs the pro-
tein environment in a controlled way by changing

only intermolecular interactions. Moreover, by tak-
ing advantage of the phase behaviour of water, high
pressure can lower the freezing point of an aqueous
solution and allow the study of cold denaturation of
proteins. The reversible pressure denaturation of
bovine ribonuclease A (RNase A) can be used as an
illustrative example for pressure denaturation. In
this specific protein the ε1 hydrogen signals of the
four histidine residues are well resolved from other
proton peaks in the 1D 1H NMR spectrum of the na-
tive RNase A in D2O. These peaks have been as-
signed and used to investigate the folding and
unfolding of the protein. Figure 11 shows the
pressure effects on the proton NMR spectrum in the
histidine region of RNase A at pH 2.0 and 10ºC. As
expected with increasing pressure, the intensity of
the native histidine peaks decreases and at about
400 MPa their disappearance indicates that the pro-
tein is denatured. The appearance of peaks D and D′
with increasing pressure signals the denaturation.

It is important to point out that during the
pressure-assisted cold denaturation many proteins
show significant residual secondary structure which
parallels the structure of folding intermediates. It
appears that pressure denaturation and pressure-
assisted cold denaturation of proteins studied by
high resolution NMR techniques provide novel
information about the folding of proteins. In addi-
tion, these experiments allow the determination of
phase diagrams for proteins. Figure 12 shows the

Figure 12 Phase diagram of RNase A.
Figure 13 2D 1H Correlation spectroscopy spectrum with pre-
saturation pulse for solvent suppression of 2 mM sucrose at 25ºC
and 475 MPa pressure recorded at 500 MHz.
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pressure–temperature phase diagram for RNase.
Above the curve the protein is in the denaturated
state.

The most promising direction of the high pressure
studies of proteins is the application of advanced 2D
and 3D NMR techniques. Figure 13 shows the high
quality of 2D NMR spectra which can be routinely
obtained at high pressures. Very often the 2D spectra
obtained at high pressure offer new insights into the
pressure-induced unfolding and pressure-induced
dissociation of proteins when compared with results
obtained by other high pressure spectroscopic
techniques such as fluorescence methods.

List of symbols

a = molecular radius; D = Self-diffusion coefficient;
I = nuclear spin quantum number; k = rate constant;
K = equilibrium constant; P = pressure; rij = distance
between protons; R = gas constant; t = pulse
separation time; T = absolute temperature; T1, T2 =
relaxation times; ∆V = reaction volume; ∆V‡ =
activation volume; γ = gyromagnetic ratio; η = shear
viscosity; χ = asymmetry parameter; ω0 = Larmor
frequency.

See also: Biofluids Studied By NMR; Diffusion
Studied Using NMR Spectroscopy; High Pressure
Studies Using NMR Spectroscopy; Labelling Studies
in Biochemistry Using NMR; Membranes Studied By
NMR Spectroscopy; NMR Relaxation Rates; Proteins
Studied Using NMR Spectroscopy; Relaxometers;
Two-Dimensional NMR, Methods.
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Introduction

High resolution electron energy loss spectroscopy,
known as ‘HREELS’, is a method for measuring the
vibrational spectra of molecules adsorbed on surfac-
es, and some properties of clean surfaces in ultra-
high vacuum. The technical aspects of the technique,
theoretical basis and some examples of HREELS will
be discussed.

HREELS is an ‘electrons in– electrons out’ spec-
troscopy that uses electrons typically in the 2– 20 eV
energy range as a probe, and detects electrons that
have undergone both elastic and inelastic scattering
from a surface or adsorbed layer. In practice, elec-
trons are detected that have lost up to about
500 meV (≈4000 cm– 1, 8.06 cm– 1 = 1 meV) relative
to the primary beam energy in the scattering event.
This range includes the most common vibrational
modes of small molecules, and their overtones and
combinations.

A major advantage of the HREELS method is the
benefit derived from electron detection over optical
detectors and methods, and a variety of scattering
mechanisms. The major technical complexity of the
HREELS method is the ‘resolution’ of ‘the spectrom-
eter’, in this case the production of an intense, well-
collimated beam of electrons with an energy width
of less than 10 meV at the chosen primary energy
(usually about 5 eV).

Detailed and comprehensive analysis of vibra-
tional spectroscopy performed with electrons can be
found in the classic work by Ibach and Mills. The
details of the modern HREELS spectrometer are
explored by the acknowledged master of the tech-
nique Harald Ibach in his monograph. A guide to
surfaces and adsorbates studied with HREELS can
be found in the proceedings of the ‘Vibrations at Sur-
faces’ Conferences, several of which are listed in the
‘Further reading’ section. A general introduction is
often included in surface science or surface chemistry
textbooks, for example the books by Lüth, Prutton

and Somorjai. The World Wide Web is a resource
for manufacturers of HREELS apparatus, e.g.
Omicron Vakuumphysik GmbH (omicron-instru-
ments.com) and LK Technologies, Inc. (lktech.com).

The ideal surfaces for study are smooth, metal
single crystals that are clean and well-ordered on an
atomic level. Such a specimen is ‘highly reflecting’
and maintains the signal in the specularly reflected
electron beam. Practical surfaces range from pol-
ished single crystals, cleaved surfaces and semicon-
ductor wafers to polycrystalline metals. The
adsorbate can be a monoatomic or molecular spe-
cies, such as atomic hydrogen, or large macromole-
cules and polymers. Insulators can be measured in
special circumstances.

Many aspects of surface science and surface spec-
troscopy are concerned with the geometrical structure
of surfaces, the composition of the surface and the
identification of adatoms that may be present. Vibra-
tional spectroscopy is a method for direct measure-
ment of specific chemical bonds of adsorbed atoms
and molecules, both between the adsorbate and
the surface and the adatoms themselves. In the early
days of HREELS, the 1970s, an added attraction
for this type of spectroscopy was the ability to
observe adsorbate– surface bonding modes (often
< 125 meV = 1000 cm– 1), because the infrared spec-
trometers of the day used ‘grating’ spectrometers, and
IR detectors that were useful only above 1600 cm– 1.
The low cost and versatile Fourier transform infrared
spectrometer (FTIR) and improved detector technol-
ogy have eclipsed HREELS for routine surface chem-
ical bond analysis. There are, however, some surface
processes that can only be observed with electrons.
Some diagnostic benefits that are related to the scat-
tering mechanisms operative in HREELS continue to
be useful for surface science. It should be noted that
HREELS is usually performed on a ‘known’ adsorb-
ate, with a focus on the details of a specific adsorption
system. HREELS is seldom used for the identification
of ‘unknown’ adsorbate species.

VIBRATIONAL, ROTATIONAL & 
RAMAN SPECTROSCOPIES

Applications
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Basic concepts and requirements

Method

In HREELS experiments, electrons produced by a
thermionic emission source are passed through an
electrostatic monochromator, so that an electron
beam of narrow angular width and narrow energy
spread is produced that is then scattered from a sur-
face. Electrons which scatter from the surface are an-
alysed with an electrostatic analyser (similar or
identical to the monochromator) and detected with
an electron multiplier. The HREELS data is acquired
as ‘count rate’ (= current exiting the analyser) vs the
energy loss range scanned, from Ep to (Ep– Escan), for
example from 5 to 4.5 eV, that includes Eloss. In a
typical HREELS spectrum, a ‘no-loss’ or ‘elastic’
peak will be observed in the specular scattering di-
rection with energy Ep, and a FWHM of ∆Ep, and
loss peaks will be observed in accordance with cer-
tain selection rules, at energies Eloss = Ep – �ω, where
ω is the frequency of oscillation of the vibrational
mode, and an energy width of ∆Eloss ≥ ∆Ep. A gener-
al schematic is shown in Figure 1.

The 127°  cylindrical capacitor analyser is cur-
rently the most advanced device for HREELS. The
functional components of the HREELS spectrometer
are shown as a block diagram in Figure 2; a repre-
sentative schematic of a 127°  cylinder spectrometer
is also shown in Figure 3. There are various other
HREELS instrument designs with individual merits.

HREELS operation requires specialized precau-
tions and procedures. Many are determined by the
trade-off between the spectrum intensity and resolu-
tion, the production of the low-energy electron
beam, and mechanical restrictions. Practical size
limits for HREELS analysers are about 100 mm
radius. The thermionic electron source has an energy
width of the order of 1 eV. Only a small fraction of
the emitted current is passed by the monochromator.
Electrons with 5 eV kinetic energy are easily
deflected by stray electric and magnetic fields. All of
the spectrometer parts are coated with graphite to
create a uniform work function on parts in the elec-
tron path. The spectrometer itself is usually baked
after the UHV chamber itself is baked, so that non-
uniformities in the analyser due to unwanted
adsorbed contaminants are removed. No magnetic
parts are allowed in the vicinity of the spectrometer.
Most HREELS chambers are doubly shielded against
magnetic fields (< 1 mG cm– 1 for the residual homo-
geneous DC field), and all of the electric potentials
applied to the spectrometer are shielded and regu-
lated to within a few percent of 1 mV. The specimen

Figure 1 An overview of high resolution electron energy loss
spectroscopy. Top left: the incident electron beam is shown as a
narrow, intense peak on the intensity vs energy loss axes. The
specularly reflected beam is shown with loss peaks due to ad-
sorbed molecules, with modes �ω. Centre: The scattering mech-
anism is illustrated with the three diatomic molecules ‘adsorbed’
on the surface with perpendicular and parallel orientation relative
to the surface. Mode ω1 has a dynamic dipole moment p0 which
is perpendicular to the surface, and induces a second image di-
pole in the same direction, so that the electron scatters from a
combined dipole moment of 2p0. This is the dipole scattering
process. The mode ω2 is parallel to the surface, and the induced
image dipole cancels the molecular dynamic dipole moment. The
mode is ‘screened’ and is not present in the spectrum if there is
no impact contribution to the scattering. Mode ω3 is shown with
the dynamic dipole moment equal to zero (the orientation is not
relevant). The mode will be observed as an ‘impact’ mode.

Figure 2 The necessary part of an HREELS spectrometer: e,
electron source, L, lens to focus electrons onto the entrance slit
of the monochromator, M, which can have one or two stages. An-
other lens, L, focuses the beam onto the sample, S. A lens, L, fo-
cuses electrons scattered from the surface onto the entrance slit
of the analyser, A, which can also have two stages. The electrons
are counted at the detector, D.

Figure 3 A typical 127° two-stage cylindrical capacitor analys-
er. The individual parts correspond to the components described
in Figure 2. Usually, one of the arms of the spectrometer is
made to rotate in-plane about the specimen axis to allow off-
specular measurement.



774 HIGH RESOLUTION ELECTRON ENERGY LOSS SPECTROSCOPY, APPLICATIONS

must be introduced between the HREELS mono-
chromator and analyser with no vibration, no mag-
netic parts, and no ‘stray’ potentials such as those
that may arise from charging of ceramic insulators,
etc. It is often beneficial to be able to cool the speci-
men to 100 K or lower, and sputter and heat the
surface for cleaning.

The ‘mechanics’ of HREELS is now manageable
using personal computer based spectrometer control.
Typical spectral resolution of modern instruments is
1– 5 meV. At the lower end of this range physical
effects due to natural vibrational line widths are
observable. In the early days of HREELS (which
extend to the present, because many of the older
spectrometers are still in use), single-pass cylindrical
(127° ) capacitor spectrometers, both fixed and with
a movable analyser or monochromator, double-pass
cylindrical (127° ) capacitor analysers, spherical
capacitor spectrometers and even some dual-use
photoelectron spectrometers with enhanced resolu-
tion ranges were used, with spectral resolution in the
7– 12 meV range.

Scattering mechanism

A non-mathematical description of the HREELS
scattering mechanisms will be given briefly. In ‘di-
pole scattering’ an incident electron scatters from the
long-range oscillating dipole field that arises when
the adatom oscillates on the surface. In this mode,
collecting only electrons scattered into the near-spec-
ular direction, HREELS information is essentially
identical to data obtained from surface infrared vi-
brational spectroscopy. Electrons scatter from the
long-range dipole fields of elementary excitations of
the solid or adsorbate. A change in the dipole mo-
ment during the vibration is detected; consequently,
there must be a non-zero dipole derivative with re-
spect to time or a ‘dynamic’ dipole moment. Figure 4
illustrates the scattering geometry for HREELS.

Energy and momentum conservation are simply
expressed as: Eloss = Ep ± �ωs, where the momentum
of the incident (‘primary’) electron is kp, and ks for
the scattered electron, so that 

where Q� is the momentum transfer parallel to the
surface, and the vector 

where G is a reciprocal lattice vector (usually,
G� = (0,0), G� ≠ (0,0) is diffraction). The dipole exci-
tations have a long-range potential, which ensures
that the interaction time is large and that the proba-
bility for scattering is also high. Both losses and
gains are possible.

In order to pass through the analyser entrance slit,
the angular deflection (momentum transfer) caused
by the collision must be small enough to keep the
electron within a few degrees of the specular direc-
tion. An estimate for this deflection in dipole scatter-
ing is given by δθ = �ωs/2Ep, so that for 200 meV loss
energy and 5 eV primary energy, the deflection is of
the order 1° .

It is possible to detect electrons that are not scat-
tered into the specular direction, either by rotation
of the sample or moving the HREELS analyser or
monochromator. The possibility of data collection
‘off specular’ sets HREELS apart from its optical
counterparts. The most important ‘off-specular’ scat-
tering mechanism is known as ‘impact’ scattering.
This name is intended to denote a short-range inelas-
tic scattering mechanism unrelated to the long-range
dipole scattering mechanism. (The elastic ‘impact’
process is electron diffraction.) As a functional, but
not entirely correct, definition, any intensity that
remains in the ‘off-specular’ direction spectrum is
termed ‘impact’ scattering. The intensity of ‘impact
modes’ for a mode u is Iimpact =  (Q·u)2I0, where u is
the displacement of the atom from its equilibrium
position, Q is the change in wavevector of the
electron, and I0 is the elastic scattering intensity. The

Figure 4 A schematic representation of specular reflection (θ)
and momentum conservation in HREELS scattering events. The
momentum parallel to the surface is conserved. The quantity Q�

is the parallel momentum transfer, and determines the angular
deflection ∆θ. The incident electron is characterized by velocity
and momentum components v and kp, ks is the scattered electron
momentum, and ∆kz the change in momentum in the z direction.
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wave vector transfer Q can be large, so that impact
scattering is not restricted to the specular direction.
Experimentally, the intensity of the ‘dipole’ loss
peaks exhibits the same dependence on off-specular
angle as the elastic peak intensity. As a consequence,
impact modes can be much more intense relative to
the dipolar contribution at high off-specular angles.
Because most analysers are constructed for about
50°  incidence from the sample surface normal, 25–
30°  off specular are the largest practical values.

A detailed examination of the electron– adatom–
surface interaction must be divided into several
parts: either direct scattering from the adatom in the
specular direction, specular reflection at the surface
followed by (forward) scattering from the adatom,
or adatom scattering followed by specular reflection.
Multiple combinations of these individual events can
also result in an electron detected at the analyser. For
each interaction, there are elastic and inelastic ver-
sions. A schematic representation is shown in
Figure 5. To date, HREELS theory has dealt only
with the large divisions of scattering events into
elastic/inelastic and dipole/impact processes. Other
phenomena have been observed, and can be regarded
as significant scattering types observed in HREELS
spectra, even if they are not entirely distinct from the
dipole and impact mechanisms (dipole or impact
scattering may still be part of the process). Molecules
with large static dipole moments have a large scatter-
ing cross section, so that ‘dipole’ scattering from a
partially covered surface may cause diffuse scattering
of electrons, much like a rough surface causes diffuse
optical reflection. There are many forms of reso-
nance scattering: an electron can be scattered into a
surface state or resonance, causing an increased resi-
dence time at the surface, which can influence spec-
tral features. The incident electron can induce
surface resonances, such as image potential states,
which also capture the electron at the surface for
increased residence time and possible non-specular
scattering. Molecules can capture electrons in ‘nega-
tive ion resonances’, which also have consequences
for peak intensities and multiple or combination
scattering peaks. Ionic crystals and semiconductors
can have surface phonon modes in the energy range
which is accessible to HREELS. Some illustrative
examples are given below.

Selection rules and symmetry

Selection rules for dipole scattering from surface–
adatom symmetry configurations follow those for IR
spectroscopy. Relevant discussion can be found in
Ibach and Mills, and general references on
symmetry, normal modes and selection rules in

Figure 5 A schematic representation of scattering phenomena
that can be observed in HREELS spectra. The diagram notation
is loosely based on McRae and Ibach and Mills. The incident
electron comes from the left. In each diagram, a time-reversed
event is often possible, and these are not shown. Events that in-
volve small-angle forward scattering preserve the specularly
scattered intensity, and contribute to HREELS; large-angle scat-
tering contributes less, and some of these diagrams are omitted.
In (A) the no-loss, specular scattering from a surface is shown (a
filled, black circle at the surface). The no-loss or elastic peak is a
result of process (A). Process (B) represents dipolar elastic dif-
fuse scattering (denoted with an arc on the exit beam), such as
observed for no-loss peak intensity decreases upon adsorption
(see Figure 14, Figure 15B). Diagram (C) shows a resonant
process, where an electron is scattered elastically into and out of
a surface resonance (wavy line) in the specular direction. An
example is a clean-surface reflectivity measurement (see
Figure 17) with a surface resonance and/or image potential
states. In these processes, in order to scatter into a weakly bound
surface resonance, energy conservation by an Umklapp process
may occur. Diagram (D) shows the elastic, specular reflection at
the surface followed by a loss (open circle) and small angle
deflection. This is ‘dipole scattering’; the reverse, loss then reflec-
tion, is equally important, but not shown. Most HREELS spectral
features are due to processes (A) and (D). Diagram (E) shows an
unlikely, high-angle scattering, inelastic process that is detected
in the specular direction. The process (F) represents multiple,
small-angle inelastic scattering followed by specular reflection,
but at angles unrelated to the incident electron, which results in a
‘diffuse’ reflected beam, even though each inelastic scattering
event was nearly specular (see Figure 14, HCN ‘ice’). Process
(G) represents a molecular resonance. The electron scatters out
of this resoanance isotropically. The diagrams (H) and (I) show
combinations of inelastic scattering and surface resonances with
specular reflection. Process (J) represents diffuse (open square
box) impact scattering followed by an inelastic loss event. Many
more combinations of these mechanisms are observed in special
cases.
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spectroscopy. Briefly, for dipole scattering, those
modes with a non-zero dynamic dipole moment are
allowed. Because the electric field induced by the
incident electron is perpendicular to the surface, only
dipoles with a component in this direction can inter-
act with the incident electron. This implies that the
normal component (z) of the dynamic dipole
moment must be totally symmetric with respect to
all of the symmetry operations of a point group.
Often, the rule is stated that fundamental modes
observed in dipole scattering must belong to the A1,
A′ and A totally symmetric representations. This is
true for any surface that can effectively screen the
parallel dipole moment of the adsorbate motion
(most often, metals). The possibility remains that a
mode exists that is normal to the surface, but has no
dynamic dipole moment, or that a parallel mode that
belongs to the correct representation (i.e. dipole
allowed) could be observed due to charge transfer to
orbitals that create a dynamic dipole moment
normal to the surface.

The impact scattering selection rule is more com-
plex, and can be found in Ibach and Mills.

Group frequencies for adsorbates are usually
similar to those determined from IR spectroscopy for
coordination compounds and from bulk measure-
ments. Several reference works of this type are
available.

Applications

Clean surfaces

In the 2– 20 eV range, surface excitations related to
the dielectric response function and free carrier den-
sity of the surface are observed. Clean-surface loss
spectra can include features due to surface phonons,
surface plasmons, interband transitions and surface
optical phonons in ionic insulators. The probe depth
for these phenomena in HREELS is about 10 nm.
Transitions between surface states can also be ob-
served in the loss spectrum. Some examples are given
in the section related to hydrogen adsorption and
surface states below.

Clean surfaces can be probed with electrons to
determine vibrational, electronic and structural
properties. Diffraction with electrons is well known;
practical low-energy electron diffraction is per-
formed with display analysers in the 50– 500 eV
range. Bulk electronic excitations such as plasmons
are usually observed in the 10– 50 eV range. While
some HREELS spectrometers are capable of 200 eV
primary beams for this kind of measurement, plas-
mons are more often investigated with analyser types
designed for higher energy, such as those used for

Auger electron spectroscopy or X-ray and ultraviolet
photoelectron spectroscopy.

Adsorbates on surfaces

Chemisorbed molecules Literally hundreds of ad-
sorbate– surface systems have been investigated in
the circa 20 years over which HREELS measure-
ments have been made. A selection of work will be
presented that represents the major principles of
HREELS and what can be learned from this tech-
nique. It is not comprehensive, and an electronic lit-
erature search program is recommended for up-to-
the-minute references to the ‘state of the art’. Modes
are often denoted by Greek letters, the most com-
mon are ν for stretching modes, δ for bending modes
and ρ for wag, scissor or twisting modes. Aromatic
molecules have several different labelling
conventions.

In Figure 6 the relative importance of charge
transfer upon adsorption, bond order, the dipole
moment perpendicular to the surface and screening
is shown in a comparison of three isoelectronic
adsorbates on Pd and Cu surfaces. In the earlier dis-
cussion (Figure 1), the adsorbate– surface modes
were neglected for clarity. In Figure 6, NO, CO and
CN HREELS spectra are shown; these adsorbates
are present on the surface as NO+, CO and CN– .
Each of these diatomic molecules will have a

Figure 6 The HREELS spectra of saturation coverage of ad-
sorbed NO, CO and CN on Pd(111) and Cu(111). In each case,
a metal–adsorbate (M–R, R= NO,CO,CN) mode and a molecular
stretching mode (ν(A–B)) is observed. For NO and CO, the rela-
tive bond order is observed in the position of the ν(N–O) and ν(C–
O) stretching modes; the relative strength of the metal–adsorbate
and molecular stretching dynamic dipole moments is seen in the
ratio of the M–NO to ν(N–O) modes, 1:12; M–CO to ν(C–O), 1:2.
For CN on Pd(111) and Cu(111), the ν(C–N) mode is parallel to
the surface. The difference in charge transfer and bond strength
is seen in the ratio M–CN to ν(C–N) which is 20:1 for Pd and
190:1 for Cu. The spectra are not normalized to each other, and
are not intended for absolute comparison.
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stretching mode and a molecule– surface vibrational
mode known as a ‘frustrated translation’ perpendic-
ular to the surface. For NO and CO, the axis
passing through the molecule along its length is per-
pendicular to the surface; for CN on Pd, the C– N
axis and the CN stretching motion are parallel to
the surface and partially screened, on Cu the CN
motion is again parallel to the surface and hence
very weak, but the Cu– CN–  mode (near the elastic
peak) is very intense due to the motion of the entire
ion perpendicular to the surface. A gain is also
observed. Adsorbed NO is also an ion, but the dif-
ference in charge transfer compared to adsorbed
CN is significant, as is revealed by the difference in
the adsorbate– metal modes.

Using a modern spectrometer with better resolu-
tion, Figure 7 shows a spectrum of an ordered OH
overlayer on Ag(110) generated by the reaction of
water with pre-adsorbed oxygen (the oxygen spec-
trum is the lower curve in Figure 7). The OH
radical is stabilized by the chemisorption bond to
the silver surface and forms an ordered (1 × 2)
layer. Note that the δ(O– H) mode is broadened rel-
ative to the elastic peak, and that phonons due to
the silver surface are observed as both losses and
gains (45, 83 cm– 1).

In Figure 8, the use of dipole selection rules to
determine molecular bond orientation is shown. On
Cu(111), for adsorbed CN, the CN axis is parallel to
the surface. The C– N stretching mode is weak
(screened), and measured to lie at 254 meV
(2045 cm– 1); the Cu– CN mode is very strong. When
CN is adsorbed on an oxygen pre-covered surface,
the C– N stretching mode is observed at a higher fre-
quency, 266 meV (2140 cm– 1), and several times
more intense. No new modes are observed, so that

an O– CN bond is not formed, and the Cu– CN mode
is reduced in intensity. These spectra are interpreted
to indicate that the CN molecule initially bonds to
the surface as an ion, with the CN axis parallel to the
surface. In the presence of pre-adsorbed oxygen, the
vertical bonding geometry, with the CN axis perpen-
dicular to the surface, is observed. The shift in fre-
quency is consistent with this observation, and the
fact that oxygen adsorbs on Cu as O–  and thereby
alters the CN bond geometry. Similar orientation
effects are observed for molecules such as pyridine
and benzene, thiophene, furan and pyrrole. A mole-
cule may be observed to reorient as a function of
surface coverage (i.e. a second layer), or as a func-
tion of the packing density of the chemisorbed layer
(reorientation in the first layer).

Figure 7 HREELS spectrum of OH and Ag(110) [top], and O
[bottom]. A modern HREELS spectrometer was used with 2 meV
elastic peak width. Note phonon modes and the width of the δ(O–
H) relative to the ν(Ag–OH) mode.

Figure 8 The reorientation of absorbed CN on oxygen pre-cov-
ered Cu(111). The bottom spectra (A) and (B) show 100 L
(L = 1 × 10–6 torr s–1) C2N2 dissociatively (as CN) absorbed on
Cu(111) at 300 K. The loss and gain of the CN–Cu absorbate–
metal frustrated translation is clearly evident at ±24 meV. Spec-
trum (C) shows the Cu(111) surface after 60 L oxygen exposure
at 300 K. Spectra (D) and (E) show the surface after exposure to
20 L C2N2 after the oxygen exposure. The CN stretching mode is
more intense, and shifts from 254 to 266 meV, and shows a ‘di-
polar’ angular dependence. Reprinted from Journal of Electron
Spectroscopy and Related Phenomena, 44, M.E. Kordesch,
HREELS of the adsorption and reaction of CN on clean and oxy-
gen covered Cu (111), 154, 1987, with permission from Elsevier
Science.



778 HIGH RESOLUTION ELECTRON ENERGY LOSS SPECTROSCOPY, APPLICATIONS

Another useful diagnostic method in HREELS
(and vibrational spectroscopy in general) is the use
of isotopic substitution to identify a particular vibra-
tional mode by substitution of a different mass
isotope and determining the shift of the mode fre-
quency upon substitution. In Figure 9, the HCN
molecule adsorbed on Pd(111) at 300 K is exposed
to deuterium while the HREELS spectrum is moni-
tored. New modes are observed; the C– H mode is
replaced with a C– D mode at a new frequency
related to the change in the mass of D relative to H.
The altered mass of DCN relative to HCN also shifts
the bending and molecule– substrate modes.

New HREELS spectrometers are able to distin-
guish shifts due to oxygen, carbon and nitrogen iso-
topes, among others, with no alteration in the
adsorption geometry, simplifying the interpretation
of the spectra. The shifts are not as simple as the H/D
substitution, and must be calculated from first princi-
ples. In Figure 10, the reaction of isotopically
labelled CO2 with preadsorbed O to form adsorbed
carbonate on Ag(111) is shown, with the relative

Figure 9 Deuteration and hydrogenation of CN to form DCN
and HCN in situ during HREELS observation. (A) HREELS of
10 L HCN at 300 K. (B) 10 L NCCN at 300 K, after 30 min expo-
sure to D2 at 1 × 10–8 torr and hydrogen form the residual gas. (C)
10 L NCCN at 300 K. The absorbed CN comibnes to form DCN
and  HCN. Reprinted from Surface Science, 175, M.E. Kordesch,
The hydrogenation of CN on Pd(111) and Pd(100), L687–L692,
1986, with permission from Elsevier Science.

Figure 10 Carbonate formation on Ag(110). The new HREELS spectrometers can distinguish isotopically labelled molecular vibra-
tions. The shifts are complex and must be calculated from first principles.
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shifts of the peak positions due to the differences in
isotope masses. The assignment of the carbonate
modes is included in Figure 11. The frequencies are
for (CO3)–  ions in solution. The delta-mode is not
seen in specular HREELS. The extrinsic modes of
CO3 are at 229 and 266 cm– 1 for the normal carbon-
ate; the higher mode is assigned to the substrate
stretch, the lower mode is a libration mode. The
losses around 330 to 311 cm– 1 are due to residual
oxygen not bonded in a carbonate, shifted in accord-
ance with the isotopic substitution, because the layers
are prepared by pre-adsorption of 18O or 16O at 300
K and forming in the (4×1) reconstructed surface.
During the reaction (exposure to CO2, 13C16O2 or
12C18O2) only part of the oxygen reacts, the rest is
compressed into the higher coverage reconstruction,
the (2 × 1) surface, and survives. The LEED pattern is
a superposition of (2 × 1)O and (1 × 2) CO3.

Reactions can be observed in HREELS, most com-
monly the dissociation of large molecules into
smaller fragments after heating. A correlation with
temperature-programmed desorption is very useful.
The reaction of small molecules to form larger com-
pounds is also of interest. In Figure 12, the reaction
of benzonitrile with oxygen on Cu(111) to form an
‘N-bonded oxide’ (or fulminate) is shown. The two
reactants are adsorbed at low temperature, where no
reaction occurs. The substrate is heated to succes-
sively higher temperatures and then observed in
HREELS. The benzonitrile is adsorbed with the
plane of the benzene ring parallel to the surface, and
the benzene– CN bond is observed to remain intact in
the spectrum during the reaction. At 170 K the new

CN– O stretching band is observed at 171 meV
(1370 cm– 1). This example illustrates how HREELS
is applied to specific chemical bonds.

The deuterium substitution reaction mentioned
above raises the question of time-resolved HREELS.
Some attempts have been made to use parallel detec-
tion methods in HREELS, so that time-resolved
spectra can be acquired. The experimental realiza-
tion of this method is complex; Wilson Ho has
pioneered the implementation of time-resolved
HREELS, and some results are given in his review.Figure 11 Normal modes for the carbonate ion.

Figure 12 The reaction of benzonitrile and oxygen on Cu(111)
to form an ‘N-bonded oxide’ or CN–O compound. Top left:
Whiffen mode symbols for the monosubstituted benzenes: f: in-
phase H motion relative to the ring plane (93 meV), Z: C–H
stretching motion (377 meV), v: ring torsion (84–86 meV), y: a
substituent-sensitive mode where the substituent (small x at the
top of the benzene ring) moves out-of phase with the ring C atom
opposite to the point of attachment (86–56 meV), x: the in-phase
version of y (unresolved). (A) 100 L oxygen + 10 L Phenyl-CN
(benzonitrile) at 100 K. (B), as (A) heated to 210 K, (C) heated to
250 K, (D) heated to 300 K. (E) 100 L oxygen + 10 L PhCN expo-
sure at 300 K. The CN–O bond is observed at 173 meV. Reprint-
ed from Surface Science, 211/212, M.E. Kordesch, An HREELS
characterization of a surface CN-oxygen compound formed on
Cu(111), 1047, 1989, with permission from Elsevier Science. 
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FTIR instruments may prove more efficient in this
area.

Large molecules pose a difficult interpretation task
for HREELS. A molecule with many, closely spaced
modes will produce a spectrum with unresolved
vibrational modes. A large molecule may not have a
single adsorption geometry, making the application
of selection rules difficult. Some success has been
achieved with polymers. An example is shown in
Figure 13; the observation of Fomblin Y, a perfluor-
opolyether oil, on polycrystalline molybdenum. The
polymer has a molecular mass of over 10 000, and
contains several different monomer constituents. The
fluorine groups, and some pendant group modes,
can be observed. The individual fluorine groups, CF,
CF2, CF3 are not usually resolved (157 meV,
1256 cm– 1), even in IR spectra, but several overtones
of the C– F modes are observed. Useful information
can still be obtained, even from very large molecules
or polymers.

As the surface coverage increases, as in a con-
densed multilayer ‘ice’, the dipole selection rules are

relaxed, because the screening of parallel modes is
less effective in the outermost layers of the ‘ice’,
because these layers are further from the surfaces. In
Figure 14, a HREELS spectrum of HCN multilayer
‘ice’ condensed on Pd at 100 K is shown. The HCN
molecule has three normal modes, ν(C– H) and ν(C–
N) stretching modes along the molecule axis, and a
doubly degenerate δ(H– CN) bending mode. There
are at least 20 modes evident in this spectrum.
At low temperature, HCN is thought to form hydro-
gen-bonded chains (a ‘catamer’). The HCN molecule
in the chain has a strong static dipole moment, and
the motion of the chains parallel to the surface (a
libration, or frustrated rotation) serves to induce a
strong dynamic dipole moment in the direction per-
pendicular to the chains. The libration is observed
along with the usual HCN modes.

The HCN ‘ice’ spectrum illustrates several aspects
of HREELS. The strong dynamic dipole moment due
to the libration mode causes multiple scattering from
the molecules, so that there are several replica ‘pri-
mary’ peaks almost as intense as the elastic peak.
Consequently, each of the usual HCN loss peaks
generates a spectrum with the same spectral intensity
relationships as the ‘no-loss’ peak. The multiple

Figure 13 HREELS spectrum of Fomblin Y on polycrystalline
molybdenum. The CF, CF2, CF3 modes are unresolved, at
157 meV. Overtones at 314 and 471 meV are observed. Other
modes: δ(OCO) = 67 meV, ν(OCO) or ν(CC) = 92 meV, the
mode at 125 meV is characteristic of Fomblin Y, a stretching
mode in a monomer segment, ν(CF3–C–CF2).

Figure 14 HREELS spectrum of 50 L HCN exposure at 100 K
on Pd(111). The libration mode λ, the HCN bending mode δ, and
the CN and CH stretching modes νCH and νCN are identified with
some of their combinations. The vertical ladders show some of
the Poisson series for the libration mode.
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scattering intensities follow the Poisson relationship
for multiple random events. The chain formation
distorts the molecular potential, so that overtones
and combinations are possible due to anharmonic
coupling of the normal modes.

A common phenomenon observed upon adsorp-
tion of molecules is the decrease in the elastic peak
intensity as a function of coverage. Figures 15A, B
show the intensity and angular width of the elastic
peak as a function of HCN coverage on Pd. The
intensity correlates well with layer formation on the
surface, much like RHEED oscillations. Even though
the scattering mechanism is decidedly ‘dipolar’, the

surface is made ‘rough’ by a partial coverage of
HCN. As the surface layer is completed, the specular
beam sharpens, but the phenomenon is repeated as
the second layer adsorbs.

In dielectric layers, where a surface phonon mode
may occur, or in ionic crystals, multiple scattering
from the surface phonon mode can result in Poisson
‘replicas’ of the no-loss peak. These modes are
referred to as ‘Fuchs– Kliewer’ modes; they are a
general feature of HREELS spectra of ionic and
polar materials, and metal oxides. Ordered overlays
on surfaces can also exhibit collective modes, but at
submonolayer coverages the HREELS loss peaks are
due almost exclusively to single oscillations of the
fundamentals. Substrate (silver) phonon modes are
shown at 10 meV (83 cm– 1) in Figure 7.

Single crystals are understandably the most inter-
esting substrates for surface science, because other
spectral data and calculations are made easier by an
ordered surface. For technology, however, such as
lubrication studies, or adhesion, a polycrystalline
surface is more relevant. Some success has been
achieved with polycrystalline metal surfaces, but a
case-by-case test for suitability is necessary. The
spectrum in Figure 13 (Fomblin Y perfluoropoly-
ether) was nearly identical to that obtained on
Mo(100), with the exception of a slightly broader
elastic peak.

Figure 15 (A) The intensity of the no-loss peak as a function of
HCN exposure in Langmuir at 100 K. The dotted line is with the
spectrometer optimized to compensate for work function chang-
es, the solid line is ‘as measured’. (B) The angular width of the
no-loss peak, measured for clean Pd(111), at the first minimum,
2 L, and at the first maximum in Figure 9A, about 4 L.

Figures 16 Specular and off-specular HREELS spectra of H
adsorbed on Pd(100). The perpendicular mode is at 63 meV. The
parallel mode is at 76 meV. Reprinted from Surface Science,
178, M.E. Kordesch, Surface resonances in vibrational spectros-
copy of hydrogen on transition metal surfaces: Pd(100) and
Pd(111), 578–588, 1986, with permission from Elsevier Science.
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Hydrogen Hydrogen is difficult to detect with
many surface analytical methods. In HREELS, the
adsorption of hydrogen and deuterium is relatively
easy, both experimentally, and in ‘first instance’ in-
terpretation of the spectral features. In the case of
hydrocarbons and other molecules, the CH, NH or
OH modes are often studied. The CH modes in aro-
matic molecules are observed to be partially ‘impact’
modes. Figure 7 shows several OH modes; in partic-
ular it is possible to observe natural line width
broadening for the δ(O– H) mode on Ag(110) with
the new high resolution spectrometers.

On many transition metals, hydrogen adsorbs dis-
sociatively, with atomic hydrogen adsorbed in high-
symmetry sites. The modes perpendicular to the
surface are usually dipole modes; parallel, frustrated
translation, modes have some impact scattering
character and can be observed in off-specular

spectra. Figure 16 is an example of specular and off-
specular HREELS spectra of H adsorbed on Pd(111).

Atomic hydrogen is small and adsorbs near to the
surface. H modes can directly couple to surface
states and resonances, such as image potential states,
that may overlap in the near-surface region. An
empirical verification of this phenomenon, observed
on several metals (Pd, Pt, Rh, Ru) is the enhancement
of surface resonances by adsorbed H, and the
enhancement of H vibrational modes at primary
energies which correspond to the population of the
surface resonance with electrons from the incident
HREELS beam. In Figure 17, the reflectivities of the
Pd(111) and (100) surface with and without
adsorbed hydrogen are shown. The relative intensi-
ties of the H frustrated translation and rotation (per-
pendicular and parallel) modes are shown in
Figure 18.

Figures 17 Surface reflectivity of Pd(111) and Pd(100) with and without adsorbed H. The reflectivity is on log scale. The addition of
hydrogen shifts and intensifies the lowest energy surface resonance on Pd(111) (5.5 eV). The sharp drop in reflectivity at 8 eV corre-
sponds to the emergence of a surface diffraction beam, and opens a new channel for electron interaction with the surface. The image
potential states are just below this emergence threshold. On Pd(100) the curves are similar, but the energy scale is reduced due to
the different crystal structure of the surface and different-sized surface Brillouin Zone. Reprinted from Surface Science, 178, M.E.
Kordesch, Surface resonances in vibrational spectroscopy of hydrogen on transition metal surfaces: Pd(100) and Pd(111), 578–588,
1986, with permission from Elsevier Science.
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List of symbols

A = symmetry group designation; G = reciprocal lat-
tice vector; I = intensity; k = crystal momentum;
m = electron mass; p = dipole moment; ∆E = energy
spread.

See also: Hydrogen Bonding and Other Physico-
chemical Interactions Studied By IR and Raman
Spectroscopy; IR Spectral Group Frequencies of
Organic Compounds; IR Spectroscopy, Theory;
Photoelectron Spectrometers; Polymer Applications
of IR and Raman Spectroscopy; Surface Studies By IR
Spectroscopy; Symmetry in Spectroscopy, Effects of.
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The definition of high resolution in IR spectroscopy
has been changing with time. In this article, the limit
of high resolution is defined as 0.1 cm–1. This is the
full width at half height (FWHH) of the line. In sci-
entific language, the higher the resolution, the small-
er the FWHH. In history, grating and even prism
spectrometers, which have a lower resolution than
0.1 cm–1, have also been regarded as high-resolution
instruments, but the development of spectroscopic
instrumentation has pushed the limit of high resolu-
tion towards smaller FWHH. Nowadays, high-reso-
lution IR spectra are generally recorded by Fourier-
transform IR (FT-IR) spectrometers, or by laser
spectrometers.

Michelson, in the 1880s, invented his interferom-
eter, which was used to study the speed of light and
to fix the standard metre with the wavelength of a
spectral line. The use of the Michelson interferom-
eter in spectroscopic applications was started almost
60 years later.

The first FT-IR spectrum was computed in 1949
by Peter Fellgett, who used an interferometer to
measure light from celestial bodies. Transforming an
interferogram into a spectrum was, however, a labo-
rious task, and FT-IR spectroscopy for years
remained the field of only a few advanced research
groups, who had large computers for time-consum-
ing Fourier transforms. The first commercial FT-IR
spectrometers appeared at the end of the 1960s,
when microcomputers became available. The devel-
opment of the Cooley–Tukey algorithm in 1965 for
a quick performance of a Fourier transform (the fast
Fourier transform, FFT) was an important step for
FT-IR spectroscopy. The FT-IR spectrometers of the
1960s worked with a resolution of a few wavenum-
bers, but they were the high-resolution technology of
their own time.

There are a few commercial high-resolution spec-
trometer models, and research laboratories have
built their own instruments, which can achieve a res-
olution of 0.001 cm–1, or even better.

The history of laser spectrometers is short, starting
effectively at the beginning of the 1980s.

Basic definitions

IR radiation consists of electromagnetic waves,
which oscillate with a frequency of 3 × 1011 to
4 × 1014 Hz. The corresponding wavelength range is
103 to 0.78 µm. The infrared waves travel with the
group velocity of light cn = c0/n, where c0 is the ve-
locity of light in a vacuum (2.99792458 × 108 m s–1)
and n is the refractive index of the medium. IR radia-
tion has shorter wavelength than microwaves but
longer wavelength than visible light. The IR region
may be subdivided into three: far-IR (103 to 30 µm),
mid-IR (30–3 µm) and near-IR (3–0.78 µm).

Generally, in spectroscopy, the interaction
between the matter and the electromagnetic waves
takes place via absorption or emission. The matter
can absorb the electromagnetic waves with wave-
length λ in the transition E″→E′ if

where h is Planck’s constant (6.626076 × 10–34 J s)
and E″ and E′ are lower and higher energy levels,
respectively, of the atoms or the molecules. Equation
[1] is a basic result of quantum physics. The emission
is the inverse process, where the energy drop of the
atoms or the molecules is emitted as an electromag-
netic quantum hc/λ. In IR spectroscopy, generally the
absorption is examined. When IR radiation is pene-
trating through the sample material (solid, liquid or
gas) the absorption is described by Beer’s law

where I0(ν) and I(ν) are incident and transmitted
intensities, respectively, ν = 1/λ is the wavenumber of
radiation, β(ν) is the absorptivity, C is the concentra-
tion and d the thickness of the sample. For a solid
sample β(ν)C = α(ν) is the absorption coefficient. The
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fraction [I0(ν) – I(ν)]/I0(ν) is called absorption, I(ν)/
I0(ν) transmittance, and –ln[I(ν)/I0(ν)] = β(ν)Cd
absorbance. Typical curves I0(ν), I(ν), I(ν)/I0(ν) and
–ln[I(ν)/I0(ν)] are shown in Figure 1. The absorb-
ance as a function of the wavenumber ν is called
simply the (IR) absorption spectrum.

Fourier transform interferometers

Michelson interferometer

Figure 2 illustrates a basic optical layout of the orig-
inal Michelson interferometer and Figure 3 shows

schematically the ray travelling at the angle θ with
the optical axis of the interferometer. If the beam-
splitter divides the incident intensity I0 into two
equal parts, the output intensity is simply
I = 2I0(1 + cos φ), with φ = (2π/λ)2ndcos θ = 2πνx,
where x is the optical path difference. If θ = 0, n = 1,
and S0 is a monochromatic point source, then x = 2d,
and

Let us assume that S0 has a wide-band continuous
spectrum E(ν) as shown in Figure 4, and it is still a
point source. Now the interference signal from the
region between ν and ν + dν is given by dF(x,ν) =
2E(ν)[1 + cos(2πνx)] dν, according to Equation [3].
At a given optical path difference x, the total signal
is

where F(x) is called an interference record. By sub-
tracting from F(x) the constant term

an interferogram is obtained:

Figure 1 (A) Incident (or background) spectrum I0(ν) and trans-
mitted spectrum I(ν). (B) Transmittance spectrum I(ν)/I0(ν) and ab-
sorbance spectrum −In[I(ν)/I0(ν)].

Figure 2 Optical arrangement of the Michelson interferometer.
M1 is a fixed and M2 a moving mirror. BS is a beamsplitter and C
a compensating plate. M  is the image of M2 formed by BS.

Figure 3 Michelson interferometer produces two coherent im-
ages S′ and S″ of the real source S0. These coherent sources
generate the interference fringe pattern.
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If it is assumed that E(–ν) = E(ν), the computations
become easier, because

Hence, Ix and E(ν) form a Fourier transform pair,
and they can be written as follows

where F{ } and F −1{ } are the Fourier transform and
the inverse Fourier transform, respectively. Further-
more, one can notice that F {F −1{I(x)}} = I(x). A
typical interference record is shown in Figure 5.

Because in practice it is impossible to make the
inverse Fourier transform F −1{I(x)} of the continu-
ous I(x), one has to use the discrete Fourier trans-
forms. Thus the interferogram I(x) is sampled at the
discrete points xj = jh, let us say, between x = –L and
x = L. The spectrum is now given by

In practice, the discrete Fourier transform is com-
puted by the FFT in order to minimize the needed
computation time. It can be shown that

where * means convolution, and the instrumental
profile due to the truncation of the interferogram at
±L and the discrete sampling is given by

And now the instrumental resolution (FWHH of the
instrumental function) is given by ∆ν = 1.207/(2L),
where L is the maximum optical path difference
(please note, a point source is assumed). Further-
more, the optimum sampling interval is given by
h = 1/(2νmax) if E(ν) = 0 with |ν | > νmax. The optimum
sampling interval guarantees there is no aliasing in
the spectrum.

Collimated beam and extended source in 
Michelson interferometer

A practical Michelson interferometer (Figure 6) has
an extended source, as shown in Figure 7, and a col-
limator mirror. The parabolic collimator mirror may
be off-axis, as in Figure 6, or on-axis, as in
Figure 7. When a denotes the area of the source, A
the area of the collimator mirror, f the focal length

Figure 4 Wide band continuous spectrum E(ν) can be ex-
pressed as the sum of monochromatic infinitely narrow (dν) lines.

Figure 5 Typical interference record F(x).
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of the collimator, Ω0 = A/f 2 the solid angle of the col-
limator, and Ω = a/f 2 the solid angle of the source,
then the signal is proportional to

On the other hand, the optical path difference is
now x cos α ≈ x[1 – Ω ′/(2π)], where x = 2nd and the
angle α between the optical axis and the beam varies
from 0 to θ, which is the maximum of α, while Ω ′ is
changing from 0 to Ω. Thus the total interferogram
is

In the case of a point source, 

and thus the total instrumental function can be

given by

This has to be used in Equation [10] instead of W (ν).
As one can see, the instrumental line shape function
[i.e. the observed line shape if E(ν) = δ(ν + νo) + δ(ν –
ν0)] is given by

This situation is illustrated in Figure 8 with three dif-
ferent Ω values. The optimum situation is the case
where the aperture broadening WΩ(ν0,ν) and the trun-
cation broadening 2Lsinc(2πνL) have approximately
equal widths, i.e.

In Figure 8 the optimum situation is roughly in the
second row. Furthermore, it can be seen that the posi-
tion of the line at ν0 is given by νobs = [1 – Ω/4π]ν0

= constant × ν0. Now, according to Equation [12], the
signal is proportional to aA/f 2 = ΩA, and for a given
resolution, when Ω is fixed, the only parameter which
has an effect on the signal, is the area A of the colli-
mator mirror. The area a of the radiation source and
the focal length f of the collimator mirror can be
selected freely provided that a/f 2 = Ω. A similar effect
can occur due to the area of the detector. As men-
tioned earlier, the instrumental profile plays an
important role in describing the behaviour of the

Figure 6 Optical layout of a practical Michelson interferometer.
S0 is a black-body source and D an IR detector; M3 and M4 are
parabolic off-axis mirrors. M3 and M4 may also be normal parabol-
ic mirrors as in Figure 7.

Figure 7 Extended IR radiation source S0 at the focal point of
the parabolic collimator mirror M.
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spectrometer. Especially in high-resolution gas-phase
spectroscopy, where the instrumental profile WL,Ω

and the real (Lorentzian) line shape have approxi-
mately equal widths, the convolution by instrumental
profile changes substantially the real line shape.

Other FT interferometers

The most difficult disadvantage of the Michelson
interferometer is tilting of the moving plane mirror
during scan. It is well known that the tilting angle of
the moving mirror should be less than about λ/(8D),
where λ is the wavelength of the light under study
and D is the diameter of the moving mirror. Thus the
driving of the mirror is very difficult with high-reso-
lution FT-IR spectrometers. One way to solve this
problem is by using a dynamic alignment system,
which measures the tilting angle and tries to keep it at
zero during the run. However, as the resolution in-
creases, the probability of malfunction of the dynam-
ic alignment system during a very long run increases.

Another solution is to use cube-corner mirrors,
which consist of three mutually orthogonal plane mir-
rors. The mirror system reflects any incident ray back
in the opposite direction. The first very high resolu-
tion cube-corner interferometer that really worked
was the Oulu interferometer in Finland. The Oulu
interferometer is basically a Michelson interferom-
eter, where the moving and the fixed mirror are cube-
corners. If the corners are perfect, the tilt problem
completely disappears. The only disadvantage of this
type of interferometer is a shearing problem, i.e. the
lateral shift of the moving cube-corner. This is the

case where the moving cube-corner does not follow
the optical axis of the interferometer. The lower the
resolution the more serious this disadvantage is.

A cube-corner interferometer is improved if two
cube-corners are set to move back to back. Two cube-
corners fixed back to back as a single moving part
completely eliminates the tilting and the lateral shifts,
if the cube-corners are perfect (90° × 90° × 90°), and
the corners coincide exactly. Even further improve-
ments are emerging at the University of Turku, Fin-
land, namely a super high-resolution interferometer
with a resolution of 4 × 10–4 cm–1 which has the
moving cube-corner pair back-to-back and the beam
focus at the beamsplitter (see Figure 9). This type of
interferometer is almost ideal for very high resolution
IR spectrometry.

An alternative interferometer to the cube-corner is
the cat’s-eye interferometer, where the cube-corners
are replaced by cat’s-eye retroreflectors. These are
components that consist of one parabolic and one
spherical mirror, and reflect an incident ray back in
the opposite direction. Cat’s-eye interferometers are
also used in high-resolution spectroscopy.

Instrumental details of FT-IR 
spectrometers

Radiation source

Black-body radiators are used as broad band radia-
tion sources in IR spectrometers. The only adjustable
parameter of the source is the temperature; the high-
er the temperature, the higher the intensity. Typical
temperatures are 1000–1800 K. The most commonly
used sources in mid-IR are Globars (silicon carbide),
Nernst glowers and nichrome coils. In the far-IR
below 100 cm–1 a high-pressure mercury lamp is
quite good. Nowadays, ceramic sources have be-
come more popular. The radiation sources may need
a cooling system, like water cooling.

Beamsplitter

The beamsplitter is one of the most expensive and
sensitive components of an interferometer, and must
be chosen carefully.

A pellicle beamsplitter is a high tensile strength
elastic membrane, which is stretched like a drum-
head over a flat frame. The membrane has a high
refractive index and its absorption is negligible. The
most common membrane material is Mylar. An ideal
beamsplitter divides the incoming intensity into two
equal parts. This is, however, achieved only in a def-
inite wavenumber region, due to the interference

Figure 8 Total instrumental line shape function WL,Ω(ν) with
three different Ω-values.
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phenomenon in a thin film. A Mylar beamsplitter
works with wavenumbers less than 1000 cm−1.

In the near-IR region a beam-splitting film should
be very thin. In this case it is necessary to use a low-
absorption dielectric coating, which is deposited on a
suitable substrate plate. A thin Ge layer deposited on
a KBr substrate, with a KBr compensating plate, is a
good beamsplitter in the wavenumber region 1000–
4000 cm−1.

Optics

With the help of optical components the IR radiation
is carried from the source through the whole spec-
trometer and finally to the detector. Mostly the
needed accuracy is so-called geometrical accuracy.
This means that the beam has to be guided to the ap-
propriate places to within 0.1–1 mm. However,
higher accuracy is needed in order to measure the
wavelength of radiation in the interferometer. It is
said that there is a need for interferometric accuracy,
i.e., everything should be correct within a small frac-
tion of wavelength, say 0.01–0.1 µm.

In IR spectroscopy there are only a few materials
transparent enough; this means that lens optics is not
usually used. Instead, the use of mirror optics is
preferred and the transmission of any material is
avoided. However, in certain circumstances, for con-
venience sake, attempts are made to use some mate-
rials, e.g. polyethylene and KBr lenses. Thus the
weakest points in IR optics are, besides the beam-
splitter, only the windows of the gas cell. Mirrors are
often manufactured from Pyrex glass coated with
metal. Gold coating has a good reflection coefficient
especially in far-IR and aluminium is also quite good
over the whole IR region. In IR spectrometers, plane
mirrors, spherical mirrors, paraboloidal mirrors, off-
axis paraboloidal mirrors, ellipsoidal mirrors, toroi-
dal and off-axis ellipsoidal mirrors are used. In plan-
ning IR instruments one must bear in mind that a

perfect imaging takes place only in plane mirrors. All
others have some kind of aberration, like spherical
aberration. These aberrations limit the performance
of instruments. However, there are some special
imaging situations where perfect imaging is possible,
for example, a spherical mirror images perfectly only
on the optical axis from the centre of curvature back
to the centre of curvature. A paraboloidal mirror
images from infinity to the focal point on the optical
axis and the off-axis paraboloid images from infinity
to the focal point, which is out of the optical axis.
An ellipsoidal mirror images from one focus to
another. Hence these mirrors should preferably be
used, so that conditions are as near perfect as poss-
ible. This also minimizes aberrations. In IR spectro-
scopy it is very important that as much radiation
power as possible is transmitted from the source
through the whole optics to the detector.

Gas cell

The most common sample compartment in high-res-
olution FT-IR spectrometers is the White cell, where
the beam passes a path of 1–1000 m. In a long-path
gas cell, however, a small f/number (focal length of
the mirror/diameter of the pupil) and a large size of
the circular image may lead to a loss of effectivity. In
the Oulu interferometer this problem was solved by
an alternative multiple-path gas cell, where the imag-
es at the focal planes occur on a circle around the
principal axis of the cell. The aberrations remain
small in spite of a small f/number, because the suc-
cessive images are relatively near to the principal
axis of the optics.

Detectors

The detector of the FT-IR spectrometer is very im-
portant, because it determines the maximum possi-
ble signal-to-noise ratio (S/N; where S = signal and
N = noise) and the minimum recording time of the

Figure 9 Layout of the Turku high-resolution interferometer.
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spectrum. IR detectors can be divided into two cate-
gories: thermal detectors and quantum detectors.
Thermal detectors sense the change of temperature
of a detector material due to absorption of the IR ra-
diation. The output signal is generated in the form of
a thermal electromotive force (e.g. thermocouples),
the change in resistance of a conductor (bolometers)
or semiconductor (thermistor bolometers), or the
change in pressure of a noble gas (pneumatic detec-
tors). Thermal detectors respond to radiation over a
wide range of wavenumbers, but they are usually
slow with a time constant typically from 0.001 to
0.1 s. In pyroelectric bolometers, a heat-sensing
ferroelectric material changes the degree of polariza-
tion when the temperature changes due to absorp-
tion. The voltage responsivity of a pyroelectric
detector at frequency f is roughly proportional to 1/f.
The most commonly used material for the pyroelec-
tric detector is deuterated triglycine sulfate.

In quantum detectors, IR radiation causes elec-
trons to be excited to a higher energy level. In an n-
type semiconductor, electrons in the valence band
are unable to increase the conductivity. If IR radia-
tion excites the electrons to the conduction band,
they can act as current carriers. For good sensitivity,
it is necessary to cool the detector. For certain detec-
tors, such as PbS and PbSe, it may be sufficient to use
a thermoelectric cooler to maintain their tempera-
ture just below ambient. Mercury cadmium telluride
detectors must usually be maintained at liquid-nitro-
gen temperature (77 K), whereas others may require
cooling to the temperature of liquid helium (4.2 K).

In the far-IR, where photon energies are very low,
quantum detectors cannot be used at all. Two types
of thermal detectors, each operating at liquid-helium
temperatures, have been used. The first one is the
germanium bolometer, often doped with a low level
of copper, gallium or antimony. For increased
responsivity, these detectors are cooled down to
1.5 K by pumping the detector cryostat. The second
type is the InSb hot-electron detector.

The sensitivity of IR detectors is expressed by the
noise equivalent power (NEP) of the detector. This
NEP is the ratio of the root mean square (rms) noise
voltage Vrms in the detector to the voltage responsiv-
ity, i.e. NEP = Vrms /R. If Vrms is in units of V Hz–1/2

and R in units of V/W, then NEP is in units W Hz–1/2.
Usually the manufacturer gives a specific detectivity
D* as a function of wavelength or wavenumber. It is
defined as D* = /NEP, where AD is the area of
the detector. Some typical D*-curves are shown in
Figure 10.

Electronics

Nowadays, IR spectrometers are usually computer
controlled. Thus the main component of the elec-
tronics is a microprocessor, which controls all the
operations of the spectrometer, collects the data, and
computes, saves, displays and plots final spectra. The
computer is very important to perform any kind of
data treatment needed in IR spectroscopy. The other
electronic parts of FT-IR spectrometers are a pream-
plifier and a main amplifier of the IR detector, an

Figure 10 D * curves for the most used IR detectors (Hamamatsu Photonics K. K., Solid State Division, 1990).
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analogue-to-digital converter (AD converter), a set
of bandpass electronic filters and power supplies. It
is important that the numbers of bits and data rate
of the AD converter are high enough.

Advantages of FT-IR spectrometers

Jacquinot advantage (throughput advantage)

In an interferometer the total radiation power on the
detector is much higher than that in a grating instru-
ment. In practice, the FT-IR spectrometer has an ap-
proximately 200 times larger S/N than the grating
spectrometer with the same resolution and recording
time. The reason is that at the optimum resolution
the area of the circular aperture (the Jacquinot stop)
in the FT-IR spectrometer is 200 times larger than
the slit in the grating spectrometer.

Fellgett advantage (multiplex advantage)

In FT-IR spectrometers all the wavenumbers ν are re-
corded simultaneously. Let us assume that the wave-
number region under study consists of M resolution
elements, i.e. ν2 – ν1 = M∆ν. If the noise of a detector
and an amplifier is greater than the noise of a
radiation source, then the S/N is proportional to the
square root of the total observation time T, i.e. S/N
∝ �T. In fact S ∝ T and N ∝ �T. In FT-IR spec-
trometers one observes all the times T, all the M
spectral elements, and thus (S/N)FT = a�T; in grat-
ing spectrometers the observation time of each spec-
tral element is only T/M, and (S/N)G = a , where
in both equations a denotes the same constant. And
finally (S/N)FT/(S/N)G = �M, which is the Fellgett
multiplex advantage. The Jacquinot advantage and
the Fellgett advantage together give (S/N)FT/(S/N)G ≈
200�M in IR.

Other advantages

It is useful to define a K-factor as K = ∆νtrue/∆ν,
where ∆ν is the FWHH of the instrument function
WΩ,L(ν0, ν) and ∆νtrue is the FWHH of the true line
shape. The optimum instrumental resolution
∆ν0 = ∆νtrue/K0 ≈ 1.21/(2L0) is the case where the
maximum distortion of observed lines is roughly
equal to the noise of the spectrum and the optimum
K-value is given by K0 = 2ln[(S/N)0]/(1.21π) ≈
log10[(S/N)0]. The greatest difference between FT and
grating instruments is the instrumental profiles
2Lsinc(2πνL) (in FT) and L′sinc2 (πνL′) (in grating).
Table 1 shows the optimum K-values, i.e., K0, as a
function of (S/N), when the instrumental profile is
sinc and sinc2 shape. Table 1 shows that, for

example, with (S/N) = 1000, the optimum value K0

for grating spectrometers is 100 times higher than
that for FT-IR spectrometers. In other words, a 100
times higher resolution is needed in the case of the
grating spectrometer. This is usually impossible in
practice. Now, it can be concluded that the optimum
instrumental resolution of the FT-IR spectrometer is
the lowest possible one or the FT-IR spectrometer
measures a spectrum with the smallest possible dis-
tortions of observed lines. This is the resolution ad-
vantage of FT-IR spectrometers.

The fact that νobs = constant × νtrue is the linearity
advantage of FT-IR spectrometers. It is roughly valid
even though the interferometer does not work cor-
rectly, for example, in the case of phase errors in the
interferogram. Furthermore, no ghost lines exist in
the spectrum. However, in the grating spectra ghost
lines are possible in the case of malfunction of the
instrument.

Use of FT-IR spectrometers

Performance

The instrumental resolution of high-resolution FT-IR
spectrometers is, in practice, of the order of 0.001
cm−1. In addition to high resolution, a good absolute
accuracy of the line positions in the spectrum is
maintained. A wavenumber accuracy of 10−9, or
even better, has been achieved.

The main field of use of high-resolution FT-IR
spectrometers is molecular spectroscopy. The

Table 1 Optimum K-values as a function of the signal-to-
noise ratio (S/N) are listed for sinc- and sinc2-type instrumental
functions

S/N Sinc Sinc2

10 1.21 3.59

20 1.58 7.19

40 1.95 14.4

60 2.16 21.6

80 2.31 28.7

100 2.43 35.9

200 2.79 71.9

400 3.16 144

600 3.37 216

800 3.53 287

1 000 3.64 359

2 000 4.01 719

4 000 4.37 1 437

6 000 4.59 2 156

8 000 4.74 2 874

10 000 4.86 3 593
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spectrometers are used to study the geometric struc-
tures of molecules and their behaviour in rotations
and vibrations. IR spectra are effective in revealing
quantum mechanical phenomena and interactions in
molecules.

An example of a typical rotation–vibration band,
measured with a high-resolution FT-IR spectrome-
ter, is shown in Figure 11. It is the bending band ν2

of CO2 near 667 cm−1. This spectrum was recorded
by the Oulu spectrometer with an instrumental reso-
lution of 0.002 cm−1. The relative errors of the wav-
enumber compared to model equations are of the
order of 10−8. The vibration energy levels of differ-
ent normal modes are sometimes very close to each
other. In this case these normal modes can be
coupled so that the energy levels are shifted apart.
Now the observed wavenumber νobs cannot be
expressed in a closed form and the rotational lines of
the spectrum are shifted. With the proper quantum

mechanical calculations it is possible to calculate the
shifts. The high resolution and accuracy in
wavenumber scale make an FT-IR spectrometer a
very effective instrument to study these kinds of
interactions in molecular spectra.

Calibration

In principle, the calibration of FT-IR spectrometers is
performed with regard to intensity and wavenumber.
However, the intensity calibration is not usually nec-
essary because the absorbance scale is used, –ln(I/I0),
where the ratio I/I0 automatically accomplishes the
intensity calibration. The most important task in cal-
ibration is the wavenumber calibration. Usually the
calibration takes place by simultaneous measurement
of the known IR spectrum. For example, the user
simply adds reference gas (known spectrum) into the
sample gas under measurement. Using the known

Figure 11 A part of the ν2 bending band of CO2 near 667 cm–1 measured by the Oulu FT-IR spectrometer with a resolution of 0.0045
cm−1 (A) and 0.002 cm−1 (B). In (B), ∇ indicates 12C16O2, ▼ indicates 13C16O2 and ◊ indicates 16O12C18O.
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spectral lines of the reference gas it is possible to fix
the wavenumber scale with the uncertainty, which is
roughly the uncertainty of the reference spectral
lines. The linearity advantage of FT-IR spectrometers
makes it possible to reach a perfectly linear wave-
number scale. This is why only one reference line is
needed, i.e. the reference laser line, to measure the
optical path difference of the interferometer. The sit-
uation is completely different in grating, prism and
laser spectrometers, where the wavenumber scale is
more or less nonlinear with respect to the scanning
parameter, like the rotation of grating or prism.
Therefore in these spectrometers it is important to
use many reference lines measured simultaneously
with the sample spectrum in order to achieve a good
wavenumber scale.

Data handling and computation

Nowadays, all modern IR spectrometers are
equipped with a (micro) computer. Of course, the
computer calculates absorbance –ln(I/I0), displays
the spectrum on the screen or plots the spectrum on
paper, saves the spectra on disk, and so on. Modern
FT-IR spectrometers are able to record very accurate
spectra, where S/N is high and dν/ν is very small,
typically S/N ≈ 105 and dν/ν ≈ 10−9. Also absorb-
ance accuracy is quite high in FT-IR spectrometers.
The spectra with high accuracy and high S/N include
plenty of spectral information. Often spectral infor-
mation is not in a proper form in the original record-
ed spectra. In order to derive all the possible
information from high-quality IR spectra, good
data-treatment algorithms are needed. If the spec-
trum consists of overlapping lines, resolution en-
hancement methods, like derivation, Fourier self-
deconvolution, linear prediction (or LOMEP, line-
shape optimized maximum entropy linear predic-
tion) or band fitting and factor analysis, are very
useful. Other possible data treatment methods,
which the users may need, are, for example, smooth-
ing, background elimination, interference fringe
pattern elimination, peak-finding algorithm, maxi-
mum-entropy method, deconvolution and multi-
component analysis methods. In modern IR spec-
trometers good data treatment algorithms greatly in-
crease the usefulness of IR spectroscopy in many
applications.

Laser spectrometers

Laser spectrometers are not very useful in IR; they
have more applications in the visible region, for
example, LIDAR (light detection and ranging). The
reason for this is the lack of good, cheap commercial

lasers for IR. Wavenumber regions, due to tuning
methods, are quite narrow, and the wavenumber
calibration is a problem because of the lack of good
calibration lines. In some cases it is also difficult to
maintain a single-mode operation of the laser. The
advantages of the laser spectrometer are a very high
resolution, even sub-Doppler resolution, and a good
S/N of the spectra.

There are two main techniques when using lasers
as IR spectrometers. The first method is simply to
tune the laser wavelength over a narrow wavelength
region and simultaneously detect the laser signal I(ν)
transmitted through the gas cell. The second possi-
bility is to tune the wavelength of the absorption
lines by applying the magnetic (Zeeman effect) or
electric (Stark effect) field to the sample gas. When
the wavelength of the tuned spectral lines matches
the laser wavelength, absorption takes place. Thus
absorption spectra are recorded as a function of the
magnetic or electric field magnitude (strength).

A diode laser spectrometer is described as a typical
example of this kind of spectrometer. A simple p–n
junction laser is run by applying the forward bias
voltage across the junction. The parallel polished
crystal faces perpendicular to the junction form the
mirrors acting as a laser resonator. The coherent
radiation emits at the wavenumber νk = k/(2nL),
where k is an integer, n is the refractive index and L
is the length of the resonator. The wavenumbers νk

are called the longitudinal modes of the laser. The
number of modes is typically from three to ten.
Operation in IR needs the cooling of the diode laser.
Tuning can be accomplished by changing the term
nL, which depends on the temperature. Temperature
can be fine-controlled by changing current through
the junction. It is possible to tune typically 200 cm−1

by changing the temperature and about 2 cm−1 by
changing the current. Thus a spectrum has to be run
in parts of 1–2 cm−1 by current tuning at a constant
temperature. The temperatures of the parts are
selected so that the parts together form a continuous
spectrum over a desired region. Running the diode
laser is very troublesome, because current tuning is
needed at very many different temperatures, which
makes calibration, for example, very difficult. In
addition, a single-mode operation of the diode laser
is needed, in other words, the integer k must be a
constant. This can be performed by scanning a
grating monochromator simultaneously with the
laser tuning. The grating spectrometer follows the
wavenumber νk = k/(2nL) of the mode. The change
in wavenumber during tuning is measured by record-
ing the interference fringes of a long Fabry–Perot
etalon. The absolute value of the wavenumber in
each part has to be fixed by calibration lines. In
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many applications the diode laser spectrometer
solely is not sufficient. However, it is a very good
instrument for looking at details over a wide region
spectrum recorded by a FT-IR spectrometer. Thus
the laser spectrometer is a supplementary instrument
to the FT-IR spectrometer.

List of symbols

a = source area; A = collimator mirror area;
AD = detector area; c0 = velocity of light in a vacuum;
C = concentration; d = distance; D = mirror diame-
ter; D* = specific detectivity; E″ and E′ = lower and
higher energy levels; E = spectrum; f = focal length,
or frequency; F = interference record; F { } = Fouri-
er transform; F −1{ } = inverse Fourier transform;
h = Planck’s constant; i = �–1; I = radiation intensity;
k = an integer; K = resolution enhancement factor;
L = maximum optical path difference; M = number
of resolution elements; n = refractive index;
N = noise; S = signal; (S/N)FT = signal-to-noise-ratio
of a FT-IR spectrometer; (S/N)G = signal-to-noise-ra-
tio of a grating spectrometer; S0 = radiation source;
T = observation time; Vrms = root-mean-square volt-
age; W = instrumental function; α = angle between
optical axis and beam; α(ν) = absorption coefficient;
β(ν) = absorptivity; δ = Dirac’s delta function;
λ = wavelength; ν = radiation wavenumber; Ω =
solid angle.
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Theory; FT-Raman Spectroscopy, Applications; Gas
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The IR region of the electromagnetic spectrum
extends from the visible (λ≅ 800 nm, ≅ 12 500 cm–1)
to the sub-mm waves (λ < 1 mm; > 10 cm–1) and the
IR photon carries an energy in the 2.48 × 10−21 –
1.99 × 10−24 J range. This is also the energy
exchanged by an atom or a molecule when IR radia-
tion is emitted or absorbed. The interaction of the IR
radiation with particles corresponds to transitions
between rotation–vibration energy levels in molecules
or between Ryberg levels in atoms.

High-resolution IR spectroscopy is confined to the
study of atoms and molecules in the gas phase at low
pressures, where the interaction energy between
particles is orders of magnitude lower than in the
condensed phases. The intermolecular interactions
broaden the energy levels, and, consequently, the
spectral lines, preventing the observation of finer
details in the spectra. In the IR region the width of the
spectral lines in the gas phase is caused mainly by the
Doppler effect and by the broadening due to

VIBRATIONAL, ROTATIONAL & 
RAMAN SPECTROSCOPIES

Applications
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collisions. The concept of high resolution in IR
spectroscopy has changed with the introduction of
new experimental techniques such as FT-
spectroscopy and laser techniques. Presently, an
instrumental resolution of 2 × 10−3 cm−1 (measured as
FWHM) or higher is achievable with commercial FT
interferometers in the 10–4000 cm−1 range: this is
comparable to the Doppler line width for a molecule
with a mass of 50u at room temperature, calculated
using the equation: 

where kB is the Boltzmann constant, m is the particle
mass, T is the absolute temperature and c is the speed
of light. Thus the Doppler width can be assumed as
the limit of high-resolution FTIR spectrometers that
use a broadband radiation source of low spectral
brightness. With the introduction of lasers in the
infrared, sub-Doppler resolution can be obtained
using the saturation lamb-dip or other specialized
techniques. Sub-Doppler resolution can also be
performed with molecular beams or in supersonic jet
expansions, where molecules are rotationally and
vibrationally cooled to a few K. Moreover, the
enhancement of sensitivity of the new experimental
techniques has made possible the detection and
analysis of many unstable or transient species such as
van der Waals complexes, free radicals and ions.

The main applications covered in this study are the
accurate determination of rotation and rotation–
vibration molecular energies; the determination of
the molecular geometry of simple molecules; the
evaluation of force field and of the vibration– and
rotation–vibration interactions; the measurement of
pressure broadening and pressure shift of the spec-
tral lines; the determination of electric dipole
moments via laser-Stark spectroscopy; the studies of
intramolecular dynamics; the calculation of rate
constants, equilibrium constants and other thermo-
dynamic data; the evaluation of relaxation times.

Rotational and rovibrational energies

The results of the analysis of a high-resolution IR
spectrum of a molecule is usually a large and accu-
rate set of molecular constants. With these constants,
rotational and rovibrational energy levels can be cal-
culated within the range of the quantum numbers of
the transitions from which they have been obtained.
This is the primary application of high-resolution gas
phase spectra in the IR region. The results of the
analysis of the 1, 2 2 and 2 3 + 6 IR bands of COF2

are presented as an example in Table 1. The
wavenumbers of about 3200 spectral lines have been
measured and assigned to specific rovibrational tran-
sitions, identified through the rotational quantum
numbers of the lower and upper states of the transi-
tion. After the assignments a least-squares analysis
was performed, where the parameters of Table 1
and their standard deviations were determined.

The most important molecular constants are 0,
the energy of the vibrational levels above the rota-
tionless ground state and the rotational constants Bx,
By and Bz. The centrifugal distortion constants, D
and d, H and h, are orders of magnitude smaller
than B and account for the deviations from the rigid
rotor energy levels. The constants W are necessary to
reproduce the measured spectrum since the 1 and
2 2 states are in Fermi resonance. The constants ξ
take into account the Coriolis interaction between
the 1 and 2 3+ 6. For the latter state no transitions
have been observed and its constants have been
obtained from the perturbation induced on the levels
of 1. The RMS in Table 1 is the standard deviation
normalized to a single rovibrational transition of the
calculated and measured spectrum. This quantity
should be very close to the precision of the wave-
number measurement if the theoretical model used
for the analysis is satisfactory.

Determination of molecular geometry

Accurate molecular geometries can be obtained
from the analysis of the high-resolution IR spectra.
The analysis of rovibrational spectra provides,
among other important data, the rotational con-
stants of the molecules, which in turn allow the
determination of the principal moments of inertia
and, eventually, of the molecular geometry. Pure
rotational spectroscopy provides the same informa-
tion, usually for the ground state, except when the
molecule under study has no permanent electric
dipole moment. The principal moments of inertia
are related to the bond lengths and bond angles of
the molecule by equations that vary according to the
geometry. Equilibrium geometry corresponds to the
minimum of the potential energy surface of the mol-
ecule. Owing to the zero-point energy this mini-
mum does not correspond to a stationary state of
the molecule. The rovibrational analysis of funda-
mentals and overtones gives the rotational con-
stants of the excited vibrational state, and of the
lowest molecular state, which is above the minimum
of the potential energy curve by the zero-point
energy. The bond lengths obtained from the ground
state rotational constants are approximately the
mean values of the lengths in the ground state and
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are usually slightly larger than the equilibrium ones,
and the geometry is called the r0-structure. The equi-
librium geometry, re-structure, can be determined
from Be if the rovibration interaction constants αi,
defined by the equation

for all the normal vibrations of the molecule are
known. Typical values of a r0-structure are com-
pared with a re-structure in Table 2 for C2H2. Since
for an asymmetric top molecule there are three prin-
cipal moments of inertia a maximum of three molec-
ular parameters, bond length and angles, can be
obtained. Moreover, in planar molecules only two
moments of inertia are independent and in linear
molecules such as acetylene the two moments of
inertia are equal. Thus, determination of geometry
for polyatomic molecules seems to be impossible.

Isotopic substitution is the way to increase the
number of independent moments of inertia so that
the structure parameters of polyatomic molecules
can also be inferred. In fact, molecules differing by
one or more isotopes have the same re-structure,
while the r0-structure is slightly different since the
zero-point energy is isotope dependent. For large
polyatomic molecules the determination of the re-
structure is nearly impossible. In benzene, C6H6,
owing to the hexagonal symmetry, only the rC–H and
rC–C interatomic distances are needed to determine
the geometry. From the analysis of the high-resolu-
tion IR or UV spectrum only one independent rota-
tional constant is obtained and an isotopically
substituted benzene such as C6D6 has to be studied
to obtain the r0-structure. Since each isotopomer has
20 normal vibrations, and thus 20 αi values, the
analysis of 40 high-resolution bands is needed for
the re-structure. To date, about 15 fundamental
bands of C6H6 and C6D6 have been rotationally
analysed.

Table 1 Parameters for the 2ν2, ν1, and 2ν3+ν6 states of COF2. Reprinted with permission of Academic Press from D’ Cunha et al

(1997) Journal of Molecular Spectroscopy 186: 363–373

All values are in cm–1.
a Constrained to the value obtained with a damping factor of 0.0001.
b Constrained to the ground state value.
c Sign changed to conform with IIIl representation (see text).

2ν2 state ν1 state 2ν3+ν6 state

ν0 1 922.516 220(49) 1 935.940 117(47) 1 935.145(30)

Bx 0.390 996 08(127) 0.393 161 46(93) 0.394 881 1a

By 0.391 157 49(124) 0.390 005 56(107) 0.392 324 0(985)

Bz 0.194 993 62(21) 0.195 528 25(26) 0.196 974 7(632)

DJ×106 0.446 129(451) 0.437 270(163) 0.200 4(209)

DJK×106 −0.766 714(945) −0.742 981(653) 0.104 2(243)

DK×106 0.353 319(598) 0.339 445(640) 4.007 2(161)

d1×106 −0.041 021(348) −0.041 513(211) −0.042 227b

d2×106 −0.008 716(227) −0.008 832(183) −0.010 031b

HJ×1011 0.123 47(2150) 0.025 39a 0.089 36b

HJK×1011 −0.462 29(6740) −0.155 58(2910) −0.375 49b

HKJ×1011 0.556 43(7710) 0.217 96(3480) 0.480 50b

HK×1011 −0.238 54(2940) −0.032 93a −0.194 57b

h1×1011 −0.009 40c 0.009 40b 0.009 40b

h2×1011 0.003 66b 0.003 66b 0.003 66b

h3×1011 0.008 25c −0.008 25b −0.008 25b

W0 13.844 5a

WJ×104 −0.074 8a

WK×104 0.042 0a

WXY×104 1.167 9(66)

ξ −0.006 711(95)

ξJ×105 −0.126 49(615)

ξK×105 −0.127 92(544)

RMS dev 0.000 39 0.000 36

Lines 1 529 1 675
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Force field evaluation

Accurate ab initio theoretical calculations of
harmonic and anharmonic force fields of molecules
as large as benzene have recently been performed. By
comparing the experimentally determined molecular
constants with the calculated ones, the reliability of
theoretical calculations can be assessed. All the mo-
lecular constants of COF2 in Table 1 can be
evaluated from the theoretical anharmonic force
field. For molecules such as ammonia the computed
fundamental wavenumbers are within 3 cm−1 or bet-
ter of the experiment. For anharmonic constants and
centrifugal distortion constants, which are much
smaller than the fundamental frequencies, the devia-
tions are on average around 15%. The experimental
determination of anharmonic constants xij that ap-
pear in the equation for the vibrational energy of a
polyatomic molecule with the harmonic frequencies
ω  and without degenerate vibrations:

relies on the analysis of overtone and combination
bands. In Table 1 the data under the headings 1,
2 2 and 2 3 + 6 refer to a fundamental, an overtone
and a combination band, respectively. The relations
between 0 of Table 1 and ω , x  are given by

The assessment of the reliability of theoretical cal-
culations is particularly important when the experi-
ment is unable to determine some of the molecular
constants, which in turn can be calculated by ab initio
methods. In benzene, for example, there are about
300 anharmonic constants and there is little hope that
all of these could be obtained experimentally. The
equilibrium structure re is also a very important result

of the theoretical calculations of molecular force field,
and is to be compared with the experimental structure
(see Table 2).

Laser Stark IR spectroscopy

The laser Stark technique applied to IR spectroscopy
is based on bringing in resonance, with a fixed fre-
quency IR laser (such as CO2, CO, N2O lasers), the
molecular transitions modulated via an electric field
(Stark effect). From an analysis of the Stark spectra
very accurate values of the electric dipole moments
of molecules in the ground and excited vibrational
states are obtained. Table 3 presents some of the
dipole moments that have been determined.

Pressure broadening and pressure 
shift

The pressure shift and pressure broadening of the
spectral lines are primarily due to the collisions of
the molecules. The study of these effects provides in-
formation on the mechanism of the molecular inter-
actions which are mainly of dipole–dipole type. In
addition, the experimental determination of the line
broadening and line shift parameters is instrumental
in the spectroscopic study of the atmosphere, where
the absorption or emission of IR radiation takes
place from regions where the pressure may change
by several orders of magnitude. These effects are rel-
atively small; for example, for the P and R branches
of the ν3 band of 12C16O2 at 2350 cm−1, broadened
by N2 at 296 K, broadening coefficients in the
0.066–0.089 cm−1 atm−1 range and shift coefficients
of −0.0016–0.0037 cm−1 atm−1 have been reported
by Devi and co-workers.

Table 2 r0- and re-structures of acetylene

a From B0 of C2H2 and C2D2.
b Theoretical equilibrium structure.
c  Standard errors in parentheses refer to the last significant 

digits.

r0
 a (pm) re (pm) re b (pm)

rC≡C 120.85 120.241 (9)c 120.33
rC−H 105.72 106.25 (1)c 106.05

Table 3 Electric dipole moments from laser Stark spectros-
copy

a 1 D = 3.335 64 × 10−30 cm 
b Standard errors in parentheses refer to the last significant digits.

Molecule Vibrational state µ (D)a,b

PH3 v2 = 1 0.574 20(27)

v4 = 1 0.579 04(32)

HNO3 v2 = 1 2.12(4)

HCOOH Ground state 1.395 7(9)

v3 = 1 1.421 6(10)

CH3F Ground state 1.857

v3 = 1 1.905

ND3 Ground state 1.492(8)

v2 = 1 1.352(3)

AsH3 Ground state 0.213(3)

v2 = 1 0.218(3)
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High-resolution IR spectroscopy of 
weakly bound complexes

High-resolution IR spectroscopy has been used to
elucidate the potential energy surfaces that govern
the weak intermolecular forces between molecules,
since it provides information on the vibrationally ex-
cited region of the potential energy surface of the
ground electronic state. This region controls the
long- and short-range collisional dynamics of the
monomers. This application was delayed until the
advent of adequately sensitive detection methods and
of an appropriate light source. The experimental
methods are based on either direct absorption tech-
niques of light obtained from a laser source (from a
tunable diode laser or from difference frequency
mixing of a dye and Ar+ lasers) by complexes in a
cooled multiple pass gas cell or on FTIR techniques.
A rotationally resolved spectrum can be recorded
even though the line widths are Doppler limited or
broadened by pressure or predissociation effects.
From the analysis of these spectra thermodynamic
properties, vibrational term values, rotational con-
stants and bond dissociation energies may be extract-
ed. Alternatively, supersonic molecular beam
methods can be used with direct absorption laser
spectroscopy or bolometric techniques. These experi-
ments supply additional information on samples at
rotational–vibrational temperatures ranging from 1–
2K for expansion from an ultracold pinhole, to 10–
30K for slit expansion. The spectroscopic techniques
developed in the FAR-IR allow the investigation of
the low-frequency intermolecular modes in complex-
es. Additional spectroscopic data on the large ampli-
tude motions associated with these low frequency
vibrations have been obtained from the analysis of
the hot and/or combination bands observed in the
mid/near-IR. Some of the complexes analysed so far
are (HF)2, (DF)2, (HCl)2, (CO2)2, (HCN)2, (HCCH)2,
(NH3)2, H2–inert gas, H2–HF, HF–inert gas, HCl–in-
ert gas, HF–N2, HF–OCO, OC–HF, C2H2–HF,
HCN–HF, HF–DF, (DF)3. The HF and DF van der
Waals complexes have attracted much attention be-
cause of their fundamental importance in the chemis-
try of hydrogen bonded species. Most of the spectra
recorded in the near-IR are structured since the up-
per states are metastable with respect to vibrational
(or rotational) predissociation. The main channel
leading to the breakdown of the complex into its
constituent subunits is the coupling of the intramo-
lecular mode with the dissociating, low-frequency
intermolecular modes. This coupling causes a redis-
tribution of vibrational energy in the complex that
may excite the intermolecular bond up to dissocia-

tion. The excited states have to last at least for the
time needed to complete an end-over-end rotation in
the complex to observe a rotationally resolved struc-
ture in the spectrum. From the experimental values
of FWHM line width it is possible to calculate the
lifetime of the metastable state, according to

for a Lorentzian absorption line shape and a single
exponential decay of the upper state population.
However, another possible contribution to the
homogeneous line width comes from intramolecular
vibrational relaxation (IVR). Consequently, the colli-
sion-free line width depends in principle on the com-
bined ‘predissociation/relaxation’ pathway. From the
analysis of high-resolution spectra a very large range
of dissociation/relaxation behaviour results
[τ > 3 × 10−4 s for ν1 of Ar–HF (Huang and co-work-
ers) to τ ≥ 10 ps for ν2 of the linear (HCN)3 (Jucks
and Miller)] indicating strong sensitivity to small dif-
ferences in the potential energy surfaces. In many
dimers a strong dependence of the line widths from
specific vibrational couplings has been observed as in
(HF)2 [∆ν1 = 13.4 MHz, ∆ν2 = 408 MHz (Pine and
co-workers and Huang and co-workers)], HCN–HF
[∆ν1 = 2722 MHz, ∆ν2 = 11.8 MHz, ∆ν3 = 558 MHz
(Wofford and co-workers)]. The analysis of spectro-
scopic data may give insight into the coupling be-
tween intermolecular bending and stretching modes,
as indicated by the results of the Coriolis analysis in
the Ar–HF dimer between the ν2 perpendicular band
and the 3ν3 overtone of the intermolecular stretching
vibration (Lovejoy and co-workers). Additional
probes of intermolecular interactions are the intensi-
ty changes and the amount of the shift of the fre-
quency of the monomer fundamentals in complexes
from their unperturbed position. From IR experi-
ments it is possible to infer the correct equilibrium
structure of a complex, i.e. that corresponding to the
absolute min-imum of the potential surface. Informa-
tion about large amplitude motions from hot bands
and combination bands analysis are also very useful
to this end. Results indicate that for many complex-
es, i.e. CO2, N2O dimers, and HCN trimers, several
structures, corresponding to a different minima in
the potential surface, are possible and that the
isomerization involves motion along intermolecular
coordinates. In the case of ArnHF clusters a satisfac-
tory agreement is observed between the isomer equi-
librium structures predicted on the basis of pairwise
additive potentials and the experimental observa-
tions (see Figure 1).
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High-resolution IR spectroscopy of 
free radicals and ions

IR laser spectroscopy has been employed to study
free radicals and ions because of its sensitivity in the
detection of compounds present in small concentra-
tions. The spectroscopic characterization of radicals
and ions is valuable in the fields of chemical kinetics,
of astronomy and of plasma diagnosis. The experi-
mental techniques used to produce unstable mole-
cules and to record the spectra are here briefly
summarized. Free radicals can be generated using the
discharge-flow method, while ionic species can be
obtained using a hollow-cathode discharge cell that,
combined with magnetic-field modulation or ampli-
tude-discharge modulation, allows the detection of
the selected ionic species among neutral stable
molecules. Alternatively, velocity modulation IR
laser spectroscopy can be used to selectively detect

ionic species among neutral ones, exploiting the
characteristic Doppler shift of charged molecules.
HD+, HeH+, NeH+, ArH+, HCO+ and HNN+ are
some of the ions studied with this technique in the
infrared and whose fundamental frequencies and
molecular constants have been determined. Both
radicals and ions may be generated by photolysis or
photoionization of a stable precursor seeded in a
rare-gas free-jet expansion. Another powerful tech-
nique with which to study ions employs a fast ion
beam extracted from a plasma ion source and veloci-
ty tuned. This is merged with CO2 laser light to in-
duce transitions from a vibrational bound level near
the dissociation limit to a repulsive electronic state
or to a predissociating bound level above the dissoci-
ation limit. Most of the systems studied are diatom-
ic, such as HD+, HeH+, He2

+, H2
+ and D2

+, and the
information obtained concerns the description and
spectroscopy of weakly bound states, to a infer deep-
er understanding of ion–neutral reaction dynamics
and of the charge–dipole induced interaction. In ad-
dition, polyatomic unstable species have been the
subject of detailed study with high-resolution IR
spectroscopy, among those examined are CCH, C3,
C4, C9, C13, NO3, HO2, HCCO and C3H3 radicals,
and H3

+, SiH3
+, CH3CNH+, CH2

+, NH3
+ and H2O+

ions. The results of such experiments may be valua-
ble in the field of chemical kinetics since they allow
the determination of rate constants and an under-
standing of some aspects of the mechanism of the re-
action. For example, the observation, in a hollow
cathode discharge, of the ν1 band of HOC+ at
3268 cm−1 allowed the measurement of the abun-
dance ratio [HCO+]:[HOC+] in the laboratory from
the relative intensity of the IR high-resolution lines
of the two species, using the transition dipole mo-
ments for the band of HCO+ (0.168 D) and HOC+

(0.350 D), and assuming that the rotational temper-
ature of both ions was equal to the cell temperature
(223 K) (Amano). This information was particularly
valuable in studying the formation and depletion of
HOC+ in the interstellar medium. A rate equation
analysis was performed to rationalize the observed
dependence of the relative intensities of HOC+ and
HCO+ lines as a function of the pressures of H2 and
CO. The rate constants of some of the reactions con-
sidered in the rate equation analysis were then deter-
mined. The contribution that the analysis of the
high-resolution IR spectra of such kind of molecules
brings to astronomy is the determination with great
accuracy of the molecular constants that allow one
to search for the rotational lines in laboratory micro-
wave spectra. These results may lead to the identifi-
cation of unassigned interstellar lines. The nature
and the amount of a species present in plasmas may

Figure 1 Equilibrium structures and energies for ArnHF (n = 1–
4) predicted from pairwise additive potentials. In all cases, the
lowest predicted energy structures (left) are in excellent agree-
ment with experimental observation. Reprinted with permission
of Annual Reviews from Nesbitt DJ (1994) High-resolution, direct
infrared laser absorption spectroscopy in slit supersonic jet: inter-
molecular forces and unimolecular vibrational dynamics in clus-
ters. Annual Review of Physical Chemistry 45: 369–399.
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be determined by high-resolution IR spectroscopy, as
in the case of SiH3

+, a transient molecular ion ob-
served and analysed in a silane discharge plasma.
The ν2 and ν4 bands, i.e. the out-of-plane bending
and the in-plane degenerate bending vibration re-
spectively, have been recorded and analysed (Davies
and Smith), taking into account the Coriolis interac-
tion between the two vibrationally excited states.

Molecular dynamics

Frequency domain spectroscopic techniques can be
widely used to determine the homogeneous
intramolecular vibrational redistribution (IVR) of
energy, a phenomenon observed when molecules
have enough energy to break bonds. An advantage
of the frequency domain techniques is the ability to
measure the rotational state-dependence of the IVR
rates. Briefly, the background theory is that a single
rotational state in an excited anharmonic normal-
mode vibrational state (the bright state) carries all
the oscillator strength and is coupled to near-
resonant vibrational dark states through
perturbation terms of the Hamiltonian. As a result of
this coupling the bright state oscillator strength is
redistributed among the dark states. The width of
the intensity distribution is a measure of the time
scale of energy localization in the bright state. Thus,
one goal of IVR studies is the measurement of the
relaxation rates that span a wide range (50 fs to
10 ns) and are dependent on molecular structure.
The two major experimental methods used for IVR
studies of isolated molecules in their ground
electronic state can be divided into single photon and
double resonance techniques. The general
requirements of these experimental methods are
both high resolution and sensitivity. Quantitative
IVR rates of many molecules have been determined:
they span from 108–1013 s−1, with 3 × 109 s−1 being a
typical value. These rates may be sufficiently slow to
permit mode-selective chemistry in some systems.
From a comparative analysis of the IVR rate values
for the acetylenic C–H stretching for many molecules
of the type (CY3)3XCCH (see Table 4), it appears
that the lifetime and density of states are not
correlated, even if the state density must be large
enough to provide a bath for energy redistribution.
The IVR rate is controlled by the coupling of a few
dark states that interact with the bright one through
low order terms of the potential energy surface,
which in turn must be efficiently coupled to other
non-resonant states to allow fast energy flow. Other
structural aspects of IVR such as the role of large
amplitude motion in IVR dynamics, the change of

IVR rates by structural modification, and the degree
of dependence of the IVR rates on modes are
currently being studied.

Thermodynamic and kinetic data 
from high-resolution spectroscopic
IR studies

An example of this application is the FTIR and IR
laser diode spectroscopy study of the reversible gas-
phase reaction

A kinetic study has been carried out (Pagsberg et al.)
by monitoring selected absorption signals of the
rovibration transitions of the ν3 and ν5 IR bands of
HONO as a function of time for different partial
pressures of ammonia at a total pressure of 20 mbar.
At 298 K the rate constant of the forward reaction
and the equilibrium constant are kf = 2.2 ± 0.2 × 103

M−1 s−1 and Kc = 1.5 ± 0.2 × 105 M−1, respectively.
From the observed temperature dependence of
the equilibrium constant expressed in terms of the

Table 4 Experimental IVR lifetimes and states densities for
the acetylenic C–H stretch in molecules of the form
(CY3)3XCCH. Adapted with permission of Annual Reviews from
Lehmann KK, Scoles G and Pate BH (1994) Intramolecular
dynamics from eigenstate-resolved infrared spectra. Annual
Review of Physical Chemistry 45: 241–274.

a  The state densities (states cm–1) are for vibrational bath states 
of A1 symmetry, which can couple via anharmonic interactions.

b Upper limit of the lifetime. The overtone absorption was unob-
servable, despite observation of the fundamental. 

c Lower limit of the lifetime. The Q branch structure was too 
sharp to obtain an estimate of the Lorentzian wing. Other 
inhomogeneities (either isotopes, torsional, or K structure) were 
also present.

Molecule
Level of 
excitation

Density of 
statesa (cm)

Lifetime
(ps)

(CH3)3CCCH v = 1 4.9 × 102 200

v = 2 6.2 × 105 110

(CD3)3CCCH v = 1 2.8 × 103 40

v = 2 7.6 × 106 < 40b

(CH3)3SiCCH v = 1 1.0 × 104 2 000

v = 2 2.9 × 107 4 000

(CD3)3SiCCH v = 1 1.0 × 105 830

v = 2 6.0 × 108 140

(CH3)3SnCCH v = 1 1.0 × 106 6 000

v = 2 1.0 × 109 > 1 000c

(CF3)3CCCH v = 1 4.2 × 106 60

v = 2 1.0 × 1011 < 40b
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van’t Hoff equation, the values of ∆rH = − 49.4 ±
3.3 kJ mol−1 and ∆rS = −111.7 ± 4.2 J mol−1 K−1

have been derived.

List of symbols

Be = equilibrium rotational constant; = rotational
constant in the vi vibrational mode; Bx = rotational
constant; D, d = quartic centrifugal distortion con-
stants; G0 (vi) = vibrational term value when the en-
ergy levels are referred to the ground state as zero;
H, h = sextic distorsion constants; kB = Boltzmann
constant; kf = rate constant of the forward reaction;
Kc = equilibrium constant; rC–H = interatomic dis-
tance between C and H atoms; T = (thermodynamic)
temperature; vi = vibrational quantum number;
W = Fermi resonance parameter; x = vibrational
anharmonic constants when the energy levels are re-
ferred to the ground state as zero; α i = rovibration
interaction constant; ∆rH = standard reaction en-
thalpy; ∆rS = standard reaction entropy; ∆ν = full
line width at half intensity maximum; µ = dipole mo-
ment; (νi) = transition wavenumber in vacuum;
ξ = Coriolis constant; = wavenumber in vacuum;
νi 0 = wavenumber of a rovibrational band origin;
τ = relaxation time; ω = harmonic vibration wave-
number when the energy levels are referred to the
ground state as zero.

See also: High Resolution IR Spectroscopy (Gas
Phase) Instrumentation; Interstellar Molecules,
Spectroscopy of; IR Spectroscopy, Theory; Laser
Magnetic Resonance; Microwave and Radiowave
Spectroscopy, Applications; Rotational Spectros-
copy, Theory.
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Introduction

After the first NMR experiment for obtaining high-
resolution spectra of solids was carried out with the
high-speed magic-angle spinning (MAS) method in
1958, the cross polarization (CP) and multipulse
methods were developed as important for high-reso-
lution solid-state NMR experiments. On the basis of
these methods a CP MAS technique that combines
MAS and CP has been conventionally used to obtain
high-resolution solid-state NMR spectra.

In the solution state, the observable NMR chemi-
cal shift is often the average value of some preferred
conformations of a molecule because of its rapid
motion, but in the solid state the chemical shift is
often characteristic of a specified conformation
because of the highly restricted molecular motion.
Thus, the chemical shifts can be used as well as the
spin–lattice relaxation time (T1), the spin–spin relax-
ation time (T2) and T1 in the rotating frame (T1ρ) to
provide information on the dynamics. At present,
13C CP MAS has been widely employed to character-
ize the structure and dynamics of solid samples such
as polymers, biopolymers, catalysts etc. Here, we
will introduce some applications of 13C CP MAS
NMR for the characterization of the structure and
dynamics of polymers, including polypeptides and
proteins and also briefly describe the applications of
solid-state 13C NMR spectroscopy to food materials
and coals. There is also a large body of literature on
high-resolution solid-state 13C NMR spectroscopy of
small molecules, although the methods used are
largely the same as those given here.

Synthetic polymers

Polymer materials are almost always used as solids.
It is well known that the properties of polymers de-
pend on their structure and dynamics. Therefore, to
design new polymer materials, it is necessary to un-
derstand more deeply the property–structure rela-
tionships. The X-ray diffraction method has
provided the structure of polymers which have high
crystallinity. However, most polymers have low
crystallinity and so structural information about the

non-crystalline region, which is the major compo-
nent, cannot be obtained by X-ray studies. There-
fore, X-ray diffraction is of limited use in the
structural analysis for such systems. Chain segments
in the non-crystalline region are sometimes in a mo-
bile state and so the X-ray diffraction method pro-
vides no structural or dynamic information. On the
other hand, solid-state NMR provides knowledge of
the structure and dynamics of a sample irrespective
of whether the region studied is crystalline or non-
crystalline.

Polyethylene

Polyethylene (PE) is a typical plastic. The polymer
chain exhibits a trans and two kinds of gauche con-
formations, between which the energy difference is
small and so the polymer takes various configura-
tions under different conditions. PE has two kinds of
crystal forms, as determined by several spectroscopic
methods such as NMR, X-ray diffraction, electron
diffraction, IR and neutron diffraction methods. One
form is the orthorhombic form which occurs under
normal conditions and another is the monoclinic
form which occurs under high pressure or drawn
conditions. In both crystal forms the conformation is
the all-trans zigzag conformation, but the chain
arrangements are different from each other. The all-
trans zigzag planes in the orthorhombic form are
perpendicular to each other, and in the monoclinic
form they are parallel. Further, there also exist the
non-crystalline and interfacial phases. Their exist-
ence strongly affects the physical properties of the
polymer. Therefore, it is very important to analyse
the detailed structure of PE in the solid state to
understand its physical properties.

Figure 1 shows 13C CP MAS NMR spectra of
single crystal PE (SC-PE), melt-quenched PE (MQ-
PE) and drawn PE (DR-PE). Only one sharp peak
(33.0 ppm) appears in the SC-PE spectrum. How-
ever, MQ-PE and DR-PE have two and three peaks,
respectively. This means that MQ-PE and DR-PE
have at least two or three kinds of magnetically ineq-
uivalent carbon atoms. These peaks have been
assigned by T1 measurements; peak a (31 ppm)
comes from the non-crystalline region, which is a
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mobile state, and peak I (33 ppm) from the crystal-
line region, which is in an immobile state. Further,
the high-frequency peak of DR-PE (35.0 ppm) is
assigned to the methylene carbons in the monoclinic
crystal region. These assignments were justified by
quantum chemical shielding calculations with the
tight-binding (TB) sum-over-states (SOS) method. A
peak from the interfacial region between the crystal
and non-crystalline regions has also been reported.

The crystal structure of PE has been proposed
from models such as sharp-fold, switch-board and
loose-loops models as shown in Figure 2A–C. To
obtain detailed information on the fold structure,
SC- and MQ-PE have been studied by high-resolu-
tion solid-state 13C NMR. This study reveals that
SC- and MQ-PE take the adjacent re-entry type of
macroconformation in addition to loose and long
loops in the fold surface, as shown in Figure 3. The
number of carbon atoms in the trans  zigzag chain
from one fold to the next is estimated to be ~100,
which leads to an estimate of the stem length of
about 125 Å. Its magnitude is consistent with the
crystal thickness (120–150 Å) measured directly for
PE single crystals by electron microscopy.

The physical properties of polymers in the solid
state are strongly affected by temperature. Variable-
temperature (VT) NMR techniques should provide
useful information on the structural and dynamic
aspects of polymers in the solid state. The advantage

of VT solid-state NMR techniques is that the tem-
perature dependence of the conformation and molec-
ular motion can be studied by observing the
chemical shift. The structure of ultrahigh relative
molecular weight PE (UHRMW-PE) has been inves-
tigated in the solid state by VT 13C CP MAS NMR.
The 13C NMR spectrum of UHRMW-PE at room
temperature has two peaks (the low and high fre-
quency peaks are designated by A and I, respectively)
as shown in  Figure 4. Their chemical shifts agree
with those for the melt-crystallized PE (MC-PE), and
so peaks I and A have been assigned to the crystal-
line region with the trans zigzag conformation and
to the non-crystalline region, respectively. When the
temperature is decreased, peak A shifts to low fre-
quency but peak I shifts to high frequency. The 13C
chemical shift behaviour for peak A of UHRMW-PE
is similar to that of MQ-PE. At –108°C, the molecu-
lar motion is frozen and the chemical shift for peak
A is about 32 ppm. Therefore, peak A is due to the
methylene carbons in the trans conformation in the
non-crystalline region since in the frozen state a
methylene carbon in the gauche conformation
should appear at about 27 ppm because of the γ-
gauche effect. On the other hand, the 13C chemical

Figure 1 13C CP MAS NMR spectra of polyethylene. (A) SC-,
(B) MQ- and (C) DR-PE. Parts (A) and (B) reproduced with per-
mission of Elsevier Science from Ando I, Sorita T, Yamanobe T,
Komoto T, Sato H, Deguchi K and Imanari M (1985) Polymer 26:
11 864. Part (C) reproduced with permission of Elsevier Science
from Van der Hart DL and Khoury F (1984)  Polymer 25: 1589.

Figure 2 Schematic drawing of the conformation models of a
polyethylene single crystal. (A) sharp-fold, (B) switch-board and
(C) loose-loop model. Reproduced with permission of Elsevier
Science from Ando I, Sorita T, Yamanobe T et al (1985) Polymer
26: 1864.
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shift of peak I shifts to low frequency, which is
opposite to the case of MQ-PE, with decreasing tem-
perature. At –108°C, the chemical shift is about 32
ppm, and peaks A and I coalesce. It is difficult to
conclude that the cause for the low frequency shift of
peak I is a change of structure in going from the
orthorhombic form to a different crystal structure. It
is known that the 13C shifts of methylene carbons in
the orthorhombic, triclinic and monoclinic forms are
about 33, 34 and 35 ppm, respectively. From these
results, the 13C shift of 32 ppm at –108°C indicates
that the crystalline structure is different from other
crystal structures found at room temperature. The
other possibility for the low frequency shift is a dis-
tortion of the orthorhombic form.

The relaxation parameters, T1, dipolar-dephasing
relaxation times (TDD), etc. can provide useful infor-
mation on the dynamics of polymer motion in the
solid state and to monitor solid-state polymer phase
transitions.

The non-crystalline region of two kinds of PE sam-
ples, using single 13C-labelled solution-crystallized PE
(PE-SL) and single 13C-labelled melt quenched PE
(MQ-PE-SL), has been studied by VT 13C CP MAS
NMR. The dynamics of the non-crystalline region
have been discussed by measuring 13C T1 and TDD

from –120 to 44°C. Each of these spectra consists of
three peaks, corresponding to an orthorhombic crys-
talline peak at 33.0 ppm, a monoclinic crystalline

peak at 34.4 ppm (a small shoulder on the left-hand
side of the orthorhombic peak) and a non-crystalline
peak which appears at 30.8–31.3 ppm. The 13C T1

data of these samples over a wide range of tempera-
ture, obtained using the inversion–recovery method
with the pulse saturation transfer (PST) pulse
sequence, are given. The PST pulse sequence
enhances the intensity of mobile methylene carbons.
The T1 values for samples PE-SL and MQ-PE-SL are
plotted against the inverse of the absolute tempera-
ture (1/T) in Figure 5A. It has been suggested previ-
ously that local molecular motion in the non-

Figure 3 Schematic illustration of the folded chain conforma-
tion form of melt-quenched polyethylene. (a) trans zigzag, (b)
sharp-fold and (c) loose and long loop. Reproduced with permis-
sion of Elsevier Science from Ando I, Sorita T, Yamanobe T, et
al. (1985) Polymer 26: 1864.

Figure 4 13C CP MAS NMR spectra of ultrahigh relative molec-
ular mass polyethylene as a function of temperature. Repro-
duced with permission of John Wiley & Sons from Akiyama
(1990) Journal of Polymer Science, Part B: Polymer Physics 28:
587.
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crystalline region of PE is independent of the degree
of crystallinity, higher-order structures or morpholo-
gies. However, these suggestions are not supported
by the experimental results of PE-SL and MQ-PE-SL
for two reasons: one is the difference in T1 values and
the other is the large difference in the temperature
of the T1 minimum of the non-crystalline region
between PE-SL and MQ-PE-SL, as shown in
Figure 5A. These facts show that local molecular
motions in the non-crystalline regions of the PE-SL
sample are more constrained than that of MQ-PE-SL.
To study whether the dynamic behaviour of the two
kinds of non-crystalline region is also different on the
T2 time-scale, TDD values of samples of PE-SL and
MQ-PE-SL were measured over a wide temperature
range. The relative intensity of the non-crystalline
peak obtained from computer simulation was plotted
against the delay time τ in Figure 5B. It can be clearly
seen that the non-crystalline peak of the sample of
PE-SL relaxes more quickly than that of the MQ-PE-
SL sample. The value of TDD depends on molecular
motion, carbon–proton dipolar interactions, MAS
rate and spin diffusion. Fundamentally, it can be said
that the dipolar dephasing time in the non-crystalline
region becomes a measure of molecular motion
because of the high mobility. Therefore, the longer
TDD value of MQ-PE-SL, compared with that of PE-
SL obviously suggests that the carbon–proton dipolar
interaction is partially averaged by molecular motion
on the T2 time-scale.

Poly(vinyl alcohol)

Poly(vinyl alcohol) (PVA) is used as a high-perform-
ance fibre and as a barrier material against oxygen.
Detailed information about the structure and molec-
ular motion is needed in order to develop and design
this material. The 13C CPMAS NMR spectra of PVA
have been measured at room temperature. The me-
thine carbon resonance split into three peaks in the
CP MAS NMR spectrum. In the case of solution
state NMR, the three methine carbon resonances
and relative intensities correspond to the triad tactic-
ity. However, the chemical shifts of the three me-
thine carbons in the solid state are about 77, 71 and
65 ppm (Figure 6) and the relative intensities are not
consistent with the triad tacticity in solution. The
chemical shifts of two high-frequency peaks move
significantly to higher frequencies in the solid state.
These peaks, on the basis of the formation of in-
tramolecular hydrogen bonds, have been assigned as
follows. The highest frequency peak of the methine
carbon is assigned to the mm triad with two in-
tramolecular hydrogen bonds, the second highest
one is assigned to the mm and mr triad with one in-
tramolecular hydrogen bond and the other peak is
assigned to the mm, mr and rr triads with no in-
tramolecular hydrogen bonds.

Most recently, the 13C CP MAS NMR spectra of
PVA gels were measured to clarify the structure of
their immobile component. In the 13C CP MAS NMR

Figure 5 (A) Plots of non-crystalline 13C spin–lattice relaxation times: T1 of PE-SL samples (● ) and MQ-PE-SL (O) versus the recip-
rocal absolute temperature. (B) Intensity of non-crystalline peaks of a sample of PE-SL and MQ-PE-SL versus delay time τ. The peak
intensity was obtained from computer simulation of the 13C partially relaxed dipolar-dephasing NMR spectra. Reproduced with permis-
sion of John Wiley & Sons from Chen Q, Yamada T, Kurosu H, Ando I, Shioino T and Doi Y (1992) Journal of Polymer Science, Part
B: Polymer Physics 30: 591.
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spectra, the three carbon peaks were clearly
observed, and originate from the formation of strong
intermolecular or intramolecular hydrogen bonds
between OH groups such as PVA in the solid state as
mentioned above. Further, the molecular motion of
immobile and mobile regions of PVA gel through the
observation of 13C T1 has been studied.

Polyoxymethylene

The molecular motion of polyoxymethylene (POM),
which is the first member of the polyether series, has
been investigated using the two-dimensional (2D)
exchange experiment. The observed and calculated
2D exchange spectra of POM are shown in
Figures 7A and 7B, respectively. The spectrum ob-
served at 252 K shows only diagonal signals and
thus no molecular motion occurred during the mix-
ing time. However, if molecular motion occurred
during the mixing time, the spectrum would show
steric effects as shown in Figure 7C. The calcula-
tions were performed by using the model of helical
jump motions, assuming a one-dimensional random
walk in continuous time and elementary processes of
200° jumps. Thus, at T = 360 K the subspectra can

be identified for the discrete steps a given CH2 group
of POM experiences, as the helix rotates.

Fluoropolymers

Fluoropolymers have excellent properties and have
been widely used for various purposes under severe
conditions. Although high-resolution solid-state
NMR is a powerful tool with which to elucidate
structures and dynamics of polymers in the solid state
as mentioned above, the 13C CP MAS experiment of-
ten fails to provide detailed information on the struc-
tures of fluoropolymers because their spectra gives
rise to broad peaks. This is mainly due to two domi-
nant factors, namely large dipolar coupling and the
shielding anisotropy of fluorine nuclei. Although the
high-speed magic-angle spinning (HS MAS) method
leads to a significant reduction in such broadening
for 19F NMR in the solid state and has been used to
characterize fluoropolymers, only a few 13C solid-
state NMR experiments have been reported. The si-
multaneous application of proton and fluorine de-
coupling drastically reduces line broadening caused
by 1H–13C and 19F–13C dipolar interactions. The two
kinds of poly(vinylidene fluoride), non-polar α phase

Figure 6 13C CP-MAS spectra of poly(vinyl alcohol) at room
temperature. (A) syndiotactic, (B) isotactic and (C) atactic. Line
spectra represent the 13C spectra in DMSO-d6 solution at 353 K.
Reproduced with permission of American Chemical Society from
Terao T, Maeda S and Saika A (1983) Macromolecules 16: 1535.

Figure 7 (A) Pure absorption-mode 2D exchange spectra of
isotactic POM at T = 360 K and mixing time tm = 2 s, (B) theoret-
ical spectrum of (A) with x = 2ω, tm = 2.5 s and (C) T = 252 K and
tm = 1 s. Reproduced with permission of Academic Press from
Hagemeyer A, Schmidt-Rohr K and Spiess HW (1989) Advances
in Magnetic Resonance 13: 85.
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and polar β phase, have been characterized by means
of solid-state triple-resonance spectroscopy. There
was a small difference (~ 4 ppm) in the chemical shift
positions for these distinct crystalline modifications.

Blend polymers

Multicomponent organic polymer materials such as
polymer blends are important in industry. Their
macroscopic properties are determined not only by
the molecular properties of the individual polymers,
but also by the miscibility, morphology and structure
of the interfaces between the polymers. Solid-state
NMR is a useful tool to study the microscopic struc-
ture of heterogeneous polymer materials.

The miscibility of PMMA and poly(vinylidene flu-
oride) (PVDF) has been established by various meth-
ods. Both 19F–13C and 19F–1H CP and molecular
miscibility in blends of PVDF and isotactic, syndio-
tactic and atactic PMMAs were investigated by triple
resonance 1H, 19F, 13C solid state CP MAS NMR.
The fraction of nonmixed PMMA was determined
for these blends, and it was found that this fraction
was smaller for isotactic than for atactic and
syndiotactic PMMAs.

A study of the polymer blends of poly(vinyl
phenol) and poly(methyl acrylate) using 2D 13C–1H
correlation NMR have been reported. From the
spectrum, a direct interaction between the hydroxyl
hydrogen of poly(vinyl phenol) and the carbonyl
carbon of poly(methyl acrylate) can be deduced. The
miscibility in annealed 50:50 blends of a random,
copolyester Vectra-A, containing 73% p-hydroxy-
benzoic acid and 27% hydroxynaphthoic acid, and
poly(ethylene terephthalate) (PET) has been dis-
cussed by using a standard 2D exchange experiment.
The small cross peaks between the peak of aliphatic
PET and that of quaternary Vectra-A carbons diago-
nal lines indicated intimate mixing.

Biopolymers

In the solution state, the NMR chemical shifts of
biopolymers with internal rotations are often
averaged values for all internal rotations because of
rapid interconversion by rotation about peptide
bonds. In the solid state, however, chemical shifts are
often characteristic of specific conformations because
of highly restricted rotation about the peptide bonds.
The NMR chemical shift is affected by a change in the
electronic state arising from the conformational
change. NMR chemical shifts in the solid state,
therefore, provide useful information about the
electronic state and conformation of a biopolymer
with fixed structure, especially membrane-bound

polymers. Several studies of typical synthetic
polypeptides and membrane proteins using high-
resolution 13C NMR in the solid state are given here.

Synthetic polypeptides

Synthetic polypeptides consist of repeating sequences
of certain amino acids and their structures are not as
complicated as those of proteins. For this reason,
synthetic polypeptides are sometimes used as model
compounds for proteins. Their preferred conforma-
tions are classified as α helix, β sheet, ω helix and so
on. High-resolution solid-state 13C NMR spectro-
scopy has proved to be a very powerful tool for
determining the structure of polypeptides in the crys-
talline state. For example, 13C CP MAS NMR spectra
of solid poly(L-alanine) ([Ala]n) show the Cα, Cβ and
C=O carbon signals to be well resolved between the
α helix and β sheet forms. The chemical shifts of the
Cα and C=O carbons of the α helix are displaced sig-
nificantly to high frequency by 4.2 and 4.6 ppm, re-
spectively, relative to those of the β sheet form, while
the shift of the Cβ carbon of the α helix is displaced
to low frequency by about 5 ppm with respect to that
of the β sheet. For this reason, the value of the 13C
shift can be used to describe the local conformation.
In addition, the 13C shifts of randomly coiled [Ala]n in
trifluoroacetic acid solution have values between
those of the α helix and β sheet forms. The absolute
13C shifts of the Cα and Cβ carbons are affected by
the chemical structure of the individual amino acid
residues and can be used effectively for conforma-
tional studies of particular amino acid residues in
polypeptides and proteins. On the other hand, the
C=O shifts do not seem to be affected by residue
structure and can be used for diagnosing the main
chain conformation.

Recently, the relation between the amide proton
shift and the conformation of synthetic polypeptides
has been studied in the solid state using 1H combined
rotation and multipulse spectroscopy (CRAMPS). It
has been determined that the amide chemical shifts
of a synthetic polypeptide are 8.0–8.1 ppm for the α
helix and 8.6–9.1 ppm for the β sheet. It was shown
that high-resolution solid-state 1H NMR such as
CRAMPS is also a useful tool for studying the
molecular structure of polypeptides in addition to
high-resolution solid-state 13C NMR.

Poly(β-benzyl-L-aspartate) (PBLA) in the solid state
adopts various conformations such as a right-handed
α(αR) helix, a left-handed α(αL) helix, a left-handed
ω(ωL) helix and a β sheet form, depending on the tem-
perature. VT 13C CP MAS NMR spectra of PBLA are
shown in Figure 8. From this, it is clear that the con-
formational changes such as αR helix → ωL helix → β
sheet occur with increasing temperature.
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Poly(γ-n-octadecyl-L-glutamate) (POLG) forms a
crystalline phase composed of paraffin-like crystal-
lites together with the α helical main chain, packing
into a characteristic layer structure. The polymer
forms thermotropic cholesteric liquid crystals by the
melting of the side-chain crystallites. The conforma-
tional changes of POLG have been studied exten-
sively by high-resolution solid-state NMR. Figure 9
shows the 13C CP MAS NMR spectrum of POLG at
room temperature together with the assignment of

peaks. At room temperature, 13C shift values of the
C=O and Cα carbons are 176.0 and 57.6 ppm,
respectively. These values show that the main chain
takes an α helix conformation. On the other hand,
the interior CH2 signal splits into two peaks. From
reference data of n-alkanes and polyethylene, it is
seen that the peak at 33.4 ppm is the carbon signal in
the all-trans zig-zag conformation in a crystalline
state and the peak at 30.6 ppm is the carbon signal
in the non-crystalline phase or the liquid phase.

Figure 8 VT 13C CP MAS NMR spectrum with spinning sideband suppression of PBLA in the solid state at various temperatures:
dashed line, αR helix form, light solid line, ωL helix form and bold solid line, β sheet form. Reproduced with permission of American
Chemical Society from Akieda T, Mimura H, Kuroki S, Kurosu H and Ando I (1992) Macromolecules 25: 5794.

Figure 9 (A) 13C CP MAS NMR spectrum of POLG in the solid state at room temperature. (B) The methylene region is expanded
and deconvoluted by computer-fitting with a Gaussian function. (cry and amor indicate crystalline and non-crystalline state, respec-
tively.) Reproduced with permission of Elsevier Science from Katoh E, Kurosu H and Ando I (1994) Journal of Molecular Structure
318: 123.
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Figure 10 shows the VT 13C CP MAS NMR spectra
of POLG over the temperature range –40 to 230°C.
The n-alkyl peaks change noticeably as the tempera-
ture is increased. The peak of the carbon signal in the
non-crystalline state disappears above 50°C and the
intensity of the interior CH2 carbon in the non-crys-
talline state increases noticeably. This is due to the
melting of side-chain crystallites. On the other hand,
13C shift values of the C=O and Cα carbons are inde-
pendent of temperature. It is shown that the main
chain takes on a right-handed α helix conformation
within the temperature range –40 to 230°C.

For samples which show a variation in molecular
motion with temperature it is useful to measure the T1

value using both the inversion–recovery method with
the PST pulse sequence and Torchia's pulse sequence,
depending on the type and rate of molecular motions.
The molecular motions of POLG have been investi-
gated within the temperature range –40 to 230°C,
using both methods. Figure 11 shows the tempera-
ture dependence of T1 for some typical carbons.
According to the BPP theory, T1 decreases, passes
through a minimum (at a correlation time: τc) and

increases again when molecular motion increases, i.e.,
temperature is increased. The 13C T1 values of POLG
are very short in spite of the fact that, as seen from the
chemical shifts, the n-alkyl side-chains of POLG are
in the crystalline state in the temperature range –40 to
40°C. If the n-alkyl side-chains are in the crystalline
state, the 13C T1 values must be very long by analogy
with the n-alkane data. However, the 13C T1 values
for individual carbons of the n-alkyl side-chains are
very short and very close to the T1 values of n-alkanes
in the rotator phase; in addition, the 13C T1 values for
individual carbons of n-alkyl side-chains are almost
the same as for n-alkanes in the rotator phase. From
these results, it can be said that the n-alkyl side-chains
of POLG are in a phase similar to the rotator phase,
in which they undergo fast rotation such as libration,
along the trans zigzag chain axis. The effect of the
transitions at 45°, 60° and between 90° and 110°C on
the individual carbon of the side-chains has also been
investigated. The transition at 45°C comes from the
melting of the side-chains, while other changes come
from changes of the liquid crystalline phase, which
has also been proved by other means.

Figure 10 VT 13C CP MAS NMR spectra of POLG as a function of temperature. Reproduced with permission of Elsevier Science
from Katoh E, Kurosu H and Ando I (1994) Journal of Molecular Structure 318: 123.
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It has been demonstrated that the introduction of
fluorine atoms into polymers induces new physical
properties by changes in intra- and intermolecular
interactions. Poly(γ-glutamate)s with n-fluoroalkyl
side-chains have been studied using high-resolution
solid-state NMR. From the experimental results, it
was found that the conformation of the main chain
depends on the carbon number of the n-fluoroalkyl
side-chains. The main chain of poly(γ-alkyl-L-gluta-
mate) with short n-fluoroalkyl side-chains takes the
helix form and the poly(γ-alkyl-L-glutamate) with
long n-fluoroalkyl side-chains takes the β sheet form.
These conformational behaviours in the solid state
are different from that of poly(γ-alkyl-L-glutamate)
without n-fluoroalkyl side-chains.

Fibrous proteins

Since fibrous proteins generally have periodical
amino acid sequences and higher-order structure, the
clarification of their fine structure in the solid state
becomes very important not only when discussing

the physical and chemical properties, but when ob-
taining information about the molecular design of
synthetic polypeptides. The conformation-dependent
13C CP MAS NMR chemical shifts are particularly
useful for the determination of the conformational
features of fibrous proteins such as silk fibroin, col-
lagen and wool keratin. For example, the conforma-
tional transition of S-carboxymethyl keratin that has
low-sulfur fractions (SCMK low-sulfur) has been es-
timated. For SCMK low-sulfur heated at 200°C for
3 hr under vacuum, the 13C MAS NMR spectrum
shows that each signal becomes broader than those
of other treated specimens. This indicates the exist-
ence of various conformations and/or different mi-
croenvironments in the heated SCMK low-sulfur.
Thus, it can be said that the random coil form ap-
pears by heating. On the other hand, from the X-ray
diffraction, the α helix form completely vanishes in
SCMK low-sulfur under the same conditions. The
difference between the results from X-ray diffraction
and NMR spectroscopy suggests that only the pack-
ing of the ordered structure (α helix form) in SCMK

Figure 11 Temperature dependence of 13C T1 for individual carbons of POLG. (A) CH3, (B) α-CH2 and (C) int-CH2 (a and b indicate
transition temperatures. m indicates melting point.) For T1 measurement in the temperature range –40 to 50°C Torchia's pulse se-
quence was used, and in the temperature range 50 to 230°C, the inversion–recovery pulse sequence was used. Reproduced with
permission of Elsevier Science from Katoh E, Kurosu H, Kuroki S and Ando I (1994) Journal of Molecular Structure 326: 145.
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low-sulfur is disrupted by heating, while the second-
ary structure is retained.

Membrane proteins

Membranes provide a vital interface between a bio-
logical organism and its environment. Furthermore,
they provide a means for the formation of compart-
ments within a cell. In every sense, they are vital to
living systems. Indeed, since membranes and mem-
brane proteins cannot easily be crystallized, NMR
spectroscopy is a particularly powerful method for
probing their structure and function. [1-13C]Ala, [3-
13C]Ala and [1-13C]Val selected labelling of bacteri-
orhodopsin (bR) is a very convenient probe for con-
formation and dynamics studies. Figure 12 shows
the 13C CP MAS NMR spectra of [3-13C]Ala and [1-
13C]Val bR. The peaks of [3-13C]Ala bR have been
assigned to the αII helix form at 16.3 ppm (60%), αI

helix form at 14.9 ppm (20%) and the loops at 17.2
ppm (20%), taking a variety of turn structures. Fur-
ther, from the VT CP MAS 13C NMR spectrum of
[3-13C]Ala labelled bR, well-resolved signals were

observed at both ambient temperature and –20°C
but were broadened considerably at temperatures
below –40°C. This situation was interpreted as
showing that interconversion between several slight-
ly different conformations is taking place. It was
found that the exchange process was strongly influ-
enced by the manner of organization of the lipid bi-
layers, and depended upon the presence or absence
of cations responsible for electric shielding of the
negative charge at the polar head groups. The sec-
ondary structures of [3-13C]Ala-labelled bR were not
always identical at temperatures between ambient
and lower temperatures, since the 13C shifts and rela-
tive peak intensities from purple membrane prepara-
tions containing these salts changed with
temperature in the range –110 to 23°C. In particular,
some residues involving Ala residues at the αII helix
and loop region were converted at temperatures
below –60°C into a conformation of bR involving a
αI helix.

The rotational resonance (RR) method is one of
several solid-state NMR approaches that have been
developed recently for determining weak dipolar

Figure 12 13C CP MAS NMR spectra of (A) [3-13C] Ala bR and (B) [1-13C]Val bR in the purple membranes. (*) signals of 13C-labelled
lipids. Reproduced with permission of Elsevier Science from Tuzi S, Naito A and Saito H (1994) Biochemistry 33: 15 046.
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couplings under conditions of MAS. To measure
heteronuclear dipolar interactions, such as between
13C and 15N, rotational echo double resonance
(REDOR) and transferred-echo double resonance
(TEDOR) NMR have been developed. The measure-
ment of weak dipolar couplings in MAS experiments
using any of these methods greatly enhances solid
state NMR studies of biological systems since the
dipolar couplings are directly related to internuclear
distances which in turn provide constraints for the
determination of molecular structure.

The interatomic distances in crystalline specimen
of 13C, 15N doubly labelled simple peptides, N-
acetyl-Pro-Gly-Phe, evaluated from REDOR data
were compared with those from X-ray diffraction
studies and found to justify such a novel approach.
The REDOR-derived conformation of this peptide
was β turn type I, consistent with the X-ray diffrac-
tion study. The maximum deviations of the distances
determined by NMR and X-ray diffraction is 0.08 Å
despite the complete neglect of the dipolar interac-
tions with the labelled nuclei of neighbouring mole-
cules and natural abundance nuclei. The precision
and accuracy given by 13C REDOR experiments are
of the order of 0.05 Å. Distinction between the two
types of β turn forms, including the β turn type II,
found in the monoclinic crystal of this peptide
(whose interatomic distances are different by about
0.57 Å) is made possible only by very accurate
REDOR measurement. 

More recently, it is the ability of solid-state NMR
to give completely resolved spectra of immobile pro-
teins that has enabled the structures of larger mem-
brane proteins to be determined in the definitive
environment of lipid bilayers. Further, high-resolu-
tion solid-state 13C NMR spectra of the [3-13C]Ala-
labelled fragment of bR incorporated into dimyris-
toylphosphatidylcholine bilayers have been
recorded. This approach has proved useful for the
assignment of peaks as well as dynamic features of
the transmembrane helixes in lipid bilayers.

Coals and coal products

The complete molecular structure of coal is one of
the unsolved secrets of nature. Of the various analyt-
ical methods available, NMR spectroscopy has
proved to be of special importance in coal research.
Solid-state NMR techniques allow the structure of
coal and coal products to be investigated in a direct
and nondestructive way.

The accuracy of aromaticity measurements on
coals by CP MAS 13C NMR, together with addi-
tional problems posed by high-field measurements
and spectral editing, and some emerging techniques,

have been discussed. It is suggested that a combina-
tion of low field, single-pulse excitation with long
relaxation delays and the use of a suitable reagent
to quench paramagnetic centres is the most satisfac-
tory, albeit time consuming, recipe for obtaining
reasonably reliable results on unknown samples.

 One particular coal, Illinois No. 6, has been meas-
ured by 2D 13C–1H chemical shift correlation
spectroscopy. A variant of dipolar shift correlation
spectroscopy has been described and this is very con-
venient for determining the relative amounts of
methylene, methine and methyl or non-protonated
carbons in a complex mixture such as coal.

Foods

It has long been recognized that NMR can be of use
to the food scientist and food processor. However, it
is only within the last 15 years that there has been a
consistent and widespread growth of the use of
NMR. One reason for this is the development of new
solid-state NMR methods.

Work on starch provides an excellent example of
the information obtainable from solid-state NMR.
Native starch granules have crystalline and non-crys-
talline regions. The crystalline regions are made up
of an ordered arrangement of polymer chains in the
form of double helices, whereas the amorphous
regions contain single chains. The two polymorphs
of starch, A (from cereals) and B (from tubers), have
different packing arrangements of the double helices.
The CP MAS NMR spectra of various native
starches clearly demonstrate distinguishable crystal-
line and amorphous regions.

13C CP MAS and single-pulse (SP) MAS spectra
have been obtained for galactomannans and gluco-
mannans as powders, hydrates or gels. Comparison
of CP and SP experiments on galactomannan gels
did not reveal any chemical shift changes, suggesting
that the conformations of mobile and rigid segments
are similar. CP MAS experiments have been per-
formed on purified carrageenans and agaroses and
on the seaweeds which are the source of these mate-
rials. Although the lines were broad, characteriza-
tion of the intact algae was possible and various
substituents were identified.

List of symbols

T1 = spin–lattice relaxation time; T2 = spin–spin
relaxation time; T1ρ = spin–lattice relaxation time in
the rotating frame; TDD = dipolar-dephasing relaxa-
tion time.
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See also: Food Science, Applications of NMR
Spectroscopy; High Resolution Solid State NMR, 1H,
19F; Membranes Studied By NMR Spectroscopy; Neu-
tron Diffraction, Theory; NMR of Solids; NMR Pulse
Sequences; NMR Spectrometers; Powder X-Ray Dif-
fraction, Applications; Proteins Studied Using NMR
Spectroscopy; Solid State NMR, Methods; Solid State
NMR, Rotational Resonance. 
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Introduction

Hydrogen (1H) and fluorine (19F) possess the highest
magnetic moments amongst all isotopes in the peri-
odic table (besides the radioactive tritium, 3H),
which gives them the greatest NMR sensitivity and
strongest dipolar couplings. Their spin of I =  makes
them well suited for structural investigations, and 1H
is indeed the most widely used nucleus in solution-
state NMR. In the solid state, however, the very ad-
vantage of strong dipolar interactions, conveying
long-range distance information, turns to a disadvan-
tage when rapid spin diffusion occurs between nuclei
in an extensively coupled network. The high abun-
dance of 1H in organic compounds thus leads to sub-
stantial line-broadening, and the same happens to 19F
in a perfluorinated or protonated environment. Sev-
eral different line-narrowing approaches have been
developed to achieve high resolution, namely magic-
angle spinning (MAS), multiple-pulse sequences, a
combination of both (CRAMPS), or the use of uniax-
ially oriented samples. Some important experiments
will be illustrated here that are applicable to both 1H
and 19F for determining chemical shift values, seg-

mental mobilities, and through-space correlations.
Depending on the material, both nuclei have been
fruitfully applied in the analysis of inorganic crystals
organic solids, glasses, polymers, liquid crystals and
biological systems. The extensive literature on broad-
line NMR studies of these systems will not be consid-
ered here.

The high-frequency channel of a standard solid-
state NMR spectrometer tends to be optimized for
1H, especially when 1H-decoupling is required for
observing 13C and other low-band nuclei. For 19F
NMR experiments it is necessary to re-tune the trans-
mitters, amplifiers and probes, and some extra hard-
ware may need to be implemented when 19F and 1H
are to be used simultaneously. The areas of 1H and
19F NMR have thus been pursued by different groups
and with different objectives. If any general trends
are to be identified, solid-state 1H NMR appears to
be moving towards higher resolution by working at
high magnetic field strengths (currently up to 20 T),
by applying high MAS speeds (beyond 35 kHz), by
making use of multidimensional experiments
(HETCOR, multiquantum), and with an awareness
of the physical limitations to the inherent spectral
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line widths. Concerning the solid state 19F NMR
analysis of (per-)fluorinated materials, an observa-
tion of 19F is often preferred over the otherwise very
popular 13C, because in these systems the 13C reso-
nances are strongly broadened and not so readily
decoupled from the 19F spins. With yet another moti-
vation to study dilute 19F-labels in a protonated envi-
ronment, namely in organic and biological systems,
many 19F NMR experiments can be realized under
efficient 1H-decoupling that are analogous to 13C
NMR.

Properties of the nuclei

The nuclear spin properties of 1H and 19F are sum-
marized and compared in Table 1. The high gyro-
magnetic ratios γ provide both isotopes with a much
higher sensitivity than 2H (1% of 1H), 13C (1.6%) or
15N (0.1%), to name a few, and these factors are
further enhanced by the respective natural abun-
dances. The homo- and heteronuclear dipolar Ham-
iltonian also depends on γ, and it is given for a dilute
pair of spins (I1,I2) by

The coupling within a pair (or within a small group)
of nuclei is well defined by their relative positions
(distance r and angle θ), which makes their interac-
tion inhomogeneous. The line shapes or dipolar
splittings of dilute labels can thus be directly ana-
lysed to measure local structural parameters or
motional averaging. In an extended network of
abundant spins, on the other hand, the dipolar inter-
actions are more complex than in Equation [1] and
they become highly nonlinear. This leads to homo-
geneous line-broadening by spin diffusion, which is
much harder to suppress experimentally.

The main difference between 1H and 19F lies in the
ranges of their isotropic and anisotropic chemical
shifts (anisotropic = dependent on the orientation of
the molecule in space, i.e. on its alignment with
respect to the magnetic field direction). Unlike 1H, the
19F atom is rather polarizable, which makes the chem-
ical shift very sensitive to local charge densities and
hydrogen-bonding, and which also leads to signifi-
cant solvent and temperature effects. Table 2 pro-
vides a comprehensive list of isotropic 19F chemical
shifts for inorganic and organic solid compounds, as
compiled by Miller. Referencing in the solid state
usually relies on comparison with a separate sample
of TMS for 1H, or CFCl3 for 19F, rather than using
internal or external chemical shift standards. An

extensive list of chemical shielding anisotropies for
1H and 19F has been published by Duncan.

Methods for studying abundant and 
dilute spins

In the following overview of methods and applica-
tions in high-resolution solid-state 1H and 19F NMR
it is instructive to consider different kinds of situa-
tions that the experiment may need to address. De-
pending on the abundance of spins, different line
broadening mechanisms will be encountered, and
different techniques are required to achieve high res-
olution. After a discussion of four such categories,
some representative applications to various materials
will be illustrated.

1H NMR of abundant spins

In organic compounds, in polymers and in biological
materials the 1H-density is high and spin diffusion
leads to rapid dephasing of the magnetization. The
resulting homogenous line broadening can only be
fully suppressed by MAS when the spinning
frequency νr is much higher than the static line width
(which is typically around 50 kHz in rigid solids).
Since modern commercial NMR probes can reach
speeds of up to 35 kHz with small rotors, this is not
usually sufficient to achieve complete homonuclear
dipolar decoupling in rigid solids. Only samples with
a high intrinsic mobility, such as liquid crystals and
rubber-like materials, will give narrow lines under
high-speed MAS, with well resolved isotropic chemi-
cal shifts. Note that the chemical shielding anisotro-
py does not usually represent a problem for 1H
NMR, because it represents an inhomogenous inter-
action. It is efficiently narrowed by MAS already at
low spinning speeds, resulting in a narrow isotropic
line plus a set of side-bands that are separated by
multiples of νr .

Table 1 Nuclear spin properties of 1H and 19F

Property 1H 19F

Natural abundance 99.98% 100%

Gyromagnetic ratio γ 
(107 rad s−1 T−1)

26.7522 25.1815

Relative sensitivity
(at constant field)

1.00 0.83

Resonance frequency 
at 11.74 T

500 MHz 470.4 MHz

Chemical shift range (total) −20–30 ppm −400–800 ppm

(organic compounds) 0–12 ppm −200–0 ppm

Shielding anisotropy (CSA) 30 ppm 200 ppm

Dominant relaxation
mechanism

Dipolar Dipolar, CSA

HIGH RESOLUTION SOLID STATE NMR, 1H, 19F
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Sample Chemical group Chemical shift (relative to CFCl3 in ppm)

Inorganic samples

LiF F– –204 

LiF F– –130a 

NaF F– –221 

NaF F– –221 

NaF F– –126a

NaF F– –224 

KF F– –130 

KF F– –130.2 

KF F– –123 

KF•2H2O F– –133 

KF–CaF2 F– –121

KF–alumina F– –159

KF–alumina F– –115

–156

 KF–silica –129

–116

SiF4/HF –161

KAlF4 –155

K3AlF6 –155

K2SiF6 –92 

RbF F– –90 

RbF F– –88 

RbF•H2O F– –113 

RbF−alumina F– –109 

–139

CsF F– –8

CsF F– –79a

CsF−CaF2 F– –79 

CsF•2H2O F– –97

CsF–alumina F– –116 

CsF–alumina F– –88a

–111a

Cs2SiF6 –92

MgF2 F– –194.8

CaF2 F– –104.8

CaF2 F– –107.7

CaF2 F– –106.4, –107.0

SrF2 F– –84.1

CdF2 F– –192.1

Hg2F2 F– –95.8

HgF2 F– –196.4 

SnF2 F– –110.4 

SnF4 F– –146.9 

(C4H9)3SnF F– –145 

AlF3 F– –174 

α-PbF2 F(1) –20.5 

F(2) –57.7 

Mobile F– –39.0

Na3AlF6 F– –189 

HIGH RESOLUTION SOLID STATE NMR, 1H, 19F

Table 2 Chemical shifts of fluorine in inorganic and organic solie samples. Reproduced with permission of Elsevier Science from
Miller JM (1996) Progress in NMR Spectroscopy, Vol 28, pp 255–281. Amsterdam: Elsevier.
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K3AlF6
F– –190 

Al2(F,OH)2SiO4 (topaz) F– –140

Na2SiF6 F– –152

Na2SiF6 F– –135 

Na2SiF6 F– –151a 

K2SiF6 F– –135

NH4F−silica –128

NH4F−alumina F– –178

Al–F –166

Et4NF−alumina F– –123

Et4NF•2H2O F– –130

Et4NF−cytosine F– –148

Bu4NF−alumina F– –106

Bu4NF•3H2O F– –109

Bu4NF−4-cyanophenol F– –144

Bu4NF−uracil F– –149

Bu4NF−HOCPh3 F– –147

HAP/SnF2 dentifrice FHAP –103 to –99

F– –119

FAP Ca5(PO4)3F –98.9 

FAP Ca5(PO4)3F –101.0

FAP Ca5(PO4)3F –99.0

Sb(III) subs., FAP 1F–/Sb3+ –97.5

2F–/Sb3+ –95.4

1F–/Sb3+ –89.9

Synthetic FAP Ca5(PO4)3F –98.9

Heated FAP Ca5(PO4)3F –100

Mineral Ca5(PO4)3F –100.4

Synthetic FHAP Ca5(PO4)3Fx(OH)1−x –102.3

FHAP Ca5(PO4)3Fx(OH)1−x –99 to –103

F–(NSA) –119

CaF2–FAP F–(CaF2) –105

FAP –99

Gallophosphate cloverite F– in DR cages 4Ga –67.7

3 Ga, 2Al –72.8

2 Ga, 2Al –81.0

1 Ga, 1Al –89.2

4Al –95.5

HO–Al–F –145.6

F in sodalite type cages –178.2

Flurophosphate glass F– coord. to Al/Ba –99 to –90

Fluorinated AlPO4 Al–F –142

F– . . CHAH+ –123

Fluorinated AlPO4 F– ion pair –119 to –123

Al−F –135 to –139a

Hexamethylenediamine F– occluded in double 4-membered rings –67.8

subs. Ga2O3−P2O5 Ga...F–... Ga –92.2, –113

Fluorinated SiO2 F– –63 to –75

Templated with Si−F –155a

R4NF

F– Interaction with Ge/Ti/Al/Ga –140

F–...NH –128

Sample Chemical group Chemical shift (relative to CFCl3 in ppm)

HIGH RESOLUTION SOLID STATE NMR, 1H, 19F
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Octadecasil F– in 4-membered ring cages –38

Fluoride subs, silicate F– –64

F subs. LEV type zeolite F– in framework –82

Si–F –120

Al–F –150, –175

–129

Zn,Ti substituted layered silicate F– –146.6, –169.1, –186.0

Ga layered silicate F– in dioctahedral sheets –108

F−hectorite F– in trioctahedral Mg/Li-containing sheets –182.8a

F−montmorillonite F– in trioctahedral Mg-containing sheets –176.2a

Barasym SMM 100 F– in dioctahderal Mg-containing sheets –152.0a

Synthetic dioctahedral F– in dioctahedral Al-containing sheets –131.9a

2:1 layered aluminosilicate F– –133.2a

Tremolite F– –171.7

 Fluorscandium pargasite F– –169.6

 NaF−zeolite A(LTA) F– in sodalite structure –179

 KF−montmorillonite K10 –129

 NH4 –montmorillonite K10 –136

 RbF−montmorillonite K10 –123

–141

 CsF−montmorillonite K10 –113

 RbF−silica –122

 Cd/Zn/CuF2
– F– –151

 montmorillonite K10

 CuF2−silica –149

 ZnF2−silica F–/F–H3O+ –124

–149

 CdF2−silica F–/F–H3O+ –124

 NaF4−silica F– –128

 NaBF4−silica F– –128

 [(PS)H+] [OTeF5
–] F– triclinic, axial –12.8

 (PS)H+ = protonated F– triclinic, equatorial –30.7

 1.8-bis(dimethylamino)- F– orthorhombic, axial –17.2

 naphthalene F– orthorhombic, equatorial –33.1

 [N(n-Bu4
+][OTeF5

–)] F– axial –14.3

F– equatorial –33.6

 [N(n-Bu)4
+] F– axial –27.7, –33.1

 [H(OTeF5)2
–] F– equatorial –42.4, –43.3

 Organic samples

 (CF2CFCl)n CFCl –130.2

CF2 –106.2, –100.2

CH2CF2/CF3CFCF2/CF2CFCl co- and 
ter-polymers

–CH2CF2CF(CF3)CF2CH2– –71.9, –72.1, –72.7 
–72.9

–CH2CF2CF(CF3)CH2CF2– –76.4, –76.6, –77.6

–77.9

–CH2CF2CH2– –82.1

–CF2CH2CF2CH2CF2– –91.4, –91.8, –90.8

–91.5, –89.7

–CFClCH2CF2CH2CF2– –90.9

−CF2CH2CF2CF(CF3)CF2– –104.4, –104.7

–CF2CH2CF2CF2CFCl– –108.8, –109.1

–CF(CF)3CH2CF2CF2CF(CF3)– –112.8

–CF2CH2CF2CF2CF(CF3)– –111.3, –111.6

Sample Chemical group Chemical shift (relative to CFCl3 in ppm)

HIGH RESOLUTION SOLID STATE NMR, 1H, 19F
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–CF2CH2CF2CF2CH2– –115.2, –116.7

–116.4

–CH2CF2CF2CH2CH2– –116.8, –116.4

–CH2CF2CF2CF(CF)3CH2– –119.3, –119.6

–120.0, –120.2

–CH2CF2CF2CFClCH2– –119.9, –120.2

−(CF2)n– –123.2, –123.6

–123.7, –123.8 

–CF2CF2CFClCH2CF2– –122.3

–CF2CFClCH2– –127.7, –129.8

–130.5

–CH2CF2CF2CF2CH2– –127.3, –126.7

–CF2CF(CF3)CF2CF2CF(CF3)– –128.4, –130.5

–131.3

–CH2CF(CF3)CF2CF2CF(CF3)– –135.7

–CF2CF2CF2(CF3)CH2CF2– –184.9, –185.0

–185.4, –185.8

(CF2CF2)n –CF2CF2CF2– –123.2

(–C(CF3)=C(CF3)–)n CF3– –50.2

CF3– –54.1

CF3– –82.4

CF3CF2– –127.9

–CF2CF2CF2– –123.7

Poly(vinyl difluoride) Imperfections –113

C–F –89

C8F17SO3Na CF3– –83.0

CF3CF2– –129.8

–CF2CF2CF2– –124.7

–CF2SO3– –118.2

Perfluoronaphthalene F1 –146.9

(C10F8) F2 –148.4

F3 –151.7

F4 –152.6

C6F5NH2 F2.6 –165.2

F3.5 –167.7

F4 –177.8

AgTFA CF3CO2
– –71.5

CFCl3/PU foam CFCl3 –2.0

CFCl2CH3/PU foam CFCl2CH3 –45.6

CHCl2CF3/ PU foam CHCl2CF3 –79.6

C6H4F−co-polymer p-F –108.5

CF4/plasma treated diamond CF –148

CF2 –106, –123

CF3 –78

C6F6 sorbed on polystyrene Dual mode sorbed –117, –161

Mobile C6F6 –169

Bis(trifluoromethyl) Dual mode sorbed –55.7

aniline/polystyrene

C6F6 sorbed on butyl 
rubber

Dual mode sorbed –153.4

CF2CFHCF3 subs. adamantane CF3 –75

CF2 –122, –130

CFH –209

Sample Chemical group Chemical shift (relative to CFCl3 in ppm)

HIGH RESOLUTION SOLID STATE NMR, 1H, 19F
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All shifts have been recalculated with respect to CFCl3 as the reference.
a Possibly an inconsistent assignment. Use with caution.

As an alternative to averaging in real space,
dipolar decoupling can also be achieved in spin space
by using multiple-pulse sequences such as
WAHUHA-4, MREV-8 or BR-24. The efficiencies
and spectral sweep-widths of these sequences are
limited by the cycle time, e.g. to average a dipolar
width of 50 kHz the cycle would have to be short
compared to 20 µs. This places considerable techni-
cal demands on the probe design, namely short ring-
down times (<<10 µs) and the capacity for short
high-power pulses under high duty cycle. Homonu-
clear decoupling efficiency is further improved by
Combined Rotation And Multiple-Pulse Spectro-
scopy (CRAMPS). Even though this kind of experi-
ment was not considered in the past to be easily
implemented, modern spectrometers can be more
routinely adjusted with respect to accurate phase
cycling and timing. CRAMPS measurements are
usually carried out under quasi-static conditions
(typically 2–3 kHz MAS), but recent experiments
have also been designed for fast MAS (10–20 kHz)
in combination with short windowless multiple-
pulse sequences. To assign simple compounds, the
line widths in a CRAMPS spectrum are often suffi-
cient, even though they are still broader than in solu-
tion state 1H NMR.

Figure 1 illustrates some sources of line-broaden-
ing that cannot be prevented even on a perfectly well
adjusted spectrometer. The resolution of the glassy
polymer polystyrene is about an order of magnitude
worse than that of crystalline adipic acid, which is
partially attributed to the dispersion of chemical
shifts in the amorphous material. Additionally, it has
recently been recognized that the anisotropic molec-
ular magnetic susceptibility provides a dipolar
broadening mechanism for aromatic groups, which
limits their peak resolution to about 0.3 ppm.
Further difficulties in a CRAMPS experiment will be
encountered when a group undergoes motions with a
correlation time comparable to the pulse width, to
the multiple-pulse cycle time, or to the sample
spinning speed, as this can lead to severe losses in
signal intensity.

Multidimensional spectroscopy plays an essential
role in solution state 1H NMR, by providing correla-
tions through bonds (COSY, TOCSY), through

space (NOESY), or to heteroatoms (HMQC,
HSQC). Homonuclear 2D spectra of solids are only
feasible when the sample possesses an intrinsically
high mobility to give a sufficient resolution, which is
the case for liquid crystals. Heteronuclear correlation
(HETCOR) experiments, on the other hand, are a
powerful tool to map even the very broad 1H signals
of a rigid molecule onto a second 13C dimension via
the dipolar coupling through space. Since 13C pos-
sesses a chemical shift range of about 200 ppm, com-
pared with 12 ppm for 1H, the increase in resolution
makes it possible to assign resonances in relatively
large organic compounds and to study hydrogen-

Fluorinated steroids CF –165.6, –165.2

–171.4

CHF –187.9, –180.1

CH2F –192.3

Sample Chemical group Chemical shift (relative to CFCl3 in ppm)

Figure 1 1H NMR CRAMPS spectra of amorphous polystyrene
(top) and crystalline adipic acid (bottom), showing different de-
grees of resolution. Reproduced with permission of Elsevier Sci-
ence from Gerstein BC (1998) 1H NMR. In: Ando I and Asakura T
(eds) Solid State NMR of Polymers, Vol 84, pp 166–189.
Amsterdam: Elsevier Science.
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bonding in biological solids. During the evolution
and mixing periods of a HETCOR experiment, the
suppression of 1H–1H homonuclear and 1H–13C
heteronuclear couplings can be achieved by multiple-
pulse sequences and/or MAS. In the related wide-line
separation experiment (WISE), where 1H-line-widths
are used as a measure of the respective segmental
mobilities, the homonuclear interaction is allowed to
be active during the evolution period. Whereas
HETCOR is applicable to sites carrying any number
of protons, the dipolar chemical shift correlation
experiment (DIPSHIFT) has been designed to deter-
mine the accurate bond distance in a particular heter-
onuclear spin-pair, e.g. of 1H–15N in polypeptides.

Another sophisticated way of correlating spins
with one another is possible by multiquantum spec-
troscopy, which can in principle resolve the connec-
tivities of atoms that are present as an isolated
cluster. Various multiple-pulse experiments have
been designed to recouple isolated spins under fast
MAS via multiquantum (or zero-quantum) coher-
ences. When faced with an abundant network of 1H,
however, it is usually only feasible to monitor build-
up rates qualitatively as a measure of the dipolar
coupling strength. For example, when molecular
motion reduces this interaction in polymers, the
signal intensities after quantum production can be
interpreted in terms of the respective local dynamics.

A different kind of 1H NMR application in
polymers is the use of long-range spin diffusion to
study the heterogeneity of the sample. In this
experiment a gradient of magnetization is set up
between different regions that can be differentiated
either by their mobilities (i.e. amorphous and
crystalline) or by their chemical shifts. During a
subsequent storage period the magnetization will
diffuse over distances of up to 30 nm per second,
such that domain sizes can be estimated by choosing
suitable delay times. In these systems a CRAMPS
experiment may be applied to resolve groups of
signals, and multiple-pulse sequences have even been
used as a chemical shift filter to ‘catch’ a resonance
and keep it aligned with the static magnetic field
direction. Strictly, however, the experiments
mentioned in this paragraph are derived from
broadline experiments and do not contribute
themselves to an improvement in resolution.

19F NMR of abundant spins

The situation with abundant 19F spins, e.g. in
fluoropolymers and inorganic fluorides, is similar to
what has been outlined for 1H. The same basic ex-
periments apply, although the much broader range
of 19F isotropic chemical shifts (see Table 2) affords

an intrinsically better resolution. 19F MAS spectra of
rigid solids will be accompanied by a higher number
of spinning side-bands due to the increased chemical
shielding anisotropy (CSA). Technically it becomes
more demanding to excite uniformly the large spec-
tral width of 19F (90° pulse length of typically 1–2
µs), especially in multiple-pulse experiments which
are quite sensitive to offset. To cover a broad spec-
tral width in a CRAMPS experiment, it is essential to
use the shortest possible cycle times. To that aim, the
ring-down time of a probe can be reduced by Q-
spoiling, which involves the addition of resistance to
the RF circuit but has the disadvantage of requiring
higher power levels for a given 90° pulse length.
Alternatively, the signal can be built up in a point-
wise fashion at the end of an incremented number of
cycles. Since this single-point approach dispenses
with the need for sampling during the pulse train,
windowless or semi-windowless sequences can be
used, although this method is associated with an ob-
vious penalty in measurement time. In terms of hard-
ware, a fast digitizer is required for 19F NMR, and
fluorine-containing materials should be avoided in
the probe components. The relaxation mechanisms
of 19F are somewhat more complicated than those of
1H, as they are affected not only by dipolar cou-
plings but also by the chemical shielding anisotropy
and hence magnetic field strength.

19F NMR of dilute spins in the presence of protons

Dilute 19F spins in a protonated environment do not
suffer from direct homonuclear line broadening, but
a new problem arises from the possibility of cross-
relaxation to 1H. In principle these heteronuclear in-
teractions are inhomogenous, and MAS should be
effective for narrowing. However, the situation be-
comes complicated when strong 1H–1H coupling
leads to spin diffusion within the proton network,
because this leads to a homogeneous dephasing of
the 19F magnetization. Therefore, to obtain well
resolved 19F NMR spectra strong 1H-decoupling is
essential (ideally up to 250 kHz). A double-reso-
nance 19F{1H} probe should thus be capable of han-
dling high power levels on both channels, and
efficient filters are required to separate the two fre-
quencies which are only 6% apart. With increasing
magnetic field strengths the filtering becomes easier.
Probe design may nevertheless require new ap-
proaches, such as transmission lines or cavity resona-
tors, especially when a third channel is to be
included for a low-frequency nucleus. As a conse-
quence of high-power 1H-decoupling, the 19F reso-
nances will be affected by the Bloch–Siegert shift,

HIGH RESOLUTION SOLID STATE NMR, 1H, 19F
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which is given by the ratio

where γF B1H is the magnitude of the 1H-decoupling
field at the 19F resonance frequency. On a 4.7 T spec-
trometer (200 MHz for 1H) the shift is typically a
few ppm towards lower frequency, but it becomes
less significant at higher magnetic field strength.

Figure 2 illustrates the effects of 1H-decoupling, of
MAS, and of intrinsic molecular mobility on the 19F
NMR spectrum of the fluorinated sterol diflucorto-
lon-21-valerate (DFC). While the static 19F line shape
of the crystalline material shows no recognizable fea-
tures (Figure 2A), 1H-decoupling reveals the two
underlying CSA tensors (Figure 2B). With additional
MAS at moderate speed (Figure 2C), the isotropic
chemical shifts are resolved (as marked by an aster-
isk), and the principal values of the tensors can be cal-
culated from the spinning sideband intensities using
the Herzfeld–Berger approach. To demonstrate the
molecular mobility in a liquid crystalline environ-
ment, in the next example (Figure 2D) the hydropho-
bic DFC was incorporated at a total concentration of
10% (w/w) into lipid bilayers composed of dimyris-
toylphosphatidylcholine (DMPC). Two narrow lines
appear in this 19F {1H} MAS spectrum (Figure 2D),
corresponding to the two 19F-substituents on those
sterol molecules that are partitioned into the bilayer.
Since they undergo rapid long-axial rotation and
restricted anisotropic tumbling, their total line width
is less than the MAS spinning speed (5 kHz) and no
sideband patterns are observed. Additionally, a resid-
ual contribution of crystalline material is visible in the
same spectrum (Figure 2D), whose integrated inten-
sity shows that DFC can only be dissolved up to 3.5%
(w/w) in hydrated DMPC bilayers. Notably, the iso-
tropic chemical shifts of DFC in the hydrophobic
bilayer interior differ significantly from those in the
crystalline environment, whereas they are rather
similar (within 1 ppm) to the values obtained in
CHCl3 solution (Figure 2E).

An elegant way to distinguish 19F-substituents
based on their mobility or their proximity to protons
is provided by cross-polarization (CP) from 1H to 19F,
allowing, for example, the suppression of PTFE back-
ground signals. Having been originally developed
under static conditions, this experiment can be used
under MAS with some slight modifications. By
choosing a short CP contact time, the 19F-signals from
immobile groups are selected since they are engaged
in a rapid transfer of dipolar magnetization. Alterna-
tively, the dipolar dephasing experiment can be used

to select resonances of 19F-spins that are in compara-
tively mobile domains or remote from protons. CP
MAS can also be combined with inversion recovery

Figure 2 19F NMR spectra of diflucortolon-21-valerate (DFC)
under different experimental conditions and in different environ-
ments, illustrating the effects of 1H-decoupling, MAS and intrinsic
molecular mobility.

HIGH RESOLUTION SOLID STATE NMR, 1H, 19F
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measurements, since the 19F relaxation tends to be
affected by cross-relaxation to 1H. The T1-values of
19F are obtained either by direct polarization or by a
suitable post-CP variable delay, whereas T1-relaxa-
tion of the protons is revealed by inserting a pre-CP
delay on 1H during the 19F {1H}-experiment.

Homonuclear 19F–19F correlations provide infor-
mation about spin diffusion through space, as, for
example, in a 2D spin-exchange experiment. This
approach requires sufficiently fast MAS and 1H-
decoupling to achieve complete resolution, since any
magnetization exchange due to spectral overlap of
the 19F resonances has to be avoided. On the other
hand, it may be desirable to stimulate a controlled
magnetization exchange by introducing a certain
spectral overlap under moderate MAS speeds. That
is, when the spinning side-bands of one signal are
allowed to overlap with the side-band pattern of a
second signal, these two spins are recoupled by
Rotational Resonance (RR). The RR experiment and
related broadband recoupling schemes were origi-
nally developed to measure weak pairwise couplings
between selective 13C-labels and thus to determine
their accurate distances (up to 7 Å). When applied to
a fluorinated sterol, the RR effect was observed as a
significant line-broadening rather than a dipolar
fine-structure, which is consistent with rapid spin
diffusion. Despite these difficulties, fluorinated sub-
stituents are desirable for RR and related
experiments, because 19F–19F distances could theo-
retically be extended up to 16 Å. In fact, long-range
heteronuclear distances (19F to 13C or 31P) have been
successfully determined by Rotational Echo Double
Resonance (REDOR) and Transferred Echo Double
Resonance (TEDOR) experiments. Owing to the fast
spin diffusion of the 19F magnetization it was usually
necessary to observe the REDOR effect on the low-
frequency channel under 19F-dephasing. Overall,
many of the experiments known for 13C can be
adapted for dilute 19F spins provided that efficient
1H-decoupling is available, and there is much poten-
tial for further development.

High-resolution  1H and 19F NMR of oriented 
samples

Instead of averaging away the anisotropic nuclear
spin interactions by MAS or multiple-pulse
sequences, it is possible to take advantage of the ani-
sotropy of these interactions, provided that macro-
scopically oriented samples are available. This kind
of static solid-state NMR approach is entirely differ-
ent from the experiments discussed above. It can
lead to highly resolved 1H and 19F spectra with nar-
row lines, whose position carries information about

the alignment of individual molecular segments. Ori-
ented samples are typically prepared by stretching
polymers or suitable proteins into fibres, or by align-
ing polymer films, liquid crystals or biological mem-
branes on planar supports. For the most basic
experimental set-up, the symmetry axis of the uniax-
ially oriented sample is aligned parallel to the static
magnetic field direction. That way all groups of any
one kind in the molecule will experience the same
nuclear spin interaction. This interaction is charac-
terized by a single value of the relevant anisotropy
tensor, for example by the CSA tensor or by the in-
homogenous dipolar coupling to another dilute spin
(see Eqn [1]). The resulting 1H or 19F NMR signal
will thus consist of a narrow line, whose resonance
position reveals the geometric relationship between
the respective tensor and the macroscopic axis of the
oriented sample. In contrast, a non-oriented static
sample gives rise to a broad powder line shape, and
an MAS spectrum is simply reduced to the isotropic
resonance. In practice, the effective line width of an
oriented sample is limited by the quality of align-
ment, plus any residual broadening.

Applications of 1H and 19F NMR

Inorganic solids

The classic inorganic compound investigated by
solid state 1H NMR is CaSO4⋅xH2O. As a powder it
yields the well-known Pake pattern, and oriented
single crystals have been used to analyse the angle-
dependence of the homonuclear dipolar coupling.
Today, most 1H NMR applications employ fast
MAS, preferentially at high field. Studies of hydroxyl
groups in zeolites, in glasses, and on the surface of
catalysts yield information about their local struc-
ture and acidity. Using 19F MAS or CRAMPS experi-
ments, the isotropic chemical shifts of many
inorganic fluorides have been determined (see
Table 2). Here, CaF2 and its fluorohydroxyapatite
derivatives Ca5(PO4)3 Fx(OH)1−x are of particular in-
terest due to their relevance in human dental enamel,
in bone implants, as well as in fluorescent lights. In
addition, the fluoride species formed upon adsorp-
tion onto alumina, silica, clays, zeolites or related
materials have attracted attention in view of their
role as catalysts or molecular sieves.

Organic molecules

Solid-state 1H NMR constitutes a powerful ap-
proach to investigate the hydrogen-bonding and
ionization states of small organic compounds, with
similar applications in structural biology. High-
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resolution 1H MAS and CRAMPS experiments have
provided isotropic chemical shifts and CSA tensors
for many simple molecules. In several instances a
direct correlation with hydrogen-bonding lengths
could be demonstrated, e.g. for amino acid carboxyl
groups. Well resolved 1H–13C HETCOR spectra
have been obtained for various drugs (e.g. ibuprofen)
and oligopeptides. With regard to 19F NMR, apart
from the isotropic chemical shift values the 19F CSA
tensors have been characterized for various aliphatic
(e.g. silver trifluoroacetate, C8F17SO3Na) and aro-
matic (e.g. pentafluoroaniline, perfluoronaphtha-
lene) compounds by analysing the spinning side-
band intensities. Pharamaceutically active sterols
with one, two, and three 19F-substituents (cf. Figure
2C) were used to establish more advanced 19F{1H}
and triple-resonance 13C{19F}{1H} NMR experi-
ments. Since the 1D spectra were found to be rather
sensitive to sample polymorphism, they can be used
to detect different crystalline forms that may exhibit
different pharmacological activities.

Polymers and rubbers

High-resolution 1H NMR spectra of polymers are
most readily obtained when the material possesses
an intrinsically mobile backbone or side-chains (e.g.
an elastomer), when measured at high temperature,
or when a deuterated solvent has been imbibed [e.g.
CDCl3 in PMMA, or a swollen functionalized resin
carrying a bound product]. For more rigid polymers,
sufficiently narrow line widths have been achieved
with the aid of fast MAS or CRAMPS to resolve
aliphatic and aromatic resonances. Proton line
widths and relaxation times have thus been used to
describe segmental mobilities and crystallinity, to
assess phase separation in co-polymers (e.g. PS–
PVME), or to examine hydrogen-bonding and
acidity (e.g in PVA or polysiloxanes). Unlike the case
with protonated polymers, where 13C{1H} NMR
tends to be the method of choice, fluorinated poly-
mers give strongly broadened 13C NMR spectra,
which creates the need for direct 19F-observation.
Owing to the wide chemical shift range of 19F NMR,
simple broadline/relaxation NMR studies were quite
popular in the past, but many high-resolution exper-
iments have been demonstrated since. Studies of
commercially important materials include PTFE,
(CF2CF2)n; PTrFE, (CF2CFH)n; PCTFE, (CF2CFCl)n;
and PVDF, (CF2H2)n; as well as co-polymers of the
latter material with HFP, (CF2CFCF3); TFE,
(CF2CF2); and CTFE, (CF2CFCl). Some advanced
triple-resonance REDOR experiments have been
performed with 19F-labels in dendrimers and in

nanospheres, to visualize their packing density and
the distribution of sequestered ligands, respectively.

Liquid crystals and lipid bilayers

The fast long-axial rotation (τc ≈ 10−10 s) of liquid
crystalline molecules leads to a partial averaging of
the anisotropic interactions, thus improving the
basic spectral resolution. For example, fast MAS of
hydrated phospholipid dispersions yields well-
resolved 1H-NOESY spectra with distinct NOE cross
peaks. Another important property of liquid crystals
lies in the local alignment of the molecules about a
director axis, which makes it useful to prepare mac-
roscopically oriented samples. In a mechanically ori-
ented sample, quasi-isotropic 1H NMR spectra
should be accessible by aligning the static sample
axis along the magic angle. That way the intrinsic
rotational diffusion of the molecules will average all
anisotropic interactions to zero, although in practice
any mis-alignment and slow collective motions of the
molecules will reintroduce some line broadening.
As an example, Figure 3 illustrates the 1H NMR
spectra of an un-oriented dispersion of DMPC
(Figure 3A) versus an oriented sample on glass
plates (Figure 3B) aligned at the magic angle. Reso-
lution can now be further enhanced by slowly spin-
ning the oriented sample around the magic angle,
which is called Magic-Angle Oriented Sample Spin-
ning (MAOSS). The spectrum in Figure 3A shows
narrow lipid signals (1H line widths of 10–30 Hz) at
a spinning speed of only 200 Hz, which compares
favourably with the resolution achieved for lipid dis-
persions under high-speed MAS (14 kHz) or at a
much higher magnetic field strength (17.6 T). It
appears hopeful that even the signals of membrane-
bound polypeptides (e.g. gramicidin, M13 coat pro-
tein) may be resolved using either of these MAS
approaches.

Selective 19F labelling of lipids has contributed to a
better understanding of the structural and motional
properties of artificial model bilayers as well as
biological membranes (e.g. of the bacterium Achole-
plasma laidlawii when fed with 19F-labelled fatty
acids). On the basis of early broadline NMR investi-
gations, resolution has been improved by using ori-
ented samples and multiple-pulse experiments to
select certain anisotropic spin interactions. For
example, the local order parameter of a particular
acyl-chain segment can be calculated from the
dipolar splitting of the corresponding CF2-labelled
group. Figure 4 illustrates how the 19F–19F dipolar
coupling of 4,4-DMPC-F2 can be extracted, which
is not resolved in the normal 19F NMR spectrum of
an un-oriented lipid dispersion (Figure 4A), unless
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additional 1H-decoupling is applied (Figure 4B).
Alternatively, and without any need for 1H-decou-
pling, the Carr–Purcell–Meiboom–Gill (CPMG)
multiple-pulse sequence is able to suppress all
unwanted line-broadening interactions such that
only the desired homonuclear 19F coupling remains
in the shape of a Pake pattern (Figure 4C). By
extending the CPMG experiment to an oriented
sample that is aligned with its symmetry axis perpen-
dicular to the magnetic field (Figure 4D), an even
better resolution (< 50 Hz line width) is achieved.

Peptides and proteins

Solid-state NMR lends itself to the structural
analysis of proteins that do not crystallize, or when
details about their functional mechanism or
hydrogen-bonding pattern are to be investigated.
For example, long-range distances have been meas-
ured by heteronuclear REDOR experiments on
enzymes prepared with specifically 19F-labelled side-

chains in the frozen or lyophilized state. In this way
it could be demonstrated that the substrate binding
cleft of 5-enolpyruvylshikimate-3-phosphate syn-
thase closes upon ligand binding, whereas the bind-
ing pocket of tryptophan synthase remains largely
unperturbed.

Figure 3 1H NMR spectra of DMPC bilayers as a non-oriented
lipid dispersion (A), and as a macroscopically oriented sample
that is aligned along the magic angle (B). The resolution is further
improved by MAOSS at 200 Hz (see text). Reproduced with per-
mission of Academic Press from Glaubitz C and Watts A (1998)
Journal of Magnetic Resonance 130: 305–316.

Figure 4 19F NMR spectra of 4,4-DMPC-F2 as a non-oriented
lipid dispersion without 1H-decoupling (A), and with 1H-decou-
pling (B). The dipolar splitting ∆FF is directly resolved without 1H-
decoupling in the CPMG experiment (C), and the lines are sharp-
ened further when an oriented sample is prepared and aligned
perpendicular to the magnetic field (D). Adapted with permission
of Academic Press from Grage SL and Ulrich AS (1999) Journal
of Magnetic Resonance 138: 98–106.
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Another, different kind of NMR approach has
been developed to investigate the structure of mem-
brane-associated peptides and proteins. This method
relies on the use of oriented membrane samples, and
it measures the 1H–heteronuclear dipolar coupling
and 15N-CSA to determine the orientation of a
labelled 1H–15N bond in the polypeptide backbone.
To build a full molecular structure from such orien-
tational constraints, usually a series of selectively
labelled peptides have to be prepared and the align-
ment of each single backbone segment is then meas-
ured step-by-step. Recently, a large number (>100)
of signals from a uniformly 15N-labelled membrane
protein were successfully resolved, using a 2D
PISEMA experiment with homonuclear Lee–Gold-
burg decoupling. Once an assignment strategy for
this novel approach is developed, solid-state NMR
will provide a set of tools for a comprehensive struc-
tural analysis of membrane proteins.

List of symbols

� = Planck’s constant/2π; I = nuclear spin quantum
number; r = distance between spins; T1 = relaxation
time; ∆ = Bloch–Siegert shift; γ = gyromagnetic ratio;
µ0 = permittivity of vaccum; νr = spinning frequency;
τc = correlation time; θ = angle between internuclear
vector and magnetic field direction; ω = Larmor fre-
quency.
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Resolution Solid State NMR, 13C; Liquid Crystals and
Liquid Crystal Solutions Studied By NMR; Mem-
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ids; NMR in Anisotropic Systems, Theory;  Structural
Chemistry Using NMR Spectroscopy, Inorganic Mole-
cules; Solid State NMR, Rotational Resonance; Solid
State NMR, Methods; Structural Chemistry Using
NMR Spectroscopy, Organic Molecules;  Structural

Chemistry Using NMR Spectroscopy, Peptides;
Structural Chemistry Using NMR Spectroscopy, Phar-
maceuticals. 

Further reading

Duncan TM (1990) A Compilation of Chemical Shift
Anisotropies. Chicago: Farragut Press. 

Gerstein BC (1998) 1H NMR. In: Ando I and Asakura T
(eds) Solid State NMR of Polymers,  Vol 84, pp 166–
189. Amsterdam: Elsevier Science.

Glaubitz C and Watts A (1998) Magic angle-oriented sam-
ple spinning (MAOSS): a new approach to biomem-
brane studies. Journal of Magnetic Resonance 130:
305–316.

Grage SL and Ulrich AS (1999) Structural parameters from
19F homonuclear dipolar couplings, obtained by multi-
pulse solid state NMR on static and oriented systems.
Journal of Magnetic Resonance 138: 98–106.

Grant DM and Harris RK (eds) (1996) Encyclopedia of
Nuclear Magnetic Resonance, Chapters on Bilayer
Membranes: 1H & 19F NMR; CRAMPS; HETCOR in
Organic Solids; Proton Chemical Shift Measurements in
Solids. Chichester: Wiley. 

Hafner S and Spiess HW (1998) Advanced solid-state
NMR spectroscopy of strongly dipolar coupled spins
under fast magic angle spinning. Concepts in Magnetic
Resonance 10: 99–128.

Harris RK, Monti EA and Holstein P (1998) Fluoropoly-
mers. In: Ando I and Asakura T (eds) Solid State NMR
of Polymers, Vol 84, pp 667–712. Amsterdam: Elsevier
Science.

Harris RK, Monti GA and Holstein P (1998) 19F NMR. In:
Ando I and Asakura T (eds) Solid State NMR of Poly-
mers, Vol 84, pp 253–266. Amsterdam: Elsevier Sci-
ence.

Harris RK and Jackson P (1991) High-resolution fluorine-
19 magnetic resonance of solids. Chemical Reviews 91:
1427–1440.

Miller JM (1996) Fluorine-19 magic angle spinning NMR.
Progress in Nuclear Magnetic Resonance Spectroscopy
28: 255–281. 

HIGH RESOLUTION SOLID STATE NMR, 1H, 19F



826 HOLE BURNING SPECTROSCOPY, METHODS

Hole Burning Spectroscopy, Methods

Josef Friedrich, Technische Universität München, 
Germany

Copyright © 1999 Academic Press

Introduction

Much of our information on the microscopic fea-
tures of matter in various aggregate states has been
obtained from spectroscopy. How detailed such in-
formation can be depends on the resolution of the
experiment. During the evolution of modern physics
it often happened that theory predicted features that
could not be verified experimentally because the res-
olution of the associated spectroscopic techniques
was too low. As an example, consider the famous ex-
periment by Pound and Rebka in 1960 by which the
gravitational red shift of an electromagnetic wave
could be verified. This red shift was predicted by
Einstein in 1911 on the basis of general relativity,
but the verification had to wait until there was a
technique available with the necessary resolution.
The required resolution is incredibly high, of the or-
der of 1015, but, nevertheless, could be achieved by
making use of the Mössbauer effect. A resolution of
1015 means that the frequency of an electromagnetic
wave of 1015 Hz can be determined with an accuracy
of 1 Hz. The highest resolution that can be achieved
in the spectroscopy of a particular system (e.g. of
atoms, molecules, nuclei, etc.) is determined by the
natural width of the spectral lines in these systems.
According to the Heisenberg principle, this width is
determined by the lifetime of the excited state. How-
ever, in almost all real systems this ultimate limit
cannot be achieved in a straightforward way because
the environment of the system broadens the respec-
tive levels. The Mössbauer effect is one technique
where the natural line width can be exploited for
high-resolution spectroscopy. Hole burning tech-
niques also work at this ultimate limit of resolution,
but the physical principle is totally different. Never-
theless, because of the ability to do spectroscopy at
the limit determined by the natural line width, the
hole burning technique is sometimes called the ‘opti-
cal Mössbauer effect’. The following surveys how
the hole burning technique evolved during the last
few decades of the twentieth century, its physical ba-
sis, and the fields of spectroscopy and technology in
which it is used.

Hole burning: a survey

Hole burning stands as a generalized synonym for all
kinds of saturation spectroscopic techniques in inho-
mogeneously broadened bands. At the frequency
where saturation is performed, a dip appears in the
spectrum, the so-called hole. Generally speaking, the
hole burning technique aims to unravel the features
of the homogeneous line shape of the transition in-
volved, which is obscured by the presence of strong
inhomogeneous broadening. Hole burning was dem-
onstrated for the first time in 1948 in NMR spec-
troscopy. Since then, it has been used in almost all
fields of spectroscopy: NMR, ESR, dielectric, IR and
optical spectroscopy. Hole burning experiments have
been applied to almost all aggregate states: gases, liq-
uids, crystals, glasses and polymers. More recently
biological materials have also attracted increasing
interest.

The power of the technique rests with a special
variation of hole burning, so-called persistent spec-
tral hole burning. Persistent spectral hole burning
was discovered in 1974 by Gorokhovskii, Khar-
lamow and their respective co-workers. It is based
on population storage in a long-lived intermediate,
which is very often a photochemical state. In this
case the method is called photochemical hole burn-
ing. It is the persistence of the holes that has made
the hole burning method an important and attractive
technique in a very broad field of spectroscopy tech-
niques and applications. The application to optical
data storage in the frequency domain, with the possi-
bility of increasing the bit density beyond the diffrac-
tion limit, has attracted much interest. Information
storage in the time domain is also a promising field
of application. In addition, hole burning is a tech-
nique highly suited to storing multiple holograms in
narrow frequency domains. Spectral holes can be
exploited for frequency stabilization of laser radia-
tion and for shaping of laser pulses as well as for
ultra-narrow optical filters. In spectroscopy, the
method has gained most attention in optical spec-
troscopy of the solid state. The following survey
focuses on this field of study.
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The homogeneous line shape 
function: the perfect crystal case

Consider an optical transition of a dye probe mole-
cule doped a low concentration into a perfect crystal
lattice (Figure 1A). Since all the probes have the
same local environment, their absorption frequencies
coincide and the line shape of the transition consid-
ered is representative of the line shape of a single
probe molecule. Excitation of the probe molecule is
accompanied by a charge redistribution in the excit-
ed state. This leads to a different equilibrium config-
uration of the lattice molecules in the excited state.
As a consequence, there is a certain probability that
the optical excitation will be accompanied by excita-
tion of lattice motions that give rise to so-called
phonon side bands. The intensity distribution is de-
termined by the Franck–Condon principle. The rela-
tive intensity of the transition with no lattice phonon
excitation, the so-called zero-phonon line, is given by
the Debye–Waller factor α:

As a rule, the zero-phonon line is much narrower
than the accompanying phonon transitions. Con-
sequently, its peak intensity is much higher than the
peak intensity of the phonon wing (Figure 1B). The
reason for the large line width of the transitions into
phonon states is the short lifetime of these states,
which is largely determined by vibrational
relaxation.

In comparision with the phonon states, the life-
time T1 of the purely electronic state can be orders of
magnitudes longer. According to the Heisenberg
law, the width ∆ω0 of the zero-phonon line is given
by

∆ω0 is called the natural width of the transition. As a
rule, the transition attains this width only at very
low temperatures, i.e. at around or below a few
kelvin. At higher temperatures, the line width is
determined by the thermal fluctuations of the lattice,
which lead via some coupling mechanism to thermal
fluctuations of the energy levels involved, i.e. of the
electronic ground and excited states. Since these fluc-
tuations disrupt the phase of the polarization, they
are called dephasing processes. The decay time T  of

the phase coherence is called the pure dephasing
time. These dephasing processes provide an addi-
tional contribution to the line width, so that the total
line width ∆ωh is determined by two contributions:

∆ωh is called the homogenous line width. As a rule,
the associated line shape is Lorentzian. As the pure
dephasing contribution 2/T  dies out rapidly as the
temperature approaches absolute zero, ∆ωh

approaches its ultimate limit of ∆ω0 at very low tem-
perature. As an example, consider an organic dye
molecule. T1 is typically of the order of some tens of
nanoseconds, so that ∆ω0 is of the order of some tens

Figure 1 (A) Sketch of a perfect host lattice (honeycomb)
doped with probe molecules (black bars). (B) Line shape of an
ensemble of identical probe molecules in a perfect host lattice.
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of MHz. In this case the ultimate limit of
spectroscopic resolution is around 107.

Inhomogeneous broadening

A basic requirement for spectral hole burning to be
observed is inhomogeneous line broadening. In
NMR, inhomogeneous broadening originates mainly
from field inhomogeneities. In the gas phase, inho-
mogeneous broadening comes from the velocity dis-
tribution of the molecules, which leads to a
frequency distribution via the Doppler effect. In the
solid state, inhomogeneous line broadening occurs
because of structural disorder. For example, in a
crystal there are lattice defects that cause statistically
varying strain fields. These strain fields lead to statis-
tically varying frequency shifts of the zero-phonon
transitions of the probe molecules. As a conse-
quence, the zero-phonon frequencies are spread out
and the line experiences a broadening ∆ωi. Whereas
the homogenous line broadening ∆ωh is dynamic in
nature, inhomogeneous broadening is, at sufficiently
low temperature, essentially static in nature.

In a more general way this situation is sketched in
Figure 2A. Each of the probe molecules sees a
different environment and hence their absorption
frequencies are different.

In organic crystals, the inhomogenous broadening
is of the order of a wavenumber; in glasses it is of the
order of several hundred wavenumbers. In this latter
case, even the phonon side bands are largely buried
beneath the inhomogeneous envelope (Figure 2B).

In contrast to the homogeneous line shape, which
is Lorentzian, the inhomogeneous distribution is
governed by the statistics of large numbers and
hence is Gaussian. At sufficiently low temperatures,
the ratio of the inhomogenous to the homogenous
width may cover 5–6 orders of magnitude.

Hole burning

Suppose the dye probe molecule is photoreactive.
Then, to understand the essential features of hole
burning, it suffices to consider three states only: the
ground state S0, the first excited singlet state S1, and
the photoproduct state P0 (Figure 3). For simplicity
we assume that P0 has an infinite lifetime. The ab-
sorption spectrum of P0 is shifted as compared to that
of S0 because P0 represents a structurally different
molecule. Consider Figure 4: narrow-bandwidth
laser light is tuned to some position within the inho-
mogeneous band. We denote the respective frequency
by νL. Excitation leads to photochemistry; hence,
population is transferred to P0 and, concomitantly, S0

is depleted. However, depletion in S0 can only occur
in a spectral range around νL roughly determined by
the homogenous line width ∆ωh. At temperatures of a
few kelvin, ∆ωh is close to ∆ω0 and hence is extremely
narrow. As a consequence, the depletion dip is ex-
tremely narrow. The depletion dip is called the ‘spec-
tral hole’. If P0 has an infinite lifetime, the lifetime of
the hole is, of course, also infinite. In this case the
hole is persistent. However, in the usual terminology
holes are called persistent if their lifetime is much
longer than the typical hole burning timescale deter-
mined by burning and reading the hole. A typical or-
der of magnitude for this timescale is a few minutes.
For vanishingly small depletion and sufficiently low
power of the burning laser, the shape of the depletion
hole is Lorentzian with a width close to ∆ωh. This de-
pletion hole is, for instance, detected by scanning the

Figure 2 (A) Sketch of a disordered lattice doped with probe
molecules (black bars). Note that each probe molecule has a dif-
ferent environment. (B) Inhomogeneous line broadening: the in-
homogeneous line of width ∆ωi is built from an ensemble of
homogeneous lines of width ∆ωh.
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laser over the depletion range. The resulting line
shape of the recorded hole is a convolution of the de-
pletion hole with the homogeneous line shape, i.e. a
convolution of a Lorentzian with a Lorentzian that is
itself a Lorentzian of twice the width:

where ∆ωH is the hole width.
Figure 5 shows a hole in the inhomogenous

absorption band of protoporphyrin IX-substituted
myoglobin. The insert shows the hole on an enlarged
scale.

Saturation broadening

Saturation spectroscopy of two-level systems results
in a power-dependent line width of the transition
concerned, a phenomenon termed power broaden-
ing. In a similar fashion, line broadening due to
strong saturation can also occur in a three-level sys-
tem with a long-lived storage state P0. However, in
this case, it is not the power that determines the
broadening but rather the number of irradiating
photons, which is proportional to the irradiated en-
ergy dose or to the laser fluence. Hence, we call this
broadening ‘fluence broadening’. It is easy to see
why the irradiated energy and not the power is the
important factor: the power needed to burn a hole
with a certain depth can be made arbitrarily small by
increasing the irradiation time accordingly. This has
no effect on the hole area so long as P0 has an infinite
lifetime. However, if the irradiated energy increases,
photochemistry in the centre of the line slows down
because the number of absorbers decreases, but it is
still going on in the wings. As a consequence, the
centre of the line is more strongly depleted and the
line flattens and becomes broader. Because of this
saturation broadening, the homogeneous line width
must be determined from a plot of the hole width as
a function of laser fluence in the limit of vanishing
fluence. Likewise, one can plot the hole width as a
function of the hole depth (Figure 6): as the depth
approaches zero, the hole width converges to 2∆ωh.

Hole burning techniques

The deeper the holes, the better is the signal-to-noise
ratio. However, deep holes are artificially broadened

Figure 3 Three levels are necessary for persistent hole burn-
ing. P0 has a long lifetime and acts as a storage state.

Figure 4 Hole burning: laser radiation with frequency νL cre-
ates a population dip and, concomitantly, a hole in the inhomog-
enous band.

Figure 5 A spectral hole in the absorption spectrum of myo-
globin complexed with protoporphyrin IX at T = 1.5 K.
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owing to saturation. Hence, techniques have been
developed for reading shallow spectral holes with a
high signal-to-noise ratio.

The most straightforward way to read a hole is to
scan the laser over the frequency range where burn-
ing has been performed. In the range of the hole, the
number of absorbers is diminished and so there is an
increased transmission. The transmission technique
requires a baseline correction since the hole is
detected on top of an inhomogeneous background
absorption. For an optical density around 1, relative
transmission changes of a few per cent can easily be
detected in this way.

If the optical density at the burning frequency
is well below 1, the fluorescence excitation mode is
more appropriate for reading the hole. In this mode
it is not the transmission but rather the fluorescence
that is measured. If the laser is scanned across the
spectral range of the hole, the fluorescence decreases.
The relative change of the fluorescence as a function
of frequency directly follows the shape of the hole. A
baseline correction is required in this case, too.

There are some elaborate techniques that are
extremely sensitive because they are based on zero-
background signals. The most important of these are
the dichroitic and the holographic techniques.

In the dichroitic technique, the hole is burnt with a
polarized laser field, say in the z direction (Figure 7).
The polarized laser radiation leads to an anisotropic
distribution of the vector N, denoting the number
density of absorbers oriented with their transition

dipole moment at an angle θ to the polarization of
the burning field. Reading is performed with the
sample between two crossed polarizers P1 and P2,
inclined at say −45° and +45° to the z direction. If
the sample is isotropic, it does not alter the polariza-
tion direction, so the reading laser field E1 will be P1-
polarized and will be blocked by P2. On the other
hand, if at frequency ν−νL the sample has a preferred
transmission for z-polarized light, then the reading
laser field E1 will be rotated towards the z axis. As a
consequence, the respective field vector E  will
acquire a component E  along the P2 direction and
light will be transmitted. In this way the hole is
measured against zero background intensity.
Accordingly, the signal-to-noise ratio can be orders
of magnitude better than with the transmission or
fluorescence detection modes and tiny changes in
optical density can be measured. However, two
things have to be accounted for: the degree of aniso-
tropy is not constant over the frequency range of the
hole, and it also depends on the depth of the hole.
This so-called polarization bleaching is very similar
to saturation broadening. For strong polarization
bleaching, the shape of the hole may be flattened or
may even show a double peak structure. Apart from
this effect, the hole shape may also suffer from inter-
ference with light which is not totally blocked by P1

and P2 as a result of small degrees of misalignment.
In the holographic technique two beams, 1 and 2,

interfere at an angle of 2θ in the sample and write a
spatial grating of the absorption coefficient and of
the index of refraction (Figure 8). The modulation
of this grating is frequency dependent via the line
shape function. If one of the writing beams, say 2, is
blocked, the other beam can serve as the reading
beam. If it is tuned across the frequency range of the
hole, the grating deflects the reading beam (1) into

Figure 6 Saturation broadening due to laser fluence. Repro-
duced with permission from Dick B (1989) Habilitationsschrift,
University of Göttingen.

Figure 7 Exploiting the dichroism of holes for a low-noise read-
ing process. N denotes the number density of absorbers with
their dipole moments in the direction θ. P1 is the polarizer, P2 the
analyser.
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the direction of beam 2. The intensity of the dif-
fracted light is proportional to the modulation
depths of the absorption coefficient and of the index
of refraction, and hence is strongest at the centre of
the hole and vanishes far in the wings. Although the
holographic technique reproduces the true line shape
of the hole as long as the saturation of the hole is
weak, it has characteristic properties that have to be
taken into account. First, strong bleaching results in
a strong deviation from a sinusoidal grating, which
leads to higher diffraction orders. Second, strong
bleaching also leads to a strong distortion of the
Lorentzian line shape, which may eventually show a
double peak structure.

Applications of hole burning

Spectroscopy

Hole burning has been used in a very broad field of
scientific problems ranging from solid-state physics
to biological physics. The most straightforward
application is the measurement of the homogeneous
line width. Apart from measuring vibrational relaxa-
tion in the excited electronic state in this way, most
effort has been put into measuring the homogeneous
line width of the purely electronic S1 ← S0 absorption
of dopant molecules in glasses. The homogeneous
line width in a glassy host material has quite specific
properties compared to that in crystalline materials
(Figures 9A and B): in the low-temperature regime,
T <4 K, the homogeneous width in a glass is an order
of magnitude larger than in a crystal (Figure 9A). In
a crystal, it is already close to its lifetime-limited
value and hence is temperature independent
(Figure 9B). In a glass, it depends on temperature
down to the lowest temperatures measured in these
types of experiments (∼ 50 mK); however, its temper-
ature dependence is weak. It is usually well described
by a temperature power law ∼ T α with α between 1
and 2. In a crystal, the temperature dependence goes
as T7 or is very often activated. The reason for the
specific features of the optical line width in glasses is
the presence of specific degrees of freedom, so-called
TLS (two-level system) modes, which reflect the dis-
order in the structure and which cannot be frozen
out, not even at the lowest temperatures reached so
far in solid-state materials.

The TLS degrees of freedom reflect the simplest
approach to characterizing the complex energy land-
scape of disordered materials such as glasses and
polymers. These materials are never in true thermo-
dynamic equilibrium, and, hence, there are always
some structural dynamics covering an extremely

broad range of relaxation rates of up to 15 orders of
magnitude, from nanoseconds to months. These
structural dynamics create locally fluctuating strain

Figure 8 Holographic hole burning: burning is performed via
two beams, 1 and 2, which interfere in the sample and create a
spatial grating I(x) of the absorption coefficient and the index of
refraction.

Figure 9 (A) Hole widths of chlorine-doped benzophenone
glass (broad hole) and crystal (narrow hole). (B) The homogene-
ous line widths of chlorine-doped benzophenone glass and
benzophenone crystal as a function of temperature. Note the dif-
ferent scales for glass and crystal.
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and/or electric fields that, in turn, lead to
fluctuations of the electronic energy levels of the dye
probe. These fluctuations are reflected in a time-
dependent line broadening, called spectral diffusion
(Figure 10). Measurement of the spectral diffusion
broadening gives insight into the structural dynamics
and the associated features of the energy landscape.
This is especially interesting for biological materials.

Another major field in which the hole burning
technique can be exploited concerns measuring the
influence of external fields, such as electric, magnetic
or pressure fields, on the electronic energy levels. For
instance, measuring the Stark effect (electric field)
even in good-quality crystals usually requires special
modulation techniques since the spectral changes are
rather small. In disordered materials, owing to the
large inhomogeneous broadening, it is difficult to
obtain good-quality data unless unusually large
changes of the dipole moments are involved. In hole
burning, moderate field strengths (10 kV cm–1) and
pressure levels (1 MPa) yield easily detectable line
shifts and field-induced changes in the line widths.
Moreover, the high resolution and the associated
selectivity of these experiments enables one to inves-
tigate field effects as a function of frequency within
the inhomogeneous band. The solvent shift can be
varied simply by tuning the laser frequency and
hence becomes a parameter of the experiment. From
hole burning Stark effect experiments (Figure 11),
information on the molecular dipole moments
involved, on the respective polarizabilities, on matrix

fields and on associated symmetries can be obtained.
High-quality quantum chemical calculations are
usually desirable to support the interpretation of the
experiments because there are always several param-
eters that are not very well known. From pressure
experiments (Figure 12), information on local com-
pressibilities, on molecule–matrix interactions and
on the vacuum absorption frequency of the probe
molecule can be obtained.

Hole burning has been used widely to investigate
relaxation processes of coherent tunnelling in the
solid state. An outstanding example in this context is
the methyl group. Consider a dye probe molecule

Figure 10 Spectral diffusion broadening as a function of wait-
ing time tw for different ageing times. The sample is protoporphy-
rin IX in a dimethylformamide/glycerol glass; temperature is
100 mK. Insert: Broad-band absorption spectrum. The arrow
marks the wavenumber where hole burning was performed.

Figure 12 Shift and broadening of a spectral hole as a function
of pressure. Maximum pressure is 0.6 MPa. The sample is re-
sorufin in glycerol glass at liquid-helium temperature.

Figure 11 Deformation of a spectral hole in an external field.
The external field Est (about 12 kV cm–1) is parallel to the laser
field. The sample is protoporphyrin IX-substituted myoglobin in a
glycerol/water glass. The double peak structure is indicative of a
chromophore with a well-defined dipole moment.
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with one or several methyl groups attached, for
instance dimethyl-s-tetrazine (Figure 13). Irres-
pective of how disordered the host matrix is, the
methyl group always has at least a 3-fold rotational
symmetry axis (along the C–C bond), which results
in a 3-fold periodic potential V =V3 cos 3ϕ, where ϕ
is the angle of rotation around the C–C bond and V3

is the barrier height. The lowest states in this
potential interact via the tunnelling interaction. As a
result, the three states form a split pair, with A and E
symmetry, where the E state is still doubly
degenerate. Since the C3 group is isomorphic to the
group of even permutations of the protons, the
wavefunctions of the methyl rotor have to be totally
symmetric according to the Pauli principle.
Relaxation between the tunnelling states requires an
interaction, which breaks the permutation symmetry.
These interactions necessarily contain the nuclear
spin, and so are very small. Accordingly, the lifetimes
of these states can be extremely long (e.g. months at
1 K) and thus population can be stored in these
states. This is where hole burning comes in. Suppose
laser light excites a molecule in its A-rotor (E-rotor)
state from S0 to S1 (Figure 14). From S1, intersystem
crossing to the triplet state T1 occurs. In the T1 state
the electron spin turns around the nuclear spin via
the hyperfine interaction, the rotor converts from the
A to the E state or from the E to the A state. Light
irradiation thus creates a population redistribution
among the rotational tunnelling states. The point is
that this population redistribution is accompanied by
a frequency transformation because the tunnelling
splitting δ* in S1 may be different from that in S0.
Hence, a hole appears at the laser frequency, which is
accompanied by two antiholes shifted symmetrically
by the difference |δ−δ*| between the tunnelling
splitting in S0 and S1 (Figure 13). The hole offers an
easy way to measure the rotational tunnelling
relaxation. All one has to measure is how the hole
recovers or how the antiholes vanish. Figure 15
shows the tunnelling relaxation rate as a function of
temperature for the protonated and the deuterated
rotor. The rate increases with T 7, indicating a
Raman-type relaxation process. Deuteration speeds
up the relaxation instead of slowing it down because
of the nuclear quadrupole interaction associated with
the deuterons and the fact that the methyl rotor in
the example considered is almost free.

Summarizing the application of hole burning in
spectroscopy, it should be noted that there is also a
large field in which it is used in elucidating photo-
chemical reactions. It is also increasingly used in
studies of photosynthesis, to shed light on the energy
and electron transfer processes, on the nature of the
states involved, on electron phonon coupling and

exciton coherence. Further, the hole burning tech-
nique offers great power to investigate the features
of the energy landscape of proteins and the associ-
ated dynamics in conformation space.

Technology

In 1976 the use of hole burning was suggested for
frequency-domain optical data storage. Figure 16
sketches the principle. The storage medium could,
for instance, be a dye-doped polymer film. In each
spatial spot (Figure 16A) a number of about ∆ωi/
∆ωH bits can be stored in the frequency domain
(Figure 16B), with ∆ωi being the inhomogeneous
width and ∆ωH the hole width. ∆ωi/∆ωH could be as
large as 104–105. As a consequence, the capacity of

Figure 13 Hole burning via nuclear spin conversion in rota-
tional tunnelling states of methyl groups. The sample is di-
methyl-s-tetrazine in n-octane at 1.4 K. The central hole at the
laser frequency is accompanied by two antiholes symmetrically
shifted by 37 GHz.

Figure 14 The level scheme of a methyl rotor attached to a
chromophore. δ and δ* are tunnelling splitting in S0 and S1, re-
spectively. T1 is the lowest triplet state. E and A label the symme-
try species of the rotor states, the subscripts characterize the
total nuclear spin of the methyl protons.
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an optical storage device could be increased by sever-
al orders of magnitude beyond the diffraction limit,
i.e. to about 1012 bits cm–2. So far such a memory has
not been realized because too many requirements
have to be met simultaneously: the high bit density is
achieved only at liquid helium temperatures; at

higher temperatures the information is, at least
partly, lost; appropriate dye molecules should
absorb in the frequency range where common laser
diodes work; the respective Debye–Waller factors as
well as the photochemical yields should be high so
that information can be written and read in the
nanosecond time regime; and repeated reading may
deteriorate the stored information.

Solutions could be found for many of these
requirements. For instance, the use of photon-gated
hole burning ensures nondestructive read out. Many
materials have been discovered in which this concept
could be successfully demonstrated; however,
attempts to unify all the requirements in one system
have failed so far.

Instead of storing data bits in the frequency
domain, they can be stored in the time domain, for
instance as a pulse sequence ES as shown in
Figure 17A. Writing of the information is performed
by interference of the signal ES with a short reference
pulse ER in the photochemical storage material. If the
spectral width of the reference pulse ER is much larger
than the width of the whole signal train ES, which in
turn is much larger than the homogeneous width of
the respective optical transitions of the storage mate-
rial, then the whole Fourier spectrum of the signal
train can be stored as a grating in frequency space, i.e.
as many holes in the inhomogeneous band whose
width, of course, has to be even larger than the width
of the reference pulse. Figure 17B demonstrates how

Figure 16 (A) Hole burning and data storage. (B) In each spatial spot many bits can be stored in the frequency or wavelength
domain. The dye probe, in this case, is quimizarin whose structure is shown in the insert.

Figure 15 Rotational tunnelling relaxation rate as a function of
temperature in a log–log representation. Fitted curves are based
on Raman-type relaxation processes. Note that the tunnelling re-
laxation in the deuterated rotor is faster by two orders of magni-
tude. The sample is dimethyl-s-tetrazine in n-octane.
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the stored information is recovered. If a single pulse
ER hits the sample some time (hours, days, weeks)
later, the sample regenerates the whole pulse
sequence. Depending on how the reference pulse is
applied in the writing and reading procedure, the
time-reversed signal train can be generated as well.
This is nothing other than a special form of the stim-
ulated photon echo where the contrast of the stored
information can be enhanced by accumulating the
information over many writing cycles in the long-
lived photochemical state. Accordingly, the technique
has been called PASPE – photochemically accumu-
lated stimulated photon echo.

As well as storing information bitwise, it is also
possible to store information in an analogue fashion
as a hologram of a picture. The concept is very
similar to that shown in Figures 17A and B, but
with ER and ES being the reference and the object
waves, respectively. The reference wave can, for
instance, be a plane wave. The object wave carries all
the information of the picture. The two waves inter-
fere for some time in the storage medium and create
a hole at the laser frequency. In the frequency
domain this hole is sharp, but in space it is
distributed over a larger part of the storage material.

Again, one can store many holograms in the fre-
quency range covered by the inhomogeneous band.
The holograms can be read by scanning the reading
laser beam over the frequency interval where the
holograms are stored. If the reading laser beam is
directed along the direction of the reference beam,
the burnt-in hologram regenerates the original object
wave. Likewise, reading can be performed in the
electric field domain by making use of the Stark
effect. In this case the holograms are stored with an
electric field applied in a way that each hologram
has its own specific Stark field. The frequency of
the burning (and reading) laser is fixed. In reading
the holograms, the Stark field is tuned. Whenever the
field reaches one of the specific values used during
the storage process, a holographic interference
pattern with a spatially well-resolved modulation of
the absorption coefficient and index of refraction
appears that scatters the light from the reading laser
such that the object wave is regenerated. Figure 18
shows an example: five pictures are stored as holo-
grams in the five holes shown. Since each hole has its
specific Stark field, reading is performed by scanning
the electric field. In this way, a movie is generated,
showing a jogger, as indicated in the figure.

List of symbols

E = field vector (E = |E|); ER = reference pulse;
ES = signal pulse sequence; N = vector of number
density of absorbers oriented at θ to the polariza-
tion of the burning field; T1 = lifetime of purely

Figure 18 Five holograms stored as holes in the electric field
domain. By scanning the field, the five holograms can be read out
serially, resulting in a movie showing a running jogger. Repro-
duced by permission of the Society of Photo-Optical Instrumen-
tation Engineers (SPIE) from Wild UP and Renn A (1988)
Proceedings of the SPIE. 910: 61.

Figure 17 (A) Data storage in the time domain using the
‘PASPE’ technique. (B) Reading the information. The echo is
stimulated by a single pulse.
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electronic state; T = pure dephasing time; α =
Debye–Waller factor, temperature-law exponent;
δ = tunnelling splitting; θ = angle between transition
dipole moment and burning field polarization, angle
between holographic beams; ν = frequency; ∆ω0 =
natural width of zero-phonon line; ∆ωh = homoge-
neous width of zero-phonon line; ∆ωH = hole width;
∆ωi = inhomogeneous line width.
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Vibrational spectra are sensitive to intermolecular
interactions. This is most clearly evidenced by the
differences seen in spectra of condensed phases com-
pared to gases at low pressure which show not just
the loss of rotational sidebands but also changes in
profile, intensity and position. Hydrogen bonding
(H-bonding) provides the most dramatic effects but
even the weak van der Waals forces can significantly
modify spectra. In liquids, collisions can distort mo-
lecular configuration leading to local breakdown of
symmetry.

Hydrogen bonds

Introduction

The hydrogen bond is a weak, fairly directional, in-
teraction represented here as a broken line in the
scheme A–H---B. Atom A is electronegative, the A–H
bond being therefore slightly ionic in character, and
atom B possesses an area of basicity such as lone
pairs on nitrogen, oxygen and halogen or π electron
rings (here B is a group of atoms) in certain aromatic
systems. The energies of interaction are of an order
of magnitude less than covalent bonds but greater
than the very simple non-directional non-covalent
forces (van der Waals or dispersion forces) that
occur between all molecules. The unit A is generally
oxygen, nitrogen or halogen but S–H and in certain
circumstances even C–H can engage in H-bonding.

Theoretical and experimental studies suggest that
the hydrogen bond is not purely electrostatic but has
some covalent character. It is observed from
crystallographic and other investigations that the
length of the A–H bond increases and the distance

between A and B decreases with increasing strength
of interaction. In the limit of the weakest H-bonds, A
and B are separated by about the sum of their colli-
sion radii. This is slightly greater, by about 0.5 Å
than the sum of the van der Waals radii.

Figure 1 shows IR spectra of isopropanol in solu-
tion (CCl4) at various concentrations, the pathlength
being adjusted to compensate as nearly as possible
for the changes in molarity. It illustrates the dra-
matic effects of H-bonding (between the hydroxyl
groups) on the O–H stretching mode. The free bond
yields a relatively narrow band above 3600 cm–1 but
the singly and doubly H-bonded groups give broad
and intense absorptions near 3500 cm–1 and
3350 cm–1 respectively.

This behaviour of the stretching band ν (A–H), of
shift to lower frequency, increase in overall intensity
and band broadening is highly characteristic and
indicative of H-bonding. In extreme cases shifts of
more than 2000 cm–1 are observed while breadth
and intensity increases can be two orders of
magnitude or so.

The band shift and intensity changes can be crudely
rationalized on the basis of a decrease in force con-
stant due to weakening (lengthening) of A–H and
increased polarization on interaction with B.

Raman spectra show similar behaviour to IR in
terms of shift and band breadth but the intensity
increase is not observed. Figure 2 illustrates part of
the spectrum of a mixture of deuterium chloride and
dimethyl ether in the gas phase. The stretching
vibration of unassociated DCl can be seen at
2085 cm –1 along with rotational side bands, while
H-bonded DCl yields a broad absorption underlying
the sidebands centred near 1885 cm–1.

VIBRATIONAL, ROTATIONAL & 
RAMAN SPECTROSCOPIES

Applications
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The bending vibrations of A–H are affected much
less than the stretching vibration. Some broadening
and intensification takes place but the small shift is
to higher wavenumbers.

The new vibration, ν(A–B), the overall stretching
of the system and one which directly reflects H-bond
strength, is found at low frequencies usually no
higher than about 200 cm–1. Probably the strongest
H-bonded system in existence, the symmetrical
bifluoride ion (F–H–F)–1, has ν(F–F) near 600 cm–1.

Finally, the vibrational modes of bonds directly
attached to B are significantly affected. Carbonyl
groups which have been extensively studied as
H-bond acceptors show downward shifts in ν(C=O)
of as much as 40 cm–1.

Dependence on temperature and concentration

In gas and liquid phases the extent of H-bonding de-
creases with rise in temperature and quantitative
band-intensity measurements can give values for
various thermodynamic quantities.

In solution similar measurements on concentration
dependencies can also provide information on
energetics but in addition can be used to allow

Figure 1 Effect of H-bonding on the O–H stretching vibration of
isopropanol. Reproduced with permission from Colthup NB, Daly
LH and Wiberley SE (1975) Introduction to Infrared and Raman
Spectroscopy. New York, San Francisco and London: Academic
Press.

Figure 2 Part of the Raman spectrum of a gaseous mixture of
(CH3)2O and DCl. Reproduced with permission from Gilbert AS
and Bernstein HJ (1974) Measurement of rotational temperatures
by Raman spectroscopy: application of Raman spectroscopy to
the acquisition of thermodynamic values in a chemical system.
In: Lapp M and Penney CM (eds) Laser Raman Gas Diagnostics,
pp 161–169. New York: Plenum Press.

Figure 3 The IR spectra of hydroxyacetophenones in CCl4
solution. Reproduced with permission from Colthup NB, Daly LH
and Wiberley SE (1975) Introduction to Infrared and Raman
Spectroscopy. New York, San Francisco and London: Academic
Press.

HYDROGEN BONDING AND OTHER INTERACTIONS STUDIED BY IR AND RAMAN SPECTROSCOPY
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qualitative conclusions about structure to be made.
For instance, Figure 3 shows the IR spectra of ortho
and para hydroxyacetophenones in solution. The
para isomer in dilute solution is almost entirely free
but the ortho isomer by contrast exhibits complete
internal H-bonding which, as would be expected, is
unaffected by change in concentration.

Correlations with bond length

In crystals the stretching vibrating is observed to
possess a sort of half-parabolic relationship with
overall H-bond distance (i.e. length A–B). Figure 4
shows data from a number of O–H---O systems.
Note that data from other families (e.g. N–H---O)

Figure 4 Correlation between the hydrogen-bonded O–H stretching frequency ν(O–H) and RO···O (the O···O bond distance) for
O–H---O H-bonds in crystals. The weakly bonded examples are mostly salt hydrates, the strongest examples (those with frequencies
below 1000 cm–1) are in the main organic singly-ionized diacid anions (oxygen analogues of bifluoride ion). Reproduced with
permission of Springer-Verlag from Novak A (1974) Hydrogen bonding in solids: correlation of spectroscopic and crystallographic
data. Structure and Bonding 18: 177–216.

HYDROGEN BONDING AND OTHER INTERACTIONS STUDIED BY IR AND RAMAN SPECTROSCOPY
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fall along separate curves. The sum of the van der
Waals radii for two oxygens is about 2.8 Å.

Correlations with acidity/basicity and energy of 
interaction

The strength of H-bonding increases with greater pro-
ton-donating ability of the A–H moiety and increas-
ing proton-accepting power of the base B. Figure 5
shows the effect of differing basicity on isopropanol
at constant concentration. Here the solvent itself
plays the role of the base. In benzene (inert) the hy-
droxyl groups are mostly free (the weak sideband in-
dicates a small amount of OH to OH bonding) but
are almost entirely H-bonded to either tetrahydro-
furan, pyridine or triethylamine. The shift ∆ν(A–H) is
proportional to solvent pKa, the values being −2.1,
5.2 and 11 respectively.

The Badger–Bauer rule states that there is a linear
relationship (in solution) between the shift ∆ν(A–H)
and ∆H, the enthalpy of H-bond formation, but it
was formulated originally from early and somewhat
limited data. More comprehensive work has since
shown that there are deviations from linearity, most

obviously in the region of weaker bonding. Each
individual system again has a separate relationship,
each system here being a one-proton donor (e.g.
phenol) with a range of organic bases or vice-versa in
a particular solvent.

The solvents utilized must of course be inert; CCl4
or benzene are commonly used. Detailed work
suggests that family types must be very exclusive to
have a smooth relationship, for example a range of
nitrogen bases must be all of the same electronic
configuration and must be free of the complications
of steric interference.

When a single carbonylic base is used, ∆ν(C=O) is
found also to yield largely linear relationships with
∆H. Other studies find quite reasonable linear
relations between band shift and ∆G (the free energy
difference derived from association constants) within
specific families of donor and acceptor. While there is
some theoretical justification for a linear relationship
between shift and enthalpy (or more specifically with
∆E, the internal energy change, in the gas phase) the
linear relation with ∆G is only empirical as the latter
cannot be directly related with ∆H (or ∆E).

Estimation of thermodynamic quantities

IR absorbance spectroscopy obeys the Beer–Lambert
law whereby band absorbance is linearly related to
concentration of the molecule in solution. This
allows the estimation of the association constant,
and thereby ∆G, by measuring the decrease in the
intensity of the free A–H band on formation of an
H-bond along with knowledge of the total amounts
of each substance present. The degree of association
(whether dimer, trimer etc.) can be found by examin-
ing the way H-bond formation varies with change in
concentration. The enthalpy can be estimated by
measuring the association constant over a range of
temperatures and employing the van’t Hoff
equation, subject to the usual caveats when using
this relationship.

Strong H-bonds

On the basis of the simple electrostatic picture a
much stronger H-bond should result if either A–H or
B are ionized. This is indeed found from crystal-
lographic data, the bifluoride ion being a well
known example. Many very short and strongly
bonded O–H–O systems exist; Figure 6A, B shows
the IR spectra of sodium hydrogen diacetate, which
contains [CH3C–(=O)O--H--O(O=)CCH3]–, and its
singly deuterated equivalent. The O–O distance is
slightly less than 2.45 Å and the proton is located
equidistant (or very nearly so) from the two oxygens.
It should be noted that the spectra are displayed here

Figure 5 Effect of changing the solvent on the O–H stretching
vibration of isopropanol. Reproduced with permission from
Colthup NB, Daly LH and Wiberley SE (1975) Introduction to In-
frared and Raman Spectroscopy. New York, San Francisco and
London: Academic Press.
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in absorbance so that the bands go upwards. Both
ν(OH) and ν(OD) yield very broad bands starting at
around 2500 cm–1 and extending to below 500 cm–1.
The band maximum is at about 750 cm–1 in the first
case and somewhere around 600 cm–1 in the other.
Both spectra display a sharp nick (window) at about
900 cm–1 and such features often abound in spectra
of these types of compounds to give very bizarre
appearances.

Isotope shifts (H→D) in such compounds are
often much lower than normal (which is slightly less
than �2) though the jagged profiles of the bands can
make estimation difficult. All the phenomena suggest
that the potential surfaces for vibration are quite
anharmonic.

Many medium-strength H-bonds also yield
strange features in their stretching bands, carboxylic
acids being a case in point.

Explanations for bandwidth increase

Surprisingly there is as yet no accepted explanation
for the phenomenon of band broadening in H-bond-
ing. It may be that a number of different causes are
responsible. A major factor is undoubtedly the ab-
normality of the vibrational potential functions
which appear both from experiment and theory to
be often considerably more anharmonic than usual.

Various suggestions for the likely effects of anhar-
monicity include very short lifetime of the excited
vibrational state (uncertainty broadening) and
breakdown of the Born–Oppenheimer approxima-
tion (i.e. motion of electrons and nuclei are no longer
independent, which might be viewed as leading to a
multiplicity of potential functions). Special factors
may operate in the liquid state; in water the
combination of distribution of bond lengths and

high polarizability may be connected not only with
broad bands but also with the presence of extensive
continua that underly the spectrum. In solids, break-
down of selection rules for acoustic modes could
contribute to breadth. Widespread interactions with
other vibrational modes, including Fermi resonance,
are responsible for the strange and broken profiles
and can give the appearance of band plurality.

In some instances strong reflection from solids
may artificially broaden IR absorbance spectra. This
is certainly the case for the bifluoride ion.

Non-specific forces in the liquid state

Compared to the vapour, band shifts similar in sign
though smaller in general magnitude to H-bonding,
even in its absence, are observed in liquids and solu-
tions. Thus stretching vibrations are slightly shifted
to lower wavenumber; for instance ν (C=O) from
PhC(=O)CH3 is 1709 cm–1 in the vapour but
1697 cm–1 in hexane and 1692 cm–1 in CCl4. As a
number of different effects are likely to influence the
electronic structure and bond dynamics, quantitative
predictions are difficult. Attempts to relate shifts to
bulk properties only, such as dielectric constant,
while ignoring nearest-neighbour interactions have
therefore met with little success.

While many of these interactions are essentially
very weak they nevertheless can affect vibrational
spectra quite significantly. Solute–solvent interac-
tions though only causing minor changes in band
profile or position can severely interfere with quanti-
tative analysis. This is because the spectrum of the
pure solvent will differ from when it is involved in
solution, preventing accurate subtraction if solvent
and solute bands overlie each other.

Solute–solvent interactions can occasionally be put
to good use, as in the spectral resolution of enantio-
meric pairs. By themselves monostereoisomers have
identical spectra but when dissolved in an optically
active solvent such as D- (or L-)2-octanol (available
commercially) yield slightly different spectra. This is
because of the asymmetry of the respective interac-
tions which effectively create diastereoisometric
pairs.

Collisional interactions

Collisions between molecules can cause distortion
and alter the symmetry. Carbon disulfide is linear
with a centre of symmetry (the two C=S bonds are
equal in length) and thus the symmetric-stretching
vibration at about 650 cm–1 is forbidden in the IR. It
is however observed as a weak band in IR spectra of
liquid CS2. Normally forbidden bands can also make

Figure 6 The IR spectra of (A) NaH(CH3CO2)2 and (B) NaD-
(CH3CO2)2. Reproduced with permission from Hadzi D (1965) In-
frared spectra of strongly hydrogen bonded systems. Pure and
Applied Chemistry 11: 435–453.
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appearances when charge-transfer complexes are
formed, iodine–pyridine being an example.

Collisions are also responsible for inducing tran-
sient polarizations in non-polar molecules which
result in a characteristic broad absorbance in the
liquid in the range 40–100 cm–1. Both geometric dis-
tortion and induced local dipole moments are
involved.

Matrix isolation

It is possible to control and distinguish many interac-
tions by use of the matrix-isolation technique. This
involves highly diluting a species of interest with an
‘inert’ and IR-transparent gas, such as argon or ni-
trogen, and condensing the mixture at very low tem-
perature (liquid helium) onto an IR-transparent
window (or a Raman cell). By varying the dilution it
is possible to isolate single molecules or controlled
associations of molecules in ‘cages’ of the matrix gas.
Reactive species can be trapped and studied at lei-
sure. The very low temperature solid phase has the
advantage of eliminating translations and collisions
yet also yielding generally very sharp bands which
can aid in distinguishing mixed species.

Figure 7 shows IR spectra of methanol in various
phases including an argon matrix. The bands
observed are all from O–H stretching and demon-
strate the advantage of the matrix technique. The
vapour-phase spectra are dominated by rotational
side bands; only H-bonded multimer can be seen in
pure liquid and solid, though solution shows dimer
as well. Spectra from the matrix at two different
dilutions can however distinguish dimer, trimer,
tetramer and multimer.

Simple molecular aggregates are amenable to
detailed ab initio molecular orbital calculations of
vibrational modes, which can be compared to exper-
iment to resolve structural dilemmas. For instance
theory predicts that the linear-asymmetric H2O dimer
is more stable than the cyclic-symmetric alternative.
Consistent with theory, the low-temperature matrix
spectrum can only be fitted to the linear structure.

Inelastic neutron scattering

This technique complements IR and Raman spec-
troscopy in the study of H-bonding in the solid state.

List of symbols

R = O···O bond distance; ∆E = internal-energy
change; ∆G = free-energy difference; ∆H = enthalpy
of bond formation; ∆ν = O–H stretching frequency.

See also: IR Spectrometers; IR Spectroscopy Sam-
ple Preparation Methods; IR Spectroscopy, Theory.
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Introduction

One of the most fascinating fields of instrumental
development in mass spectrometry (MS) is hyphena-
tion: the on-line coupling of various techniques to
MS. Apart from the obvious combinations of
straightforward coupling of gas chromatography
(GC) or liquid chromatography (LC) to MS, a wide
variety of other combinations has been described.
This contribution pays attention to the rationale of
hyphenated techniques and briefly indicates a
number of typical applications.

The key idea behind hyphenation is the significant
gain in signal-to-noise ratio, and thus improvement
in detection limit, that can be achieved by multi-
dimensional methods. This concept was nicely
pictured by Yost and co-workers, in the early 1980s
(Figure 1). While in hyphenation the response or
signal achieved decreases with the increasing number
of couplings or dimensions, the (chemical) noise
decreases even faster due to the increased selectivity,
thus resulting in an improved signal-to-noise ratio.
Another important issue is the ability to avoid
sample losses and sample contamination in on-line
rather than off-line combinations.

In principle, one can discriminate between various
approaches to hyphenation, depending on the
primary objective:

(a) On-line separation technique coupled to MS, e.g.
GC-MS and LC-MS.

(b) On-line sample pretreatment in combination
with a separation technique coupled to MS.

(c) On-line multidimensional separation techniques
coupled to MS.

(d) On-line coupling of a separation technique to
multiple detection strategies, one of which is MS.

Obviously, a combination of these strategies is also
possible. Examples of these approaches are given
below.

Tandem mass spectrometry

The first hyphenated approach to be considered is
the on-line combination of MS and MS, i.e. tandem
mass spectrometry (MS-MS). A variety of
combinations of different mass analysers have been
described, including quadrupole and magnetic-sector
analysers as MS1, and quadrupole, magnetic-sector,
ion-trap and time-of-flight analysers as MS2. Instru-
ments like triple-quadrupoles are widely used for
MS-MS, either as stand-alone systems with sample
introduction via a solids insertion probe or flow-in-
jection analysis, or in on-line combination with GC
or LC. The work of Yost and co-workers and of
Hunt and colleagues exemplify these methods.

In the most common mode, i.e. the product-ion
mode, MS1, is used to select a precursor ion with a
particular m/z from the variety of ions generated in
the ion source. The mass selected ions are dissociated
via collisions with an inert gas in a collision cell, and
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the product-ions are subsequently mass-analysed by
MS2. In this setup, MS1 can be considered as a sepa-
ration technique, while MS2 is operated as a
conventional mass analyser and detector. Analogies
between MS-MS and GC-MS have frequently been
drawn (Figure 2). It has been argued whether a chro-
matographic separation is actually still required in a
combination with MS-MS, given the excellent selec-
tivity that can be achieved. However, it is currently
generally agreed that some separation is required, at
least in the analysis of samples of biological or
environmental origin, in order to avoid rapid contam-
ination of the ion source and in order to reduce and/
or avoid analyte ion suppression effects, i.e. in elec-
trospray ionization.

MS-MS is currently very widely used in combina-
tion with chromatographic separation methods,
especially LC. The obvious reason for this is the
frequent use of soft ionization techniques in LC-MS
interfacing, i.e. electrospray and atmospheric-pres-
sure chemical ionization. MS-MS allows additional
structural information as well as the molecular mass
information to be obtained. On-line LC-MS-MS is
currently the method-of-choice in quantitative
bioanalysis in (pre-)clinical pharmacological studies
during drug development in pharmaceutical indus-
tries. In these studies, the instrument is operated in

selective-reaction monitoring (SRM) mode, selecting
a particular precursor ion in MS1 and selecting and
detecting one or more product ions in MS2. The
excellent selectivity, the high level of confidence of
identity, and the ability to use stable isotopically
labelled internal standards are important arguments
for the use of SRM in this type of routine
applications.

On-line chromatography–mass 
spectrometry

The on-line combination of a chromatographic
separation technique (GC, LC, but also thin-layer
chromatography (TLC), capillary zone electrophore-
sis (CZE) and supercritical fluid chromatography
(SFC)) with MS enables the mass spectrometric
characterization of components in complex mixtures
after separation with minimal or no sample loss. It is
especially useful in the identification of minor or
trace components that are difficult to collect by
fractionation of the column effluent or would be
easily lost. Furthermore, as already indicated above,
on-line GC-MS and LC-MS-MS are important tools
in quantitative bioanalysis as well. Obviously, frac-
tionation in large series of samples for routine
quantitative applications would be extremely
time-consuming and ineffective.

GC-MS plays an important role in many applica-
tion areas, including the characterization of compo-
nents in petroleum and derived products and in
essential oils, the identification and quantitation of
compounds of environmental interest such as
polychlorodibenzodioxins and related compounds,
polycyclic aromatic hydrocarbons, pesticides and
herbicides, and a variety of other microcontami-
nants. In addition, GC-MS is important in the analy-
sis of compounds of pharmacological, forensic and/
or toxicological interest, including drugs, anaesthet-
ics, steroids, growth hormones and drugs of abuse.

Figure 1 Hyphenation of analytical techniques. Dependence
of the signal S, the noise N, and the signal-to-noise (S/N) ratio on
the number of analytical stages.

Figure 2 Schematic comparison of MS-MS and GC-MS.
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LC-MS is applied in complementary fields, where
the analytes are not amenable to GC-MS. LC-MS is
for instance applied in the identification and
quantitation of pesticides, herbicides, surfactants
and (sulfonated) azo dyes in environmental samples,
in the identification of drugs during drug develop-
ment, their degradation products and metabolites, in
the quantitative bioanalysis of drugs and related
compounds in biological tissues and fluids, in the
characterization of natural products, such as alka-
loids, taxoids, toxins, as well as endogenous com-
pounds like acylcarnitines, prostaglandins, bile
acids. Furthermore, LC-MS plays an important role
in biochemical and biotechnological applications of
MS, via the electrospray MS and electrospray
LC-MS analysis of biomacromolecules like peptides,
proteins and DNA fragments.

Methods and some applications of GC-MS and
LC-MS are discussed in a separate contribution.

The on-line combination of TLC and MS via FAB,
liquid SIMS, or MALDI has also been frequently
described. The TLC-MS combination, recently
reviewed by Somsen and co-workers, is applied for a
wide variety of compounds, including drugs and
their metabolites, antibiotics, steroids, alkaloids,
lipids, bile acids, porphyrins, dyes and peptides.

On-line sample pretreatment

With the advent of LC-MS technologies, the on-line
combination with various sample pretreatment
strategies received considerable attention. The
rationale for on-line sample pretreatment is to avoid
sample losses and sample contamination during the
off-line transfer from one step of the analytical
procedure to another. In addition, an on-line proce-
dure greatly facilitates automation of the complete
procedure, thereby speeding up the analysis. The
most successful and most widely applied approach is
on-line solid-phase extraction (SPE) in combination
with LC-MS. A number of instruments have been de-
veloped and commercialized for this combination,
e.g. the Varian AASP, the Gilson ASPEC, the Spark
Holland Prospekt, and the Merck OSP-2. In all these
automated systems, the sample constituents within a
certain polarity range are trapped onto a short car-
tridge column (or Empore disk) containing reversed-
phase LC packing material. The cartridge or disk
may be washed with water to remove hydrophilic
sample constituents. Subsequently, the analytes of in-
terest are desorbed and transferred to an LC column
for separation. These on-line SPE strategies serve for
both sample pretreatment and analyte preconcentra-
tion. While on-line SPE-LC-MS was initially mainly

developed for quantitative bioanalysis, the most im-
portant current application is in environmental anal-
ysis, i.e. in the selective sample pretreatment and
analyte preconcentration of pesticides, their degrada-
tion products as well as other microcontaminants
from surface water as an on-line part of the SPE-LC-
MS or SPE-LC-MS-MS analysis. The results of the
group of Brinkman show that analyte preconcentra-
tion by factors up to 103 or 104 are feasible in pesti-
cide analysis from surface water, enabling
concentration detection limits well below 0.1 µgL–1.

Consecutively, the same group demonstrated that
SPE can also be applied in an on-line combination
with GC-MS. An example is the SPE-GC-MS
analysis of 10 mL of river Rhine water spiked at the
0.5 µgL–1 level with 80 microcontaminants, such as
chlorobenzenes, aromatic compounds, anilines,
phenols and organonitrogen and organophosphorus
pesticides.

In addition to SPE, other sample pretreatment
methods have been combined with GC-MS (see
Goosens and co-workers), LC-MS or to MS(-MS)
directly, e.g. on-line membrane sample introduction,
solid-phase micro-extraction (SPME), supercritical
fluid extraction and membrane dialysis.

A variety of on-line sample pretreatment proce-
dures have been described for the coupling to on-line
capillary zone electrophoresis (CZE)-MS, including
capillary isotachophoresis, electrodialysis, liquid–
liquid electroextraction and SPE on Empore disks.
The latter system was applied to the analysis of the
neuroleptic drug haloperidol in patients’ urine by
on-line Empore-disk SPE-CZE-MS.

Multidimensional separation 
techniques

Multidimensional separation techniques have been
developed with a number of objectives such as in-
creased peak capacity and/or improved resolution for
the separation of highly complex samples, shortened
analysis time via heartcut and partial analysis of
fractions from complex samples, and enhanced de-
tection of trace components. Both GC-GC, LC-GC,
and LC-LC methods as well as various other multidi-
mensional combinations involving CZE or SFC have
been described and coupled to mass spectrometry. In
most cases, the multidimensional approach compris-
es a combination of two chromatographic columns,
either containing two different stationary phases
(both GC and LC), or developed with two different
mobile phases (LC only). The sample is injected onto
the first column. Part of the chromatogram is heart-
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cut, either sampled onto a retention gap or short
trapping column or transferred directly, and subse-
quently analysed on the second column, which is
then interfaced to an MS. A typical setup for LC-LC-
MS is shown in Figure 3.

Several examples of on-line multidimensional
GC-MS were reviewed by Ragunathan and co-
workers including the characterization of essential
oils in order to determine the composition, to iden-
tify or quantify enantiomers, or to study the chemo-
taxonomy of the oil, and the determination of
coplanar polychlorobiphenyls congeners.

The on-line combination of LC-GC-MS is applied
in a variety of analytical problems, such as the analy-
sis of (trace amounts of) aromatic compounds in
complex fossil fuel fractions or in vegetable oil, the
identification of microcontaminants in surface
water, and the identification of impurities in phar-
maceutical products.

The on-line combination of LC-LC-MS has been
investigated for a number of reasons. In addition to
the general prospects of multidimensional separation
techniques, especially enhanced selectivity, there was
special interest in the ability to perform LC-LC with
two different mobile-phase compositions. In this
way, it should be possible to avoid problems with
mobile-phase incompatibility due to the use of non-
volatile mobile-phase constituents. A good example
of this approach is the determination of enantiomers
of β-blockers in plasma samples, described by
Edholm and co-workers. Racemic mixtures of a
β-blocker like metoprolol can be separated on a
α1-acid glycoprotein column. However, the chroma-
tography requires the use of a 20 mM phosphate
buffer (pH 7) in the mobile phase, which is not com-
patible with on-line LC-MS. Therefore, the chiral
column was coupled via a set of two trapping
columns to a common reversed-phase LC column.
After separation, the two enantiomers were sepa-

rately trapped onto two short columns and subse-
quently transferred to the second LC column for
analysis with a mobile phase containing ammonium
acetate, which is well compatible with the thermos-
pray LC-MS interfacing applied in this study.
Subsequently, it was demonstrated that by the use of
MS-MS the second separation step could be avoided:
the effluent from the trapping column can be directly
introduced into the MS-MS system, operated in
SRM mode. This phase-system switching approach
is well suited for solving this type of mobile-phase
incompatibility problem.

Multiple detection strategies

The increasingly more difficult analytical problems
to be solved is an important impetus in all develop-
ments in hyphenated techniques, but especially in
multidimensional detection strategies. Development
of adequate separation techniques for the analysis of
complex samples is often a difficult task, independ-
ent of the question whether one is interested in only
one compound present at trace level, or in character-
ization and structure elucidation of most sample
components. Multidimensional separation tech-
niques were developed in order to achieve the sepa-
ration of the components of very complex samples.
MS is an extremely powerful technique for the iden-
tification and structure elucidation of unknowns.
The sensitivity of MS as a fairly universal technique
in this area is unsurpassed. However, in many
instances the information obtained from MS is not
sufficient to enable unambiguous identification of
the unknown compounds. Furthermore, in certain
application areas it is obligatory to identify the
components with such a high level of confidence that
independent results from a second technique in addi-
tion to MS are required, as for instance for impurity
screening of pharmaceutical products. Improved lev-
els of confidence in identification and structure eluci-
dation can be achieved by the use of multiple
detection strategies. Although detection with a vari-
ety of detectors can be achieved via multiple analysis
of the sample on systems equipped with different
detectors, there has been a growing interest and need
for systems which enable the use of multiple detec-
tors coupled to a single analytical separation system.
This is especially important in two areas, i.e. in the
analysis of very complex samples where multiple
detection strategies coupled to one single data-acqui-
sition and processing system can greatly facilitate the
interpretation of the data, and in the high through-
put analysis where minimization of the analysis time
is of utmost importance.

Figure 3 Schematic diagram for a coupled-column LC-LC-MS
system.
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Several dual or multiple detection systems involv-
ing MS have been described. In this respect, one
should not forget that the mass spectrometer is a
destructive detector. Therefore, the mass spectro-
meter should be the final detector in a series. Combi-
nation with another destructive detector, e.g. a flame
ionization detector, is possible only after splitting the
column effluent, while in-line coupling with a non-
destructive detector, e.g. a UV absorbance detector,
is only possible when this detector does not result in
too much chromatographic peak broadening. In
several cases, the second nondestructive detector is
used in parallel rather than in series, e.g. because the
sensitivities of both detectors are widely different, or
in order to avoid the loss of chromatographic
resolution due to excessive peak broadening by the
first detector in the series. The most widely applied
dual detector strategies are those where MS is com-
bined with another spectrometric technique, in order
to obtain complementary structural information.

Two types of spectrometric detectors have been
widely used in an in-line combination with GC-MS,
i.e. Fourier-transform infrared (FT-IR) and atomic
emission spectrometry (AED). Both FT-IR and AED
are used in parallel with the MS, i.e. after a split.

GC-FT-IR-MS systems are commercially available.
When the measured IR spectrum of an unknown is
not present in the IR spectral library, the FT-IR part
of the system can help in the identification of an
unknown by providing information on functional
groups and the structural backbone. While
homologues cannot readily be identified from IR
spectra but easily discriminated by MS, the FT-IR
part can be used as an important tool in discriminat-
ing between structural isomers where MS generally
fails. Typical applications of GC-FT-IR-MS can be
found in the analysis of essential oils, flavours and
fragrances, and in the identification of isomeric reac-
tion products or other types of isomeric compounds.
The potential of a dual detection GC-FT-IR-MS
system was also explored for the identification of
illicit drugs, e.g. in tracing banned stimulants used
by athletes.

The combination of GC-AED-MS to our knowl-
edge is not (yet) commercially available. The element
specificity of the AED can be of great help in identi-
fying particular classes of compounds in complex
samples, e.g. in environmental screening. The AED
provides information on the presence of certain ele-
ments, e.g. halogens, nitrogen, or phosphorus, in the
chromatographic peaks detected. This facilitates the
search for relevant peaks as well as the interpretation
of the mass spectra of particular compounds in a
complex chromatogram. In addition, the AED can

provide a fairly accurate determination of the ele-
mental composition, thereby often excluding the
need for accurate mass determination by expensive
magnetic sector instruments. Furthermore, GC-AED-
MS can be applied in the analysis of organometallic
compounds, e.g. organomercury and organotin com-
pounds.

The availability of nondestructive flow-through
detectors for LC, e.g. UV absorbance and fluores-
cence detectors, readily leads to the application of
dual detection systems in LC-MS. While the
additional information of single-wavelength UV
detection is generally limited, the availability of effi-
cient and sufficiently sensitive UV-photodiode array
detectors enables the on-line acquisition of UV
spectra as well as mass spectra (Figure 4). Although
the structural information available from a UV spec-
trum is generally limited, especially in a relatively
undefined solvent mixture during gradient elution,
the on-line combination can successfully be used in
facilitating identification when appropriate UV spec-
tral libraries are available. The combination of reten-
tion time in a well defined LC system, the match of a
UV spectrum, and the molecular mass (and possible
structural information) from MS are especially useful
for confirmation of identity, e.g. in multiresidue
screening for pesticides in environmental samples or
antibiotics in food products. Furthermore, an excel-
lent feature of UV-PDA systems in combination with
appropriate software is peak purity assessment,
based on changes of the UV spectra over the chroma-
tographic peak. This feature may be helpful in impu-
rity profiling by LC-UV-PDA-MS.

Although the use of FT-IR in combination with
LC is of growing importance, the on-line or in-line
combination of FT-IR and MS is not yet frequently
applied. However, the on-line combination of
LC-MS and NMR is currently introduced as an
important tool in identification of impurities,
degradation products, and/or metabolites of phar-
maceutical products. A recent example of on-line
LC-NMR-MS is the characterization of ibuprofen
metabolites in human urine. Simultaneous acquisi-
tion of electrospray MS and NMR spectra of syn-
thetic drug products in an ‘open-access’ setting has
also been reported.

Final considerations and 
perspectives

Hyphenation in relation to MS is an important re-
search topic because in many instances the optimum
tuning of the two or more parts of the setup requires
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considerable attention. Good knowledge of both
parts is required in order to avoid the often
inevitable compatibility problems and to obtain best
possible results. However, hyphenated MS tech-
niques have already widely proved their value in
solving real analytical problems.

In principle, the use of advanced data-processing
software could be considered as a hyphenated
approach as well, but in general is not. However,
one can question whether the use of principal com-
ponent analysis and similar data-processing tech-
niques does not have a similar impact on the
analytical procedure and its result as the hardware
hyphenation discussed above.

Software for both controlling the hyphenated
combination of techniques and efficient processing
of the data is of utmost importance to the break-
through and general use of a hyphenated technique.
In this respect, the development of automatic tuning
and calibration software for GC-MS and more
recently LC-MS, of computer spectral library search-
ing after electron ionization, and of efficient quanti-
tation software packages after both GC-MS and LC-
MS can be considered as important steps in the
development of hyphenated techniques. Control of
the complete (often multivendor) instrumentation,

including the GC or LC chromatograph, the sample
processor or autosampler, on-line or off-line second
(scanning) detectors from within a single software
platform, often the MS control and acquisition soft-
ware, is also essential and obligatory for the success
of the technique. Some instruments enable high
levels of automation and control via the use of
macro scripts or instrument control languages. Such
approaches may be used for optimization and/or
control of the various steps in the hyphenated tech-
nique, but also for artificial-intelligence type of
applications where the software makes decisions
concerning the analytical strategy to follow or the
type of experiments to perform on the basis of the
data acquired. The latter is, for instance, applied in
data-dependent product-ion scanning during GC-
MS-MS and LC-MS-MS.

Progress is also made in software for mass spectral
interpretation, especially for the so-called deconvolu-
tion of (mixed) ion envelopes of multiply charged
protein ions generated by electrospray ionization,
and for the peptide sequencing by MS-MS tech-
niques. In that respect, the development of tools to
search extensive protein and DNA databases using
peptide maps, peptide molecular masses, LC reten-
tion time data, and sequence tags is an enormous

Figure 4 An example of typical results from an LC-UV-PDA-MS setup for dual detection of separated compounds.
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step forward in the routine application of hyphen-
ated MS-MS.

Excellent examples of the hybrid of hyphenated
hardware, automated sample processing via compu-
ter control of the instrumentation, and automated
data processing can be found in approaches recently
developed in relation to combinatorial chemistry. In
order to screen a particular combinatorial library in
a 96-well plate, high throughput electrospray LC-
MS is applied. The data are postprocessed by means
of a browser, which compares the molecular mass
measured with expected values, taking into account
the various cationized and anionized species that
may be generated during electrospray ionization. By
means of green and red colours, the software indi-
cates on a screen representation of the 96-well plate
which samples were found to be present and which
were not. In addition to this, and using similar soft-
ware strategies, the use of automated fraction collec-
tion after preparative LC under control of the data
acquired by MS has been demonstrated. This
hyphenated approach allows the purification of par-
ticular products from extensive combinatorial librar-
ies based on the results of a first biological screening
and prior to a more advanced biological screening,
using the purified products.

See also: Atmospheric Pressure ionization in Mass
Spectrometry; Biochemical Applications of Mass
Spectrometry; Chemical Structure Information from
Mass Spectrometry; Chromatography-MS, Methods;
Isotopic Labelling in Mass Spectrometry; Medical Ap-
plications of Mass Spectrometry; MS-MS and MSn.
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Introduction
The phosphorus nucleus has occupied centre stage in
the development of in vivo NMR spectroscopy for
two important reasons. First, the NMR properties of
the nucleus are well suited to in vivo NMR (100%
natural abundance, reasonable sensitivity and
adequate but not excessive chemical shift). Second,
key metabolites, particularly those involved in the
production of energy, contain phosphorus and are
present in substantial concentrations in living tissue.
It is for these reasons that the first NMR spectra of
living cells (a suspension of erythrocytes), and later of
excised frog muscle, were obtained using 31P NMR.
In both instances, resonances were observed from
adenosine triphosphate and inorganic phosphate, the
position of the latter being an indicator of intracel-
lular pH. Additional peaks were seen from 2,3-
diphosphoglycerate (2,3-DPG) in red blood cells and
creatine phosphate in skeletal muscle. Despite the
comparative simplicity of 31P NMR tissue spectra,
the technique offers unique insight into the
regulation of critical energetic pathways. The early
studies of ex vivo samples were soon extended to
in vivo examination of intact animals and later to
humans, experiments which were made possible by
the development of large superconducting magnets,
the use of local surface coil probes and the invention
of a variety of techniques for localizing the source of
the NMR signal.

Techniques for 31P spectroscopy
in vivo

Signal acquisition and spatial localization

Perhaps the most critical step in the development of
in vivo spectroscopy was the realization that it
was not necessary to surround the ‘sample’ with a

conventional NMR probe, but that a small local coil
(a surface coil) could be placed against an animal to
preferentially receive signals from the tissues adjacent
to this coil. The surface coil has two advantages,
namely excellent sensitivity close to the coil and
inherent localizing properties owing to the rapid
fall-off of the magnetic flux away from the coil.
However, when deep tissues are to be investigated,
additional localization is required. In choosing an
appropriate technique for obtaining 31P NMR spec-
tra from a live animal or man, careful consideration
must be given to the spatial resolution and signal-to-
noise ratio which can reasonably be expected. As the
phosphorus nucleus has only 6% of the sensitivity of
the proton, it follows that these expectations will be
somewhat more modest than for 1H spectroscopy.
The usual approach is to adopt the least demanding
methodology appropriate for any particular appli-
cation. As a consequence, in many instances simple
surface coil localization is used to give adequate
localization and provide the best signal-to-noise ratio
in short acquisition times. When this simple
approach is inadequate, a range of single and multi-
ple voxel methods can be considered, but care must
be taken to choose methods which work well at short
echo times to avoid excessive T2 relaxation and mini-
mize problems due to the J modulation of peaks such
as adenosine triphosphate (ATP).

Dealing first with the single voxel approach, image
selected in vivo spectroscopy (ISIS) is frequently the
method of choice because the spins are kept predo-
minantly along the z axis, thus minimizing T2 and J
coupling effects. Other localizing schemes (e.g. stim-
ulated echo acquisition mode spectroscopy (STEAM)
and point resolved spectroscopy (PRESS)) which are
commonly used for proton spectroscopy can give
reasonable results, but are more sensitive to the
aforementioned problems.

MAGNETIC RESONANCE
Applications
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Where multivoxel localization is advantageous,
chemical shift imaging techniques can be applied in
one, two or three dimensions, but relatively poor
spatial resolution is obtainable and long acquisition
times are usually required.

Finally, it will often be advantageous to implement
hybrid protocols in which, for example, two dimen-
sions might be defined by an ISIS sequence, and
phase encoded chemical shift imaging (CSI) imple-
mented along the third axis, thus producing a set of
spectra that represent slices through a well-defined
column of tissue.

Proton decoupling

The quality of in vivo 31P spectra can be improved by
the use of proton decoupling. Two benefits are avail-
able. Some of the phosphorus spectral lines are signif-
icantly broadened by scalar coupling to hydrogen.
Irradiation of the protons during acquisition removes
this interaction and sharpens the spectra. The effect is
particularly advantageous in the phosphomonoester
(PME) and phosphodiester (PDE) regions of the
spectrum where conventional acquisition will fail
to resolve, for example, glycerophosphocholine
and glycerophosphoethanolamine. Together with
the increased resolution, proton decoupling also
increases the signal-to-noise ratio due to peak nar-
rowing. A further increase in signal is available by
low power decoupling during the interpulse relaxa-
tion period. Here, the nuclear Overhauser effect
(NOE) can result in improved sensitivity of up to
about 50% owing to interactions between the phos-
phorus nuclei and neighbouring protons.

Magnetisation transfer

Under certain conditions, rates of chemical exchange
can be measured using saturation- or inversion-
transfer methods. These work by magnetically label-
ling one chemical species and observing the transfer
of this magnetic signature to a second compound
which is coupled by chemical exchange. For the tech-
nique to be viable, there needs to be significant
exchange during a time scale which is of the order of
the longitudinal relaxation time T1. Such reactions
include the synthesis and hydrolysis of ATP (by
measuring exchange between ATP and inorganic
phosphate) and the fast exchange catalysed by the
creatine kinase enzyme.

The in vivo 31P NMR spectrum

Figure 1 shows spectra from human skeletal muscle,
heart, liver and brain. Each contains the three peaks

from ATP and one from inorganic phosphate. ATP
shows three signals due to the different chemical en-
vironments of its three phosphorus atoms. These sig-
nals are further split by 31P–31P J-coupling, but this
splitting is not always detectable in vivo owing to the
relatively broad lines. These peaks are normally des-
ignated ‘ATP’ but also contain minor contributions
from other nucleotides, such as guanosine triphos-
phate, NADH, NADP, UDP-sugars and ADP. The
signal which contains the least contamination from
other compounds is the one from the central (beta)
phosphate, which appears at the upfield end of the
spectrum, and so this peak is generally used for the
measurement of ATP levels. In addition, spectra from
muscle, heart and brain contain a prominent peak
from creatine phosphate. This compound is absent
from liver. Liver and brain spectra also contain sub-
stantial peaks designated as phosphomonoester
(PME) and phosphodiester (PDE). These regions of
the spectra can contain metabolites involved in mem-
brane metabolism and also phosphorylated sugars in-
volved in glycolysis. An important feature of the 31P
spectrum is that the position of the inorganic phos-
phate (Pi) peak is pH dependent, thus providing a
sensitive marker of intracellular acidity/alkalinity.

Biological relevance of the peaks

Adenosine triphosphate (ATP) ATP is the universal
energy carrier in all cells. When energy is required
for cell functions such as preserving ionic gradients,
muscular contraction, etc., the terminal phosphate is
cleaved by ATPase enzymes to form adenosine di-
phosphate (ADP) and inorganic phosphate, an

Figure 1 31P spectra of human organs (A) calf muscle, (B)
heart, (C) liver, (D) brain. Peak assignments: 1. PME, 2. Pi, 3.
PDE, 4. PCr, 5. ATP, 6. 2,3-DPG. Reproduced with permission of
Academic Press from Fu, Schroeder, Jones, Santini and Goren-
stein (1998) Journal of Magnetic Resonance 77: 577–582.
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energy producing reaction:

ATP is resynthesized by one of several pathways,
most usually by ATP synthesis using energy obtained
from oxidative or anaerobic metabolism.

Inorganic phosphate (Pi) This compound may be
considered as the waste product of ATP hydrolysis
or conversely as a substrate for ATP synthesis. It
may also play a role in regulating the supply of
energy via oxidative metabolism in the cells’ mito-
chondria. At physiological pH, Pi exists in two ionic
forms in fast equilibrium via the reaction:

This reaction has a pKa of 6.75, and so the relative
concentrations of Pi

− and P  vary with the pH. Ow-
ing to the fast exchange between these two species,
the position of the Pi peak in the spectrum reflects
the weighted average of the two chemical shifts, and
is thus a direct measure of pH.

Creatine phosphate (PCr) This molecule is present
in abundance in muscle, heart and brain cells.
Through the fast equilibrium reaction catalysed by
creatine kinase, PCr buffers the ATP concentration
by phosphorylating ADP, the reaction being:

PCr is depleted during sudden energetic demands
such as vigorous muscle contraction.

Adenosine diphosphate (ADP) ADP is a substrate
for ATP production, and a product of its hydrolysis.
ADP stimulates respiration (oxidative metabolism) –
breakdown of ATP increases ADP which in turn ac-
tivates the processes which provide energy for ATP
synthesis. In tissues such as muscle, much of the ADP
is bound to macromolecules and therefore invisible
to NMR. However, the free (and therefore metab-
olically active) ADP usually present in only micro-
molar concentrations, may be deduced using the
creatine kinase equilibrium (see above).

Phosphomonoesters (PME) Certain intermediaries
in the glycolytic pathway such as glucose and
fructose phosphates resonate in this region of the
spectrum and are sometimes detected. More usually,
the PME peak comprises the lipid precursors phos-
phocholine and phosphoethanolamine.

Phosphodiester (PDE) This region also contains
compounds involved in membrane metabolism, spe-
cifically glycerophosphocholine (GPC) and glycero-
phosphoethanolamine (GPE).

Broad resonances In addition to the sharp peaks
that have just been mentioned, there will often be un-
derlying broad ‘humps’ in the phosphorus spectrum,
arising from phosphorus moieties that are immobile
or tumbling very slowly. Phospholipid head groups
in cell membranes produce a broad and asymmetric
signal centred under the PDE part of the spectrum.
Bone also produces a broad resonance, several kilo-
hertz wide, which is easily visible in surface coil spec-
tra of the head, but is not usually present in localized
spectra due to its very short T2.

Applications in skeletal muscle

Skeletal muscle is a tissue that is particularly suited
to study by 31P NMR. From a technical standpoint,
muscle is an ideal target because it exists close to the
body surface and is not obscured by any other pool
of phosphorus-containing metabolites. From a bio-
chemical standpoint, muscle is especially interesting
because its energetic demands vary by at least two
orders of magnitude (from rest to exercise) and so it
provides an example of exquisite metabolic control
which can be studied non-invasively. Finally, muscle
can be stressed readily by exercise within the NMR
instrument, thus facilitating the real-time investiga-
tion of the dynamics of energetic regulation.

Animal studies of skeletal muscle often employ
direct stimulation of the sciatic nerve to induce
contraction and associated metabolic response. Basic
metabolic control can be investigated using such a
model, as can a wide range of disease-related pro-
cesses. Genetically abnormal animals provide models
of diseases such as muscular dystrophy and 31P
NMR spectroscopy provides a tool for investigating
metabolism, pH regulation and possible therapeutic
interventions.

In a typical human examination, a subject will
perform an exercise regime within the magnet,
perhaps squeezing a handgrip or pressing down a
loaded pedal. The NMR signals are usually collected
using a surface coil placed over the exercising muscle
and a series of spectra are collected to follow the met-
abolic state before, during and after the exercise. A
typical time course is shown in Figure 2. The several
metabolite concentrations and pH are then used to
quantitatively assess the metabolic response to the
stress, and, by using models of metabolic control,
unique insight can be gained into the complementary
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processes of mitochondrial respiration and anaerobic
metabolism.

Muscle metabolism

Figure 3 is a block diagram of the main energy-
producing pathways in skeletal muscle (and other
tissues, except that the creatine kinase pathways may
not be present). In resting muscle, ATP is synthesized
only by oxidative metabolism, but during exercise
glycolysis (anaerobic metabolism) and PCr break-
down via the creatine kinase reaction provide addi-
tional ATP production. Although only three
compounds are directly detected by 31P NMR, others
may be deduced by making assumptions based on
data derived from biopsy analysis. In particular, an
estimate of free [ADP] is obtained using assumed
values of ATP and total creatine concentrations, and
applying the known value for the creatine kinase
equilibrium constant.

In using these data to investigate metabolic control
in vivo, two periods within an exercise regime are of
particular importance. At the start of exercise,
energy is produced primarily by glycolysis and a
breakdown of creatine phosphate. The latter is mea-
sured directly while the former produces lactate
which is reflected in the pH. At the start of recovery,
glycolysis stops, the energy demands fall dramati-
cally and oxidative metabolism restores the PCr.
Using models for proton efflux and metabolic
control by ADP, it is possible to assess the relative
contributions of the various energy pathways in both
normal and diseased muscle.

Diseases of skeletal muscle

In man, the understanding and quantification of
muscle energetics has facilitated the study and, some-
times, diagnosis of a wide range of muscle diseases.
Often these stem from inherited genetic abnormali-
ties, including the dystrophies, mitochondrial
myopathies and so-called energy storage diseases.
Muscle can also be affected by arterial disease and
systemic abnormalities secondary to, for example,
renal and cardiac failure. Many studies have looked
at these phenomena and monitored the response to
training or therapeutic intervention.

Applications in the heart

Basic NMR research of the heart has concentrated
on studies of the organ ex vivo (the excised heart,
perfused with physiological buffer, can be
maintained in a viable and beating condition for
many hours). In vivo studies in both animals and

man are more difficult – the heart is a moving target,
is filled with blood and overlaid with skeletal muscle
which gives a similar 31P NMR signature. The ap-
proaches that have been applied in animal systems
often involve exposing the organ and suturing a sur-
face coil to the heart wall, thus facilitating the meas-
urement of localized metabolic events. In man, single
voxel ISIS is sometimes used, or chemical shift imag-
ing, usually as a hybrid experiment (see above)
where spectra are obtained from parallel slabs of tis-
sue. The biochemistry of the heart is in many ways
similar to skeletal muscle. However, the dynamic
range of energetic demand is less extreme than in
muscle and in normal controls it is difficult to induce
significant changes in the 31P spectrum from the
heart. In the diseased heart, the main findings have
been that cardiac energetics in the resting subject are

Figure 2 A typical time course for changes in PCr and pH
during exercise and recovery in the human forearm muscle.

Figure 3 A schematic diagram of energy metabolism in
skeletal muscle, heart and brain. The creatine kinase pathway is
absent in liver.
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substantially stable until the onset of heart failure,
when PCr falls significantly. In patients with coro-
nary artery disease, metabolic levels can be modulat-
ed by exercise. As an alternative to exercise, the
positive inotrope atropine-dobutamine has been ad-
ministered to normal subjects, and at high cardiac
output a reduction in the PCr:ATP ratio has been
observed.

Intracellular pH is difficult to measure because the
Pi peaks can be obscured by 2,3-DPG in the blood.
However, it is possible to overcome this problem
using proton decoupling to sharpen the resonances,
or saturation transfer to identify the intracellular Pi

unambiguously.

Applications in brain

Using animal models, many disorders of the brain
have been studied, including the effects of ischaemia
(e.g. models of stroke and birth asphyxia), systemic
disturbances (e.g. hepatic encephalopathy) and
genetic abnormalities (e.g. models of Duchenne
dystrophy). Spatial localization is usually kept to a
minimum – often the scalp is removed to avoid con-
tamination by signals from the cranial musculature,
and a single surface coil is used to obtain the 31P
NMR signal either from the whole brain or, by ap-
propriate placing of the coil, predominantly from a
single hemisphere. Almost invariably it is the energy
metabolism of the brain which is of interest.

There have been many studies using 31P NMR to
assess disease processes in man. Perhaps the most
interesting have been the investigation of birth
asphyxia in neonates where energy metabolite levels
and intracellular pH give direct measures of brain
damage and provide a good prognostic index. Other
disorders which have been investigated include
stroke, multiple sclerosis, epilepsy, hydrocephalus,
tumours, dementias and systemic encephalopathies.
In all cases there have been reports of altered energy
metabolism (reduced PCr or increased Pi) and, in
multiple sclerosis, changes have been observed in the
broad phospholipid peak. The pH data are some-
what more variable – acidic values have been
reported in acute stroke and hydrocephalus, but
alkaline values have been observed in chronic stroke
and brain tumours. One of the main limitations in
performing 31P NMR spectroscopy in the human
brain is that the spatial resolution is inadequate for
interrogating focal lesions of moderate size. Never-
theless the global pictures that have emerged give
insight into the way that brain energetics respond in
disease.

Applications in liver

The liver is relatively simple to study in vivo by 31P
spectroscopy. On a macroscopic level it is homo-
geneous, and localization is generally straightfor-
ward. Since hepatocytes do not express creatine
kinase, the liver contains no detectable phosphocrea-
tine and so the degree of contamination of the liver
spectra by signals from overlying muscle can be
readily assessed (and in some cases corrected for).

Localization strategies have ranged from simple
surface coil detection (with a hard 180° inversion
pulse at the surface to suppress the muscle signal)
through Fourier series window approaches and ISIS
to one-, two- or three-dimensional chemical shift
imaging. Proton decoupling and NOE irradiation
have occasionally been employed, but the technical
requirements and power deposition considerations
have limited these to a few cases. In animal studies,
localization methods are often avoided by exposing
the liver and using a surface coil placed directly on
the organ.

Liver metabolism

The liver’s role is to maintain chemical homeostasis
and it can, in certain circumstances, be stressed by
means of a metabolic load. One example has been to
administer an oral fructose load which causes mini-
mal spectral changes in normal subjects but, at very
low dosage, results in an increase in the fructose-1-
phosphate peak in patients with fructose intolerance.
Other metabolic stresses have been administered to
investigate galactose intolerance, glycogen storage
diseases and cirrhosis. The rat liver (in situ or
perfused) has been studied to elucidate details of
carbohydrate and fatty acid metabolism, sometimes
by a combination of 13C and 31P NMR. The control
of pH in the liver has also been studied.

Liver diseases

Some common diseases that involve the liver have
also been studied by 31P NMR. These include alco-
holic liver disease, hepatitis, cirrhosis of various
etiologies and liver tumours. The findings have often
allowed the diseased liver to be distinguished from the
healthy one, but the changes have not usually been
specific to a particular disease and the interpretation
of the changes is often speculative. Overall, these
studies have shown that the major long-term changes
in liver spectra involve the PME and the PDE signals,
which probably signify changes in phospholipid me-
tabolism (see below) while the energetics of the liver
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(assessed from the Pi:ATP ratio and the pH) remains
normal until a very late stage of disease. Another area
that shows promise is in assessing the transplanted
liver, either before or after transplantation.

Spectral interpretation

The PME and the PDE signals in the liver spectrum
are each composed of several components, which
cannot generally be resolved, except with the use of
proton decoupling. Aqueous extracts show that the
PME signal contains primarily phosphoethanolamine
and phosphocholine, with contributions from 2,3-
DPG from blood and other minor components such
as AMP, glucose-6-phosphate, sn-glycerol-1-phos-
phate and 3-phosphoglycerate. The PDE signal (at
the low magnetic field strengths used for whole-body
studies) is mostly composed of signals from phos-
pholipid headgroups, broadened by chemical shift
anisotropy and proton–phosphorus dipolar coupling,
and also contains signals from GPE and GPC. These
can be resolved by proton decoupling as can the PME
signal, but this has rarely been undertaken.

Applications in cancer

From the first 31P NMR studies of tumours in vivo,
the differences between tumour spectra and those
from other tissues were obvious. The tumour spectra
were dominated by the PME signal, and the pH was
found to be higher than in most other tissues. While
these findings had potential use in distinguishing
cancerous from normal tissue, it was hoped that sub-
tle differences in the spectra would also help in deter-
mining the type or grade of the tumour, but these
hopes have to a large extent not been realized. In-
deed some non-cancerous tissue, such as the regener-
ating liver or the neonatal brain, also show these
characteristics.

The PME signal in most tumour types is predomi-
nantly composed of phosphoethanolamine, with
variable contributions from phosphocholine. These
molecules are precursors (and breakdown products)
of membrane phospholipids, and it has been sug-
gested that high levels may indicate a rapid rate of
membrane turnover, although this has not been
shown experimentally. Where proton decoupling has
been applied, the relative amounts of phospho-
ethanolamine, phosphocholine, GPE and GPC can
be assessed separately, and this may lead to a better
biochemical explanation of the changes.

pH of tumour cells

Because tumour cells tend to be glycolytic, their pH
was expected to be low. It was therefore a surprise to

find that the NMR-determined pH was high (about
7.4, similar to that in blood plasma). These findings
have been explained by the intracellular pH being
kept high by the extrusion of protons into the extra-
cellular space, which has a low pH, as shown by
microelectrode studies. This ‘reverse pH gradient’
(opposite to that found in most cells) has implica-
tions for the uptake of drugs, and drug design.

Response to therapy

Various groups have studied the response of tumours
to therapy, both in patients and in experimental
models. The results of such studies are often affected
by partial volume effects, i.e. apparent metabolic
changes in the tumour may simply be the result of
the tumour shrinking, and the spectra containing
more signal from the surrounding tissue. The most
consistent findings are that tumours that respond to
chemotherapy show a greater decrease in the
PME:ATP ratio than do non-responders (Figure 4).
In some cases, these changes take place before any
measurable change in tumour size. Changes in pH
and Pi:ATP ratios have also been reported. Experi-
mental manipulation of tumour pH and blood flow,
together with radiotherapy or chemotherapy, in im-
planted tumours in animals have led to a greater
understanding of the way in which tumours respond
to therapy.

List of symbols

J = coupling constant; T1 = longitudinal relaxation
time; T2 = transverse relaxation time.

See also: Biofluids Studied By NMR; Cells Studied
By NMR; In Vivo NMR, Methods; In Vivo NMR,

Figure 4 An example of response to chemotherapy in the
lymphomatous liver. Note the dramatic change in the PME peak:
(A) before chemotherapy, (B) following chemotherapy.
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Introduction

In vivo nuclear magnetic resonance spectroscopy (or
in vivo MRS as it has become known) is increasingly
being used to provide direct, localized biochemical
information on animal and human metabolism in
health and disease. Dedicated systems for animal
studies use magnetic fields ranging from 2.0 to
7.5 T. Most human MRS systems range from 1.5 to
2.0 T, although 4 T systems are available. Clearly
these systems offer spectra with a quality and sensi-
tivity no better than that obtained with high-resolu-
tion NMR systems in the mid-1960s. However, even
within these constraints, in vivo MRS has contribut-
ed greatly to our understanding of the metabolic
processes associated with a wide range of clinical
and metabolic disorders by providing researchers
with information that could not be obtained previ-
ously even with tissue biopsy. The application of
in vivo MRS has expanded rapidly in recent years
and its value as a research tool depends on the organ
under investigation as well as the nuclei being uti-
lized. This article reviews the work carried out to
date in in vivo MRS using 13C, 19F, 15N, 23Na and
other less common nuclei.

A list of nuclei currently being used for in vivo bio-
medical research is shown in Table 1. Although
many of these nuclei are routinely used in high-reso-
lution in vitro NMR spectrometers, their implemen-
tation in in vivo MRS systems required substantial
technical development and many are available only

to a handful of research groups around the world.
This is partly due to the considerable cost associated
with developing multinuclear capabilities into com-
mercial systems. Accordingly, most commercial MR
systems have very restricted spectroscopic capabili-
ties, with 1H and 31P being the nuclei generally
available. This has, of course, restricted the applica-
tion of less common nuclei in biomedical research. A
summary of the main areas of research and applica-
tion of some of these nuclei is shown in Table 2.
Results of many of these studies have made consider-
able contributions to important areas of clinical and
biochemical research, while other studies have con-
centrated on demonstrating technical feasibility,
although they suggest the prospect of major areas of
future research.

In vivo 13C MRS

Whole-body 13C MRS is potentially the most power-
ful tool available for the study of human metabolism
in vivo. The nuclide’s low natural abundance (1.1%)
allows the study of important biological molecules
such as glycogen and lipids, while at the same time
allowing the use of 13C-enriched compounds in dy-
namic measurements of intermediate metabolism.
However, several technical issues need to be ad-
dressed before its implementation in vivo, including a
second transmit channel, optimum localization and
proton decoupling. The latter has been one of the
major stumbling blocks for the application of in vivo
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13C MRS, because of the potential problem of power
deposition during proton decoupling. This problem
has now been addressed by the use of the newer pulse
train decoupling sequences, which allow full decou-
pling of signal with low power deposition. The need
for a second transmit channel with frequency synthe-
sizer, phase modulator and power amplifier, together
with the need for specifically designed 1H/13C coil

systems, means that the actual cost of a standard in
vivo scanner is substantially increased, hence limiting
its availability. Thus, although many of the technical
problems associated with the use of 13C MRS in vivo
have been overcome, it is still not routinely available
to the great majority of research groups.

Application of in vivo 13C MRS to carbohydrate 
metabolism

Carbohydrate metabolism is one area of research
that has significantly benefited from in vivo 13C
MRS since signals from sugar carbons occur in a
region of the spectrum that is relatively unpopulated
by other resonances. Using specific carbon labelling
on different substrates, various metabolic pathways
have been studied. Further information has been
gained by labelling two adjacent carbon atoms
within the same molecule; this produces a character-
istic 13C–13C spin–spin coupling, helping to elucidate
important information about particular enzyme
pathways.

Liver The first in vivo experiments, performed in
1981, explored the potential application of 13C MRS
to glucose/glycogen metabolism. Following infusion
of 13C-enriched glucose in rats, well-resolved reso-
nances from both glucose and glycogen could be ob-
served, enabling the time course of the relative
changes in concentration to be established simulta-
neously. One area of debate at the time was the
degree of glycogen visibility in liver. It was initially
thought that glycogen, being such a large macromol-
ecule, would be only partly NMR ‘visible’. However,
the most recent consensus is that glycogen is in fact
100% visible and that 13C MRS can therefore pro-
vide reliable noninvasive measurements of hepatic
glycogen concentrations over physiological ranges.

Glycogen repletion studies have been carried out
in animals and humans. Infusions of [1-13C]glucose
and [3-13C]alanine to fasted rats suggested that 30%
of the total glycogen formed originated from the
direct conversion of glucose in the short term. How-
ever, over the longer term, active glycogen synthesis
from [3-13C]alanine occurred for a longer period of
time, with a rate constant 3-fold higher than from
[1-13C]glucose, implying greater efficiency of glyco-
gen synthesis from the indirect route. These studies
have also highlighted potential problems associated
with substrate cycling, since following entry into the
Krebs cycle the label may be assimilated into other
pathways and then re-introduced into the gluconeo-
genic pathway. Definitive mechanisms of glycogen
repletion therefore become difficult to assess in vivo,
unless measurements are performed immediately
following administration.

Table 1 NMR characteristics of some nuclei of biomedical
interest

Nucleus Spin
Relative 
sensitivity

Natural 
abundance 
(%)

Observation
frequency for 1H 
observation at 
100 MHz

2H 1 9.65×10−3 1.5×10−2 15.35
7Li 2.93×10−1 92.58 38.86
11B 1.65×10−1 80.42 32.08
13C � 1.59 ×10−2 1.11 25.14
15N � 1.03×10−3 0.37 10.13
17O 2.91×10−2 0.04 13.56
19F � 8.3×10−1 100 94.08
23Na 9.25×10−1 100 26.45
27Al 2.06×10−1 100 26.06
29Si � 7.84×10−3 4.70 19.86
87Rb 1.7×10−1 27.85 32.72
129Xe � 2.12×10−2 26.44 27.66

Table 2 In vivo applications of NMR spectroscopy

Nucleus Application Organ/tissue
13C Glycogen Liver, muscle 

Amino acids, glucose Brain

Lipids Adipose tissue, liver
19F Drug metabolism Liver, brain, muscle

Anaesthetics Brain

Phospholipids Tumour

Intracellular Ca2+ Brain, kidney, spleen

Glucose metabolism Brain
15N Glutamine metabolism Brain
23Na Electrolyte balance Muscle, brain, liver, heart
2H (D) D2O, methionine, glucose Brain, adipose tissue, 

liver

Choline Kidney
27Al Gastric emptying Gut
129Xe Lung volume Lungs
17O Blood flow Brain, liver
87Ru Na+/K+-ATPase Muscle
7Li Psychiatric disorders Brain, muscle
11B Therapy agents Liver, brain, tumour
29Si Breast implants Liver
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Human studies have concentrated on direct obser-
vation of glycogen repletion using natural abundance
13C or after administration of [1-13C]glucose. Early
work compared pre- and post-meal hepatic glycogen
repletion rates in individuals starved for 30 hours,
showing repletion rates 3.8 times greater in the post-
meal states compared with the fasted basal rate.
Hepatic gluconeogenesis in healthy subjects and those
with non-insulin-dependent diabetes mellitus
(NIDDM) was also investigated by 13C MRS and
conventional methods. Concentration of glycogen
was lower in NIDDM patients compared to controls
(Figure 1). Furthermore, following infusion of
[6-3H]glucose, gluconeogenesis in the NIDDM
subjects was found to be 60% greater than in control
subjects and accounted for 88% of the total glucose
production compared with 70% in the normal
subjects. This suggests that increased gluconeogenesis
accounts for the increase in whole-body glucose
production in overnight-fasted NIDDM subjects.

13C MRS has also been applied to determine the
metabolic alterations caused by glycogen storage dis-
eases. Patients with glycogen type IIIA storage
disease were shown to have increased levels of
hepatic glycogen compared with normal volunteers.
This disease manifests owing to the inactivation of
amylo-1,6-glucosidase, which is required for glyco-
gen hydrolysis. It was concluded that in vivo 13C MR
spectroscopy could play an important role in the
assessment of other glycogen storage diseases where
current clinical practice requires needle biopsies to
be performed.

13C MRS has also been used to assess enzyme
capacities and kinetics in animals. Following infu-
sion of [1-13C]butyrate (90% enriched), rates of
ketogenesis could be monitored by measuring the
formation of acetoacetate and β-hydroxybutyrate

within the carbonyl region of the 13C MR spectrum.
Further studies of 13C-labelled fatty acids, such as
[1,3-13C]butyrate, assessed the metabolic pathways
of ketone body production in fasted and diabetic
rats. Increased β-hydroxybutyrate production was
seen in diabetic rats; it was thought that a large frac-
tion of butyrate evaded β-oxidation to acetyl-CoA
and was converted directly to acetoacetyl-CoA.
Different physiological states can therefore be moni-
tored by in vivo 13C MRS since labelling patterns
following 13C-enriched metabolite administration
would be different.

In vivo 13C MR spectroscopy has also been
applied to monitor the pharmokinetics of 13C-
labelled xenobiotic products in hepatic metabolism.
One such study used a phenacyl imidaolium com-
pound that effects glycogen synthesis. It was shown
that glycogen synthesis increases 2-fold in drug-
treated rats and it was suggested that augmentation
of the indirect pathway is the probable mechanism.
Further studies have shown that long-term monitor-
ing of drug concentrations is possible using 13C-
labelled compounds, which may be important for
monitoring of hepatic tumour treatments.

Muscle Most human 13C MRS studies in muscle
have concentrated on the study of glycogen synthesis
and its role in NIDDM, glycogen storage diseases
and muscle myopathies. Studies of insulin action on
muscle glycogen synthesis have shown that there
appears to be an impairment of muscle’s ability to
either take up glucose or assimilate it as glycogen in
NIDDM.

Recent studies have used in vivo 13C MRS to study
muscles following intense exercise. This, together
with interleaved 31P MRS, has provided important
information on the phosphorylation states of

Figure 1 Typical in vivo 1H-decoupled 13C MRS spectra at 22.5 MHz of the C-1 position of liver glycogen from a control subject (A)
and from a type II diabetic patient (B) 4 hours after a liquid meal. Reproduced with permission from Magnusson I, Rothman DL, Katz
LD, Shulman RG and Shulman GI (1992) Increased rate of gluconeogenesis in type II diabetes mellitus. Journal of Clinical Investiga-
tion 90: 1323–1327.
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glycogen synthase that could be correlated with post-
exercise glycogen synthesis rates. Studies of this kind
could provide important information on enzyme
pathways that may be defective in particular muscle
myopathies. Acetate metabolism has also been
assessed in rabbit muscles to determine rates of ana-
plerotic flux (i.e. determination of label of glutamate
and glutamine) compared with basal flux of the
Krebs cycle. Different muscle types (muscle fibre/
oxidative or nonoxidative) have dissimilar ana-
plerotic flux rates, which may again be relevant for
particular disease types.

Heart In vivo 13C MR spectroscopy of the heart is
difficult owing to continuous contraction of the
heart. For this reason, together with the relative in-
sensitivity of the 13C nucleus, which requires a large
number of averages, in vivo MRS studies are few.
Consideration of the metabolites within blood must
also be made so that the spectral acquisitions contain
information purely reflecting heart metabolism. The
bulk of studies on the heart have therefore been con-
ducted using isolated, perfused organs. However,
there have been a few in vivo studies that have
looked at glycogen synthesis rates following infu-
sions of acetate and glucose. These studies can pro-
vide information about physiological conditions that
may effect carbohydrate utilization in favour of fatty
acid metabolism, with implications for coronary
heart disease.

Brain In vivo 13C MR spectroscopy of the brain has
been used to determine in vivo levels of glutamate,
glutamine, γ-aminobutyrate (GABA), and lactate fol-
lowing intravenous infusions of enriched precursors.
Brain tumours in rats have been studied to investigate
carbohydrate metabolism following administration
of [1-13C]glucose. Rat gliomas produced lactate and
glutamate/glutamine as well as glycogen. Further
studies used combinations of labelled substrates such
as glucose and acetate to determine the relative flux
through the tricarboxylic acid cycle together with
their relative conversion rates into the cerebral amino
acids, important for neurotransmission. Both these
studies suggested that in vivo 13C MRS is ideal for
studying the individual carbons of different metabo-
lites in the brain. Furthermore, cerebral compartmen-
tation of glial and neuronal cells may also be studied
because of their different metabolism. Two separate
glutamate pools and two separate tricarboxylic acid
cycles, one preferentially metabolizing acetate and
the other mainly using unlabelled acetyl-CoA and a
predominant production of GABA in the glutamate
pool lacking glutamine synthase, have been identi-
fied, accounted for by either the glial or neuronal
cells.

A further application of in vivo 13C MRS has been
to study the metabolite changes associated with mild
or severe hypoxia as well as electroshock. Changes
associated with lactate and the cerebral amino acids
were correlated with both electroshock and degree of
hypoxia. This work may be useful in characterizing
the metabolic state following epilepsy, stroke,
trauma, tumours and other pathological conditions
in humans. In humans, total brain glutamate concen-
tration has been assessed following [1-13C]glucose
infusions, while in stroke it has helped to determine
metabolic turnover. Some of these studies will benefit
from the recent introduction of proton-observed
carbon-edited (POCE) techniques, which can provide
better relative sensitivity and resolution. This tech-
nique has been very useful, for example, in determin-
ing the effects on brain metabolism of drugs such as
inhibitors of succinate dehydrogenase and the
GABA-transaminase inhibitor vigabatrin.

Application of in vivo 13C MRS to lipids

The main application of in vivo 13C MRS to the field
of lipids has been the study of adipose tissue compo-
sition. Although the natural abundance of the 13C
isotope is low, the high content of lipids in adipose
tissue has enabled acquisition of 13C MR spectra in
vivo in a matter of minutes, with or without proton
decoupling. This has allowed the use of this tech-
nique on subjects (e.g. neonates and in pregnancy)
where power deposition from decoupling, though
small, it is still unacceptable.

Adipose tissue Adipose tissue is principally com-
posed of triglycerides and it has been shown to play
an important role in major diseases, including
NIDDM and cardiovascular disease. Preliminary
studies in the early 1980s showed that in vivo 13C MR
spectroscopy could be used to detect differences in the
lipid composition of adipose tissue and liver in rats
fed a diet high in polyunsaturated fatty acids. The first
human studies showed that linoleic acid (18:2n−6),
usually the principal polyunsaturated fatty acid
present in human adipose tissue, dominated the poly-
unsaturated signal observed in vivo, allowing estima-
tion of this stored essential fatty acid. Further work
showed that fatty acid composition of adipose tissue
closely correlated with dietary fat content, with sub-
jects on long-term vegan diet showing significantly
higher levels of polyunsaturated fatty acids and
reduced saturated fatty acids compared to omnivores
(general public) and vegetarians. Indeed, there was no
difference in the adipose tissue composition of vege-
tarians compared to omnivores, suggesting that the
former have substituted the animal fat (mainly
saturated) with saturated fat in dairy products.
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In vivo 13C MR spectroscopy has also been used to
study adipose tissue composition in babies. The work
showed that the influence of maternal diet on infant
adipose tissue composition and changes due to gesta-
tional age and during postnatal development could
all be detected noninvasively by in vivo 13C MR spec-
troscopy. Preterm infants had significantly lower
levels of unsaturated adipose tissue fatty acids than
the infants born at full term. Furthermore, the level
of unsaturated fatty acids continued to increase as
the infants matured (from birth to 6 weeks, to 6
months). Interestingly, the authors also found that
infants breast-fed by vegan mothers had 70% more
polyunsaturated fatty acids than infants breast-fed by
omnivore mothers, the long-term consequences of
which (beneficial or harmful) are unknown. The
same authors showed that in vivo 13C MRS could
also measure the effect of intensive exercise on
adipose tissue composition of adult human volun-
teers. A decrease in polyunsaturated fatty acids was
observed, suggesting that exercise is an independent
factor for adipose tissue composition.

In addition, in vivo 13C MR spectroscopy has been
applied to the study of adipose tissue composition in
disease. Children with cystic fibrosis were shown to
have lower levels of polyunsaturated adipose tissue
fatty acids than healthy children, possibly owing to a
disorder in essential fatty acid metabolism that may
be partly responsible for the development of the dis-
ease. Further studies with in vivo 13C MRS in disease
have shown a significant increase in saturated
adipose tissue fatty acids following transplantation
and subsequent weight gain in malnourished patients
with liver cirrhosis. It was suggested that this
increase in saturated fatty acids may be secondary to
a general repletion of membrane polyunsaturated
fatty acids or the use of essential fatty acids for bio-
synthesis of eicosanoids in the postoperative period.

Liver 13C MRS has also been used for noninvasive
quantification of hepatic triglyceride content. Diag-
nosis of hepatic steatosis (fatty liver) is important be-
cause this is a reversible condition and early detection
can help to prevent irreversible liver damage. The
condition is normally diagnosed by a liver biopsy,
but the invasive nature of this procedure and the
problems associated with biopsies make it difficult to
monitor patients at risk of developing hepatic
steatosis. In a study of 15 patients with varying de-
grees of fatty infiltration it was shown that by quan-
tifying the intensity of the CH2 resonances from the
in vivo 13C MR spectrum of the liver it was possible
to determine hepatic lipid content. Excellent correla-
tion with conventional liver biopsy measurements
was observed. As the authors suggested, this

technique will in future become a valuable tool in the
diagnosis and follow-up in patients with hepatic
steatosis.

Brain The application of in vivo 13C MR spectros-
copy to the study of brain lipids has been rather lim-
ited, partly because most of the lipids in the brain are
present in the form of membranes. This gives rise to
broad and uninformative signals. An interesting pos-
sibility for improving the discriminatory power of
MRS, as applied to lipids, is the use of 13C-enriched
fatty acids. However, at present such studies would
be prohibitively expensive as the subjects would be
required to consume gram quantities of 13C-enriched
fatty acid.

In vivo 19F MRS

Fluorine-19 is a highly NMR-sensitive and naturally
abundant nucleus. An important advantage of 19F
MRS is the fact that it allows direct observation of
fluorinated compounds and their metabolites in the
human body without background signal from tissue.
In vivo 19F MR spectroscopy has been used to detect
noninvasively anticancer and psychoactive drugs and
other fluorinated compounds and to study their me-
tabolism. It has also been used to monitor the effects
of anaesthetics and to measure intracellular pH and
calcium levels.

One of the major applications of in vivo 19F MR
spectroscopy has been in the field on oncology,
detecting and monitoring the metabolism of
fluorine-containing anticancer drugs. An important
chemotherapeutic compound is the fluorinated drug
5-fluorouracil (5-FU). Much of the work with 19F
MRS has concentrated on determining optimal drug
administration schedules and studying the effects of
this drug on both tumour and healthy tissue. 19F
MRS has allowed detection and serial measurement
of 5-FU and its metabolites in patients undergoing
chemotherapy, increasing our understanding of the
variation in efficacy of chemotherapy in different
subjects (Figure 2). For example, levels of 5-FU
‘trapping’ by tumours following intravenous admin-
istration of the drug have been measured. The results
reveal that patients whose tumours trapped the drug
had a significantly better response to chemotherapy
than those patients whose tumours did not trap 5-
FU. This differential in response to therapy could not
be ascertained from the standard plasma concentra-
tion measurements. From this study it was concluded
that 19F MRS can be used to identify patients who
are likely to respond to chemotherapy with 5-fluoro-
uracil and can therefore aid selection of the optimal
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treatment for individual patients. Studies of 5-FU
metabolism in patients with protein calorie malnutri-
tion (a common condition in patients with cancer)
have shown increased toxicity from this drug. There-
fore, identifying alterations in 5-FU metabolism may
be an important tool in reducing toxicity during
chemotherapy. Interestingly, like 31P MRS, in vivo
19F MRS may also be used to measure pH noninva-
sively. This may be useful for 19F MRS studies of
tumours, as the uptake and retention of 5-fluorour-
acil is dependent on tumour pH.

An important area of research using in vivo 19F
MRS has been the study of the pharmacokinetics of
fluvoxamine and fluoxetine, drugs used to treat
obsessive-compulsive disorder and depression,
respectively. Several groups have shown that it is
possible to detect these compounds noninvasively in
the brain. Brain fluvoxamine levels were shown to
reach a steady state 30 days after consistent daily
dosing, substantially more rapidly than reported for
fluoxetine, which was shown to plateau after 6–8

months of treatment. Brain concentrations of both
drugs were shown to correlate with plasma levels,
though the absolute concentrations were substan-
tially higher in the brain. Comparison of the in vivo
measurement of fluoxetine with in vitro samples
taken at autopsy suggest that fluorinated drugs may
not be 100% visible in vivo. These are based on the
in vitro findings from just one brain that had been
fixed in formaldehyde, so further studies would be
required to confirm these findings.

Some of the other applications of in vivo 19F MRS
to the study of fluorinated drugs have included the
study of fluorinated antibiotics and antifungal agents
in animals and humans. Orally administered fler-
oxacin (a fluoroquinolone antibiotic agent) could be
detected in the liver and calf muscle by in vivo 19F
MRS. Furthermore, its washout and metabolism
were studied over a 24-hour period. There are
important implications of this work, and it will in
future be possible to ensure that drugs reach their
target site in appropriate concentrations.

In vivo 19F MRS has also been used to study the
pharmacokinetics and metabolism of anaesthetic
agents such as halothane, isoflurane and desflurane
in experimental animals. It has also been shown that
anaesthetic agents can be observed noninvasively in
the brains of patients immediately following surgery.
The principal aim of these studies was to elucidate
the mechanism of action of these compounds and
eventually help in the development of more effective
and selective anaesthetics. Unfortunately, factors
such as sensitivity and localization of the region of
interest (which are particularly relevant to the study
of anaesthetics) have greatly limited the impact of
this research.

Animal studies have shown that in vivo 19F MRS
can be used in metabolic studies. It has been shown
that 3-fluoro-3-deoxy-D-glucose in the brain is
metabolized primarily in the aldose reductase sorbi-
tol pathway, suggesting that 19F MRS may be a useful
tool for the further elucidation of this pathway.
Further studies have shown that it is also possible to
study the metabolism of fluorinated galactose, tryp-
tophan and protein in vivo and determine intracellu-
lar calcium levels. The concentration of this cation
was shown to be the same in the kidney, spleen and
brain of rats, at approximately 200 nM. These
measurements were obtained by infusing the calcium
indicator 5F-BAPTA (=5,5-difluoro-1,2-bis(o-amino-
phenoxy)ethane-N,N,N1,N1-tetraacetic acid) intra-
venously or intraventricularly into the animal, and so
the potential application to human subjects appears
limited.

It has also been possible to follow the time course
of recovery from nerve injury in skeletal muscle

Figure 2 (A) Liver in vivo 19F MR spectrum at 60 MHz following
administration of 5-fluorouracil (5-FU). (B) Time course of 5-FU
and its major catabolite α-fluoro-β-alanine (FBAL). (FUranuc = 5-
fluorouracil nucleoside + nucleotides). Reproduced with permis-
sion from Semmler W, Bacher-Baumann P and Guckel F (1990)
Real time follow-up of 5-fluorouracil metabolism in the liver of tu-
mor patients by means of F-19 MR spectroscopy. Radiology 174:
141–145.
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using in vivo 19F MRS. Muscle injury leads to signifi-
cant decrease in the energy state and local circulation
dynamics, which appear to reverse during recovery.
While 31P MRS was used to determine the energy
status of the cells, 19F MRS was utilized to determine
local circulation dynamics by measuring blood
volume. The results indicate that the recovery pro-
cesses of circulation precede those of energy state.

Many of the above studies have shown that in the
future 19F MRS is likely to become a valuable tool
for monitoring drug metabolism at the site of action,
though at the moment this is limited by the availabil-
ity of in vivo MR scanners with 19F capabilities.

Less common nuclei

In the last decade there has been a significant in-
crease in the number of ‘less common’ nuclei that are
being utilized for in vivo MRS (see Table 1). The use
of some of these nuclei was initially limited by tech-
nical constraints and/or inherent NMR characteris-
tics. However, recent studies have shown that these
nuclei can be used to increase our understanding of
some important physiological processes.

A number of studies have utilized in vivo MRS to
assess the extent of delivery of pharmacological sub-
stances to target tissue. Nitrogen-15 MRS in combi-
nation with intravenous  infusion into animal
models of hepatic encephalopathy (Figure 3)
enabled the determination of glutamine synthetase
activity in vivo. The results show that in situ
the activity of this enzyme is kinetically limited by
the levels of some substrates and cofactors, and that
the activity of phosphate-activated glutaminase was
maintained at a low level by a suboptimal concentra-
tion of Pi and the strong inhibitory effect of
glutamine. The introduction of the heteronuclear
multiple quantum coherence (HMQC) transfer tech-
nique is likely to further these studies by probing the
kinetics of glutamine synthesis at physiological con-
centrations.

Similarly, lithium-7 MRS has been used to
examine the pharmacokinetics of lithium, a drug
that is widely used in the treatment of a number of
psychiatric disorders. Initial studies showed that
there was a slow accumulation of lithium in the
brain, which may be responsible for the delay in
therapeutic response that is often seen following the
initiation of therapy. Subsequent studies showed that
lithium levels in the brain and muscle were lower
than the average serum concentration. From the
ratio of these in vivo measurements, the authors
hypothesized that the minimal effective concentra-
tion of brain lithium level for maintenance treatment

of bipolar disorder could be determined. However,
in a similar study, researchers found that in a sub-
group of patients there was only a weak correlation
between serum and brain lithium levels, which may
account for the failure of lithium therapy in some
patients with serum lithium levels within the thera-
peutic range. This suggests that measurement of in
vivo brain lithium concentration by MRS may be
more clinically relevant than simply assessing serum
concentration.

Boron-11 MRS has been used to assess the deliv-
ery of boron neutron capture therapy (BNCT) agents
to a target lesion. Uptake and retention of these com-
pounds was determined in vivo in humans and
animals and the results show that there is differential
retention between normal and abnormal tissue. Fur-
thermore, 1H-observed 10B-edited MRS has been
shown to provide much higher sensitivity and could
be utilized to monitor the distribution and excretion
of boron agents noninvasively in patients about to
undergo BNCT.

Sodium-23 magnetic resonance spectroscopy has
been used to yield information on electrolyte balance,

Figure 3 In vivo 15N spectra at 24.3 MHz from cerebral region
of (A) a control rat given low-rate  infusion, showing cere-
bral [γ-15N]glutamine at a near physiological concentration; (B) a
portacaval-shunt rat showing cerebral and blood , in addi-
tion to [γ-15N]glutamine; (C) a control rat showing cerebral and
blood [15N]urea and lower [γ-15N]glutamine. Peaks are downgoing
following NMR convention for 15N spectroscopy. Reproduced
with permission from Kanamori K, Parivar F and Ross BD (1993)
A 15N NMR study of in vivo cerebral glutamine synthesis in hyper-
ammonemic rats. NMR in Biomedicine 6: 21–26.
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which appears to reflect physiological changes asso-
ciated with cell function. In myotonic dystrophy, an
inherited multisystem disease that leads to muscle
malfunction, 23Na MRS was shown to be a sensitive
method for quantification of disease progression.
Quantification of intracellular and extracellular
sodium by MRS has also generated important infor-
mation on organ function following transplantation
or injury. In heart transplantation experiments in
rats, 23Na MRS showed that there was a steady
increase in intracellular sodium 3 days prior to rejec-
tion, followed by a sharp increase after rejection. In
the liver, intracellular sodium levels were shown to
be a sensitive indicator of hepatic dysfunction after
major systemic injury. In the kidney, sodium com-
partmentation (intracellular, vascular and intralumi-
nal) was determined using the shift reagent
TmDOTP5, while in the brain this shift reagent was
shown to be a useful tool in determining compart-
mental sodium concentration and measuring blood
flow kinetics.

The activity of ion transport systems, such as
sodium- and potassium-activated adenosine tri-
phosphatase, has been studied in vivo by the use of
rubidium-87 MRS. This has been possible because
rubidium has been shown to substitute for potassium
in a number of transmembrane transport systems,
accumulating in the intracellular space. Standard
in vitro methods of determining Na+/K+-ATPase
activity, which also use rubidium, give highly varia-
ble measurements and in some cases contradictory
results. Many of these problems appear to have been
overcome by the use of in vivo 87Rb MRS, especially
when sequential measurements are required. In a
longitudinal study of spontaneously hypertensive
rats, 87Rb MRS showed that skeletal muscle rubid-
ium rose at a faster rate in hypertensive rats than in
control animals, which is consistent with a marked
increase in Na+/K+-ATPase activity. This type of
experiment emphasizes the value of in vivo MRS
since rubidium kinetics can be determined sequen-
tially on the same animal, minimizing inter/intra-
subject variability as well as the number of animals
required in the study.

In vivo deuterium (2H) MRS has been used to
characterize amino acid metabolism, body iron con-
tent, brain and kidney metabolism and body fat uti-
lization rates in rodents. These studies rely on the use
of deuterium labelling or the existence of natural-
abundance deuterium in water or lipids. For exam-
ple, deuterium-labelled methionine was used to
confirm the dominant contribution of the glycine/
sarcosine shuttle to the metabolism of excess methio-
nine, while deuterium-labelled glucose was used to
show that systemic glucose level influences brain

metabolic recovery following partial ischaemia. The
renal distribution and metabolism of methyl groups
was assessed by the use of deuterium-labelled
choline. The results show that the concentration of
trimethylamines, metabolic products of choline, was
higher in the cortex and inner medulla than in the
outer medulla, but that the inner medullary fraction
was more liable to diuresis.

By combining D2O dilution techniques with 2H
MRS it has been possible to study fat turnover
in vivo. The rate of loss of deuterium from body fat,
after a short period of D2O administration, has been
shown to reflect utilization of body fat. This tech-
nique was used successfully to demonstrate that
induction of diabetes in mice did not affect the uti-
lization of fat as a metabolic fuel. Given that D2O
administration is regularly used with human
subjects, this opens up the possibility, for the first
time, of determining fat turnover noninvasively in
human subjects.

A number of studies have used nuclei such as
oxygen-17, aluminium-27 and xenon-129 in con-
junction with in vivo magnetic resonance spectro-
scopy for structural or dynamic measurements in dif-
ferent organs. 129Xe signals were detected in the lung
and head from human volunteers following inhala-
tion of hyperpolarized 129Xe gas, allowing the deter-
mination of the temporal evolution of the gas-phase
and dissolved-phase components. Most of this work,
however, was used to demonstrate the feasibility of
obtaining xenon images of the lung. 129Xe imaging
now allows the possibility of imaging the lung at res-
olution equivalent to that of conventional imaging of
normal tissue. 27Al MRS has been applied to the vis-
ualization of gastric emptying and measurement of
gastric phospholipids, while 17O MRS has been used
to explore cerebral blood flow. Although these
studies have again concentrated mainly on their tech-
nical feasibility, they do open up important areas of
clinical and biochemical research.

Conclusions

The application of in vivo multinuclear MRS to bio-
logical sciences is an ever-expanding area of re-
search. Present-day clinical NMR systems routinely
allow the use of 1H and 31P MR spectroscopy in clin-
ical and scientific research; however, the use of other
nuclei is still restricted to a relatively small number
of research groups around the world. This is princi-
pally for commercial reasons rather than scientific or
technical considerations. Demands for an increase in
the multinuclear capability of commercial systems is
of course increasing as the usefulness of nuclei such
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as 13C, 19F and 15N continues to be demonstrated
both in animal models and in human subjects. It is
conceivable that in the near future these technical
capabilities will be routinely available in most clini-
cal systems as they are today available in most in
vivo animal systems. This will no doubt greatly help
to further elucidate metabolic mechanisms in health
and disease and in the development and monitoring
of the efficacy of novel clinical treatments, including
gene therapy.

See also: 13C NMR, Methods; Drug Metabolism
Studied Using NMR Spectroscopy; 19F NMR, Applica-
tions, Solution State; Heteronuclear NMR Applica-
tions (B, AI, Ga, In, Tl); Heteronuclear NMR
Applications (Ge, Sn, Pb); In vivo NMR, Applications –
31P; In vivo NMR, Methods; Labelling Studies in Bio-
chemistry Using NMR; Nitrogen NMR; NMR Spectrom-
eters; Nuclear Overhauser Effect; Perfused Organs
Studied Using NMR Spectroscopy; Xenon NMR Spec-
troscopy.
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Introduction

NMR spectroscopy is a technique that has found
widespread applicability in many areas of science.
Although originally a physics method for measuring
nuclear magnetic moments, it soon became invalua-
ble in studies of identification and structuring of or-
ganic and inorganic chemicals with the discovery of
the chemical shift and the resolution of spin–spin
coupling splittings. Later the application of NMR
spectroscopy was amplified by the realization that
pieces of tissue could yield reasonably resolved
NMR spectra (initially of the 31P nucleus) and this
sparked a major research effort in the use of NMR
spectroscopy to study biochemical systems such as
intact cell suspensions and perfused tissues.

A logical next step was the investigation of whole
living animals and humans and nowadays there is
much research activity in these fields. Many of the
in vivo NMR studies have been in the area of clini-
cal medicine and by analogy with magnetic reso-
nance imaging (MRI), where the ‘nuclear’ part has
been dropped, in vivo NMR spectroscopy is often
referred to as simply magnetic resonance spectros-
copy (MRS), really a misnomer as there are other
types of magnetic resonance spectroscopy such as
electron paramagnetic resonance (EPR).

Methods

In order to obtain high resolution NMR spectra
from a subject in vivo, it is necessary to localize the
NMR excitation and detection to a particular region
of interest. There are two principal ways of achiev-
ing this. Of course, the NMR magnet has to be large
enough to accommodate the animal or human sub-
ject, or at least that part which is being studied
(e.g. leg or arm muscles) and therefore in vivo NMR
experiments are usually conducted using horizontal
bore magnets designed for MRI investigations. Some
small animals and species such as invertebrates can
be studied using conventional high resolution NMR
spectrometers with specially developed MRI probes.

The simplest approach to NMR detection uses
a RF transmitter and receiver coil placed on the

surface of the subject inside the NMR magnet. The
size of the coil and its siting determines which tissue
will be examined, and the depth of penetration of the
detection region can be effected by the strength of
the RF pulse used. This method has been used exten-
sively for 31P NMR spectroscopy. Surface coil
methods when combined with field gradients can
also give greater spatial discrimination. One example
is the DRESS technique where a field gradient is
applied perpendicular to the plane of the surface coil
and a frequency selective RF pulse is used to excite
only the region of the tissue where the Larmor fre-
quency is achieved.

The second approach makes use of pulsed field
gradients and techniques adapted from MRI. In
MRI, a three-dimensional region of tissue (usually a
slice of square cross-section) is excited selectively by
a combination of RF pulses and field gradients and,
according to the method used, an image is produced
based upon parameters such as the proton density,
relaxation times or diffusion coefficients of the water
in that region. For in vivo spectroscopy, a different
pulse sequence is used which gives the high resolu-
tion NMR spectrum from that active region. One of
the first methods was termed ISIS (image selected
in vivo spectroscopy). This could be the 31P or 1H
NMR spectrum. If a 1H NMR spectrum is required
then it is also necessary to suppress the strong reso-
nance from water. In addition, if 1H NMR spectra
are obtained by this means then the pulse sequence is
usually based on some form of the spin–echo experi-
ment in order to suppress the peaks from fast relax-
ing protons which occur in the less mobile
components of the tissue such as proteins or mem-
brane lipids. One of the popular methods is called
PRESS (point resolved spectroscopy). More compli-
cated methods are also used in which information on
spectroscopy and imaging is obtained simultane-
ously, techniques such as chemical shift imaging
(CSI) where up to 4-dimensional data sets are
obtained in which there are up to three spatial axes
and one spectroscopic axis. From such data it is pos-
sible to obtain spectra at any voxel in the image or
alternatively to determine the spatial distribution of
any given metabolite detected spectroscopically.

MAGNETIC RESONANCE
Methods & Instrumentation
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Applications

31P NMR spectroscopy

The first in vivo experiments were carried out using
31P NMR spectroscopy. This nuclide is particularly
favourable because it has 100% natural abundance,
high intrinsic sensitivity, the number of organic
phosphorus compounds is relatively few and such
molecules are important in cellular processes partic-
ularly for energy balance.

Most studies have concentrated on muscle with
much emphasis on the heart. However, a typical 31P
NMR spectrum obtained from a human forearm is
shown in Figure 1 using a surface coil. This shows
the main features which comprise the three signals of
nucleotide phosphates, in this case mainly ATP, and
phosphocreatine. Saturation transfer experiments

have been carried out on these resonances to deter-
mine the rate of phosphate exchange between the
phosphocreatine and ADP which yields creatine and
ATP. This reaction is catalysed by the important
enzyme creatine kinase. In addition, a major area of
research is the study of the effects of brain ischaemia,
such as occurs after a stroke, on the 31P NMR
spectrum. In the brain, unlike muscle, peaks are also
seen from a wider variety of phosphorus-containing
species such as inorganic phosphate, phosphomono-
esters such as AMP or glucose phosphate and
phosphodiesters such as ADP or glycerophospho-
rylethanolamine.

The chemical shift of inorganic phosphate is pH
dependent and is thus a marker of intracellular pH.
Typically, this is measured using an equation of the
form

where pKa is −log Ka, the proton dissociation con-
stant for the monoanionic species of phosphate, δ is
the chemical shift difference between inorganic phos-
phate and phosphocreatine, and δa and δb are the
chemical shifts of the diprotonated and monoproto-
nated forms of phosphate respectively. Usually, pKa

is taken as 6.77 with δa and δb being 3.27 ppm and
5.78 ppm respectively, although different research
groups use slightly different values.

1H NMR spectroscopy

Nowadays, the bulk of publications on in vivo NMR
spectroscopy are concerned with 1H NMR spectro-
scopy of human brain. Many small molecule metab-
olites have been detected and much effort has gone
into attempts to quantify these components. Many
studies are concerned with altered levels of metabo-
lites in various brain diseases. A typical 1H NMR
spectrum of human brain acquired in vivo is shown
in Figure 2.

19F NMR spectroscopy

In vivo 19F NMR spectroscopy can be a very useful
technique for monitoring the distribution of fluori-
nated drugs and their metabolites. These include the
PET agent 2-fluoro-2-deoxyglucose, the study of its
3-fluoro-isomer as a probe of aldose reductase activ-
ity in brain, the elimination from the brain of fluori-
nated anaesthetics, metabolism of halothane in the
liver, the distribution and catabolism of the antican-
cer drug 5-fluorouracil and the uptake of trifluoro-
methylthymidine into mouse tumours.

Figure 1 40.5 MHz 31P NMR spectrum from a human forearm
measured using a 4 cm diameter surface coil. Pi – inorganic
phosphate, PCr – creatine phosphate, α, β, and γ – phosphate
groups at the α, β and γ positions in adenosine triphosphate. 31P–
31P spin–spin coupling causes the splittings on the α, β and γ
peaks. Chemical shifts are references to PCr at 0 ppm. Repro-
duced with permission from Friebolin H (1998) Basic One- and
Two-Dimensional NMR Spectroscopy, 3rd edn. Weinheim:
Wiley-VCH.

IN VIVO NMR, METHODS



868 IN VIVO NMR, METHODS

A number of fluorinated molecules which have
pH-sensitive chemical shifts can be taken up by cells
and used to monitor intracellular pH.

13C NMR spectroscopy

A number of reports of the use of in vivo 13C NMR
spectroscopy are in the literature. These include
studies of lipid deposits, glycogen and its breakdown
in the liver and the monitoring of the metabolism of
13C-labelled substances such as 13C-glucose in vari-
ous tissues such as the brain.

See also: Biofluids Studied By NMR; 13C NMR,
Methods; Cells Studied By NMR; 19F NMR, Applica-
tions, Solution State; MRI Applications, Biological;

MRI Applications, Clinical; MRI Applications, Clinical
Flow Studies; MRI Instrumentation; 31P NMR; Solvent
Suppression Methods in NMR Spectroscopy.
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Figure 2 1H NMR spectra from the brain of a healthy 43 year
old male human volunteer. The upper spectrum is from the cere-
bellum and the lower spectrum is from the occipital cortex. The
spectrum was measured at 170 MHz using a 4T magnet with a
15 cm diameter semi-volume coil. Localization was achieved us-
ing a pulse sequence based on the STEAM method with a nom-
inal volume of 27 mL. Water peak suppression used selective
Gaussian pulses. Cho – choline groups, Cr – creatine, NAA – N-
acetylaspartate. Reproduced with permission from Seaquist ER
and Gruetter R (1998) Identification of a high concentration of
scyllo-inositol in the brain of a healthy human subject using 1H
and 13C NMR. Magnetic Resonance in Medicine 39: 313–316.
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Induced circular dichroism (ICD) is the CD observed
in an optically inactive (achiral) chromophore due to
its interaction with an optically active (chiral) moiety.
Early applications exploited ICD just as evidence for
such an interaction. For example, the ICD in the ab-
sorption band of an achiral drug may be used to prove
its binding to a (chiral) protein or nucleic acid. More
recent use of ICD includes the structural information
that theoretical analysis of the inducing mechanism
can provide. ICD has been an important complement
to linear dichroism (LD) for the assessment of binding
geometries in drug–nucleic acid systems.

The CD induced in an achiral chromophore upon
interaction with a chiral substrate can be ascribed to
one or several mechanisms, each corresponding to a
more or less idealized situation: the chromophore
molecule may be perturbed, by mainly steric interac-
tions, to adopt a chiral (equilibrium) conformation
or it may gain optical activity through electric and/or
magnetic interactions with surrounding chromo-
phores.

Different types of ICD

Strictly, ICD encompasses all kinds of circular
dichroism effects except for those of inherently chiral
chromophores. This is so because most systems
(molecules) may be more or less arbitrarily divided
into one achiral chromophore in which the ICD is
observed and a remaining component that includes
the chirality. Thus, the CD exhibited by a chiral mol-
ecule may be considered ICD if the chromophoric
entity itself is achiral. With this broader definition of
ICD, molecules such as carbonyl compounds (in
which the carbonyl chromophore is achiral) display
an intramolecular ICD in the first allowed n → π*
transition around 300 nm due to perturbation from
a surrounding chiral (e.g. steroid) skeleton. Distinc-
tion between this type of molecule and one which is
an inherently chiral chromophore could be difficult
to make as the boundaries of the chromophore are
often diffuse. For example, when a diene is in imme-
diate proximity of a carbonyl, a composite chromo-
phore is obtained, which, if skewed, is inherently
chiral. Therefore, it is practical to restrict the
definition of ICD to cases in which the achiral part is

distinctly separable from the chiral part, generally by
being a separate molecular species.

ICD could arise in an achiral chromophore mainly
through two mechanisms: (1) ICD of an electric
dipole-allowed (eda) transition due to coupling with
other eda transitions of the surrounding (chirally
arranged) chromophore(s) or (2) ICD of a magnetic
dipole-allowed (mda) transition due to mixing with
eda transitions in the same chromophore under the
perturbation of the electronic states of the chiral sur-
rounding. The latter mechanism generally gives more
easily detectable ICD as a combined effect of typi-
cally strong CD and weak absorption of mda transi-
tions (CD/absorbance sets the limit for the signal-to-
noise ratio of CD detection). In addition to carbonyl
groups in organic compounds, d–d transitions of
transition metals provide examples where strong
ICD from interaction with chiral surroundings are
frequently observed. For example, the first d–d tran-
sition of [Co(NH3)6]3+ displays ICDs of varying sign
and magnitude due to hydrogen-bonded outer-
sphere coordination with tartrate, amino acids and
other chiral oxoanions. These ICD effects have been
exploited to assess binding constants of the outer-
sphere complexes formed, the strength of the ICD
and of the binding constants suggesting that they are
due to relatively well ordered structures. However,
attempts towards more detailed structural assign-
ments have been unsuccessful owing to the compli-
cated nature of this mechanism of induced CD. For
this reason, the focus here will be on the first
(electric dipole) ICD mechanism, which, despite its
weaker ICD signals and consequently more demand-
ing experiments, can be more simply related to
structural models.

Interactions between electric
dipole-allowed transitions

This mechanism of ICD is related to the strong exci-
ton CD that is observed for a chirally arranged set
of identical intense absorbers such as in a chiral
homodimer (or polymer) species. A characteristic
feature is the strong bisignate CD doublet observed
at the frequency of the transition. The dominant CD
bands centred around 200 nm in proteins and at

ELECTRONIC SPECTROSCOPY
Applications
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260 nm in nucleic acids are both of exciton-type
π → π* transitions. Exciton CD will not be consid-
ered an ICD as the transition is not localized on a sin-
gle achiral chromophore but is spread over the whole
dimer (polymer) system and thus constitutes an in-
herently chiral chromophore. Instead, the ICD arises
from the interaction between two different (nonde-
generate) chromophores. It is generally of a much
weaker magnitude than the exciton CD, but becomes
gradually more intense as the energy between the two
transitions decreases. This is seen from the energy
difference in the denominator of the expression
(Eqn [1]) for the ICD rotational strength R(A) for an
eda transition, with transition moment (A) occur-
ring at frequency ν(A) on chromophore A, due to in-
teraction with another transition (B) at frequency
ν(B) on chromophore B of the chiral environment. A
requirement for non-vanishing R(A) is that the tran-
sition moments (A) and (B) are chirally arranged
relative to each other, that is, they must not be copla-
nar (Figure 1).

where VBA is the corresponding dipole–dipole inter-
action energy:

where A and B are the two (unperturbed) electronic
transition moments, ε0 is the permittivity of vacuum,
and RBA is the vector from the centre of A to the cen-
tre of B. OBA in Equation [1] is an ‘optical factor’
which depends on the geometrical arrangements of
the two electronic transition moments relative to
each other:

A decreased difference between ν(Α) and ν(B) in the
denominator of Equation (1) would make R(A) in-
crease; consequently, ICD of bands close to the in-
ducing band would be strong. The ICD further
depends on the geometry of the A–B pair, both
through VBA (Eqn [2]) and OBA (Eqn [3]), which
could be described by four coordinates: the length of

the separation vector RBA and three angles α, β, and γ
defining how (A) and (B) are oriented relative to
RBA. As seen from Equations [2] and [3], the interac-
tion factor VBA and the optical factor OBA of Equa-
tion [1] are both dependent on all four coordinates.
The ICD drops off as R  as a combined effect of the
RBA dependences in Equations [2] and [3]. Further-
more, the ICD is proportional to the dipole strengths

 and , i.e. to absorption of both A and B chro-
mophores:

Generally, the achiral chromophore A interacts
with several chromophores (Bi) of the chiral sub-
strate. If νA << νB, the ICD may be regarded as a sum
of pairwise contributions, each corresponding to one
term in Equation (1) with a given set of Bi, V  and
O . In many molecular systems, such as DNA and
cyclodextrins, the symmetric distribution of B chro-
mophores makes it possible to deduce simple expres-
sions for the net ICD.

The following examples will focus on studies of
DNA-induced circular dichroism; however the
principles are general, based on the application of
Equations [1]–[4].

Detection and quantitation of 
DNA–drug complex

Many DNA-binding molecules (usually referred to as
ligands or drugs although they may have little or no
therapeutic value) are themselves achiral. However,
upon binding to DNA, they acquire an ICD that is
characteristic of their interaction. When considering
CD applications of proteins and DNA, the ligand
ICD can be used at a number of levels. The simplest
use is to note that it exists, and therefore that the
molecule does bind to the chiral substrate; however,
more information can usually be extracted.

Figure 1 Geometry and coordinates of the A–B system.
Transition moments A and B of chromophores A and B and
the separation vector RBA.
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Empirical use of ICD for binding site 
analysis

It is often useful to measure a series of spectra where
some variable such as temperature, ionic strength, or
mixing ratio (drug: DNA ratio) is changed. If the CD
intensity changes but the shape of the spectrum re-
mains constant during such an experiment, this indi-
cates that the ligand binding mode is unchanged
although the amount of bound ligand may have
changed. If, however, there is a change in the shape
of the spectrum as an experimental parameter is
changed, then a change in the DNA–drug interaction
as a function of that parameter is implied. The
change is frequently due to occupancy of more than
one binding site as the drug load of the DNA in-
creases. Alternatively, it may also be due to changes
in DNA conformation or to drug–drug interactions.
In other words, if the experiment is conducted with a
constant ligand concentration and varying DNA
concentration, then unless the ligand binding mode
is changing, there should be no change in the ob-
served ligand ICD. A particularly dramatic change,
due to exciton CD, is observed if, as the DNA con-
centration is decreased, the ligands begin to stack or
self-associate with each other.

Extended treatment for structural 
analysis

The important case of coupled oscillator (exciton)
CD of interacting, identical chromophores (i.e. de-
generate transitions) has already been mentioned.
Exciton CD was early observed for dye molecules
upon association to biopolymers, attributed to inter-
actions between adjacently bound dimolecules with
chiral orientation relative to each other. The less ex-
ploited case of coupling of electric dipole transition
of the ligand molecule A due to interaction with one
or several nondegenerate transitions of the chiral
molecular system B has been considered in terms of
Equations [1]–[4]. Because of the nondegeneracy,
this CD is generally very small and should be meas-
ured at low drug:biopolymer ratios to avoid domi-
nance by the much more intense exciton CD from
drug–drug interactions, DNA-induced monomer CD
is exhibited by, for example, intercalating dyes such
as methylene blue, acridine orange and proflavin.
The DNA-induced CD of several of these intercala-
tors depends sensitively on both salt conditions and
on base sequence. These effects have been inter-
preted in terms of varying binding geometries in the
intercalation pocket or to varying inducing transi-
tions of the nucleobases. For eda drug transitions
which are energetically isolated from the inducing

transitions of the DNA bases, a simple relation has
been derived between the DNA-induced monomer
CD (rotational strength R) and the ‘azimuthal’ angle
γ, defining the orientation of the intercalator transi-
tion in the plane of the intercalation pocket (angle to
dyad axis): 

Where f is a function comprising contributions of the
various transitions of the surrounding nucleobases.
The DNA-induced CD of an intercalator has also
been calculated using the more rigorous ‘matrix
method’. The orientation dependence obtained in
this manner (Figure 2) was found in good compari-
son with the (1−2cos2 γ) dependence predicted by
Equation [2]. The CD amplitudes were also in rea-
sonable agreement with measured ICD spectra of
various intercalators which can be seen in Table 1.

The situation is more complicated for a noninter-
calator than for an intercalator in that there will be
more degrees of geometrical freedom (Figure 2) and,
as a result of the external position, interactions with
a larger number of DNA bases must to be considered.

Groove-bound and intercalator 
ligand–DNA complex geometries

The relative geometries of DNA and the transition
moment of an externally bound chromophore
are defined by the parameters r, α, β, and γ, in
Figure 2B. r and γ define the position of the external
chromophore’s transition moment relative to the
DNA helical axis and α and β describe the orienta-
tion of the transition moment; α is the angle between
the z-axis (DNA helical axis) and the transition
moment and β is the angle between the projection of
the transition moment onto the xy plane and the
vector r the distance from the helix axis to the
position of the transition moment.

In Figure 3, an example is shown of the ICD cal-
culated for a nonintercalator (r = 7 Å) sitting outside
a GC step in the minor groove, as a function of the α
and β angles. α = 45° and β = 90° correspond to a
minor groove binding geometry (indicated by an ×),
with a transition moment pointing along the groove.
This geometry should give a strong positive ICD.
However, α = 90° and β = 0°, which correspond to a
transition moment along the duplex dyad axis of an
intercalator which has been withdrawn from the
centre, should produce a negative ICD. A strong pos-
itive ICD appears to be a common feature for minor
groove binders with transition moments parallel
with the groove. However, depending on the DNA
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sequence, both the sign and amplitude are predicted
to vary for other nonintercalated and semi-interca-
lated geometries.

As can seen in Table 1, DAPI and APF, which are
both known to bind preferentially, in the minor
groove at AT-rich regions of duplex DNA, can also
bind by intercalation in pure GC tracts (this differ-
ence is most clearly seen in the flow linear dichroism
spectrum, which probes the α angle). Thus, Figure 4
shows three types of DNA ICD. Spectrum (a) shows
the APF [2,5 bis(4-amidinophenyl)furan] ligand
bound in the minor groove of [poly(dAdT)2].
Spectrum (f), obtained at a higher drug: DNA binding
ratio, also contains a contribution from exciton CD

Figure 2 (A) ICD of a DNA intercalator calculated as a function
of the transition moment in the plane of the intercalation pocket
and centred on the helix axis. γ is the angle between the transi-
tion moment and the DNA dyad axis. Reproduced with permis-
sion from Lyng, Hard and Nordén (1987) Biopolymer 26: 1327.
(B) definition of geometrical parameters of a DNA–ligand sys-
tem: with r = 0, α = 90° and β = 0°, then γ corresponds to the ori-
entation of an intercalator transition moment (see top figure).
Typical minor groove binding geometry parameters are r = 7 Å,
α = 45°, β = 0° and γ = 0.

Table 1 Calculated and observed ICD rotational strengths for DNA intercalators and externally bound drugs

a DAPI = 4,6-diamidino-2-phenylindole and APF = 2,5-bis(4-amidinophenyl)furan. 

Drug systema Energy of transition (10o cm –1)

Transition moment angles (Fig. 2)/ ° Rotational strength (DBM units)

α β γ Expt. Calc./predicted

Intercalators
DAPI–[Poly(dC–dG)]2 30 80 0 0 +0.01 +0.01
Acridine orange–DNA 20 90 0 90 − − 
Pseudoisocyanine–DNA 18 90 0 90 − − 
APF–[poly(dC–dG)]2 28 80 0 0 + + 

Minor groove binders

 DAPI–[poly(dA–dT)]2 30 45 0 90 +1.8 +0.5
 Netropsin–DNA 32 45 0 90 +1.3 +0.4
 Hoechst 33258–DNA 26 45 0 90 +2.8 +0.4
 APF–[poly(dA–dT)]2 28 45 0 90 + + 

Major groove binders

 Methyl green–DNA 23 90 180 0 −0.6 −0.1
15 45 180 270 +0.8 +0.2

Figure 3 Example of ICD calculated for a minor groove binder
(at 5′G–3′C step) as a function of angles α and β (see Figure 2).
Reproduced with permission of Wiley from Lyng, Hard and
Nordén (1991) Biopolymers 31: 1709.



INDUCED CIRCULAR DICHROISM 873

due to drug–drug interactions between adjacent sites
in the minor groove. Spectrum (g), which refers to
APF in [poly(dGdC)2], is the weak positive CD corre-
sponding to the intercalated drug with the transition
moment preferentially directed along the short (dyad)
axis of the intercalation pocket.

Conformational ICD in DNA systems

When chromophore A could adopt a chiral confor-
mation and B could change its conformation upon
binding, some additional sources of ICD induced by
chromophore B should be considered. The ICD is
generally assumed to be the difference 

where A = achiral molecule (drug) and B = chiral
molecule (DNA). However, the net ∆CD may also
have a contribution due to a change of conformation

in B:

where δCD(conf B) = CD change of B due to confor-
mational change of B upon interaction with A.

Since ICD(A) is the true ICD, providing informa-
tion about the interaction, it is recommended that
one corrects, if possible, for any contributions due to
conformational change of B[∆CD − δCD(conf B)].
Three contributions to the ICD of A may be distin-
guished: 

where ICD(A)el = induced CD in A’s transitions due
to electronic coupling with B’s transition’s,
δCD(conf A) = CD of A due to adopted chiral con-
formation, and δCD(exciton A) = exciton CD of A
interaction with neighbour A molecules.

Special situation (a). When A is a chiral molecule
added in enantiomerically pure form, then
ICD(A) = induced CD in A’s transitions due to
electronic coupling with B’s transition + δCD(chir)
of A due to any changed (chiral) conformation of
A + δCD(Abs) of A due to any changed absorption
property (hypo-/hyperchromism) of A. The third
contribution scales directly as the changed absorp-
tion, δAbs: 

Hence if CD(A) is large, δCD(Abs) will be large,
even for small δAbs.

Special situation (b). A is a chiral molecule added
as a racemate: then, in addition to the contributions
in situation (a), there is additionally the effect of any
enantiopreferentiality of binding A to B, which adds
the following extra term to ICD(A): + δCD of A due
to that the enantiomer bound may have changed its
absorption properties (hypo/hyperchromism) or con-
formation.

Special situation (c). A is a chiral molecule subject
to inversion. The enantiopreferential binding to B can
then affect the equilibrium between the enantio-mers
to make the total of A non-racemic (an excess of one
enantiomer). Generally, the preferred enantiomer is
thermodynamically stabilized. This is the so-called
‘Pfeiffer effect’. An example is given by the addition
of labile [Fe(phen)3]2+ to DNA where the observed

Figure 4 Measured ICD of APF (see formula) bound to [poly-
(dAdT)]2 [spectra (a)–(f)] and to [poly(dGdC)]2 [spectrum(g)]. The
strongly positive ICD in spectrum (a) (drug: DNA phosphate ratio
r = 0.01) is consistent with minor groove binding (see Figure 3),
while increasing binding ratios (r = 0.02, 0.04, 0.08, 0.16 and
0.31) give a gradually increasing contribution of CD due to
exciton coupling between adjacently bound APF molecules. The
weak positive ICD in [poly(dGdC)2] is consistent with intercalation
(transition moment along the DNA dyad axis, see Figure 2).
Reproduced with permission of the American Chemical Society
from Jansen, Lincoln and Nordén (1993) Biochemistry 32: 6605.
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ICD is comprised of two components. There is an
immediate effect according to situation (b) and a
slower developing (stronger) Pfeiffer ICD due to an
inversion yielding a net excess of the enantiomer in
the solution, as shown in Figure 5.

ICD in cyclodextrins

The CD of large, formally rather complicated sys-
tems is sometimes as simple as that of much smaller
ones, particularly if the system has high symmetry.
One such system is a β-cyclodextrin host–guest com-
plex. Cyclodextrins are α-1,4-linked D-glucose oli-
gomers, where α-cyclodextrins have six glucose units
and β-systems have seven and so on. Since cyclodex-
trins have been found to catalyse reactions involving
their guests, it is of interest to know the orientation
of the guest inside the sugar ring (Figure 6). The CD
induced into the transitions of known polarization
of the guest may show that immediately. Most ex-
periments have been conducted using the β-cyclodex-
trin framework, which has a cavity of the correct size
to accommodate a single aromatic molecule such as
benzene or naphthalene. Another application of
cyclodextrin-induced CD is for the assignment of
transitions in C2v or D2h symmetric molecules: ICD
of opposite signs correspond to transitions with mu-
tually perpendicular polarizations.

List of symbols

O = optical factor; r = distance from helix axis to
position of transition moment; r = drug:DNA phos-
phate ratio; R = rotational strength; V = dipole–
dipole interaction energy; α = angle; β = angle;
γ = angle; ε0 = permittivity of vacuum; = transi-
tion moment; ν = frequency.

See also: Biomacromolecular Applications of Circu-
lar Dichroism and ORD; Chiroptical Spectroscopy,
Emission Theory; Chiroptical Spectroscopy, Oriented
Molecules and Anisotropic Systems; Chiroptical
Spectroscopy, General Theory; Macromolecule-
Ligand Interactions Studied By NMR; Nucleic Acids
and Nucleotides Studied Using Mass Spectrometry;
Nucleic Acids Studied Using NMR; Pharmaceutical
Applications of Atomic Spectroscopy.
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Figure 6 β-Cyclodextrin (left) and the signs of the CD observed
in the transitions of a guest molecule depending on their
polarization directions: axially polarized transitions appear with
positive ICD, whereas transitions polarized in the plane of the
cyclodextrin ring appear with negative ICD. Reproduced with
permission from Roger A and Nordén B (1997) Circular
Dichroism and Linear Dichroism, Oxford: Oxford University
Press.

Figure 5 The ‘Pfeiffer’ ICD of inversion labile [Fe(phen)3]2+

upon binding to DNA. Following DNA addition, a small ICD is im-
mediately seen due to the preferential association of one
enantiomer and electronic perturbation of its CD [special situa-
tions (a) and (b)]. Therefore, a strong CD is more slowly evolving
as a result of a shifted diastereomeric equilibrium giving net ex-
cess to one enantiomer.
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Inductively coupled plasma mass spectrometry (ICP-
MS) combines an ICP with a mass spectrometer. It
features a multielemental capability, good precision,
a long linear dynamic range, simple spectra, low de-
tection limits and the ability to do rapid isotopic
analysis. With such advantages, ICP-MS has found
wide application to the analysis of a variety of sam-
ples, including water and food, as well as geochemi-
cal, environmental and biological samples. However,
it has a number of limitations, such as matrix effects,
which can be important, and the need to keep the
concentration of dissolved solids low to avoid clog-
ging problems. These complicate the analysis by
requiring sample pre-treatment and/or more in-
volved calibration strategies. Nonetheless, with the
appropriate method development and/or optional
accessories, these limitations can be largely circum-
vented, thereby allowing ICP-MS to be applied to
the analysis of virtually any type of sample.

Description of a basic ICP-MS 
instrument

Figure 1 shows a block diagram of an ICP-MS in-
strument. A 1–2.5 kW Ar ICP is the typical ion
source for MS. The ICP is a high-temperature
(5000–10 000 K) electrodeless discharge that is sus-
tained in argon flowing within a torch. In general,
the ICP uses samples in solution, which presents the
advantages of good control over homogeneity and
ease of calibration. A sample solution is delivered
to a nebulizer using a peristaltic pump to minimize
physical interferences (from, for instance, changes in
viscosity). The nebulizer converts this solution into
an aerosol that is then carried by the nebulizer gas
through a spray chamber where large droplets con-
dense and drain out. The resulting fine aerosol is
injected into the heart of the plasma, and undergoes
several sequential processes as it moves deeper into
the plasma: desolvation, vapourization, atomization
and ionization.

In an Ar ICP, the degree of ionization of 52 ele-
ments is expected to be ≥ 90%. Only three elements
(He, F and Ne) which possess a first ionization

potential greater than that of Ar would not be
ionized and could therefore not be determined by
ICP-MS with an Ar ICP. Similarly, the highest degree
of double ionization is 10% and occurs only for a
few elements. The ICP is therefore an efficient ele-
mental ion source for MS since the majority of ele-
ments in the periodic table are singly ionized.

A portion of the plasma (which is typically three
sampler orifice diameters wide and two sampler
orifice diameters deep) is sampled from the central
channel of the plasma, and extracted through a dif-
ferentially pumped interface (through two water-
cooled metal cones with orifice diameter ∼ 1 mm,
the sampler and the skimmer), which is maintained
at approximately 1 torr using a mechanical roughing
pump. This portion is then transmitted into the mass
spectrometer where ions are separated according to
their mass-to-charge ratios (m/z) and counted.

Two different categories of ICP-MS instruments
are currently commercially available: low-resolution
instruments, using either a quadrupole or a time-of-
flight (TOF) tube to achieve ion separation, and
double-focusing high-resolution instruments that use
an electrostatic and a magnetic analyser in series.
Both the quadrupole-based and the double-focusing
instruments allow a sequential multielement meas-
urement, whereas TOF-ICP-MS allows simultaneous
multielement detection.

Selected specifications for these two categories are
summarized in Table 1. Aside from resolution, one
distinctive feature of high-resolution instruments is
the negligible background which is observed across
the mass range. This results from the curved path
that the ion beam must follow, which efficiently pre-
vents photons from reaching the detector, as well as
from the operating pressure that is considerably
lower than that of low-resolution instruments, and
thereby minimizes collisional processes in the ion
beam.

Capabilities of ICP-MS

Table 2 shows that ICP-MS has numerous
advantageous features: large linear dynamic range,

MASS SPECTROMETRY
Methods & Instrumentation
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advantage of working with samples in solution,
good precision, low detection limits. The linear dy-
namic range for many elements is such that major,
minor and trace levels may all be determined at once.
Furthermore, the multielement capability of ICP-MS
allows the determination of, for instance, 70
elements in less than 2 min, using less than 2 mL of
solution at an uptake rate of 1 mL min−1. Detection
limits are typically ≤ 1 ng L−1 for most elements with
all low-resolution instruments, and even lower with
high-resolution instruments. This difference arises
from the lower background typically obtained on
high-resolution instruments, as well as the higher
reliability in peak hopping which results from the
flat-top shape of the peaks observed in high
resolution. Sensitivity is similar on all instruments in
low resolution, but is degraded by an increase in
resolution because this is typically achieved by
decreasing the slit width of the entrance and exit slits
on double-focusing instruments, which in turn leads
to a reduction in ion transmission.

In any case, since specific isotopes are detected,
isotope ratios can be measured. Also, calibration by
the very accurate isotope dilution analysis method
can be done (where internal standardization is
essentially carried out using an enriched isotope of
the analyte). The flat-top peaks, which are typical of
high-resolution instruments, should allow the meas-
urement of ratios with better precision than that
achievable with quadrupole-based instruments.
However, because these mass spectrometers cannot
be scanned as fast as quadrupoles, the resulting pre-
cision can be degraded compared to that obtained
with quadrupole MS. The best precision is expected
with TOF instruments since they allow the simulta-
neous detection of all masses.

All these features explain why even the basic ICP-
MS instrument described so far is being applied to
analyses in a variety of areas. For instance, Table 3
shows that ICP-MS is widely used for environmental,

Figure 1 Schematic representation of a conventional ICP-MS instrument.

Table 1 Typical specifications of ICP-MS instruments

a Peak width at 10% from the peak maximum.
b 10% valley between two adjacent peaks.

Parameter

Type of instrument

Low resolution High resolution

Resolution 1 amua 300–10 000 amub

Mass range 1–300 amu 1–500 amu
Background level 

across the mass 
range

< 2–50 cps <<0.1 cps

Table 2 Attributes of ICP-MS instruments

a Based on three times the standard deviation of the blank.

Feature

Type of instrument

Low resolution High resolution

Orders of linear 
dynamic range

5−9 9

Short term precision 
for 10 repeats (%)

1−3 2

Sensitivity (Mcps/ppm) 1−30 20 at R = 300
1 at R = 3 000

Detection limita (ng/L) <1−10 <0.01−1 
(R = 300−500)
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clinical and geochemical studies, with appropriate
sample preparation procedures. These are required
not only to put solid samples in solution, but also to
avoid or circumvent limitations of ICP-MS by, for in-
stance, removing sources of interference.

Limitations of ICP-MS

Table 2 indicates that, whatever the resolution, de-
tection limits vary with the element being deter-
mined. There are, indeed, several factors affecting
detection limits in ICP-MS. The degree of ionization
of the analyte, the natural abundance of the isotope
that is used for the determination of a particular
element, spectroscopic interferences from the back-
ground and/or the sample matrix, and mass discrimi-
nation are the most notorious sources of
degradation. Obviously, if an element is only 50%
ionized in the plasma, then its detection limit will be
reduced by a factor of 2 compared to an element
which is completely ionized. Similarly, if only one
isotope of a multi-isotope element is detected, the
resulting detection limit will be less than that of a
monoisotopic element.

Furthermore, the sample introduction system is
the Achilles’ heel of all ICP-based instruments.
Indeed, only about 2% of the sample solution actu-
ally reaches the plasma with a conventional system
(composed of a pneumatic nebulizer and spray
chamber, as shown in Figure 1), most of it going
down the drain. This means, therefore, that only a
small fraction of the total possible signal is obtained.

As mentioned earlier, because the mass spectrum is
simple, the likelihood of spectroscopic interferences

is reduced, particularly with high-resolution instru-
ments. However, when they occur, the number of
alternative lines is small (there are indeed a number
of monoisotopic elements). One example of an iso-
baric interference that cannot be resolved even at
high resolution is that of 40Ar+ on 40Ca+, the major
isotope of Ca. Other severe interferences arise from
Ar-containing polyatomic ions as well as oxides of
matrix elements. Several of these can be resolved at
higher resolution but with a concurrent sacrifice in
sensitivity and detection limits. On low-resolution
instruments, a ‘cold plasma’, where the ICP is oper-
ated at lower power and higher nebulizer gas flow
rate, can be used to reduce important interferences
from the background but, again, a lower sensitivity
concurrently results across the mass range.

Mass discrimination is most important for qua-
drupole-based instruments where the transmission of
ions is not uniform over the mass range. In particu-
lar, the transmission of light ions is reduced com-
pared to heavier ions. Another parameter which may
also affect the detection capability of ICP-MS is the
plasma sampling position, which may not be optimal
for all the analytes being determined simultaneously.
This position is indeed important to maximize the
density of analyte ions extracted from the ICP. Even
the chemical form (i.e. speciation) of an element in
solution may influence where it undergoes the vari-
ous processes (desolvation, vapourization, etc) in the
plasma, ultimately determining where the maximum
ion density will be.

The sampling process itself is the source of another
limitation: because part of the plasma passes through
a small orifice, this orifice can become clogged by

Table 3 Examples of applications of ICP-MS

General category Samples Sample pretreatment

Water Sea water, industrial waste water, pore water, river water, 
fresh water, rain, ground water, lake water, spring water, 
snow, tap water, high-purity water

Filtration and any of the following:
acidification and dilution
ion exchange separation to remove 
interferents and/or preconcentrate analytes
preconcentration by evaporation

Environmental Soil, dust, leaves, sediments, sewage, industrial 
effluents, paint, atmospheric aerosols, suspended 
particulate matter, tobacco smoke condensate, 
domestic sludge, glass, spent nuclear fuel, leachates of 
high-activity waste, rocks, metals, ores, alloys, ceramic 
materials

Crushing or grinding, and either digestion with high-
purity acids or fusion and dissolution, followed by 
dilution

Food Prawn parts, wheat flour, spinach, cabbage, wine, 
mussels, beef kidney, milk

Digestion with high-purity acids followed by dilution

Biological Faecal material, urine, human serum, plasma, red blood 
cells, whole blood, cerebrospinal fluids

Dilution or drying, ashing and/or digestion with high-
purity acids followed by dilution or extraction

Organic Crude oil, gasoline Extraction into aqueous acidic solution
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dissolved solids. The maximum concentration of
dissolved solids which can be tolerated on a continu-
ous basis is 0.2%. Finally, even if this level is kept rea-
sonably low, effects of concomitant elements (also
called matrix effects) can occur, whereby the analyte
signal is either suppressed or enhanced by the
presence of other elements. Some trends have been
observed and partly explained. For example, a heavy
matrix element will in general induce a more impor-
tant suppression than a light matrix element on qua-
drupole-based instruments because of space–charge
effects. However, these matrix effects are still largely
unpredictable, which complicates the calibration
process for samples that do not possess a relatively
simple matrix. Whenever possible, a simple dilution
of the sample is recommended to minimize the effects
of concomitant elements, since they depend on the
absolute amount of concomitant element.

The various calibration strategies available with
ICP-MS are summarized in Table 4, along with
implications of the above-mentioned limitations.
(More elaborate chemometric calibration procedures
have also been developed by a few groups.) In general,
unless the sample matrix is simple, internal standard-
ization (or frequent calibration) will be required for
quantitative analysis using external calibration with a
series of standard solutions. The choice of the internal
standard(s) depends on the instrument, the sample,
etc. For the best results, an element with properties
similar to that of the analyte (so that it will behave
similarly in ICP-MS) is needed, so several internal
standards may be required for a multielemental
analysis spanning the entire mass range.

The method of standard additions efficiently com-
pensates for matrix effects but not for drift. If the
latter is also present (for instance because of gradual
clogging), internal standardization may also be
required. The best method to compensate for both
matrix effects and drift is isotope dilution analysis.
However, it is only applicable to elements with at
least two isotopes (stable and/or long-lived radio-
active) free of spectroscopic interferences. Because of
mass discrimination, this normally standardless
technique requires a prior determination of mass
bias using standards of known isotopic composition
in order to correct the measured isotope ratios for
mass discrimination.

Accessories available to expand the 
capabilities of ICP-MS

Major modifications can be made to the ICP-MS in-
strument, such as adding one or two quadrupoles,
and operating one quadrupole in an RF-only mode
so that it can serve as a cell where gas-phase colli-
sions are performed to break polyatomic ions. How-
ever, several more or less expensive accessories that
can be readily interfaced to ICP-MS are available to
circumvent one or more of the above-mentioned lim-
itations. The most frequently used are summarized in
Table 5.

The sample introduction system can simply be re-
placed by a high-efficiency one, such as an ultrasonic
nebulizer coupled to a desolvation system. Analyte
transport efficiencies of 10–20% are typically
achieved using such a system. Other high-perform-
ance nebulization systems include direct injection
nebulization, which introduces 100% of the sample
directly into the plasma (i.e. no spray chamber is
needed), thermospray, hydraulic high-pressure neb-
ulization and monodisperse dried microparticulate
injection.

The characteristics of the plasma can also be mod-
ified by adding another gas to argon. For instance,
an addition of O2 to the plasma is beneficial for the
analysis of organic solutions as it prevents the
deposition of soot on the interface. The addition of
gases with a higher thermal conductivity than argon
(such as H2) can be used to enhance sensitivity (by
improving the ionization efficiency), reduce and/or
eliminate spectroscopic and non-spectroscopic inter-
ferences, and reduce mass discrimination.

Table 5 demonstrates that various approaches
can be used with a basic ICP-MS instrument to over-
come spectroscopic interferences. Many of these
approaches consist in separating the problematic ele-
ment(s) from the analyte during sample preparation

Table 4 Calibration strategies in ICP-MS

Method Requirements
Quality of 
results

External 
calibration

One isotope free of spectro-
scopic interference per 
analyte

Good accuracy 
and precision

Matrix matching and/or correc-
tion for drift (using internal 
standardization or frequent 
calibration)

Standard 
additions

One isotope free of spectro-
scopic interference per 
analyte

Good accuracy 
and precision

May require a correction for 
drift (using internal 
standardization)

Isotope 
dilution

Two isotopes free of spectro-
scopic interference per 
analyte

High accuracy 
and precision

Good equilibrium between 
isotopic spike and sample
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(by extraction, chelation, selective precipitation, etc).
Although they can be quite effective at reducing both
spectroscopic and non-spectroscopic interferences (if
the source of the latter is also removed during
sample processing), they are nonetheless time-
consuming and increase the likelihood of
contamination.

Most of these separations can be carried out on-
line with ICP-MS using a flow injection manifold. A
big advantage of this approach is that all the chemis-
try is done in a closed system, often on a reduced
scale, thereby reducing sources of contamination, as
well as sample and reagent consumption. Chemical
vapourization approaches can also selectively isolate

Table 5 Options widely used to enhance the capabilities of ICP-MS

Method Advantages Disadvantages Examples of applications

Ultrasonic nebulization
with desolvation

High sample introduction 
efficiency

Prone to memory effects Analysis of river water, lake water, 
rain and other samples with 
simple matrix

Reduction of oxides through 
removal of solvent

Cone blockage and matrix effects from 
concentrated matrix

Mixed-gas plasmas Reduced spectroscopic 
interferences

Higher incidence of torch melting Analysis of fuel oil, vegetable oil, 
sea water, urine, slurries

Reduced matrix effects

Flow injection analysis Reduced memory effects System must be modified and 
optimized for each type of 
application

Analysis of samples with high level 
of dissolved solids (sea water, 
brines, urine, etc), concentrated 
acids, volume-limited samples

Increased sample throughput

Reduction of matrix effects

Enhancement of sensitivity

On-line pretreatment 
chemistry

Chromatographic 
techniques

Speciation of aqueous and 
gaseous samples

Different interfaces required for 
different techniques

Determination of toxic and non-toxic 
species in biological materials, 
food, environmental samples

Separation of analyte from 
matrix

Chromatographic resolution dependent 
on interface to ICP

Chemical vapour 
generation

Selective separation of 
analyte from matrix 

Different chemistries and/or conditions 
required for different analytes

Determination of hydride-forming 
elements and/or species in a 
variety of samples

Up to 100% sample 
introduction efficiency

Electrothermal 
vapourization

Small sample volume Only one or a few elements can be 
determined at once

Analysis of waters, biological
materials, food, volume-limited 
samples

Direct solid analysis Matrix modifiers often required to 
prevent loss of analyte

In-situ pre-treatment of 
sample

Up to 100% sample 
introduction efficiency

Slurry nebulization Eliminates digestion and 
fusion steps

No available sample blanks Analysis of rocks, soils, hard-to-
dissolve samples (such as coal)

Calibration with aqueous 
standards

Efficiency of calibration dependent on 
particle size and sample type

Laser ablation Direct solid analysis Limited number of reference materials 
available for calibration

Analysis of geological samples, 
ceramic materials, glass

In-situ analysis of interstitial 
fluid

No available sample blanks 

Microscopic profiling of solid 
samples
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the analyte and transform it into a volatile species, in
either continuous or flow injection fashion. Alterna-
tively, selected species of the analyte can be deter-
mined by coupling gas, liquid or supercritical
chromatography, or capillary electrophoresis, to
ICP-MS.

As mentioned earlier, solid samples must first be
put in solution for analysis by conventional ICP-MS,
using digestion, fusion, dry-chlorination, etc, which
all introduce potential sources of contamination.
Slurry nebulization, which simply consists in grinding
the sample and suspending it in a suitable dispersing
agent, can significantly reduce these contaminations.
Alternatively, solids can be analysed directly using
various techniques coupled to ICP-MS: electrother-
mal vapourization, laser ablation (as well as arc/spark
ablation), direct sample insertion, fluidized bed intro-
duction, etc. These techniques are even more interest-
ing for samples which are difficult to dissolve. Some
of them (electrothermal vapourization and direct
sample insertion) can also be used for the analysis of
solutions.

All these approaches enhance the capabilities of
ICP-MS but complicate the optimization process.
The full potential of some of them (such as ablation
techniques, flow injection, etc), which generate short,
transient signals, will be better realized if an instru-
ment allowing simultaneous multielement detection
(such as TOF) is used. In any case, no single method
can be used for the direct analysis of every sample.
Some method development is therefore required for
each new sample type, whether ICP-MS is used with
or without one or more of the available options.

See also: Calibration and Reference Systems
(Regulatory Authorities); Chromatography-MS, Meth-
ods; Food Science, Applications of Mass Spec-
trometry; Forensic Science, Applications of Mass

Spectrometry; Glow Discharge Mass Spectrometry,
Methods; Isotope Ratio Studies Using Mass Spec-
trometry; Quadrupoles, Use of in Mass Spectrometry;
Sector Mass Spectrometers; Time of Flight Mass
Spectrometers.
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Extensive use is made of IR and Raman spectroscopy
in industry, because these techniques have the capa-
city to provide information at the chemical molecular
level on virtually any material of interest be it solid,
liquid or gas. They are well understood, can be easily
applied and results can be obtained quickly and
cheaply. Instruments utilized range from simple
single-channel IR filtometers to sophisticated compu-
terized interferometers and spectrographs supported
by flexible data handling software. In addition to
process functions they are employed in quality assur-
ance and troubleshooting in the quality control (QC)
environment and in analysis (both qualitative and
quantitative) in research and development (R&D).
Areas of application are pre-eminently in the chemi-
cal, oil and gas, plastics and pharmaceutical indus-
tries, but there is also considerable use in materials
industries, mining, agriculture and food processing.

Applications of near-infrared (NIR) spectroscopy
will not be described in this article but can be found
elsewhere in the Encyclopedia. The examples of IR
and Raman spectroscopy given below represent, of
course, only a tiny fraction of what is done in indus-
try and are necessarily a rather arbitrary selection.

Brief history

With the introduction of commercially available,
automatically recording, spectrometers during World
War 2, IR spectroscopy began to be utilized in indus-
trial laboratories and by the 1960s dedicated instru-
ments had reached the factory floor. The advent of
FT-IR machines designed specifically for the analyti-
cal market and a much wider range of accessories
then saw a considerable expansion in use from the
early 1980s onwards, particularly in QC and devel-
opment laboratories.

Expense and technical difficulty meant that it was
not until the 1970s that anything more than a handful
of Raman spectrometers were employed in industry.
Take-up, even by industrial research laboratories,
continued to be slow until the arrival of relatively
cheap computerized spectrographs, FT-Raman and
advanced methods of sampling during the 1980s.

The special conditions of the 
industrial environment

Employment of instrumentation is much the same in
industrial research laboratories as it is in academic
institutions, although of course the aims of the;
former are necessarily more focused to particular ob-
jectives. But elsewhere in industry both time and
money, within the constraints of safety, are of prime
importance and the usefulness of information pro-
vided by any technique must be judged primarily by
these criteria. The nearer the production line, the
greater is the degree of rigour with which these
criteria are applied. Rapid measurement, high degree
of automation and reliability, all at minimum cost,
are therefore demanded of manufacturers of spectro-
scopic equipment.

A major cost element of any activity is personnel.
This predicates dedicated operation with as much
‘black box’ control of instrumentation as possible
and incorporating robust protocols.

The factors described above tend inevitably to in-
duce conservative attitudes in industrial practitioners
so that it is important that any technique and its par-
ticular area of application be well understood, wide-
ly accepted and validated by longtime usage. The
activities of organizations such as ASTM (American
Society for Testing Materials) which have overseen
the establishment of standard procedures for many
common but specific spectroscopic measurements
have been highly important in cementing acceptance
of such methodology. Scientific forums that bring to-
gether both industrial and academic workers are
extremely helpful in circulating ideas. The long-
standing British-based IRDG (Infrared and Raman
Discussion Group) is a good example of a body that
organizes regular lecture meetings, often at industrial
locations.

Instrumentation

As vibrational spectroscopy was originally a research
technique, many spectrometers used in industry in
the past have been derivatives of research-oriented

VIBRATIONAL, ROTATIONAL & 
RAMAN SPECTROSCOPIES

Applications
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machines. However, most equipment is now pro-
duced for the ‘analytical’ market so this relationship
(even for Raman spectrometers) has been turned
around and now many so-called ‘research’ machines
are just the standard ‘analytical’ instrument with
add-on features. Outside R&D most instrumenta-
tion is designed for dedication to specific tasks and a
great many IR machines sold are single-channel
filtometers.

Such instruments are non-dispersive and utilize a
narrow bandpass filter to monitor one compound of
interest, commonly carbon dioxide or carbon monox-
ide, in a process environment. The bandwidth of the
filter is closely matched to the bandwidth (for carbon
dioxide the unresolved envelope of a number of rota-
tional sidebands) of the analyte and a reference signal
is obtained from another filter which passes radiation
from a transparent area of the spectrum.

Full-spectrum machines are now, in the case of IR,
mostly interferometers. The benefits of full computer-
ization, high sensitivity, ease of operation and ‘quan-
titative analysis’ software packages have rendered the
classical dispersive spectrometers obsolete. Portable
operating software has meant that industry standard
PCs and workstations can be used as ‘front ends’ on
most if not all commercial instruments now sold.

Until relatively recently, Raman spectroscopy was
not generally suited to industrial use with the excep-
tion of specific problems in R&D. Although the
classical double grating dispersive scanning spectro-
meters could be computerized, they were slow
and often subject to problems such as sample

fluorescence. This has been changed by the advent
first of simple and rugged spectrographs with multi-
channel (usually charge-coupled device (CCD))
detectors and second of FT-Raman modules that can
be ‘bolted on’ to standard FT-IR machines. Spectro-
graphs have addressed the speed problem while FT-
Raman, which uses near-IR excitation, is not trou-
bled by fluorescence.

Sampling methods
Many of the sampling accessories now available for
vibrational spectroscopy were developed for specific
industrial use or with industry in mind. Some of the
most important recent developments have been in the
production of fibre-optic attachments that can allow
data to be obtained in situ with remote spectro-
meters. Optical fibres are available for the Raman
region but though suitable materials (e.g. chalcoge-
nides) that are transparent in parts of the mid-IR re-
gion can now be manufactured, fibre-optic probes in
this region are somewhat limited in usefulness.
Figure 1 demonstrates the quality of a Raman spec-
trum that can be obtained from inside a container, in
this example an amber vial holding acetone. The flex-
ible fibre-optic probe was merely placed on the out-
side of the glass so that sampling was completely
non-invasive.

Raman microscopy imaging, the spectroscopic
mapping of a sample placed on a computer-
controlled motorized stage, has applications in many
areas. A TV attachment gives visual guidance to the

Figure 1 The Raman spectrum of acetone contained within an amber vial. A HoloProbe (Kaiser Optical Systems, USA) fibre-optic
probe transmitting a visible excitation line at 532 nm was utilized. The length of the fibre optic can be 100 m or more while, by changing
attachments, the head can collect the Raman signal from distances of between about 0.03 and 40 cm.
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operator for location of an area of interest and real-
time spectra are produced. A particular application,
in this example from the pharmaceutical industry, is
the examination of powders, particles down to 1 µm
(or less) being distinguished. This is an order of mag-
nitude better than IR microscopy. Figure 2A illus-
trates a colour-coded Raman map that offers
chemical information on the disposition of different
components of a mixture, the three distinct spectra
shown in Figures 2B, C and D being obtained by
‘specifying’ three particular points in the image. The
Raman image analysis software can also be used to
assess particle size distribution.

Attenuated total reflection (ATR) probes can be
used to follow chemical reactions in situ. An exam-
ple is the react-IR (Applied Systems) instrument. Al-
though ZnSe is commonly used as the optical
element in ATR, it is not robust enough to deal with
certain chemical reactions, e.g. bromination, so a
diamond tip is utilized instead. Figure 3 shows the
spectrum of a fused-ring β-lactam which yields a car-
bonyl band at 1785 cm–1. This can be seen reacting
via an intermediate to give a less strained β-lactam
with a carbonyl vibration near 1760 cm−1.

The production of potassium bromide discs for IR
spectroscopy has never been automated, although at
least one scheme has indicated the possibility. When
dispersive spectrometers were used, this did not
matter so much as spectrum acquisition was of the
same order of duration as sample preparation, but
FT-IR machines are much more rapid. Thus diffuse
reflectance has recently become a very popular
technique for monitoring the IR spectra of organic
compounds that are soluble in volatile solvents as it
only requires the placing of a drop of solution on a
small layer of ground alkali metal halide powder.

For dealing with large numbers of compounds
from chromatographic or other types of separation,
the so-called ‘hyphenated’ methods are used. The
most popular are the combinations with gas chroma-
tography (GC-IR), thermogravimetry (TG-IR) and
gel-permeation chromatography (GPC-IR). Figure 4
is the IR chromatogram of part of a GC separation
of fractions in a typical gasoline (petrol). One of the
aims was to detect aromatic components the levels of
which are strictly controlled by various ‘clean fuel’
legislations (in the USA and elsewhere). Only IR
absorption from the 900–600 cm–1 region has been

Figure 2 Raman microscope image and associated spectra of a pharmaceutical powder. (A) Raman image that gives the relative
importance of each compound (A, B, C), and spectra of (B) compound A, (C) compound B and (D) compound C. (See Colour Plate 23)
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utilized in this example, this being the region of the
characteristic C–H out-of-plane bending modes of
aromatic compounds. The level of benzene in this
sample, which was of the order of 0.02% by mass,
could be determined by the GC-IR method to an
accuracy of within 1% of the measured value.

Data handling
Data transfer to computer networks such as LIMS
(laboratory information management systems) is
now straightforward using the JCAMP world stand-
ard data format and modern operational software
for vibrational spectrometers is usually set up for
this. Sophisticated quantitative analysis packages are
generally available for use in analytical laboratories
and designed for largely ‘black box’ operation,
which is obviously attractive to industry. Some of
the chemometrics methodology (e.g. partial least
squares (PLS)) behind the software has only been de-
veloped relatively recently, however, and still draws
criticism from some quarters, which might cause
problems when regulatory authorities are involved.

Research and development
Many substances of interest to industry are highly
complex but vibrational spectra can still provide
useful insights into their nature. Figures 5A, B and C
show the IR spectra of a series of coal tar fractions
which were obtained by carbonization of a wet
charge of coal in an industrial coke oven at a mean
flue temperature of 1220°C. The fractions are princi-
pally composed of complex multi-ring aromatics.
While the spectra clearly yield many bands

characteristic of aromatic systems, for instance the
substitution sensitive C–H out-of-plane bending
vibrations below 1000 cm–1, other functionalities are
obviously present, such as O–H and N–H. Interest-
ingly, spectrum (B) shows a band at about 2220 cm–1

Figure 3 IR stack plot of the progress of a reaction of a β-lactam reactant A giving intermediate B and product C.

Figure 4 IR chromatogram of the first 40 min of a GC-IR
separation of aromatic components in a sample of gasoline. The
peaks represent the total integrated absorbance intensity in the
region 900–600 cm−1. Reprinted with permission from Diehl JW,
Finkbeiner JW and DiSanzo FP (1995) Determination of aromatic
hydrocarbons in gasolines by gas chromatography/Fourier
transform infrared spectroscopy. Analytical Chemistry 67: 2015–
2019. Copyright 1995 American Chemical Society.
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(just below the negative, instrument-uncompensated,
CO2 peak at about 2300 cm–1) indicating nitrile, pos-
sibly from a naphthocarbonitrile.

Vibrational bands are very sensitive to intermo-
lecular effects, thus different crystal modifications of
a single compound usually yield discrete spectra. The
occurrence of differing crystal forms is known as
polymorphism and is of interest as the physical prop-
erties are dissimilar. This can have considerable ram-
ifications in the pharmaceutical industry as the
dissolution and absorption rates of polymorphic
forms of a drug may differ significantly, with serious
consequences for therapeutic action and patient
tolerance.

Figures 6A and B display the IR spectra of forms I
and II, respectively, of lamivudine, a 1,3-oxathiolane
nucleoside which has anti-viral activity:

The two forms are not strict polymorphs because I
is a hydrate (one H2O per five lamivudines), but have
different crystal structures and spectra. The O–H
stretching mode from the hydrate water in I can
clearly be seen at 3545 cm–1. The strong bands just
below 3000 cm–1 are from the hydrocarbon mulling
agent used to prepare the material for spectroscopic
measurement.

Combinatorial chemistry

Schemes for combinatorial syntheses of compounds,
particularly candidate pharmaceuticals, now attract
great interest because of the potential for greatly
speeding up the discovery of new drug molecules.
They are based on carrying out chemical reactions
on solid artifacts, the starting material, intermediates
and final product being attached to the solid phase;
on completion the product is cleaved away into solu-
tion. Typically the solid substrate is a mass of small
(of the order of tens or 100 µm or so) porous beads
made of polymer or silica resin. They are suspended,
by agitation, in reactant solution, which is removed
on completion by filtration. The beads are washed
with solvent between stages of synthesis.

A considerable challenge is thereby presented to
analytical technology if the progress of the reaction is
to be monitored without going through the time-
consuming business of analyte removal. Mass spec-
trometry cannot be used and NMR only with
difficulty because of sensitivity problems. However,
IR spectroscopy is fairly easy to utilize, either by
diffuse reflectance or, as in the cases below of two
drug intermediates, ATR sampling methods.
Figure 7 is the spectrum of 

attached to polystyrene beads, the carbonyl stretch-
ing band being clearly seen at 1690 cm–1. There is lit-
tle interference with this highly characteristic band
from the polymer. The silica resin (Tentagel) presents
a greater problem, although as shown in Figure 8, a
number of bands from attached

Figure 5 FT-IR spectra of coal tar fractions examined as either
(A) a film or (B, C) KBr discs. Reprinted from Diez MA, Alvarez R,
Gonzalez AI, Menendez R, Moinelo SR and Bermejo J (1994)
Fuel 73: 139–142, Copyright 1994, with permission from Elsevier
Science.
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can still be observed, e.g. the carbonyl vibration at
1741 cm–1. The very strong band near 1100 cm–1 is,
of course, from Si–O stretching. These spectra were
obtained from a small cluster of beads, but it is
possible using microscopy techniques to examine a
single bead at a time.

Quality assurance

Pharmaceuticals

As visible radiation is unaffected by passage through
clear, colourless glass (apart from inducing minor

fluorescence), Raman spectroscopy can be used to
monitor gases contained within the headspace of
sealed vials. Figure 9 is a photograph of equipment
that performs automated headspace analysis of vials
(1 mm thick borosilicate glass) containing the phar-
maceutical product Flolan (sodium prostacyclin) that
is freeze-dried and sealed (with rubber stoppers
secured by aluminium caps) under nitrogen. The
product, although buffered, is highly sensitive to deg-
radation by ingress of carbon dioxide if admission of
air occurs, leading to a severe reduction in shelf-life.
Any leakage, which might very occasionally occur
before final capping, is detectable, however, by

Figure 6 FT-IR spectra of forms (A) I and (B) II of lamivudine as Nujol mulls. Resolution, 2 cm−1. Reproduced with permission from
Harris RK, Yeung RR, Lamont RB, Lancaster RW, Lynn SM and Staniforth SE (1997) Journal of the Chemical Society, Perkin Trans-
actions 2: 2653–2659.
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assaying for oxygen with the nitrogen as reference,
using the Raman bands from the stretching modes of
these molecules at about 1550 and 2330 cm–1,
respectively (Figure 10).

The analyser is built around a spectrograph with a
CCD multichannel detector and the spectra are gen-
erated by laser radiation at 488 nm from an argon
ion laser. Oxygen percentages can be measured to

Figure 7 Part of the FT-IR/ATR spectrum of polystyrene beads with attached compound (see text). Courtesy of Perkin-Elmer Ltd.

Figure 8 Part of the FT-IR/ATR spectrum of Tentagel beads with attached compound (see text). Courtesy of Perkin-Elmer Ltd.
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±0.3% O2 (± one standard deviation) for a measure-
ment time of 1 s. Mechanical restrictions mean that
sample throughput is slower than this, but still
sufficiently fast that total batch inspection can be
performed.

Semiconductors

An important requirement in the semiconductor in-
dustry is to be able to measure various undesirable
impurities in silicon wafers which can interfere with
their electrical properties. Two significant impurities
are oxygen which can incorporate interstitially and
carbon which can substitute into lattice sites. Al-
though pure silicon itself yields a very weak IR spec-
trum, fairly thick samples can be examined in
transmission and therefore trace levels of the impuri-
ties can be detected and routinely quantified.

Standard methods for IR spectroscopic determina-
tion of the impurities have been published by ASTM.

Oxygen forms Si–O–Si bonds which yield a char-
acteristic band at 515 cm–1 from Si–O–Si deforma-
tion (a stronger band from Si–O stretching occurs at
1107 cm–1). Carbon can be detected by the Si–C
stretching band at 607 cm–1. Figure 11 shows some
room temperature difference spectra of CZ silicon
using FZ silicon as reference (CZ and FZ refer to
two different methods of growing silicon crystals,
Czochralski process and float zone, respectively). It
is interesting to note that the high-carbon CZ sample
contains so much oxygen that weak bands from car-
bon–oxygen complexes are observed. Quantitative
determination of carbon and oxygen is possible
down to low ppm levels.

Dedicated FT-IR spectrometers are extensively
employed to measure the thickness of epitaxial layers

Figure 9 Automated headspace analyser. A Model HR640 MSL (Instruments SA) Raman spectrograph with an Astromed CCD
multichannel detector is utilized. Laser excitation at 488 nm. Courtesy of Hobbs KW, Glaxo-Wellcome plc.
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on silicon wafers. The measurements are made in re-
flectance mode and what is observed is not the spec-
trum but the interference pattern from multiple back
and forth reflections within the layer. The regular
distance between the maxima (or minima) gives the
thickness and the fringes can be directly perceived
from the interferogram as two ‘side-bursts’ on either
side of the centre.

Process control
Analysis of edible oils and fats is an important activ-
ity in the food industry. Quantification of cis and
trans unsaturation levels is one part of this activity.
Many edible oils are found in the cis form and are
liquids. They are often partially hydrogenated to im-
prove stability and hardness (e.g. for ‘healthy’

alternatives to butter), but in the process some cis
bonds are converted to trans. Unfortunately, trans
unsaturated fatty acids have been implicated in heart
disease, but they can easily be detected by the pres-
ence of the characteristic out-of-plane olefinic C–H
bending vibration at 980–965 cm–1. Cis bonds do
not interfere as they yield the corresponding vibra-
tional mode at 730–650 cm–1.

The standard IR spectroscopic procedure (Ameri-
can Oil Chemists Society) involves dissolution in car-
bon disulfide with chemical modification if trans
levels are < 15%. Peak height only is used for calcu-
lation and the overall procedure is slow. By taking
advantage of modern multivariate chemometric
methods, a more rapid and convenient means of
analysis has recently been developed utilizing a

Figure 10 Raman spectra of various mixtures of nitrogen and
oxygen obtained with the spectrograph in Figure 9. For the sake
of clarity the spectra have been vertically displaced from one an-
other. The N2 peak is on the right. Band intensity is essentially
from the pure vibrational mode. The rotational–vibrational side
bands form weak overlapped ‘wings’ on either side of the main
peaks. Reproduced with permission of the Society of Photo-Op-
tical Instrumentation Engineers (SPIE) from Gilbert AS, Hobbs
KW, Reeves AH and Jobson PP (1994) Automated headspace
analysis for quality assurance of pharmaceutical vials by laser
Raman spectroscopy. Proceedings of the SPIE – Society of
Photo-Optical Instrumentation Engineers 2248: 391–398.

Figure 11 IR difference spectra, CZ−FZ, using FZ (bottom) as
reference. Samples were 2 mm thick. Carbon–oxygen complex
bands are indicated by arrows. See text for definition of CZ and
FZ. Reproduced by permission of Academic Press from
Krishnan K, Stout PJ and Watanabe M (1990) Characterisation
of semiconductor silicon using Fourier transform infrared
spectrometry. In: Ferraro JR and Krishnan K (eds) Practical Fou-
rier Transform Infrared Spectroscopy, pp 286–351. New York:
Academic Press.



890 INDUSTRIAL APPLICATIONS OF IR AND RAMAN SPECTROSCOPY

heated flow cell (thermostated to 80±0.2°C) to ana-
lyse the neat sample in its liquid state. Figure 12 is
the IR spectrum of the trans region for a series of
calibration standards and Figure 13 is a plot com-
paring measured values by the new IR method with
gas chromatography, demonstrating high correlation
between the two techniques. Calculation for the new
IR procedure is carried out by the PLS method using
multiple spectroscopic points and is thus very ‘black
box’. The sample measurement time is claimed to be
2 min, sufficiently rapid, therefore, for process
monitoring.

A mundane but very common requirement is the
on-line measurement of the water content of indus-
trial solvents and feedstocks in process streams.
Chemical methods (e.g. Karl Fischer) are not suited
to continuous monitoring. Relatively high levels
(> 0.1%) can be dealt with using NIR methodology,
but for very low levels the much stronger (funda-
mental) O–H stretching bands in the mid-IR region
need to be observed. Figure 14 shows the IR spec-
trum of traces of water in 1,2-dichloroethane
(ethylene dichloride, EDC). Because of the low con-
centration there is no significant hydrogen bonding
between water molecules so that the ‘free’ asymmet-
ric and symmetric stretching modes appear at 3685
and 3595 cm–1, respectively.

EDC is the feedstock for the manufacture of PVC,
being first cracked in a furnace to produce vinyl
chloride followed by polymerization. The moisture
measurement is usually done in the transmission

Figure 12 FT-IR calibration standard spectra of the ‘trans’ re-
gion. The standards are a ‘trans’ free base oil with various known
amounts of trielaidin, a triglyceride of carbon chain length 18,
containing a trans double bond at the 1-position. Reproduced
with permission of the AOCS from Sedman J, van de Voort FR,
Ismail AA and Maes P (1998) Journal of the American Oil Chem-
ists Society 75: 33–39.

Figure 13 Comparison of results from FT-IR and GC methods
for determination of the ‘trans’ contents of edible oils. Reproduced
with permission of the AOCS from Sedman J, van de Voort FR,
Ismail AA and Maes P (1998) Journal of the American Oil Chem-
ists Society 75: 33–39.

Figure 14 IR transmission spectrum of traces of water in 1,2-
dichloroethane. Note that the scale is in microns, which can be
converted to wavenumbers by taking the reciprocal and
multiplying by 10 000; e.g. 2.7 µm is equivalent to 3703.7 cm−1.
Reproduced with permission of the Royal Society of Chemistry
from Bruce SH and Dhaliwal HK (1991) On-line moisture analy-
sis by IR, in Davies AMC and Creaser CS (eds) Analytical
Applications of Spectroscopy II, pp 46–52. Cambridge: Royal
Society of Chemistry.
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mode, with a pathlength of around 2 mm, and as
there are no other bands in the O–H stretching region
a simple IR filtometer can be used. In other cases
where the pathlength is too restrictive, for instance if
the solvent/feedstock is too viscous, an ATR method
can be employed instead. Figure 15 shows an on-line
ruggedized (150 psig, 150°C) ATR cell for this pur-
pose (Servomex, UK) which can be fitted with a vari-
ety of IR crystals (for chemical compatibility) and
adjusted to give the requisite effective pathlength.

The high sensitivity of FT-IR to many small gas
molecules can be exploited to monitor flue gases.

Figure 16 shows the make-up of exhaust gas from a
coal-fired boiler. To see the minor components it is
necessary to expand the spectral scale as in
Figure 17. Of importance are obviously the levels of
the acid gases, NO and (unburned) hydrocarbons,
which can all be measured at ppm levels.

Most industrial polymers contain additives which
are there as stabilizers (e.g. cross-linkers, antioxi-
dants) or property modifiers (e.g. slip agents). The
diagram of a system (Automatik, Germany) for mol-
ten polymer process control using FT-IR to monitor
additives on-line is given in Figure 18. The flow cell
can withstand high pressures (300 bar) and tempera-
tures (400°C) and has an adjustable pathlength. The
spectrum shown in Figure 19 is of various amounts
of the slip agent oleamide in low-density polyethyl-
ene the monitored band being the amide carbonyl
stretch near 1715 cm–1.

Conclusion

The wide application of vibrational spectroscopy to
industrial problems is long established and its use is
growing, as evidenced by steadily increasing sales of
instrumentation. In many instances other techniques
can do the same job but are either less sensitive or
slower or more expensive, or are ruled out through
other circumstances. In certain cases vibrational
spectroscopy may be the only method practicable,
such as in the semiconductor applications described
above.

The fact that vibrational spectroscopy is amenable
to almost any chemical substance is responsible for
its general utility, but this ‘non-specificity’ can be a

Figure 15 Diagram of process ATR cell for on-line moisture analysis. Reproduced with permission of the Royal Society of Chemistry
from Bruce SH and Dhaliwal HK (1991) On-line moisture analysis by IR, in Davies AMC and Creaser CS (eds) Analytical Applications
of Spectroscopy II, pp 46–52. Cambridge: Royal Society of Chemistry.

Figure 16 FT-IR spectrum of a flue gas stream, resolution
4 cm−1. Reproduced with permission of the Society of Photo-
Optical Instrumentation Engineers from Solomon PR, Morrison
PW Jr, Serio MA et al (1992) Fourier transform infrared
spectroscopy for process monitoring and control. Proceedings of
the SPIE – Society of Photo-Optical Instrumentation Engineers
1681: 264–273.
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weakness where it is necessary to ‘pick out’ one
component from a background. There are one or
two special techniques in Raman spectroscopy where
this can be done (e.g. resonance Raman and
surface-enhanced Raman spectroscopy), but they are
not of general applicability.

A particular strength compared with other main-
line analytical techniques is in the monitoring of
gases from the points of view of both the sensitivity
of IR spectroscopy and the non-invasive capability of
Raman spectroscopy, coupled with the capacity of
both techniques for remote viewing.

Figure 17 Expanded regions of spectrum in Figure 16 to show trace gases. Reproduced with permission of the Society of Photo-
Optical Instrumentation Engineers from Solomon PR, Morrison PW Jr, Serio MA et al (1992) Fourier transform infrared spectroscopy
for process monitoring and control. Proceedings of the SPIE – Society of Photo-Optical Instrumentation Engineers 1681: 264–273.

Figure 18 Diagram of an on-line IR process control system for polymer production. Reproduced with permission of the Society of
Photo-Optical Instrumentation Engineers from Stengler RK and Weis G (1992) Infrared process control on molten polymers using a
high pressure, high temperature flow cell. Proceedings of the SPIE – Society of Photo-Optical Instrumentation Engineers 1681: 33–38.
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Inelastic neutron scattering (INS) spectroscopy was
pioneered in the 1950s by the American physicist
Bertram Brockhouse. So it is not surprising that most
of the early applications were physics based; particu-
larly the determination of phonon dispersion curves
of metals which are critical to the understanding of
their thermodynamic properties. However, like many
other spectroscopic methods, of which nuclear mag-
netic resonance is probably the best example, the use
of the technique has greatly broadened, and it is now
used by researchers in virtually any field that involves
the condensed state. The wide energy (or, equivalent-
ly, timescale) range available to INS means that dif-
ferent kinds of motion can be probed in the same
system, although not usually simultaneously. The ap-
plications span from biology through to materials sci-
ence and to engineering, in addition to physics and
chemistry. Particularly active areas include: catalysis,
polymers, magnetism, hydrogen-in-metals, hydrogen
bonding, glasses, geology and quantum fluids.

Coherent and incoherent scattering

Experimentally, the quantity that is usually meas-
ured is the scattering function, S(Q, ω) [Q is the
momentum transfer (Å–1) and ω the energy transfer
(meV)]. The scattering can be coherent, Scoh(Q, ω),
or incoherent, Sinc(Q, ω). The definition of Scoh(Q, ω)
involves the correlation between the positions of dif-
ferent nuclei at different times and thus gives inter-
ference effects. This gives information on collective
motions in the sample. Sinc(Q, ω) only involves the
correlation between the position of the same nucleus,
so there are no interference effects, and the motions
of a single particle are probed. This is a powerful
method for studying the local environment of the
scattering atom.

Whether the scattering is coherent or incoherent
depends on the relative size of the coherent and
incoherent scattering cross sections of the scattering
nuclei; see Table 1 for a selection of elements. In
practice, the signal is a mixture of coherent and inco-
herent scattering, unless the experiment is designed
to select one type of scattering. The cross section is
both element and isotope dependent. The most
important feature is the enormous incoherent cross
section of hydrogen; in contrast, deuterium and most

other elements have a modest incoherent cross
section and a significant coherent cross section. This
means that the scattering from a protonic sample will
be mostly incoherent, while that from its deuterated
isotopomer will be largely coherent. Isotopic substi-
tution therefore provides a very powerful method to
change the scattering characteristics of a sample.

The energy range ±10 meV 
(±80cm–1): quasielastic scattering and 
tunnelling spectroscopy

Quasielastic scattering

Quasielastic scattering is concerned with scattered
neutrons that have undergone small energy transfers,
typically ≤ 2 meV (≤ 16 cm–1). This originates from
neutrons scattered by atoms that are undergoing dif-
fusion or reorientation on a timescale of 10–12–10–7 s.
Since the motions are not quantized, they form a con-
tinuous distribution, and the effect is manifested as a
broadening of the peak due to the elastically scattered
neutrons. This is entirely analogous to the Doppler
broadening of an audio signal by reflection from a
moving object. The neutron has a magnetic moment
so it can be scattered magnetically and the random

Table 1 The coherent and incoherent scattering cross sections
of selected elements

a The atomic mass given refers to the natural isotopic composi-
tion of the element except for hydrogen and deuterium where
the mass is that of the isotopes 1H and 2H respectively.

Element Massa (amu)

Scattering cross section
(barns = 10– 28 m– 2)

Coherent Incoherent

Hydrogen 1.0078 1.758 79.7
Deuterium 2.0141 5.597 2.04
Carbon 12.011 5.6 0.001
Nitrogen 14.007 11.0 0.49
Oxygen 15.999 4.23 0.000
Aluminium 26.982 1.492 0.0085
Silicon 28.066 2.163 0.015
Chlorine 35.453 11.531 5.2
Iron 55.847 11.4 0.22
Copper 63.546 7.486 0.52
Platinum 195.08 11.65 0.13

HIGH ENERGY 
SPECTROSCOPY

Applications



INELASTIC NEUTRON SCATTERING, APPLICATIONS 895

fluctuations of unpaired electron spins of stationary
atoms can also cause quasielastic broadening.

In general, a molecule in a condensed phase will be
simultaneously undergoing translation, rotation and
vibration and the scattering law is a convolution of
the scattering laws corresponding to the different
types of motion. In practice, the vibrational term
only affects the intensity as a Debye–Waller factor,
exp(–Q2〈u2〉), where 〈u2〉 is the mean square displace-
ment in the vibrational modes. For hydrogenous
materials the scattering will be incoherent and only
the motion of the hydrogen atoms need be consid-
ered. In this case the scattering law can be written as
the sum of an elastic and an inelastic component: 

Provided that the experimental data can be resolved
into elastic and inelastic contributions, the A0(Q)
term can be determined from: 

and is called the elastic incoherent structure factor
(EISF). The elastic intensity can be considered to
arise from motions that are localized in space and
the inelastic arise from motions that are not local-
ized. Thus for purely translational motion, the EISF
is zero since there is no elastic peak. For rotational
motion the EISF is unity at Q = 0 and falls to a
minimum at a Q value that is related to the radius of
gyration. At higher Q the EISF is oscillatory and the
shape gives information on the geometry of the rota-
tional process. This is most characteristic beyond the
first minimum and shows the importance of obtain-
ing data at as wide a range of Q as possible.

Rotational motions in many different systems have
been studied. In particular, methyl group rotations in
polymers have been extensively studied. The rota-
tional motion is represented by instantaneous jumps
between three equivalent positions on a circle of
radius R. When all orientations are equally likely,
Equation [1] may be written as: 

with the EISF given by: 

where J0(x) is the zeroth-order spherical Bessel
function. L(ω) is a Lorentzian line shape:

whose full width at half maximum is given by 2Γ
or 3/τ (τ being the average time between jumps).
Figure 1A shows the decomposition of the experi-
mental data into an elastic and a quasielastic part for
selectively deuterated poly(methyl methacrylate) at
25°C. The deuterated part of the molecule gives con-
siderable coherent scattering and after correction for
this, the experimental data, Figure 1B, shows excel-
lent agreement with the EISF calculated from
Equation [4].

Recent work has shown that the data can be better
modelled by a distribution of jump rates, since for
amorphous polymers the methyl groups are in a
variety of environments.

For translational diffusion, the simplest model is
to consider that the diffusing particle starts at the
origin at time zero. Since this is the dynamics of a
single particle, the scattering is incoherent. In this
case the scattering law takes the form: 

where Dt is the tracer diffusion coefficient. This is
valid at small Q (≤ 0.5 Å–1) where the diffusion is
being studied over long (tens of Å) distances, since in
this case the details of the individual jumps (≤ 2 Å)
are lost by averaging. The function is a Lorentzian
with full width at half maximum of DtQ2, allowing
Dt to be extracted from the width of the quasielastic
peak at low Q.

For coherent scattering, there will only be intensity
at low Q if the scattering atoms are in a compressi-
ble fluid. The intensity arises because at t = 0 there is
an atom at the origin and hence excess concentra-
tion. This diffuses away in the same manner as for
Dt, except that it is a concentration distribution that
is studied. This gives rise to the chemical or Fick’s
law diffusion coefficient, Dchem, which is generally
larger than Dt.

The diffusion of methane in the zeolite ZSM-5 can
be treated using a more sophisticated version of the
same idea that assumes that the jumps can be
described by a Gaussian distribution of jump
lengths. Physically, this corresponds to the molecule
making jumps along the channel segments as well as
across the channel intersections. Using this model,
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there is a more complex Q dependence, as shown in
Figure 2. At small values of Q Equation [6] is
obtained and at large values of Q the width tends
asymptotically towards the mean jump rate. From
the initial slope of the data in Figure 2,

Dt = 5 × 105 cm2 s–1 and the mean time between
jumps is 3.6 × 10–11 s.

A traditional strength, and still a major applica-
tion, of INS is the study of hydrogen-in-metal
systems. In these systems hydrogen occupies a well-
defined lattice site, but is often free to move between
sites. This proton mobility has led to numerous
applications in battery technology, particularly for
LaNi5Hx and the AB2 Laves phase compounds. The
simplest model is to consider that: the jumps are all
of the same length (l), that jumps in any direction are
equally probable, and that the jump time is negligi-
bly small compared to the residence time (τ). With
these assumptions Equation [6] becomes:

with

since Dt = l2/6τ. As shown in Figure 3A for
ZrTi2H3.6, the scattering function is still Lorentzian

Figure 2 The broadening of the elastic peak as a function of
Q 2 for methane at a loading of 1.5 molecules per unit cell in ZSM-
5 at 250 K. (Data recorded with IN5 at the ILL). Reproduced with
permission from Jobic H, Bée M and Kearley GJ (1989) Transla-
tional and rotational dynamics of methane in ZSM-5 zeolite:
A quasielastic neutron scattering study. Zeolites 9: 312–317.

Figure 1 (A) Decomposition of the quasielastic scattering at Q = 2.06 Å–1 from selectively deuterated syndiotactic poly(methyl
methacrylate) at 25°C into a delta function (sharp component) superimposed on a Lorentzian (broad component), due to the ester
methyl rotation. Both components are resolution broadened. (B) EISF for the same sample. The data points have been corrected for
coherent scattering and the solid line is a fit using Equation [4]. (Data recorded with IN5 and IN6 at the ILL). Reproduced with
permission from Gabrys B, Higgins JS, Ma KT and Roots JE (1984) Rotational motion of the ester methyl group in stereoregular
poly(methyl methacrylate): A neutron scattering study. Macromolecules 17: 560–566.
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but the line width has a more complex Q depend-
ence (Figure 3B). This model, known as the
Chudley–Elliott model, was originally developed for
the case of diffusion in liquids. It has since been
extended to take account of sites that are different
both crystallographically and energetically.

Neutron spin echo has been largely used to look at
the main chain dynamics of polymers in concen-
trated solution or in the melt. In these systems the
entanglements between chains determine key physi-
cal properties, particularly the viscosity, which is an
area of central concern to the processing of poly-
mers. The most successful theory to explain the
properties of such systems is that of reptation. This
considers the polymer to be confined to a ‘tube’
formed by its neighbours and that the only motion is
a snake-like creep along the tube, lateral motion
being prevented by the walls of the tube. However,

there are competing theories and there was no direct
experimental evidence that the reptation model is
correct. For the case of hydrogenous polyethylene
(12% w/w) in deuterated polyethylene, recent
improvements in instrumentation have allowed the
models to be tested. Figure 4 compares the experi-
mental data and the predictions of the various
models. Clearly only the reptation model (solid line)
accurately describes the data over the entire time
range, thus providing compelling evidence that rep-
tation is the best model.

Tunnelling spectroscopy

Tunnelling is the movement of a particle from one site
to another at temperatures where, classically, it does
not have sufficient energy for the transition. Thus
tunnelling is intrinsically a quantum phenomenon
and is essentially restricted to motion of hydrogen
(and its isotopes). It can be rotational or translational
in origin. Figure 5 illustrates a model for the hindered
rotation in a system with three equivalent hydrogens
such as –CH3 or NH3. The crucial factors are the bar-
rier height, V, and the rotational constant, B, of the
molecule. As the ratio V/B decreases, the overlap of
the ground-state wavefunctions increases. Since the

Figure 3 (A) Scattering at Q = 0.87 Å−1 and 360K from
ZrTi2H3.6. The fit (solid line) to the data (•) is the sum of the
quasielastic scattering with a Lorentzian line shape, (dashed
line) and elastic scattering from the metal atoms (dotted line).
(B) Line width of the Lorentzian component as a function of Q for
T = 295, 330 and 360 K. The solid lines are fits from the
Chudley–Elliott model (Eqn [8]) with l = 2.8 Å. (Data recorded
with IN10 at the ILL). Reproduced with permission from
Fernandez JF, Kemali M, Johnson MR and Ross DK (1997)
Quasielastic neutron scattering measurements on the ZrTi2H3.6

C-15 Laves phase compound. Physica B 234–236: 903–905.

Figure 4 Plot of the normalized intermediate scattering function
[S(Q,t)/S(Q,0)] versus time for hydrogenous polyethylene
(12% w/w) in deuterated polyethylene at 509 K for Q = 0.050 and
0.077 Å−1. Also shown are the predictions from the reptation mod-
el (solid line) and competing (dashed and dot-dashed lines). (Data
recorded with IN15 at the ILL). Reproduced with permission from
Schleger P, Farago B, Lartigue C, Kollmar A and Richter D (1998)
Clear evidence for reptation in polyethylene from neutron spin
echo spectroscopy. Physical Review Letters 81: 124–127.
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energy levels of the protons in each well are the same,
they are degenerate and they split to remove the
degeneracy. The degree of splitting is the tunnelling
splitting. Since the wavefunctions are approximately
Gaussian, the splitting depends exponentially on the
barrier height, making the tunnel splitting a very sen-
sitive probe of the immediate environment of the mol-
ecule. INS is sensitive to tunnel splittings in the range
0.1 µeV (10–4 cm–1) to 5 meV (40 cm–1).

Intercalation of graphite with small molecules is
used to modify its physical and chemical (including
catalytic) properties. Figure 6A shows the rotational
tunnelling of ammonia in a caesium–graphite inter-
calate. C28Cs(NH3)x. As x varies from 0.0 to 1.90 the
tunnelling peaks can be seen to grow and decay as
the layers of caesium atoms in the layers become
coordinatively saturated by ammonia ligands. The
peaks occur in pairs at ± energies because even at the
low temperature of the experiment, the first excited
state is populated, thus both neutron energy gain
and neutron energy loss peaks are observed. The
staging behaviour is reproduced in the diffraction
pattern of the intercalate which was recorded simul-
taneously (Figure 6B). The ability to obtain struc-
tural and dynamic information simultaneously is a
unique aspect of neutron studies. Tunnelling is very
strongly temperature dependent and is only usually
observed at very low temperatures. As the tempera-
ture is raised the intensity and transition energy of
the lines decrease, while simultaneously a broad
quasielastic feature appears.

One of the major discoveries in chemistry in recent
years is the characterization of a series of complexes
where dihydrogen, H2, acts as a ligand. For the
compounds M(CO)3(η2-H2)(PR3) (M = Mo, R =
cyclohexyl; M = W, R = cyclohexyl, isopropyl) the
tunnel spectra are shown in Figure 7. The observa-
tion of the tunnel splitting is proof that the H–H
bond is intact. It can be seen that changing the metal
has a large (300%) effect on the tunnel splitting
(compare Figure 7A and Figures 7B and 7C),
whereas changing the phosphine has a minor (20%)
effect (compare Figure 7B and Figure 7C), indicat-
ing that the electronic component of the M–H2

bonding is more significant than the steric influences
of the phosphines. (Two peaks in the gain and loss
spectra are observed because of crystallographic
disorder.)

Translational tunnelling is conceptually different
since the hydrogen may be in a different
crystallographic site after the tunnelling event.
Hydrogen-in-metal systems may show this type of

Figure 5 Model of the tunnel splitting (∆) of the rotational
ground state and of the first excited torsional state. The splitting
is due to the overlap of the wavefunctions (hatched region) in
neighbouring wells.

Figure 6 Neutron studies of C28Cs(NH3)x (from top to bottom
x = 1.90, 1.54, 1.25, 0.94, 0.74, 0.42, 0.20, 0.0). (A) Rotational
tunnelling spectra and (B) neutron diffraction patterns recorded
simultaneously at 4.2 K as a function of x. (Data recorded with
IRIS at ISIS). Reproduced with permission from Carlile CJ, Jamie
IM, Lockhart G and White JW (1992) Two-dimensional caesium–
ammonia solid solutions in C28Cs(NH3)x. Molecular Physics 76:
173–200.
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tunnelling. Figures 8 shows the tunnelling transition
of hydrogen in α-Mn. The tunnelling in this instance
is between two sites of the same symmetry separated
by 0.68 Å. This is a very unusual system in that the
tunnelling energy is 6.3 meV (51 cm–1), which is ∼15
times higher than commonly found for hydrogen-in-
metal systems, and the integrated intensity is very
large when compared to the optic modes at 80–120
meV (645 – 968 cm–1).

The energy range 0–1 eV (0–8000
cm–1): vibrational spectroscopy and 
magnetic excitations

Coherent INS spectroscopy

Coherent INS spectroscopy gives information on col-
lective motions in crystals. These are important in
understanding phenomena as diverse as magnetism,
phase transitions and thermodynamic properties.
Neutron diffraction is coherent elastic scattering
from a notionally static lattice; coherent one-phonon
neutron scattering can be considered to be ‘diffrac-
tion’ from a lattice where the atoms are undergoing
sinusoidal motion of frequency given by the phonon
frequency. This means that the scattering occurs in
specific directions at specific energies. It is to be
emphasized that coherent INS is the most general
method of measuring the excitations (which can be
vibrational or magnetic in origin) across the entire
Brillouin zone.

Palladium hydride has been extensively studied
because of its ready take-up and large capacity for
hydrogen. This has lead to interest in its use as a

Figure 7 Rotational tunnel spectra of dihydrogen complexes at
4 K: (A) Mo(CO)3(η2-H2)[P(C6D11)3], (Mo–PCy3), (B) W(CO)3(η2-
H2)[P(C6D11)3], (W–PCy3) and (C) W(CO)3(η2-H2) [P(iso-C3D7)3],
(W–P-i-Pr3). Note that the energy scale in (B) and (C) is different
from that in (A). (Data recorded with IN5 at the ILL). Reproduced
with permission from Eckert J, Kubas GJ, Hall JH, Hay J and
Boyle CM (1990) Molecular hydrogen complexes 6. The barrier
to rotation of η2-H2 in M(CO)3(PR3)(η2-H2) (M = W, Mo; R = Cy, i-
Pr) inelastic neutron scattering, theoretical and molecular me-
chanics studies. Journal of the American Chemical Society 112:
2324–2332.

Figure 8 Hydrogen tunnelling in α-Mn. The intensity of the tun-
nelling line at 6.3 meV (51 cm−1) is unusually large when com-
pared to the optic modes at 80–120 meV (645–968 cm−1). (Data
recorded with TFXA at ISIS).
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hydrogen storage material. Figure 9A shows one of
the measured transitions for PdD0.63 and Figure 9B
the dispersion curves derived from the data. The
lower set of curves are the acoustic modes, where all
the atoms in the unit cell move in the same direction
(as is the case for sound waves) and largely reflect
the dynamics of the metal atoms. The higher energy
curves are the optic modes and different types of
atom move in different directions. This generates a
changing dipole, and these modes would give rise to
infrared or Raman active modes. Infrared and
Raman spectroscopies only observe modes at app-
roximately zero wave vector and from Figure 9B
only the optic modes have nonzero frequencies at
Q = 0. It is one of the great strengths of INS that
modes at all wave vectors can be studied.

The comparatively low energy of the optic modes
indicates that the Pd–D force constant is small. For
PdD0.63 the variation of energy transfer with wave
vector (dispersion) of the optic modes shows that
there are strong interactions between the H atoms.
To fit the data fourth-nearest neighbours have to be
included. Comparision of the acoustic modes for
PdD0.63 and Pd (dashed lines) shows that the former
are lower in energy so the bonding is weaker. This is

consistent with the lattice expansion observed on
hydrogen (deuterium) take-up.

The unique properties of water are essential to life
but are still not understood in detail. They derive
from the hydrogen bonding present in water which is
manifested in the complex phase diagram and
anomalously high melting point of ice. Coherent INS
studies of ice Ih provide a stringent test of models of
the dynamics. Figure 10A shows one of the meas-
ured spectra for a single crystal of D2O ice Ih and
Figure 10B shows the derived dispersion curves. It
can be seen that while the longitudinal acoustic (LA)
and transverse acoustic (TA) modes, which mainly
involve oxygen motion are sharp, the transverse
optic (TO) mode is broad. The TO mode is largely
due to deuteron motion and the width probably
reflects the highly disordered arrangement of deuter-
ons (protons) in ice Ih.

Virtually all of our understanding of magnetism at
the atomic level is based on neutron scattering;
neutron diffraction allows the orientation of the
spins in the lattice to be determined and inelastic
scattering allows their dynamics to be studied.

Magnetoresistance is a phenomenon observed in
some materials where the electrical resistivity

Figure 9 (A) Example of a phonon group in PdD0.63 and (B) the dispersion curves for PdD0.63. The dashed lines are the dispersion
curves for pure Pd (r.l.u. = reciprocal lattice unit) (data recorded with HB3 at Oak Ridge). Reproduced with permission from: Rowe
JM, Rush JJ, Smith HG, Mostoller M and Flotow HE (1974) Lattice dynamics of a single crystal of PdD0.63. Physical Review Letters 21:
1297–1300.
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changes in an applied magnetic field. In recent years
there has been a huge revival in the study of manga-
nese perovskites which, depending on the addition of
other elements, can change their resistance by several
orders of magnitude in fields of a few tesla; this is
known as colossal magnetoresistance (CMR). The
interest in these materials is not just because of possi-
ble technological applications, particularly read-out
heads for hard disks that will allow much higher
storage densities and faster access, but also because
of fundamental questions relating to the transition
between metallic and insulating phases.

The CMR manganites are metallic and derived
from the insulating ionic compound LaMnO3.
Partial substitution of La3+ by a divalent metal ion
e.g. Ba2+, Sr2+, Pb2+, introduces mobile charge carri-
ers and these are responsible for the unusual behav-
iour. The materials are ferromagnets in which the
magnetic moments associated with the manganese
ions are aligned in the same direction below the
Curie temperature. In 1930 Bloch showed that the
lowest energy excitations in a ferromagnet are spin

waves; coherent precessions of the spins around their
average orientation. Figure 11 shows an image of
the inelastic magnetic scattering by a single crystal of
La0.7Pb0.3MnO3. The spin wave is clearly seen as a
ring of scattering around the (1,0,0) reciprocal lattice
point. From the spectra the dispersion relation for
the spin wave can be obtained by plotting the posi-
tion of maximum intensity along the main directions
of crystal symmetry. Fitting the data shows that the
dynamics can be described by only considering
nearest neighbours, a surprising result for such a
complex material.

Incoherent INS spectroscopy

Incoherent INS spectroscopy probes the local
environment of the scattering atom and is thus com-
plementary to infrared and Raman spectroscopies.
However there are important differences as illustr-
ated in Figure 12A–C which shows the infrared,
Raman and INS spectra respectively, of N-phenyl-
maleimide, a model compound for bismaleimide
composites that are used in aerospace applications. It
can be seen that all three spectra are very different.
There are two main reasons for this. Firstly, whether
a mode is infrared and/or Raman active (or is
inactive in both) is determined by the symmetry of
the molecule. Note that even when a mode is
allowed it may still have little or no intensity. In con-
trast, there are no selection rules for INS
spectroscopy and all modes are allowed.

The strongest bands in the infrared and Raman
spectra are the out-of-phase carbonyl stretch at
212 meV (1707 cm–1) and the in-phase carbonyl
stretch at 219 meV (1770 cm–1) respectively. In con-
trast, the carbonyl bands are completely absent in
the INS spectrum, but there are several strong bands
that do not have any obvious counterparts in the
infrared and Raman spectra.

The differences arise because the intensity of the
ith INS band at a frequency ωi is proportional to: 

The exponential term is the Debye–Waller factor,
U  is the mean square displacement of the mole-
cule and its magnitude is in part determined by the
thermal motion of the molecule. This can be reduced
by cooling the sample and so spectra are typically
recorded below 30 K.

U  is the amplitude of vibration of the dth atom in
the ith mode, σ  and md are its incoherent cross
section and mass respectively. From Table 1 it can
be seen that if hydrogen is present, the combination

Figure 10 (A) One of the measured spectra of the phonon dis-
persion along the (10.0) direction about the (11.0) reciprocal lat-
tice point of D2O ice Ih. (B) The derived dispersion curves; the
solid lines are fits to the TA and LA modes. The dashed lines
show the Q, ω trajectories available in this experiment (r.l.u. =
reciprocal lattice unit) (data recorded with PRISMA at ISIS).
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of large incoherent cross section and small mass
means that the scattering from hydrogen will
dominate the spectrum. For hydrogenous materials
the scattering from all other atoms can be neglected.
This dependence on the cross section is why the INS
spectrum is so different from the optical spectroscop-
ies. There, the intensity derives from changes in the
electronic properties of the molecule that occur as
the vibration is executed (the dipole moment and the

polarizability for infrared and Raman spectroscopy
respectively).

The cross-section dependence can be exploited to
‘eliminate’ parts of the molecule from the spectrum.
Figure 12D is again N-phenylmaleimide but with
the phenyl ring deuterated. This results in a consider-
able simplification of the spectrum and all of the
modes can be assigned to vibrations of the maleim-
ide ring with the phenyl group treated as a point
mass.

Vibrational spectroscopy is a commonly used tool
for the study of catalysts. The neutron is a particle
with zero charge which means that it is highly pene-
trating and is not a surface-sensitive probe. This can
be circumvented by using high surface area materials
and hydrogenous adsorbates that offer contrast to
the substrate. The advantages are that common cata-
lyst-supports such as silica, alumina and carbon are
weak scatterers, see Table 1, and the entire 0–500
meV (0–4000 cm–1) ‘mid-infrared’ range is accessi-
ble, and in particular the low-energy range below
125 meV (1000 cm–1). This range is very difficult to
study with optical methods; the supports tend to be
highly absorbing and the important metal–adsorbate
vibrations are often very weak.

Formate (HCOO) species adsorbed on a copper-
based catalyst are a key intermediate in the industrial
synthesis of methanol from CO2 and H2. INS spectra
were recorded for a number of different copper
surfaces; spectra were taken before and after formic

Figure 11 (Left) Image of the magnetic excitations in La0.7Pb0.3MnO3. (Right) Data plotted in a three-dimensional space defined by
two coordinates of momentum in the horizontal plane and the energy vertically. The shaded surface indicates the possible energies
and momenta of the scattered neutrons that are accessible in this experiment; maximum intensity occurs where this surface intersects
the dispersion surface of the spin waves (r.l.u. = reciprocal lattice unit) (data recorded with HET at ISIS).

Figure 12 Vibrational spectra of N-phenylmaleimide: (A) infra-
red, (B) Raman, (C) INS; (D) INS spectrum of N-(perdeutero-
phenyl)maleimide (INS data recorded with TFXA at ISIS).
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acid adsorption. In all the spectra adsorbed, formate
could be clearly distinguished even though it repre-
sented less than 1% of the total mass in the beam.
The difference spectrum ([CuO + formate] – [CuO])
is shown in Figure 13A.

Equation [9] is noteworthy in that the intensity of
a mode is determined only by the cross section, the
momentum transfer and the amplitude of vibration,
hence it is purely dynamic. From a conventional
Wilson–Decius–Cross normal coordinate analysis it
is possible to calculate both the energies (from the
eigenvalues) and intensities (from the eigenvectors)
for INS spectra of molecular species. The require-
ment to fit the INS intensities is a stringent test of
any force field. The spectrum calculated for a biden-
tate configuration of formate bound to two Cu
atoms (Figure 13B) gives good agreement with the
experimental data, supporting this as the mode of
binding on this surface. It also demonstrated that the
mode at 26.8 meV (216 cm–1) is the Cu–O torsion,
which was the first time this mode was detected on a
surface.

The rapid growth in computer power means that
increasingly complex systems can be treated by ab
initio quantum chemistry techniques. The vibra-
tional spectrum of the object of interest is often cal-
culated, since this offers a check of whether the
structure is a true minimum or a saddle point on the
potential surface, as well as being a rigorous test of
the results. The amplitudes of vibration are calcu-
lated as part of this process and it is relatively
straightforward to derive the INS spectrum from
these via Equation [9]. In contrast, the infrared and
Raman intensities are poorly reproduced for

anything but the simplest systems. The use of ab
initio methods is undoubtedly the way that INS data
will be routinely analysed in the near future. The
power of the method is illustrated in Figure 14
where it allows an unambiguous differentiation
between two possible modes of water binding to the
Brönsted acid sites of a zeolite. Clearly, the hydro-
gen-bonded water model fits the data better than the
hydroxonium ion, H3O+, model.

The energy range >1 eV (> 8000
cm–1): neutron Compton scattering
Neutron Compton scattering (NCS) is the measure-
ment of atomic momentum distributions, n(p), in
condensed matter systems by high-energy inelastic
neutron scattering. NCS measurements are particu-
larly important in the study of quantum fluids.

For protons, n(p) is related to the Fourier trans-
form of the proton wavefunction and an NCS meas-
urement of n(p) can be used to determine the
wavefunction in a way analogous to the deter-
mination of a real space structure from a diffraction
pattern. If n(p) is known then, in principle, both the
proton wavefunction and the exact form of the
potential energy well can be reconstructed.

For accurate NCS measurements energy transfers
much greater than the maximum vibrational
frequency are required for the impulse approxima-
tion to be valid. In the impulse approximation,
momentum and energy are conserved in the scatter-
ing event and from a measurement of the momentum
and energy change of the neutron, the momentum of
the proton before the collision can be determined.
This requires neutrons with energies >1 eV and only
spallation sources provide a sufficient flux of high-
energy neutrons for the measurement to be feasible.
At lower energies the impulse approximation is no
longer valid and n(p) is not related in a simple way
to the observed intensities.

An important feature is that the neutron energy
loss depends on the atomic mass of the scattering
atom and hence different masses occur at different
times-of-flight. In the harmonic approximation, the
peak width depends on the Gaussian average of the
vibrational frequencies. The peak intensity depends
only on the number of scatterers and their cross
section. Thus NCS functions as a ‘neutron mass
spectrometer’, albeit with poor mass resolution.
Hydrogen is usually well separated from other ele-
ments and allows its quantification, even in the
presence of deuterium.

This aspect of NCS has been exploited in the study
of the battery material LaNi5. For a well-annealed
polycrystalline sample of α-LaNi5 after hydrogen

Figure 13 Experimental (A) and calculated (B) spectra of
bridging formate on CuO. The experimental spectrum is the dif-
ference spectrum [CuO + formate] − [CuO]. (Data recorded with
TFXA at ISIS).



904 INELASTIC NEUTRON SCATTERING, APPLICATIONS

desorption, there should be no residual hydrogen.
Figure 15A shows an intense peak at 375 µs due to
the metal atoms and a weak feature at 275 µs
assigned to hydrogen. This is confirmed by the
absorption of hydrogen, resulting in an increase of the
scattering at 275 µs (Figure 15B). Analysis shows
that the nominally hydrogen-free material has a

hydrogen-to-metal ratio of 0.017 ± 0.002, indicating
that there is a significant number of trap sites, which
are probably detrimental to battery performance.

List of symbols
A0(Q) = elastic incoherent structure factor (EISF);
B = rotational constant; Dchem = chemical diffusion
coefficient; Dt = tracer diffusion coefficient; J0(x) =
zeroth-order spherical Bessel function; L(ω) =
Lorentzian line shape; md = mass of dth atom;
n(p) = atomic momentum distribution; Q = momen-
tum transfer; Scoh(Q, ω) = coherent scattering func-
tion; Sinc(Q, ω) = incoherent scattering function;
〈u2〉 = mean square displacement in the vibrational
modes; U = mean square displacement; U =

Figure 14 INS spectrum of water adsorbed at low loading on
H-ZSM5. (A) Experimental spectrum. Ab initio simulation for: (B)
water hydrogen-bonded to a bridging hydroxyl and (C) a
hydroxonium ion, H3O+. (Data recorded with IN1BeF at ILL).
Reproduced with permission from Jobic H, Tuel A, Krossner M
and Sauer J (1996) Water in interaction with acid sites in H-ZSM-
5 zeolite does not form hydroxonium ions. A comparison
between neutron scattering results and ab initio calculations.
Journal of Physical Chemistry 100: 19545–19550.

Figure 15 Time-of-flight spectra for α-LaNi5: (A) nominally
hydrogen-free (however, note the small peak at 275 µs due to
hydrogen), (B) after absorption of hydrogen. (Data recorded with
eVS at ISIS). Reproduced with permission from Gray EMA,
Kemali M, Mayers J and Norland J (1997) Interstitial site
occupation in α-LaNi5 studied by deep inelastic neutron
scattering. Journal of Alloys and Compounds 253–254: 291–294.
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amplitude of vibration of the dth atom in the ith
mode; V = barrier height; σ = incoherent cross sec-
tion of dth atom; τ = average time between jumps;
ω = energy transfer.

See also: Inelastic Neutron Scattering, Instrumenta-
tions; IR Spectral Group Frequencies of Organic Com-
pounds; IR and Raman Spectroscopy of Inorganic,
Coordination and Organometallic Compounds; Scat-
tering Theory; Vibrational, Rotational and Raman
Spectroscopy, Historical Perspective.
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Introduction

The prime requirement for inelastic neutron scatter-
ing (INS) spectroscopy is a source of neutrons. The
only methods that produce a sufficient flux of neu-
trons (> 1014 neutrons cm−2 s−1) for spectroscopy
are: 235U fission in a nuclear reactor and spallation.
The latter process involves accelerating a beam of
protons to near-light-speed and impacting them onto
a heavy-metal target, usually made of either depleted
uranium or tantalum. The target atoms absorb the
protons, generating highly excited nuclei that decay,
in part, by emission of neutrons. In the case of a
uranium target, fission also occurs, increasing the
neutron yield. Typically, a reactor yields one neutron
per fission event that is available for spectroscopy,
while spallation yields up to 30 neutrons per proton
absorbed. At present, the most powerful reactor
source is the Institut Laue Langevin (ILL) (Grenoble,
France) and the most powerful spallation source is
the ISIS Facility at the Rutherford Appleton Labora-
tory (Chilton, UK). Usually, fission sources operate
continuously and spallation sources are pulsed,
although this is not always the case. The reactor at
the Franck Laboratory of Nuclear Physics (Dubna,

Russia) consists of two pieces of sub-critical urani-
um, one of which is mounted on a rotating disc; as
the two pieces come into proximity, the mass goes
critical, producing neutrons, and as it goes sub-criti-
cal again, neutron production ceases. The net result
is a pulsed reactor. The SINQ facility at the Paul
Scherrer Institute (Villigen, Switzerland) is a continu-
ous spallation source.

By whatever process they are produced, the ‘new-
born’ neutrons are very energetic, > 2 × 109 meV
(1 meV = 8.067 cm −1 = 0.241 THz) and must be
brought to useful energies by multiple inelastic
collisions in a moderator; this is usually a hydro-
genous material. By suitable design it is possible to
establish a quasi-thermal equilibrium between the
temperature of the moderator and the energy of the
neutrons, which provides a means of tailoring the
neutrons’ energy to the requirements of the
experiment.

Neutrons are quantum entities, so they exhibit
both particle-like and wave-like properties. For INS
spectroscopy, the particle-like properties are relevant
since the neutron– sample interaction occurs on a
femtosecond timescale and the interaction can be
considered to be analogous to billiard-ball scattering.

HIGH ENERGY 
SPECTROSCOPY

Methods & Instrumentation



906 INELASTIC NEUTRON SCATTERING, INSTRUMENTATION

However, the selection of the incident energy or the
analysis of the scattered neutrons’ energy often uses
Bragg diffraction from a single crystal, making use of
the wave-like properties. Table 1 shows the relation-
ships between the units commonly used.

INS spectroscopy spans an enormous energy
range, which is equivalent to a wide range of
timescales. Figure 1 illustrates the ranges available
and some of the applications. It is convenient to
divide the whole energy range into three sectors,
while recognizing that there is significant overlap

between them. In the lowest energy range, ±10 meV,
the applications are principally quasielastic scatter-
ing and tunnelling spectroscopy. The second range,
0– 1000 meV, covers the regions of vibrational
spectroscopy and magnetic excitations. The highest
range above 1000 meV is the province of neutron
Compton scattering.

The major difference between INS spectroscopy
and the photon-based spectroscopies that cover the
same energy range is that the neutron has a signifi-
cant mass (1.009 amu). Thus an inelastic collision

Table 1 Relationship between neutron properties and typical values

meV = millielectronvolts, cm−1 = wavenumbers, THz = terahertz (1012 Hz), K = kelvins, Å = angstroms (10 –10 m), h = Planck’s con-
stant, � = h/2π, m = neutron mass, kB = Boltzmann’s constant.

Neutron energy Wavelength

(Å)

Wave vector

(Å−1)meV cm–1 THz K

E =kBT

E =8.066 7E =0.086 165T =2.071 7k2

0.01 0.081 0.002 42 0.116 90.4 0.069 5

0.1 0.867 0.024 2 1.16 28.6 0.220

1.0 8.067 0.241 8 11.16 9.04 0.695

10.0 80.7 2.418 116.1 2.86 2.197

100.0 807 24.18 1 161 0.904 6.948

1 000.0 8 067 241.8 11 606 0.286 21.97

10 000.0 80 667 2 418 116 056 0.090 69.48

Figure 1 Illustration of the energy range and the equivalent timescales and length scales available with inelastic neutron scattering.
The type of information available is also indicated.
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results in transfer of both momentum (Q, Å−1) and
energy (E, meV). In contrast, optical processes result
in essentially zero momentum transfer. The aim of
an INS experiment is, usually, to measure scattered
intensity at each energy transfer as a function of the
momentum transfer. In Figure 2 the scattering
process is shown in both real space and reciprocal
space.

The energy transfer, �ω, is given by the difference
in the incident (i) and final (f) neutron energies: 

where E is the kinetic energy of the neutron and 

where m is the neutron mass and v its velocity. The
momentum transfer, Q, is given by: 

where θ is the scattering angle and k (Å−1) is the
wavevector:

associated with the wavelength, λ (Å). Thus INS
offers the possibility of exploring both momentum
and energy transfer and can be considered to be a
‘two-dimensional’ form of spectroscopy. This is
illustrated in Figure 3 which shows the Q, E cover-
ages of some of the instruments at ISIS and the ILL.

The energy range ±10 meV: 
quasielastic scattering and
tunnelling spectroscopy

Quasielastic scattering is a very low energy inelastic
process. The term is usually taken to mean a broad-
ening of the elastic line and is most commonly the
result of diffusional (translational or rotational)
motion of atoms. (It can also be caused by the
randon fluctuations of unpaired electronic spins of

Figure 2 Neutron scattering in (A) real space and (B) reciprocal space.

Figure 3 The Q, E coverages of some of the instruments at (A) the ILL and (B) ISIS.
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stationary atoms). Translational and rotational dif-
fusion occur simultaneously but on different time-
scales. The energy resolution of a spectrometer, ∆E,
and the timescale τ of the motion, are related by the
Heisenberg uncertainty principle: 

Thus rapid motions require relaxed resolution, while
slower motions require high resolution. Note that
these are relative terms; typically an energy resolu-
tion of better than 1% ∆E/E and 100 µeV is
required. The timescale to be probed can be sepa-
rated into three regimes, each of which uses a differ-
ent technique: for τ ∼10−11 s, ∆E is 10– 100 µeV and
direct-geometry time-of-flight is used, for τ ∼ 10−9 s,
∆E is 0.3– 20 µeV and a backscattering crystal ana-
lyser is used, for τ ∼ 10−7 s, ∆E is 0.005– 1 µeV and
neutron spin echo is used. Examples of each type of
spectrometer will be considered.

Direct-geometry time-of-flight

For time-of-flight INS spectroscopy it is necessary to
determine either the incident energy or the final
energy of the neutron. Spectrometers that define the
neutron’s final energy are indirect-geometry instru-
ments and those that determine the neutron’s inci-
dent energy are direct-geometry instruments. In a
direct-geometry quasielastic spectrometer, a mono-
chromatic (single energy), pulsed beam of neutrons is
produced by a rotating mechanical chopper system.

This pulse of neutrons is incident upon the sample
and, after interacting with the atoms of the sample,
the scattered neutrons are timed over a known dis-
tance to the detectors which are set at a range of scat-
tering angles. The time-of-flight, T1, from the sample
to the detectors is given by T1 = L1/ν1, where L1 is the
sample-to-detector distance. Since the incident neu-
tron velocity, ν0, is known it follows from Equations
[1] and [2] that the energy transfer, �ω is:

where T0 is the time-of-flight of the elastically scat-
tered neutrons. Using Equation [3] and the known
angular position of the detectors the momentum
transfer Q of the detected neutrons can also be
determined.

Figure 4 illustrates the principle for the multi-
chopper time-of-flight spectrometer IN5 at the ILL.
The incoming neutron distribution spreads from
∼36 meV (1.5 Å) to ∼0.25 meV (18 Å) with a
maximum flux at 3.3 meV (5 Å). As chopper 1
opens, a pulse of neutrons is admitted; the only
neutrons that pass through the last chopper (number
4) are those with the correct velocity to arrive at
chopper 4 as it opens. Thus the energy of the
neutrons incident on the sample is determined by the
phase angle between the first and the last choppers.
Neutrons with velocities that are one-half of the
desired value, would also pass through chopper 4

Figure 4 Layout of the cold-neutron multi-chopper spectrometer IN5 at the ILL. Reproduced with permission of Adenine Press from
Ferrand M (1997) Neutron instrumentation in studying dynamics of biomolecules. In: Cusack S, Büttner H, Ferrand M, Langan P and
Timmins P (eds). Biological Macromolecular Dynamics. Schenectady: Adenine Press.
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after a further revolution; these are eliminated by
chopper 2. Chopper 3 spins at an integral fraction of
the speed of the other choppers and eliminates a
certain number of pulses, e.g. 1 in 2, or 3 in 4. This
is to prevent frame-overlap, where fast neutrons
from a following pulse overtake slow neutrons
from the previous pulse. This is a problem since the
time-of-flight method depends on knowing when a
given neutron was created; from Equation [6]
any uncertainty in the time-of-flight translates into
a corresponding uncertainty in the energy transfer.

Backscattering crystal analyser

The backscattering crystal analyser is an example of
an indirect-geometry spectrometer and is used when
higher resolution is required. Neutrons with a band
of energies whose width (in energy) is greater than
the maximum energy transfer to be measured, are in-
cident on the sample. From the scattered neutrons,
one neutron energy is selected by Bragg diffraction
from a single crystal. Bragg’s law states: 

where λ is the incident neutron wavelength, d is the
interplanar spacing in the analyser crystal and θ is

the angle of incidence. The resolution is determined
by the differential: 

The dominant term in most cases is cot θ since for
most single crystals the uncertainty in the lattice
parameter is ∼10– 4 and can be ignored. In the limit
as the Bragg angle approaches 90° , cot θ tends to
zero and the energy resolution of the analyser
becomes extremely good, being 0.5 µeV for silicon
and 10 µeV for graphite. Hence, the term ‘backscat-
tering spectrometer’.

The implementation of a backscattering spectrom-
eter is somewhat different at a reactor than at a
spallation source. Figure 5 shows a schematic view
of the spectrometer IN10 at the ILL and Figure 6
shows the equivalent spectrometer IRIS at ISIS.

IN10 sits at the end of a cold-neutron guide. For
low-energy (long-wavelength) neutrons, total exter-
nal reflection occurs with a corresponding increase
in transmission as compared to a tube of the same
diameter. This provides a means of transporting
neutrons long distances, several tens of metres,
without the intensity decrease that would result from
solid-angle considerations. High-energy neutrons do

Figure 5 Schematic view of the cold-neutron spectrometer IN10 at the ILL. The incident energy is changed either by Doppler-shifting
the neutron wavelengths (IN10A) or by thermal expansion of the monochromator (IN10B). Reproduced with permission of Adenine
Press from Ferrand M (1997) Neutron instrumentation in studying dynamics of biomolecules. In: Cusack S, Büttner H, Ferrand M,
Langan P and Timmins P (eds). Biological Macromolecular Dynamics. Schenectady: Adenine Press.
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not undergo total reflection and pass through the
walls of the guide. By making the guide gently
curved, with a radius of curvature of the order of a
kilometre, a guide can also provide a means of select-
ing the neutrons of interest.

On IN10 the energy scan is performed by varying
the energy of the incident neutrons. One may do this
scan, which typically covers ±15 µeV for 2 meV inci-
dent neutrons, by oscillating the monochromator to
produce a Doppler shift in the velocity of the neu-
trons impinging on the sample. An alternative scan-
ning procedure is to slowly vary the temperature and
hence the lattice constant of the monochromator.

It can be seen in Figure 6 that the analyser system
on IRIS is similar to that of IN10 but that the inci-
dent white beam is generated differently. From the
neutron pulse emitted by the liquid-hydrogen moder-
ator, a broad band of neutron energies is selected
by a rotating disc chopper at 6.4 m. The required
energy resolution in the incident beam is achieved by
allowing this band of neutrons to disperse in time
over a long distance as it drifts along a curved
neutron guide to the sample situated at 36 m from
the moderator. Neutrons whose energies change to
precisely match the analyser energy after scattering
from the sample are selected by Bragg scattering
from the pyrolytic graphite crystal array in near-
backscattering geometry. A continuous range of
scattering angles from 15°  to 165°  is covered simul-

taneously by the analyser– detector array. Using the
002 reflection from the graphite analyser an elastic
resolution of 15 µeV is provided over an energy
transfer range from +4 meV to – 1 meV.

An advantage of all indirect-geometry instruments
at spallation sources is that a relatively broad range
of neutron wavelengths is incident on the sample.
This means that it is possible to add a diffraction
capability simply by the addition of detectors that
have a clear view of the sample; see Figure 6. This
allows information on both structure and dynamics
to be collected simultaneously. Inelastic scattering
is much weaker than elastic scattering, so over
the timescale of the experiment a few diffraction
detectors will be sufficient to record a diffraction
pattern of good quality.

Neutron spin echo

The highest energy resolution is obtained by using
the neutron spin echo technique. In this type of in-
strument, the velocities of neutrons incident on, and
scattered from, a sample are coded as the number of
Larmor precessions that the neutron spins undergo
in a well-defined applied magnetic field. The method
requires a beam of polarized neutrons with a distri-
bution of velocities. As indicated in Figure 7, these
neutrons enter the precession-field region with their
spins perpendicular to the field. As a neutron

Figure 6 Schematic of the cold-neutron backscattering spectrometer IRIS at ISIS. Reprinted from Physica, 182B, Carlile CJ
and Adams MA, 431–440, 1992, with kind permission of Elsevier Science – NL, Sara Burgerhartstraat 25, 1055 KV Amsterdam,
The Netherlands.
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traverses this field, it precesses and the number of
precessions is directly proportional to the time it
spends in the magnetic field and thus inversely pro-
portional to its velocity. After scattering by the sam-
ple, the spins ‘unwind’ in a reverse-precession-field
region. The method is unique in using the magnetic
moment of the neutron to detect the velocity change
rather than the wave (as in the backscattering spec-
trometer) or particle properties (as in the direct-
geometry spectrometer).

If the scattering at the sample is elastic and the
precession fields before and after the sample are
identical in magnitude and spatial extent, all neu-
trons will be in phase at the point in space where
they leave the second precession region. This align-
ment of spins is the ‘echo’. However, if the scattering
is not purely elastic, the spins will not be completely
in phase, weakening the echo. The distribution of
phases is then a measure of the distribution of the
atomic velocities in the sample.

The high resolution of this technique stems from
the large number of precessions the neutron under-
goes, ∼105 precessions m– 1. As a result, the velocity
can be measured to an accuracy of better than 10– 5

and hence the energy exchange can be measured to
similar accuracy.

Another feature that is unique to neutron spin
echo is that the signal, which is the neutron polariza-
tion at the echo point, is directly proportional to the
intermediate scattering function, I(Q, t), which is the
Fourier transform of the scattering function S(Q, ω).
This is in contrast to the other types of spectrometer
that measure S(Q, ω). It is often advantageous to cal-
culate I(Q, t) rather than S(Q, ω).

The energy range 0– 1000 meV: 
vibrational spectroscopy and 
magnetic excitations
This energy range corresponds to the mid- and near-
infrared regions of the electromagnetic spectrum.
This is the province of vibrational spectroscopy
where the forces between atoms in condensed matter
can be investigated directly. It is also the region
where magnetic excitations are observed. These
are electronic transitions between the energy levels
of a metal atom (or ion) and usually involve d or f
orbitals. They are often optically forbidden and the
transitions can be observed by INS because of their
interaction with the magnetic moment of the
neutron.

Neutrons in this energy range are known as
thermal neutrons, because typical energies corre-
spond to room temperature; see Table 1. Thermal-
neutron INS spectroscopy was the first type to be
studied and the instrument invented by Bertram
Brockhouse in 1952, the triple-axis spectrometer,
is still a mainstay of inelastic instrumentation at
reactor sources. In 1994, Brockhouse, together with
the pioneer of elastic neutron scattering (diffraction)
Clifford Shull, received the Nobel prize for physics
for his invention and subsequent work with it.

The triple-axis spectrometer is designed to study
coherent excitations, which gives information about
the relative motions of the nuclei. This approach
mandates the use of single crystals and these need to
be very large, of the order of several cubic centi-
metres. The scattering from powders and liquids is
largely incoherent, which gives information about the

Figure 7 Schematic diagram of a neutron spin echo spectrometer. The direction of the neutron spin is shown as it traverses the
spectrometer. Reproduced with permission of Adenine Press from Ferrand M (1997) Neutron instrumentation in studying dynamics
of biomolecules. In: Cusack S, Büttner H, Ferrand M, Langan P and Timmins P (eds) Biological Macromolecular Dynamics.
Schenectady: Adenine Press.
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motions of the individual nuclei. For these types of
materials different spectrometers are used. Spectro-
meters for coherent and incoherent INS spectroscopy
will be considered separately, although this division is
one of convenience only.

Spectrometers for coherent INS spectroscopy

The principle of the triple-axis spectrometer is
displayed in Figure 8. The prerequisite is a neutron
source with a constant flux, which can be a steady
reactor or a continuous spallation source. A
monochromatic neutron beam is selected from the
neutron source by using Bragg reflection from a sin-
gle crystal, the monochromator. This beam is then
incident on the sample. In a selected direction
another single crystal, the analyser, is positioned in
such a way that only a given wavelength can be
reflected; a neutron detector is placed after this ana-
lyser. If neutrons are counted in the detector, this
means that there has been some process in the sam-
ple which has induced the specific changes of trajec-
tory and wavelength of the incident neutrons.

The important point is that a given configuration
of the spectrometer corresponds to a single point in
(Q, ω) space. Changing step-by-step either ki or kf ,
the crystal is rotated and the scattering angle varied
so as to scan the (Q, ω) space and detect all possible
neutron-scattering processes, which can be vibra-
tional (phonons) or magnetic (magnons) in origin.
Furthermore, a given (Q, ω) point may be obtained
in different ways (varying, for instance, either ki or
kf). This gives the experimentalist the possibility to
adjust conditions to the specific requirements of a
given problem.

The great strength of triple-axis spectroscopy is
simultaneously its Achilles heel. The instrumentation
is enormously flexible and, in principle, any point in
(Q, ω) space is accessible. However, it is a point-by-

point method and this means that it is slow and to
map the phonon dispersion in one sample can
require weeks of measurement time.

The pulsed-source equivalent of a triple-axis spec-
trometer is demonstrated by PRISMA at ISIS. The
difference is that a white beam of neutrons is incident
on the sample, rather than a monochromated beam.
As in the triple-axis spectrometer, Bragg reflection
from analyser crystals is used to select the neutrons
scattered by the sample that will ultimately be
detected. However, PRISMA has an array of 16 inde-
pendent analyser and detector arms instead of just
one detector. Each arm of PRISMA measures along a
parabolic path in (Q, ω) space, so generating a two-
dimensional scan through (Q, ω) space for each ISIS
pulse, in a single setting of the instrument and
sample.

Spectrometers for incoherent INS spectroscopy

The simplest form of instrument is a filter spectrom-
eter which consists of a monochromator to define
the incident neutron energy on the sample and a fil-
ter after the sample that only allows neutrons of a
given energy to reach the detector. This type of in-
strument is used at a reactor and is exemplified by
IN1BeF at the ILL. The monochromator is the same
as for the triple-axis instrument IN1, see Figure 8,
but the analyser is replaced by a cooled beryllium
filter. Beryllium only transmits neutrons with energy
of less than 5 meV; higher-energy neutrons are
Bragg-scattered out of the beam. The transmission
and the sharpness of the cut-off are improved by
cooling the filter to below 100 K and it is routinely
operated at liquid-nitrogen temperature. Since both
the incident and final energies are known, the energy
transfer is obtained from Equation [1]. The resolu-
tion of the instrument is determined by the bandpass
of the filter and the detector response at low energies
and by the monochromator at higher energies. Typi-
cally the resolution increases from ∼3 to ∼8% of the
energy transfer between 20 and 300 meV. The reso-
lution can be improved by using a graphite filter
which has a narrower bandpass of ∼1.5 meV but at
the cost of a large decrease in detected flux.

At a spallation source, both indirect- and direct-
geometry instruments are used. A schematic of the
indirect-geometry spectrometer TOSCA at ISIS is
shown in Figure 9. A small fraction of the neutrons
from the incident white beam (which extends from 2
meV to beyond 2500 meV) are inelastically scattered
by the sample; those that are backscattered through
an angle of 135°  impinge on a graphite crystal. Only
one wavelength (and its harmonics) are Bragg-scat-
tered by the crystal; the remainder pass through the

Figure 8 General layout of the hot-neutron triple-axis spectro-
meter IN1 at the ILL.
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graphite crystal to be absorbed by the shielding. The
neutrons at multiples of the fundamental wavelength
are removed by the beryllium filter, so only neutrons
of ∼4 meV reach the detectors. The net effect of the
combination of the graphite crystal and beryllium
filter is to act as a narrow bandpass filter.

The use of a small final energy has two important
consequences. Since for most energies ki>>kf it
follows that both the magnitude and direction
of Q are largely determined by ki. Thus Q is almost
parallel to the incoming neutron beam and perpen-
dicular to the sample plane across virtually the entire
energy transfer range. The significance of this is that
in order to observe an INS transition, the vibration
must have a component of motion parallel to Q. For
a randomly oriented (i.e. polycrystalline) sample this
condition will be satisfied for all the vibrations and
all will be observed. This is not the case for an ori-
ented sample and experiments directly analogous to
optical polarization measurements are possible. Fur-
ther, because Q is independent of kf there is a unique

value of Q for each energy transfer and 2(Å– 2) ≈
E(meV)/2. Thus TOSCA (and IN1BeF since it also
uses the same final energy) trace out a parabola in
(Q, ω) space as shown in Figure 3B.

The resolution function varies with energy transfer
but is typically 2% of the energy transfer between 2
and 500 meV. The advantages of this system are that
it is mechanically simple (there are no moving parts)
and it offers excellent resolution across a wide
energy range with very low background. Further, the
reflection geometry means that the spectrometer is
relatively insensitive to multiple scattering (where
the neutron undergoes more than one inelastic colli-
sion in the sample) so quite large samples (several
grams) can be used to improve the count rate.

The pre-eminent direct-geometry spectrometer for
this energy range is MARI at ISIS. Figure 10 shows
a schematic of the instrument. Two background-
suppression choppers are used, the first is a Nimonic
chopper which is used to suppress the prompt pulse
of very high energy neutrons and gamma rays that
are produced when the proton pulse hits the target.
The second is a disc chopper made of borated resin
with a single hole. This is designed to suppress
the flux of delayed neutrons that are a significant
fraction of the background when using a depleted-
uranium target.

The core of the instrument is the Fermi chopper.
This is a metal drum with a series of slots cut
through it. It is magnetically suspended in a vacuum
perpendicular to the beam and able to rotate at
speeds up to 600 Hz. Thus for most of a rotation,
the incoming neutrons are blocked, but at one par-
ticular time the slots are parallel to the incoming
neutrons and they pass through to the sample. The
incident neutron energy is selected by phasing the
opening time of the slots with respect to the neutron
pulse from the target station. Incident energies in the
range 10 to 2000 meV can be selected. The detector
bank continuously covers the angular range from 3°
to 135°  and so is able to map large regions of (Q, ω)
space in a single measurement. The energy resolution

Figure 9 Principle of operation of the indirect-geometry spec-
trometer TOSCA at ISIS. Only two of the 10 analyser/detector
modules are shown.

Figure 10 Schematic diagram of the direct-geometry spectrometer MARI at ISIS. M1, M2 and M3 are incident beam monitors.



914 INELASTIC NEUTRON SCATTERING, INSTRUMENTATION

is between 1– 2% of the incident energy, and with all
the detectors at the same secondary flight path, this
resolution is constant for all the detector banks. The
large range in Q is essential because phonons and
magnons have different Q-dependencies and this is
the best way to distinguish between the two sorts of
scattering processes.

Three low-efficiency (because of the high neutron
flux) detectors are placed in the main beam. The first
is placed before the background choppers to monitor
the incident flux for the purposes of normalization.
The second and third are placed just after the Fermi
chopper and behind the sample respectively. These
are used to accurately determine the incident energy
of the neutrons.

The energy range >1000 meV: 
neutron Compton scattering

In this energy range only spallation sources can pro-
vide a sufficient flux of high-energy neutrons. The
electron volt spectrometer (eVS) at ISIS is a neutron
spectrometer, which uses the high intensity of neu-
trons in the electronvolt energy range to measure
atomic-momentum distributions in a variety of con-
densed matter systems. When the momentum trans-
fer in the scattering process is sufficiently large (at
least 10 times that of the mean atomic momentum),
the scattering can be interpreted within the impulse
approximation. In this approximation, the scattering
is essentially single-atom billiard-ball scattering,
which is determined entirely by conservation of
momentum and kinetic energy of the atom and the
neutron. By measuring the energy and momentum
change of the neutron, one can determine the
momentum component of the target atom along the
direction of the scattering vector. This process is
neutron Compton scattering.

The instrument is shown schematically in
Figure 11. eVS is an indirect-geometry inelastic
spectrometer. Energy transfers in the 1000– 30000
meV region and momentum transfers between 30
and 200 Å– 1 are achieved using a filter– difference
technique. The filter is a thin foil which has a strong
nuclear resonance that absorbs neutrons over a
narrow band of energy centered at E1. Two time-of-
flight spectra are taken, one with the foil between the
sample and detectors and the second with the foil
removed. The analyser foils are moved in and out of
the scattered beam by computer-controlled pneu-
matic pistons. One complete cycle is performed every
10 minutes, i.e. 5 min with foil in and 5 min with
foil out. This is to avoid effects due to long-term

changes in the relative efficiency of the detectors,
since typical measurement times are 2– 12 hr.

The difference between these spectra is due to
those neutrons absorbed in the foil and is effectively
the spectrum for neutrons scattered with energy E1.
If E1 is known, the momentum and energy transfer
can be determined from a measurement of the total
time-of-flight t of the neutron from moderator to
detector. The velocity ν1 of the scattered neutrons
can be calculated from the kinetic energy. The veloc-
ity νi of the incident neutron is determined from a
measurement of the neutron time-of-flight t:

where Li is the distance from source to sample and Lf
that from sample to detector. t0 is an electronic time
delay constant. The energy transfer is then given by
Equation [6] and the momentum transfer is: 

where θ is the scattering angle.

Future developments

In terms of instrumentation, developments in guide
technology will lead to modest gains (factors of two
to five) in the flux at the sample. The prevent trend is
towards increasing the area covered by the detectors
with corresponding gains in sensitivity and data rate.

INS is flux-limited technique. Thus major instru-
mental advances can only be expected when more-
intense neutron sources become available. These will

Figure 11 Schematic diagram of the eVS spectrometer at
ISIS. The incident neutrons have velocity νi, that of the scattered
neutrons is νf and the scattering angle is θ. The moderator-to-
sample distance is Li and the sample-to-detector distance is Lf.
The final neutron energy Ef is defined by the analyser foil, which
can be either gold or uranium.
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be spallation sources, since reactor sources, such as
the ILL, are already close to the limit of the heat load
generated by the fission process in the reactor core
that can be handled. In addition, concerns about
nuclear-weapon proliferation (enriched uranium is
required for the reactor core) mean that these are
politically and environmentally contentious. In the
near future, it is planned to increase the ISIS proton
beam current by 50% with a corresponding flux
increase. For the year 2005, the USA is proposing to
build a spallation source with several times the ISIS
flux. In the longer term, the most powerful source
will be the European Spallation Source, which will
have a time-averaged flux equal to that of the ILL
and a peak intensity 30 times that of ISIS.

List of symbols

d = analyser crystal interplanar spacing; E = neutron
kinetic energy; h = Planck’s constant; INS = inelastic
neutron scattering; I = intermediate scattering func-
tion; k = wave vector; kB = Boltzmann’s constant;
L = sample–source/detector distance; m = neutron
mass; Q = neutron momentum transfer; S =
scattering function; T, t = time of flight; � = h/2π;
λ = wavelength; ν = neutron velocity; θ = scattering
angle; τ = timescale; ω = frequency.

See also: Inelastic Neutron Scattering, Applications;
Neutron Diffraction, Theory; Structure Refinement
(Solid State Diffraction).
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The most up-to-date and useful source of information on
neutron scattering centres and their instrumentation is
the World Wide Web. The site:
http://www.neutron.anl.gov/neutronf.htm
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The ISIS website is at: http://www.isis.rl.ac.uk
and the ILL website is at: http://www.ill.fr/
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As a new research field, high-temperature mass
spectrometry was established in the early 1950s. Of
special value was the combined use of the classic
Knudsen effusion method and mass spectral study of
the evaporation products of inorganic compounds
(the KCMS technique). The first review appeared as
early as 1959 and contained data for approximately
120 systems and compounds which had been studied
by that time.

Currently, high temperature mass spectrometry is
one of the most powerful methods in high tempera-
ture chemistry. A particular feature of this method is
a high temperature molecular beam source, namely a
Knudsen (or effusion) cell. A Knudsen cell is an iso-
thermal enclosure with a small orifice of precisely

known dimensions. Vapour molecules escape
through the orifice at a rate assumed to equal the
equilibrium rate of collisions with the wall of the
cell. Total vapour pressure inside the Knudsen cell
has to be less than 10 Pa to ensure molecular flow
conditions. The effusion cell with the substance
under investigation is placed inside the mass spec-
trometer near an ionization chamber. By increasing
the temperature of the Knudsen cell, the equilibrium
pressure of the sample also increases, and usually a
measurable signal can be detected from a pressure of
10−7 Pa inside the cell. Thus, the working range of
the sample pressures in high temperature mass
spectrometry is 10–10−7 Pa. After passing collimat-
ing slits, the molecular beam goes through the

MASS SPECTROMETRY
Applications
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ionization chamber where electron impact ionization
takes place. As usual in mass spectrometry, the elec-
tron energy is approximately 40–60 eV and can be
changed to measure appearance energies.

Measurements of the ion current intensities pro-
vides the partial pressures of individual species inside
the Knudsen cell and equilibrium constants of gas-
phase and heterogeneous chemical reactions.
Thermal ionization of samples inside the Knudsen
cell also takes place at high temperatures. These
thermal ions are in equilibrium with the neutral
species and can be drawn out from the cell by a weak
electrostatic field and their partial pressures meas-
ured. This provides the equilibrium constants of gas-
phase ion molecule reactions. As a result, the follow-
ing thermodynamic data can be obtained: molecular
and ion composition of the vapour; enthalpies and
Gibbs free energy of gas-phase and heterogeneous
chemical reactions; enthalpies of formation, Gibbs
free energies, electron affinities and ionization ener-
gies for vapour species (molecules, positive and nega-
tive ions); activities of the components in mixtures,
partial and integral Gibbs free energies of mixing
and Gibbs free energies of formation of solid com-
pounds in the mixture.

Knudsen cell–mass spectrometer 
equipment

Mass analysers

In principle, any type of mass analyser can be cou-
pled with the Knudsen cell system. As a rule, a mass
range up to 1000 a.m.u. and resolution near 800 are
sufficient for refractory material investigations. A
single focusing magnetic sector field is used in most
cases for mass analysis of effusion beams. Quadru-
pole and time-of-flight mass spectrometers are also
applied. More expensive double focusing instru-
ments provide high resolution and help to avoid
interfering background ion intensities arising from
ionization of organic impurities.

Knudsen cells, heating and temperature 
measurement systems

Knudsen cells are mostly heated by resistance heaters
or by electron bombardment. In the first case, the lim-
iting working temperature of the cell does not exceed
1900 K and can be measured by thermocouples. Plat-
inum–platinum/rhodium is applied up to 1300 K and
tungsten–rhenium for higher temperatures. When
electron bombardment is used the upper temperature
is limited by melting and evaporation of the cell

material. Optical pyrometers of various types are the
instruments of choice for temperature measurements
in the range 2200–3000 K. Various types of Knudsen
cell are used depending on the particular aim of the
investigation. Stainless steel, quartz, nickel, graphite,
tungsten or molybdenum may be applied as the cell
materials. Protecting layers on the inner walls of a cell
are also used to avoid chemical interactions between
the sample and the cell material.

Some of the cells are shown in Figure 1. Two-com-
partment Knudsen cells (Figure 1D) are used if the
vapour species formed from two different com-
pounds with very different vapour pressures have to
be investigated. They can also be used to get unsatu-
rated vapours. The second compartment is replaced
by a gas inlet system if gases are involved in the che-
mical reactions to be studied. ‘Russian doll’ type and
a twin cell with a connecting channel (Figures 1B
and 1C) allow generation of saturated and unsatu-
rated vapours of the sample.

Multiple Knudsen cells (Figures 1E and 1F) are
used for the determination of chemical activities.
One cell contains a reference compound, whereas the
others contain mixtures having different composi-
tions. A comparison of the vapour pressures in the
different cells gives the activities of the components
and differences between the sublimation enthalpies
of the samples.

Local heating of the sample to higher temperatures
can be provided by a laser. Containerless heating
and free evaporation take place under such
conditions. Local heating is widely used in cluster
formation studies. 

Figure 1 (A) Knudsen cell; (B) Russian doll; (C) twin cell with
connecting channel; (D) two compartment cells; (E) twin cell;
(F) four Knudsen cell units (multiple cells).
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Ion sources

Conventional ion sources with electron impact ioni-
zation are utilized. Photo-ionization and different
types of electron energy selectors are applied to
improve the accuracy of ion appearance energy meas-
urements. The electron beam is always perpendicular
to the effusion beam. The ion beam can be coaxial
with the effusion direction or perpendicular to both

the electron and the effusion directions. Both types of
KSMC instruments are shown in Figures 2 and 3.

Thermal ionization of samples inside the Knudsen
cell takes place at high temperatures and the Knudsen
cell can itself be a source of thermal ions. The charge
and quantity of escaping ions depend on the draw-out
potential in front of the effusion hole. A combined ion
source can operate in two modes, to register either
neutral or charged particles escaping from the cell.

Figure 2 Knudsen cell-sector magnetic mass spectrometer with coaxial ion and molecular beams.

Figure 3 Knudsen cell-sector magnetic mass spectrometer with perpendicular ion and molecular beams.
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At an ion pressure of less than 10−8 Pa, the Debye
shielding radius becomes larger than the linear
dimension of the cell and the concentrations of posi-
tive and negative ions in the cell are not equal.
Changing the electron work function of the inner
surface of the cell can increase the concentration of
the ions of interest.

Deflection plates are placed behind the exit slit of
the ion source. The vector of the electrostatic field is
coaxial with the sector magnetic field vector. The
plates permit measurement of the ion kinetic energy
distribution in the direction coinciding with the
vector of the magnetic analyser field strength.

Background and legitimate signal

A problem which is equally important for both neu-
tral and thermal ion registration is separation of the
legitimate signal from the background. In neutral
species studies, the legitimate signal is separated from
the background by use of a movable shutter imped-
ing the passage of the molecular beam to the ioniza-
tion cell. In thermal ion studies, the signal is
separated and located by means of deflecting plates.
Because the electrostatic draw-out field has an axial
symmetry and the axis of symmetry passes through
the centres of the effusion hole and of the draw-out
lens, the ions generated away from the axis (in the
space between the cell and the lens) have an addi-
tional velocity in the direction normal to the axis of
symmetry. This additional velocity component can
be readily fixed by using the deflection plates. The
use of these plates allows one to discriminate
between the ions drawn out from the effusion hole
(the legitimate signal) and those appearing on the
outer surface of the effusion cell, protective screens,
etc. (the background). Moreover, the method makes
it possible to monitor the surface and to locate the
place of sample evaporation (Figures 4 and 5).

Due to the high temperature in the surroundings
of the Knudsen cell some additional units are
installed. There is a water jacket around the heating
assembly and a target cooled by liquid nitrogen to
condense the effusion beam escaping from the
Knudsen cell.

A valve between the Knudsen cell compartment
and the ion source is useful and makes possible a fast
change of sample in the cell without changing the
parameters of the ion source. The Knudsen cell and
heating assembly are fixed on a moving plate and
can be shifted relative to the ionization chamber
entrance slit. This allows one to find the appropriate
positions of the electron and effusion beams which
give the highest ionization efficiency.

Ionization efficiency curves and 
cross-sections

Ionization efficiency curves are plotted in the elec-
tron energy range 5–50 eV and ion appearance ener-
gies are determined in most cases. The threshold law
is written as I = const(E–Eth)n−1 where n is the
number of electrons leaving the collision area. In the
case of the formation of singly charged positive ions,

Figure 4 Ion current intensity as a function of the deflecting
plates potential. Twin cell with NaF–AlF3 in one section and KF–
UF4 in the other. The distance between effusion holes is 8 mm.
Distance resolution is 5.2 V mm−1.

Figure 5 Ion current intensity as a function of the deflecting
plates potential. (A) clean effusion hole; (B) condensation on the
inner surface around the effusion hole; (C) condensation on the
outer surface around effusion hole (creeping).
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the linear extrapolation of the linear part of the ioni-
zation efficiency curves is widely used to find the ion
appearance energy. The ionization cross-sections of
atoms can be measured for different ionization ener-
gies between 0 and 220 V in steps of 1 eV and their
maximal values are located in the range 40–60 eV.
These data are used in Knudsen effusion mass spec-
trometry; the calculated maximum values are consid-
ered to be in agreement within 20% with the
experimental data if the ionization cross-sections are
compared at the same energy.

Ionization cross-sections of molecules can be
obtained from those of atoms by applying the addi-
tivity rule postulated by Otvos and Stevenson in
1956. The ionization cross-section calculated in such
a way is a total for the electron energy in the range
40–60 eV. Fragmentation always takes place at such
electron energies, and the mass spectrum of a mole-
cule gives the ratios of partial cross-sections with
respect to the base peak. The total ionization cross-
section is the sum of the partial ones. It is generally
accepted that the above additivity rule gives a value
which differs from the experimental one by not more
than a factor of 2. This rough estimate is only correct
for the total ionization cross-section. There are two
limiting cases in Knudsen cell mass spectrometry: the
first is when the molecular ion peak is the base peak
and its partial ionization cross-section with respect to
the total is more than 80%. In the second case, the
molecular ion peak is small and its partial ionization
cross-section is less than 10% of the total. Treatment
of the experimental data and the experimental
approaches are essentially different in these cases. In
the first case, measurements of the molecular ion
intensities are sufficient for the reliable interpretation
of the experimental data. In the second case, one has
to know the fragmentation pattern (mass spectrum)
of each vapour species and calculate the total ion
current intensities for each vapour species. This task
is rather complicated because a particular feature of
high temperature vapour is the existence of vapour
species which cannot be isolated as individual com-
pounds and whose mass spectra cannot be measured
in the previous runs. The superposition of the same
fragments formed from different species takes place
and ion current intensities have to be apportioned
between each species.

The total ionization cross-section is a function of
the electronic states of a molecule. It does not signifi-
cantly depend on temperature in the one- to two-
hundreds degree temperature range. It is not a case
of partial cross-sections which depend on vibrational
states. The temperature dependence of the mass
spectrum of the individual molecules is well known

and has to be taken into account before the experi-
mental data are interpreted.

Relationships between ion intensities 
and partial pressures of vapour 
species

The relation between the measured ion current inten-
sities and partial pressures of the neutral species
inside the effusion cell can be written as follows: 

where pj is the partial pressure of molecule j, k is the
sensitivity constant, σj is the total ionization cross-
section of molecule j, σij is the partial ionization
cross-section of molecule j, Iij is the measured ion
current of ion i originating from molecule j (I is cal-
culated allowing for the isotopic composition of the
elements and the secondary multiplier gain, Ij = ∑i Iij

is the total ion current from molecule j, T is the tem-
perature of the effusion cell. While the thermal ions
escaping the effusion cell are recorded the corre-
sponding equation relating the measured ion cur-
rents and ion pressures inside the effusion cell is
given as: 

where Pi is the partial pressure of ion i, C is the sensi-
tivity constant and Mi is the mass of ion i.

Mass spectra and gaseous species

The chemical formula of the ions in the mass spec-
trum is obtained from the mass of the ions and their
isotopic distribution. The next step is the assignment
of the observed ions to their neutral precursors in the
equilibrium vapour and the calculation of the vapour
species, partial pressures. Equations [1] to [3] reveal
a set of tasks which have to be completed if calculat-
ed partial pressure values are to be reliable:

determination of sensitivity, k and C in Equations
[1], [2] and [3] (calibration of an instrument);

determination of molecular weights of vapour
species, j;
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apportioning the measured ion currents Ii = ∑iIij, i.e.
determination of values Iij;

calculation of total σj or partial σij ionization cross-
sections.

The last three points relate to neutral species only.

Molecular weight of neutral species

Molecular ions and ion fragments have to be identi-
fied. The main approach is based on efficiency curve
measurements and appearance potential estimates.
For example, consider bismuth oxide. The ionization
energy (IE) of Bi is 7.3 eV, IE of Bi2O3 is 9.5 and IE
of Bi4O6 is 9.0 eV. The expected IE of molecular ions
with atomic composition shifted to bismuth have to
be in the range 7.3–9.0. There are 6 ions in the mass
spectrum of saturated bismuth oxide vapour of
Bi4O5, Bi4O4, Bi4O2, Bi3O4, Bi2O2 and Bi2O. The first
three ions have IE 9.1, 10.0 and 10.3 eV and are
treated as fragments, the next have IE 7.5, 7.9 and
7.5 eV and are considered to be molecular ions.

Apportion of ion currents

 When molecular ions give the base peaks in mass
spectra, one can decrease the electron energy and ob-
tain a mass spectrum which mainly consists of mo-
lecular ions. The estimated total ionization cross-
section can be utilized and the partial pressures of
vapour species calculated. When molecular ions give
only a minor peak in the mass spectrum, decreasing
the electron energy does not give satisfactory results
and therefore some thermodynamic approaches have
been developed. These are based on the variation of
ion current intensities with the isothermal change of
vapour composition.

The isothermal change of vapour composition is
governed by the thermodynamic laws, and their ana-
lytical expressions can be included in the equation
that relates measured and apportioned ion currents.
A variation of partial pressures at constant tempera-
ture can be achieved by changing the composition of
the solid (liquid) phase equilibrated with the vapour.
When an individual compound is under study,
Knudsen cells of Figures 1B, C and D allow one to
compare the saturated and unsaturated vapours at
the same temperature and apportion the measured
ion current.

Instrument calibration

For thermal ions, the ratio of ion partial pressures is
measured without calculation of absolute values. In
the case of neutral species, the ratio and absolute val-
ues of partial pressures have to be determined in most

cases. Two methods of calibration can be used: (1) the
sensitivity k is determined by comparison with a ref-
erence compound having a known vapour pressure.
The ratio of the ionization cross-sections of a sample
and a reference compound must be calculated accord-
ing to the additivity rule and theoretical values of
atomic cross-sections; (2) The sensitivity kj is deter-
mined directly by complete evaporation of a weighed
amount of a sample, and if complete evaporation of
two samples is carried out the ratio of their ionization
cross-sections can be determined. In the first case 

and 

where pref and pj are the pressures of the reference and
investigated samples respectively.

In the second case, the Herz–Knudsen equation is
utilized: 

where seff is the orifice area, q = weight of sample; Mj

the mass of vapour specimen and R is the gas con-
stant. Taking into account Equation [2] it can be
written as follows: 

Measurements of temperature, ion current intensi-
ties as a function of time, weight of sample and the
orifice area make it possible to calculate kj and Pj at
any time during evaporation. If there are several
species in the vapour, Equation [9] has to be written
as 
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Dynamic range

The upper limit of vapour pressure in the cell is de-
termined by the molecular flow through the effusion
orifice. When the orifice diameter is 0.3–1.0 mm,
the upper limit lies in the pressure range 1–10 Pa. A
vapour pressure equal to 10−7 Pa is accepted as the
lower limit for neutral species. In the case of thermal
ions, the sensitivity of the instrument is 5–6 orders
of magnitude higher, and the data fall in the range
10−6–10−12 Pa. On the other hand, the concentra-
tion of ions in the vapour is 6–7 orders of magni-
tude lower than that of the neutral species, and as a
result the ion currents from neutral species and ther-
mal ions are of the same order.

Second and third law calculations

When partial pressures are measured, the equilibri-
um constants of the gas phase and heterogeneous
reactions can be calculated and their temperature de-
pendence plotted.

The equation d/dT(lnKp) = ∆Ho/RT2 allows the
determination of reaction enthalpies from the slope
of the curve lnKp versus 1/T (second law calcula-
tion). As Kp = ΠiP = const Π iI T∆νj = const Kp(I)
one can determine the enthalpy change from the
slope of the curve lnKp(I) versus 1/T.

The equation ∆H = –RT lnKp + ∆Φ°T allows one
to calculate reaction enthalpies from the absolute
value of Kp (third law calculation), where

.

Determination of activities

According to the definition of activity, aj is the ratio
, and putting ion current intensities Ij instead

of partial pressures one has . Even in the
case of a binary mixture, not less than 10 samples of
different composition have to be tested to obtain re-
liable data for the activities of both components in
the complete range of composition. Two approaches
have been developed to increase the efficiency of this
type of measurement.

One of them is the multiple Knudsen cell which
allows one to obtain activities for several mixture
compositions during a run. Another is the isothermal
evaporation method (IEM) which gives activities as a
continuous function of the melt composition. The
isothermal evaporation process should be carried out
rather slowly (1–3% per hour) and can be consid-
ered a sequence of equilibrium states under such
conditions. Simultaneously, ion current intensities

are recorded as a function of time. Experimental
data taken in such a way give ion current intensities
as a function of time, integrals IijT1/2dt and deriva-
tives of two types dIi(t)/dt and dIi(t)/dIu(t). These
data can be transposed into partial pressure and
activity depending on the melt composition. The
mathematical part of IEM which makes this trans-
formation possible is based on the Herz–Knudsen
and Gibbs–Duhem equations.

There are many binary systems whose vapour con-
tains mixed associates and a large number of vapour
species. The virtue of the KSMC method is the possi-
bility of directly determining the partial pressures of
vapour species, rather than the total pressure in the
system. These advantages of mass spectrometry are
widely used in thermodynamic research into two-
component systems. If there are mixed species AkBl

and ArBs in the saturated vapour of system A–B,
the Gibbs–Duhem equation ΣjNjd lnaj = 0 can be
written as

where NA (NB) is the mole fraction of A(B) in the solu-
tion. Partial pressures can be replaced by ion currents
and any pair of vapour species can be treated in
accordance with the Gibbs–Duhem equation. In the
simplest cases (r = 1, s = 0, k = 0, l = 1) it will be

and for r = 1, s = –1, k = 0, l = 1

Different forms of Gibbs–Duhem equation are
used and the choice of independent variables is
determined by the vapour species being easily regis-
tered. The replacement of low intensities by the ratio
of measured ones is a general approach in KCMS.
Any type of equilibrium involving molecules j can be
used for this purpose. For example, consider the
reactions; A + B � AB 

and pA may be replaced by the ratio pAB/pB.
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Applications

Vapour species and their thermodynamic 
properties

During the last four decades all major classes of
inorganic compounds have been studied by KSMC.
The discovery of new gas phase molecules and ions is
considered a main achievement of KCMS. Thermo-
dynamic properties of the newly discovered vapour
species were also obtained and most of them can be
found in reference books. Metal vapours consist of
atoms and small amounts of dimers. The main
vapour species of carbon is a trimer and a series of
Cn (n = 1–8) molecules were found in the saturated
vapour. The main components of P, As and Sb
vapours are tetramers. In the vapour of S and Se, a
series of polymers with n = 1–12 were observed
with the most abundant species being S8 and Se6.
Heteroatomic molecules are always present in the
vapour of mixtures of elements. The saturated
vapour of inorganic compounds that evaporate in
the temperature range 700–3000 K, generally con-
tains species formed by the dissociation of the base
compound and a number of associates. Many inter-
esting and unexpected examples can be found in the
extensive database on the species in inorganic
vapours. The existence of the dimers and trimers of
oxides V2O5, WO3 and MoO3 has been reported.
Salts of oxygen-containing acids can be evaporated
without decomposition to give small amounts of
dimers. Mixtures of halides of alkali metals and hali-
des of polyvalent metals give associates in the vapour
and the electrical properties of such associates have
been investigated.

Heterogeneous reactions and gas phase reactions

Gas phase reactions of any type can be successfully
studied. The magnitude of the equilibrium constant is
important. Isomolecular reactions Α + B � C + D do
not require an absolute instrument calibration which
makes them the most convenient and frequently
observed type of reaction. This also concerns ion–
molecule and electron exchange reactions. A bond
dissociation energy is calculated from the equilibrium
constants of the reaction MXn � MXn−1 + X. The
sublimation enthalpy and dissociation enthalpy are
determined from the equilibrium constants of
the heterogeneous reactions Asolid � Agas and
ABsolid � Bsolid + Agas.

Ion/molecule equilibrium in the saturated vapour

A study of the complex halogenides and salts of oxy-
gen-containing acids by KCMS modified for ion/

molecule equilibrium study (KCMS-IME) showed a
very high concentration of ions in the saturated
vapour (only 5 orders of magnitude less than the
vapour pressure). These salts of alkali metals have
large anions and as a result the enthalpies of hetero-
lytic dissociation of the complex salts are much lower
than those of alkali metal fluorides. For example,
for the system KF–33 mol% UF4, T = 1000 K,
p(KUF5) = 0.35 Pa; p(K+) = p(UF5) = 10−6 Pa. At
such ion pressures the Debye shielding radius
Rd (0.2 mm) is significantly smaller than the linear
dimension of the Knudsen cell (10 mm). An electron-
less plasma is formed and the main vapour species
are:

Molecules KF, K2F2, KUF5, UF4

Positive ions K+, K2F+, K2UF5
+

Negative ions KF , UF , UF , U2F

Electron affinity determination

Addition of complex alkali metal salts to a high tem-
perature system leads to negative ion formation in
the vapour. KCMS-IME can be applied to electron
affinities and the estimation of negative ion en-
thalpies of formation. The EA of fluorides and ox-
ides of transition metals in their higher oxidation
states were determined. Almost all of these com-
pounds have EA in the range 3.5–7.0 eV. Applica-
tion of this method to fullerene vapours has yielded
the electron affinities for the series of higher fuller-
enes Cn (n = 70, 72, ..., 106).

Activities in mixtures and the Gibbs free energy of 
formation of solid compounds

The determination of activities of components
allows calculation of the partial and integral Gibbs
free energy for the mixing of liquid and solid solu-
tions. If solid compounds AnBm are formed in the
mixture A–B, the Gibbs free energy of formation of
these compounds from A and B may be calculated.

P–T–X diagram study

Measurements of the dependence of partial pressures
on temperature along the liquidus (two-phase equi-
librium between liquid and solid phases) and solidus
(solid–solid) lines and partial pressure dependences
on system composition at constant temperature give
the total pressure and vapour brutto composition as
function of temperature and system composition. Af-
ter these data are obtained, a T–X diagram can be
transposed to a P–T–X diagram. Such diagrams are
used in applied science e.g. the growth of crystals
and films by the vapour deposition method.
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Homogeneous range, Partial pressures of oxygen

KCMS is often used for the study of the homogene-
ous range of solid compounds. The partial pressure
change can be easily selected. Isothermal evapora-
tion is sometimes used to identify solid phase
composition changes. Diffusion in the solid phase
and enrichment of a surface layer by a hard volatile
component demands special attention. When oxides,
glasses or ceramics are studied the oxygen partial
pressure is of particular interest. One advance in the
last decade is that very low partial pressures of oxy-
gen can be calculated and controlled by measure-
ment of the ratio of two negative ions (KCMS-IME).
Oxides of variable valency metals are the source of
these two ions and the equilibrium constant of the
reactions MeO + O2 � MeO  have to be previ-
ously obtained. The same approach is used for activ-
ity determinations and is based on similar reactions
A + B−

� AB− and the measurements of negative
ion ratios I(AB−) to I(B−).

List of symbols

AkBl and ArBs are vapour species in the binary system
A–B; Bj = ρeff(2πMjR)–1/2; Eth = threshold energy;
Iij = measured ion current of ion i originating from
molecule j; Ii = ∑jIij = measured current of ion i;
Ij = ∑iIij = total ion current from molecule j;
Mi = mass of ion i; Mj = mass of vapour specimen j;
NA(NB) = mole fraction of A(B); pi = partial pressure
of ion j; Pi = partial pressure of ion i; pj = partial
pressure of molecule j; pref, pj = pressure of reference
and investigated samples; q = weight of sample;
seff = orifice area; σj = total ionization cross-section
of molecule j; σij = partial ionization cross-section of
molecule j; ; ν = stoichiometric
coefficient of chemical reaction.

See also: Cluster Ions Measured Using Mass Spectro-
metry; Flame and Temperature Measurement Using
Vibrational Spectroscopy; Gas Phase Applications of

NMR Spectroscopy; Ionization Theory; Ion Molecule
Reactions in Mass Spectrometry; Negative Ion Mass
Spectrometry, Methods; Photoionization and Photo-
dissociation Methods in Mass Spectrometry; Quadru-
poles, Use of in Mass Spectrometry; Time of Flight
Mass Spectrometers. 
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Introduction

X-ray diffraction from the solid state is a fundamental
technique for the characterization of synthetic and
natural materials. Since the discovery of Bragg-type
X-ray diffraction from periodic crystal lattices, the
technique has proven an essential tool for (1) the iden-
tification of crystalline compounds, (2) the quantita-
tive analysis of polyphasic mixtures, (3) the study of
the long-range atomic structure of crystals, including
detailed charge density studies, and (4) the physical
analysis of crystalline aggregates, including orienta-
tion texture, crystallite size distribution, and lattice
microstrain effects. Such routine applications have
developed during the first half of the 20th century
into standard analysis procedures, and during the last
decades they became so widely utilized that data are
now available for most known inorganic compounds
and minerals, to the extent that electronic databases
are now accessible for automatic identification and
rapid retrieval of crystallographic and structural
information of crystalline substances.

The focus of the modern crystallographic research
on inorganic solids is the interpretation of the physi-
cal and chemical properties of materials in terms of
their ideal or defective atomic structure, and the
transfer of the acquired crystal chemical knowledge
to the engineering of solid-state compounds with
novel technological properties. The years since the
mid 1980s have also witnessed the development of
dedicated second and third generation synchrotron
radiation sources in the region of hard X-rays. The
availability of brilliant, polarized and collimated
synchrotron radiation beams with a wavelength that
is tunable over a wide spectral range has made a
number of interesting advances possible in materials
characterization. State-of-the-art investigations of
inorganic compounds and minerals by synchrotron
X-ray diffraction include: in situ dynamic diffraction
of kinetic processes and phase transformations,
structural characterization of compounds at ultra-
high pressures, and use of resonant scattering effects
for element-selective structural analysis.

X-ray diffraction analysis in the 
laboratory

X-ray diffraction (XRD) data collection and analysis
is routinely performed in any laboratory dealing with
inorganic or mineral compounds. Samples are com-
monly in the form of small single crystals, polycrys-
talline aggregates (powders), or oriented specimens
(fibres, thin films, polished surfaces). The experimen-
tal techniques and the data analysis methods to be
applied may therefore vary depending on the physical
state and the chemical composition of the sample,
besides of course the nature of the requested informa-
tion. Typical laboratory applications in inorganic
chemistry, solid-state physics and mineralogy may
involve: (1) identification of unknown crystalline
phases, (2) quantification of phase abundance in
polycrystalline mixtures, (3) crystal structure deter-
mination and refinement, (4) physical analysis of the
sample in terms of crystallite size, lattice microstrain,
or orientation texture of the crystal domains. On one
hand the mineralogist usually employs X-ray diffrac-
tion to identify and classify mineral specimens, to
quantify mineral phases in raw materials for indus-
trial use, or to characterize the temperature–pres-
sure–time history of a rock through the detailed
analysis of the crystal structure of the phases present
in the mineral assemblage. On the other hand the
inorganic chemist frequently characterizes by X-ray
diffraction the products of synthesis reactions in an
attempt to refine the synthesis processes or
produce new materials with novel structural and
physical properties.

The experimental apparatus commonly involve
a sealed-tube or rotating-anode X-ray source, a
2-circles (for powders) or a 4-circles (for single
crystals) automated diffractometer for sample
orientation with respect to the incident beam, and
one or more detector banks for detection of the
diffracted signal. The angular position, the inte-
grated intensity, and the peak profile shape of the
diffracted signal are important for the subsequent
analysis.

HIGH ENERGY 
SPECTROSCOPY

Applications
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Phase identification

Powder X-ray diffraction patterns are the fingerprint
of all crystalline substances. The technique is a rapid
and powerful tool for identification of all crystalline
compounds, and it is especially valuable in the
presence of polymorphs or quasi-isochemical
compounds, where chemical techniques cannot be
applied. The data collection time of a medium-reso-
lution powder diffraction pattern for identification
purposes is typically of the order of 20–30 min.
Identification of the unknowns in a compound com-
posed of a few phases is a straight-forward auto-
matic procedure in which the Bragg diffraction peaks
in the observed pattern are matched against the
reported powder diffraction patterns of all known
crystalline substances in the powder diffraction file.
Advanced computer software is available for such
applications.

If the investigated material is composed of a large
number of phases, then the identification process can
be more complicated due to substantial overlap of
the Bragg peaks related to the different phases.
Chemical information on the compound of interest
may in this case help in defining subsets of phases
from the database containing particular chemical
elements. Subsets search may be more successful
than the search performed on the whole database,
although it requires prior knowledge of information
on the sample.

Quantitative phase analysis

Quantification of the relative abundance of crystal-
line phases in a multiphase mixture is an everyday
problem in a wide range of applications. Common
examples are: evaluation of the yield in inorganic
synthesis and catalytic processes, characterization of
raw mineral materials for industrial processes, quali-
ty check of fired ceramic products, and many more.
While in most cases the required accuracy level of
the analysis is a few percent at best, in particular
cases such as in the quantification of phase con-
taminants in technologically important materials, or
of hazardous and toxic phases in environmentally
dispersed aerosols, the required level of accuracy
must be substantially lower than 1 wt% relative
abundance. Accuracy levels of 2–3 wt% are com-
monly reached if standard procedures of quantitative
phase analysis by diffraction data are properly per-
formed. Generally employed analytical methods in-
clude: the internal or external standard method, the
matrix flushing method, and the reference intensity
ratio method. Very recently, the availability of analy-
sis techniques of powder diffraction data based on
full-profile (Rietveld method), originally developed

for structural analysis, had a great impact in the area
of quantitative analysis: if the crystallographic struc-
ture of the phases present in the polycrystalline mix-
ture are known, then the complete simulation of the
diffraction pattern provides an easy standardless
method for accurate quantification of all phases. The
major advantage is that only one powder diffraction
pattern is needed, with no need for standard addi-
tion or laborious external calibration of the peak in-
tensities. Figure 1 shows the observed, calculated
and difference powder diffraction patterns relative to
the quantitative analysis of a polycrystalline speci-
men composed of three standard phases, performed
using the standardless Rietveld technique. Estimated
standard deviations of relative proportions of all
phases are in the range 0.1–0.2 wt%.

If the diffraction data are of above-average qual-
ity, the full-profile method can easily allow quantifi-
cation of crystalline phases well below the 1 wt%
accuracy level. Advanced nonroutine application
of the full-profile technique involve modelling of
anisotropic Bragg peak broadening for the quantifi-
cation of defective or disordered crystal phases. The

Figure 1 Quantitative phase analysis of a polycrystalline
mixture containing three phases performed by the Rietveld
method. Selected portions of the observed (crosses) and calcu-
lated (solid line) X-ray powder diffraction patterns are shown. The
vertical marks indicate the position of the single Bragg peaks.
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combination of the full-profile Rietveld analysis with
the addition of a known quantity of an internal
standard in the mixture provides a simple and relia-
ble method for estimation of the amorphous phase in
samples containing noncrystalline components. The
accuracy and reliability levels reached by modern
methods of quantitative phase analysis based on
powder diffractometry commonly exceed the specifi-
cations required by phase quantification in tradi-
tional and advanced industrial materials.

Crystal structure analysis

The analysis of the atomic structure of crystals by dif-
fraction is one of the more developed applications in
the whole field of diffraction. Although often used as
a simple, rapid technique for molecular structure
determination, the full analysis of the crystal
structure by X-ray diffraction indeed represents a
powerful tool for the detailed interpretation of the
relationship between the long-range atomic arrange-
ment and the physicochemical properties in any
solid-state material. Recent advances in the prepara-
tion, engineering and characterization of high-tech-
nology materials such as high-Tc superconducting
oxides and fullerenes, could hardly have been
achieved without the accurate study of their crystal
structure; and the long list of presently known syn-
thetic microporous compounds widely used in catal-
ysis would be much shorter were it not for the
detailed structural data obtained on aluminosilicate
zeolite minerals.

The standard crystallographic description of the
atomic arrangement in a crystal includes the de-
finition of a translation unit cell with its symmetry
properties (Bravais lattice type and space group sym-
metry), the fractional coordinates of each crys-
tallographic position together with the occupancy
factor of each chemical species located on it, and its
atomic displacement parameters (related to the prob-
ability density function of the electron distribution).
Standard crystallographic descriptions as such are
now available for most known solid-state com-
pounds: the primary reference sources for inorganic
crystals and minerals are the Structure Reports (in
printed form) and the Inorganic Crystal Structure
Database (in CD-ROM form). A number of compre-
hensive monographs review the essential concepts of
chemical bonding in crystals and the classification of
basic structural types. The vast majority of structural
information was derived from single-crystal diffrac-
tion studies performed with standard laboratory
apparatus at room temperature and pressure,
although in recent years a growing number of in-
organic crystal structure data has resulted from

diffraction studies performed on polycrystalline
samples using the full-profile Rietveld techniques of
analysis. Equilibrium studies at nonambient tem-
perature or pressure, and studies of slow kinetic
processes are also accessible in modern X-ray
laboratories, both using single-crystal and powder
specimens.

The standard crystal structure description of a
compound is commonly aimed at the geometrical
analysis of the long-range atomic arrangement in
terms of interatomic bond distances and angles,
coordination polyhedra, and topological bond con-
nectivity. This is the minimal information required
for the correct interpretation of the macroscopic
physicochemical properties of the compound at
the atomic level. Common applications include the
understanding of the solid-state reactivity of inor-
ganic compounds, and the reconstruction of the
crystallization and transformation processes, i.e. the
geological record, in minerals.

Sometimes subtle or elusive physical effects in crys-
tals require a deeper understanding of the chemical
bonding and the crystallochemical role of the atoms.
Examples are the oxygen site vacancies and cation
substitutions in high-Tc superconducting materials,
the atomic or molecular polarization effects in non-
linear optical materials, the cation partitioning
among sublattice sites in microporous framework
structures, or the distinction between atomic static
(i.e. site disorder) and dynamic (i.e. anisotropic
motion) effects in minerals exhibiting nonideal solid
solution behaviour. To face such complex problems,
nonstandard single crystal structure analysis tech-
niques are available. For example, detailed mapping
of the electron density in a crystal can be performed
by means of charge density studies, commonly per-
formed by low-temperature (down to a few K) X-ray
diffraction in order to minimize atomic thermal
vibrations smearing out the density effects due to
localized electrons. Figure 2 shows the detailed
mapping of the electron density of the H–O–H plane
in the water molecule enclosed in the channel of a
porous hydrous sodium aluminosilicate, the natural
zeolite natrolite, whose complete structure is shown
in Figure 3. The charge density distribution is
derived from the experimental structure factor
amplitudes measured by single-crystal X-ray diffrac-
tion. Also shown is the map of the Laplacian of the
electron charge density in the same plane. On the
basis of a Bader-type analysis the map allows detailed
interpretation of the character of the chemical bonds
in the crystal structure.

Accurate crystal structure studies can be per-
formed on the same crystal in a wide temperature
range and allow extrapolation of the true atomic
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displacement parameters down to the 0 K tempera-
ture region, evaluation of the zero-point energy of
the atom, and control of the presence of static
subsite disorder effects. Figure 4 shows selected
experimentally determined values of the atomic dis-
placement parameters for the Mg, Si, Al and O
atoms in a synthetic pyrope garnet of composition
Mg3Al2Si3O12. The deviation of the values at 30 K
from the linear fit performed on the atomic displace-
ment values measured above 298 K is due to the con-
tribution of the zero-point energy to the atomic
motion. Accurate diffraction data of this kind allow
separation of the static and dynamic contributions to
the measured atomic displacement, and many also
indicate the presence of anharmonic vibrational
components, although these effects are more appro-
priately evaluated using temperature-dependent
neutron diffraction data.

Physical analysis of crystals and crystal 
aggregates

The basic information concerning the nature of the
phases present in a synthetic or natural material, and

Figure 3 Projection of the structure of the zeolite natrolite
along the orthorhombic c axis, showing the zeolitic channels con-
taining the Na atoms (small circles) and the water molecules
forming hydrogen bonds to framework oxygen atoms.

Figure 4 Temperature dependance of selected atomic dis-
placement parameters for the Mg, Si, Al and O atoms in pyrope
garnet. Analysis of the displacement parameters obtained from
accurate single-crystal diffraction data allow evaluation of the
zero-point energy contribution, separation of static and dynamic
effects, and detection of anharmonic vibrational contributions to
the atomic motion.

Figure 2 Experimental distribution of the electron charge den-
sity (A) in the H–O–H plane of the water molecule in the zeolitic
channel of natrolite obtained from single-crystal X-ray diffraction
data. Detailed interpretation of the chemical bond features, in-
cluding the position and character of the critical points, is possible
through the analysis of the maps of the Laplacian of the charge
density (B).
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the ideal models of their crystallographic structures
are frequently known. The information of interest
for the characterization of the material and the un-
derstanding of its crystallochemical behaviour then
reside in the physical status of the crystal or crystal
aggregate. It is known that many material properties
of interest in technological applications are directly
related to what we might call the deviation from the
‘ideal’ crystal, i.e. the presence in the material of a
variety of structural defects at the atomic level, such
as doping elements, chemical modulations and stack-
ing faults. These perturbations of the periodic crystal
lattice produce effects of various kinds observable in
the diffraction signal, i.e. diffuse scattering, superlat-
tice reflections, commensurate or noncommensurate
Bragg peak modulations, peak shifts, peak profile
distortions, etc. A substantial part of X-ray
crystallography deals with the measurement of the
diffraction effects caused by lattice disorder, and
their interpretation in terms of structural defects.
The whole branch of ‘quasicrystallography’ is
devoted to alloys and solid materials exhibiting dif-
fraction effects incompatible with the standard
three-dimensional space group symmetry.

A rapidly developing area of study is the measure-
ment of lattice microstrain in polycrystalline aggre-
gates. It is based on the interpretation of the angular
dependence of the broadening of Bragg peak profiles
in a powder diffraction pattern. The surface or
volume mapping of the distribution of lattice strain
gradients in the material yields a variety of informa-
tion on the presence of residual stresses, developing
tensions due to microcracking, local imperfections
due to coprecipitated phases, and so on. Further-
more the analysis of the peak profile broadening as a
function of crystallographic direction (anisotropy of
the broadening effects) allows determination of the
mean particle size and shape of the crystallites in the
compound.

The analysis of the statistical or preferred orienta-
tion of the crystallites in solid polycrystalline materi-
als is commonly referred to as texture analysis. Again,
the diffraction technique allows the definition of the
relationship between a microscopic property, i.e. the
orientation of the crystallites defined as coherent
diffraction domains, and the macroscopic physical
properties of the crystal aggregate. Texture studies
are of course crucial in the characterization of ori-
ented synthetic materials such as cold-rolled metals or
oxide thin films, but they are also of great relevance in
the study of the formation processes of mineral
assemblages. As an example, the texture features of
olivine or pyroxene minerals in meteoritic chondrules
yield information on the early condensation sequence

and cooling history of the meteorite body they belong
to. Figure 5 shows the heavily textured diffraction
pattern of chondrule from the Mafra L-4 chondritic
meteorite collected using synchrotron radiation and
a charge-coupled device (CCD) area detector. The
pattern displays at the same time sharp diffraction
spots produced by the olivine and pyroxene micro-
crystals present within the chondrule, and the inho-
mogeneous intensity distribution on the diffraction
rings produced by the polycrystalline matrix. The
example indicates how hard X-rays from synchrotron
sources can effectively be used to investigate precious
materials in a nondestructive way.

Synchrotron X-ray diffraction
The availability in recent years of the intense, colli-
mated and energy-tunable X-ray beams emitted by
synchrotrons and electron storage rings has had a
spectacular impact on most fields related to materi-
als characterization. As a consequence, a number of
theoretical and instrumental aspects of spectroscopic
techniques are rapidly developing in order to take
full advantage of the peculiar properties of synchro-
tron radiation. All kinds of laboratory X-ray
diffraction experiments described above can be per-
formed at synchrotron sources as well, and the

Figure 5 Textured diffraction pattern from a meteoritic chon-
drule collected using short wavelength synchrotron radiation
(λ = 0.5 Å) and a CCD area detector. The image displays sharp
diffraction spots from olivine and pyroxene single crystals, and
powder diffraction rings from the polycrystalline matrix of the
chondrule.
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results are of significantly higher quality in terms of
angle- or energy-resolution and signal-to-noise ratio.
Furthermore, since the incident radiation beam is
several orders of magnitude more brilliant than the
laboratory X-ray beams, the experiments can usually
be performed using a much smaller volume of sam-
ple (down to few µm3) or, alternatively, by collecting
diffraction data with extremely fast acquisition times
(down to the ms time range). Finally, several com-
pletely new types of experiment, such as those
outlined in the following sections, are only possible
at synchrotron sources.

Dynamic diffraction

The study of the evolution of the diffraction signal in
a sample during a phase transformation or a chemi-
cal reaction involving crystalline phases is defined as
dynamic diffraction. The term implies that the sam-
ple is studied in situ under operating conditions of
temperature, pressure, vacuum or controlled atmos-
phere; and that the diffraction pattern is sampled
using acquisition times much shorter than the time
the process takes to reach completion. Diffraction
experiments under nonambient conditions can be
performed on laboratory instrumentation only at
thermodynamic equilibrium. Direct determination of
the metastable and transient phases present during
the reaction path, and measurement of fast kinetics
are only possible if dynamic diffraction using
synchrotron radiation is employed. Commonly the
resolution in reciprocal space (defined as ∆d/d, or
the ability to distinguish two closely spaced Bragg
diffraction peaks) is not a critical experimental
parameter when studying the qualitative aspects of
the phase transformations, or for the quantification
of phase proportions during the process (for example
in kinetics studies). On other hand, resolution is a
crucial factor in the investigation of structural phase
changes, where high-quality powder spectra collect-
ed in time-resolved mode are required.

A typical dynamic diffraction experiment involves
(a) a high X-ray flux incident on the sample, (b) a
conditioning chamber around the specimen control-
ling the environmental variables, and (c) a fast data
acquisition system (i.e. position sensitive or area
detectors). Depending on the require ∆d/d resolu-
tion, at synchrotron sources these experimental con-
ditions are easily met either using angle-dispersive
or energy-dispersive geometries, i.e. using mono-
chromatic or polychromatic incident radiation,
respectively. The flexible design of a synchrotron
experiment also allows simultaneous in situ experi-
ments to be carried out, such as XRD and small-
angle X-ray scattering, XRD and differential

scanning calorimetry, or XRD and X-ray absorption
spectroscopy in fast scanning mode. Combined
experiments of this kind provide a wealth of infor-
mation, as they furnish the means of simultaneously
investigating the process at different space- or
momentum-transfer scales. For example, simultane-
ous time-resolved X-ray powder diffraction and
X-ray absorption spectroscopy performed during a
solid-state reaction catalysed by a specific chemical
element can provide identification and quantification
of all the crystalline phases involved, and at the same
time also provide short-range information on the
coordination environment of the catalyser element at
each stage of the reaction.

Recent applications of the dynamic diffraction
experimental techniques were mostly in the areas
of temperature-induced dehydration processes in
natural zeolites, hydrothermal crystallization of alu-
minosilicate and aluminophosphate microporous
materials, thermal decomposition of layer silicate
minerals, high-temperature synthesis of advanced
ceramics, and hydrothermal ion-exchange and con-
version processes in synthetic molecular sieves. The
time-resolved powder diffraction patterns relative to
the isothermal nucleation and growth process of
zeolite-A by the hydrothermal treatment of activated
metakaolinite is shown in Figure 6.

Although most of the cited studies only imply the
qualitative analysis of the transformation, or the
simple quantification of the crystalline phases
involved in the process in order to properly extract
the kinetic parameters, a number of full structural
studies have been performed, which allow the com-
plete determination of the structure response to the
external gradient applied to the sample.

The case study of the temperature-induced phase
transformation in the Ca-rich zeolite mineral gar-
ronite is illustrated here to show the large amount of
detailed information to be gained by dynamic dif-
fraction studies. The time evolution of the experi-
mental powder diffraction pattern is shown in
Figure 7. The image was obtained by synchrotron
radiation using a gas flow heater, a polycrystalline
sample in a glass capillary, and an image plate
detector installed on a translating camera. Constant-
temperature integration of the image pixels yield a
number of powder diffraction histograms for the
structure analysis. Figure 8 shows the Rietveld
analysed powder spectra of phase A at room temper-
ature, and phase B at 170°C. Full structural analysis
of all powder data sets produce a detailed picture of
the structure response to dehydration, involving the
positional shift and the change in coordination of the
Ca cation in zeolitic channels, the progressive distor-
tion of the aluminosilicate tetrahedral framework
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inducing a space-group change from monoclinic to
tetragonal, and ultimately the collapse and amor-
phization of the structure. Figure 9 describes the
progression of the process by the measured unit cell
parameters and volume, and Figure 10 shows the
distortion of the zeolite channels caused by the
contraction of the tetrahedral framework along the c
tetragonal direction in phase B, which corresponds
to the b monoclinic axis of phase A.

High pressure studies

Small volume samples are required to reach ultrahigh
pressures (i.e. above 102 GPa). Therefore, high-
brilliance synchrotron radiation is needed to get a
useful diffraction signal out of microsamples. This is
the reason why the new techniques of high-pressure
diffraction were mostly developed with synchrotron
radiation sources. Physics, materials science, and
especially mineral physics greatly benefited from such
developments, because of the possibility of studying
high-pressure-stabilized crystal structures using in
situ diffraction techniques. Since the earth’s and plan-
etary interiors are not directly reachable for sampling,
we need laboratory techniques to stabilize and char-
acterize the materials satisfying the observed large-
scale geophysical (density distribution within the
planetary interior, seismic waves velocity)
and geochemical (abundance of chemical elements in
the solar system, element distribution within the plan-
etary bodies) parameters governing the global plane-
tary processes, such as the thermal flow, the mantle
convection regime and the crust plate tectonics.

High-pressure mineral physics therefore is con-
cerned with the characterization of the physical
properties and stability fields of planetary materials
under extreme pressure and temperature conditions.
For example, conditions present at the centre of the
earth are thought to be in excess of 300 GPa and
5000 K. Such conditions can at present be obtained
by laser-heated diamond anvil cells or multianvil
presses. Emphasis of current in situ diffraction

Figure 7 Evolution of the X-ray powder diffraction pattern of
the natural zeolite garronite during the temperature-induced de-
hydration process. The date were collected using synchrotron
radiation, a gas flow heater, a capillary sample, and an image
plate detector installed on a translating camera.

Figure 6 Time evolution of the powder diffraction pattern of zeolite-A crystallizing from activated metakaolinite under hydrothermal
conditions. The original image plate picture is shown as a small figure at the bottom left.
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studies using synchrotron radiation under extreme
conditions is on the definition of the thermodynamic
phase stability fields of the crystalline phases possi-
bly present in the earth’s mantle and core, on the
experimental measurement of the equations of state
in P–V–T space, and in the crystal structure determi-
nation of the high-pressure phases.

Resonant scattering experiments

A noticeable advantage of synchrotron radiation is
the possibility of fine tuning the incident energy over
a wide range, typically 5–50 keV for bending magnet
radiation from high-energy third-generation syn-
chrotrons (up to 100 keV for wiggler radiation from
the same machines) and 2–20 keV for bending mag-
net radiation from low-energy third-generation
synchrotrons. The available energy range covers
absorption K-edges of chemical elements from P to
the rare earth elements, and L-edges from Rb to the

actinides. The wavelength tunability is not only of
obvious advantage for X-ray absorption spectrosco-
py, but it also offers diffraction an increased flexibil-
ity through proper exploitation of the resonant
scattering effect. The excitation of resonant scatter-
ing takes place when diffraction is performed using
an incident energy close to that of an absorption
edge of a chemical element present in the sample.
Under these conditions the atomic scattering factor
of the element is modified by a factor (called the
anomalous dispersion correction) amounting to sev-
eral electrons. It is obvious that by performing dif-
fraction studies at different wavelengths in the
vicinity of an absorption edge, it is possible to
change to scattering contrast between the chemical
elements present in the sample, and therefore
increase the ability of diffraction to (1) determine the
location of the particular element in the structure, or
(2) quantify the statistical amount of that element in
specific crystallographic sites.

Figure 8 Selected portions of the Rietveld-analysed powder diffraction pattern of the zeolite garronite at 25 (A) and 170 (B)°C. The
patterns were integrated from the image plate data shown in Figure 2. A full structure analysis of the zeolite as a function of temper-
ature was performed.
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Since an energy shift of the absorption edge is
observed depending on the oxidation state of the
element, the accurate determination of the energy
dependence of the anomalous dispersion term yields
information on the valence state of the element
present in a crystallographic site, much the same way
this information is obtained from the chemical shift
of the edge in X-ray absorption spectroscopy. How-
ever, the information obtained from absorption
spectroscopy is averaged over the sample volume,
and cannot discriminate between different valence
states of the same element simultaneously present on

different structural sites, whereas diffraction under
resonant conditions intrinsically yields site-resolved
information. The resonance effect is also exploited
for the resolution of crystal structures, especially
organic macromolecules, using the multiwavelength
anomalous dispersion technique.

Diffraction exploiting the resonant scattering effect
is generally used in inorganic chemistry and mineral-
ogy to determine the cation partitioning of specific
elements among different crystallographic sites, or to
evaluate the oxidation state of chemical elements
present in specific structural sites. A promising

Figure 10 Projections of the crystal structures of garronite: (A) phase A at 25°C along the [100] monoclinic direction; (B) phase B at
170°C along the [010] tetragonal direction. The distortion of the zeolitic channels caused by the change in coordination of the Ca atoms
is evident.

Figure 9 Structure evolution of the zeolite garronite during the dehydration process. The unit cell parameters and volume resulted
from the Rietveld refinements of all powder diffraction data shown in Figure 2. Phase A is monoclinic l2/a (circles = cell a;
squares = cell b; triangles = cell c), phase B is tetragonal P41212 (triangles = cell a = b; diamonds = cell c) and phase C is also tetragonal
P41212 (hexagons = cell a = b; circles = cell c). It may be noted that the cell volume contraction during the monoclinic–tetragonal phase
transition is related to the shortening of the monoclinic b axis alone (corresponding to the c axis of the tetragonal cell). The structure
analysis indicates that the framework distortion is related to the change in bond coordination of the Ca cation in the zeolitic cages.
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extension of the technique is called diffraction anom-
alous fine structure spectroscopy, and it involves
measurement of the energy dependence of the inte-
grated intensity of particular Bragg diffraction peaks
across an absorption edge.

See also: Fibres and Films Studied Using X-Ray
Diffraction; Materials Science Applications of X-Ray
Diffraction; Neutron Diffraction, Instrumentation;
Neutron Diffraction, Theory; Powder X-Ray Diffrac-
tion, Applications; Quantitative Analysis; Small
Molecule Applications of X-Ray Diffraction; Structure
Refinement (Solid State Diffraction).
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The Interaction of impurities in 
condensed matter with light

The optical spectroscopy of impurities in solids and
liquids is similar to that of free particles except that
interpretation requires an extra interaction to be tak-
en into account, i.e. the influence of the host on the
energy levels of the impurity. In other words, the
presence of the impurity particle in a particular envi-
ronment adds an extra term to the Hamiltonian: the
crystal field.

There are two components of the crystal field;
static, referring to the average position of nearest
neighbour particles, and dynamic, referring to their
motion. The static crystal field shifts energy levels
and lifts degeneracies to cause splittings whilst the
dynamic crystal field allows coupling of electronic

energy levels to vibrations. In terms of luminescence
spectroscopy, the static crystal field is principally
responsible for shifting emission wavelengths whilst
the dynamic component broadens emission lines into
bands of widely varying widths and shapes. Both
static and dynamic effects can influence the oscillator
strength of the transition and thus the luminescence
lifetime. Excited state lifetimes can also be influenced
by factors such as nonradiative decay and concentra-
tion quenching.

Insulators provide a useful trap for optically active
ions due to their transparency in the visible region.
Nuclear (vibrational) resonances with electromag-
netic radiation take place in the infrared part of the
spectrum whilst resonances with bound electrons
(from the valence band to the conduction band) are
usually in the ultraviolet. Visible radiation therefore

ELECTRONIC SPECTROSCOPY
Applications
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interacts with the impurities alone. The role of the
host is simply to influence the optical behaviour of
the impurity.

Spectroscopic characteristics of 
impurities in condensed matter

Lanthanide ion doping

The optically active electrons in lanthanide ions are 4f
electrons and they are shielded from the influence of
the crystal field by the complete 5s and 5p subshells
that surround them. Therefore, the static crystal field
has only a small effect on the energy levels of lantha-
nides and is treated as a perturbation to the free ion
states. This perturbation is significant, however. Elec-
tric dipole transitions between pure 4f states are parity
forbidden (though some of the much weaker magnetic
dipole transitions are allowed). The addition of the
crystal field term causes weak mixing of 4f states,
most importantly with 5d states, so that some electric
dipole transitions become weakly allowed. Reducing
the symmetry of the crystal field tends to cause greater
mixing thus making the optical transitions more in-
tense. At the same time, the J-degeneracy of the state
is lifted so that the luminescence spectrum of a partic-
ular transition appears as a number of closely sepa-
rated lines such as those shown in Figure 1A. The
dynamic crystal field is also weakly interacting with
lanthanide ion impurities so that phonon-assisted
transitions are rarely significant features.

Luminescence studies are particularly useful for
lanthanide-activated matter as transitions are often
weak thus rendering absorption difficult to measure.
Each lanthanide ion has a unique energy level struc-
ture so that excitation of such a material will result
in a luminescence spectrum characteristic of that
impurity ion. Only a small proportion of energy
levels luminesce, however. Most decay nonradia-
tively through multiphonon emission to states at
slightly lower energies. The excited electron rapidly
tumbles between states until it reaches one that is
separated by more than about 1000–3000 cm–1

(1 eV ≈ 8000 cm–1), depending on the system, from
the next lowest level. The probability of multipho-
non decay is an exponential function of separation
so that states with wide gaps to next lowest levels are
unlikely to decay nonradiatively. Luminescence is
thus emitted from such states. As an example, the
energy structure of Nd3+ is shown in Figure 1B.

Transition metal ion doping

The active electrons in transition metal ions are not
shielded by outer subshells and this leads to a much

Figure 1 Luminescence from a typical lanthanide-doped crys-
tal, Nd3+-doped KLiYF5. The 4F3/2 → 4I11/2 luminescence multiplet,
most often used as the gain transition in Nd-based lasers, is
shown in (A) and the energy level diagram is shown in (B). The
total Nd3+ multiplet splittings for this host are indicated by the
thickness of the boxes, levels that radiate significantly are denot-
ed by small arrows and the 4F3/2 → 4I11/2 transition is indicated by
a long arrow. This luminescence multiplet would normally be ex-
pected to be split into no more than six components but the 12
observed indicates that Nd3+ substitutes into two different sites in
this crystal. The similarity of the spectra due to different site sub-
stitution is typical for lanthanides and the energy level diagram in
(B) varies very little from host to host.
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stronger interaction with the crystal field. The Ham-
iltonian contains the same components as for lantha-
nides but now the crystal field cannot be treated as a
perturbation to the free ion states as this term is sim-
ilar in strength to the electron–electron interactions
and stronger than spin–orbit coupling terms. The re-
sulting wavefunctions are denoted by a nomencla-
ture that derives from group theory.

Plots, known as Tanabe–Sugano diagrams, show
how the state energies of transition metal ions vary
as a function of crystal field strength. From these
plots absorption and luminescence characteristics
can be predicted or explained. Figure 2 shows the
Tanabe–Sugano diagram for Cr3+. The dashed line
indicates the crystal field strength for aluminium
oxide (Al2O3:Cr3+ is ruby) and it indicates where
the excited state energy levels lie relative to the
ground state (4A2). Absorption bands appear reso-
nant with the energy levels, broad in the case of
states that are strongly vibronically coupled and
narrow for weak electron–phonon coupling. The
emission spectrum consists of a single line with
some weak vibronically assisted structure regard-
less of which absorption transition is excited. This

is because, as for lanthanides, rapid nonradiative
decay prevents luminescence from states that have
other levels at energies close below. In this case,
narrow band luminescence is seen (the ruby laser
transition) but for materials that provide a weaker
crystal field environment for Cr3+ ions, the 4T2 state
may be at a lower energy than the 2E state making
it the emitting level. Much stronger electron–
phonon coupling occurs for this transition (as for
the reverse 4A2→4T2 (absorption) transition indi-
cated in Figure 2) and broadband emission results.

Colour centres

Colour centres (or F centres) result from the presence
of defects in the structure of a solid, often intention-
ally induced, for instance by high-energy-photon ir-
radiation. Such treatment causes disruption to the
lattice and leads to the production of particular
defects. For instance, a single electron can become
trapped in an anion vacancy. The Hamiltonian for
such a system is considerably different from that of
an impurity ion but the resulting eigenenergies give
rise to transitions in the optical region of the

Figure 2 A Tanabe–Sugano diagram for a 3d3 impurity ion such as Cr3+. The octahedral crystal field increases along the x-axis and
the energy levels split and shift as indicated. For zero crystal field the free ion LS states are indicated on the left. A dashed line indicates
the crystal field strength relevant to ruby. The energy levels indicated appear in the absorption spectrum shown on the right. Lumines-
cence is only from the lowest lying excited state, 2E. For materials that provide weaker field environments the 4T2 state is lower and
much broader bandwidth emission is obtained. Reproduced with permission of Oxford University Press from Henderson B and
Imbusch GF (1989) Optical Spectroscopy of Inorganic Solids. Oxford: Clarendon Press.
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spectrum. Such a centre is influenced very strongly
by the crystal field and so transitions are always
strongly coupled to vibrations resulting in very
broad absorption and luminescence spectra (∼ 1000–
4000 cm–1). There is a wide range of different opti-
cally active defects and determining the structure of
colour centres is difficult using only optical tech-
niques. However, by applying external fields and
stresses and making measurements of properties
such as polarization and magnetic circular dichroism
much can be understood. Of great assistance are
magnetic resonance measurements, in particular
electron paramagnetic resonance. Such techniques
reveal information on the number of electrons
present and the symmetry of the colour centre from
which structure can be deduced.

Crystals, glasses and liquids as hosts

It might be expected that the various types of con-
densed matter host will give rise to quite different
optical properties for the impurities that they con-
tain. In fact, the impurity has a much stronger influ-
ence than the host. This is especially true for
lanthanide ions. These are not greatly influenced by
their surroundings so that a change of environment
does not make very much difference to optical
behaviour. Splittings between J-levels will vary be-
tween hosts and transition strengths will also vary
whilst remaining relatively weak.

Transition metal ions are more strongly influenced
by environment, for instance Cr3+ ions decay via
entirely different transitions depending on crystal
field strength. Generally, transition metal ions will
have an energetically preferred orientation. The
energy of solvation of the Cr3+ ion is lowest when
octahedrally coordinated, in solids and liquids. In
aqueous solution six water molecules are arranged
about the chromium ion. In glasses lack of long-
range order means that the solvation energy of the
Cr3+ ion can be minimized without influencing the
overall structure of the host so that, again, Cr3+ ions
become octahedrally coordinated, this time sur-
rounded by the dominant anions (often fluoride or
oxide ions). In crystals the situation is somewhat dif-
ferent. The lattice energy of the host is minimized by
long-range order so that considerations of the solva-
tion energy of the Cr3+ ion are of much less signifi-
cance. If there is a suitable octahedral site (or
somewhat distorted octahedral site) for the Cr3+ ion
then substitution can occur. If not, then the chro-
mium ion may enter as an alternative valence (e.g.
Cr4+ in a tetragonal site) or may not enter the lattice
at all. In fluids and glasses it is more likely that a
transition metal ion can find its energetically

preferred orientation due to the impurity ion’s
greater influence on its own neighbourhood. In crys-
tals, transition metal ions often enter more distorted
sites according to availability and this sometimes
leads to more unusual optical properties such as
large energy level splittings or transition strengths.

The main difference between spectra obtained in
different classes of hosts is in the broadening of fea-
tures. In a perfect crystal every impurity ion would
experience the same potential due to neighbour par-
ticles so that each ion would behave in a spectro-
scopically identical way. Spectra would not be
broadened, other than by homogeneous and vibra-
tional effects, and would consist of very narrow zero
phonon lines and phonon side bands. Perfect crystals
do not exist and inhomogeneous broadening due to
variation in crystal field contributions to the Hamil-
tonian is always present (see Figure 3). This is not
always apparent at room temperature when homo-
geneous broadening dominates in most systems
but below about 100 K, in solids, inhomogeneous
broadening has a significant influence. In glasses and
liquids inhomogeneous broadening is usually more
significant. The local environment of the impurity
ion is influenced less strictly by the host and the lack
of order leads to a much greater range of environ-
ments and thus greater broadening of spectral
features.

Lanthanide doped crystals typically give rise to
luminescence multiplets with spreads in energy of
around 100–1000 cm–1. Line widths of individual
features at low temperatures tend to be around 100
times narrower than this. In glasses and liquids,
however, the effect of variation in environment
causes luminescence to be emitted in bands that
encompass the whole of the multiplet and individual
lines cannot usually be resolved. Such bandwidths
are not greatly broadened beyond the multiplet
widths of crystals, however.

The zero phonon lines of transition metal ions
behave similarly to those of lanthanides but phonon
side bands are more evident. Such is the extent of
broadening due to electron–phonon coupling that
the influence of environment is proportionally much
smaller. It is unusual to see disorder-induced broad-
ening of phonon-assisted bands by more than a
factor of two.

The greatest broadening effects are actually
observed in substitutionally disordered crystals. Sub-
stitutional disorder in crystals occurs when two or
more constituent ions have interchangeable lattice
positions. Whilst the stoichiometry and periodicity
of the crystal is maintained, the local environment
varies throughout the structure. Optically active
impurity ions experience different crystal fields as a
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result of this local variation. Inhomogeneous broad-
ening through substitutional disorder is strongest
when it is the nearest neighbour ions that are ran-
domly occupied. For instance, the 7F0 → 5D0 transi-
tion of Sm2+ in BaFCl is broadened by a factor of 30
at low temperatures through the addition of bromine
to the melt to produce BaFCl0.5Br0.5. Such is the mag-
nitude of the effect that inhomogeneous broadening
dominates homogenous broadening up to tempera-
tures in excess of 300 K. This discovery prompted a
successful search for room temperature persistent
spectral hole-burning materials (see below).

Techniques used to study optically 
activated condensed matter

Very simple methods can be used to obtain useful in-
formation on the optical behaviour of impurity
doped condensed matter. The first step in the charac-
terization of such a material is usually to measure its
absorption spectrum in the region of about 0.3–
1 µm. Such measurements are often sufficient to
identify the active impurities and to provide some in-
formation on their environment. For crystalline
hosts, the polarization of absorption spectra can be
analysed to draw conclusions on site symmetries and
crystal field parameters (see Figure 4).

As well as ground state absorption measurements,
it is often also useful to know the absorption charac-

teristics of excited metastable states, particularly for
potential laser gain media. Such measurements are
considerably more difficult than ground state meas-
urements because it is necessary to maintain a signif-
icant excited state population. The experimental
arrangement required to obtain such spectra requires
two excitation sources, a powerful beam to excite
the material and a weaker probe to measure the
absorption immediately after the excitation pulse.

There are some materials for which even ground
state absorption is too weak to measure. A method
that provides equivalent information is zero-order
excitation spectroscopy. Emission at all wavelengths
is directed to a detector without dispersion. A time
delay is required to prevent excitation light from
swamping the signal. Ideally, this is achieved using a
pulsed laser and gated detector but other systems
also work, such as asynchronous choppers in a con-
tinuous beam. By varying the wavelength of the
exciting beam and recording the strength of emission
at all wavelengths a spectrum equivalent to that of
the absorption of all luminescent centres is recorded.

The zero-order excitation spectrum reveals the
wavelengths at which the material can be excited to
obtain luminescence. The luminescence spectrum can
be recorded by exciting at one of these wavelengths
and dispersing the emission using a monochromator.
When emission is weak a chopper can be placed in
the excitation beam to produce a modulated inten-
sity that a lock-in amplifier can detect.

Figure 3 A typical zero phonon luminescence line from a bulk sample would appear as in (A) with a typical inhomogeneous width
(Γ ) of 1–10 cm–1. As the number of emitting impurities decreases, the smooth line shape typical of a large distribution is lost (B) and
eventually the contributions of individual homogeneously broadened contributions appear in the wings (C). The homogenous width is
exaggerated by a factor of about 104 for temperatures of less than about 4 K.
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Generally, excited ions step between energetically
nearby states nonradiatively until a large gap is
encountered from which radiative transitions occur.
In a crystal in which all impurity ions occupy equiva-
lent sites similar spectra are obtained regardless of
which absorption transition is excited, unless there
are two or more widely separated emitting states. In
the latter case a different luminescence spectrum is
obtained for each emitting state when excitation is
resonant with levels between it and the next highest
emitting state (see Figure 1).

Occasionally, the same impurity ion may substi-
tute into two or more crystallographically different
impurity sites within a single host. Each will nor-
mally have its own luminescence characteristics so
that excitation at particular wavelengths may excite
one set of ions and not the other when absorption
bands do not overlap. This occurs most often for
materials with narrow band absorption spectra, in
particular lanthanides, and different luminescence
spectra will result depending on the selected absorp-
tion feature (see Figure 5). Energy transfer between
sites may cause both sites to emit under some
circumstances.

In hosts in which a distribution of sites exist, shifts
in emission bands result from excitation at different

energies within an absorption band. The site distri-
bution may be broadened by variation in crystal field
strength or in electron–phonon coupling strength
and measurements of the shift of the emission band
as a function of excitation energy allow the contribu-
tions of each distribution to be quantified. Figure 6
shows the luminescence spectrum of Cr3+-doped
strontium gallogermanate, a substitutionally disor-
dered crystal that gives rise to luminescence via both
the 2E → 4A2 and 4T2 → 4A2 transitions due to a large
variation in crystal field strength that causes the
emitting state to vary between sites (see Figure 2).

Selective excitation techniques may be used
to make high-resolution measurements. At low tem-
peratures where inhomogeneous broadening domi-
nates, it is possible to use a highly monochromatic
excitation source such as a single frequency dye laser
to select a subset of impurities, each of which con-
tributes to the same portion of a spectral line. The
resolution of spectral measurements is then, in prin-
ciple, limited by the homogeneous line width. Below
10 K this is typically of the order of 106 times
smaller than the inhomogeneous line width.

In the absence of energy transfer, exciting a subset
of impurities will result in luminescence from only
this subset. Single mode dye lasers can routinely

Figure 4 The absorption spectrum of the 4I9/2 → 4F5/2 + 2H9/2 and 4I9/2 → 4F3/2 transitions (see Figure 1B) in Nd3+-doped KLiYF5 meas-
ured in two different polarizations at 77 K. Similar variations in intensities within multiplets are observed in luminescence spectra.
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provide excitation line widths of 1 MHz and solid
state tunable lasers can do considerably better. A
typical monochromator or scanning Fabry–Perot

etalon cannot reach such resolutions and so the
detected emission is limited by the resolution of the
dispersion apparatus. Nevertheless, fluorescence line
narrowing (see Figure 7E) can reveal information
on, for instance, ground state splittings, that are nor-
mally hidden beneath the inhomogeneous broaden-
ing of the transition. Fluorescence line narrowing is
usually employed on purely electronic transitions but
is quite generally applicable to these.

For certain materials the excitation process results
in a subsequent decrease in absorption at the same
wavelength. This selective bleaching may persist
indefinitely and can occur through a variety of
mechanisms, all of which rely on the removal of a
proportion of absorbing impurities from resonance.
The spectral hole line shape may then be recorded by
scanning the excitation wavelength and the spectral
resolution is determined by the laser line width
alone, making possible measurements of homo-
genous line widths. Persistent spectral hole-burning
(see Figure 7C) is not a universal phenomenon but
does occur for a wide range of materials. Amongst
the most common mechanisms for impurities to
be removed from resonance are oxidation (e.g.
Sm2+ → Sm3+), motion of the impurity ion within the
lattice (or alternatively a redistribution of the local
environment about the impurity ion) and redistribu-
tion of ground state nuclear spins. The persistence of
the spectral hole allows perturbation experiments
(e.g. Stark effect, Zeeman effect, stress effects) to be
undertaken with much greater sensitivity than is pos-
sible when observing the effects of very high fields on
entire inhomogeneously broadened spectral lines.

The ultimate way to unambiguously examine the
behaviour of impurities and defects in host matrices
is to detect single chromophores (see Figure 3). The
principle underpinning this luminescence excitation
technique relies, like spectral hole-burning, on
the reduction of the homogenous line width of the
zero phonon electronic transition with decreasing
temperature. Inhomogeneous broadening is insensi-
tive to temperature and so the overlap of spectral
lines from individual chromophores decreases with
decreasing temperature. If the sample is then diluted
until the concentration is sufficiently low, the super-
position of absorption contributions is no longer
smooth. This is known as statistical fine structure.
As the sample is diluted further, single chromo-
phores will have no effective absorptive spectral
overlap with other chromophores in the wings of the
absorption line and any emission detected will corre-
spond to this single atom, ion, molecule or defect
centre. With continuing dilution, single chromo-
phores may be detected closer to the inhomogeneous
line centre. To date, this technique has only been

Figure 5 Selective excitation spectra for the 2P3/2 → 4I13/2 tran-
sition in Nd3+-doped KLiYF5. The top two spectra are produced by
exciting the material at wavelengths that result in luminescence
from only one of the two Nd3+ substitutional sites whereas the bot-
tom spectrum is excited at a wavelength that excites both. This is
an example of upconversion as the exciting photon energy is
lower than the output photon energy. Site selection in this case
occurs during excited state absorption from the 4F3/2 state. Repro-
duced with permission of Elsevier Science from Russell DL,
Henderson B, Chai BH, Nicholls JFH and Holliday K (1997) Op-
tics Communications 134: 398–406.

Figure 6 The luminescence spectrum of Cr3+-doped
Sr3Ga2Ge4O14 which decays via two different transitions due to
the large variation in crystal fields experienced by the Cr3+ ions
(see Figure 2). The structure in the 4T2 → 4A2 band is instrumen-
tal noise.



940 INORGANIC CONDENSED MATTER, APPLICATIONS OF LUMINESCENCE SPECTROSCOPY

applied to dye molecules in organic hosts but could
in principle be applied to any impurity doped solid
that has a zero phonon electronic transition.

Luminescence phenomena studied in 
optically activated condensed matter

The interaction between impurity (or defect) and host
determines the energy levels of the optically active
species and so the most obvious application of lumi-
nescence spectroscopy to condensed matter is deter-
mination of site structure. The magnitude of the
splittings of electronic levels is determined by the
strength of the crystal field and the extent to which
degeneracies are lifted is determined by the site sym-
metry of the crystal field. Simple absorption, excita-
tion or luminescence spectra can thus reveal such
information through application of group theoretical
analytical techniques and this can be enhanced with
data from perturbation experiments. Clearly these
methods are most useful for materials in which the
electron–phonon coupling is weak so that zero pho-
non lines dominate and hence lanthanide (and some
transition metal) doped crystals are most appropriate
for such a study. Doping impurities into hosts is not a
sensible method to study the pure host as the presence

of the impurity can distort the local lattice structure,
but more general conclusions on the host (such as the
extent of crystallinity) can be reached by studying pa-
rameters such as the broadening of transitions.

When electron–phonon coupling is strong, so that
zero phonon lines are weak, other techniques can be
used to determine information about site structure.
Polarized measurements of features in absorption,
excitation and luminescence spectra provide direct
evidence of the symmetries of the wavefunctions
involved in these transitions and this leads to infor-
mation on site structure. Usually this information is
best used in conjunction with other spectroscopic
techniques such as electron paramagnetic resonance
(detected either directly or optically). The form of a
phonon-assisted sideband can itself reveal informa-
tion on site structure, especially the extent of the local
deformation that occurs when the impurity is excited
to a higher electronic state. Figure 8 compares the
luminescence spectra of Cr3+ impurity ions in
LiCaAlF6 and LiSrAlF6, crystals that are isomorphous
but with different until cell sizes. The decreased band-
width and increased structure associated with the
LiCaAlF6 spectrum indicates weaker electron–
phonon coupling and a smaller excited state deforma-
tion. Again, group theoretical analysis can be applied
to such results to obtain detailed information. For

Figure 7 Schematic illustration of two high-resolution laser techniques. On the left is a technique that relies on excitation (or absorp-
tion) spectroscopy, spectral hole-burning, which is therefore instrumentally limited only by laser line width. On the right, fluorescence
line narrowing is indicated, a technique that involves recording an emission spectrum which is therefore limited both by laser line width
and dispersion resolution.
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LiCaAlF6 specific phonon transitions can be identi-
fied at low temperatures. Application of polarized
spectroscopy to these features and comparison with
Raman spectra can provide further information on
the details of electron–phonon coupling and site
structure.

Upconversion refers to a process in which a mate-
rial emits photons of higher energy than those with
which it is excited (see Figure 5). It is a phenomenon
most commonly associated with lanthanide-doped
materials and can take place through a variety of
mechanisms including cross relaxation, energy
transfer, excited state absorption and two-photon
absorption. Studying the dynamics of such systems
using time resolved techniques is an excellent method
for exploring these processes within solids. Variation
of doping levels and pump intensities help to deter-
mine exactly which processes dominate and the way
in which they operate.

Fluorescence line narrowing is also a useful tech-
nique for studying energy transfer, in particular
when measurements are time resolved. When a sub-
section of the impurities in a material is excited via
energy selection it is the same impurities that lumi-
nesce, except when energy transfer takes place. If
time-resolved spectra are taken the rate at which
energy transfer processes progress can be determined
as the line broadens. The line narrowing that results
from energy selection can also be used to resolve

small splittings in either the ground or excited state
of the material. Cr3+-doped strontium galloger-
manate provides a nice example of this. Figure 9
shows spectra obtained by exciting the 4A2 → 2E
electronic transition and recording emission from the
reverse transition. By using relatively low resolution
dispersion (a monochromator) the relatively large
excited state splitting (∼ 20 cm–1) can be measured,
but when detecting using a Fabry–Perot etalon the
ground state splitting (∼ 2 cm–1) is revealed.

Spectral hole-burning has been used to investigate
a wide variety of phenomena that includes impurity
and defect structure, electron–nuclear interactions,
spin-spin cross relaxation, tunnelling processes,
optical dephasing, spectral diffusion in glasses, elec-
tron–phonon coupling and the behaviour of special
materials such as biological compounds (involved in
photosynthesis for example) and thin films. Much
fuller details are given elsewhere in this encyclopedia.

A range of phenomena can be studied in solution,
though generally only the simpler techniques dis-
cussed above are available due to the dynamics of
the liquid phase. Measurements of luminescent life-
time can be interpreted in terms of the coordination
number of the optically active solvated ion. Quench-
ing and sensitizing of luminescence by the manipula-
tion of the solution (e.g. addition of other species,
change of acidity, etc.) is another common area of
investigation. Generally, such effects are chemical in
nature. The luminescent ion forms a bond, either
loosely with surrounding solvent molecules or more
strongly with ligand species. Quenching or sensitiza-
tion takes place depending on the interaction
between the optically active ion and its immediate
surroundings. Much of this area of study is related to
organic chemistry in that large organometallic ions
are formed in solution and it is their behaviour that
is being probed in optical experiments. This is dis-
cussed further elsewhere in the encyclopedia.

Technological applications of 
optically activated condensed matter

To investigate materials such as laser gain media only
simple experimental techniques are usually required.
To evaluate the potential of a new material in a tech-
nological application it is often sufficient to measure
absorption and emission spectra along with lumines-
cence lifetimes, though it is desirable to also have an
indication of relevant loss mechanisms. These include
nonradiative decay, excited state absorption and en-
ergy transfer. The result of significant nonradiative
decay is indicated by variations in luminescence
intensity and lifetime as a function of temperature

Figure 8 Luminescence spectra of the 4T2 → 4A2 transition at
indicated temperatures in Cr3+-doped LiCaAlF6 (LiCAF) and
LiSrAlF6 (LiSAF), host crystals that are isostructural but with
slightly different unit cell sizes.
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whereas energy transfer can be investigated using
techniques such as time-resolved fluorescence line
narrowing and upconversion. The results of studies
of laser gain media and related materials has led to
the concept of ‘crystal field engineering’ where the
ideal combination of impurity and crystal field for
any particular application can be calculated and then
created through careful choice of host. In reality
there is always feedback between spectroscopic inter-
pretation and technological implementation.

The best known materials that have been devel-
oped over the last four decades are for implementa-
tion in lasers, either as gain media or as saturable
absorbers. The first laser gain medium was ruby (see
Figure 2), providing single wavelength output in the
visible part of the spectrum. Neodymium based lasers
have now largely replaced ruby as the industrial laser
of choice. The 4F3/2 → 4I11/2 electronic transition (see
Figure 1) provides laser emission just beyond 1 µm
in a number of hosts, most notably in yttrium alu-
minium garnet (Y3Al5O12). More recently, tunable
laser gain media such as Ti3+-doped sapphire (Al2O3)
and Cr3+-doped LiSrAlF6 (Figure 8) have been devel-
oped and these provide variable wavelength outputs
across the near-infrared. Both systems are based on
vibronically assisted luminescence bands that arise
due to strong electron–phonon coupling. Many other
laser systems have been developed, including those
that use lanthanide ion doped optical fibres as the
gain medium and others that are able to sustain oscil-
lation on upconversion transitions.

The much greater inhomogeneous broadening that
results from disorder in glasses has also been
exploited, for instance in erbium-doped fibre ampli-
fiers. In these devices a small part of an optical fibre
communication system is doped with erbium. A
diode laser is coupled into the fibre and pumps the
erbium ions to an excited metastable state. As the
signal passes through this part of the fibre it is ampli-
fied through stimulated emission. Using a glass host
for this purpose broadens the transition and allows
broad bandwidth operation.

There are more speculative applications associated
with some of the more advanced techniques. For
instance, spectral hole-burning has been suggested as
a high density optical storage medium whereby
binary digits are indicated by the presence or absence
of a hole at any given wavelength thus adding wave-
length to spatial position in a compact disc-like
memory. Extensions to this idea include the storage
of images as spectral holes through the production of
wavelength multiplexed holographic gratings and
the combination of these images through Stark effect
splittings of spectral holes to produce an optical par-
allel processor. These ideas have been demonstrated
in principle but, to date, are only feasible when the
sample is maintained at very low temperatures.

Amongst the more important applications of lumi-
nescence spectroscopy in the liquid phase is the
detection of small amounts of impurities in naturally
occurring solutions such as rivers and groundwater.
A full knowledge of quenching and sensitization

Figure 9 Fluorescence line narrowed spectra of the 2E →  4A2 transition in Cr3+-doped Sr3Ga2Ge4O14 (see Figure 6). When dispers-
ing emission using a monochromator (long spectrum) the excited state (2E) splitting of ∼ 20 cm–1 is observed. When dispersing emis-
sion using a Fabry–Perot etalon (internal spectrum) the ground state (4A2) splitting of ∼ 2 cm–1 is observed. Reproduced with
permission of the American Physical Society from Grinberg M, Macfarlane PI, Henderson B and Holliday K (1995) Physical Review B
52: 3917–3929.
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effects are required to be able to solve these prob-
lems. Of particular importance in this area is the
detection of pollution and especially radioactive pol-
lution that can be dangerous in very small quantities.
Actinides are generally strongly luminescent and so
spectroscopic techniques are very effective.

See also: EPR, Methods; Fluorescence Microscopy,
Applications; Fluorescent Molecular Probes; Hole
Burning Spectroscopy, Methods; Laser Magnetic Res-
onance; Laser Applications in Electronic Spectros-
copy; Laser Spectroscopy Theory; Light Sources and
Optics; Luminescence Theory; Near-IR Spectro-
meters; Raman Optical Activity, Applications; Symme-
try in Spectroscopy, Effects of; UV-Visible Absorption
and Fluorescence Spectrometers; Zeeman and Stark
Methods in Spectroscopy, Applications. 
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Introduction

The origin and evolution of life has long fascinated
mankind. It is directly tied to the abiotic formation
and chemical history of the biogenic elements, in
particular H, C, N, O, P and S. The evolution of
most elements starts with nucleosynthesis inside the
fiery cauldrons of stellar interiors. Eventually, these
elements are injected into the interstellar medium,
either through violent supernova explosions or
through more gentle stellar winds which terminate
the life of most stars. Thus, stellar formation, evolu-
tion and death are intimately connected, as the ashes
of one generation of stars become the building

blocks of the next generation. Much of the expelled
material is in the form of molecules, ranging from
the simple diatomics such as molecular hydrogen
(H2) and carbon monoxide (CO) to more complex
species such as polycyclic aromatic hydrocarbons
(PAHs) and fullerenes (C60), or in the form of small
(≈ 100 nm) dust grains – carbon-based (i.e. soot and
silicon carbide) and silicates (aluminium oxide,
olivine, enstatite). In their evolution from their birth
sites, through the interstellar medium, until their in-
corporation into new planetary systems, these ele-
ments undergo a complex chemical history. Various
processes cycle the material from the gas phase to the
solid phase and from one chemical compound to

ELECTRONIC SPECTROSCOPY

Applications
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another. Understanding this history and its relation
to the origin of life is one of the key questions of
modern astrophysics.

The most important tool for astronomers to
understand the origin and evolution of the molecular
universe is spectroscopy. This includes studies of the
rotational emission spectrum of the cold interstellar
gases in the microwave wavelength region. Near
bright stars, vibrational modes can be excited
through fluorescence. Electronic spectra are predom-
inantly measured through absorption spectroscopy
against a bright background source. Each of these
wavelength regions has its own techniques and pro-
vides unique information on interstellar molecules.
Together they point to a chemically diverse and
active molecular universe. Each of these techniques
and their results will be briefly summarized.

Rotational spectroscopy

Hundreds of pure rotational lines of a variety of
molecules have been detected in the interstellar medi-
um, most of them in emission but some also in
absorption. These lines occur throughout the milli-
metre, centimetre and decametre wavelength region
of the spectrum and are detected using radio anten-
nas and heterodyne detection techniques at spectral
resolutions of typically 300 000. At submillimetre
and far-infrared wavelengths, the atmosphere is not
very transparent (Figure 1) and telescopes are locat-
ed on high, dry sites, on airborne platforms or in

space. Figure 2 shows the results of a line survey of
a star-forming region in the Orion constellation,
illustrating the richness of the spectrum and the di-
versity of the molecules contributing. Many of these
rotational lines are bright enough to map the spatial
distribution of the molecular emission. Such maps
can be intercompared to study the interrelationship
of various molecules. Also, they can be compared to
maps of (newborn) stars to determine the interaction
of stars with the surrounding (natal) molecular gas.

Similar spectral and spatial studies have been per-
formed for the ejecta of stars in the later stages of
their life to probe their molecular composition and
evolution. Because the central star heats the gas to
warm temperatures (up to 1000 K), rotational lines
in the far-infrared can be excited as well. Figure 3
shows the far-infrared spectrum of such a star, IRC
10216, obtained by the Infrared Space Observatory.
For these objects, molecules can also be detected
through their rovibrational transitions against the
bright far-red, and near- and mid-infrared continu-
um of the star.

Rotational transitions are very characteristic for
molecules and, at the high resolution allowed by het-
erodyne techniques, precise molecular identifications
can be made using laboratory measured rotational
constants. Over a hundred different molecules have
been detected in interstellar space (Table 1) and new
ones are found at a rate of a few per year. Some of
these species are very simple well-known molecules
such as water and ammonia; however, most are

Figure 1 Atmospheric transmission in the submillimetre and far-infrared for typical observing conditions on a dry mountain top with
1 mm of precipitable water vapour and under a zenith angle of 45 degrees (top panel) and on an airborne platform with 10 µm of pre-
cipitable water vapour flying at an altitude of about 40 000 feet also under a zenith angle of 45 degrees (bottom panel). Courtesy of
TG Philips.
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rather exotic, unsaturated carbon chain molecules,
radicals and ions. To a large extent this reflects
observational selection effects. The detection of these
species is heavily favoured because of their large
dipole moments and their relatively small partition
function, which allows detection of even trace
amounts. Also, while in terrestrial laboratories many
of these species are very transient, they can persist
much longer under the extreme vacuum conditions
of the interstellar medium when properly shielded
from stellar ultraviolet photons by the ubiquitous
dust grains. Many of the ions are protonated ver-
sions of stable molecules such as water and carbon
monoxide. Finally, isotopomers of many of these
species have been discovered as well.

The intensity of rotational line emission depends
on the density and temperature of the gas as well as
the abundance of the molecular species. Because
many lines of the rotational ladder of a species can
be measured, these spectra provide excellent probes
of the physical conditions of the emitting gas. Most
of the molecules are present in so-called molecular

clouds, which are dense for interstellar standards
(1000 molecules cm–3), cold (10 K), large scale (30
light-years) structures. About 40% of the interstellar
gas is in such molecular clouds. The large column
densities of dust associated with these molecular
clouds shields the molecules from the dissociating
radiation from surrounding bright stars and allows

Figure 2 Ground-based line surveys of a star-forming region in
the Orion constellation in three atmospheric windows centred at
240, 330 and 700 GHz. Note the richness of the spectrum. Some
of the more prominent lines are labelled by the molecule respon-
sible. Courtesy of TG Philips.

Table 1 Identified interstellar and circumstellar molecules

a Species denoted with * have only been detected in the circum-
stellar envelope of carbon-rich stars, notably IRC 10216. Most
molecules have been detected at radio and millimetre
wavelengths, unless otherwise indicated (IR, VIS or UV). Iso-
topomers of many of these species – including D, 13C, 15N, and
18O – have been detected as well.

Simple hydrides, oxides, sulfides, halogens and related 
molecules

H2 (IR,UV) CO NH3 CS NaCl*a

HCl SiO SiH4* (IR) SiS AlCl*

H2O SO2 C2 (IR) H2S KCl*

N2O OCS CH4 (IR) PN AlF*

HF

Nitriles and acetylene derivatives

C3 (IR,UV) HCN CH3CN HNC C2H4* (IR)

C5* (IR) HC3N CH3C3N HNCO C2H2 (IR)

C3O HC5N CH3C5N ? HNCS

C3S HC7N CH3C2H HNCCC

C4Si* HC9N CH3C4H CH3NC

HC11N CH3CH2CN HCCNC

HC2CHO CH2CHCN

Aldehydes, alcohols, ethers, ketones, amides and related 
molecules

H2CO CH3OH HCOOH CH2NH CH2CC

H2CS CH3CH2OH HCOOCH3 CH3NH2 CH2CCC

CH3CHO CH3SH (CH3)2O NH2CN

NH2CHO (CH3)2CO H2CCO CH3COOH

Cyclic molecules

C3H2 SiC2 c-C3H CH2OCH2

Molecular ions

CH+(VIS) HCO+ HCNH+ H3O+ HN2
+

HCS+ HOCO+ HC3NH+ HOC+ H3
+(IR)

CO+ H2COH+ SO+

Radicals

OH C2H CN C2O C2S

CH C3H C3N NO NS

CH2 C4H HCCN* SO SiC*

NH (U V) C5H CH2CN HCO SiN*

NH2 C6H CH2N MgNC CP*

HNO C7H NaCN MgCN

C6H2 C8H C5N*
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them to survive. At the same time, these molecules
allow the clouds to cool down to low temperatures
and be compressed. Gravity can then overcome the
thermal and magnetic support of these clouds and
new stars can form. Molecular clouds are indeed the
exclusive sites for the formation of new stars. The
molecular inventory of these clouds is therefore
directly fed into newly formed stars and their plane-
tary systems.

The most abundant species in molecular clouds is
H2, simply because hydrogen is the most abundant
element. Carbon monoxide is second at an abun-
dance relative to hydrogen of 10–4. Most of the other

species in Table 1 are trace species at abundances of
10–8 or less. Many processes contribute to the forma-
tion and evolution of these molecules. Molecular
hydrogen is thought to be formed on the surfaces
of dust grains (mainly because gas-phase routes
towards this molecule are measured to be extremely
slow). Once molecular hydrogen is present, other
molecules can be formed through gas-phase ion–
molecule reactions. These reactions are fast and,
unlike neutral–neutral reactions, often do not have
reaction barriers because of the Coulomb interac-
tion. A trace amount (10–7) of ionization is provided
by penetrating high energy (MeVs) cosmic ray

Figure 3 Far-infrared spectrum of the ejecta from the star IRC 10216 obtained with the Long-Wavelength Spectrometer on board
the Infrared Space Observatory at a resolution of about 100. Most of the lines in this spectrum can be identified with pure rotational
transitions in CO, HCN and their isotopomers (top arrows). Rotational transitions associated with the lowest vibrational states of HCN
are also present (bottom arrows). Reproduced with permission from Cernicharo J, Barlow MJ, Gonzaléz-Alfonso et al (1996)
Astronomy and Astrophysics 315: L201. 
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protons. The cosmic rays ionize H2 producing H2
+

which reacts with another H2 to form protonated
molecular hydrogen, H3

+. This species can transfer
its proton to other species, in particular atomic
oxygen, to start the chain that will lead to the forma-
tion of OH, H2O and their protonated forms. Reac-
tion of these species with atomic C and C+ leads then
eventually to the formation of CO. This very stable
molecule locks up most of the available carbon, but
trace amounts of atomic C and C+ present can drive
the build up of more complex carbon molecules
including the carbon chains. Finally, the low temper-
atures (10 K) of molecular clouds will enhance iso-
topic fractionation. In particular, because of the
zero-point energy difference between hydrogenated
and deuterated molecules (typically 100–500 K),
deuterium fractionation is important and the abun-
dance of deuterated molecules can reach levels com-
parable to their hydrogenated counterparts despite
the very low elemental abundance of deuterium (10–5

relative to H).

Vibrational spectroscopy

Ices in star-forming regions

Gas and dust in molecular clouds are very cold and
hence vibrational spectroscopy is limited to
absorption spectroscopy, where a newly formed star
inside the cloud or a chance superposition of the
cloud against a background star provides the
continuum against which the spectra can be
measured. Such spectra show a variety of broad
absorption features due to simple molecular species:
H2O, CH3OH, CO, CO2, OCS and CH4. Figure 4

shows as an example the 2–20 µm spectrum of the
luminous protostar W33A. These species are very
volatile and are therefore never seen in emission in
the infrared. At this resolution, it is easy to separate
absorption due to gaseous molecules from that of
solid ices (Figure 5). Table 2 summarizes the
observed composition of interstellar ice towards this
source. H2O dominates the column density of ice by a
large factor. The carbon-bearing species, CO, CO2

and CH3OH, are less abundant by a factor 10 to 20,
while CH4 is at the 1% level compared to H2O. This

Figure 4 The 2–20 µm spectrum of the protostar W33A ob-
tained at a spectral resolution of 250 using the Short-Wavelength
Spectrometer on board the Infrared Space Observatory. Except
for the 10 µm silicate band, all features are due to simple mole-
cules in ice mantles.

Figure 5 Absorption spectra of a number of protostars in the
stretching region of CO and CO2 obtained by the Short-Wave-
length Spectrometer on board the Infrared Space Observatory.
The broad band at about 4.25 µm is due to the stretching mode
of solid CO2. The narrow features in the 4.5–4.9 µm range are the
rovibrational transitions of gaseous CO. The broader feature in
the Q-band gap of this linear molecule is the stretching mode of
solid CO. The narrow emission feature at about 4.66 µm in the
spectrum of NGC 7538 IRS 1 is a hydrogen recombination line.
These different sources are characterized by different tempera-
tures of the absorbing gas and ices. The relative amounts of the
rather-volatile molecule CO in the gas phase and the ice reflect
this rather strikingly. Reproduced with permission of the Royal
Society of Chemistry from van Dishoeck EF (1998) Faraday
Discussions 109: 31.
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dominance of H2O is directly evident from the
complete IR spectrum of this source (Figure 4), since
the H2O absorption features are more conspicuous
than any of the other ice features and yet the intrinsic
strength of absorption features are very similar for
most molecules.

The most striking aspect of the IR spectrum of
interstellar ices is the apparent simplicity of the
composition. Nevertheless, this global ice inventory is
somewhat misleading. The peak position and profile
of absorption bands are sensitive to the molecular
environment of the absorbing species in the ice. Thus,
H2O is mainly located in an H2O-rich ice, as
evidenced by the width and peak position of the 3 and
6 µm bands representing OH stretching and bending
modes. While some of the solid CO is embedded in
the H2O ice, most of the absorption is due to an
apolar ice component dominated by O2, N2 or CO
itself. Solid CO2 studies also reveal the presence of
multiple ice mantle components along many lines of
sight. Figure 6 shows the bending mode of CO2 in
the spectra of a number of protostars embedded in
their natal molecular clouds. The spectra show weak
structure in the depth of the band at 15.1 and
15.25 µm as well as a shoulder at about 15.4 µm.
These spectra are well fitted by laboratory spectra of
mixtures of H2O, CH3OH and CO2 heated to about
100 K. At about that temperature, these mixtures
segregate into separate H2O, CH3OH and CO2 ices
and this is reflected in the absorption spectra. Thus,
the features at 15.1 and 15.25 µm are due to the
bending mode in pure solid CO2. This mode is doubly
degenerate and splits when the axial symmetry of the
molecule is broken in the CO2 matrix. The observed
peak positions are slightly shifted from those of a
pure CO2 ice film because, in these warmed-up
mixtures, the CO2 ice clusters are still embedded in
the H2O and CH3OH ices. The strength of the 15.1
and 15.25 µm features in the interstellar spectra

reflect the timescale of this thermal processing; i.e.
the lifetime of the newly formed star. The CO2

stretching mode is not sensitive to these effects and
neither the laboratory nor the interstellar spectra
show much variation upon warm up. However, the
stretching mode of the 13C isotope of solid CO2 does
show these effects and the interstellar spectra are in
good agreement with the conclusions derived from
the bending mode of 12CO2.

Interstellar ices are formed through the accretion
of simple gas-phase species on surfaces of small dust
grains injected into the interstellar medium by stars.
Typical accretion rates are about one species a day.

Table 2 Observed abundances in interstellar ices

Observed abundances normalized to that of water ice (=100).
W33A and NGC 7538-IRS 9 are two luminous protostars which
span the observed range in interstellar ice composition. The
abundances for the comets are an average of those observed
for comets Hyakutake and Hale–Bopp.

Species W33A NGC 7538-IRS 9 Comets

H2O 100 100 100
NH3 – 12 1
CH4 0.4 2 0.2–1.2
CH3OH 4 5 0.3–5
CO 2 12 6
CO2 3 15 3
OCS 0.04 – 0.1
HCOOH 3 3 0.2

Figure 6 Absorption spectra of the bending mode of CO2 ice to-
wards a number of protostars embedded in their natal molecular
clouds obtained by the Short-Wavelength Spectrometer on board
the Infrared Space Observatory at a spectral resolution of about
2000. The observed profiles show weak features at about 15.1
and 15.25 µm as well as a shoulder at about 15.4 µm. The solid
lines are laboratory spectra of the H2O:CH3OH:CO2 = 1:1:1 mix-
ture deposited at 10 K and then warmed to temperatures in the
range of 114 to 118 K. The sharp structure near 14.97 µm in
some sources is due to the rovibrational transitions in the Q
branch of gaseous CO2 which at this resolution pile up in one
spectral resolution element. The individual P and R branch lines
are too weak to be observable at this resolution.
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Interstellar grain surface chemistry is dominated by
hydrogenation and oxidation reactions. Of particu-
lar interest are those reactions involving the domi-
nant gas-phase molecule, CO, leading to H2CO,
CH3OH and CO2. Atomic oxygen, carbon and nitro-
gen are readily hydrogenated to H2O, NH3 and CH4.
In the general interstellar medium, the omnipresent
stellar radiation photodesorbs these species keeping
the grain surfaces clean. However, the shielding pro-
vided by molecular clouds allows thin (10 s of nm)
ice mantles to form. During the gravitational col-
lapse associated with the formation of a new star,
the accretion rate of gas-phase species on a grain
becomes so high that essentially all species can freeze
out in these ice mantles. Such ice grains entering the
cold outskirts of protoplanetary disks can survive
and agglomerate into large bodies, leading to the for-
mation of comets. The great similarity in molecular
inventory and abundances of interstellar ices and
comets (cf. Table 2) supports such a scenario.
Besides grain surface chemistry, the composition of
interstellar ices is also affected by thermal processing
when the ices are too close to a newborn star, much
like the outgassing of comets when they approach

the inner solar system. The difference in volatility
between apolar molecules, such as CO and CH4, and
hydrogen-bonding species such as H2O and CH3OH
can then lead to thermal fractionation.

Interstellar and circumstellar PAHs

Ground-based, airborne and space-borne observa-
tions have shown that the IR spectra of bright
sources with associated dust and gas are dominated
by relatively broad emission features at 3.3, 6.2, 7.7,
8.6 and 11.3 µm, which always appear together. Be-
cause the carriers of these bands remained unidenti-
fied for almost a decade, these bands have become
collectively known as the unidentified infrared (UIR)
bands. These bands are now unequivocally identified
with an aromatic carrier and this name is somewhat
of a misnomer. Nevertheless, the abbreviation has
stuck and is still widely used. As an example,
Figure 7 shows three mid-infrared spectra of car-
bon-rich outflows from stars in the latest stages of
their evolution. It is now known that these emission
features are not limited to stellar outflows but are
also present in the spectra of disks of newly formed

Figure 7 The 3–15 µm emission spectra of three stars in the latest stages of their evolution illustrating the ubiquitous nature and
the richness of the UIR spectrum. These spectra were obtained with the Short-Wavelength Spectrometer on board the Infrared Space
Observatory at a spectral resolution ranging from 250 to 2000.



950 INTERSTELLAR MOLECULES, SPECTROSCOPY OF

stars, the spectra of the surfaces of interstellar gas
clouds, the spectra of reflection nebulae, the spectra
of ionized nebulae around massive stars, and the
spectra of the general interstellar medium of the
Milky Way and other nearby galaxies. The carrier is
thus ubiquitous and able to withstand the harsh en-
vironment of interstellar space.

These bands are very characteristic for aromatic
hydrocarbon species in which carbon atoms are
arranged in hexagons decorated by hydrogens at the
edges. These features are observed far from illumi-
nating sources where interstellar gases are cold (10–
100 K) and exciting collisions infrequent (once a
day). The emission is therefore attributed to infrared
fluorescence from a collection of vibrationally
excited PAH species electronically pumped through
the absorption of one stellar UV photon (about
10 eV). During the vibrational cascade (about 1 s),
the molecule emits in its C–H and C–C vibrational
modes (the UIR bands) and, afterwards, the mole-
cule remains cold (about 10 K) until the next UV
photon is absorbed (about a day). Analysis of this
process leads then to a determination of the size of
the emitting species of about 50 carbon atoms. Thus
the carriers of the UIR bands are PAH molecules
such as hexabenzocoronene (C48H24) and circum-
coronene (C54H18).

Typical abundances of PAHs are of the order of
10–7 relative to hydrogen, which makes these species
the most abundant polyatomic molecules present in
space. Vibrational spectroscopy is eminently suited
for detecting the presence of classes of molecules, but
it is much more difficult to identify specific mole-
cules within a collection of species. However, while
the gross characteristics of these stellar and interstel-
lar spectra are very similar, when examined in detail,
they vary from source to source. Analysis of these
variations may well provide us with a tool to identify
specific molecules within the circumstellar and
interstellar PAH family and such efforts, supported
by extensive laboratory studies, are now underway.

The 11–15 µm region of the spectrum is rich in
details showing bands at 11.0, 11.3, 11.9, 12.8,
13.6, 14.2 and 14.8 µm plus a number of weaker
shoulders (Figure 8). Emission features in this spec-
tral region are due to a C–H out-of-plane deforma-
tion mode of aromatic hydrocarbons and the
observed pattern is very characteristic for the edge
structure of the emitting aromatic species. Due to
coupling between the vibrating H atoms, the exact
peak position of these modes depends on the number
of directly adjacent H atoms (i.e. bonded to neigh-
bouring C atoms on a ring). The 11.3 µm band is
attributed to this mode for isolated Hs in PAHs
while the 11.9 and 12.8 µm bands are due to 2s and

3s. The weak bands at 13.6 and 14.2 µm are likely
due to phenyl (5s) groups; i.e. one ring connected by
a single bond to the rest of the PAH. In that case, the
14.2 µm band is actually a ring-bending mode.

These PAHS are thought to form in carbon-rich
stellar winds through chemical processes akin to
those occurring in sooting flames and other terres-
trial combustion environments. Acetylene is the pre-
cursor molecule from which larger species, and
eventually soot, are formed. This process starts with
the formation of the first aromatic ring (e.g.
benzene). Rapid chemical growth of this ring through
the addition of acetylene then forms larger PAHs.
Further chemical growth as well as clustering of these
PAHs leads to the formation of small (≈100 nm)
soot particles. These soot particles and the gas are
driven out by the radiation pressure of the luminous
star, thereby enriching the interstellar medium.

Electronic spectroscopy

Elemental abundances in the galaxy

With a few notable exceptions, most atomic species
possess strong absorption lines at far-ultraviolet

Figure 8 The 10–15 µm spectrum of the outflow from a star
known as the Red Rectangle because of the rectangular appear-
ance of its associated reflection nebula on red plates. Bands in
this spectral region are largely due to the C–H out-of-plane bend-
ing mode whose exact peak position is sensitive to the number
of adjacent H atoms involved. The boxes underneath the spectra
give the ranges where PAHs with the indicated number of adja-
cent H atoms emit. The arrow labelled 6 indicates the position for
benzene. These spectra were obtained with the Short-Wave-
length Spectrometer on board the Infrared Space Observatory at
a spectral resolution ranging from 250 to 2000.



INTERSTELLAR MOLECULES, SPECTROSCOPY OF 951

wavelengths and their detection requires space-borne
instrumentation. Since the 1970s, a number of
missions have measured electronic absorptions of
many elements as well as a few diatomic molecules.
These lines are due to gas in the interstellar medium
measured in absorption against a bright background
star. A sample of such is shown in Figure 9 obtained
by the Goddard High-Resolution Spectrograph on
the Hubble Space Telescope. At the high spectral
resolution of this instrument, these absorption lines
show components due to many individual clouds
along the line of sight which have different velocities
with respect to the Sun because of galactic rotation.
The lines shown cover a range of line strengths, due
to differences in intrinsic oscillator strength and col-
umn density of the absorbing species involved. These
observations allow the determination of the abun-
dance of elements in the interstellar medium with
respect to atomic hydrogen. Typically, the measured
abundances fall short of the elemental abundances
measured in the Sun, in solar system objects such as
meteorites, and in stellar photospheres (Figure 10).
Because the Sun and other stars are formed from
interstellar gas and, hence, should have very similar
abundances, these large differences are attributed to

the depletion of these elements from the gas phase in
the form of small solid dust grains. This is supported
by the loose correlation of the amount of material
depleted from the gas phase with condensation tem-
perature of the likely condensate of these elements
(Figure 10). These dust grains are formed in the
high-density, high-temperature environments of stars
and injected into the interstellar medium in a super-
nova explosion or a stellar wind.

The diffuse interstellar bands

The diffuse interstellar bands (DIBs) are weak
absorption features which typically appear in the vis-
ual range of stellar spectra. These bands were discov-
ered over 60 years ago and their origin in interstellar
material along the line of sight towards these stars
was quickly established, because they do not share
the stellar velocity variations in spectroscopic bina-
ries and their strength increases with distance and the
column of absorbing interstellar material along the
line of sight. Figure 11 shows a compilation of these
absorption features. The richness of the DIB spec-
trum is apparent: over 200 DIBs have been discov-
ered. Most DIBs have a width in the range 0.5–3 Å,

Figure 9 Normalized intensity versus heliocentric velocity for a number of lines of different interstellar atoms towards the star HD
93521. These were obtained with the Goddard High-Resolution Spectrograph on the Hubble Space Telescope at a resolution of about
100 000. Tick marks at the top and bottom of the panels indicate individual absorption components present along the line of sight to
this star.
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but bands as broad as 20 Å exist as well. The
strengths of individual DIBs correlate reasonably
well with each other but not perfectly, indicating that
more than one carrier is involved. Some DIBs show
substructure at high spectral resolution (Figure 12).
In recent years, a few DIBs have been observed in the
ultraviolet and far-ultraviolet part of the spectrum.
But such studies are severely hampered by atmos-
pheric absorption and by interstellar absorption due
to solid dust grains in the interstellar medium, which
increases rapidly with increasing frequency.

At present, none of the DIBs has been identified
with certainty – not for lack of trying, though. The
DIBs are too broad to be due to electronic transitions
in atoms. For decades, the DIBs were thought to be
associated with small (100 nm) dust grains which are
responsible for the reddening and extinction of star-
light. In that view, the DIBs were just thought to
represent a small substructure in the extinction prop-
erties of the grains likely due to electronic transitions
in impurities in an otherwise dielectric material such
as silicates or oxides. However, the constant peak
position and width of the DIBs in all directions
argues against that since, theoretically, the profile is
expected to be very sensitive to the grain size as well
as the detailed composition of the matrix material.
Also, these interstellar dust grains are observed to
cause a small amount of polarization of starlight but
the DIBs are unpolarized.

Instead, it is now generally accepted that the DIBs
are due to absorption by interstellar gaseous mole-
cules. Absorption by molecules (CH, CN) in the
visible part of the spectrum was detected only
shortly after the discovery of the DIBs, but these
species are too small and have too low an abundance

Figure 10 Gas-phase abundances measured towards the star
z Oph of various elements relative to atomic hydrogen (X/H) and
normalized with respect to solar abundances (X/H)0 plotted ver-
sus condensation temperature of these elements. The condensa-
tion temperature is the temperature at which 50% of that element
is depleted from the gas phase into the solid phase. The error
bars on the squares indicate measurement errors only. Repre-
sentative uncertainties in the solar abundances, oscillator
strength and condensation temperature are indicated in the lower
left hand corner.

Figure 11  A compilation of the diffuse interstellar bands spec-
trum. Individual DIBs have been smoothed to a spectral resolu-
tion of 2 Å and their strength normalized to a column
corresponding to line-of-sight dust reddening equal to unity.
Reproduced with permission from Jenniskens P and Désert F-X
(1994). Astronomy and Astrophysics Supplement Series 106:
39.

Figure 12 Line profile for the 16 613 Å DIB at a resolution of
about 100 000 revealing a three-peaked structure characteristic
for rotational contours of electronic transitions in molecular
species. Reproduced with permission from Ehrenfreund P and
Foing B (1996) Astronomy and Astrophysics 307: L25
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to be responsible for the DIBs. This and the per-
ceived difficulty to form an abundant concentration
of molecules in the harsh environment of the inter-
stellar medium has long driven the field away from a
molecular carrier. However, presently, there is abun-
dant evidence from other wavelength regions for the
presence of large and complex molecules such as
PAHs in the interstellar medium and this argument
has lost much of its persuasion. There is also direct
observational support for a molecular origin of the
DIBs. One of the key pieces of evidence for this was
found in the visible spectrum of the red rectangle.
The spectra of the nebulosity associated with this
object (known to be bright in PAH emission features
in the infrared) show emission features near the
wavelengths of prominent DIBs, including those at
5797 and 6613 Å, and, with increasing distance
from the central illuminating star, their peak posi-
tion shifts closer and closer to that of the interstellar
DIB absorption features. These visual emission
bands also become progressively narrower with
distance from the star. This is the behaviour
expected for fluorescence of electronic transitions in
molecules excited by the radiation of the central star.
The gas flowing away from the star cools and, conse-
quently, fluorescence is dominated by lower and
lower rotational lines. In the cold interstellar
medium, absorption only occurs from the lowest
rotational levels. A molecular origin is also sup-
ported by the substructure observed at high resolu-
tion in some DIBs, which is characteristic for
rotational contours of electronic transitions in mole-
cules (cf. Figure 12). Analysis of these line profiles
shows that, depending on the class of species respon-
sible (i.e. the rotational constants of the electronic
states involved), the carrier contains between 10 and
60 C atoms. Finally, two new DIBs have been
detected in the far-red (9577 and 9632 Å), which are
close to laboratory measured absorption features of
the fullerene cation, C , in a neon matrix. Unfortu-
nately, no gas-phase spectra of this cation are
presently available to confirm this identification
unambiguously.

The carrier of the DIBs has still not been identified
unequivocally. Part of this is, likely, that there is not
one molecular carrier, or even one class of molecular
carriers, responsible for all the DIBs, but rather a
variety of species contribute. Among the likely candi-
dates are PAHs, fullerenes and carbon chains (such
as C7). Vigorous studies on the visible absorption
properties of such species are underway at various
laboratories.

See also: Cosmochemical Applications Using Mass
Spectrometry; Microwave and Radiowave Spectros-
copy, Applications; Rotational Spectroscopy, Theory;
Solid State NMR, Rotational Resonance; Vibrational,
Rotational and Raman Spectrocopy, Historical
Perspective.
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Introduction

Collisions between an ion and neutral species result
in a number of possible outcomes depending upon
the chemical and physical properties of the two reac-
tants, their relative velocities, and the impact param-
eter of their trajectories. These include elastic and
inelastic scattering of the colliding particles, charge
transfer (including dissociative charge transfer),
atom abstraction, complex formation and dissocia-
tion of the colliding ion. Each of these reactions may
be characterized in terms of their energy-dependent
rate coefficients, cross sections and reaction kine-
matics. This article outlines a theoretical framework
for discussing these processes that emphasizes simple
models and classical mechanics. We divide the dis-
cussion of collision processes into the two categories
of low-energy and high-energy collisions. Experi-
ments under thermal or quasi-thermal conditions –
swarms, drift tubes, chemical ionization and ion
cyclotron resonance – are strongly influenced by
long-range forces and often involve ‘capture colli-
sions’ in which atom exchange and extensive energy
exchange are common characteristics. High-energy
collisions are typically impulsive, involve short-range
intermolecular forces and are direct, fast process.

Low-energy collisions

For historical reasons, and because the majority of
investigations of ion–molecule reactions have in-
volved quasi-thermal collisions of relatively low-
mass ions and neutrals, we begin with the simplest
case of a point charge interacting with a polarizable
neutral. It is recognized that this Langevin model
applies only at low collision energies where long-
range forces dominate collision dynamics. Despite
these restrictions, this simplistic picture provides a
near-quantitative rationalization for the rates of
thousands of ion–molecule reactions.

Ion–molecule collisions at low energies are domi-
nated by the attractive long-range polarization force
described in the simplest case by 

where the ion is tacitly assumed to be a point charge,
q, and the neutral is a point polarizable atom or mol-
ecule having a polarizability α at a distance r from
the ion. At relative velocities where repulsive forces
can be neglected (that is, they are sensed at much
closer distances than the impact parameter for orbit-
ing collisions, as discussed below), Equation [1] is a
plausible approximation. Conservation of angular
momentum in a collision is imposed by expressing
the effective potential of the ion–molecule system as
the sum of the central potential energy V(r) and the
centrifugal potential energy: 

where L is the classical orbital angular momentum
of the two particles and µ is the reduced mass of the
system. Here L is given by µvb where b is the impact
parameter and v is relative velocity. The total rela-
tive energy of the system is given by

where Etrans(r) is the translational energy along the
line of centres of the collision.

A plot of Veff(r) versus r at constant Er for several
values of the impact parameter is shown in Figure 1
for the collisions of N  with N2. For the special case
in which the centrifugal barrier height equals Er (at
b = bc in Figure 1), Etrans(r) = 0, and the particles will
orbit the scattering centre with a constant separation
distance rc. For b > bc the distance of closest
approach ≥  bc/√2 and for b < bc the particles spiral
into small radii before they separate. The cross
section for orbiting collisions is

The rate coefficient corresponding to the orbiting
or capture cross section is given by  

MASS SPECTROMETRY

Theory
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which is the commonly cited energy (velocity)-inde-
pendent Langevin rate constant for ion–molecule
reactions. Use of these expressions implicitly
assumes there is a reactive cross section σrx for real
systems which is smaller than the capture cross
section given by Equation [4].

The reaction cross section also sets a conceptual
limit of relative velocity beyond which treatments of
only long-range critical potentials cannot apply. For
a hypothetical example of σrx = 50 Å2, polarizability
of 10 Å3 and reduced mass of 50 amu, the capture
cross section equals the σrx at a centre-of-mass (CM)
collision energy of approximately 0.7 eV. We may
infer that collision energies of the order of 1 eV
roughly define the boundary between low-energy
collisions – e.g., reactions in high-pressure ion
sources, drift tubes, ion cyclotron resonance and
plasma swarm experiments – and higher-energy col-
lisions, considered later. Considering these limita-
tions, it is remarkable that this simplistic theory
accurately correlates collision cross section and rate
coefficients for hundreds of reactions of ions with
nonpolar molecules.

Ion–dipole and ion–quadrupole 
interactions

Over time, increasingly sophisticated modifications
to the Langevin capture cross-section model have

been developed to rationalize cross sections larger
than Langevin and the temperature/energy depend-
ences of cross sections. Considering first ion–dipole
interactions, the classical expression for the effective
potential is

where µD is the dipole moment of the molecule and θ
is the angle between the dipole and the line of centres
of the collision. The first such treatment by Hamill
and co-workers assumed that the dipole ‘locks in’ on
the ion, i.e. θ = 0. This upper limit, locked-dipole ap-
proximation is obviously unrealistic for reactions at
and above room temperature, for which rotation of
the polar molecule tends to average out the dipolar
potential.

Addressing this limitation, Su and Bowers devel-
oped the average dipole orientation (ADO) theory in
which the orientation angle of the dipole with
respect to the line of centres of collision is averaged
as a function of ion–molecule separation distance.
This concept leads to a ‘locking constant’, c, which is
multiplied by the cos θ term; this constant has been
parametrized as a function of µD/α½ for the range of
temperatures that are of general interest in low-
energy ion–molecule reactions. Further elaboration
of this approach by Su and Bowers modified the
treatment of angular momentum to formalize angle-
averaged dipole orientation (AADO) theory. These
workers also considered the interaction with a point
charge of the quadrupole moment of molecules with
D∞h symmetry and formulated the average quadru-
pole orientation (AQO) theory for these types of
long-range interaction.

Barker and Ridge developed a statistical model for
ion–polar molecule collisions based on similar con-
cepts. They considered the average interaction energy
for a statistical ensemble of ion–neutral pairs as a
function of their separation. The effective potential
for such an ensemble is

where kB is the Boltzmann constant, TR is the rota-
tional temperature of the neutral, E is the relative
translational energy, b is the impact parameter and

(X) is the Langevin function defined as (X) =
cotanh(X) − 1/X. The momentum transfer collision
frequencies calculated from this model or from the

Figure 1 Plot of effective potential, Veff, versus r  for N  collid-
ing with N2 at a fixed energy of Er and several values of the impact
parameter. Reproduced with permission of Academic Press from
Su T and Bowers MT (1979) In Bowers MT (ed) Gas Phase Ion
Chemistry, Vol. 1.
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family of ADO theories described above are in reason-
able agreement with experimental measurements of
rate coefficients. They rationalize both the larger cross
sections found for ion–molecule reactions involving
highly polar neutrals and the increase in reaction rate
coefficients for polar molecules at low temperatures.

Quantum-mechanical approaches

Quantum-mechanical calculations of ion–dipole
capture rate constants have been modelled success-
fully for low-temperature experiments and correlate
well with the classical collision theory and capture
cross sections just described. Clary has calculated
rate constants of several ion–molecule reactions us-
ing the adiabatic capture centrifugal sudden approx-
imation (ACCSA). Since the rotational motion of
the neutral is strongly hindered by the ion at low ve-
locity, he chose collinear reaction geometry, leading
to a basis set that localizes the rotational motion of
the neutral about this collinear configuration. The
partial wave Hamiltonian for the entrance reaction
channel is given by  

where � is Planck’s constant divided by 2π, µ is the
reduced mass, B is the rotational constant, j is
the rotational angular momentum operator, J is the
total angular momentum operator, V is the ion–
molecule potential energy surface, θ is the orienta-
tion angle and r is the position vector of the particle
measured from the centre-of-mass. As an approxi-
mation,  J– j 2 is replaced by the diagonal value
[J(J+1)�2+j2−2�2Ω2], where Ω is the projection of
both rotational and total angular momentum along
the Z axis (centre-of-mass vector). Thus for a fixed
value of r, the Hamiltonian becomes  

The reaction cross section is obtained from partial
wave expansion and the capture approximation dis-
cussed earlier; that is, the reaction takes place if there
is enough energy to surmount the centrifugal barrier.
It follows that 

where  is the reaction probability. When
Jmax(j, Ω) is larger than j, the sum over J in this equa-
tion gives the relationship  

with the condition that σ(j) = 0 if the energy is below
the centrifugal barrier. Rate constants calculated by
this formalism are in excellent agreement with exper-
imental room-temperature constants for such
systems as positive and negative ion–molecule reac-
tions of HCN with H−, D− and H  ions.

Troe has used a statistical adiabatic channel model
to calculate thermal ion–molecule capture rates
using a pure long-range potential. The adiabatic
channel potentials V(r) are calculated from perturba-
tion theory, and analytical expressions for channel
threshold energies, activated complex partition func-
tions and capture rate constants are obtained. His
results are in good agreement with trajectory calcula-
tions at temperatures above 10 K for such systems as
H + HCN. Additionally, Sakimoto has developed a
time-independent quantum-mechanical approach for
collinear triatomic systems A+BC in the energy range
from thermal to several eV. Using hyperspherical
coordinates, the time-independent Schrödinger equa-
tion is solved numerically using the discrete variable
representation algorithm for collision energies of 1–6
eV. Partial cross sections for reactive scattering and
ion dissociation for He + H  (plus isotopes) were
calculated that generally agree with limited experi-
mental data for this system.

High-energy ion–neutral collisions: 
Beam scattering

Low-energy ion–neutral collisions considered thus
far often result in random angular scattering with
extensive mixing of orbital and angular momentum.
Beam experiments at the low-energy limit demon-
strate that persistent complexes are formed but pro-
vide no further information on reaction mechanisms.
In contrast, conservation of angular momentum in
high-energy collisions leads to specific angular scat-
tering, which can provide detailed information on re-
action mechanisms. Deducing this information is a
complex exercise and we begin with a description of
elastic scattering. After these scattering characteris-
tics have been described – both classically and
quantum mechanically – we shall outline briefly how
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reactive scattering is treated in this framework. A
collision is better described by CM coordinates,
which permit us to describe kinetic energy T as the
motion of the centre-of-mass of the system in the
laboratory frame and the relative motion of the par-
ticles in the CM frame 

where M is the sum of the masses, VCM is the velocity
of the CM and the reduced mass and relative velocity
have been defined previously. Since the motion of
the CM is conserved in any collision, we can focus
our attention on the relative motion in which the
two particles are described as a single particle having
mass µ, angular momentum µ(r × v) and kinetic en-
ergy µv2.

For central potentials considered previously, the
angular momentum is constant and the total CM
energy at separation r is

where the effective potential

includes the centrifugal potential L2/2µr2 described
previously. The centrifugal potential is included in
the equation for radial motion to account for
angular motion of the system.

The observable results of a collision are the veloc-
ity of the particle after collision (deduced from its
kinetic energy) and its direction of motion. For ordi-
nary collisions between spherical particles, total
kinetic energy must be conserved, so the initial and
final velocities must be equal at distances large
enough that V(r) is negligible. Figure 2 depicts how
the deflection angle – the quantity of interest in these
elastic and nonreactive collisions – relates to the
interaction potential. Here a particle of reduced mass
µ approaches parallel to the x axis with kinetic
energy µv2 and angular momentum µvb. When the
effective potential energy Veff equals the initial
kinetic energy, the particle reaches its distance of
closest approach, rc, the turning point of the trajec-
tory. The particle then recedes, and at a large dis-
tance from the scattering centre no longer senses the

interaction potential. The change in direction of
motion is the deflection angle θ, and is measured
from the negative x axis in Figure 2. We note paren-
thetically that deflection through +θ and −θ are
experimentally indistinguishable and that deflection
by ±2πNθ (where N is an integer) is indistinguisha-
ble from the deflection θ.

Figure 2 illustrates that the deflection is symmet-
ric about the turning point; that is, the deflection of
the particle in the outgoing trajectory equals its
deflection in the approach trajectory for elastic scat-
tering. Consequently, the polar scattering angle 2φc

and the final scattering angle θ is π−2φc (see
Figure 2). This leads to the expression for the deflec-
tion angle as a function of initial energy and impact
parameter:

where rc is the outermost solution of E = L2/
2µrc

2 + V(rc). Note that if b = 0 (head-on collision),
then θ = π (unless V = 0). Further, as b increases
from zero, θ decreases from π, and θ decreases to
zero as b increases without limit.

A reasonable central force potential for ion–neutral
elastic scattering is the Morse potential given by

where x = α(r − re), with α specifying the curvature of
the potential at its minimum. This potential has an
attractive well of depth D at the equilibrium

Figure 2 Deflection of particles interacting through a potential
V(r). A single particle of reduced mass µ and velocity v moves to-
ward the stationary scattering centre with impact parameter b and
is scattered by a central potential V(r) through an angle θ. Repro-
duce with permission of John Wiley from Shirts RB (1986) In
Futrell JH (eds) Gaseous Ion Chemistry and Mass Spectrometry.
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separation, r = re. For r < re, the repulsive part of the
potential rises steeply to a high value, for r > re the
attractive part of the potential is dominant. Because
the Morse potential goes to zero exponentially, it
does not correctly describe the potential at large r. If
necessary, it can be modified by adding a term for
long-range polarization forces. It nicely describes the
short-range behaviour and the balance between
attractive and repulsive forces.

Differential scattering

To illustrate the relationship between potential and
scattering, Figures 3 to 5 show respectively the effec-
tive potential, deflection function and scattering
intensity for the Morse potential, (Eqn [16]), para-
meterized to describe scattering of low-energy pro-
tons by argon atoms. The potential for zero impact
parameter (hence zero angular momentum, L = 0) in
Figure 3 has the parameters re = 1.28 Å, D = 4.17 eV
and α = 1.85 Å3; the Morse potential with these para-
meters matches the experimentally determined scat-
tering of protons by argon to better than 1% accuracy
over the interval from 0 to 5 Å.

The curves in Figure 3 are labelled with the
angular momentum, L, in units of �. At high L, the
centrifugal potential overpowers the attractive well
and the scattering is always repulsive. At L = 75.95�

there is an inflection point at V = 1.153 eV, and for
lower angular momenta collisions the effective
potential has two regions of repulsion separated by
an attractive well. The outermost root is the classical
turning point for the potential and a plot of the
turning point r as a function of impact parameter
(or, equivalently, of L) leads to a singularity where
√c = b for all collision energies. This corresponds to
the point where the potential V(r) = 0 [∼ 1 Å for the
potential shown in Figure 3] and is a measure of the
‘size’ of the interacting particles, analogous to but
different from a hard-sphere radius for the collision.

Figure 4 shows the deflection function calculated
from Equation [15] for the effective potential given
in Figure 3 for a number of collision energies. For
zero impact parameter, the deflection angle is π, just
as it would be for hard-sphere collisions, with posi-
tive scattering angle corresponding to repulsive colli-
sions. The deflection angle goes through zero and
becomes negative as the collision senses the attrac-
tive potential at longer distances. As b increases, the
deflection angle goes smoothly to zero. For moderate
energy collisions, the centrifugal potential dominates
scattering at all impact parameters. For very low
energies, < 1.153 eV for the potential illustrated,
there are three roots of the deflection function. (The
reader is reminded that positive and negative deflec-
tions are experimentally equivalent.) The ‘piling up’

Figure 3 Plot of effective potentials derived using the Morse
potential for several values of angular momentum, L, as marked
on each curve. See text for the parameters used for the Morse
potential. Reproduced with permission of John Wiley from Shirts
RB (1986) In Futrell JH (eds) Gaseous Ion Chemistry and Mass
Spectrometry.

Figure 4 The relationship between deflection function and im-
pact parameter for interactions governed by the Morse potential
of Figure 3 at the indicated collision energies. 1 bohr = 0.529 Å.
Reproduced with permission of John Wiley from Shirts RB (1986)
In Futrell JH (eds) Gaseous Ion Chemistry and Mass
Spectrometry.



ION COLLISION THEORY 959

of intensity at a particular scattering angle is called
the rainbow angle. Measurement of rainbow scatter-
ing is an important experimental parameter for
deducing the scattering potential. For specific L
values below this critical energy, two of the roots
coincide at the maximum of the effective potential.
For these trajectories, orbiting occurs and the
deflection angle becomes infinite. This phenomenon
is readily detected in careful beam scattering experi-
ments; it corresponds to the capture cross section in
our description of low-energy collisions.

Figure 5 illustrates the connection of crossed-beam
measurements of ion scattering with the interaction
potential of the ion–neutral collision, again using the
Morse potential. The quantity measured experimen-
tally is the differential scattering cross section for a
given CM collision energy. The differential cross sec-
tion, I(θ), at a specified energy is given by 

where dΩ is the differential of solid angle. The cross
section calculated for the Morse potential shown in

Figure 5 illustrates for several energies the singulari-
ties determined by the two terms in the denominator
of Equation [18]. The sin θ term gives infinity at CM
angles of zero and π. The rainbow angle gives rise to
a singularity when dθ /db goes to zero; this occurs
when several impact parameters give the same deflec-
tion angle. At higher collision energies this occurs at
small angles; with decreasing collision energy the
rainbow angle increases smoothly with decreasing
energy and, for 1.5 eV is greater than 180°. Numeri-
cally it is 254° for this potential, leading to an
observed scattering angle of 360° −254° = 106°. Two
details distinguish this class of trajectories experiment
from high energy collisions – namely, the singularity
at 180° and the reversal of the ‘bright side’ of the
rainbow. The backscattering of particles correspond-
ing to the sin θ singularity at 180° is the experimental
demonstration that particles are scattered by a poten-
tial sufficiently attractive at that collision energy to
hold them together for at least half a revolution.

Reactive encounters

We have explained in some detail the relationship of
measured variables in elastic scattering to the inter-
action potential between the ion and neutral. This
framework is the starting point for describing inelas-
tic and reactive scattering. Inelastic scattering may be
introduced as an instantaneous conversion of kinetic
energy of motion into internal energy of either or
both of the collision partners, while reactive colli-
sions involve both energy exchange and reaction. It
is plausible that these physical and chemical conver-
sions occur at or near the distance of closest ap-
proach in the respective trajectories. This breaks the
symmetry of the elastic scattering formalism and the
retreat trajectory of products involves both a differ-
ent energy inventory in the collision partners and a
change in the potential governing the trajectory as
they separate from the collision centre. This ap-
proach has been reasonably successful in rationaliz-
ing the differential scattering cross sections of a
variety of proton transfer reactions. The time-de-
pendent quantum-mechanical treatment of collisions
described in the next section automatically takes into
account energy transfer and reaction – at least in
principle.

Newton diagrams

As noted previously, describing collision processes in
the CM frame is more informative than in the labo-
ratory (LAB) frame. Explicitly the motion of the CM
is conserved in collisions and is unavailable to the

Figure 5 Plot of scattering intensity (differential cross section)
versus centre-of-mass scattering angle for interactions with
Morse potential of Figure 3 using classical treatment. Repro-
duced with permission of John Wiley from Shirts RB (1986) In
Futrell JH (eds) Gaseous Ion Chemistry and Mass Spectrometry.
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reactants. The proper framework for displaying col-
lisions is the CM relative velocity diagram, frequent-
ly called the Newton diagram. The collision process
(for simplicity assumed to occur at right angles) of  

with M  and M2, having velocities of V1 and V2, is
depicted in Figure 6. The collision centre is the ori-
gin of the laboratory reference frame. In the CM
frame, M  and M2 move collinearly towards each
other with velocities U1 and U2 and collide at the
CM located on their relative velocity vector at the
point defined by conservation of momentum such
that M1U1 = M2U2. After collision, the two particles
recoil from the CM in opposite direction with veloci-
ties U1′and U2′. The velocity of the CM is given by 

and is constant. The relative kinetic energy of the
collision partners, ECM, is available for the reaction
and is given by

Similarly, the postcollision relative kinetic energy is
given by

The difference ∆T = E – ECM, the translational
exoergicity of the collision process, is a direct meas-
ure of the energy used in the process. Consequently,
experimental measurements and transformation of
mass, intensity, energy and angular distributions of
product ions as Newton diagrams provides quantita-
tive information on the energetics and dynamics of
the collision process.

Two limiting cases of ion–molecule reaction
dynamics will serve to illustrate the utility of
Newton diagrams. If a collision between an ion
and a molecule proceeds via an intermediate whose
lifetime is larger than several rotational periods
(~10–12 s), internal energy redistribution is usually
complete and the complex loses its memory of the
reactant velocity vectors. The products will separate
with equal probability on both sides of a plane
passing through the CM and normal to the collision
axis, giving rise to the forward–backward symmetry.
Such orbiting complexes are usually formed at rela-
tive kinetic energies that are of the order of or less
than the well depth of the interaction potential gov-
erning the collision.

As relative kinetic energy increases, the lifetime of
the intermediate complex decreases and there is a
transition to a direct reaction. The interaction time is
too short for the intermediate to rotate and the
Newton diagram contour plot becomes asymmetric
with respect to the CM. The dependence of reaction
probability on impact parameter and the effective
potential for the approach and retreat trajectories
determine the scattering angle and the form of the
Newton diagram.

Semiclassical theory of collisions,
the WKB phase shift

In three dimensions and for central potentials, the
Schrödinger equation separates in spherical coordi-
nates analogously to corresponding classical equa-
tions of motion. The incoming particle is described
by a wavefunction with a local wavenumber k(r).
Repulsive potentials decrease the velocity of the
wave packet and the resulting scattered wavefunc-
tion has fewer nodes, resulting in a negative phase
shift. Conversely, attractive potentials result in an in-
crease in velocity; the wavefunction acquires more
nodes and this results in a positive phase shift. The
overall phase shift for scattered particles is

Figure 6 Newton diagram showing pre- and postcollision
velocity vectors in the laboratory and centre-of-mass reference
frames for the collision of M  and M2 having velocities of V1 and
V2.
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Integrating this expression from the distance of clos-
est approach to infinity (this gives half the total dif-
ference in phase for the entire trajectory; this is the
convention for phase shift) gives

For both integrals, the lower limit of integration is
the (outermost) zero of the associated integrand.
Since both integrals are divergent, δ depends on can-
cellation between the two. This difficulty is repaired
by subtracting dr from both terms: 

This may be recast into a form incorporating the
definition of phase shift from Equation [23]: 

where the integral term gives the phase difference re-
sulting from the interaction potential and a correc-
tion for the difference in turning points of the
unscattered and scattered particle includes the effect
of the centrifugal potential.

Finally, it can be shown that the phase shift
method leads to expressions for the collision time
(different between V(n) ≠ 0 and V(n) = 0) and for
scattering angle.

This makes the precise connection we seek between
WKB scattering theory and the classical model devel-
oped previously.

Quantum scattering

Moving from a semiclassical towards a full quantum
treatment we note that, at large distances, the wave-
function for a scattered particle is a combination of
an incoming plane wave and a scattered wave:  

where the z direction is the direction of travel. The
first term describes a plane wave and the second
term is an outgoing spherical wave whose amplitude
is f(θ). This simple form of the wavefunction is valid
for r large enough that no interference between the
incoming and outgoing waves is important. This ap-
plies experimentally to a collimated beam of finite
width.

Since the wavefunction in Equation [29] obeys the
Schrödinger equation, it can be expanded in any
complete set of orthogonal functions, for example
Legendre polynomials:

where Pl is Legendre polynomial. Multiplying by
Pl′(cos θ), and integrating over θ we obtain for large
values of r the asymptotic result  

which has solutions ψ1(r) = a1sin(kr − lπ/2 +δl). Here
the phase shift, δl, for the lth partial wave contains
all the information about the potential, and the term
lπ/2 comprises the centrifugal potential. The expres-
sion for scattering amplitude is obtained as

The differential cross skection I(θ) is the probability
density for observing a particle at an angle θ, f (θ) 2

and the total cross section is obtained by integration
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of I(θ) over all angles as given below.

The phase shifts for calculating scattering as a func-
tion of angle are obtained by starting at r = 0 and
increasing r until V(r) becomes negligible.

Figure 7 illustrates the differential cross section
for the Morse potential (Eqn [17]) calculated using
Equation [32] and 500 phase shifts that were calcu-
lated using Equation [26]. The relative energy is
5 eV. The classical differential cross section from
Figure 5 is also shown. The quantum-mechanical
form of I(θ) removes the classical singularity. The
additional peaks occurring at angles smaller than the
rainbow angle are interferences from the three differ-
ent values of the impact parameter that contribute to
scattering into these angles. The quantum result
tends to oscillate about the classical mechanical
result, which cannot recover the interferences of the
quantum result.

For noncentral potentials – e.g. molecular scatter-
ing – the Schrödinger equation does not separate
into partial waves. The solution can still be
expanded in partial waves, but then the individual
partial-wave radial Schrödinger equations will have

additional terms that couple them together. Sophisti-
cated computer programs are now available to solve
these complex equations and calculate the detailed
dynamics of a collision process.

List of symbols

b = impact parameter; B = rotational constant; c =
locking constant; D = depth of attractive potential
well; E = energy; f() = function; H = Hamiltonian;
I(θ) = differential cross section; j = rotational angular
momentum operator; J = total angular momentum
operator; k = rate coefficient; local wavenumber;
kB = Boltzmann constant; = Langevin function;
L = classical orbital angular momentum; P = Legen-
dre polynomial reaction probability; q = ionic charge;
r = distance; magnitude of position vector; polar co-
ordinate; r = position vector; re = equilibrium dis-
tance; T = kinetic energy; TR = rotational temp-
erature; v = relative velocity vector; ν = magnitude of
relative velocity vector; V(r) = central potential ener-
gy; V, V′, U, U′ = velocity in centre-of-mass frame;
VCM = velocity of centre-of-mass; α = atomic/molecu-
lar polarizability; curvature of potential energy curve
at minimum; δ = phase shift on scattering; θ = angle
between dipole and line of centres; final scattering an-
gle; polar coordinate; µ = reduced mass; µD = dipole
moment; σ = collision cross section; τ = collision time;
ϕc = polar scattering angle; ψ = wavefunction; Ω =
projection of rotational and total angular momentum
on Z axis; solid angle.

Subscripts

c = capture; c = closest approach; CM = centre of
mass; e = equilibrium; eff = effective; r = relative;
trans = translational

See also: Ionization Theory; Quadrupoles, Use of in
Mass Spectrometry.
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The ionization process taking place in the source of a
mass spectrometer or the activation step of a tandem
mass spectrometry experiment leads to ions with a
range of internal energies extending usually well
above the first dissociation threshold, i.e. the
molecular ion has enough energy to dissociate.
Dissociation is a dynamic process characterized by
its associated lifetime. The whole story of kinetics in
general and of ion dissociation kinetics in particular
is to measure how fast a dissociation proceeds under
given conditions (state selection, well-defined energy
or temperature, for example) and to determine the
reaction mechanisms. Both aspects will be addressed.

Unimolecular rate constant

Dissociation kinetics of state-selected reactant ions
has been investigated only in a limited number of rel-
atively small systems. However, a large amount of
data are now available on ionic reactions investigat-
ed with internal energy selection.

The dissociation of an energy-selected molecular
ion is a unimolecular process, the rate of which,
R(E,t) is defined by the following equation, where
N0 is the initial number of ions formed:

This represents the most simple situation where a
single dissociation process occurs for ions possessing
a single total energy, E. k(E) is called the unimolecu-
lar rate constant. However, in practice, the parent
ion can be formed with a broad distribution of inter-
nal energies, P(E), and competitive reactions can
take place. If the different competitive channels are
characterized by rate constants denoted ki(E), then
the following equation holds for the rate of
production of the jth fragment ion: 

If further dissociations occur, the rates must be
calculated by solving the set of differential equations
resulting from the appropriate kinetic scheme.

If the dissociating ion is characterized by a wellde-
fined internal energy, i.e. if P(E) reduces to a single
value, then each ion of the ionized sample can be con-
sidered to be one of the replicas of a microcanonical
ensemble. For this reason, k(E) is often referred to as
the ‘microcanonical rate constant’. If, however, P(E)

MASS SPECTROMETRY
Theory
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is a thermal Boltzmann distribution characterized by
a temperature T, then the corresponding rate
constant, k(T) is called the ‘canonical rate constant’.

One of the most widespread approaches to model
the experimental microcanonical rate constant is the
RRKM-QET statistical theory, which postulates that
a rapid internal energy randomization takes place
before dissociation and that a transition state can be
defined. This leads to the following well-known
equation: 

where σ is the degeneracy of the reaction path (e.g.
σ = 4 for the loss of H from CH4), N‡(E – E0) is the
number of states of the transition state up to an
energy E – E0 above the critical energy E0 and ρ(E) is
the density of states of the parent ion at the internal
energy E.

If k(E) is averaged over a thermal internal energy
distribution at temperature T, the equation of
transition state theory for the canonical rate constant
is recovered. It can be expressed as a function of the
activation entropy, ∆S°‡, and of the activation
enthalpy, ∆H°‡.

kB and h are respectively Boltzmann’s and Planck’s
constants. The value of the activation entropy gives
insight into the looseness or the tightness of the
transition state. Loose transition states are usually
associated with simple bond cleavages, whereas rear-
rangement processes are expected to involve tighter
transition states. Competitive processes, multistep
fragmentations, nonadiabatic processes and tunnel-
ling effects affect the variation of the rate constant
with internal energy, which then forms a diagnostic
tool to investigate such effects. Furthermore, as in
neutral physical organic chemistry, kinetic isotope
effects (mostly upon deuteration) are one of the most
powerful tools to investigate the mechanisms of a
chemical reaction.

Experimental determination of the 
microcanonical rate constant

Various experimental techniques are now available
to measure the unimolecular rate constant over quite

an extended range, typically from 102 to 1010 s–1.
Broadly speaking, most experiments can be classified
in one or the other of the three following groups,
depending on the rate constant range accessible: mi-
crosecond time window (105 < k < 107 s–1), nanosec-
ond time window (107 < k < 1010 s–1) and millisecond
time range (102 < k < 105 s–1). Trapping techniques
are instrumental in this last range. The techniques
pertaining to the first two groups are based on the
fact that the kinetic energy acquired by a fragment
ion produced within an accelerating electric field de-
pends on the position (or, equivalently, on the time)
at which dissociation took place. The rate constant
can then be extracted from the shape of an ion kinet-
ic energy spectrum or of a time-of-flight distribution.
The rate constant range accessible in a given experi-
ment depends on the magnitude of the electric field.

Microsecond time window

Ions dissociating in the microsecond time window,
i.e. with a rate constant in the 105–107 s–1 range,
have received considerable attention. This range is
very often referred to as the metastable time frame
and processes occurring within this time window are
called metastable Photoelectron–photoion coinci-
dence (PEPICO) spectroscopy is the technique of
choice in this range. The most useful version of this
technique, called threshold PEPICO (TPEPICO),
initiated by Stockbauer and by Baer, uses a variable-
wavelength photon source, nowadays in most cases
a synchrotron or a tunable laser, and detects ions
in delayed coincidence with zero-kinetic-energy
electrons (threshold electrons). Under such condi-
tions, the ion internal energy is equal to the photon
energy less the adiabatic ionization energy of the
molecule. By combining angular and time-of-flight
discriminations of energetic electrons, a resolution of
about 10 meV can be obtained. Even better resolu-
tions are reached by using recent zero-kinetic-energy
techniques. The data have to be corrected for the
analyser apparatus function, for the thermal distri-
bution of the parent ions and for the possible release
of translational energy to the dissociation fragments.
Extracting rate constant information in the presence
of an appreciable translational energy release is
somewhat hazardous.

The upper limit in the rate constant range
accessible by threshold PEPICO is dictated by the
extraction field which cannot exceed a few V cm−1 to
maintain a reasonable energy resolution.

Another way of selecting ions with a well-defined
internal energy involves multiphoton ionization
(MPI) where the vibrationless ground state of the
molecular ion is first prepred and then photo-
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dissociated by absorption of an additional photon.
In practice, the upper rate constant limit is about the
same as in PEPICO. The major advantage of MPI is
it makes rotational state selection possible, so that
the influence of angular momentum on ionic
fragmentations can be investigated.

Nanosecond time window

In field ionization, much higher electric fields can
be achieved (of the order of 105 V cm–1): the ions
are then much more strongly accelerated, and
dissociation decays in the nanosecond to picosecond
range can be monitored. No internal energy selection
is performed in such experiments. Nontrivial data
handling procedures assuming some reasonable form
for the internal energy distribution have been
developed to obtain k(E) data.

Photodissociation mass-analysed ion kinetic
energy spectrometry (PD-MIKE) has been designed
by Kim and co-workers to monitor nanosecond
range decays. Laser photodissociation of mass-
selected ions is induced in the presence of a strong
electric field within the region located between the
magnet and the electrostatic analyser of a reverse-
geometry sector mass spectrometer (a region which
would be otherwise field-free). The internal energy
range of the parent ion prior to photodissociation is
relatively broad but can be narrowed by collisional
cooling inside the ion source.

Millisecond time window

Slow dissociation rates (102–104 s–1) have been
measured in Dunbar’s laboratory by time-resolved
photodissociation, which consists of trapping ions in
an ICR cell during a variable delay time after a phot-
odissociating photon pulse. The technique called
‘time-resolved photoionization mass spectrometry’,
developed by Lifshitz, consists of trapping photoions
in a cylindrical trap at very low pressure to avoid
bimolecular collisions, and then ejecting them into a
mass filter after a variable delay covering the
microsecond to millisecond range. When the
dissociation rate constant becomes lower than ca.
103 s–1, competition with infrared fluorescence takes
place and limits the lifetime of the decomposition
process. This has to be taken into account to extract
the dissociation rate constant from the experimental
data.

The rate constant for the C6H5Br+• → C6Hc + Br•

reaction has been measured by all these experimental
techniques, so that a broad range could be sampled
(Figure 1). Note that very good agreement is
obtained between independent measurements in the
metastable domain.

Canonical rate constant

Flow tube techniques (flowing afterglow, selected
ion flow tube) have been used extensively to study
ion–molecule reactions and to measure their rate
coefficients. There are far fewer studies on the ther-
mal decomposition of gaseous ions. Recently, cluster
ions and noncovalent complexes have, however, re-
ceived considerable attention.

Dissociation rate constants of ions at atmospheric
pressure have been obtained by ion mobility
spectrometry. The time frame of such experiments is
in the millisecond range. Dissociation rates of
proton-bound amine dimer ions, for example, have
been measured recently.

Figure 1 Microcanonical rate constant for the C6H5Br+• → C6H
+ Br• decomposition obtained using various experimental tech-
niques. (+) Baer et al (1976) (+) Baer et al (1982) ( ) Rosenstock
et al (1980) (∆) Pratt and Chupka (1981) (■ ) Brand et al (1984)
(● ) Lim et al (1998) (�) Malinovich et al (1985).
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In the technique called ‘blackbody infrared
radiation dissociation’ (BIRD), developed in E.R.
Williams’ laboratory, ions trapped in an ICR cell at
very low pressure absorb infrared photons emitted
by the cell walls. Dissociation decays in the second to
minute time frame can be followed. In both tech-
niques, the analysis of the temperature dependence
of the rate constant leads to activation parameters.
BIRD has been applied to biologically important
non-covalent complexes like proton-bound dimers of
amino acids or double-stranded DNA complexes.

Kinetic isotope effects

Isotope effects, mostly involving hydrogen–deute-
rium, are one of the most powerful tools for chemical
kinetics investigations. The kinetic isotope effect
is defined as the ratio of the rate constants
corresponding to the unlabelled and labelled species
at a given internal energy. A distinction is made
between intermolecular and intramolecular kinetic
isotope effects. An intramolecular isotope effect
refers to the competition, from a unique partially
labelled molecular ion, between two channels differ-
ing only by the location of the heavier isotope, e.g.: 

An intermolecular isotope effect refers to two
equivalent dissociation pathways from two differ-
ently labelled molecules. As an example: 

For intramolecular isotope effects, as one starts from
a unique precursor, the two processes correspond to
the same internal energy distribution, so that useful
information can be inferred even from ionabun-
dances measured without internal energy selection
(like metastable dissociations or field ionization
kinetics). This is not the case for intermolecular
effects, where there is no warranty that the two inter-
nal energy distributions are the same. Within the
RRKM framework, the intramolecular kinetic iso-
tope effect depends only on the transition state prop-
erties (critical energy, rotational constants and
vibrational frequencies) and not on the reactant
properties.

In primary isotope effects, the isotopically substi-
tuted atom is directly involved in bond breaking or
bond formation. In secondary isotope effects, the
substituted atom is remote from the incriminating
bond. Primary isotope effects occur largely because
of changes in the critical energy E0 upon labelling.
Secondary isotope effects result from changes in the
densities of states. Intermolecular secondary isotope
effects can be larger than primary effects. The larger
the critical energy, the larger the secondary isotope
effect. A kinetic isotope effect, where kH/kD is larger
than unity, is said to be normal. If kH/kD < 1, the
effect is called inverse.

Isotope effects increase when internal energy
decreases. Large effects are therefore expected in the
metastable time range which corresponds to rela-
tively low internal energies. Isotope effects are
instrumental in (i) localizing the particular atoms
involved in H-shift reactions, (ii) providing evidence
of hydrogen scrambling, (iii) distinguishing between
stepwise or concerted processes, (iv) postulating a
reasonable structure for the transition state, (v)
deciding whether tunnelling is involved or not.
Examples will be given in the next sections.

Reaction mechanisms from
kinetic data

We will consider, successively, reactions involving
only one potential energy surface and those where
atleast two electronic states of the same or of a dif-
ferent multiplicity interact. These latter reactions are
called nonadiabatic. Among the adiabatic reactions,
we will move from the simple to the more complex,
from one-step dissociations to competitive processes
and finally to multistep fragmentations. While con-
venient, this classification is oversimplified. A multi-
step fragmentation, for example, can involve both
adiabatic and nonadiabatic intermediate steps.

One-step dissociations

Dissociations of substituted benzene ions are
probably among the most extensively studied ionic
reactions. Most of them were satisfactorily modelled
by the RRKM equation. The looseness or tightness
of the transition state is usually inferred from the
value of the activation entropy (at a somewhat arbi-
trary temperature, usually 1000 K) resulting from
the RRKM fit. A clear-cut positive value for ∆S K

(usually not exceeding 35 J K–1 mol–1) indicates a
loose transition state, whereas a slightly positive or a
negative value (usually not smaller than −30 J K–1

mol–1) is the signature of a tighter transition state.
Table 1 illustrates this for a few selected reactions,
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which are believed to involve a single dissociative
step, i.e. to take place on a single-well potential
energy surface.

At first sight, it might seem inconsistent to use a
thermal quantity to characterize a microcanonical
rate constant. However, the canonical rate constant is
related, via a thermal average, to the microcanonical
rate constant with the same transition state. The
advantage of the canonical formulation is twofold.
First, the essential information is compacted into two
factors, the critical energy and the entropy of
activation, rather than being scattered among many
individual vibrational frequencies. Second, it makes a
comparison possible with thermal data for the neutral
counterpart of an ionic reaction. Alternatively, some
authors calculate the microcanonical entropy of
activation at infinite internal energy, so that the
critical energy becomes negligible, according to:

νR is the frequency associated with the reaction
coordinate. For the C6H  → C6H  + H• reaction, e.g.

∆S K = 11.3 J K–1 mol–1 and ∆S (E → +∞) =
13.2 J K−1 mol–1. For the C2H4

+• → C2H3
+ + H• re-

action, the canonical and microcanonical entropies
of activation amount to 32 and 36 J K–1 mol–1

respectively.
The large activation entropies observed for the dis-

sociations of the bromo- and iodobenzene cations
are compatible with a maximum entropy analysis of
the product energy distributions, which leads to a
nearly complete (about 80%) phase sample sam-
pling. As illustrated in Figure 1, an excess energy of
about 0.7 eV, called the ‘kinetic shift’ is necessary to
bring the rate constant above 105 s–1 so that dissocia-
tion can be detected in the metastable window.

The dissociation of the styrene ion involves a
transition state very similar to the reactant. The large
negative entropy of activation results from the fact
that the internal energy content of the transition
state is reduced, compared to the reactant ion, by an
amount equal to the critical energy. The transition
state structure for the CO loss from the phenol
cation is also close to the precursor but some vibra-
tional modes loosen up, resulting in a slightly posi-
tive activation entropy.

Activation entropies result from a fitting proce-
dure including the critical energy E0, too. In many
cases, the limited range of internal energies
investigated, as well as the lack of information on
the structure and/or the thermochemistry of the frag-
ments, and on a possible reverse activation barrier,
preclude any reliable control over E0. One should
therefore be aware of energy–entropy trade-offs.

Competitive reactions

Ions generally have low isomerization barriers so
that decomposition channels leading to different
product ions with the same molecular formula can
compete. Two examples will illustrate this point.

In contrast to the simple C–I bond cleavage
observed with the iodobenzene cation, the
corresponding reaction with the iodotoluene cation
is much more complex, leading to a mixture of three
C7H  isomers with tolyl, benzyl and tropylium
structures. The experimental data available have
been analysed by Dunbar and co-workers using a
two-channel model (Figure 2). The lowest energy
channel leads to the benzyl and tropylium structures
via a rearrangement characterized by a tight
transition state (∆S K = −29 J K–1 mol–1), whereas
the highest energy channel is a direct bond cleavage
(∆S K = 32 J K–1 mol–1). As expected, the branch-
ing ratio between the two channels depends
dramatically on the internal energy content.

Table 1 Entropies of activation for selected one-step
dissociations

a Malinovich Y, Arakawa R, Haase G and Lifshitz C (1985)
Time-dependent mass spectra and breakdown graphs. 6.
Slow unimolecular dissociatioon of bromobenzene ions at
near threshold energies. Journal of Physical Chemistry 89:
2253–2260.

b Malinovich Y, and Lifshitz C (1986) Time-dependent mass
spectra and breakdown graphs. 7. Time-resolved photoioniza-
tion mass spectrometry of iodobenzene. The heat of formation
of . Journal of Physical Chemistry 90: 2200–2203.

c Malinovich Y and Llifshitz C (1986) Time-dependent mass
spectra and breakdown graphs. 8. Dissociative photoioniza-
tion of phenol. Journal of Physical Chemistry 90: 4311–4317.

d Olesik S, Baer T and Morrow JC (1986) Dissociation rates of
energy-selected dichloro- and dibromobenzene ions. Journal
of Physical Chemistry 90: 3563–3568.

e Rosenstock HM, Stockbauer R and Parr AC (1980) Photo-
electron-photoion coincidence study of benzonltrile. Journal
de Chimie Physique 77: 745–750.

f Dunbar RC (1989) Time-resolved unimolecular dissociation of
styrene ion. Rates and activation parameters. Journal of the
American Chemical Society 111: 5572–5576.

Reaction
∆S

(J K−1 mol −1)

C6H5Br+• → + Br• 33.8a

C6H5l+• → + I• 31.1b

C6H5OH+•(phenol)→ c-  + CO 9.2c

+ C6H4Cl+ +  Cl• 7.5d

C6H5CN+• → + HCN 1.7e

(styrene) → + C2H2 –26.8f
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Loss of HF from the 1,1-difluoroethylene cation
at low internal energy leads to the fluoroacetylene
fragment ion with a rate constant in the metastable
range and a large reverse activation barrier of nearly
1 eV. At higher internal energy, collisional activa-
tion experiments and TPEPICO data show that a
competitive channel becomes open, leading proba-
bly to the fluoroethenylidene cation. This is associ-
ated with a decrease in the kinetic energy released to
the fragments.

Multistep fragmentations

A dissociation can very seldom be described as a one-
step process starting from a unique potential energy
minimum and leading to the fragments via a unique
transition state. One or more reversible isomerization
steps prior to dissociation have been frequently
proposed to interpret experimental data in the frame-
work of a classical kinetic scheme coupled with a
RRKM evaluation of the appropriate rate constants.
Ab initio calculations have revealed the importance of
unconventional species like bridged structures and of
distonic ions as stable ionic structures. Distonic ions
are radical ions for which the ionic site and the radical
site are formally separated, like in •CH2CH2OH .
Furthermore, ion–neutral complexes have been sug-
gested in many instances to play an important role in
the disso-ciation mechanism. The production of
HCO+ from CH3OH+• at threshold has been shown to
proceed via the following multistep sequence: 

where both a distonic ion and two ion–neutral
complexes (bracketed species) are involved. The
typical ion–neutral separation in such a complex is in
the 3–5 Å range. Rearrangements or ion–neutral
reactions can take place within this entity. They are
favoured at low internal energy, whereas simple
cleavages become more probable at higher internal
energy. A spectacular ion–molecule reaction within
an ion-neutral complex has been discovered by Botter
and Longevialle: it results in the transfer of a proton
from the D side to the A side of a steroid molecular
ion.

The decomposition of the propanol cation is a nice
example of a concerted investigation by coincidence
methods, including selective deuteration, and ab

initio calculations. Figure 3, adapted from work of
Baer and Booze, describes the multistep process
involved in the competition between the H loss and
H2O loss channels. Intermolecular isotope effects
were studied with partially deuterated propanol cati-
ons, CD3CH2CH2OH+. A very small isotope effect is
observed for the H loss, which, according to the
model, is a secondary effect. Water loss, on the other
hand, involves a 1,4-hydrogen shift as an intermedi-
ate step. Deuteration brings about a primary isotope
effect, characterized by a 0.15 eV increase in the
critical energy.

The intermediate steps which have just been
mentioned correspond to successive minima of the
potential energy surface. What about the transition
state? It is not unique either. To find its position is a
particularly critical problem if no saddle point
appears along the dissociation pathway. As sug-
gested by Bowers and co-workers, two transition
states exist in this case, respectively at small and
large values of the reaction coordinate. The internal
transition state results from the competition between
the conversion of kinetic into potential energy and
the decrease of the vibration frequencies as the
system moves along the reaction coordinate. The
second transition state, which is called the orbiting
transition state, is associated with the centrifugal
barrier appearing at larger values of the reaction
coordinate. The internal transition state is expected
to play a significant role at high internal energy,
whereas the external transition state governs the dis-
sociation rate at energies closer to the threshold. The
experimental observation of this transition state
switching is still sought for single-well potential
energy surfaces in ionic systems. Other kinds of
transition states can also be invoked. A strong

Figure 2 Reaction mechanism for the loss of iodine from the p-
iodotoluene cation, after the work of Lin and Dunbar: Lin CY and
Dunbar RC (1994) Time-resolved photodissociation rates and
kinetic modelling for unimolecular dissociations of iodotoluene
Ions. The Journal of Physical Chemistry 98: 1369–1375.
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curvature of the reaction path brings about a bottle-
neck in the energetically allowed phase space and
thus a decrease of the reaction rate. An avoided
crossing between two potential energy surfaces limits
also the reactive flux due to a branching between the
two electronic states. This latter aspect will be
discussed in the next subsection.

Nonadiabatic reactions

The excited electronic states of the molecular ion
which are populated by the ionization process in gen-
eral decay very rapidly (lifetime of the order of
0.1 ps) to the ground electronic state by internal con-
version of electronic energy into vibrational energy.
If the electronic ground state does not correlate
adiabatically to a given pair of fragments, the pro-
duction of these fragments requires a transition to a
potential energy surface correlating to the appropri-
ate dissociation asymptote, at some stage of the
decomposition process. A reaction requiring such an
interstate transition is referred to as nonadiabatic.
Nonadiabatic behaviour is always expected when a
competition involves two close-lying dissociation
asymptotes, differing only by the location of the
positive charge on one or the other fragments. In
general, this will always be the case for charge-
transfer reactions. The statistical theories can be
adapted to accommodate nonadiabatic transitions
occurring along the reaction path. Briefly, the non-
adiabatic transition probability, i.e. the probability
of switching from one potential energy surface to the

other, is introduced as a kind of transmission
coefficient in a RRKM-like equation.

The two electronic states involved in a non-
adiabatic transition have either the same or a differ-
ent multiplicity. In the former case, the coupling of
the electronic and nuclear motions is involved. If
multiplicity changes, the transition is due to the
spin–orbit coupling. A recent example deals with the
unimolec-ular loss of singlet H2 from triplet CH3O+

to produce singlet HCO+. Based on the measurement
of intramolecular kinetic isotope effects and on ab
initio calculations, Schwarz and co-workers rejected
the usually accepted stepwise mechanism in favour
of a mechanism in which loss of H2 and intersystem
crossing are concerted.

Tunnelling

If a reverse activation barrier exists, tunnelling is
possible. The probability of tunnelling depends
dramatically on the reduced mass. The smaller the
‘reduced mass, the larger the probability. Further-
more, the largest H–D isotope effects are expected to
occur near the threshold. This corresponds generally
to the metastable time scale, which is the most easily
accessible to mass spectrometric experiments. If very
large H/D kinetic isotope effects are observed, some-
times larger than 1000, then tunnelling is often pro-
posed as the most probable explanation. To take
tunnelling into account in the RRKM equation, a
transmission coefficient is introduced. It can be
calculated analytically provided an appropriate

Figure 3 Multistep reaction pathway for the loss of H and of H2O from ionized propanol. The figure is adapted from a study by Booze
and Baer: Booze JA and Baer T (1992) Dissociation dynamics of energy selected propanol ions from a σ-type ion structure. The
Journal of Physical Chemistry 96: 5715–5719.
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model is used for the potential energy barrier. The
asymmetric Eckart potential is often chosen.

Ab initio calculations performed by different
groups on the loss of H2 from the ethane cation agree
that the appearance energy for this rearrange-ment
lies below the top of the barrier. On the other hand,
any RRKM calculation neglecting tunnelling leads to
a rate constant at threshold larger than 108 s−1, which
is inconsistent with the metastability of this reaction.
RRKM calculations by Weitzel including tunnelling
are in good agreement with k(E) measurements by
the TPEPICO technique.

The intermolecular kinetic isotope effect kH /kD for
the loss of HCl or DCl from C2H5Cl+• and C2D5Cl+•

respectively lies between 102 and 105. It has been
well accounted for by RRKM calculations including
tunnelling (Booze and co-workers).

As shown by Lifshitz, Schwarz and co-workers, the
methane elimination from the acetone cation
proceeds via two successive intermediates, a hydro-
gen-bridged complex and a ketene–methane ion–
neutral complex. The barrier separating these two
entities lies 14.2 kJ mol–1 above the CH2CO+• + CH4

asymptote. Tunnelling through this barrier is
required to account for the appearance of the
CH2CO+• fragment at its thermochemical threshold.

Isolated state decay

In most ionic unimolecular reactions, internal
conversion to the ground electronic state is rapid
compared to dissociation. In a few cases, however,
evidence has been found of a rapid and specific dis-
sociation process occurring on the potential energy
surface of an excited electronic state. When such an
‘isolated state decay’ occurs, a correlation exists
between the branching ratio for the specific channel
and the photoelectron spectrum. Ionized difluoro-
ethylenes for example, dissociate statistically below
the  state but this latter state favours strongly the F
loss channel.

Future prospects

A fairly important amount of kinetic data is nowa-
days available, which in the vast majority of cases,
have been accounted for by a classical kinetic scheme
coupled to a RRKM evaluation of the rate constants
involved, possibly including tunelling. The story is,
however, far from being complete.

1. The rate constant is often known only in a limited
range so that being able to fit the data to a statis-
tical equation like the RRKM-QET one is not a
definitive proof of statisticity by itself. The

translational energy distribution of the fragment
ions is complementary piece of information
which is more sensitive to any deviation from a
purely ergodic situation. Rather few detailed
analyses of experimental distributions are availa-
ble for the time being.

2. Nonadiabatic reactions are probably much more
widespread than usually thought. In particular
the role of spin–orbit coupling in unimolecular
chemistry deserves careful investigation. In addi-
tion to the experimental component, this raises
nontrivial ab initio computational problems.

3. The interpretation of kinetic experiments is almost
always performed on the basis of a classical kinet-
ic scheme. A quantum approach studying the de-
cay of quasibound states, called resonances, could
be more appropriate under given circumstances.
Large fluctuations of nearly two orders of
magnitude have been found, for example, for the
decay rate of state-selected formaldehyde.

List of symbols

E = total energy; h = Planck constant; kB =
Boltzmann constant; k(E) = unimolecular micro-
canonical rate constant; k(T) = canonical rate con-
stant; N0 = initial number of ions formed; N‡(E – E0)
= number of states of the transition state up to E – E0

above the critical energy E0; P(E) = distribution of in-
ternal energies; R(E,t) = rate of dissociation; T =
temperature; ∆H°‡ = activation enthalpy; ∆S°‡ = ac-
tivation entropy; ∆S = microcanonical entropy of
activation; νR = reaction coordinate frequency;
ρ(E) = density of states of the parent ion at internal
energy E; σ = degeneracy of reaction path.

See also: Fragmentation in Mass Spectrometry;
Metastable Ions; Multiphoton Excitation in Mass
Spectrometry; Photoelectron–Photoion Coincidence
Methods in Mass Spectrometry (PEPICO); Statistical
Theory of Mass Spectra.
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Neutral thermochemistry

For neutral organic compounds there are only some
3000 good quality data for molecular heats of
formation, ∆fH0[M]. These have been carefully
selected by Pedley and co-workers over an extended
period. The standard heat of formation of an entity,
∆fH0, is defined as the heat absorbed or released
when 1 mole of the species is formed from its con-
stituent elements at 298 K and at 1 atm pressure.
This is represented by an equation, e.g.

The terms in brackets represent the phase in
which the reactants and products are stable in their
standard state at 298 K and 1 atm pressure
(1 cal = 4.184 J).

Although so few organic compounds have accu-
rate experimental ∆fH0 values, the knowledge that
∆fH0 for homologous organic compounds can be
represented as an additive property has resulted in
the production of additivity coefficients, the terms
which are most closely associated with the work of
Benson. The coefficients now available allow one to
estimate ∆fH0 for a very wide range of organic com-
pounds via simple arithmetical calculations. Suffi-
cient data exist for the estimation of many geometric
effects such as ring strain energies, geometric
isomers, etc.

Ionization energies and ionic heats of 
formation, ∆fH0[M•+]

The ∆fH0 value for a molecular ion M•+ is obtained
from the measurement of the ionization energy (IE) of
neutral M. The reaction 

∆fH0[M] is obtained from reference data, from an
additivity estimation or, more recently, from high
level ab initio molecular orbital theory calculations.
The IE is derived from an experimental measurement.
In Equation [1] the electron is given an enthalpy of
zero (i.e. it is assumed to be stationary). Ionization
energies can be obtained from photoelectron spectra
or from direct measurement of the ionization thresh-
old using monochromated photons or energy-
selected electrons. Whatever method is chosen, the
most important factor in determining a molecular IE
value is the relative geometry of the molecular ion
and the neutral molecule, both in their ground states.
The terms vertical IE and adiabatic IE are defined in
Figure 1.

If the geometry difference between the molecule
and its ion is particularly large then the adiabatic IE

MASS SPECTROMETRY
Theory
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(that necessary for the determination of ∆fH0 [M•+]
in Eqn [1]) will be difficult to measure. Photoioniza-
tion is only a vertical process; electron impact is less
so because the approach of the ionizing electron and
its effects on the molecule are not instantaneous. For
moderate geometry differences, the adiabatic IE can
be measured using energy-selected electron beams, as
a reasonably well-defined asymptote in the ioniza-
tion efficiency curve, see Figure 1.

Molecular adiabatic ionization energies are to be
found in the NIST database (see Further reading sec-
tion) and other reference books.

A number of attempts have been made to produce
empirical equations for the estimation of molecular
ion enthalpies, notably by Mouvier and co-workers
and by Holmes, Fingas and Lossing. The latter is a

simple combination of Benson-type additivity terms
for the neutral’s ∆fH0 and a reciprocal term that
incorporates the IE; This arises from the observation
that for homologous molecules their IE values fall
linearly with the reciprocal of the ion size,
represented as 1/n, where n is the number of atoms
in the molecule. The equation

where A, B and C are derived from experimental
data for a given homologous series works well for
various organic compounds that contain C, H, O
and halogen. The secondary empirical relationship,
that IE for homologous molecules are proportional
to 1/n, has proved useful in many applications where
an unmeasured IE needs to be estimated or where an
experimental value appears to be anomalous.

The empirical equation of Mouvier is more
complex:

where X is a functional group and R1 and R2 are
attached alkyl groups, IE∞ is a constant for each com-
pound type and IE0 is that for a reference compound.
I(Rn) are empirical constants for each R group. The
IE values derived and the ∆fH0[ion] values obtained
using the appropriate neutral enthalpies provide
constant ionic heats of formation.

Perhaps the most important use of all such
schemes is their ability to reveal misfits in reference
data or to highlight an ion having unusual stabilizing
or destabilizing properties.

The ∆fH0 values for even-electron ions (i.e. ionized
free radicals) can be obtained from direct measure-
ment provided that a clean source of the appropriate
free radical can be devised. The most versatile
method has been that pioneered by Lossing in which
the flash pyrolysis of nitrite esters was used to
generate the radicals, e.g.

Direct IE measurements by these means remove the
uncertainties which arise in appearance energy (AE)
measurements (described below).

Figure 1 Vertical (v) and adiabatic (a) ground state to ground
state ionization energies. Upper curves are the potential energy
diagrams for two molecules, M1 and M2, and their molecular ions.
For M1 there is no significant geometry change on ionization and
v and a have the same value. For molecule M2, the geometry of
the ion is not the same as that of the neutral and so v > a. The
lower figure shows the ion onset curves (broken lines) and the vi-
brational modes accessed in the ion with the lines’ length show-
ing their relative importance in the ionization process. Note, the
more poorly defined onset for M .
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Appearance energies

The measurement of the ∆fH0 for a fragment ion is
an important aid to ion structure determination. The
energy change associated with the general equation

is called the appearance energy (AE) (for the frag-
ment ion M ). The simple thermochemical relation,
Equation [2], corresponding to this reaction:

is insufficient to describe the full result of the AE
measurement for several reasons:

(i) The reverse reaction may have an energy bar-
rier, Erev, and so the measured AE will exceed
the thermochemical minimum for the reaction.

(ii) The measured AE may be too high because the
dissociation of M  involves a significant kinetic
shift. A kinetic shift arises as follows. The time-
scale of the experiment for measuring the AE is
usually very short, typically 10–4 to 10–6 s, and
so for the unimolecular dissociation of M  ions
to achieve rate constants of 104–106 s–1 they
must contain excess energy above the minimum
required for the reaction to proceed. For many
dissociations, particularly simple bond cleavages
in small ions, the kinetic shift effect is negligible.
For dissociations of large ions or molecular
elimination reactions, the effect can be apprecia-
ble, as much as 0.5 eV. In addition, for small
molecular ions which lie in deep potential wells,
the large density of states at the dissociation lim-
it may give rise to a significant kinetic shift. A
good example is provided by the phenyl halides,
where on the µs time-scale the mean kinetic shift
for the simple bond cleavage reaction

is 0.7 eV. Note that if the AE values for
fragment ions from metastable ion precursors
are measured, the limiting observational rate
constant reduces to ∼ 104 s–1 and the above ki-
netic shift is halved. Delayed observations, on
the ms time-scale, reduce the kinetic shift even
further.

(iii) In general, the internal energy of the reactant
molecule is taken to be that corresponding to
the ambient temperature of the ion source and
that of the products is essentially unknown. In
photoionization AE measurements, Traeger has
supposed that the products are at 0 K, perhaps
an unlikely outcome for polyatomic species.
Proposing that the products’ energy differs little
from those of the neutral reactant does not
appear to introduce major errors.

(iv) The caveats regarding ∆fH0[M1] apply also for
∆fH0[M3

•], which as a free radical may not have
a well-assigned enthalpy of formation. Indeed,
radical ∆fH0 values can reliably be obtained
from AE measurements when the ionic heat of
formation ∆fH0[M2

+] is well established and
∆fH0[M3

•] is the unknown. The results of this
approach equal those derived from activation
energies determined from the kinetics of neutral
species’ reactions.

(v) Hidden rearrangements: in many cases the struc-
ture of the ion and the accompanying neutral
fragment are not in doubt. However, a signifi-
cant number of molecular ions undergo unpre-
dicted rearrangements before they fragment. If,
therefore, there is any doubt as to the structure of
the fragmentation products, then appropriate ex-
periments should be performed. Two examples
suffice to illustrate the problem: the C2H6O•+ ion
generated by loss of CH2O from ionized pro-
pane-1,3-diol is neither CH3CH2OH•+ nor

 (molecular ions of the only two
stable C2H6O compounds) but has the structure

. This ion behaves as an electro-
statically bound water molecule – ethene ion; its
∆fH0 value is lower than that of either of the
above two conventional ions and, indeed, is the
lowest energy C2H6O•+ isomer.

The dissociation of ionized methyl acetate appears
to be trivial

with the formation of the acetyl ion and a methoxy
radical as the products. Astonishingly, the ion is as
expected but the lowest energy dissociation of this
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molecular ion produces the isomeric hydroxymethyl
radical, •CH2OH, instead of the predicted CH3O•

species. In this case, profound rearrangements have
preceded dissociation.

In summary, AE measurements, although rela-
tively easy to perform, may be difficult to evaluate
because of the above uncertainties. However, a
reverse energy barrier will often be manifest by the
magnitude of the kinetic energy release observed in
the metastable peak accompanying the fragment-
ation. A small kinetic energy release of say < 10 meV
likely indicates neither a reverse energy barrier nor a
significant kinetic shift.

Except for the existence of a reverse energy
barrier, most of the above problems are avoided in
photoelectron photoion coincidence experiments,
where the dissociation of only internal energy
selected species are observed.

Estimation of ion enthalpies

It was described above how empirical expressions
can be used to estimate ∆fH0 values for odd-electron
(molecular) ions.

No such simple formulae have been derived for
even-electron (fragment) ions, but some useful
general semiquantitative relationships have been
found. The simplest is that for successive substitu-
tion of a single group (e.g. CH3, OH, etc.) at a
formal charge-bearing site. ∆fH0[Ion] decreases line-
arly with log(ion size), the latter usually being repre-
sented by the number of atoms in the ion. This is
illustrated in Figure 2 for successive substitution of
H by X, beginning with the methyl cation. Note that
the OH substitutions (steep lines) and CH3 substitu-
tions produce linear plots of similar slope.

Charge density in ions

It is worth emphasizing that thermochemical
data give insights as to the distribution of charge in
related ions. Thus, for example, the effect of methyl
substitution at carbon in [CH2OH]+ is much
greater than for the substitution at oxygen; ∆fH0

[CH2OH]+ = 169 kcal mol–1. ∆fH0[CH3CHOH]+ =
139 kcal mol–1 [∆(∆fH0) = –30 kcal mol–1] whereas
∆fH0[CH2OCH3]+ = 157 kcal mol–1 [∆(∆fH0) =
–12 kcal mol–1]. Thus the hydroxymethyl
cation (protonated formaldehyde) is better repre-
sented as +CH2OH (a +C hydroxy substituted carbo-
cation) than as CH2 = O+H (an oxonium ion). This
is also borne out by the ion’s reactivity and its behav-
iour in ion–molecule complexes.

The effects of, for example, OH substitution at,
near and away from a formal charge-bearing site are
clearly and significantly different, a good example
being provided by the isomeric ions shown in
Table 1. Note that the heat of formation of the ion,
when OH is not at the formal charge-bearing site
(here the π-system), is governed by the difference in
∆fH0  values for the neutral alkene and alkenol. When
OH is at the charge site, the stabilization effect is
much greater.

Proton affinities

It is predicted that there should be a linear
relationship between the proton affinities of
homologous molecules and their ionization energies.
A simple thermochemical cycle gives

If the hydrogen atom affinity (HA) of homologous
ions is a constant, then

This equation indeed works quite well for
homologous alcohols, ethers, carbonyl compounds,
amines, etc.

Electron affinities

The electron affinity (EA) of a molecule is defined as

Again the problems of adiabatic and vertical values

Table 1 The effect of OH substitution at various positions in
alkenes and their ions (energies in kcal mol –1)

Alkene ∆fH0 [M] ∆f H 0 [M•+]

∆(∆ fH 0)

Neutral Ion

CH2=CHCH2CH3 0 222 – –

HOCH=CHCH2CH3 –42 150 –42 –72

CH2=C(OH) CH2CH3 –43 150 –43 –72

CH2=CHCH(OH)CH3 –38 181 –38 –41

CH2=CHCH2CH2OH –36 184 –36 –38

CH2=C(CH3)2 –4 209 – –

HOCH=C(CH3)2 –45 145 –41 –64

CH2=C(CH3)CH2OH –38 176 –34 –33
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arise. The best values probably are determined by
laser photoelectron spectroscopy and laser
photodetachment. Both of these methods directly
measure a threshold energy for the removal of an
electron from the anion. EA values are listed in the
NIST inventory of data. In general, electron-bind-
ing energies to molecules and radicals are less pre-
cisely known than cationic ∆fH0 values. In
thermochemical calculations, the term ‘gas phase
acidity’ ∆acidH0[AH] is often employed

where BDE(A–H) is the homolytic bond strength
(A–H). Alternatively

List of symbols

Erev = energy barrier of reverse reaction; n = number
of atoms in a molecule; ∆fH[M] = molecular heat of
formation.

See also: Ion Dissociation Kinetics, Mass Spec-
trometry; Ion Structures in Mass Spectrometry;
Metastable Ions; Photoelectron–Photoion Coinci-
dence Methods in Mass Spectrometry  (PEPICO);
Proton Affinities; Thermospray Ionization in Mass
Spectrometry.

Figure 2 Plots of ∆fH0 [ion]+ versus log (ion size) the latter being represented by n, the number of atoms in the ion. The steep curves
show the effect of successive OH substitution in alkyl ions and the shallow curves are for CH3 substitution therein.
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Ion imaging, as described here, is a multiplex
detection technique used in gas-phase molecular
reaction dynamics to visualize the breaking and
formation of chemical bonds. The primary aim of the
ion imaging technique is to reveal quantitatively
the way in which energy associated with the proc-
esses that govern the breaking and formation of
chemical bonds is released into the reaction prod-
ucts. The ion imaging technique is based on a combi-
nation of two more established techniques: optical
spectroscopy (resonance-enhanced multiphoton ioni-
zation, REMPI) and two-dimensional time-of-flight
mass spectrometry. Ion imaging measures the three-
dimensional recoil (velocity, i.e. speed and angular
distribution) of the ensuing fragments or reaction
products and uni- and bimolecular reactions. Using
resonance-enhanced multi-photon ionization, the
recoil of individual quantum states (electronic, vibra-
tional and/or rotational) of a selected fragment or
reaction product can be measured.  More extensive
reviews covering various aspects of the ion imaging
technique are available.

Principal aspects

One of the major goals of molecular reaction
dynamics, and of ion imaging, is to elucidate how the
energy deposited into products of a molecular
dissociation or bimolecular reaction is distributed
over all available degrees of freedom. Consider a
unimolecular dissociation initiated by absorption
of a photon. Following dissociation, the nascent

fragments will recoil into space, away from the point
where the reaction was initiated. The speed of the
products will depend on the amount of energy depos-
ited in the translational degrees of freedom, and on
the masses of the products. The recoil of the frag-
ments or reaction products does not have to be iso-
tropic. In a laser-induced dissociation, the angular
distribution of the photofragments depends on the
polarization vector of the photolysis source, on the
symmetry of the electronic states involved, and on the
lifetime of the activated complex. In the case of a bi-
molecular reaction, the products will be scattered at
various angles with respect to the centre-of-mass ve-
locity vector. Measurement of such recoil will reveal
directly whether reaction products are, for example,
forward or backward scattered. Additionally, reac-
tion products can be formed with excess internal en-
ergy distributed over the electronic, vibrational and
rotational degrees of freedom. In ion imaging, the in-
ternal energy distributions are typically measured us-
ing laser-based techniques, i.e. resonance-enhanced
multiphoton ionization, although laser-induced
fluorescence imaging has been employed as well.

Simultaneous measurement of all the above
quantities, as achieved by ion imaging, is important
so that correlated quantities (e.g. the quantum state
of one product correlated with that of the other, or
the velocities of fragments correlated with the partic-
ular quantum state populated) can be determined. A
further elegant aspect of the imaging technique is
that the recoil of the fragments and/or reaction prod-
ucts is visualized by the ion images appearing on a

MASS SPECTROMETRY
Applications
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phosphor screen. In this way the ion imaging tech-
nique provides instructive and direct ‘snapshots’ of
the breaking and making of chemical bonds.

Experimental aspects

Figure 1 shows a schematic of an ion imaging
apparatus. The basic experimental components of an
ion imaging instrument are: (1) molecular beams
used to collisionally cool the reactants and to gener-
ate reactants with a well-defined velocity; (2) lasers
used to photolyse or generate the primary reactants,
and to ionize the reaction product quantum-state-
selectively; (3) two-dimensional time-of-flight mass
spectrometry used to measure the recoil of the reac-
tion products; (4) a position-sensitive detector used
to detect two-dimensional time-of-flight profiles.
The position-sensitive detector typically consists of a
pair of chevron-type microchannel plates (MCP)
coupled to a phosphor screen and a charge-coupled-
device (CCD) camera. The CCD camera records the
images appearing on the phosphor screen.

A typical photofragment imaging experiment
starts when a jet-cooled molecule absorbs a laser
photon, eventually leading to dissociation. The usual
short (~3 ns) and focused laser pulse provides a
well-defined starting point in time as well as in space
for the experiment. Following the bond cleavage, the
nascent fragments start to fly away from that point
on three-dimensional spheres. Before the fragments
recoil far away, the products of interest are selec-
tively ionized using REMPI. Ionization does not
change the recoil of the fragments significantly. The

ions are extracted from the reaction region and
transferred to the position-sensitive detector through
a field-free time-of-flight region. During their flight
to the detector, the spheres expand significantly. The
flight-times of the fragments, and thus also the phys-
ical size of the spheres upon reaching the detector,
can be adjusted experimentally by varying the
extraction field strengths in the time-of-flight region.
On arrival at the detector, the three-dimensional
distribution of the ionized fragments is crushed onto
the plane of the two-dimensional detector. The posi-
tion where the ion impinges on the detector is
directly fibreoptically coupled to a small spot on the
phosphor screen. The light emitted by the phosphor
screen is detected by a CCD camera. The measured
ion images are therefore two-dimensional projec-
tions of the three-dimensional velocity distributions.

Extraction of information from
the images
Several methods can be used to analyse the ion
images. The most straightforward approach, analys-
ing the ‘raw’ images, already provides insight into the
dynamical processes involved in the photofragmenta-
tion. The two-dimensional projections may reveal
different channels involved in the reaction; however,
branching ratios cannot be determined quantitatively
when contributions of competing channels spatially
overlap in the image. Two-dimensional projections
show qualitatively the angular distributions of the re-
coiling fragments. Knowledge of the time of flight of
the ionized fragment, the masses of the two

Figure 1 Schematic diagram of an ion imaging apparatus (TOF = time of flight). Reproduced with permission from Heck AJR and
Chandler DW (1995) Imaging techniques for the study of chemical reaction dynamics. Annual Review of Physical Chemistry 46:
335–378. © 1995 Annual Reviews Inc.
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concomitant fragments, the photolysis laser wave-
length and the bond energy in the parent molecule
provides information about the translational and in-
ternal energy of the complementary fragment.

More quantitative information can be obtained
from the images when the full three-dimensional
speed and angular distributions are reconstructed
using mathematical transformations of the crushed
two-dimensional images, or alternatively by using
forward convolution simulation techniques. If the
initial three-dimensional distribution has cylindrical
symmetry, a unique transformation –  the inverse
Abel transform –  can be used to reconstruct the
initial three-dimensional velocity distribution. As the
photolysis laser vector defines automatically an axis
of cylindrical symmetry, the inverse Abel transfor-
mation can usually be used, as long as the plane of
the position-sensitive detector is placed parallel to
the laser polarization vector.

The angular distribution of photofragments
depends particularly on the symmetry of the elec-
tronic transition and the direction of the photolysis
laser polarization vector. The angular distribution of
photofragments is usually described by the anisot-
ropy parameter β. In particular, the recoil distribu-
tion, which is related to the velocity of the fragment ν
and the polarization vector of the electromagnetic
field E, is given by 

where θ is the angle between ν and E, P2 is the
second-order Legendre polynomial and β is the
anisotropy parameter. This anisotropy parameter β
may range from – 1 for a perpendicular transition, i.e.
µ perpendicular to E, resulting in a sin2(θ) distribu-
tion of the photofragments and 2 for a parallel tran-
sition (which results in a cos2(θ) distribution). β = 0
corresponds to an isotropic distribution of the frag-
ments. Figure 2 shows schematic representations of
three-dimensional distributions of photofragments
resulting from prompt dissociations following a par-
allel transition (Figure 2A) and a perpendicular tran-
sition (Figure 2B). Following a parallel transition,
the fragments will recoil primarily along the laser
polarization vector, whereas following a perpendicu-
lar transition, the fragments recoil perpendicular to
the laser polarization vector.

Figure 3 shows a series of reconstructed ion
images of nascent D (deuterium) atoms generated via
the photolysis of DI, at three different photolysis
wavelengths. These images can be used to illustrate
many of the points made above. The upper panels
show the inverse Abel-transformed ion images, the

lower panels the corresponding D atom speed distri-
butions. What information is inherent in the ion
images of Figure 3? If the nascent D fragments had
not acquired any kinetic energy following the photo-
dissociation the ionized D+ ions would have shown
up at the centre of the image. From the measurement
of the size of the rings and arrival time of the ions at
the detector, the speed of the D atoms may be deter-
mined. It is immediately clear that the speed of the
nascent D atoms is much higher when DI is pho-
tolysed using λ = 205 nm photons instead of
λ = 308 nm photons, since the ion image obtained at
λ = 308 nm is smaller. From these measurements and
knowledge of the photolysis energy (or laser
wavelength), the bond dissociation energy of the DI
molecule may be determined. The photodissociation
of HI or DI is possibly one of the simplest, but also
most-studied, dissociation processes. At ultraviolet
wavelengths two product channels are energetically
accessible:

where I (2P3/2), or I, is ground-state atomic iodine and
I (2P1/2), or I*, is the spin– orbit excited state of iodine,
which is 0.94 eV higher in energy than the ground
state. Therefore, two distinct D atom translational
energies are possible corresponding to the concomi-
tant formation of the two different spin– orbit states
of the iodine atom. From analysis of the inverse
Abel-transformed ion images we can directly obtain
the I/I* branching ratios for the dissociation, and
moreover the angular distributions of the D atoms

Figure 2 Schematic diagram of the three-dimensional distribu-
tions of photofragments formed following a (A) pure parallel tran-
sition in the precursor molecule and (B) a pure perpendicular
transition in the precursor molecule. The arrows indicate the di-
rection of the laser polarization vector.
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for the two channels individually. The three images
presented in Figure 3 reveal that the branching ratio
between the I and I* channel changes quite dramati-
cally with photolysis energy. At low energy, only the
I channel is observed and a single ring is seen that
corresponds with a pure sin2(θ) angular distribution.
As the energy is increased, the I* channel becomes
energetically accessible and an additional compo-
nent, corresponding to a cos2(θ) distribution, is seen
in the images. This example of imaging of D atoms
from the photolysis of DI reveals the general capabil-
ities of the technique. In a single measurement, many
valuable parameters that characterize a molecular
dissociation, such as product branching ratios,
angular distributions of the nascent fragments and
bond dissociation energies, are revealed. At the time
of writing, photofragment ion imaging has already
been applied to more than 30 molecular systems, in
most cases revealing exciting new aspects of the dy-
namics governing molecular photodissociations.

New developments
Ion imaging is now, some ten years after its
introduction, a well-established tool for the study of
molecular reaction dynamics. The most recent years
have seen some remarkable progress in the field, in
particular in the areas of velocity resolution and
photoelectron imaging, complex photodissociations
of polyatomic molecules exhibiting many competing
reaction pathways, and reaction product imaging of
bimolecular reactions.

Energy resolution, ‘velocity mapping’

Parker and Eppink have introduced a modification to
the ion optics in ion imaging instruments employing
a set of electrostatic lenses. The modified setup does
not require grids, which were typically used to cover
the large holes (of approximately 20 mm diameter)
in the extractor plates, to ensure parallel field
lines (see Figure 1). Such grids may cause ‘grid

Figure 3 Inverse Abel-transformed ion images and speed distributions of D atoms formed in the UV photolysis of DI at three differ-
ent photolysis wavelengths.  The faster fragments will have recoiled farther from the centre of the image.  For the images obtained at
photolysis wavelengths λ = 205 nm and 243 nm, the outer rings correspond with the formation of D atoms concomitantly with ground-
state I atoms, whereas the inner rings correspond with the formation of D atoms concomitantly with spin–orbit excited-state I* atoms.
At a photolysis wavelength λ = 308 nm, only ground-state I is formed concomitantly with the D atoms.  Intensities are shown in a
linear grey scale (darker corresponds to higher intensities). Reproduced with permission from Heck AJR and Chandler DW (1995)
Imaging techniques for the study of chemical reaction dynamics. Annual Review of Physical Chemistry 46: 335–378. © 1995 Annual
Reviews Inc.
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distortions’ in the measured ion images. Another
problem encountered in the original photofragment
ion imaging instruments stemmed from the interac-
tion region between the molecular beam and the pho-
tolysis laser often being not, as desired, a point
source but rather more a line source defined by the
physical size of the interaction volume of the molecu-
lar beam and the laser beam. Line sources may cause
‘blurring’ of ion images. To reduce ‘blurring’ of the
images, several computational ‘deblurring’ algo-
rithms have been introduced. The experimental
approach introduced by Parker and Eppink greatly
diminishes blurring as it focuses all ions with the
same initial velocity to the same spot (i.e. pixel) on
the MCP detector and therefore overcomes the need
for computational deblurring routines. Focusing
conditions are defined by the time-of-flight path
length and the ratio of the voltages applied to the
repeller and extractor plates. Parker and colleagues
demonstrated the improved capabilities of the
modified ion imaging apparatus investigating com-
plex competing pathways in photoionization and
dissociation of molecular oxygen, excited to the v=2,
n = 2 level of the 3dp 3Σ  Rydberg state. By absorb-
ing a subsequent photon, these excited intermediate
states of molecular oxygen may (a) dissociate gener-
ating ground-state and excited-state oxygen atoms
(the latter being ionized by a subsequent photon),
(b) autoionize forming O  ions in ground or excited
states, (c) autoionize and dissociate forming O+ and
ground-state and excited-state O atoms, or
(d) autoionize and dissociate after absorption of one
more photon. In total, more than ten different chan-
nels are expected, which normally would hamper any
sort of analysis.

An interesting advantage of imaging instruments
is that they may be converted, without major
modifications, to photoelectron imaging instruments
as described by Helm and co-workers, providing an
alternative method of angle-resolved photoelectron
spectroscopy. Owing to the enhanced resolution and
by combining results of the O+ images with the
images of the corresponding photoelectrons, Parker
and Eppink were able to unravel the relative impor-
tance of most of the anticipated channels, all exhibit-
ing different kinetic energy releases and different
angular recoil. Figure 4 shows on the left the ion
image of the O+ ions and on the right the corre-
sponding image of the photoelectrons. The positions
of the rings corresponding to the formation of O*
atoms are indicated, as well as the positions of the
rings involving intermediate O  (ν) states. Channels
separated by less than 100 meV in kinetic energy are
still quite well resolved. This improvement, brought
about by a relatively simple modification, increases

the resolution in the images tremendously and is
expected to enhance the capabilities of photofrag-
ment ion imaging ever more.

Ion imaging of complex polyatomic 
photodissociations

The first ion imaging study, by Chandler and
Houston, focused on the molecular dissociation of
CH3I. Although, this is a relatively large polyatomic
molecule, its dissociation behaviour is comparatively
simple as far as possible reaction products are con-
cerned, in that the H3C– I bond cleavage is by far the
most dominant process. One of the most notable fea-
tures of ion imaging is the capability to distinguish
different competing reaction pathways even when
they produce the same products. The study of com-
plex vacuum ultraviolet (VUV) photolysis of meth-
ane benefited greatly from the multiplex detection
capabilities of ion imaging described by Zare. Con-
sidering only spin-conserving dissociation channels,
reactions [3] are energetically accessible following
VUV absorption:

Many of these five channels lead to one or more
identical reaction products, and the contribution of
all these pathways to the VUV photolysis could only
be unravelled using the ion imaging technique.
H2(v, J) photofragment images revealed that the two
channels leading to molecular hydrogen in the
photolysis of methane were indeed active. The
rovibrational distributions of the H2(v, J) products
were determined using REMPI, and by combining
REMPI with the imaging technique for each of these
two channels individually. Similarly, H atom photof-
ragment images revealed the relative contributions of
the pathways leading to atomic hydrogen products.

The group of Reisler has employed ion imaging to
study the dynamics evolving on the S0 and S1 excited
states of isocyanic acid (HNCO). The unimolecular
decomposition of HNCO is equally complex as it
involves coupling between different electronic sur-
faces and competition among different reaction
pathways. Following ultraviolet absorption, the
HNCO molecule dissociates via the pathways in
Equation [4].
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Although the formation of triplet NH is the least
endothermic reaction path, this channel is formally
not allowed. However, this spin-forbidden channel
has been observed. Initially, the two latter channels
contributing to the formation of ground-state CO
molecules, concomitant with triplet and singlet NH
respectively, were identified using laser-induced
fluorescence of the singlet and triplet NH separately.
However, such an approach does not allow the
identification of the relative branching ratios of these
two channels, unless the transition strengths of the
probed transitions are known quantitatively. There-
fore, Reisler and colleagues studied the formation of
ground-state CO by photofragment ion imaging,
using state-selective REMPI on CO (v = 0,J). Probing
only the CO fragments, the two channels are not
resolved spectroscopically, but they can be resolved in
velocity space using ion imaging: the two different
reaction pathways lead to different velocities of the
CO molecules. Figure 5 shows an ion image obtained
for CO with zero quanta of vibration and 10 quanta

Figure 4 Photolysis and ionization of O2 through the v = 2, n = 2 level of the 3dp3Σ  Rydberg intermediate state.  The figure on the
left shows a raw O+ ion image, whereas the figure on the right shows the corresponding photoelectron image. The positions of rings
that correspond with O  vibrational levels and excited O* atoms are indicated in both images. The laser polarization vector was vertical
for both these images. Intensities are shown in a linear grey scale (darker corresponds to higher intensities). Reproduced with permis-
sion from Parker DH and Eppink AJJB (1997) Photoelectron and photofragment velocity map imaging of state-selected molecular ox-
ygen dissociation/ionization dynamics. Journal of Chemical Physics 107: 2357–2362.

Figure 5 Ion image of CO (v = 0, J = 10) formed in the photol-
ysis of HNCO at λ = 230.1 nm.  The outer part of the image orig-
inates from CO molecules formed concomitantly with triplet NH,
whereas most of the CO molecules in the inner, more dense area
of the image originate from CO molecules formed concomitantly
with singlet NH.  Intensities are shown in an inverse linear grey
scale (darker corresponds to lower intensities). Reprinted with
permission of Elsevier Science-NL from Droz-Georget T, Zyrian-
ov M, Reislev H and Chandler DW (1997) Correlated distributions
in the photodissociation of HNCO to NH(a1∆ + CO(X1Σ+) near the
barrier on S1. Chemical Physics Letters 276: 316–324.
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of rotation. CO (v = 0, J = 10) fragments are formed
concomitantly with triplet as well as singlet NH.
Singlet NH is approximately 12500 cm– 1 higher in
energy than triplet NH. The singlet pathway leads to
the smaller, somewhat more intense image, as less
energy is available following this decomposition
pathway, whereas the triplet channel leads to the
bigger image, i.e. higher average speed of the CO mol-
ecules. As in the methane study, inverse Abel transfor-
mation of the images allowed the determination of
rotational distributions of the CO fragments formed
via these separate channels.

Reaction product ion imaging

Photofragment ion imaging is now an established
method for the measurement of photofragment veloc-
ity (speed and angle) distributions from unimolecular
dissociation processes. Recently, the domain of the
ion imaging technique has been expanded to investi-
gate bimolecular reactions as well, with the aim of

determining differential cross sections in a single
measurement. Houston and colleagues have studied
the inelastic scattering reaction of NO molecules off
argon atoms. In this study, a molecular beam of NO
was crossed with a molecular beam of argon. The
scattering of NO molecules was investigated for NO
products in selected rotational and spin– orbit levels.
The scattering of NO was visualized directly using the
reaction product imaging technique, through selective
ionization of the selected NO quantum state, and
appeared to vary quite dramatically depending on the
J level of the NO product.

Chandler and colleagues studied the bimolecular
reaction H+D2→D+HD. In their study, an atomic
hydrogen beam (generated through the photolysis of
HI) of well-defined velocity was crossed with a
molecular beam of D2. The velocity distribution of
the deuterium atoms formed in the reaction was
studied at two different centre-of-mass collision
energies of 0.54 and 1.29 eV. Figure 6 shows the D

Figure 6 Raw images of D atoms formed in the reaction of H+D2. Intensities are shown in an inverse linear grey scale (darker cor-
responds to lower intensities).  The left and right columns show results obtained for this reaction at centre-of-mass collision energies
of 0.54 eV and 1.29 eV, respectively.  In the images, the centre-of-mass (CM) of the reaction and the direction of the H atoms are
indicated.  The circles indicate the calculated positions of the fastest D atoms corresponding to formation of HD in the v = 0, J = 0
state.  At the bottom of the figure the differential cross-sections, obtained from the inverse Abel-transformed images are displayed.
Reproduced with permission from Heck AJR and Chandler DW (1995) Imaging techniques for the study of chemical reactions dynam-
ics. Annual Review of Physical Chemistry 46: 335–378. © 1995 Annual Reviews Inc.
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atom reaction product images at these two collision
energies. The circles represent the maximum speed
the D atoms could have, corresponding to the
concomitant formation of HD in its rotational and
vibrational ground states. It is directly obvious from
these images that the nascent D atoms are predomi-
nately forward scattered with respect to the direction
of the H atom beam velocity. The differential cross
sections obtained from the inverse Abel-transformed
images for the H+D2→D+HD reaction at these two
different collision energies agreed fairly well with
theoretically predicted differential cross sections.
Reaction product imaging offers several advantages
over more traditional methods used to study
bimolecular reactive scattering in that the differential
cross sections of the products, possibly in a single
selected quantum state, are obtained in a single
measurement.

List of symbols
I(θ) = photo-fragment angular distribution; J = rota-
tional quantum number; Pn = nth order Legendre
polynomial; β = anisotropy parameter; µ = mass;
ν = vibrational quantum number; θ = angle between
ν and E; λ = photon wavelength.

See also: Fragmentation in Mass Spectrometry; Gas
Phase Applications of NMR Spectroscopy; Ion
Dissociation Kinetics, Mass Spectrometry; Ion Ener-
getics in Mass Spectrometry; Photoionization and
Photodissociation Methods in Mass Spectrometry;
Time of Flight Mass Spectrometers.
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Mass spectrometry has played a dominant role in
measurements of ion–molecule reactions. These
measurements have had broad impact, in both fun-
damental and applied areas of science. For example,
they have provided extensive thermodynamic infor-
mation about ions and molecules including standard
enthalpies of ion formation and the electron affini-
ties, ionization energies and proton affinities of
neutral molecules. They have found important appli-
cations in analytical and biomedical mass spectrome-
try and in plasma chemistry. In physical-organic
chemistry they have provided fundamental insight
into the intrinsic efficiencies of ion–molecule reac-
tions with analogues in solution (e.g. proton transfer
(acid–base), nucleophilic substitution (SN2) and met-
al–ion coordination reactions) and into the influence
of solvation on these efficiences. Also, they have pro-
vided a deeper understanding of the chemistry of the
earth’s ionosphere and the ionospheres of other
planets, of chemical synthesis in interstellar and cir-
cumstellar clouds, of flame chemistry, of radiolysis
and of ion-induced polymerization.

Ion–molecule reaction measurements

Ion–molecule reactions have been studied using a
large variety of mass-spectrometric techniques for
over 3 decades over a large range in pressure and
temperature.

Low pressure (from ~10–5 to 10–7 torr) measure-
ments have been performed with Fourier transform
(FT) and ion-cyclotron resonance (ICR) mass spec-
trometers and with ion traps. Moderate pressure
(from 0.1 to 5 torr) techniques used to investigate
ion–molecule reactions include high-pressure mass
spectrometry, the flowing afterglow (FA) technique,
the selected-ion flow tube (SIFT) technique and the
variable-temperature selected-ion flow-drift tube
(VT-SIFDT) technique. The latter technique operates
over a temperature range from 85 to 550 K and at
average kinetic energies up to at least 1 eV. Measure-
ments at atmospheric pressure have been restricted
largely to ion mobility spectrometry and flame-ion
mass spectrometry. The latter provides data in the
high-temperature range from 1800 to 2400 K.

Measurements at temperatures below 160 K have
been achieved in a cooled Penning trap, a drift tube
and a flow reactor that utilizes cooling by adiabatic
expansion. A free jet-flow reactor has been employed
to study ion–molecule reaction rate coefficients at
temperatures as low as 0.3 to 30 K.

Rates of ion–molecule reactions

Reactions between ions and molecules are among the
fastest chemical reactions known. This is because the
electrostatic interaction between the charge on the ion
and the polarizable (or polar) molecule draws these
reactants together at long range. Furthermore, the re-
sulting interaction energy at short range is often suf-
ficiently large to overcome intrinsic energy barriers to
chemical change. As a consequence, exothermic ion–
molecule reactions often proceed very rapidly at room
temperature at the capture rate, without an activation
energy. This is in sharp contrast to molecule–mole-
cule reactions that normally involve an activation en-
ergy. Generalized profiles for the dependence of
reactant energy on the reaction coordinate for ion–
molecule and molecule–molecule reactions are shown
in Figure 1. Ion–molecule reactions are often best de-
scribed by a double-minimum, rather than a single-
minimum, potential energy profile.

The reaction rate coefficient, kr, for an exothermic
ion–molecule reaction proceeding without an activa-
tion energy is equal to the capture or collision rate
coefficient, kc, which is typically ~1 × 10–9 cm3

molecule–1 s–1. This is some one to two orders of
magnitude larger than that for an exothermic mole-
cule–molecule reaction proceeding without an acti-
vation energy. Several theories are available that
allow calculation of the capture or collision rate
coefficient, kc, for an ion–molecule collision. Accord-
ing to the most popular theory, the ‘average dipole
orientation’ (ADO) theory, the magnitude of kc is
determined by the physical properties of the reac-
tants: the polarizability, α, and permanent dipole,
µD, of the reacting molecule, the charge on the ion,
q, and the reduced mass, µ, of the colliding reactants.
The collision-rate coefficient kc can be calculated
using ADO theory from the following equation:

MASS SPECTROMETRY
Methods & Instrumentation
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where C is a correction factor that is a function of α
and µD, and kB is Boltzmann’s constant. The ratio of
the reaction rate coefficient to the collision rate coef-
ficient, kr/kc, is a measure of reaction probability per
collision or reaction efficiency. Although many exo-
thermic ion–molecule reactions proceed with unit
reaction probability at room temperature, others
exhibit reaction probabilities much less than unity.

Temperature/kinetic energy 
dependence

Ion–molecule reactions that are rapid and efficient at
room temperature frequently remain rapid as the
temperature of the reactants is varied and follow the
temperature dependence of the collision rate. Slow
reactions at room temperature almost always in-
crease in rate with decreasing or increasing tempera-
ture or kinetic energy (see Figure 2). This can be
understood in terms of the double-minimum poten-
tial shown in Figure 1 and the following reaction
mechanism: 

As the reactants approach each other they are
attracted by electrostatic ion–induced dipole and

ion–dipole forces and form the ‘entrance channel’
complex (AB)+*. Further advance along the mini-
mum potential energy path ultimately leads to an
increase of potential energy due to bond redisposi-
tion. Then the complex exits along the ‘product
channel’ and finally dissociates into products. The
two potential energy minima (or ‘wells’) are sepa-
rated by a barrier that controls the overall reaction
efficiency, even though the barrier often lies below
the initial energy of the reactants. A rate of dissocia-
tion back to reactants that decreases more rapidly
with decreasing temperature than the rate of the dis-
sociation of (AB)+* into products leads to an
increase in overall rate with decreasing temperature.
An increase in rate at higher temperatures often
results from the emergence of new vibrational, elec-
tronic or chemical channels.

Endothermic ion–molecule reactions and ion–
molecule reactions with an activation energy have
been examined over a wide range of the kinetic
energy of the reactant ion (from ∼ 0.1 to 600 eV
in the laboratory frame). They exhibit a reaction
threshold with increasing ion kinetic energy, rapidly
increase in reaction rate and then slow down again
at higher kinetic energies (see Figure 3). An analysis
of the kinetic energy dependence of the reaction
cross-section can provide thermodynamic informa-
tion about the reacting ions and neutral molecules.

Rotational and translational energy have been
found to be equally effective in driving endothermic
reactions. For exothermic reactions large rotational
effects appear mainly when one or both of the

Figure 1 Generalized profiles for the dependence of reactant
energy on the reaction coordinate for ion–molecule and mole-
cule–molecule reactions. IE and RE represent ionization energy
and recombination energy, respectively. Some ion–molecule re-
actions are better represented by a single- rather than a double-
minimum potential.

Figure 2 Rate coefficients for the reaction of O  with methane
measured as a function of average kinetic energy at several
temperatures in a variable-temperature selected-ion flow drift
tube (VT-SIFDT). Also shown are data taken with a high-
temperature flowing afterglow (HFTA) and a drift tube.
Reproduced with permission from Viggiano AA and Morris MA
(1996) Journal of Physical Chemistry 100: 19227–19240.
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reactants have a large rotational constant. Vibra-
tional effects are more varied: in some reactions
vibrational excitation in the anticipated reaction
coordinate can strongly affect reaction probability.

Types of ion–molecule reaction

Reactions between ions and molecules can lead to a
variety of consequences ranging from the simple
transfer of an electron between an ion and a mole-
cule to the nominal transfer of a large molecular
fragment accompanied by extensive chemical bond
redisposition in both the molecule and the ion.
Table 1 summarizes various types of ion–molecule
reaction that have been investigated involving singly
charged ions, but recently many also have been ob-
served with multiply charged ions.

Electron-transfer reactions

Electron transfer between ions and molecules at ther-
mal energies is subject to energy resonance and
Franck–Condon effects. When small ions are in-
volved, electron transfer is generally inefficient un-
less there exists a near-resonance between an energy
level of the product ion and an available recombina-
tion energy of the reactant ion. In addition there
must be large Franck–Condon factors connecting the
upper and lower states involved in the transition.
Energy resonance is necessary, but not always
sufficient. For electron-transfer reactions involving

triatomic or polyatomic species, the density of states
is much larger so that an energy match and Franck–
Condon requirement can almost always be obtained.
Vibrational-energy dependence is often observed in
electron-transfer reactions presumably due to energy
resonance and Franck–Condon effects. Low energy
electron-transfer collisions often produce products
with large amounts of internal energy that can lead
to the dissociation of the product ion. The dissocia-
tion products provide a signature of the reactant
molecule so that electron transfer is useful in the
analysis of gases by chemical ionization mass
spectrometry. Electron transfer with multiply
charged ions leads to charge separation according to
the following reaction:

Such reactions involve a ‘reverse activation energy’
resulting from the Coulombic repulsion between the
product ions and as a consequence exhibit a delayed
onset.

Proton-transfer reactions

Proton transfer, either from a protonated molecule
to a neutral molecule or from a neutral molecule to a
negative ion, often proceeds at or near the collision
rate when exothermic (see Figure 4). When the exo-
thermicity is large, internal energy appearing in the
protonated product may be sufficient to cause disso-
ciation with the loss of one or more neutral frag-
ments. Thus, as was the case with dissociative
electron-transfer reactions, the product ions again
provide a signature of the reactant molecule so that
these reactions also are useful in the analysis of gases
by chemical ionization mass spectrometry. Virtually
any molecule can be chemically ionized with an
appropriate proton donor and often this is possible

Figure 3 Observed variations of product cross-sections with
translational energy in the centre-of-mass frame of reference
(lower scale) and the laboratory frame (upper scale) for reactions
of cyclopropane with Ni+. Reproduced with permission from
Fisher ER and Armentrout PB (1990) Journal of Physical
Chemistry 94: 1674–1683.

Table 1 Types of ion–molecule reaction

Reaction type

Electron (charge) transfer A± + B → B± + A

Proton transfer AH+ + B → BH+ + A

A− + BH → AH + B−

H-atom transfer A± + BH → AH± + B

R+ transfer AR+ + B → BR+ + A

Nucleophilic displacement A− + RX → AR + X−

Bond redisposition AB± + C → AC± + B

Radiative association A± + B → AB+ + hν
Collisional association A± + B + M → AB± + M

Switching A± . B + C → A± .C + B

Associative detachment A− + B → AB + e
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with high efficiency and selectivity. Solvation can in-
fluence the rate of proton transfer as is illustrated in
Figure 5, but proton transfer generally remains fast
until solvation renders the reaction endothermic.
There is a growing interest in the ion chemistry of
multiply protonated biological ions such as multiply
protonated peptides and proteins. Proton transfer
from multiply protonated cations may occur accord-
ing to the following reaction:

Again, a ‘reverse activation energy’ is involved in
such reactions as a consequence of the Coulombic
repulsion between the product ions.

H-atom and R+ transfer and bond redisposition 
reactions

Successive H-atom transfer reactions can lead to the
hydrogenation of unsaturated positive or negative
ions. They find importance, for example, in the
conversion of atomic ions to hydrogenated poly-

atomic ions in interstellar clouds rich in molecular
hydrogen. There appears to be no systematic or easy
way to predict the efficiency of such ion–molecule
reactions other than to say that hydrogen-atom
transfer is rarely observed when electron-transfer or
proton-transfer channels are exothermic. Similar
comments apply to the transfer of larger R+ species
and more general bond redisposition reactions.

Nucleophilic displacement reactions

Nucleophilic displacement reactions, reactions that
formally also involve the transfer of R+, have been
explored in great depth in the gas phase with the ma-
jority of available mass spectrometric techniques. In
part this has been because of the importance of SN2
reactions in solution chemistry and their extreme
sensitivity to solvent, both in solution and in the gas
phase. Unsolvated SN2 reactions are characterized by
double minima in the reaction energy profile as
shown in Figure 1 and the following reaction
mechanism:

Figure 4 A correlation between the efficiency of proton trans-
fer, kexp/ kc, and its overall change in enthalpy, ∆H°, at room tem-
perature. The measurements were taken using the flowing-
afterglow technique. Reproduced with permission from Bohme
DK (1981) Transactions of the Royal Society of Canada 19: 265–
284.

Figure 5 Observed variations with the number of water mole-
cules in the rate coefficient for proton-transfer reactions between
hydrated hydronium ions and various molecules B at room tem-
perature. The measurements were taken using the flowing-after-
glow technique. Adapted with permission from Bohme DK,
Mackay GI and Tanner SD (1979) Journal of the American
Chemical Society 101: 3724–3730.
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The central barrier in the double-minimum potential
energy profile, a Walden-inversion transition state,
may lie above or below the initial energy of the reac-
tants. The rate coefficients for SN2 reactions show a
slight negative temperature dependence.

Gas-phase measurements also have provided
information on the dependence of reaction efficiency
on the stepwise molecular solvation of the nucle-
ophile A− in reactions of the following type, where X
can be a halogen atom, R=CH3 and S a solvent mol-
ecule:

Such reactions are also characterized by double
minima in the reaction-energy profiles. Because of
the lower stabilization of the charge-delocalized
transition state relative to the charge-localized reac-
tant and product ions, these profiles converge to a
single-maximum profile typical for SN2 reactions in
solution as the number of solvent molecules on the
reactant and product ions is increased. Gas-phase
measurements of the influence of stepwise solvation
on reaction efficiency have shown that solvation by
even one or two molecules can reduce the specific
rate for nucleophilic displacement precipitously (see
Figure 6). Retention of all the solvent molecules in
the product ion appears to be the exception rather
than the rule. Limited measurements indicate that
increasing solvation increases the magnitude of the
negative temperature dependence.

Association reactions

Association reactions lead to the growth of an ion
though the formation of new bonds ranging from
weak electrostatic to strong covalent bonds. For ex-
ample, association reactions may lead to the solvation
of an ion by weak electrostatic or hydrogen bonding,
to ion ligation involving bonds of intermediate
strength, or even to strong chemical bond formation.
Two steps are required for association as shown be-
low: the formation of an intermediate excited adduct
ion (AB)±* followed by its de-excitation. 

Radiative association occurs when the intermediate
becomes stabilized by the emission of a photon (hν),
usually in the infrared spectral region. Collisional

association results when the intermediate is stabilized
by collision with a third molecule M. Although radi-
ative association is a bimolecular and therefore
second-order process, termolecular collisional associ-
ation is third-order at low pressures and becomes sec-
ond-order at high pressures when the frequency of
collisions with M exceeds the frequency of the unimo-
lecular dissociation of the intermediate ion (AB)±*.
The rate coefficient for collisional association exhib-
its a negative temperature dependence. Also, FT-ICR
measurements have shown that the rate coefficient for
radiative association has a strong negative tempera-
ture dependence.

Radiative association finds importance in high-
vacuum ion-trapping instruments and the low-pres-
sure environments of interstellar space. In contrast,
collisional association predominates in high-pres-
sure, low-temperature environments. When they
occur sequentially, collisional association reactions
can play a vital role in gas-phase ion solvation (as
occurs naturally, for example, in the earth’s lower
ionosphere), in ion-cluster formation generally, and
in the coordination or multiple derivatization of the
type important in organometallic chemistry or in ion-

Figure 6 Observed variations with the number of solvent mol-
ecules in the rate coefficient for nucleophilic-displacement reac-
tions between various solvated nucleophiles and methyl chloride
at room temperature. The measurements were taken using the
flowing-afterglow technique. Reproduced with permission from
Bohme DK and Raksit AB (1984) Journal of the American Chem-
ical Society 106: 3447–3452.
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induced polymerization, respectively. The following
are examples of ion solvation, ion coordination and
ion-induced polymerization, respectively:

In the latter reaction involving a multiply-charged
reactant ion, intramolecular charge separation is
expected to occur and, in this case, may even act
to direct the polymerization away from the surface
of C60.

Switching reactions

Adduct ions formed by radiative or collisional asso-
ciation may be transformed by bimolecular switch-
ing reactions in which one solvent or ligand molecule
is replaced by another. Such reactions may occur at
any extent of solvation or ligation and are usually
efficient at room temperature when they are
exothermic.

Associative detachment reactions

Associative detachment reactions are unique to nega-
tive ions. The energy profiles for such reactions in-
volve one or more curve-crossings between one or
more of the attractive potential curves of the reac-
tants and the potential curve for the product AB. AB
is formed by the rapid autodetachment of an elec-
tron from (AB)±* at short interaction distances. Exo-
thermic associative detachment for atomic reagents
is inevitably fast. Inhibiting factors can arise for
molecular systems.

Sources of information

For up-to-date accounts in the rapidly evolving field
of ion chemistry, the reader is directed to volumes 1
to 3 and future volumes in the series Advances in
Gas Phase Ion Chemistry edited by NG Adams and
LM Babcock. For earlier reports on various aspects
of ion–molecule reactions see the NATO ASI Series
edited by P Ausloos, by P Ausloos and SG Lias and
by MA Almoster Ferreira. Another source of earlier
information is the Gas Phase Ion Chemistry series
edited by MT Bowers. 

There have been a number of tabulations of rate
coefficients for gas-phase ion–molecule reactions
that include leading references to individual ion–
molecule reactions. For the most part they are

restricted to limited areas of interest. They include
tabulations of rate constants measured with flow
reactors (DL Albritton), rate constants of interest in
modelling the chemistry of planetary atmospheres,
cometary comae and interstellar clouds (VG Ani-
cich), rate constants for reactions involving organic
ions containing only C and H (LW Sieck) and those
containing more than C and H (LW Sieck and SG
Lias). An early, more general, tabulation has been
published by Talroze. The most comprehensive tabu-
lation of rate constants for both bimolecular and ter-
molecular reactions determined up to 1986 has been
published by Ikezoe and co-workers.

See also: Chemical Ionization in Mass Spectrometry;
Cosmochemical Applications using Mass Spectro-
metry; Interstellar Molecules, Spectroscopy of; Ion
Energetics in Mass Spectrometry; Ion Trap Mass
Spectrometers; Mass Spectrometry, Historical Per-
spective; SIFT Applications in Mass Spectrometry.
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Motivation and methods

During the early days in the development and appli-
cation of mass spectrometry to the analysis of
organic molecules, electron ionization (EI) was the
only ionization method available. Today, many oth-
er ionization techniques are available for the analysis
of large (bio)molecules, but EI remains a popular
method for the ionization  of organic molecules that
are not too involatile; it is, for example, the method
of choice for identifying components in complex
mixtures using the powerful technique of gas
chromatography–mass spectrometry (GC-MS) in
conjunction with fast searches in large EI spectral
databases. Although EI produces both positively and
negatively charged ions, usually only the singly
charged positive ions, which make up conventional
EI mass spectra, are used for interpretive purposes. It
is not surprising, then, that most of the work pub-
lished on ion structures concerns the properties of
singly charged positive ions.

Almost all organic molecules contain an even
number of electrons and so removal of an electron
by EI leads to a radical cation,  M•+, the molecular
ion. The conventional mass spectrum reflects the
competitive and consecutive fragmentations with
rate constants k > 106 s–1 of the molecular ion
induced by EI. The interpreter's task then is to
deduce the structure of the original neutral molecule
from the occurrence or absence of ionic fragmenta-
tions. Obviously, a good understanding of which ion
structures can be formed and how they dissociate is
critical to the interpreter's success.

All experimental methods for ion structure eluci-
dation give information only about the ion’s
constitution or connectivity, i.e. which atoms are
joined together and the probable (formal) locations
of charge (and radical) sites. Details of the ion’s con-
figuration, such as bond lengths and angles, are not
yet accessible to experiment for polyatomic ions. In
the mass spectrometer, ions are gaseous isolated
species: they are free from solvent molecules and this
makes them especially amenable to molecular
orbital (MO) calculations. Indeed, the growing syn-
ergism between experiment and theory in gas-phase
ion chemistry has greatly facilitated our understand-
ing in this area. State-of-the-art ab initio MO calcu-
lations can be as accurate as experiment and as often
as not disagreements that emerge are solved by
reinterpretation of the experimental data.

The most important methods for ion structure
determination are:

• Ion dissociation characteristics obtained by
tandem mass spectrometry: both unimolecular, as
observed in the metastable ion (MI) mass spec-
trum and collision-induced, as observed in the col-
lision-induced dissociation (CID) mass spectrum.

• Reactivity, as studied by ion–molecule reactions.
• Ion thermochemistry, that is heat of formation

(∆Hf) data obtained by ionization energy (IE) and
appearance energy (AE) measurements, often in
conjunction with theoretical calculations.

These may be complemented by isotope labelling
experiments, a time-honoured method of unravelling
fragmentation mechanisms. With these methods,

MASS SPECTROMETRY
Theory
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ions of different internal energies and ion lifetimes
are sampled. MI characteristics, as obtained with a
sector mass spectrometer, reflect ions that decom-
pose in a field-free region with a narrow range of
internal energies just above the threshold for decom-
position, ~10 µs after their formation. CID mass
spectra, also measured with a sector mass spectrome-
ter, and ion–molecule reactions as studied in an ion
cyclotron resonance (ICR) cell involve nondecom-
posing ions with internal energies up to the lowest
threshold for decomposition; these ions have life-
times >10 µs and >1 ms, respectively. Finally, ∆Hf

data and MO calculations characterize ions in their
electronic and vibrational ground states having, in
principle, infinite lifetimes. These different tech-
niques sample ions of different internal energies and
lifetimes and, depending on the heights of possible
isomerization barriers, they may also sample ions of
different structure.

Isomerization of solitary ions

Structure elucidation of an organic ion may be
rendered difficult by isomerization reactions; this is
especially true for the low-energy (metastable)  ions.
This is illustrated in Figure 1 for the isomeric ions
ABC+ and ACB+ whose dissociations of lowest en-
ergy requirement from the unrearranged species lead
to AB+ and AC+,  respectively.

In Figure 1A the isomerization barrier is higher
than either dissociation threshold and the isomeric
ions will yield different ion products in their mass
spectra, so that differentiation is possible on the
basis of MI spectra alone. In the case of Figure 1B
the isomerization barrier is lower than either dissoci-
ation threshold and now, prior to dissociation, ions
ACB+ and ABC+ interconvert. As a consequence,
prior to dissociation, the metastable ions will consist
of an equilibrium mixture ACB+ ABC+ that will
choose the exit channel of lowest energy, namely to
AB+. In this case the isomers will yield identical MI
spectra. Ions with energies below the transition state
for isomerization will have retained their original
structure, but these do not dissociate. These ions
can be induced to decompose by collisional acti-
vation with an inert gas, such as helium, to disso-
ciation products of higher enthalpy, resulting in
the CID mass spectrum. These dissociations take
place rapidly (<0.1 µs) and so interconversion
ACB+ ABC+ will be slow by comparison and the
isomers can be differentiated on the basis of their
respective CID spectra. The situation pertinent to ion
ACB+ in Figure 1B is frequently observed: because
they dissociate slowly, metastable ions can undergo
more or less extensive rearrangement reactions  to

form the most ‘economical’, but usually non-
structure-characteristic, set of products. In CID
(‘sledge-hammer’ approach), the energized species
fragment rapidly and so more of the structure-char-
acteristic direct bond cleavages are seen. Finally, the
isomerization barrier can be intermediate between
the dissociation levels of AB+ + C• and AC+ + B•. In
this case ACB+ isomerizes slowly to ABC+ which then
fragments rapidly. Now the metastable ions will
yield the same products but with different internal
energies and kinetics. In particular, the kinetic
energy released (T value) upon dissociation will be
larger for ACB+, resulting in broadening of the
metastable peak.

Usually CID experiments serve to increase the
internal energy of the ions, which then fragment.
Under certain conditions, however, such collisions
may lead not only to dissociation but also to
association. Thus collisions of C  with He at high
translational energies (∼ 3 × 104 m s–1) leads to the
capture complex C60He•+. This complex survives a
neutralization–reionization (NR) experiment,
showing that the ionic and neutral complexes
have an endohedral structure He@C60. Complexes

Figure 1 Schematic potential energy diagrams showing the
relationship between the heights of isomerization barriers and
observed products.
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containing two noble-gas atoms have also been pre-
pared by collision experiments.

Ion structures

The molecular radical cation, an odd-electron  ion,
can dissociate in two basic ways. It can undergo a
direct homolytic cleavage to produce an even-
electron ion and a radical, or it can produce another
odd-electron ion by multiple cleavage (as in a cyclic
compound) or via rearrangement (as in the
McLafferty rearrangement).

Even electron ions

Ionized radicals

Even-electron ions are formed by loss of a radical
from the molecular ions or by addition of a reagent
ion to a molecule in an ion–molecule reaction. Most,
but not all, even-electron ions formed by dissociative
ionization can be viewed as ionized radicals. Such
species may be stabilized by resonance or
aromaticity. Thus C3H5

+ ions are abundant ions in
many mass spectra, even in cases where the C3H5

substructure is not present in the original molecule,
and this can be attributed to stabilization by reso-
nance: CH2=CH–CH2

+ +CH2–CH=CH2. Simi-
larly, the C7H7

+ ion, m/z 91, is a ubiquitous peak in
the mass spectra of aromatic compounds. Elegant
13C labelling experiments performed in the 1950s
have shown that this species in the spectrum of tolu-
ene and substituted aromatics is not the expected
benzyl ion, C6H5CH2

+ (even though allylically stabi-
lized) but rather the thermodynamically more stable
(by ∼ 40 kJ mol–1) cyclic tropylium ion. The reverse
situation holds for radicals; here the benzyl structure
is the more stable one. The tropylium ion obeys
Hückel’s 4n+2 rule (n = 1) on aromaticity, whereas
the tropyl radical does not, and indeed it was Hückel
who predicted 70 years ago that the cation should
enjoy considerable stability. A similar, but more dra-
matic, situation occurs for the C3H3 structures. Here,
for the neutrals, the cyclopropenyl radical is
∼96 kJ mol–1 less stable than the propargyl radical,
•CH2–C≡CH whereas, for the ions, the cyclopro-
penium ion (n = 0) is the more stable isomer (by
105 kJ mol–1). For the cations, the large destabiliza-
tion due to ring strain is more than offset by the
energy gain due to aromaticity. These examples serve
to illustrate an important phenomenon in mass spec-
trometry: upon ionization a stability reversal of
isomeric structures may take effect. This becomes
particularly important for odd-electron ions (see
below).

The C2H3O+ system is one of the earliest examples
where experiment and theory have gone hand in
hand to produce a detailed description of the
potential energy surface. Four stable C2H3O+ ions
have been generated and identified by  MI, CID and
isotope labelling experiments and all are calculated
by theory to be stable species. These are (with
relative calculated ∆Hf values in kJ mol–1 in
parentheses):

In particular the isomer CH3–O+=C presented an
experimental challenge, but after theory predicted it
should be stable, it was subsequently made. Not sur-
prisingly, the most stable ion, the acetylium ion
CH3C=O+, is the base peak in the mass spectra of
methyl ketones. As shown by CID experiments, the
ion is also abundantly formed from radical cations
that do not contain the acetyl substructure, for
example from ionized vinyl ethers, CH2=C(H)OR•+,
which do not produce the intrinsically unstable
α-formylcarbenium ion +CH2C(H)=O via a simple
bond-breaking reaction but rather CH3C=O+. Such
‘pseudo-simple cleavage reactions’ – which proceed
via a ‘hidden’ hydrogen migration in the molecular
ion – often occur, and if they are not recognized for
what they are, various erroneous conclusions may be
drawn from the experiments. This is exemplified by
the behaviour of the dimethyl sulfoxide (DMSO)
radical cation, CH3–S(=O)CH , which is a case par
excellence of the situation sketched in Figure 1B,
where ACB+ represents the DMSO radical cation.
Loss of •CH3 had always, quite reasonably, been
viewed as a direct bond-cleavage reaction to produce
CH3S=O+, and indeed CID experiments on the
product ions formed in the ion source (i.e. those ions
formed at relatively high internal energies) showed
that this is indeed the case. From AE measurements a
∆Hf = 736 kJ mol–1 was derived for the product ions
and, logically then, this value was proposed to corre-
spond to the structure CH3S=O+. However, it fol-
lowed from CID experiments on the metastably
generated product ions (i.e. those ions formed at
lower internal energies, corresponding more closely
to the AE measurements) that these ions did not have
the CH3S=O+ connectivity, but rather the carbenium
structure +CH2–S–OH, formed via a low-lying
(‘hidden’) 1,3-H shift in the molecular ions, yielding
the intermediate CH2=S(OH)CH  ions, ABC+ in
Figure 1B, and the measured ∆Hf was now assigned
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to the structure +CH2–S–OH. Interestingly, these
CID experiments were inspired by the ab initio
MO calculations which correctly predicted that
CH2=S+OH should have a lower ∆Hf than CH3S=O+

(by 84 kJ mol–1) in sharp contrast to the carbon ana-
logues CH2=C+OH and CH3–C=O+ (see above). In
contrast to ketene, CH2=C=O, where protonation
takes place at the carbon to produce the stable
structure CH3C=O+, the protonation of sulfine
CH2=S=O, takes place at the oxygen to produce
+CH2–S–OH.

Proton-bound molecule pairs

Even-electron proton-bound molecule pairs
(M1···H+···M2) can conveniently be made by ion–
molecule reactions and their properties (for example,
bond dissociation energies) can be obtained by ICR-
based experiments. Such experiments on symmetric
(M···H+···M) proton-bound dimers and asymmetric
(M1···H+···M2) proton-bound molecular pairs indi-
cate a remarkable constancy in hydrogen bond ener-
gies. It appears that symmetric proton-bound dimers
have hydrogen bond energies of 130 ± 10 kJ mol–1

and so ∆Hf of a proton-bound dimer is given by
∆Hf = ∆Hf [MH+] + ∆Hf[M]−130; for asymmetric
proton-bound molecule pairs, the hydrogen bond
energy depends on the difference in proton affinities
(PA) of the bases  involved, and for the case
PA[M1] > PA[M2] the following empirical equation
(Eqn [1]) applies for their ∆Hf : 

Thus, the constancy in hydrogen bond energy allows
the assessment of ∆Hf of the proton-bound molecule
pair, provided that the PA values of M1 and M2 are
known. Alternatively, the relative PA values of M1

and M2 may be assessed from MI experiments of the
proton-bound molecule pair using a sector-type
instrument: the intensity ratio of the observed M1H+

and M2H+ in the MI spectrum is a measure of the
relative PA values of the molecules M1 and M2.

Odd-electron Ions

Enol and related radical cations

The McLafferty rearrangement, discovered in 1952,
is the only named reaction in mass spectrometry.

For 2-pentanone, the reaction is represented by
Equation [2]. 

At first it was thought that the driving force of this
reaction was the expulsion of a stable neutral species
(such as CH2=CH2) rather than formation of a
stable neutral (keto) ionic product, but from subse-
quent AE measurements it was concluded – and
these findings have been amply corroborated – that
the product ions had an enol and not the tautomeric
keto structure and that, in contrast to the corre-
sponding neutral molecules, enol radical cations are
more stable thermodynamically than the keto tau-
tomers. Thus, as with the C7H7 and C3H3 structures
discussed above, enol structures undergo a stability
reversal upon ionization; this is illustrated in
Figure 2 for the acetone radical cation and its enol
structures.

Because of their enhanced stability, enol radical
cations are produced from many compounds (m/z 58
from methyl ketones; m/z 59 from amides; m/z 60
from acids) and they are thus highly structure-char-
acteristic. They provide a rich source for the genera-
tion of neutral enols via NR (neutralization–
reionization) mass spectrometry. It is found from
such experiments that gaseous neutral enols do not
isomerize to the more stable keto counterparts, in
agreement with results from pyrolysis mass spec-
trometry. The class of enol radical cations can be
regarded as the harbinger of all ions of unexpected
stability (see below). Imidic acids RC(OH)=NR
(iminols) are the ‘enol’ equivalents of amides,
RC(=O)NHR, and the prototype imidic acid radical
cation, HN=C(H)OH•+, ionized formimidic acid,
has been generated by an appropriate dissociative
ionization and identified by CID type experiments.
Neutral imidic acids have been proposed as inter-
mediates in the acid-catalysed proton exchange of
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amides, peptides and proteins, a process of funda-
mental importance in biochemistry (Eqn [3] as
opposed to the classical mechanism, Eqn [4]).
Simple imidic acids have not yet been seen in
solution.

NR experiments on ionized formimidic acid
showed that a significant fraction of the ions survive
neutralization, but, because of interference from
neutral products arising from dissociation of the
neutralized species, it was not possible, from
straightforward NR experiments alone, to assign a
unique structure to the neutralized species. Such
problems plague other systems too, but neutral iden-
tification may still be feasible by selectively analys-
ing the ions recovered after the NR process. Such a

NR-CID type of multiple collision experiment is
demanding in terms of sensitivity, but nevertheless
revealing. Such experiments showed that the formi-
midic acid structure was maintained throughout the
NR experiment, and so neutral formimidic acid is a
stable species on the microsecond timescale, which
makes proton exchange via the imidic acid mecha-
nism (Eqn [3]) in principle possible. NR-CID exper-
iments are also a good check of the (isomeric) purity
of the primary ion beam.

Another isomer of ionized formamide is ionized
aminohydroxycarbene, H2NC•+OH. This ion was
also generated in the gas phase by an appropriate
dissociative ionization and distinguished from its
isomers by CID experiments on multiply labelled
ions. This followed earlier results indicating that
carbene radical cations are remarkably stable
species.

Carbene radical cations

In the early days of mass spectrometry little attention
was paid to carbene-type radical cations, R1CR ,
probably because it was thought that such species,
like their neutral counterparts, would be thermody-
namically too unstable to be formed. For example,
neutral hydroxycarbene, HC••OH lies 218 kJ mol–1

above its isomer formaldehyde, CH2=O. However,
from experiments and theoretical calculations from
the early 1980s, it appeared that the radical cations
of simple carbenes could be as stable thermodynami-
cally as their better-known isomers: for example,
HC•+OH is only 13 kJ mol–1 less stable than
CH2=O•+, compared to 218 kJ mol–1 for the neutral
system. This behaviour parallels that of keto–enol
structures (see above). The generation of HC•+OH is
simple: it is formed by a 1,1-H2 loss from ionized
methanol, but other ionized carbenes are not so
easily made. Several oxacarbene radical cations,
R1C•+OR2(R = H or alkyl) have been generated and
they all possess a surprising property: direct cleavage
of R2 leads to stable acylium ions (see above), but
without exception this reaction has a large barrier
(∼ 100 kJ mol–1) for the reverse reaction. This is
illustrated in Figure 3 for the prototype oxacarbene
HC•+OH.

Many ionized carbenes have been generated by
appropriate dissociative ionizations and these ions
provide a convenient source for the generation of
neutral carbenes by NRMS, for example the proto-
type dioxacarbene, HOC••OH.

Keto–enol tautomerization

In the rarefied gas phase, keto–enol tautomerization
of neutral species can only occur via intramolecular

Figure 2 Heats of formation of neutral and ionized ace-
tone and its enol showing stability reversal upon ionization.
Arbitrary energy scales. ∆Hf [CH3C(=Ο)CH3] = – 218 kJ mol–1,
∆Hf [CH3(=O)CH3]•+ = 720 kJ mol–1.
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hydrogen transfers. For simple systems, such as
methyl acetate, CH3C(=O)OCH3, tautomerization is
only possible via an energy-demanding 1,3-H shift
(CH3C(=O)OCH3 CH2=C(OH)OCH3) and
thus, in the gas phase, enol structures, despite their
unfavourable heats of formation, remain as they are
(see above). The situation is much different for the
corresponding radical cations. Here keto–enol tau-
tomerization is mediated by a surprisingly stable
third structure, for which no neutral counterpart ex-
ists. Instead of a one-step energy-consuming and
thus slow 1,3-H shift, the tautomerization takes
place via two less energy-demanding fast 1,4-H
shifts. This is why deuterium-labelled methyl acetate
molecular ions show H/D randomization reactions
(‘scrambling’). The stable intermediate structure is
called a ‘distonic ion’.

Distonic ions

In Tetrahedron Report number 280 (1990) the ques-
tion was addressed: ‘One electron more, one electron
less. What does it change?’ The authors critically
evaluated the perception that ‘comparing the reactiv-
ity of molecules whose only difference was the elec-
tron number was like comparing apples and
oranges’. However, if one thing has become clear
over the past decade, it is that for gas phase species
‘one electron less’ can change the chemistry of the
species beyond recognition. One of the great discov-
eries in the 1980s with respect to ion structures was
the finding that certain ion structures that did not
correspond to those of stable, neutral molecules
could nevertheless be very stable, both thermody-
namically  and kinetically. For example, even a
simple radical cation such as CH3OH•+ has a stable
isomer, CH2OH , the methyleneoxonium radical
cation. It has been said, not without exaggeration,
that CH2OH  represents a triumph for theory. This
is because, theory (ab initio MO calculations)
predicted not only that CH2OH  is more stable than
CH3OH•+ but also that a large barrier separates
these ions; this is shown in Figure 4A.

Soon after this prediction was made, the ion was
indeed generated and identified. These new species
all have in common that, in contrast to conventional
isomers, the charge and radical site are formally at
separate atoms and as such they are referred to as
‘distonic’ ions from the Greek ‘diestos’ and Latin
‘distans’ meaning ‘separate’. If the radical and charge
sites are on adjacent atoms such as in CH2OH , the
distonic ion can be viewed as an ionized ylid, and as
such they are also referred to as ‘ylidion’. Distonic

Figure 3 Energy level diagram for H• loss from the isomers
CH2=O•+ and HC•+–OH showing a larage reverse energy for the
direct O–H cleavage.

Figure 4 (A) Energy diagram for the (unassisted 1,2-H shift)
isomerization CH3OH•+ to CH2OH2

•+. (B) Energy diagram for the
rearrangement CH3OH•+ to CH2OH2

•+, catalysed by water. Broken
lines indicate catalysis by formaldehyde. Energies in kJ mol–1.
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ions can also be viewed as charged or protonated
radicals, but, because they form a well-defined group
of radical cations having characteristic properties,
the term distonic ion is a useful one. Distonic ions
can be made by judiciously chosen dissociative
ionizations and they can be differentiated from their
conventional isomers by MI and CID experiments
and by ion–molecule reactions. In Figure 5 are
shown the CID spectra of ionized methanol,
CH3OH•+ and of the CH2OH  product ion gener-
ated by the loss of CH2=O from ionized 1,2-ethane-
diol (Eqn [6]):

The major dissociation products in the spectrum of
Figure 5B are CH  (m/z 14) and H2O•+ (m/z 18), and
this is compatible only with the CH2OH  structure.
This spectrum also reveals that the doubly charged
ion CH2OH , m/z 16, which can be viewed as doubly

protonated formaldehyde, also is a remarkably stable
species, despite the large coulombic repulsion of the
charges. Such doubly charged ions have been invoked
in the field of super-acid chemistry pioneered by
Olah, and in solution these species behave as ‘super
electrophiles’. Thus +CH2OH2

+ is proposed to be a
key intermediate in the formation of methane from
formaldehyde under ‘super-acid’ conditions.

In the mass spectrometer, many initial molecular
ions rearrange to distonic ions by way of a hydrogen
shift; these intermediate distonic ions may rearrange
further and their reactions involve both the radical
and charge sites: often a charged moiety can easily
migrate to the radical site, thereby generating an
isomeric distonic ion that in turn can shift its ionized
part to the new radical site. Such a sequence can
rationalize many otherwise unintelligible reactions.
Distonic ions can serve as precursors for the genesis
of novel neutral species via the techniques of NRMS.
This is illustrated by the generation of the Hammick
intermediate [1], a previously unobserved species
that has been held responsible for the accelerated
decarboxylation of 2-picolinic acid [3] (Eqn [7]).

In the mass spectrometer, the molecular ions of 2-
picolinic acid eliminate CO2 and CID experiments
indicate that the resulting m/z 79 product ions are
the ylidion isomer of pyridine [1]•+ and not ionized
pyridine [2]•+ itself. (The possibility of differing
descriptive formalisms, i.e. ylidion or ionized
carbene, exists for [1]•+). NR experiments showed
that a significant fraction of the ylidions survive neu-
tralization experiments, but because of interference
from neutral products arising from dissociation of
the neutralized species, it was not possible to assign a
structure to the neutralized species. The same
problem plagues the formidic acid experiment (see
above). However, the NR-CID mass spectrum
clearly showed that the ylid structure was main-

Figure 5 Collision induced dissociation mass spectra of
(A) CH3OH•+ and (B) CH2OH2

•+. Note the intense signal for the
doubly charged ion in (B).
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tained throughout the NR experiments and so the
Hammick intermediate is a stable species on the
microsecond timescale.

The first homologue of the methyleneoxonium ion
is the distonic ion •CH2CH2OH , an isomer of
ionized ethanol. Ab initio calculations show that the
distonic ion is indeed a low-energy species lying
~40 kJ mol–1 beneath ionized ethanol, but also that
the C–O bond readily stretches to form the ion–
dipole (ion–neutral) complex CH2=CH /H2O. This
species can best be viewed as a positively charged
ethene rod to which the water molecule is attached
by its dipole, but which can be moved more or less
freely along and about the positive rod.

Ion–neutral complexes

Traditionally, unimolecular rearrangements of gas-
phase (radical) cations have been rationalized in
terms of transformations within the covalently
bound ion. Increasingly, ion–neutral complexes with
a relatively strong electrostatic bond between the
incipient fragments are being invoked as intermedi-
ates to account for reactions that would otherwise be
considered implausible for the intact ion. In an ion–
neutral complex the charged and neutral compo-
nents are sufficiently separated that they show reac-
tivities similar to those expected for the isolated
species. Two distinct but related phenomena may be
interpreted by means of ion–neutral interactions: the
ionic component may react individually by isomeri-
zation to a more stable structure (Eqn [8a]) or the
ionic and neutral species may react with each other,
for example by proton transfer (Eqn [8b]).

Although the earliest suggestion of a complex-
mediated dissociation dates back to 1956, it was not
until the early 1980s that it became evident that their
involvement in the unimolecular dissociations of odd
and even electron ions is a widespread phenomenon.

The formation of CH3CH+CH3 from the onium
ion CH2=O+CH2CH2CH3 is illustrative of isomeriza-
tion (via a 1,2-hydride shift) of the cation within
the complex followed by dissociation, that is:
CH2=O···+CH2CH2CH3 → CH2=O···+CH(CH3)2.

The rearrangement of carbocations, such as the
archetypal cation isomerization +CH2CH2CH3 →
+CH(CH3)2, is a central theme of organic chemistry;
the ion in an ion–neutral complex occupies a
position between that of the ‘bare’ ion and that

corresponding to the ion in solution. Thus the
influence of a single solvent molecule on the rear-
rangement may be studied.

A classical case of proton transfer between the
formal components of a complex concerns the disso-
ciation of steroidal diamines, for example 3,20-
diaminopregnane. Here, a long-distance intramo-
lecular and interfunctional proton transfer was pro-
posed to occur in an ion–neutral complex, where
upon separation the incipient fragments rotate more
or less freely, thus allowing proton transfer between
functional groups that originally were distant in the
intact molecular ion (Eqn [9]).

The maximum stabilization energy (SE) of an ion–
dipole complex is achieved when the dipole moment
vector points away from the charge; SE (kJ mol–1)
= 288 µ /r2 where µ is the dipole moment (in Debye)
and r is the distance (in Å) between the point charge
and the dipole. For typical values of µ (1.5D) and r
(2 Å) one obtains SEs of ~100 kJ mol–1 with con-
comitantly smaller values for lower µ. Thus, a strong
ion–dipole bond is energetically on a par with a
weak covalent bond.

Criteria have been proposed for the intermediacy
of ion–neutral complexes, but probably the only
good criteria follow from the proposal that such
complexes dissociate exceedingly close to threshold.
These are (1) very small kinetic energy releases and
(2) unprecedented isotope effects. Thus, extreme
isotopic fractionation due to differences in vibra-
tional frequencies in the products has been identified
in ion–dipole dissociations.

One of the puzzling observations seen in MI
spectra is that metastable ions invariably dissociate
to the products of lowest enthalpy, despite the
obvious mechanistic complexities involved from a
conventional point of view; the particular virtue of
intermediate ion–neutral complexes is that they facil-
itate the formation of such low-energy products.

Hydrogen-bridged radical cations

Hydrogen-bridged radical cations are the odd-elec-
tron counterparts of proton-bound molecule pairs,
M1···H+M2. Formally they can be represented as
proton-bound molecule–radical pairs (M···H+···R•),
but they are better viewed as H-bridged ion–neutral
complexes of the type MH+···R• or M···HR•+, with
the bridging H closer to the partner of higher PA,
where most of the stabilization energy is provided by
ion–dipole attractions. The H-bridge furnishes addi-
tional stabilization by about 20 kJ mol–1 but its
main function is to direct the course of isomerization
by allowing a facile proton transfer. Hydrogen-
bridged radical cations are harder to make than
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proton-bound molecule pairs via ion-molecule reac-
tions. They are usually generated by elimination of a
stable molecule from a molecular ion, such as loss of
CO from ionized β-hydroxypyruvic acid (Eqn [10]).

There remains an inherent problem with regard to
the identification of a H-bridged radical cation as a
stable product ion: the ion may have isomers
with closely similar reactivity and dissociation
characteristics. This is a well-recognized problem
in general, but it becomes particularly acute for
H-bridged radical cations because they often disso-
ciate very much like distonic isomers. A case
in point is the structure of the ion generated by
the loss of C2H4 from ionized 1,4-butanediol,
HOCH2CH2CH2CH2OH•+. Its dissociation charac-
teristics rule out a simple extrusion reaction yielding
HOCH2CH2OH•+ (ionized 1,2-ethanediol), but they
are compatible with the formation of species com-
prising vinyl alcohol and water: i.e. with both the H-
bridged ion H2O···HOC(H)=CH  and the distonic
ions H2O+CH2C•HOH and •CH2CH(OH)OH .
Analysis of ab initio computational results on the
isomers, stabilities and conversion barriers in con-
junction with energetic information from experiment
(AE measurements) resolved the ambiguity and led
to the identification of the H-bridged ion.

In some cases, H-bridged radical cations have been
generated by ion–molecule reactions. Electron impact

ionization of a mixture of H2O and CO2 leads to the
H-bridged species HOH···O=C=O•+. Although the
ion could be differentiated from its covalently
bounded isomer ionized carbonic acid, (HO)2C=O•+,
through its different CID spectrum, the NR mass
spectrum provided definitive evidence of its structure.
As expected, and in contrast to (HO)2C=O•+, the
H-bridged species does not survive neutralization
and dissociates completely to CO2 and H2O.

Hydrogen-bridged radical cations, like ion–neutral
complexes, consist of two separate entities and as
such they may be considered the smallest type of
clusters. Dimer radical cations M  constitute an
interesting class of complexes within the mainstream
of cluster chemistry. They can be made by ligand
exchange reactions at low pressures in an FT-ICR
cell. Noble gas dimer radical cations such as Xe  can
exchange, in a three-body collision, a Xe atom for a
molecule M to form a XeM•+ radical cation. The
latter can exchange, in a similar process, the second
Xe atom for another molecule to form the dimer
radical cation M . In this way, the water dimer
radical cation (H2O)  has been generated. With this
technique it is possible to measure thermochemical
properties of such complexes. Thus, bracketing of
the electron transfer processes (H2O) + M
M•+ + H2O + H2O leads to an energy difference of
1030–1038 kJ mol–1 between (H2O)  and
H2O + H2O. Ab initio calculations show that the
H-bridged radical cation H2O–H+···OH• is
38 kJ mol–1 more stable than the ‘true’ ion-dipole
complex H2O•+···OH2 and that it lies 1021 kJ mol–1

below H2O + H2O, indicating that the observed
species is in fact H-bridged.

Hydrogen-bridged radical cations, in particular
O···H···O bonded ions and their less stable C···H···O
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bonded counterparts, are important intermediates in
the dissociation chemistry of many oxygen-contain-
ing radical cations. They can interconvert via a
so-called proton-transport catalysis. It was men-
tioned above that distonic radical cations are often
more stable than their conventional counterparts
and that they may be separated from those isomers
by large barriers; see Figure 4A for the 1,2-H shift
separating the conventional ion CH3OH•+ and its
distonic isomer CH2OH . However, experiments
and ab initio calculations show that interaction with
an appropriately basic molecule, such as water or
formaldehyde, greatly lowers the barrier. Thus the
isomerization CH3OH•+ → CH2OH , which does
not occur for the bare ions, is greatly accelerated by
the addition of water; see Figure 4B. Here the water
molecule attracts one of the methanol C-protons
and then via a 5-membered ring donates one of its
original protons to the O atom, thus producing
CH2OH . The barrier, which for the unassisted
reaction is 108 kJ mol–1 is reduced to a mere
10 kJ mol–1 for the water-catalysed rearrangement.
Proton transport catalysis has been shown to occur
in many ionic rearrangement/dissociation processes.
For example, the rearrangement CH2OH →
CH3OH•+, but now catalysed by formaldehyde,
plays a key role in the low-energy rearrangement of
ionized 1,2-ethanediol. These are cases par excel-
lence of effects induced by a single solvent molecule
on the intrinsic chemistry of the ion.

Charge transfer complexes

Although charge (or electron) transfer complexes are
not stable entities as such, ab initio calculations
indicate that they do play a crucial role in the rear-
rangement of a variety of molecular ions. The situa-
tion often arises that a molecular ion M–DH•+

(D = dipole) rearranges to an ion–dipole complex of
the type M•+ → D–H, where the arrow represents  the
dipole vector, and that a hydrogen needs to be trans-
ferred from the dipole molecule D–H to M•+ in order
to obtain the observed products MH+ + D•. This,
however, is not possible because in order to transfer
its hydrogen to M•+, D–H must rotate to such an
extent that the resulting ion–dipole repulsion would
lead to dissociation rather than to hydrogen transfer.
In such cases charge (electron) transfer through
orbital  interaction (M•+ → D–H M ← D–H•+)
provides an alternative because now, and in contrast
to the situation before charge transfer, the charged D–
H•+ moiety is more or less free to rotate to produce
M···H–D•+ after which proton transfer takes place to
produce MH+ + D•. Thus, the charge transfer process
kills two birds with one stone: it allows rotation

of D–H and subsequent proton transfer rather than
hydrogen atom transfer.

Dications

Historically, dications were regarded as a curiosity
and were observed only incidentally in mass
spectrometric studies. Small polyatomic dications are
remarkable species indeed; usually they are thermo-
dynamically unstable with respect to dissociation into
two monocations, but significantly kinetic stability
may result if large barriers impede dissociation. This
is illustrated by the methyleneoxonium dication
CH2OH  discussed above. This species is less stable
than its dissociation products CH2OH+ + H+ (by
105 kJ mol–1), but a barrier of 250 kJ mol–1 makes
the ion experimentally accessible, see Figure 5. In
many cases, deprotonation of a dication is best
viewed as a two-stage process. Initially, the departing
unit is a hydrogen atom rather than a proton, and
later an electron transfer takes place to form the prod-
ucts: AH++ → A++ – H → A+···H+ → A++H+. The first
step, a homolytic cleavage, is responsible for the large
barrier. Hence, a dication is truly a tiger in a cage.
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Introduction

An ion trap mass spectrometer functions both as a
mass spectrometer of considerable mass range and
variable mass resolution and as an ion store in which
gaseous ions can be confined. Unlike other mass
spectrometers that operate at pressures < 10−6Torr,
the ion trap operates at 1mTorr of helium. As a
storage device, the ion trap acts as an ‘electric-field
test-tube’ for the confinement of gaseous ions either
positively charged or negatively charged. The confin-
ing capacity of the ion trap arises from a trapping
potential well formed when appropriate potentials
are applied to the ion trap electrodes. The ion trap
functions as a mass spectrometer when the trapping
field is changed, so that the trajectories of simulta-
neously trapped ions of consecutive specific mass/
charge ratio become sequentially unstable, and ions
leave the trapping field in order of mass/charge ratio.
Upon ejection from the ion trap, ions strike a
detector and provide an output signal.

With the advent of new methods by which gaseous
ions can be formed from polar molecules and
injected into an ion trap, a wider range of ion trap
applications is possible. The coupling of liquid chro-
matography (LC) with electrospray (ES) ionization
and with mass spectrometry (MS) in the early 1980s
led to the development  of new ion trap instruments

for the analysis of nonvolatile, polar and thermally
labile compounds. In 1995, new ion trap instruments
(Finnigan’s LCQ and GCQ, and Bruker-Franzen’s
ESQUIRE) were introduced, which employ external
ion sources with injection of ions into the ion trap.
The major focus for the application of these instru-
ments, using LC-ES/MS, is the examination of high-
molecular-mass biopolymers such as proteins, pep-
tides and oligodeoxyribonucleotides.

The quadrupole ion trap mass 
spectrometer

The quadrupole ion trap consists of three electrodes
which are shown in open array in Figure 1. Two of
the electrodes are virtually identical and, while hav-
ing hyperboloidal geometry, resemble small inverted
saucers; these saucers are end-cap electrodes and are
distinguishable by the number of holes in the centre
of each electrode. One end-cap electrode has a single
aperture through which electrons and/or ions can be
gated, while the other has several apertures arranged
centrally and through which ions pass to a detector.
The third electrode, also of hyperboloidal geometry
but of two sheets rather than one, is the ring elec-
trode; it resembles a napkin holder and is of similar
size, since the radius, r0, in the central plane is
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~ 1 cm. The ring electrode is positioned symmetri-
cally between two end-cap electrodes as shown in
Figure 2; Figure 2A is a photograph of an ion trap
cut in half along the axis of cylindrical symmetry,
while Figure 2B is a cross-section of an ideal ion
trap showing the asymptotes and the dimensions r0
and z0, where 2z0 is the separation of the end-cap
electrodes along the axis of the ion trap.

The electrodes in Figure 2 are truncated for prac-
tical purposes but, in theory, they extend to infinity
and meet the asymptotes shown. The electrode
geometries are defined so that, when an RF potential
is applied to the ring electrode with the end-cap elec-
trodes grounded, a near-ideal quadrupole field is
produced, which creates a parabolic potential well
for ion confinement, Figure 3. As shown in
Figure 3, the potential well in the axial direction is
of depth z, while that in the radial direction r;
since z ≈ 2 r, the potential well resembles more a
flower vase than a bowl.

Mass-selective ejection of ions from the potential
well is accomplished by linearly ramping the
amplitude of the RF potential; each ion species is
ejected at a specific RF amplitude and, since the
initial amplitude and ramping rate are known, the
mass/charge ratio can be determined for each ion
species. This method for measuring mass/charge
ratios of confined ions was developed by Stafford
and is known as the ‘mass-selective axial instability
mode’; this method made possible the commer-
cialization of the ion trap in the early 1980s. A pre-
requisite is that ions be focused initially to the ion
trap centre by momentum-dissipating collisions with
helium atoms.

History and literature

The history of the quadrupole ion trap originates in
the pioneering work of Paul and Steinwedel in the
mid-1950s; their work was recognized by the award

Figure 1 The three electrodes of the quadrupole ion trap
shown in open array.

Figure 2 Quadrupole ion trap. (A) Photograph of an ion trap
cut in half along the axis of cylindrical symmetry. (B) Schematic
diagram of the three-dimensional ideal ion trap showing the
asymptotes and the dimensions r0 and z0.
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of the 1989 Nobel Prize in Physics to Wolfgang Paul.
Yet the basis of the theory of operation of qua-
drupole devices was laid down over 140 years ago
by Mathieu, from his investigation of vibrating
stretched skins.

Those papers that are landmarks in this field are
listed in the bibliography together with the five texts
in which are described a wide variety of applications
of the ion trap. The history of this device has been
expressed as several ‘ages’, beginning with mass-
selective detection; this age, which covered the 1950s
and began with disclosure of quadrupolar devices by
Paul and Steinwedel, included the storage of micro-
particles by Wuerker, Shelton and Langmuir and the
first use of the ion trap as a mass spectrometer by
Fischer. The second age is described as mass-selective
storage and covers the period 1962– 82. Detailed
accounts of the development of the quadrupole-type
devices during the early part of this period have been
published by Dawson and Whetten and by Dawson;
this latter publication has been reprinted in the series
of ‘American Vacuum Society Classics’ by the Amer-
ican Institute of Physics under ISBN 1563964554.
The third age (1983– 88) is described as mass-selec-
tive ejection; this age ushered in the commercializa-
tion of the ion trap as a mass-selective detector for
gas chromatograph and was a period of intense activ-
ity. In 1989, the present age of recent advances and
developments commenced with the recognition of the
work of Wolfgang Paul and Hans G. Dehmelt by the
award, in part, of the Nobel Prize in Physics. In the
same year, an account of the ion trap together with a
full treatment of ion trap theory appeared in the text
Quadrupole Storage Mass Spectrometry by March,
Hughes and Todd; the historical account in this text
by Todd was expanded into a full-scale review.

Other reviews have been contributed by Cooks
and co-workers and a special collection reporting

upon recent developments has also appeared. Ion
trap mass spectrometry was reviewed for the 12th
International Mass Spectrometry Conference in
1991. In 1995, three volumes entitled Practical
Aspects of Ion Trap Mass Spectrometry were pub-
lished in the CRC Series, Modern Mass Spectrome-
try. Volume 1 of this series, subtitled ‘Fundamentals
of Ion Trap Mass Spectrometry’, covers the history
of the ion trap, nonlinear ion traps, ion activation,
ion– molecule reactions and ion trajectory simula-
tions; the reader is referred to chapter 1 for a discus-
sion of the Ages of the Quadrupole Ion Trap and to
chapter 2 for an exposition of the mathematical
basis of ion trap operation. Volume 2, subtitled ‘Ion
Trap Instrumentation’, deals with enhancement of
ion trap performance, confinement of externally gen-
erated ions, ion structure differentiation, ion photo-
dissociation, lasers and the ion trap, and ion traps in
the study of Physics. Volume 3, subtitled ‘Chemical,
Environmental and Biomedical Applications’, in-
cludes a revisitation of fundamentals and expositions
on gas chromatography– ion trap tandem mass spec-
trometry (GC– MS/MS) and liquid chromatography–
ion trap tandem mass spectrometry (LC– MS/MS).
Recently, an introduction to the quadrupole ion trap
written in a tutorial form has been published. An
excellent source of information is the publication
entitled Proceedings of the Annual Conference of the
American Society for Mass Spectrometry and Allied
Topics; almost 1000 extended abstracts on ion traps
can be found in the Proceedings from the past 15
years.

The trapping potential well

The trapping potential well created within the elec-
trode assembly of an ion trap is of parabolic cross
section; ion species are confined in layers in the well
rather like an exotic drink of several liqueurs ar-
ranged carefully in horizontal layers according to
their density, as shown in Figure 4A. However, the
ions of lowest mass/charge ratio reside at the ion
trap centre (bottom of the well) surrounded, like the
centre of an onion, by layers of ions of increasing
mass/charge ratio. Upon tilting the bowl to the right,
equivalent to ramping the RF trapping potential, the
layer of least density, corresponding to ions of high-
est mass/charge ratio, will be poured from the well.
To withdraw the layer of greatest density, that is,
ions of lowest mass/charge ratio, a ‘straw’ is intro-
duced and the bottom layer is sucked out as shown
in Figure 4B; the straw represents axial modulation
(see below) and the liqueur glass in Figure 4B corre-
sponds to the detector.

Figure 3 Representation of the parabolic trapping potential
wells of depths Dz and D r .
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For an ideal quadrupole field, the following iden-
tity is given,

so that once the magnitude of r0 is given the sizes of
all three electrodes and the electrode spacings are
fixed; in the majority of commercial ion traps, r0 lies
in the range 0.7– 1.0 cm.

The theory of ion trap operation

The motions of ions in quadrupole devices differ
markedly from those in magnetic and electrostatic
sectors. The quadrupole ion trap is described as a
dynamic instrument since ion trajectories are
influenced by time-dependent forces.

An ion in a quadrupole field

An ion in a quadrupole field experiences strong
focusing in that the restoring force, which drives the
ion back towards the centre of the device, increases
as the ion deviates from the centre. The resulting ion
trajectories resemble Lissajous figures (figures-of-
eight) and the motion of ions is described mathe-
matically by the solutions to the second-order linear
differential equation described originally by Mathieu
from his investigation of the mathematics of vibrat-
ing stretched skins. He described solutions in terms

of regions of stability and instability; these solutions
and the criteria for stability and instability also de-
scribe the trajectories of ions confined in quadrupole
devices and define the limits to trajectory stability.

The Mathieu equation

The canonical form of the Mathieu equation is

where u represents the coordinate axes r and z, ξ is a
dimensionless parameter equal to Ωt/2, Ω (for the
ion trap) is the radial frequency of the RF potential
applied to the ring and au and qu are dimensionless
trapping parameters. For the quadrupole ion trap,
the trapping parameters are expressed as 

where U is a DC potential and V is the amplitude of
the RF potential of the form Vcos Ωt. It is seen that
az = – 2ar and qz = – 2qr.

Since U = 0, ar and az are equal to zero and the
common mode of ion trap operation corresponds to

Figure 4 (A) Schematic presentation of a trapping parabolic potential well where the three liquids differing in density represent ions
differing in mass/charge ratio. (B) The tilting of the well corresponds to ramping of the RF potential while the straw, with which ions
are withdrawn in order of increasing mass/charge ratio, represents axial modulation.
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operation on the qz axis of the stability diagram. The
expression for qz contains the mass/charge ratio for a
given ion, the size of the ion trap, r0, the amplitude V
of the RF potential and the radial frequency Ω, that
is, all of the parameters that are needed to under-
stand the operations of the ion trap.

The ‘stretched’ ion trap

The ion trap electrodes are truncated in order to ob-
tain a practical instrument, but this truncation intro-
duces higher-order multipole components to the
potential. To compensate for these multipole compo-
nents, the electrodes of commercial devices prior to
1995 were assembled with a ‘stretched’ separation of
the end-cap electrodes; the value of z0 was increased
by 10.6%. An account of the ‘stretching’ of the ion
trap is given by Syka in chapter 4 of volume 1 in the
CRC books, while in chapter 3 is presented an ac-
count by Franzen, Gabling, Schubert and Wang of
nonlinear ion traps. The immediate consequences of
stretching are that the asymptotes to the end-cap
electrodes no longer coincide with those for the ring
electrode, r0

2 ≠ 2z0
2 and the values of the trapping

parameters are changed. The trapping parameters
are now expressed as 

and

For the ion trap in the LCQ and GCQ instruments,
r0 = 0.707 cm and z0 = 0.785 cm, such that the geo-
metry has been stretched by ~57%.

Regions of ion trajectory stability
Quadrupole ion trap operation is concerned with the
criteria that govern the stability of an ion trajectory
in both r and z directions within the field, that is, the
experimental conditions that determine whether or
not an ion is stored.

The solutions to Mathieu’s equation are of two
types, (i) periodic but unstable, and (ii) periodic and
stable. Solutions of type (i) form the boundaries
of unstable regions on the stability diagram
and correspond to those values of a trapping para-
meter, βz that are integers, that is, 0, 1, 2, 3, …  ; βz
is a complex function of az and qz that is

approximated as 

for qz < 0.4. The boundaries represent, in practical
terms, the point at which an ion trajectory becomes
unbounded. Solutions of type (ii) determine ion
motion in an ion trap. The stability regions corre-
sponding to stable solutions in the z-direction are
shaded and labelled z-stable in Figure 5A, while
those corresponding to stable solutions in the r-
direction are shaded and labelled r-stable in
Figure 5B; the latter are doubled in magnitude along
the ordinate and inverted.

Ions are confined in the ion trap provided their
trajectories are stable in the r and z directions simul-
taneously; such trajectory stability is obtained in the
region closest to the origin, that is, region A in
Figure 6, which is plotted in au, qu space, that is,
where au is plotted against qu. Regions A and B are
referred to as stability regions; region A is shown in
detail in Figure 7. The coordinates of the stability
region in Figure 7 are the parameters az and qz. In
Figure 7, the βz = 1 stability boundary intersects
with the qz axis at qz = 0.908; this intersection is the
working point of the ion of lowest mass/charge ratio
that can be stored.

Figure 5 Several Mathieu stability regions for the three-dimen-
sional quadrupole field. (A) Diagrams for the z direction of  (az,qz)
space. (B) Diagrams for the r direction of  (az,qz) space.
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Secular frequencies
A three-dimensional representation of an ion trajec-
tory, shown in Figure 8, has the general appearance
of a Lissajous curve composed of two fundamental
frequency components, ωr,0 and ωz,0 of the secular
motion. Higher-order (n) frequencies exist and the
family of frequencies is described by ωr,n and ωz,n as
given by 

and

The simulated ion trajectory shown in Figure 8
resembles a roller-coaster ride and depicts the
motion of an ion on the potential shown in Figure 9.
The oscillatory motion of the ion results from the
undulations of the potential surface, which can be
envisaged as rotating. The simulation of the ion tra-
jectory was carried out using ITSIM simulation pro-
gram, while the potential surface was generated by
calculating the potential for increments of 1 mm in
both radial and axial directions.

Figure 6 The Mathieu stability diagram in  (az,qz) space for the
quadrupole ion trap in both the r and z directions. Regions of
simultaneous overlap are labelled A and B.

Figure 7 Stability diagram in (az,qz) space for the region of
simultaneous stability in both r and z directions near the origin for
the three-dimensional quadrupole ion trap; the iso-βr and iso-βz

lines are shown. The qz axis intersects the βz = 1 boundary at
qz = 0.908, which corresponds to qmax in the mass-selective
instability mode.

Figure 8 Trajectory of a trapped ion of m/z 105. The initial
position was selected randomly from a population with an initial
gaussian distribution (FWHM of 1mm); qz = 0.3; zero initial veloc-
ity. The projection onto the xy plane illustrates planar motion in
three-dimensional space. The trajectory develops a shape that
resembles a flattened boomerang. Reproduced from Nappi et al
(1997) International Journal of Mass Spectrometry and Ion
Processes 161: 77–85.
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Resonant excitation
The motion of confined ions can be excited upon res-
onant irradiation at ωz; resonant excitation is a pow-
erful technique in ion trap mass spectrometry since
predetermined waveforms composed of specified fre-
quencies or frequency ranges can be used. Irradiation
is effected by applying a supplementary potential of
some hundreds of millivolts across the end-cap elec-
trodes. Prior to resonant excitation, ions are focused
collisionally to the ion trap  centre by collisions with
helium atoms. This process is described as ‘ion cool-
ing’ in that ion kinetic energies are reduced to
~0.1 eV, corresponding to ~800 K. Resonant excita-
tion, or ‘tickling’ of cooled ions causes ions to move
away from the ion trap centre so that they experi-
ence the trapping field and are accelerated to kinetic
energies of tens of electronvolts.

Resonant excitation is used to increase ion kinetic
energy for the following purposes. (1) To eject
unwanted ions during ionization and to isolate a
narrow range of mass/charge ratios. (2) To promote
endothermic ion/molecule reactions. (3) To increase
ion internal energy through momentum-exchange
collisions with helium atoms; in the limit, ions disso-
ciate. (4) To move ions towards an end-cap electrode
where an image current can be detected for their non-
destructive measurement and re-measurement.
(5) To eject ions either for ion isolation or for mass-
selective ejection while the applied frequency is
swept. (6) To eject ions while the amplitude V of the
main RF potential is ramped up; this mode, known as
axial modulation, uses a fixed frequency to eject ions
just before their trajectories become unstable. In

axial modulation, the resonant frequency is slightly
less than half the main drive frequency Ω. Resonant
excitation at lower frequencies has been used with
great success to extend the normal mass range of the
ion trap.

Operation of the ion trap as a mass 
spectrometer

In the ion trap, gaseous molecules are bombarded
with 50– 80 eV electrons emitted from a heated
filament and gated into the trap, as shown in
Figure 10A. Under automatic gain control (AGC);
the number of ions formed during 200 µs is used to
scale the ionization time and produce the required
number of ions. During ionization, an RF voltage V0
is applied to the ring electrode so as to confine ions
in a given range of mass/charge ratio. Nascent ions
are subjected to about 20 collisions per millisecond
with helium at a pressure of 10– 3 torr; those ions
that are not ejected become focused near the trap
centre. In Figure 10B, an RF amplitude is ramped
over the period 30– 85 ms, during which mass-selec-
tive ion ejection and mass analysis occur.

Each ion species confined within the ion trap is
associated with a qz value that lies on the qz axis on
the stability diagram; ions of high mass/charge ratio
have qz values near the origin, while ions of lower
mass/charge ratio have qz values that extend towards
the βz = 1 stability boundary, as shown diagrammat-
ically using stick-people of various sizes in
Figure 11A. At the intersection of the βz = 1 stability
boundary and the qz axis, where qz = 0.908 (see
Figure 7), the trajectories of trapped ions become
unstable axially and ions leave the ion trap. Once the

Figure 9 Pure quadrupole field, or potential surface, for a
quadrupole ion trap. Note the four poles of the surface and the
similarity of the field shape to the trajectory in Figure 8.

Figure 10 An overview of MS-in-time. (A) Step 1: a trapping
RF amplitude is applied for 0–30 ms during which ions are
formed from sample molecules and stored. (B) Step 2: an RF
amplitude is ramped over the period 30–85 ms during which
mass-selective ion ejection and mass analysis occurs. Repro-
duced from An Overview of MS-in-Time.
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ion cloud has been focused collisionally to the ion
trap centre, the amplitude of the RF potential is
ramped; this operation, which is described as an ana-
lytical ramp or analytical scan, increases the qz
values of all ion species and, when qz = 0.908 for
each ion species, the ions are ejected axially through
the end-cap electrodes. This mass-selective axial
instability method of ion ejection has been sup-
planted by the use of axial modulation. Originally,
axial modulation described resonant ejection of ions
at a frequency of 485 kHz and at a qz value slightly
less than 0.908. When the RF amplitude is ramped,
ions come into resonance at 485 kHz as their qz
values approach 0.908 and are ejected axially in
order of increasing mass/charge ratio. Since ions are
focused near the ion trap centre in the fashion of an
onion, resonance ejection has the effect of removing
the ions of low mass/charge ratio residing in the
innermost layer of the onion from the influence of

space-charge perturbations induced by other ion spe-
cies, so that ions are ejected free of space-charge and
with enhanced mass resolution. Resonant ejection,
which can be carried out over a wide frequency
range, is depicted pictorially in Figure 11B, which
shows ions residing near the bottom of their respec-
tive axial potential wells of depth z; the ladder rep-
resents resonant ejection of an ion species. For axial
modulation, the ladder is positioned at a qz value
slightly less than 0.908. Resonantly ejected ions pass
through holes in both end-cap electrodes so that
~50% impinge upon an electron multiplier located
behind one of the end-cap electrodes; ion signals are
created that produce a mass spectrum in order of
increasing mass/charge ratio.

A mass spectrum is obtained by running the scan
function (see below) a number of times specified
by the number of microscans; the signals from each
microscan are averaged and yield a mass spectrum.

Scan function

The above operation can be expressed succinctly in a
scan function, which shows the temporal variation
of the potentials applied to the electrodes such that a
scan function is a visual representation of the
sequence of program segments in the software that
controls ion trap operation. The scan function for
the above mass spectrometric operation is shown in
Figure 12.

Figure 11 (A) Schematic representation of working points (that
is, coordinates in az,qz space) in the stability diagram for several
species of ions stored concurrently. The arrangement of working
points with respect to mass/charge ratio is depicted by figures
that differ in size. (B) Ions are shown residing near the bottom of
their respective axial potential wells of depth Dz; the ladder rep-
resents the opportunity for resonant ejection of an ion species.

Figure 12 Scan function for obtaining an EI mass spectrum.
The scan function shows the ionization period, A, followed imme-
diately by the analytical ramp with concurrent axial modulation.
Note that the pre-scan for the automatic gain control algorithm is
not shown.



1008 ION TRAP MASS SPECTROMETERS

Collision-induced dissociation

Collision-induced dissociation (CID) of an isolated
ion species in a quadrupole ion trap is a powerful
technique for both the determination of ion
structures and the analytical identification of com-
pounds with high specificity. Under the influence of
the tickle voltage, ions are moved from the centre to
a region of higher potential, whereupon they are
accelerated and their kinetic energies are increased.
Subsequent collisions with helium atoms lead to en-
hancement of ion internal energy. In analytical appli-
cations, where the objective is to dissociate all
isolated ions and to maximize the trapping of frag-
ment ions produced, ion kinetic energy uptake must
be balanced with incremental accumulation of inter-
nal energy so that ejection of isolated ions and
fragment ions is avoided.

Tandem mass spectrometry

Tandem (Latin: “ at length” ) mass spectrometry,
MS/MS, is the practice of performing one mass-
selective operation after another, much as the riders
are seated on a tandem bicycle. The first mass-selec-
tive operation isolates an ion species designated as
the parent ion, while the second determines the
mass/charge ratios of the fragment, or product, ions
formed by CID of the parent ions. MS/MS with a
quadrupole ion trap, where successive mass-selective
operations are carried out in time, offers a number
of advantages. First, since the ion trap operates in a
pulsed mode, mass-selected ions can be accumulated
over time. Second, since CID is wrought by many
collisions of mass-selected ions with helium atoms
wherein the energy transferred per collision is small,
dissociation channels of lowest activation energy are
accessed almost exclusively. Third, all isolated ions
can be dissociated and fragment ions arising from
some 90% of them can be confined. Fourth, a se-
quence of several mass-selective operations can be
performed as in MSn.

When gas chromatography is interfaced with an
ion trap tandem mass spectrometer, individual
compounds can be detected at the hundreds of
femtograms level. The high specificity or informing
power obtainable with GC– MS/MS is achieved by
observation of specific fragment ion signals from an
isolated molecular ion species M• + formed from
M that elutes within a specified retention-time
window.

Chemical ionization and ion molecule 
reactions

In the quadrupole ion trap, several types of reactions
can and do occur simultaneously and spontaneously
once electron ionization of a compound has occur-
red. Ion– molecule reactions involving charge trans-
fer, proton transfer and clustering occur sequentially,
resulting in the formation of stable even-electron
ions. Proton transfer chemical ionization (CI) in-
volves the transfer to a neutral species of a proton (or
other even-electron charged particles) from an ion
that has been formed in an ion– molecule reaction.
Common CI reagents are CH  and, C2H , which are
formed rapidly and can be isolated prior to reaction.
CI reagent ions can be created externally and injected
into the ion trap, isolated mass-selectively and al-
lowed to react with sample molecules.

Conclusions

Ion trap mass spectrometry is a versatile technique
of high sensitivity and high specificity. The relatively
low cost of commercial instrumentation has permit-
ted a substantial growth in the practice of mass spec-
trometry. The theory of ion trap operation differs
from those of other mass spectrometers and presents
an exciting challenge to the mass spectrometry
community.

List of symbols

au = dimensionless trapping parameter (u = r or z);
r = depth of potential well in radial direction;
z = depth of potential well in axial direction;

m = ion mass [amu]; n = order of frequency compo-
nent; qu = dimensionless trapping parameter (u = r or
z); r0 = radius of ring electrode; u = collective coordi-
nate axes r and z; U = DC potential; V = 0-to-peak
amplitude of the RF potential; z0 = half the separation
of the end-cap electrodes, along the axis of cylindrical
symmetry; βz = trapping parameter = (az + qz

2/2)1/2;
ξ = a dimensionless parameter = Ωt/2; ω = fundamen-
tal frequency component; Ω = radial frequency of the
applied RF potential.

See also: Chemical Ionization in Mass Spectrometry;
Chromatography-MS,  Methods; Proton Affinities.
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Introduction: Electron ionization, 
photoionization

At the heart of mass spectrometry lies the formation
of the ions to be analysed. A thorough understand-
ing of the production of the ions is extremely impor-
tant, since the method used to ionize a sample
markedly affects its mass spectrum (fragmentation
pattern). Besides electron impact ionization (EI) and
photoionization (PI), a number of different methods
are used in mass spectrometry including chemical
ionization (CI), field ionization, fast atom bombard-
ment, surface ionization, electrospray ionization, la-
ser ablation and other plasma methods. EI is by far
the most common method as it is simple to use, easy
to set up and very effective. For instance the maxi-
mum ionization cross section (see definition below)
for the hydrogen atom is about 10–20 m2 (at 100 eV)
for electrons as compared to about 5 × 10–22 m2 (at
14 eV) for photons. On the other hand, PI has yield-
ed basic and accurate data required for the under-
standing of the energetics and dynamics of ionization
and fragmentation.

Because of its overwhelming importance in mass
spectrometry, only EI (and, to a lesser extent, PI) will
be treated here. We will consider the ionization
mechanism, the various types of ions produced and
the kinetics and dynamics of the ionization process
and subsequent fragmentation reactions.

Electron ionization (EI) is the process by which an
atom or a molecule M is ionized by electron impact
to form a positive ion (Eqn [1]).

Photoionization (PI) is the process by which M is
ionized through photon impact.

The ionization energy (IE) is the minimum elec-
tron energy or photon energy required to produce
ionization from M and is related to the binding
energy of the most loosely bound valence electron in

the molecule. When the electron energy or photon
energy is varied continuously there is a threshold
energy below which the ion current is zero and
above which it rises with increasing energy, accord-
ing to a particular threshold law (see below). This
threshold is an experimental measure of the IE. The
IE often (but not always) can be determined spectro-
scopically as the limit of a series of Rydberg states in
which the principal quantum number n of the elec-
tron reaches increasingly higher values. The IE can
be determined mass spectrometrically even in those
cases for which a Rydberg series has not been
observed spectroscopically.

The majority of neutral, chemically stable, mole-
cules possess a closed shell. As a result, ionization
leads to a radical cation, i.e. to an odd-electron ion
(OE•+). In spectroscopic terms, a neutral singlet state
leads to an ionic doublet state.

Ionization mechanism

EI or PI involves the collision of an electron or pho-
ton of sufficient energy with a neutral (or ionized)
target particle and the subsequent production of an
ion and the respective ejected electron(s). The term
‘electron impact ionization’ is somewhat misleading,
because an electron is small compared to the size of a
molecule and thus would have difficulty ‘hitting’ any
part of an atomic target. It is better to think of the
electron as passing close to or even through the
atomic target, while in quantum-mechanical terms
the wave of the electron interacts with and distorts
the electric field of the atomic system. Electrons ac-
celerated through a potential of several tens of volts
have a de Broglie wavelength of ∼ 0.1 nm. In this
case the wavelength and the molecular dimensions
are similar and mutual quantum effects (distortions)
occur. The wavelength of a photon required for PI is
about 100 nm which is much larger than the usual
molecular dimension and almost no molecular dis-
tortion occurs during ionization. Because of this dif-
ference in interaction in the case of EI, the ionizing
transition is not strictly vertical (see below) and
more states (also taking into account spin conserva-
tion from the target to the product ion) can be
reached relative to PI.
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In addition, electron impact can also give rise to the
birth of negative ions (anions). In contrast to the for-
mation of positive ions (cations), direct attachment of
the incident electron to a polyatomic target to give a
stable anion is rather improbable. The reason is that
the energy of the attaching electron and the binding
energy (electron affinity) must be taken up (accom-
modated) in the emerging product (anion). Usually,
the excess energy leads either to fragmentation of the
anion or to shake-off of the electron (autodetach-
ment); radiative stabilization of this excited anion
takes place only with very low probability. One way
to produce stable anions by direct electron attach-
ment is to have sufficient gas pressure in the ion
source for three-body reactions to occur that remove
the excess energy (three-body stabilization).

Ionization channels

Ionization of atoms results only in the production of
singly and multiply charged atomic ions. As the ener-
gy deposited by the ionizing agent is increased, the
variety and abundance of the ions produced from a
specific molecular target will increase, because the
ionization process may proceed via different reaction
channels, each of which gives rise to characteristic
ionized and neutral products. For the simple case of
a diatomic molecule AB the corresponding reaction
channels are as shown in Equations [3]–[13] where es

is a ‘scattered’ electron and ee is an ‘ejected’ electron. 

Similar reaction channels are possible for PI but there
are no scattered electrons and dissociative attach-
ment is only possible for EI. Different and more com-
plex reactions may occur when more complex targets
are involved, i.e. polyatomic molecules or clusters
(even including multiple electron collisions and sub-
sequent reactions within the molecular target). Clus-
ters and fullerenes have also been demonstrated to
undergo a process of delayed ionization which is
akin to thermionic emission in bulk material.

Most of the ionization reactions shown above (e.g.
Eqns [3]–[6], [11]) can be classified as being due to a
direct ionization mechanism in which the ejected and
the scattered electrons leave the ion within 10–16 s of
each other. Conversely, there exist alternative ioniza-
tion channels (competing with direct ionization) in
which either the electrons are ejected one after the
other (autoionization) or the molecular ion decays
at a later stage (see Figure 1 and below). The
autoionization event (e.g. Eqns [7] and [9]) can be
described as a two-step reaction: first, a neutral
molecule (or atom) is raised to a superexcited state,
which can exist for some finite time. Then, radia-
tionless transition into the underlying ionization
continuum occurs. Superexcited states exist in prin-
ciple for every target system except for the hydrogen
atom. For molecules, the upper autoionization rate
(and hence the ionization cross section) is limited by
the characteristic energy-storage mode frequency. In
addition, if predissociation (into two neutrals) is
faster than autoionization, the latter will not occur
at an appreciable rate.

Autoionization by photons is a resonance process.
Autoionization complicates the ionization cross
section function (see definition below) at low as well
as at high electron energies. PI has been extremely
valuable in the quantitative study of autoionization
processes both in atomic and in molecular systems.
Classical examples involve the photoionization mass
spectra of noble gas atoms such as xenon (Figure 2)
and molecular hydrogen, H2 (Figure 3). Xenon has
filled 5s and 5p shells. Ionization is initially observed
at hν = 12.130 eV with the ejection of a 5p electron
and the formation of the ground 2P3/1 state of Xe+. In
the interval between 2P3/1 and its spin–orbit partner
2P1/2 (12.12–13.436 eV), autoionization structure is
prominent (see Figure 2) owing to Rydberg states
converging to 2P1/2. One notes sharp p → ns
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transitions and broad ones corresponding to p → nd
transitions. Autoionization takes place by virtue of a
‘spin–flip’ mechanism in which J changes from  to 
and Rydberg electron is ejected. Autoionization in
the case of molecular hydrogen (Figure 3) involves
conversion of vibrational energy into additional elec-
tronic excitation of the Rydberg electron. Predissoci-
ation competes with autoionization of H2.

Franck–Condon principle

Inelastic collisions between electrons/photons and
molecules involve transitions between defined (elec-
tronic, vibrational and rotational) molecular states.
The energy deposited into the excitation of molecu-
lar vibration and rotation is usually rather small
compared with the energy of the electronic transi-
tion, at least if one assumes that only one vibrational
quantum is excited in a single collision. For example,
the greatest separation between a ground and a first

excited vibrational state of any molecular ion is that
of H  (0.27 eV), which is small compared with the
ionization energy of 15.426 eV. The changes in the
vibrational levels from v″ to v′ that result in ioniza-
tion can be described in terms of the Franck–Condon
principle.

Qualitatively, the Franck–Condon principle may
be summarized as follows. During an electronic
transition no (or only negligible) changes occur in
the nuclear separation and the velocity of relative
nuclear motion. Owing to the large ratio of nuclear
to electronic mass and the short interaction time
(∼ 10–17 s, as compared with ∼ 10–13 s for a vibration),
the point on the upper potential-energy curve (corre-
sponding to the configuration after the transition)
lies directly above the starting point on the initial
potential-energy curve (vertical transition). This
leads to a number of possible electronic transitions,
which depend on the relative shapes of the potential-
energy curves available in a specific system. Several

Figure 1 Schematic time evolution of EI of a molecule.

Figure 2 Photoionization mass spectrum of xenon between the 2P3/2 (ground) and 2P1/2 (excited) ionic states, displaying sharp ‘s’ like
and broad ‘d’-like resonances. Reproduced with permission of Academic Press from Berkowitz J (1979) Photoabsorption, Photoion-
ization, and Photoelectron Spectroscopy, Chapter VI.
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cases can be distinguished. (1) The final accessible
level lies within the region of discrete vibrational
states of the upper potential-energy curve. The
probability that the vibrational quantum number
will change depends on the relative positions of the
potential-energy curves. (2) The final accessible level
not only lies within the region of discrete vibrational
states, but includes some part of the continuum.
Hence, some of the transitions will lead to dissocia-
tion. (3) The final accessible level lies within the
continuum of a repulsive state and all transitions
lead to dissociation.

The Franck–Condon principle can be used to treat
quantitatively the fragmentation of diatomic or
pseudodiatomic molecules at low energies. The cross
section for ionization from the vibrational level v″ of
the neutral molecule to a vibrational level v′ in the
ionized molecule is given by the Franck–Condon
factor (FCF) which is equal to the square of the
overlap integral between the respective vibrational
wavefunctions, i.e. FCF = 〈 ψv″ ψv′〉 2. In poly-
atomic molecules, the two-dimensional potential-
energy curves have to be replaced by multidimen-
sional potential-energy hypersurfaces. Although EI
and PI proceed without nuclear displacement
(Franck–Condon principle), the resulting (excited)
polyatomic ion will usually subsequently undergo
further internal transitions (e.g. radiationless transfer
of energy, that is transitions from one surface to
another surface), possibly leading to subsequent uni-
molecular decomposition (see below). Even with an
accurate knowledge of the potential energy surfaces,
a detailed description of the evolution of the ionized
system is virtually impossible; it is necessary to use
statistical theory methods.

Koopman’s theorem; photoelectron spectroscopy

The photoionization process (Eqn [2]) may be stud-
ied by using a fixed photon wavelength hν and
recording the kinetic energy distribution of the emit-
ted photoelectrons. This is called photoelectron spec-
troscopy (PES). The photoelectron carries away the
difference between the photon energy and the
binding energy of the ejected electron (Eqn [14]). 

where ε is the kinetic energy of the electron and
IE(M) is the ionization energy of the molecule, equal
to the binding energy of the photoionized electron.
Each ionization energy is approximately equal to the
negative eigenvalue of the molecular orbital (MO)
from which the electron is ejected. This approxima-
tion is known as Koopman’s theorem, which is
based on the self-consistent field (SCF) model.

The photoelectron spectrum of N2 (Figure 4),
obtained with hν = 21.21 eV, demonstrates what
happens upon ionization from the three outermost
MOs of the molecule, whose electronic structure is
(1σg)2(1σu)2(2σg)2(2σu)2(1πu)4(3σg)2. Ionization of an
electron from a nonbonding orbital leads to an ionic
state whose equilibrium internuclear distance is not
shifted appreciably with respect to the neutral. The
vertical transition, according to the Franck–Condon
principle, leads to very little, if any vibrational excita-
tion. The outermost σg orbital is very weakly bond-
ing. As a result, the strongest transition observed is
from v″ = 0 of the neutral to v′ = 0 of the ion.

Figure 3 Relative photoionization and photoabsorption cross sections σi and σa respectively, for parahydrogen at 78 K. The num-
bers above peaks in the photoionization data give the value of η i the quantum yield of ionization. Reproduced with permission of
Academic Press from Berkowitz J (1979) Photoabsorption, Photoionization and Photoelectron Spectroscopy, Chapter VI.
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Furthermore, the vibrational spacing in the 2Σg ionic
state that is produced is 2150 cm−1, only slightly less
than in the neutral (2345 cm−1). The second band
envelope reached, which is due to the 2Πu state, has a
much richer vibrational structure, because the πu elec-
tron is ionized from a strongly bonding orbital. This
causes the position of the minimum in the potential
energy curve to be shifted to a larger internuclear dis-
tance in the ion with respect to the neutral, to excita-
tion of a number of vibrational levels in the ion within
the vertical Franck–Condon region, and to a rather
small vibrational spacing of 1810 cm−1 in the ion.
Finally, the third band, which is due to formation of
the 2Σu state of the ion, demonstrates the ionization of
a weakly antibonding electron, with a strong propen-
sity for excitation of the 0–0 transition and with a

slightly larger vibrational spacing (2390 cm−1) in the
ion as compared to the neutral.

Types of ions produced

Parent ions

Parent ions are positively charged ions produced by
reaction [3] through removal of one electron from
the neutral precursor. The production of these par-
ent ions relative to that of other ions originating
from the same neutral precursor (molecule) depends
on the electron or photon energy and on the proper-
ties of the neutral molecule. At and just above the IE,
only singly charged (parent) ions are produced, but
at higher electron energies, other ions (see below) are
also observed.

In general, for small molecules the parent ion is
the dominant ion at all impact energies, although
there are exceptions, such as CCl4 and CF4 which
have no stable parent ions. Conversely, for large
molecules the relative parent-ion abundance usually
decreases with increasing molecular mass and
increasing incident energy. Again there are excep-
tions to this rule, the most notable one concerning
the fullerenes, where the singly charged C  parent
ion is the most abundant ion in the mass spectrum
(see Figure 5).

The parent-ion abundance depends also on the
temperature of the molecular gas target. At constant
ion-source gas pressure a decrease in all ion intensi-
ties is noted with increasing temperature, while an
increase in vibrational energies of the molecular ion
(due to the increase in the vibrational energies of the

Figure 5 Mass spectrum of C60 ionized with 200 eV electrons.

Figure 4 Photoelectron spectrum of N2 obtained with 21.21 eV
incident radiation; electron counts versus electron kinetic energy
(upper) and versus IE of N2 (lower). Reproduced with permission
of Oxford University Press from Atkins PW (1986) Physical
Chemistry, 3rd edn, p 483.
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neutral precursor) may lead to an appreciable
decrease in the relative parent-ion intensity. For pol-
yatomic molecules, this latter effect can be explained
in terms of statistical theories.

Fragment ions

If the incident energy is increased above the IE of the
molecule, fragment ions appear owing to reaction
paths discussed above in relation to the Franck–
Condon principle. In the case of polyatomic mole-
cules, a wide variety of fragmentation channels is
available; that is, the molecular ion can immediately
decay into a fragment ion with an even or odd
number of electrons (primary fragment ion). These
primary fragment ions may also be produced in (un-
stable) excited states and immediately decay into fur-
ther fragments. The number of fragment ions and
their relative cross-section functions are characteris-
tic of the corresponding parent molecule. The rela-
tive importance of the various ions as a function of
internal energy can be demonstrated with the help of
breakdown curves (see Figure 6 showing the break-
down graph of propane).

In the case of diatomic parent molecules, the frag-
mentation can be treated quantitatively in terms of
the Franck–Condon principle. For the dissociation of
small polyatomic molecules, spectroscopic and
quantum-theoretical ideas (correlation rules) can be
used to determine the dissociation path and predict
the resulting electronic states. With the advent of ab
initio CI (configuration interaction) calculations,
detailed information on the potential energy surfaces
of the different states and on their interactions is
becoming available. However, to deal with large

polyatomic molecules, statistical theories have to be
used, i.e. the so-called quasiequilibrium (QET)
theory or an almost identical approach, the so-called
RRKM theory (named after Rice, Ramsperger,
Kassel and Marcus).

In general, the relative abundance of any fragment
ion is related to its rate of formation and its rate of
dissociation by unimolecular decomposition. Hence,
the measured fragmentation pattern of a molecule is
a record in time of the ‘quasiequilibrium’ balance of
these rates. In other words, because the fragmenta-
tion pattern is a slice of the three-dimensional plot of
ion current as a function of incident energy and
mass-to-charge ratio, the respective partial ioniza-
tion cross-section functions will depend on the time
after formation of the primary ion. Trapped-ion
mass spectrometry has been used to investigate this
phenomenon for EI and PI. Typical results for short
and long delay times are shown for C6H , C6H  and
C6H  in Figure 7. The increased fragmentation
of C6H  at long delay times (due to the presence of
metastable ions, see below) is obvious.

In this context it is interesting to point out that the
reason for running mass spectra at relatively high
electron energies (50–100 eV) is that fragmentation
patterns do not vary very much with electron energy
in this energy range and that the partial ionization
cross-section functions (and thus the detection effi-
ciency) have their respective maxima in this energy
range (see below). On the other hand, much energy
can be transferred to the molecular ion in this energy
range, resulting in extensive fragmentation (see
below), sometimes making it difficult to identify the
parent ion. Because of this, EI is considered a ‘non-
soft’ ionization technique compared with PI or CI.
However, if similar energies are used for PI and EI,
very similar mass spectra are often observed.

Finally, it should be pointed out that dissociative
ionization yields fragment ions with small to moder-
ate kinetic energies. To describe the dissociative ioni-
zation process completely, these kinematic properties
must be known.

Metastable ions

Ions produced with lifetimes longer than those of
excited ions that decompose in the ion source (prior
to about 10−6 s) are called metastable ions. The ex-
istence of metastable ions can be explained by
different mechanisms depending on the size and
property of the precursor ion. Normally, dissocia-
tion of an excited ion occurs during the first vibra-
tion (prompt dissociation), or predissociation that
involves a transition from one potential energy
hypersurface to another, which also occurs rapidly;

Figure 6 Breakdown graph of propane. The relative abundanc-
es of the ions indicated are plotted as functions of the sum of the
IE of propane and the internal energy of the parent propane ion.
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therefore, the product ions are produced in the ion
source (see fragment ions). However, if crossings of
potential hypersurfaces are spin-forbidden, some
ions will nevertheless undergo electronic predissoci-
ation but will do so at a reduced rate. Thus, elec-
tronic (forbidden) predissociation via repulsive
states is one origin of metastable ions. A second pos-
sible mechanism is dissociation by tunnelling. In this
case the initial excitation is to bound levels of an ex-
cited state of the molecular ion that are above the
dissociation limit of this state, but below the top of
either an intrinsic or centrifugal barrier. The exist-
ence of large metastable ions can be rationalized in
the framework of QET and is termed vibrational
predissociation. After ionization, radiationless tran-
sitions yield highly vibrationally excited ground-
state ions with a distribution of internal energies
and hence a distribution of decay rate constants

including those that lead to unimolecular decompo-
sition in the metastable time range.

If the metastable decomposition occurs in flight
before the ion reaches the analyser of a mass spec-
trometer, a typical metastable peak may be observed
in the mass spectrum depending on the type of mass
analyser used. Moreover, using appropriate meth-
ods, it is also possible to deduce the kinetic energy
distribution of the nascent fragment ions at these late
times after the initial excitation.

Multiply charged ions

Multiply charged atomic and molecular ions were
observed and identified as early as 1912. Subsequent
observation of numerous doubly charged ions fol-
lowed. Triply charged molecular ions have been de-
tected in low abundances in the mass spectra of some
species (e.g. CO2, CS2, C2N2 and aromatic com-
pounds). Moreover, EI of free van der Waals clusters
can lead to multiply charged ions with up to five and
more elementary charges. Conversely, with certain
molecules (e.g. H2O and CH4), it is not possible to
detect any stable doubly charged molecular parent
ions by EI.

The partial ionization cross sections for the pro-
duction of multiply charged atoms and molecular
ions rarely exceed 1–5% of that of the dominant
singly charged ion. Certain atoms and compounds,
however, have been found to possess an increased
ability to sustain two or even more positive charges,
an especially intriguing example being C60 (see
Figure 5).

Ionization cross sections

Definitions

Consider, as shown in Figure 8, a parallel, homoge-
neous and monoenergetic beam of electrons crossing
a semi-infinite medium containing Nt target particles
per cubic centimetre at rest. If n(0)e represents the in-
itial electron intensity (number of electrons per area

Figure 7 Partial ionization cross-section functions for ions of
1,5-hexadiyne (a linear isomer of benzene) at two different detec-
tion times, t.

Figure 8 Schematic view of an electron impact ionization ex-
periment.
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and per second), the intensity of the electron beam at
depth x is given by the exponential absorption law
(Eqn [15]): 

If Ntσx << 1 (single-collision condition), the number
of ions generated per second along the collision in-
teraction path x = L (over which the ions are collect-
ed and analysed) is 

where σc is the counting ionization cross section. The
total positive-ion current it produced in this interac-
tion volume is given by 

where σt is the total ionization cross section. If the
ions produced are analysed with respect to their
mass m and charge ze, the respective individual ion
currents measured with a Faraday cup are given by 

where ims is the mass selected ion current and σzi is
the partial ionization cross section for the produc-
tion of a specific ion i with charge ze.

Total and counting ionization cross sections of a
specific target system are the weighted and the
simple sum of the various single and multiple partial
cross sections, respectively: 

Sometimes the macroscopic cross section s = σNt,
which represents the total effective cross-sectional
area for ionization of all target molecules in 1 cm3 of
the target medium, is used.

Partial and total ionization cross sections are of
great importance for practical applications, but they
give only a limited insight into the ionization process
itself. Conversely, a great deal of information about
the kinematic aspects can be obtained from differen-
tial electron ionization cross sections, including the
single, double and triple differential cross sections.
The single differential cross section dσ(E,W)/dW,
where W is the energy of the electrons after the

ionizing collision, measured at the collision energy E
represents the electron energy distribution (inte-
grated over all angles) of the two outgoing electrons.
The energy distribution is in principle symmetrical
with respect to (W1 + W2) = (E − IE), since for each
fast electron a corresponding slow electron of com-
plementary energy is ejected. If the incident energy E
is large enough, the low-energy part of the distribu-
tion is mainly due to ‘ejected’ electrons and the high-
energy part is due to ‘scattered’ electrons. Although
in principle the two outgoing electrons are indistin-
guishable, this interpretation is supported by the dif-
ferent angular behaviour of these two groups of
electrons. Usually, the single differential cross
section has a minimum at W = (W1 + W2) and
maxima close to W = 0 and W = (E − IE). At very
small incident energies, the cross section becomes
independent of W (at least for atoms).

The double differential cross section d2σ (E,W, δ)/
dW dΩ is higher by one order with respect to the
number of kinematic parameters, i.e. the energy W
and the polar angle δ of the outgoing electrons have
to be measured. In practice, one of the three experi-
mental parameters E, W or δ is varied while the
others are kept constant. This allows the determina-
tion of either angular distributions (E and W con-
stant) of ejected electrons or energy loss spectra. In
general, the higher the energy of the scattered elec-
tron, the more their intensity is peaked forward,
whereas the angular distribution of very low-energy
electrons is nearly isotropic. The triple differential
cross section d3σ (E,W1, δ1, δ2, ϕ2) dW dΩ1 dΩ2 con-
tains all available kinematic information. It has to be
measured in coincidence (‘e,2e experiments’) and full
graphical representation is impossible.

Ionization threshold law

Following the postulates of Wigner that the ioniza-
tion probability for EI to a first approximation
depends critically on the likelihood of the separation
step in the exit channel (that is, separation of the col-
lision complex AB–* into a stable ion and two free
electrons depends on the probability of disposing of
the excess energy), Wannier, using a very simple
phase space argument, showed that this probability
depends on the number of degrees of freedom n for
sharing the excess energy between the electrons, thus
giving a threshold law 

For single ionization and thus emission of two
electrons, n = 1 and the coefficients k is determined
by the electronic transition probability, which is
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proportional to the overlap of the vibronic wave-
functions for the neutral ground state and the state
of the ion produced. This argument can be extended
to z-fold ionization, giving n = z. More detailed cal-
culations predict that these power laws should all be
increased by 0.127. Using the same arguments for PI,
it is then possible to conclude that

Therefore, for single ionization a linear increase of
the cross section with electron energy is expected,
whereas for direct PI a step-function cross-section
law is predicted. This simple theory gives no predic-
tion of the energy range of validity and in practice
the threshold laws are slightly different for several
reasons, including influence of competitive channels,
tailing due to rotational levels, and autoionization

which will obscure the true threshold behaviour.
Nevertheless, it is customary to assume in accord-
ance with many experimental examples, that for
each state of the ion there exists a separate ionization
probability described by Equation [20] and that to a
first approximation these probabilities are additive
(see Figure 9). Finally, it is interesting to note that
the shape of the threshold law is especially important
for the determination of the ionization and appear-
ance energies, because owing to the low ion signal
close to the onset it is necessary to invoke an extrap-
olation method and knowledge of the threshold
behaviour facilitates this procedure.

Partial and total ionization cross sections

As discussed above, there exist different threshold
laws for EI and PI. This difference pertains also for
higher energies. Whereas in the case of EI the

Figure 9 Idealized threshold laws for electron impact ioniza-
tion and photoionization.

Figure 10 Experimental (solid symbols) and theoretical
(dashed line, distorted-wave Born approximation; full line,
Deutsch–Maerk formula and BEB (Binary–Encounter–Bethe) ap-
proximation) electron ionization cross section for helium.

Figure 11 Experimental and theoretical (dashed line) photo-
ionization cross sections of helium.
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ionization cross-section function (Figure 10) rises
more or less linearly over some tens of eV, reaches a
maximum at an energy of about 10 eV and then de-
creases monotonically over some thousands of eV (a
logarithmic decrease is predicted in the limit of the
Born–Bethe approximation), in the case of PI the
abrupt rise at threshold is followed by a monotonic,
more or less exponential decline to higher energies
(Figure 11).

In the limit of zero excess photon energy above
threshold, the details of the absorption probability
characteristic of the individual targets do not enter
and the cross-section function is only dependent on
the long-range interaction of the departing particles
(electron and positive ion). The Coulomb force then
leads to the abrupt onset to a finite crosssection
value with a post-threshold behaviour independent
of excess photon energy. But even for atomic targets
this step function description is inappropriate (see as
an example helium in Figure 11, which has been
studied both experimentally and theoretically). For
the heavier noble gases, autoionization fine struc-
tures due to spin–orbit interaction immediately set in
beyond the threshold and thus prevent examination
of the isolated continuum (see above and Figure 2).
For more complicated targets, such as molecular spe-
cies, additional effects thwart the observation and
analysis of the unperturbed continuum. Even the

abrupt rise at threshold is not always apparent and
therefore step-function behaviour, while a conven-
ient idealization, has little correspondence with
reality. A nice example where the step-function
behaviour does occur is in the case of the vibrational
staircase behaviour of acetylene PI (Figure 12).

Inelastic collisions of the electrons with atomic
targets are usually divided into two regimes, fast
collisions and slow collisions, depending on the

Figure 12 Mass-selected photoion yield curve of C2H2
⋅ + in the vicinity of the ionization threshold. Three steps are observed owing to

direct ionization from the vibrational ground state of the neutral to v ' = 0, 1 and 2 of the C–C stretch of the ion. Autoionization structure
is superimposed upon the steplike vibrational structure. Reproduced with permission of Academic Press from Berkowitz J (1979)
Photoabsorption, Photoionization, and Photoelectron Spectroscopy, Chapter VI.

Figure 13 Experimental (solid symbols) and theoretical
(dashed line, Deutsch-Maerk formula; full line, Binary–
encounter–Bethe approximation) total electron ionization cross
section for CF4.
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relation between the impacting electron velocity to
the mean orbital velocity of the electron(s) in the
(sub)shell responsible for the inelastic process under
consideration. For fast collisions, the influence of the
incoming electron upon the target can be viewed as a
sudden and small external perturbation. This
concept leads to a cross-section function derived in
the Born–Bethe approximation, where the ionization
cross section is given in good accordance with exper-
imental determinations asymptotically by the simple
expression 

with a0 the Bohr radius, u = E/R the reduced electron
energy, R the ionization energy of H, Mi

2 = ∫(df/
dE(1/u) dE with df/dE the differential oscillator
strength and c a collision parameter. It is possible to
extract Mi

2  from the slope of a plot of σu versus
ln(u) (Fano-plot).

Conversely, for slow collisions the combined
system of incoming electron and target molecule has
to be considered, leading in the exit channel to a full
three-body problem. Quantum-mechanical (approxi-
mate) calculations are difficult and have been carried
out only for a few selected examples. Therefore,
other methods have been developed with the goal of
obtaining reasonably accurate cross sections using
either classical or semiclassical theories and by devis-
ing semiempirical formulae. Some of these concepts
are based on the Born–Bethe formula [22] and on the
observation that the ejection of an atomic electron
with quantum numbers (n,l) is approximately pro-
portional to the mean-square radius of the electron
shell (n,l). This leads also to proposed correlations of
the ionization cross section with polarizability, dia-

magnetic susceptibility, number of electrons, and the
additivity of atomic cross sections to give molecular
cross sections. Moreover, there exist simple empiri-
cal relations such as between the energy position
umax of the maximum cross section and the ioniza-
tion energy σmaxumax ≈ (R/IE)2, which is the high-
energy limit of the classical Thomson formula.

A particularly useful, simple and versatile formula
is the semi-classical Deutsch–Maerk (DM) approach
giving the ionization cross section for single ioniza-
tion σi in terms of ξn,l (the number of equivalent elec-
trons in the (n,l) subshell), rn,l (the electron radius of
the (n,l) shell), and some weighting factors gn,l. It has
been demonstrated recently that this formula may be
applied not only to calculate ionization cross sec-
tions for ground-state atoms (Figure 10), but also
for the calculation of cross sections for excited
atomic species, for molecules (Figure 13), for radi-
cals, for inner-shell ionization (Figure 14), for ioni-
zation of ions and even clusters, thereby spanning a
range of cross-section values from about 10−34 m2 for
14-fold ionization of Si all the way up to about
5×10−19 m2 for C60 and in the case of inner-shell ion-
ization energies from threshold up to 109 eV.

List of symbols

a0 = Bohr radius; df/dE = differential oscillator
strength; E = electron collision energy; i = ionization
current (t, total; ms, mass selected); IE = ionization
energy; Nt = number of target particles cm−3; n(0)e =
initial electron intensity [cm−2 s−1]; u (= E/R) =
reduced electron energy [R = H ionization energy];
W = electron energy after ionization collision;
σ = ionization cross section (t, total; c, counting; zi
for ion i of charge ze); δ = polar angle of outgoing
electron.

Figure 14 Experimental (solid circles and full line) and theoretical K-shell electron ionization cross section for argon: dashed line,
Born–Bethe approximation; dash-dotted line, Deutsch–Maerk formula; open circles, Born–Bethe including relativistic corrections.
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See also: Chemical Ionization in Mass Spectrometry;
Fragmentation in Mass Spectrometry; Metastable
Ions; Photoelectron Spectroscopy; Photoionization
and Photodissociation Methods in Mass Spectro-
metry.
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Infrared and Raman spectroscopy techniques are
being employed to an ever-increasing extent for the
recognition and the quantitative analysis of structural
units in unknown compounds. The infrared region of
the electromagnetic spectrum extends from the red
end of the visible spectrum to the microwave region.
It includes radiation at wavelengths between 14 000
and 20 cm–1, but the spectral range used most is the
mid-infrared one, which covers frequencies from
4000 to 200 cm–1. Infrared spectrometry involves
examination of the twisting, bending, rotating and
vibrational motions of atoms in a molecule. Upon
interaction with infrared radiation, portions of the
incident radiation are absorbed at specific wave-
lengths. The multiplicity of vibrations occurring
simultaneously produces a highly complex absorp-
tion spectrum that is uniquely characteristic of the
functional groups that make up the molecule and of
the overall configuration of the molecule as well.

When monochromatic radiation is scattered by
molecules, a small fraction of the scattered radiation

is observed to have a different frequency from that of
the incident radiation; this is known as the Raman
effect. Since its discovery in 1928, the Raman effect
has been an important method for the elucidation of
molecular structure, for locating various functional
groups or chemical bonds in molecules and for the
quantitative analysis of complex mixtures. Although
vibrational Raman spectra are related to infrared
absorption spectra, a Raman spectrum arises in a
different manner and thus often provides comple-
mentary information. Vibrations that are active in
Raman scattering may be inactive in infrared, and
vice versa. A unique feature of Raman scattering is
that each line has a characteristic polarization, and
polarization data provide additional information
about molecular structure.

Raman spectra can be used to study materials in
aqueous solutions, a medium that transmits infrared
radiation very poorly. Another advantage is the
ability to examine the entire vibrational spectrum
with one instrument, unlike infrared spectroscopy in

VIBRATIONAL, ROTATIONAL & 
RAMAN SPECTROSCOPIES

Applications
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which the far-infrared is usually scanned separately
from the mid-infrared. For quantitative determina-
tions, the Raman scattering power is directly pro-
portional to concentration, whereas, in infrared
spectroscopy, it is the logarithm of the ratio of inci-
dent to transmitted power, the absorbance, that is
proportional to concentration. Furthermore, the
application of infrared spectroscopy to the identifi-
cation of inorganic and coordination compounds has
been somewhat unsuccessful because many simple
inorganic compounds such as the borides, nitrides
and oxides do not exhibit absorption in the region
between 4000 and 600 cm–1, which for many years
was the range of the infrared region covered by most
commercially available spectrometers.

In addition, the Raman technique has proved to be
particularly valuable in the study of single crystals
where the infrared technique has greater limitations
on sample size and geometry. Polarization data
obtained from Raman spectra allow unambiguous
classification of fundamentals and lattice modes into
the various symmetry classes. Although Raman
spectroscopy will never challenge X-ray diffraction
as a tool for quantitative structural analysis, it is the
preferred technique when qualitative information is
sufficient because it is faster and less expensive.

Experimental aspects

The spectrum obtained for a given sample of inor-
ganic, coordination or organometallic compounds
depends upon the physical state of the sample. Gase-
ous samples usually exhibit a rotational fine struc-
ture which is damped in solution because collisions
of molecules in the condensed phase occur before a
rotation is completed. In addition to the difference in
resolved fine structure, the number of absorption
bands and the frequencies of the vibrations vary in
the different states. Often there are more bands in
the liquid state than in the gaseous state of a sub-
stance, and frequently new bands below 300 cm–1

caused by lattice vibrations, i.e. translational and
torsional motions of the molecules in the lattice
(phonon modes) appear in the solid state spectrum.
The stronger intermolecular forces that exist in the
solid and liquid states compared with those in the
gaseous state are often the cause of slight shifts in
the frequencies.

An additional complication arises if the unit cell of
the crystal contains more than one chemically equi-
valent molecule. When this is the case, the vibrations
in the individual molecules can couple with each
other. This intermolecular coupling can give rise to
frequency shifts and band splitting.

Sample handling also presents a number of prob-
lems in the infrared region. For example, there is no
rugged window material for cuvettes that is trans-
parent and also inert over this region. The alkali
halides are widely used, particularly sodium chlo-
ride, which is transparent at wavelengths as long as
625 cm–1. For frequencies less than 600 cm–1, poly-
ethylene cells are frequently used.

Samples that are liquid at room temperature are
usually scanned in their neat form or in solution.
Unfortunately, not all substances are soluble to a rea-
sonable concentration in a solvent not absorbing in
the regions of interest. In some cases use is made of
solvents susceptible to hydrogen-bonding effects
which can alter the vibrational frequency characteris-
tic of the compound examined; the stronger the
hydrogen bonding, the more the fundamental
frequency is lowered.

Powders or solids can be examined as a thin paste
or mull (mineral oil, nujol, hexachlorobutadiene,
perfluorokerosene) or through the pellet technique
which allows quantitative analyses to be performed
since accurate measurements can be made of the
ratio of weight of sample to internal standard in each
disk. Modern technique using diamond ATR is
removing the need for mulls and disks.

The use of laser excitation allows Raman spectro-
scopy to be performed on specimens in almost any
state: liquid, solution, transparent solid, translucent
solid, powder, pellet or gas. Water is a weak scat-
terer and therefore an excellent solvent for Raman
work. This has important consequences in studies of
biochemical interest and in the pharamaceutical
industry. Water is a bad solvent in FT Raman
because the Raman light is self absorbed.

Group frequencies and band 
assignments

The infrared spectrum of a compound is essentially
the superposition of absorption bands of specific
functional groups: even small interactions with the
surrounding atoms of the molecule impose the stamp
of individuality on the spectrum of each compound.
For qualitative analysis, one of the best features of
an infrared spectrum is that the absorption or the
lack of absorption in specific frequency regions can
be correlated with specific stretching and bending
motions and, in some cases, with the relationship of
these groups to the rest of the molecule.

In the near-infrared region (NIR), which meets
the visible region at about 12 500 cm–1 and extends
to about 4000 cm–1, generally there are many absorp-
tion bands that result from harmonic overtones
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of fundamental and combination bands often associ-
ated with hydrogen atoms.

Many useful correlations have been found in the
mid-infrared region. This region is divided into the
‘group frequency’ region, 4000–1300 cm–1, and the
fingerprint region, 1300–650 cm–1. In the group fre-
quency region the principal absorption bands are
assigned to vibration units consisting of only two
atoms of a molecule: in the interval from 4000 to
2500 cm–1, the absorption is characteristic of
hydrogen stretching vibrations with elements of
mass 19 or less. The intermediate frequency range,
2500–1540 cm–1 (unsaturated region) contains triple
bond frequencies which appear from 2500 to
2000 cm–1 and double bond frequencies from 2000 to
1540 cm–1. In the region between 1300 and 650 cm–1

there are single bond stretching frequencies and
bending vibrations (skeletal frequencies) of polyat-
omic systems that involve motions of bonds linking a
substituent group to the remainder of the molecule.

The region 667–10 cm–1 contains the bending
vibrations of carbon, nitrogen, oxygen and fluorine
with atoms heavier than mass 19, and additional
bending motions in cyclic or unsaturated systems.
The low-frequency molecular vibrations in the
far-infrared are particularly sensitive to changes in
the overall structure of the molecule; thus the far-
infrared bands often differ in a predictable manner
for different isomeric forms of the same basic
compound.

The far-infrared frequencies of organometallic
compounds are often sensitive to the metal ion or
atom, and this can be used advantageously in the
study of coordination bonds. Moreover, this region
is particularly well suited to the study of organo-
metallic or inorganic compounds whose atoms are
heavy and whose bonds are inclined to be weak.

In Raman spectroscopy those vibrations that
originate in relatively nonpolar bonds with symmet-
rical charge distributions and that are symmetrical in
nature produce the greatest polarizability changes
and are the most intense. Vibrations from –C=C–,
–C≡C–, –C≡Ν, –C=S, –C–S–, –S–S–, –N=N– and
–S–H bonds are readily observed. Absorption bands
due to the skeletal vibrations of finite chains and
rings of saturated and unsaturated hydrocarbons are
generally sharper in Raman than in infrared spectra.
Aromatic compounds exhibit particularly strong
spectra with a strong ring deformation mode at
1600 ± 30 cm–1. Skeletal motions are very character-
istic and highly useful for cyclic and aromatic rings,
steroids and long chains of methylenes.

In solid samples, sharpening and intensifying of
certain bands appear to be a function of crystallinity.
For all molecules that have a centre of symmetry, a

band allowed in the infrared is forbidden in the
Raman, and vice versa. In molecules with symmetry
elements other than a centre of symmetry, certain
bands may be active in the Raman, infrared, both or
neither. For a complex molecule that has no symme-
try, all of the normal vibrational modes are allowed
in both the infrared and Raman spectra. One other
strong difference is the tendency for peaks in a
Raman spectrum to have a greater range of intensi-
ties, from very weak to very strong. These factors,
plus the contrasting relative intensities for a given
group, are the main basis for making more confident
assignment of chemical structure through the combi-
nation of infrared and Raman data. For example, in
infrared spectra the 3300 cm–1 region is badly
obscured by intense OH absorption, whereas the
same region in Raman is very helpful in the assign-
ment of NH and CH stretchings because the OH
absorption is weak.

Applications

Selection rules

Molecular symmetry is very important in determining
the infrared activity and degeneracy of a molecular
vibration. When a molecule is present in a crystal, the
symmetry of the surroundings of the molecule in the
unit cell, the so called site symmetry, determines the
selection rules. Often, bands forbidden in the gaseous
state or in solution appear in the solid, and degenerate
vibrations in the gaseous state are split in the solid. To
show this effect, let us consider the infrared spectra of
carbonate derivatives. The infrared (Figure 1A) and
Raman spectra of CaCO3 in calcite, where the
carbonate ion is in a site of D3 symmetry, contain the
following bands (in cm–1): ν1, 1087 (R); ν2, 879 (IR);
ν3, 11 432 (IR, R); ν4, 710 (IR, R). The infrared
spectra of CaCO3 (Figure 1B) in aragonite, where the
site symmetry for the carbonate is C8 is different: ν1 is
infrared active and both ν3 and ν4 split into two
bands.

In Figure 2 some of the possible structures for a
compound with an empirical formula NSF3 are
shown whereas the calculated number and symmetry
of bands for the illustrated structures are listed in
Table 1. In the infrared spectrum of this compound,
six intense bands are found, in agreement with a C3v

structure but certainly not in conflict with other pos-
sible structures. It was found that the four bands ν1,
ν2, ν3 and ν5, have P, Q and R branches indicating
that the molecule investigated is a symmetric top
molecule and supports a C3v structure. The spectral
data are contained in Table 2.
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These data, combined with an NMR study, have
been employed to support the C3v structure F3S–N.
The F3NS structure has not been eliminated by these

data; however, the other observed bands support
F3SN: the S–N stretch is the only fundamental vibra-
tion that could be expected at a frequency of
1515 cm–1. The NF stretching vibrations in NF3

occur at 1031 cm–1 and would not be expected to be
as high as 1515 cm–1 in F3N–S. The F3SN structure
has been demonstrated on the basis of microwave
and mass spectroscopic studies.

Change in the spectra of donor molecules upon 
coordination

In the infrared spectrum of N,N-dimethylacetamide
in CCl4, a strong absorption band at 1662 cm–1 has
been found due to a highly coupled carbonyl absorp-
tion. The low frequency with respect to that found
for acetone (1715 cm–1) is attributed to a resonance
interaction with the lone pair on the nitrogen
(Figure 3).

A decrease in the frequency of this band has gener-
ally been found upon complexation of the molecule
with Lewis acids. This has been attributed to coordi-
nation of the oxygen to the acid. Oxygen coordina-
tion produces a decrease in the carbonyl force
constant by draining the π electron density out of the
carbonyl group, which causes the observed decrease
in the carbonyl frequency. The absence of any absorp-
tion in the carbonyl region on the high-frequency side
of the uncomplexed carbonyl band further supports
coordination of this molecule through the oxygen.
On the other hand, in Pd(NH2CONH2)2Cl2, and
Pt(NH2CONH2)2Cl2, coordination of the ligand
NH2CONH2 through the nitrogen occurs, which
results in a decrease of the C–N vibration frequency
and in a higher frequency carbonyl absorption.

Analogously, a decrease in the S–O stretching
frequency, indicative of oxygen coordination, is
observed when dimethyl sulfoxide or tetramethylene
sulfoxide is complexed to many metal ions, iodine
and phenol, whereas the S–O stretching frequency
increases in the palladium complex of dimethyl sul-
foxide, compared to free sulfoxide, which suggests
sulfur coordination.

Figure 1 Infrared spectra of CaCO3 in calcite and in aragonite.

Figure 2 Possible structures for NSF3.

Table 1 Calculated number of bands for some of the possible
structures for NSF3

Table 2 Fundamental vibration frequencies (cm–1) for NSF3

C3v C2v Cs

3A1 (IR active ) 4A1 (IR active) 7A′ (IR active)

3B1 (IR active) 2A″ (IR active)

3E (IR active ) 2B2 (IR active)

ν1 1515 ν4 811
ν2 775 ν4 429
ν3 521 ν6 342

Figure 3 Resonance interaction between the carbonyl and the
lone pair on the nitrogen in N,N ′-dimethylacetamide.



IR AND RAMAN SPECTROSCOPY OF INORGANIC, COORDINATION AND ORGANOMETALLIC COMPOUNDS 1025

The infrared spectra of ethylenediaminetetraacetic
acid metal complexes have been used to distinguish
between tetradentate, pentadentate or hexadentate
coordination of the ligand on the basis of the
absorption bands in the carbonyl region correspond-
ing to free and complexed carbonyl groups.

The change in C≡N stretching frequency of
nitriles and metal cyanides resulting from their inter-
action with Lewis acids has also attracted considera-
ble interest. When such molecules are coordinated to
Lewis acids not generally involved in π back-bond-
ing, the C≡N stretching frequency increases. A com-
bined molecular orbital and normal coordinate
analysis of acetonitrile and some of its adducts indi-
cates that a slight increase is to be expected from this
effect, but that the principal contribution to the
observed shift arises from an increase in the C≡N
force constant. This increase is mainly due to an
increase in the C≡N σ bond strength from nitrogen
rehybridization. In those systems where there is
extensive π back-bonding from the acid into the π*
orbitals of the nitrile group, the decreased π bond
energy accounts for the decreased frequency.

Change in symmetry upon coordination

Some of the most useful applications of infrared
spectroscopy in the area of coordination and organo-
metallic chemistry originate from the change in the
symmetry of a ligand upon coordination. For exam-
ple, when small molecules (e.g. N2, O2 and H2) are
linked to transition metal ions a symmetry change
occurs which has a strong influence on the infrared
spectra. The stretching vibration of free N2 is
infrared inactive but Raman active (2331 cm–1).
If the azide ion is added to Ru(NH3)5H2O3+,
Ru(NH3)5N  is obtained, which exhibits in infrared
a sharp absorption due to ν(N–N) at 2130 cm–1.

Infrared spectroscopy is a very effective tool for
determining the nature of the bonding of the sulfate
group in its derivatives. The sulfate ion (Td symme-
try) has two infrared bands in the 1200–600 cm–1

region, one assigned to ν3 at 1104 cm–1 and one to ν4

at 613 cm–1. In the complex [Co(NH3)5OSO3]Br the
coordinated sulfate group has lower symmetry, C3v,
with six new bands at 970 (ν1), 438 (ν2), 1032
to 1044, and 1117 to 1143 (from ν3), and 645 and
604 cm–1 (from ν4). In a bridged sulfate group, the
symmetry is lowered to C2v and even more bands
appear: the ν3 band is split into three peaks and the
ν4 band into three other peaks.

Five-coordinate addition compounds such as
(CH3)3SnCl⋅(CH3)2SO had a structure in which the
three methyl groups were in the equatorial positions:
in fact, the symmetric Sn–C stretch present in

(CH3)3SnCl at 545 cm–1 disappeared in the addition
compound where a single Sn–C vibration due to the
asymmetric Sn–C stretch was detected at 551 cm–1.
This is in accordance with an isomer with three
methyl groups in the equatorial position: in fact, a
small dipole moment change is associated with the
symmetric stretch in compounds having this struc-
ture. All the other possible structures possess at least
two different Sn–C vibrations.

Also, the carbonyl stretching vibrations of
M(CO)5 X (and their 13C-substituted) derivatives can
be employed to study change in symmetry upon
coordination. The operations or the C4v point group
for all-12CO compounds such as those in Figure 4
produce 2A1 (one radial and one axial), B1 (radial)
and E (radial) vibrations, three of which are infrared
active and four Raman active.

If the molecule has an axial 13CO, the symmetry is
still C4v and the B1 and E modes (which have no con-
tribution from the axial group) will be unaffected by
the mass change. The two A1 modes having the same
symmetry will mix, so isotopic substitution could
affect both; but it will have a major effect on A1

(axial). If a 13CO is located in the radial position, the
symmetry is lowered to Cs, leading to the possible
vibrations shown in Figure 5.

Figure 4 Carbonyl stretching vibrations of M(12CO)5X
derivatives.

Figure 5 Possible vibrations for a M(12CO)4(13CO)X derivative,
containing the 13CO in the radial position.
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Only the A″ will be unaffected by the mass change,
and it resembles the E mode in the all-12CO mole-
cule. All of the other four modes can mix and could
be shifted by distributing the mass effect over all four
modes. This would shift the vibrations to lower
frequencies than those in the all-12CO molecule.
Several normal coordinate analyses on such systems,
employing a large number of isotopes, have been
made which indicates that as the formal positive
charge on the central atom increases in forming
M(CO)5Br from M(CO)6, the σ-bonding increases
and the extent of π back-bonding decreases.

Metal-isotope spectroscopy

The metal–ligand vibrations appear in the low-
frequency region (600–100 cm–1) and provide direct
information about the structure of the coordination
sphere and the nature of the metal–ligand bond. It is
difficult to make unequivocal assignments of metal–
ligand vibrations since the interpretation of the low-
frequency spectrum is complicated by the appear-
ance of ligand vibrations, as well as lattice vibrations
in the case of solid-state spectra. However, different
methods can be employed: for example, the metal–
ligand vibrations are absent in the spectrum of the
free donor (it should be taken into account that in
some cases new ligand vibrations, activated by com-
plex formation, can appear).

Metal–ligand vibrations are also metal sensitive
and are shifted by changing the metal or its oxida-
tion state: this method is applicable only to isostruc-
tural metal complexes and it does not provide
definitive assignments since some ligand vibrations
(for example the chelate ring deformations) are also
metal sensitive.

If the ligand is isotopically substituted, the metal–
ligand vibrations present an isotope shift: the ν(Ni–N)
in [Ni(NH3)6]Cl2 at 334 cm–1 is shifted to 318 cm–1

upon deuteration of the ammonia groups. It is possi-
ble, with this method, to assign the metal–ligand
vibrations of chelate compounds such as oxamido
(14N/15N) and acetylacetonato (16O/17O) complexes.
However isotopic substitution of the α-atom (an
atom directly bonded to the metal) causes shifts not
only of metal–ligand vibrations but also of ligand
vibrations involving the motion of the α-atom.
Finally, the frequency of a metal–ligand vibration
may also be predicted if the metal–ligand stretching
and other force constants are known as a priori.

The ‘metal-isotope technique’ is the best one for
obtaining reliable metal–ligand assignments. Isotope
pairs such as (H/D) and (16O/17O) had been used
in the past routinely by many spectroscopists.
Isotopic pairs of heavy metals such as (58Ni/62Ni)

and (104Pd/110Pd) were not employed until 1969
when the first report on the assignments of the Ni–P
vibrations of trans-Ni(PEt3)2X2 (X = Cl and Br) was
made. The delay in their use was probably due to the
high cost of the pure metal isotopes.

The magnitudes of metal isotope shifts are gener-
ally of the order of 2–10 cm–1 for stretching modes
and 0–2 cm–1 for bending modes, whereas the exper-
imental error in measuring the frequency could be as
small as ±0.2 cm–1.

In highly symmetrical molecules (Td, Oh, etc.),
the central atom does not move during the totally
symmetric vibration and no metal-isotope shifts are
expected. When the central atom is coordinated
by several donor atoms, multiple isotope labelling
is necessary to distinguish different coordinate
bond-stretching vibrations. For example, complete
assignments of bis(β-diketonato)nickel(II) derivatives
require 16O/18O as well as 58Ni/62Ni isotope shift data.
The metal-isotope technique is often indispensable
not only in assigning the metal–ligand vibrations but
also in refining metal–ligand stretching force con-
stants in normal coordinate analysis. The presence of
vibrational coupling between metal–ligand and other
vibrations can also be detected by combining metal-
isotope data with normal coordinate calculations,
since both experimental and theoretical isotope shift
values will be smaller when such couplings occur.

The metal-isotope technique is very important in
biological molecules such as haem proteins: struc-
tural and bonding information about the active site
(iron porphyrin) can be obtained through definitive
assignments of coordinate bond-stretching vibra-
tions around the iron atom. Using resonance Raman
techniques, it is possible to observe iron porphyrin
and iron–axial ligand vibrations without interference
from peptide chain vibrations. Thus, these vibrations
can be assigned by comparing a resonance Raman
spectrum of a natural haem protein with that of a
54Fe-reconstituted haem protein.

Inorganic compounds

This and the following paragraphs are devoted to a
general resumé of the more common and important
spectroscopic and structural information on inor-
ganic compounds: the assignment of the fundamental
vibrations are based on point group symmetry.

Diatomic molecules have only one vibration along
the chemical bond: in homopolar AA(D∞h) mole-
cules, this vibration is Raman active but not infrared
active, whereas the stretching vibration is both
Raman and infrared active in heteropolar AB(D∞v)
molecules.
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Table 3 lists some relevant observed frequencies
for diatomic molecules, ions and radicals: the effect
of the charge on the frequency in the series of the
dioxygen species is worthy of note and also the
vibrational frequencies characteristic of hydrogen
halides which generally polymerize in the condensed
phases. The HX stretching bands are shifted mark-
edly to lower frequencies upon polymerization.

IR and Raman spectra can be properly used to
select between bent and linear structures in triatomic
inorganic molecules (Table 4): the linear X3(D∞h)
and XAX (D∞h) type molecules have three normal
modes (Figure 6), ν1, Raman active but not infrared
active, and ν2 and ν3, infrared active but not Raman
active. In the case of bent X3 (C2v) and XAX (C2v)
type molecules all three vibrations are infrared and
Raman active.

Pyramidal XY3 (C3v) molecules have four normal
modes of vibration (Figure 7) (Table 5), all infrared
and Raman active, which have been used, for exam-
ple, to confirm the presence of the hydronium
(H3O+) ion in hydrated acids. Substitution of one of
the Y atoms of a pyramidal XY3 molecule by a Z
atom lowers the symmetry from C3v to Cs. Then the
degenerate vibrations split into two bands
[νd(XY) → νs(XY) + νa(XY); δd(YXY) → δs(YXY) +
δa(YXZ)] (δ = bending) and all six vibrations
become infrared and Raman active (Table 5).

The four normal modes of vibration of planar XY3

(D3h) molecules are shown in Figure 8, whereas sig-
nificant vibrational frequencies of planar XY3 mole-
cules are listed in Table 5. Pyramidal and planar

Table 3 Observed frequencies of diatomic molecules (cm–1)

a Matrix.
b Solid state.
c Solution.

Molecule ν Molecule ν

N2 2360 HF 4138

CO 2138 HCl 2991

NO 1880 HBr 2650

O 1865 HI 2309

O2 1580 AlH 1593a

O 1097 [OH]– 3637b

O 766 [CN]– 2080c

Table 4 Vibrational frequencies of triatomic molecules (cm–1)

Compound Structure ν1 ν2 ν3

BeCl2 Linear (680) 345 1555
MgCl2 Linear 327 93 601
SnCl2 Bent 354 (120) 334
[CuCl2]– Linear 300 109 405
BaCl2 Bent 225 – 260
O3 Bent 1135 716 1089
S3(g) Bent 585 490/310 651
ClOCl(s) Bent 631 296 671
SCS Linear 658 397 1533
O13CO Linear – (649) 2284
NNO Linear 2224 589 1285

Figure 6 Normal modes of vibration for triatomic inorganic
molecules.

Figure 7 Normal modes of vibration for a pyramidal XY3

molecule.
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structures can be distinguished easily on the basis of
the difference in selection rules.

Tetrahedral XY4 molecules have four normal
modes of vibration (Figure 9) which are all Raman
active, whereas only ν3 and ν4 are infrared active. In
XH4-type molecules (Table 6) the following trend is
observed: ν3 > ν1 and ν2 > ν4. In MX4 derivatives the
MX stretching frequency generally decreases on
going from F to I. The average values of ν(MBr)/
ν(MCl) and ν(MI)/ν(MCl) calculated from selected
compounds are 0.76 and 0.62, respectively, for ν3,
and 0.61 and 0.42, respectively, for ν1. These values
are very useful in the assignment of the MX stretch-
ing bands in halogeno complexes.

The effect of changing the oxidation state on the
MX stretching frequency has been extensively
studied with [FeX4]– and [FeX4]2– (X = Cl and Br)

species: it has been found that the MX stretching fre-
quency increases as the oxidation state of the metal
increases. In tetrahedral MO , MS  and MSe  com-
pounds, the ν1/ν3 ratio increases as the negative
charge of the anion increases; for anions having the
same negative charge and the central atom belonging
to the same group of the periodic table, the ν1/ν3

ratio increases with increasing mass of the central
atom, and finally the ν1/ν3 ratio increases with
increasing negative charge of the anion in isoelec-
tronic ions, with the mass of the central atom
approximately constant.

Figure 10 shows the seven normal modes of vibra-
tion of square-planar XY4 molecules. Vibra-tions ν3,
ν6 and ν7 are infrared active, whereas ν1, ν2 and ν4 are
Raman active. Some vibrational frequencies for
selected square-planar XY4 molecules are reported in
Table 7.

XY5 molecules may be trigonal bipyramidal (D3h)
or tetragonal pyramidal (C4v). Trigonal bipyramidal
have eight normal modes of vibration, six of which
(A , E′ and E″) are Raman active and five (A  and E')
are infrared active. Normal coordinate studies have
demonstrated that in neutral trigonal bipyramidal
MX5 compounds, the equatorial bonds are stronger
than axial ones.

In tetragonal XY5 molecules, the axial stretching
frequency (ν1) is generally higher than equatorial

Table 5 Vibrational frequencies of tetratomic molecules (cm–1)

Compound Structure State ν1 ν2 ν3 ν4

NH3 Pyramidal Solid 3223 1060 3378 1646
[OH3]+ Pyramidal Solution 3560 1095 3510 1600
PH3 Pyramidal Gas 2327 990 2421 1121
NF3 Planar Gas 1035 649 910 500
[SnCl3]– Planar Solution 297 128 256 103
BiCl3 Planar Gas 342 123 322 107
BiBr3 Planar Gas 220 77 214 63
BiI3 Planar Solid 146 90 115 71

Figure 8 Normal modes of vibration for a planar XY3 molecule.

Table 6 Vibrational frequencies of tetrahedral compounds
(cm–1)

a Distorted, ν7: 388 ; ν8: 719; ν9: 319.

Compound ν1 ν2 ν3 ν4 ν5 ν6

CF4 908 434 1283 631

SiCl4 423 145 616 220

[MnCl4]2– 256 – 278, 301 120

[BrO4]– 801 331 878 410

FSiCl3 465 948 239 640 282 167

FCCl3 538 1080 351 848 243 395

ONF3 743 1691 528 883 558 400

[IF4]+a 728 614 345 263 – –

Figure 9 Normal modes of vibration for a tetrahedral XY4

molecule.
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stretching frequencies (ν2, ν4 and ν7). This is the
opposite of what is found for trigonal bipyramidal
XY5 molecules.

Figure 11 shows the six normal modes of vibra-
tion of an octahedral XY6 molecule. Vibrations ν1, ν2

and ν5 are Raman active, whereas only ν3 and ν4 are
infrared active; ν6 is inactive in both, and its fre-
quency is estimated from an analysis of combination

and overtone bands. Vibrational frequencies of
several octahedral XY6 molecules are reported in
Table 8. The order of the stretching frequencies can
be ν1 > ν3 >> ν2 or ν1 < ν3 >> ν2, depending on the
compound.

The order of the bending frequencies is ν4 > ν5 > ν6

in most cases. In the same group of the periodic
table, the stretching frequencies decrease as the mass
of the central atom increases.

Several XY6-type ions show splitting of degenerate
vibrations due to lowering of symmetry in the crys-
talline state, an effect which has been attributed to a
static Jahn–Teller effect.

Characteristic infrared frequencies and their
assignment for some other important anions are
summarized in Table 9.

In some cases where there is high point group sym-
metry, vibrations normally infrared inactive often
appear as a weak band and doubly and triply degen-
erate vibrations can split into two and three compo-

Figure 10 Normal modes of vibration for a square planar XY4

molecule.

Table 7 Vibrational frequencies of square planar XY4 mole-
cules (cm–1)

Compound ν1 ν2 ν3 ν4 ν6 ν7

XeF4 554 218 291 524 586 (161)

[AuCl4]− 347 171 – 324 350 179

[PtCl4]− 330 171 147 312 313 165

ClF4 505 288 425 417 680–500 –

Figure 11 Normal modes of vibration for an octahedral XY6 molecule.
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nents, respectively. These effects derive either from
lowering of the point group symmetry or from factor
group splitting as a result of different crystalline
environments.

Coordination compounds

Ammine complexes

The NH3 stretching frequencies in hexammine com-
plexes (Figure 12) are generally lower than those in
the free NH3 molecule due to the fact that upon co-
ordination the N–H bond is weakened: the stronger
the M–N bond, the weaker is the N–H bond and the
lower are the NH3 stretching frequencies. For this

reason, the NH3 stretching frequencies may be used
as a rough measure of the M–N bond strength. The
effect of the counterion should be considered: the
NH3 stretching frequencies in chloride derivatives
are much lower than those in the perchlorate ones
and the weakening of the N–H bond is due to the
formation of the N–H⋅⋅⋅⋅Cl-type hydrogen bond in
the former. The main effect of coordination and hy-
drogen bonding is the shift to higher frequencies of
the NH3 deformation and rocking modes. The NH3

rocking mode is most sensitive whereas the degener-
ate deformation is least sensitive to these effects.

Nitro, nitrito and nitrato complexes

The NO  ion is able to coordinate metals in a variety
of ways (Figure 13), and vibrational spectroscopy is
very useful in distinguishing the possible structures.

If the NO2 group is bonded to a metal through its
N atom (nitro form) it exhibits νa(NO2) and νs(NO2)
in the 1470–1370 and 1340–1320 cm–1 regions,
respectively. The free NO  ion exhibits the same
modes at 1250 and 1335 cm–1, respectively; thus
νa(NO2) shifts markedly to a higher frequency,
whereas νs(NO2) changes very little upon
coordination.

On the other hand, if the NO2 group is bonded
to a metal through one of its O atoms (nitrito form)
it shows two ν(NO2) well separated at 1485–
1400 cm–1, ν(N=O), and 1110–1050 cm–1, ν(NO),
respectively. The nitrito complexes lack the wagging
modes near 620 cm–1 which appear in all nitro
derivatives and exhibit ν(MO) (M = Cr(III), Rh(III)
and Ir(III)) in the 360–340 cm–1 region.

If the NO2 group is O2-chelating, both antisym-
metric and symmetric NO2 stretching frequencies are
lower and the ONO bending frequency is higher
than that for unidentate N-bonded nitro complexes.
In this case, νa(NO2) depends on the degree of asym-
metry of the coordinated nitro group: it is lowest
when two N–O bonds are equivalent and becomes
higher as the degree of asymmetry increases.

Table 8 Vibrational frequencies of octahedral XY6 molecules
(cm–1)

Compound ν1 ν2 ν3 ν4 ν5 ν6

SF6 775 643 939 614 534 (347)

[BiCl6]3− 259 215 172 130 115 –

[SnI6]2− 311 229 303 166 158 –

[TiCl6]2– 320 271 316 183 173 –

[BrF6]+ 658 660 – – 405 –

Table 9 Fundamental vibrations of selected inorganic ions
(cm–1)

Formula Ion
Point 
group Vibrations

AIH Tetrahydroalumi-
nate 

Td 1790 (ν1), 799 (ν2),
1740 (ν3), 764 (ν4)

CN− Cyanide 2080–2239 (νC≡N) 
SCN− Thiocyanate Cωv 1293 (ν1), 470 (ν2),

2066 (ν3)

CO Carbonate D3h 1087 (ν1), 874 (ν2),
1432 (ν3), 706 (ν4)

PO Orthophosphate Td 935 (ν1), 420 (ν2),
1080 (ν3), 550 (ν4)

MoO Molybdate(III) Td 940 (ν1), 220 (ν2),
895 (ν3), 365 (ν4)

SnCl Hexachlorostan-
nate

Od 311 (ν1), 229 (ν2),
158 (ν3)

IO Iodate C4v 779 (ν1), 390 (ν2),
826 (ν3), 330 (ν4)

ClO Perchlorate Td 935 (ν1), 460 (ν2),
1050–1170 (ν3), 630 (ν4)

PtCl Tetrachloroplati-
nate

D4h 335 (ν1), 164 (ν2),
304 (ν4)

NO Nitrite Cωh 1320–1365 (ν1), 807–818 
(ν2), 1221–1251 (ν3)

NO Nitrate D3h 1018–1050 (ν1), 807–850 
(ν2), 1310–1405 (ν3), 
697–716 (ν4)

MnO Permanganate Td 840 (ν1), 340–350 (ν2), 
900 (ν3), 387 (ν4)

Figure 12 Infrared spectrum of the hexammine cobalt complex
[Co(NH3)6]Cl2.
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The nitro group is also known to form a bridge
between two metal atoms (Figure 13) with NO2

stretching bands appearing at 1492 and 1180 cm–1.
Upon isotopic substitution of the bridging oxygen,
the latter is shifted by –10 cm–1 while the former is
almost unchanged. For this reason, these bands have
been assigned to the ν(N=O) (outside the bridge) and
ν(N–O) (bridge), respectively.

The NO  ion is able to coordinate in unidentate,
symmetric and asymmetric chelating bidentate, and
bridging bidentate fashion (Figure 13). It is very diffi-
cult to distinguish the possible structures by vibra-
tional spectroscopy since the symmetry of the nitrate
ion differs very little among them (C2v or Cs). The uni-
dentate NO3 group exhibits three NO stretching
bands, as expected due to its C2v symmetry. For exam-
ple, in [Ni(en)2(NO3)2] containing unidentate nitrato
groups the three bands at 1420, 1305 and 1008 cm–1

have been identified as νa(NO2), νs(NO2) and ν(NO),
respectively; whereas [Ni(en)2NO3]ClO4 which con-
tains a chelating bidentate nitrate, exhibits the three
bands at 1476 cm–1, 1290 cm–1 and 1025 cm–1, due to
ν(N=O), νa(NO2) and νs(NO2), respectively.

The separation of the two highest frequency bands
is larger for bidentate than for unidentate coordina-
tion, a rule which is not applicable if the complexes are
markedly different. For structural diagnosis, it is pos-
sible to use the combination band, ν1+ν4, of free NO
ion which appears in the 1800–1700 cm–1 region.
Upon coordination the ν4 (E′, in-plane bending) near
700 cm–1 splits into two bands, and the magnitude of
this splitting is expected to be larger for bidentate than
for unidentate ligands. In some cases, this produces
the separation of two (ν1+ν4) bands in the 1800–
1700 cm–1 region, the NO  ion being bidentate if the
separation is 70–20 cm–1 and unidentate if it is 25–
5 cm–1.

Lattice water

It is possible to classify water in inorganic salts
and coordination compounds such as lattice or
coordinated water, but no definite borderline exists
between the two forms. Vibrational spectra are often
useful for providing information which allows the
two forms to be distinguished.

Lattice water exhibits strong absorptions at 3550–
3200 cm–1 (antisymmetric and symmetric OH
stretchings) and at 1630–1600 cm–1 (HOH bending).
In the region 600–200 cm–1, lattice water exhibits
‘libration modes’ that are due to rotational oscilla-
tions of the water molecule.

Aquo and hydroxo complexes

The structure of aquo complexes is often assigned on
the basis of their vibrational spectra: TiCl3⋅6H2O
has been formulated as trans-[Ti(H2O)4Cl2]Cl⋅2H2O
since it exhibits one TiO stretching (500 cm–1, Eu)
and one TiCl stretching (336 cm–1, A2u) mode.

In the Raman spectra of aqueous solutions of
nitrate and sulfate zinc(II) and mercury(II) salts, the
polarized Raman bands in the 400–360 cm–1 region
have been assigned to the metal–O stretching modes
of hexacoordinated aquo complex ions.

The hydroxo group can be distinguished from the
aquo group since the former lacks the HOH bending
mode near 1600 cm–1, and hydroxo complexes
exhibit MOH bending modes below 1200 cm–1 (for
example, 1150 cm–1 for the [Sn(OH)6]2– ion). The
OH group is able to bridge two metal atoms: in
[(bipy)Cu(OH)2Cu(bipy)]SO4⋅5H2O the bridging
OH bending mode is at 955 cm–1 and is shifted to
710 cm–1 upon deuteration.

Figure 13 Coordination modes of the NO  and NO  ions.
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Perchlorato complexes

Infrared and Raman spectroscopy techniques have
been used extensively to determine the mode of
coordination of the ClO  ligand. For example: the
ionic K[ClO4] shows only two characteristic
bands at 1170–1050 and 935 cm–1, whereas
Cu(ClO4)2⋅2H2O, where the perchlorate is coordi-
nated in unidentate fashion, exhibits three strong
absorptions at 1158, 1030 and 920 cm–1. In the
bidentate perchlorate complexes, the first absorption
is split into three bands (1270–1245, 1130 and 948–
920 cm–1) whereas the second band appears at
1030 cm–1.

β-Diketones

β-Diketones form metal chelates of type I, II, III and
IV (Figure 14). The ν(MO) of these chelates, assigned
by using the metal-isotope technique, provides direct
information about the M–O bond strength. Vibra-
tional spectroscopy can be employed to differentiate
cis and trans octahedral complexes M(acac)2X2. For
example, Ti(acac)2F2 is ‘cis’ with two ν(TiF) at 633
and 618 cm–1 whereas cis- and trans-Re(acac)2Cl2
can be isolated. In the infrared spectrum the trans
isomer exhibits ν(ReO) and ν(ReCl) at 464 and
309 cm–1, respectively, while each of these bands
splits into two in the cis isomer: 472 and 460 cm–1 for
ν(ReO) and 346 and 333 cm–1 for ν(ReCl).

In some derivatives, the keto form of acac forms a
chelate ring (II). This kind of coordination has been
observed in M(acacH)Cl2 (M=Co and Zn) which
exhibits a strong ν(C=O) band near 1700 cm–1.

In Mn(acacH)2Br2, the acacH coordinates in the
unidentate enolic form through only one O atom
(III). The CO and CC stretching bands of the enol
ring were found at 1627 and 1564 cm–1, respectively.

In [Pt(acac)2Cl2]2–, the metal is bonded to the
γ-carbon atom of the acetylacetonato ion (IV).
The infrared spectra show two ν(C=O) at 1652 and
1626 cm–1, two ν(C–C) at 1350 and 1193 cm–1, and
one ν(Pt–C) at 567 cm–1.

Carbonyl complexes

Carbonyl complexes generally exhibit strong sharp
ν(CO) bands between 2100 and 1800 cm–1. Studies
of ν(CO) provide valuable information about the
structure and bonding of carbonyl complexes
because ν(CO) is generally free from coupling with
other modes and is not obscured by the presence of
other vibrations. The ν(CO) is generally at lower
frequencies in the complexes than in the free CO
(2155 cm–1). However, the opposite trend is observed
when CO is bonded to metal halides with the metals
in a relatively higher oxidation state. Frequencies for
bridging CO groups are much lower (1900–
1800 cm–1) than those of the terminal CO group
(2100–2000 cm–1), and extremely low ν(CO)
(∼ 1300 cm–1) are observed when the bridging CO
group forms an adduct through its O atom.

Vibrational studies on Fe(CO)5 and M(CO)6

(M = Cr, Mo and W) derivatives, including their 13C
and 18O species, have indicated that the M–C bond
strength increases in the order Mo < Cr < W, an
order also supported by a Raman study.

It has been found that in the M(CO)4 complexes
(Td), ν(CO) decreases and ν(MC) increases on going
from Ni(CO)4 to [Co(CO)4]– to [Fe(CO)4]2–. This
result indicates that the M→CO π back-donation
increases in the order Ni(0) < Co(-I) < Fe(-II). Highly
reduced species such as [W(CO)4]4– exhibit very low
ν(CO) values (1530–1460 cm–1).

Vibrational spectroscopy has been a subject useful
for elucidating structures of polynuclear carbonyls.
For CO2(CO)8, which has a structure containing six
terminal and two bridging CO groups, five terminal
and two bridging ν(CO) are expected to be infrared
active: the former are in fact observed at 2075, 2064,
2047, 2035 and 2028 cm–1, whereas the latter are at
1867 and 1859 cm–1.

In MX(CO)X derivatives (X = Cl, Br or I), ν(CO) is
highest for the chloro compound and lowest for the
iodo compound (the bromo compound being
between the two) in accordance with their electro-
negativities.Figure 14 Coordination modes of β-diketone ligands.
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Dioxygen complexes

Dioxygen (O2) adducts of metal complexes have been
extensively investigated with vibrational spectro-
scopy because of their importance as models for oxy-
gen carriers in biological systems and as catalytic in-
termediates in oxidation reactions of organic
compounds.

The bond order of the O–O linkage decreases as the
number of electrons in the antibonding 2pπ* orbital
increases: the bond order in [O2

+]AsF6, O2, K[O ] and
Na2[O ] is 2.5, 2.0, 1.5 and 1.0, respectively. This
decrease causes an increase in the O–O distance and a
decrease in the ν(O2), which are at 1858, 1555, 1108
and 760 cm–1, respectively.

An interesting example of dioxygen adducts of
transition-metal complexes is the trans-planar
[IrCl(CO)(PPh3)2] (Vaska’s salt), which binds dioxy-
gen reversibly to form a trigonal bipyramidal com-
plex. The O–O distance of this compound (1.30 Å) is
close to that of the O  ion (1.28 Å): its ν(O2)
(857 cm–1) is typical of peroxo adducts.

Halogeno complexes

Halogens (X) are the most common ligands in
coordination chemistry. Terminal MX stretching
bands appear in the regions of 750–500 cm–1 for
MF, 400–200 cm–1 for MCl, 300–200 cm–1 for MBr,
and 200–100 cm–1 for MI. The ν(MX) generally is
higher with a higher oxidation state of the metal. In
some cases, such as the [M(dias)2Cl2]n+, ν(MCl)
changes rather drastically on going from Ni(III) (d7)
to Ni(IV) (d6) (240 and 421 cm–1, respectively) while
very little change is observed between Fe(III) (d5) and
Fe(IV) (d4) (384 and 390 cm–1, respectively). This
was attributed to the presence of one electron in the
antibonding e  orbital in the Ni(III) complex.

The SnX stretching force constants of halogenotin
compounds are approximately proportional to the
oxidation number of the metal divided by the co-
ordination number of the complex. It is interesting
to note that the ν(SnCl) of free SnCl  ion [289 (A1)
and 252 (E) cm–1] are shifted to higher frequencies
upon coordination to a metal: the ν(SnCl) of
[Rh2Cl2(SnCl3)4]2– are at 339 and 323 cm–1.

The number of ν(MX) vibrations observed is often
very useful for determining the stereochemistry of
the complex: in the vibrational and Raman spectra
of planar M(NH3)2X2 [M = Pt(II) and Pd(II)] the
trans isomer (D2h) exhibits one ν(MX) (B3u), whereas
the cis isomer (C2v) exhibits two ν(MX) (A1 and B2)
bands in the infrared.

Some derivatives, such as Ni(PPh2R)2Br2

(R = alkyl) exist in two isomeric forms, tetrahedral
and trans-planar. Distinction between these two can

be made easily since the numbers and frequencies of
infrared-active ν(NiBr) and ν(NiP) are different for
each isomer: in fact, ν(NiBr) and ν(NiP) are at ∼ 330
and 260 cm–1, respectively, for the planar form, and
at ∼ 270–230 and 200–160 cm–1, respectively, for the
tetrahedral form. 

IR data allow us to differentiate between fac
and mer [MX3(L)3] isomers: for example fac-
[RhCl3(Py)3] gives two bands at 341 and 325 cm–1

whereas mer-[RhCl3(Py)3] shows three bands at 355,
322 and 295 cm–1.

Bridging MX stretching frequencies [νb(MX)] are
generally lower than terminal MX stretching fre-
quencies [νt(MX)].

Complexes containing metal–metal bonds

Complexes containing metal–metal bonds show
ν(MM) in the low-frequency region (250–100 cm–1)
because the M–M bonds are relatively weak and the
masses of metals are relatively large. In the infrared,
ν(MM) is forbidden if the complex is perfectly
centrosymmetric with respect to the M–M. If the
derivative is not centrosymmetric, weak ν(MM)
appear.

In heteronuclear complexes the ν(MM′) vibration
is more strong than ν(MM) because of the presence
of a dipole moment along the M–M′ bond.

In Raman spectroscopy both ν(MM) and ν(MM)
appear strong since large changes in polarizabilities
are expected as a result of stretching long, covalent
M–M bonds. Several ν(MM) of polynuclear carbon-
yls have been reported, and the MM stretching force
constants obtained from normal coordinate analysis
have been used to discuss the nature of the M–M
bond. For example, (CO)5Mn–W(CO5) exhibits the
ν(M–M) in the Raman spectra at 153 cm–1. 

Compounds containing unusually short M–M
bonds exhibit unusually high ν(MM). The Mo–Mo
distance in Mo2(OAc)4 is 2.09 Å, and the ν(MM)
appear at 406 cm–1 because the Mo–Mo bond
consists of one σ-bond, two π-bonds and a δ-bond
(bond order 4).

Organometallic compounds

Metal alkanes

The methyl group bonded to a metal (M–CH3)
exhibits the six normal vibrations expected for tetra-
hedral ZXY3 molecules. In addition, CMC bending
and CH3 torsional modes are expected for M(CH3)n

(n ≥ 2) compounds. In M(CH3)4 derivatives (M = Si
or Sn) the CH3 rocking, MC stretching and CMC
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bending frequencies are very sensitive to the change
in metals, and the number of these skeletal infrared
or Raman active modes provides direct information
about the structure of the MC skeleton.

Some metal alkyls are polymerized in the solid
state: Li(CH3) forms a tetramer containing Li–CH3–
Li bridges in the solid state and its CH3 frequencies
are lower than those of nonbridging compounds.
The infrared spectra of Li[Al(CH3)4] and
Li2[Zn(CH3)4] have been interpreted on the basis of
linear polymeric chains in which the Al (or Zn) atom
and the Li atom are bonded alternately through two
CH3 groups.

Metal alkenes and alkynes

A vinyl group σ-bonded to a metal (M–CH=CH2)
exhibits, in addition to the MC stretching and CMC
bending modes, strong C=C stretching vibrations in
the Raman spectra. Their intensity and position in
infrared spectra depend on the metal: for example
Hg(CH=CH2)2 exhibits ν(C=C) at 1603, and ν(MC)
at 541 and 513 cm–1.

Also, the C≡C stretching frequencies of acetylenic
compounds are strong in the Raman, but vary from
strong to weak in the infrared, depending on the
metal involved. In contrast to σ-bonded complexes,
the C=C and C≡C stretching bands of π-bonded
complexes show marked shifts to lower frequencies
relative to those of free ligands.

Alkenes form π-complexes with transition metals.
Zeise’s salt, K[Pt(C2H4)Cl3]⋅H2O has been exten-
sively investigated, but assignments have been often
controversial. Two types of bonding are involved in
the Pt–C2H4 bond: a σ-bond formed by the overlap
of the filled 2pπ bonding orbital of the alkene with
the vacant dsp2 bonding orbital of the metal and a π-
bond formed by the overlap of the 2pπ* antibonding
orbital of the alkene with a filled dp hybrid orbital of
the metal. If the σ-bond is predominant, bonding
scheme I (Figure 15), which predicts one Pt(II)-
alkene stretching mode, should be preferred.

Some workers assigned the absorption at 407 cm–1

band of Zeise’s salt to this mode. On the other hand,
if bonding scheme II is operating, a five coordinate

Pt atom is formed and the two bands at 491 and
403 cm–1 can be assigned to the symmetric and
antisymmetric PtC stretching modes, respectively.
The real bonding is somewhere between I and II, and
the latter may become more significant as the oxida-
tion state of the metal decreases. In Zeise’s salt X-ray
analysis and MO calculations, together with infrared
studies suggests bonding scheme I.

Free HC≡CH exhibits a CC stretching band
at 1974 cm–1. When coordinated as in
(HC≡CH)Co2(CO)6, the CC stretching band was
observed at 1402 cm–1, which is ∼ 570 cm–1 lower
than the value for free acetylene. The spectrum of the
coordinated acetylene in this complex is similar to
that of free acetylene in its first excited state, at which
the molecule takes on a trans-bent structure. Free
HC≡C(C6H5) exhibits the C≡C stretching band at
2111 cm–1. In the case of σ-bonded complexes, this
band shifts slightly to a lower frequency (2036–
2017 cm–1), while in M[–C≡C(C6H5)]2 [M = Cu(I)
and Ag(I)], it shifts to 1926 cm–1 due to the formation
of both σ-and π-type bonding.

See also: Biochemical Applications of Raman Spec-
troscopy; Far-IR Spectroscopy, Applications; IR
Spectroscopy, Theory; IR Spectrometers; IR Spec-
troscopy Sample Preparation Methods; Raman Spec-
trometers; Rayleigh Scattering and Raman Spectro-
scopy, Theory. 
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Figure 15 Possible bonding schemes for the Pt–C2H4 bond in
Zeise’s salt.



IR SPECTRAL GROUP FREQUENCIES OF ORGANIC COMPOUNDS 1035

VIBRATIONAL, ROTATIONAL & 
RAMAN SPECTROSCOPIES

Applications

IR and Raman Spectroscopy Studies of 
Works of Art

See Art Works Studied Using IR and Raman Spectroscopy.

IR Microspectroscopy

See Raman and IR Microspectroscopy.

IR Spectral Group Frequencies of
Organic Compounds

AS Gilbert, Beckenham, Kent, UK

Copyright © 1999 Academic Press

The vibrational spectra of organic compounds are
typically complex, possessing many individual bands
of variable intensity and shape. It is observed that cer-
tain bands are associated with specific chemical
groups, that is, certain vibrational motions are largely
concentrated within a portion of the molecule. Such
bands are identifiable primarily by their occurrence
within a narrow range of frequencies and their pres-
ence or absence from a spectrum allows empirical
judgments to be made concerning the chemical struc-
ture. No chemical group, however, is completely iso-
lated in vibrational or electronic terms, and therefore
the exact frequency and intensity is determined by
and can provide information about the adjacent
chemical environment. Examination of many thou-
sands of organic compounds has enabled numerous
correlations to be established between elements of IR
spectra and chemical structure and extensive tables of
group frequency data are available in many publica-
tions. Although it is rarely possible to assign most of
the bands in an IR spectrum, sufficient information

can often be gleaned that, when allied with data from
Raman spectra and other techniques, allows com-
plete structural determination to a high degree of
confidence. The concept of group frequencies under-
pins much of vibrational spectroscopy, though it is
not necessary for quantitative analysis.

Initial considerations and definitions

Frequency and wavenumber

IR absorption (or Raman shift) is caused by a quan-
tum transition between two energy levels, and so
band positions ought to be defined in terms of ener-
gy units. However, atoms can be treated as oscillat-
ing under the influence of spring-like bonds obeying
Hooke’s law, so the terms vibration and vibrational
frequency are habitually used. The vibrational fre-
quency is considered to be equal to the frequency of
absorbed radiation (or frequency difference in the
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case of Raman) and is proportional to the energy
difference, but it is customary to define its value
not in hertz but in a frequency-dependent unit, the
wavenumber, cm–1, which is the reciprocal of the
spectral wavelength as measured in centimetres.

Differences between IR and Raman 
spectroscopies

For a variety of reasons, IR spectroscopy is more
fruitful than Raman for applying group frequencies
to structural analysis. Some of these reasons are
technical, for instance access to IR equipment is
much easier and many compounds are not amenable
to Raman spectroscopy with visible excitation (as
used in the majority of instruments) owing to fluo-
rescence or decomposition under laser illumination. 

Chemical moieties that yield good group IR fre-
quencies tend to be polar in nature and such entities
tend not to give prominent bands in Raman spectra.
Conversely, some elements of structure such as C=C
bonds, particularly if situated in largely symmetrical
and nonpolar surroundings, absorb very weakly in the
IR, but in contrast are relatively strong in the Raman.

This complementary feature of Raman spectros-
copy arises because it is change in polarizability
during vibration that is important for determining
intensity, rather than dipole change as in the IR.
Confidence in assigning group frequencies is
therefore often considerably strengthened by utiliz-
ing Raman spectroscopy if possible.

Overall molecular symmetry is rarely of impor-
tance in studying organic compounds as the vast
majority of compounds do not possess any. How-
ever, local group symmetry usually has a bearing on
the relative intensities of certain bands.

Physical state

In what follows, the listed frequencies are mostly for
samples measured in liquid or solid phases. These
can often be found to vary by a few wavenumbers
owing to environmental conditions so that it is usu-
ally pointless to quote exact values. Care should be
exercised with gas-phase frequencies as they can dif-
fer quite substantially, owing to the removal of inter-
molecular association effects. Hydrogen-bonded
groups such as hydroxyl are particularly susceptible.

The basis of vibrational frequency

For simple harmonic oscillation of a diatomic mole-
cule the value of the vibrational frequency ν of
the fundamental mode, in cm–1, is given by the

relationship 

where f is the force constant (stiffness) of the bond in
newtons per metre, m1 and m2 are the individual
atomic masses (in atomic mass units) and µ is the
‘reduced’ atomic mass, which is given by 

A lone X–H bond (where X represents C, N, O
etc.) in a polyatomic compound vibrates almost as if
it were a diatomic molecule. As µ in this case is
always close to 1 and X–H bonds have broadly
similar values of f, then the X–H moiety will yield a
band in the same general region. For C–H, f is about
490 N m–1, which yields a frequency of 3000 cm–1;
actual values are usually 3100–2800 cm–1. Frequen-
cies for O–H and N–H are usually slightly higher
owing to greater values of f.

The reduced mass of X–X′ is rather larger than
that of X–H, for instance for C–O µ is about 6.86
and since f here is roughly similar to that of C–H
(both being single bonds) ν can be expected to be
about √6.86 times less than 3000 cm–1, i.e. about
1150 cm–1. Double bonds are approximately twice
as strong (and stiff) as single bonds, so C=O should
‘vibrate’ approximately √2 times more rapidly than
C–O in the region around 1600 cm–1. In fact, the
‘average’ carbonyl frequency is around 1700 cm–1

and for a variety of reasons, discussed below, can be
found at least 100 cm–1 or so on either side of this
value. 

Likewise, triple bonds have values of f roughly
three times greater than single bonds, thus C≡C and
C≡N groups would be expected around 2000 cm–1;
they are usually seen between 2300 and 2100 cm–1

or so. 
The simplest case of a deformation or bending

mode (given the symbol δ as opposed to ν which
refers to stretching modes) involves a three-atom
group with the atoms undergoing a scissors-like
motion. Geometric considerations mean that the
expression for µ is more complicated than, but not
too different from, that for the diatomic oscillator,
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but the force constants are rather lower. Thus
δ(XH2) vibrations are broadly positioned in the
region around 1500 cm–1 while δ(XYH) occurs from
1500 to 1000 cm–1 and beyond. Deformations of
XYZ (all C, N, O or heavier atoms) are below
1000 cm–1.

The frequencies of stretching vibrations can
usually be roughly predicted from knowledge of the
bond order and the atomic masses. However, the
values of the force constants involved in deforma-
tions are not obvious, so that their frequencies often
appear to be rather arbitrary. The total number of
vibrations for a nonlinear molecule is given by the
relation, 3N-6, where N is the number of atoms.

These simple considerations explain the general
appearance of the vibrational spectra of organic
chemicals. Essentially, most bands are found in two
regions. First, from about 3600 to 2800 cm–1,
wherein lie features resulting from X–H stretching
modes. Second, from about 1800 to below 400 cm–1,
a region densely occupied by bands from most other
vibrations. The upper part, 1800 to about 1500 cm–1,
is often referred to as the double bond region, the rest
as the fingerprint region. The region between 2800
and 1800 cm–1 is generally quite barren unless triple
(or fused double) carbon–carbon or carbon–nitrogen

bonds or one or two less common groups are present.
Strongly hydrogen-bonded O–H and N–H can also
produce features here. Figure 1 provides an overview
in chart form.

The IR spectra of inorganic compounds have a
rather different aspect, consisting mostly of broad
features at low frequencies. Although O–H and N–H
are sometimes present, the spectrum down to about
1300 cm–1 is usually empty except for weak over-
tones and combination bands.

Finally, it will be obvious from the equations
above that ν(X–D), δ(XD2) and δ(XYD), where D is
deuterium, will be considerably different in fre-
quency from the corresponding vibrations with
hydrogen.

Vibrational interactions

No bond vibrates independently of any other in a
polyatomic molecule, and where adjacent oscillators
vibrate with similar or identical frequency, strong in-
teraction takes place. This can be illustrated by con-
sidering the simple case of a symmetric linear
triatomic molecule or group Y–X–Y, joined together
by two equivalent bonds. When analysed in terms of

Figure 1 Correlation chart for vibrational spectra of organic compounds. The symbols ν and δ and X, Y and Z are defined in the text.
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classical mechanics the two individual oscillators
couple mechanically together to yield two distinct
modes of vibration with different frequencies. Repre-
sentations of these modes are given in Figure 2.

The frequencies of each mode can be derived in a
simplified fashion as follows. For the in-phase (or
symmetric) mode, the central mass remains fixed in
space so that each end atom is effectively joined to
an infinite mass, thus: 

For the out-of-phase (antisymmetric or asymmetric)
mode, the central mass is shared so that each end
atom effectively vibrates independently with a
central atom of half mass, thus:

The frequency of the isolated diatomic fragment
Y–X is given by, 

By substituting some real values into the equa-
tions, it may be seen that the individual oscillators
couple to produce two new frequencies, one consid-
erably above and one considerably below the iso-
lated oscillator frequency. Table 1 gives the relevant
bands of carbon disulfide (S=C=S) and allene
(H2C=C=CH2) and the theoretical ratios of their fre-
quency values as calculated from Equations [4], [5]
and [6]. For the case of allene, Y is treated as CH2

with a mass of 14.
The strong coupling shown above takes place

because the individual vibrators are identical. The
less similar they are in terms of frequency, the lower
will be the degree of coupling. This is revealed by
consideration of the frequencies of simple triatomic
linear cyanide molecules shown in Table 2. For
HCN and the halogenides, the ‘natural’ (isolated) C–
H or C–halogen frequencies are very different from
ν(C≡N) and there is little interaction, as demon-
strated by the roughly constant values of the latter.
But this is not so for DCN and TCN (T = tritium),
where by extrapolation from ν(C–H) the C–D and
C–T oscillators would have natural frequencies of
about 2430 and 2050 cm–1 respectively.

The reality of group frequencies

It should be evident from the above that where two
or more oscillators are strongly coupled, they will be
highly sensitive to replacement or substitution of any
individual units. The associated frequencies will

Figure 2 Representation of the two stretching modes of vibra-
tion of a linear triatomic molecule.

Table 1 Observed and calculated frequencies (cm−1) for triatomic molecules Y=X=Y: carbon disulfide (CS2) and allene (C3H4)

a Observed ratio.
b Theoretical ratio.
c Calculated from ν(asym) and ν(sym) using theoretical ratios.

ν(asym)
observed

ν(sym)
observedobserved ν (X=Y)C ν (X=Y) observe

CS2 1522 650 2.34 2.52 1158, 1254 1250–1020

C3H4 1980 1071 1.85 1.83 1596,1576 1680–1630

Table 2 Stretching frequencies of linear triatomic nitriles

a Strongly coupled and therefore mixed modes.

X ν (Ξ−Χ)
(χµ−1)

ν ( Χ≡ Ν)
(χµ−1)

H 3312 2089

D 2629 1906

T 2460 1724

F 1077 2290

Cl 729 2201

Br 580 2187

I 470 2158
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therefore not be reliable indicators of particular
items of chemical structure.

The observation that many simple groups are
associated with bands that occur regularly in fairly
narrow regions of the spectrum implies that they are
largely isolated in vibrational terms. This means that
the frequencies are insensitive to gross changes in
molecular structure elsewhere. This is understand-
able for a carbonyl group or a C=C bond positioned
in a singly bonded chain of carbon atoms, for
instance. While individual vibrators within a group
may couple strongly with each other, as long as they
only couple weakly with external moieties, they
retain their status as group frequencies.

Such characteristic and reliable frequencies
provide a powerful means for identification of
molecular subunits. By definition, they are largely
insensitive to mechanical (vibrational) interactions
and electronic effects from different adjacent atoms
or groups. However, these perturbations can
produce consistent shifts that are not so great as to
destroy the characteristic nature of the group fre-
quency, so that they provide information on the
nature of the immediate chemical environment.

Mixed-character vibrational modes

The modes of the linear triatomic molecule, de-
scribed in the previous section, are purely bond
stretching in character. In nonlinear molecules, such
as H2O, bond stretching leads to small changes in
bond angles through electron redistribution, and the
converse occurs for deformation modes. In these
simple cases the degree of mixing of bend and stretch
is not significant, so that the modes are easily distin-
guishable from each other.

However, where atoms are joined together in a
small ring, neither bond stretching nor bond angle
bending can take place without each significantly
affecting the other so that many of the modes are
highly mixed in character. Such vibrations of the
molecular framework are often termed ‘skeletal’
modes. Some idea of their complexity can be gained
from Figure 3 which shows how the individual
atoms oscillate for the various modes of the benzene
framework.

There are few good identifiable group frequencies
below about 1000 cm–1, spectra here are usually
dominated by very mixed carbon skeletal and C(H)n

rocking modes.

Some examples of group frequencies

A few of the more common submolecular units are
now discussed below. Space permits only a cursory

treatment and the frequency values given are neces-
sarily a compromise between figures quoted in vari-
ous publications, which tend to differ slightly.

Hydrocarbons

The methylene group This is shown schematically
in [1] together with a representation of its associated 

local modes of vibration. The two C–H bonds are
coupled to give two discrete stretching modes of vi-
bration. Simple analysis shows that typically both
overall dipole fluctuation and frequency are greater
for ν(asym), so that in IR spectra the higher compo-
nent of such a band doublet has the greater intensity.

The exact position of each band and its relative
intensity is dependent on the nature of the atoms to
which the methylene group is connected. In simple
hydrocarbons the bands are situated in very narrow
ranges, 2925 ± 10, 2855 ± 10 and 1465 ± 15 cm–1,
respectively. Shifts occur from the presence of other
groups and Fermi resonance can often bring some
confusion to the region.

When methylene is part of a cyclopropane ring,
distortion of bond angles leads to increasing sp2

character in the C–H bonds and thereby increase in
force constant. This leads to a rise in both ν(asym)
and ν(sym), to over 3000 cm–1.

Methylene also engages in external vibrations
where the group, as an effectively rigid unit, oscillates
with respect to other atoms to which it is connected.
One such mode, called a ‘rock’, is shown below, and
where more than four adjacent CH2 groups form an
extended hydrocarbon chain, a characteristic band
appears in the IR spectrum near to 725 cm–1. The
band is essentially due to a mode where all the CH2

groups are rocking in phase, see [2].

The methyl group There are three stretching
modes, two normally identical (degenerate) asym-
metric modes, and one symmetric, with a similar re-
lation of frequency and intensity as for methylene
but displaced to higher wavenumber. Like methyl-
ene, again, they are situated in narrow ranges,
2960 ± 10 and 2870 ± 10 cm–1, respectively, in simple
hydrocarbons.
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As with the stretching modes, there are two nor-
mally or nearly degenerate asymmetric deformation
modes that usually overlap with δ(CH2) when both
groups are present, and a symmetric bending mode
in the region 1380–1370 cm–1 for simple hydrocar-
bons. Substituents other than carbon can shift the
latter frequency quite markedly (Table 3), while car-
bonyl instead raises the intensity.

Figure 3 Representation of the skeletal modes of the benzene molecule. Reproduced with permission from Colthup NB, Daly LH
and Wiberley SE (1975) Introduction to Infrared and Raman Spectroscopy. New York, San Francisco and London: Academic Press.

Table 3 Symmetrical δ(ΧΗ3) frequencies for various X–CH3

X δ(CH3)(cm−1)

F ~1475

O 1455–1435

N 1430–1370

CF3 ~1410

CCl3 ~1385

Cl ~1355

B 1320–1290

Br ~1305

S 1325–1300

P 1310–1290

Se ~1280

Si 1280–1250
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Triatomic groups

The presence of these groups is signalled by a number
of characteristic bands, as shown in Table 4. The re-
spective bands are well separated and stably posi-
tioned in their respective regions, and therefore
provide easily identifiable group frequencies. Typical-
ly, in IR spectra, the highest frequency band, from
ν(asym), is the strongest or is roughly equal in inten-
sity to ν(sym), while the deformation mode or modes
are the weakest. In Raman spectra, however, both δ
and ν(asym) are weak while ν(sym) is very prominent.

The carbonyl group

The carbonyl group provides one of the best indica-
tors for the IR spectrum yielding a strong band typi-
cally in the region between 1800 and 1650 cm–1,
though occasionally up to 100 cm–1 more on either
side. It is also an exemplar for the various electronic
factors that influence group frequencies.

The C=O bond is polarized owing to the tendency
of the oxygen to attract electrons from carbon
(inductive effect) and this gives the group some
single-bond character, (+C–O−) when the substituents
are, for instance, methyls. If one of these is replaced
by an electron-withdrawing atom such as chlorine,
then the effect is largely cancelled out so that bond
order is more nearly 2. The bond is in consequence
stiffer and its vibrational frequency higher (see [3]).

Nitrogen, like chlorine, is also more electronega-
tive than carbon but it affects the carbonyl frequency
in the opposite sense because of the additional and

dominant effect of mesomerism. Here the C=O loses
some of its double-bond character, and is thereby
weakened, owing to redistribution of electrons into
the C–N bond, (−O–C=N+).

In the case of esters, the mesomeric effect is weak
so that the inductive effect of electronegative oxygen
dominates to raise the frequency, and for vinyl and
aryl substituents on oxygen it is higher still.

Conjugation reduces frequency because of reduc-
tion of double-bond character. Single conjugation
usually generates a lowering of about 20–30 cm–1,
double conjugation a little more; for example, diaryl
ketones yield ν(C=O) near 1660 cm–1.

Noncyclic amides yield ν(C=O) between 1690 and
1620 cm–1 and, if primary or secondary, have also
one, slightly weaker, band from N–H bending at
1650–1620 cm–1 or 1550–1510 cm–1, respectively.

Where carbonyl is part of a strained ring, its fre-
quency is raised, probably as a consequence of
several different effects, not just that of electron
redistribution. For instance, simple lactams display
in the regions illustrated in [4]. 

Table 5 lists the basic frequencies for the carbonyl
group in some of its more commonly encountered
chemical forms. It can be seen that the carboxylic
acid frequency observed depends on the technique.
This is because they are almost always (in liquid and
solid states) dimerized (see [5]) so that the IR band
observed is from the coupled asymmetric mode while
that in the Raman is from the symmetric one.

Where two carbonyls are coupled together as in
anhydrides or imides the symmetric stretching mode
is, unexpectedly, at higher frequency and the relative
intensities of the IR bands are strongly dependent on
the relative orientation of the groups. For noncyclic
anhydrides the higher mode is the most intense, but
for cyclic anhydrides and imides it is the weaker.

Table 4 Group frequencies of triatomics

a aph = aliphatic; aro = aromatic.

Groupa

ν (asym)
(cm–1)

ν (asym)
(cm–1)

δ  
(cm–1)

External 
vibrations
(cm–1)

NH2 3500–3350 3400–3300 1650–1590 <900

aph NO2 1550–1530 1380–1350 } 630–610 <700

aro NO2 1550–1470 1350–1310

CO 1610–1550 1420–1380 ?

aph SO2 1330–1300 1150–1110 } 610–545 <525

aro SO2 1370–1350 1170–1150

R–SO2(NH2) 1380–1310 1180–1140 ?
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Alcohols, ethers and esters

The C–O stretching bands of these units, while
coupled with and potentially obscured by other
vibrations, can be identified by their relatively high
intensity in IR spectra. For ethers, ν(C–O) occurs
over the range 1140–1080 cm–1; aliphatic alcohols
can be anywhere between 1100 and 1000 cm–1;
while aromatic examples are higher in frequency, but
usually weaker in intensity, at 1260–1180 cm–1. For
esters, ν(C–O) is between 1300 and 1150 cm–1, the
exact position being dependent on the nature of the
substituents both on oxygen and on the carbon. A
second band is also observed around about
1100 cm–1 or so and both can probably be regarded
as having C–O stretching character coupled with
adjacent C–C stretching vibrations. With regard to
the higher frequency, simple acetates are generally
1250–1230 cm–1, while longer-chain homologues
are 1200–1190 cm–1; conjugation gives greater val-
ues, so that unsaturated compounds such as phtha-
lates and benzoates yield a strong band between
1300 and 1260 cm–1.

Multiple bonds

Table 6 gives information for some multiple bond
groups. Bands from the CC and CN groups, where

isolated, show rather variable intensity in IR spectra
and, particularly those from C=C, are often difficult
to identify. By contrast, these moieties feature
strongly in the Raman. The asymmetric stretching
mode band of a fused double-bond group, however,
is always strong in the IR and occurs in the triple-
bond region; for example, CO2 which absorbs at just
above 2300 cm–1. 

Frequencies are rarely lowered by more than
50 cm–1 on conjugation, but an exception is the azo
group, for which it can be reduced by almost
200 cm–1. 

Usually P=O is present as part of a larger group
such as a phosphorous acid or a phosphate ester and
this is often the case as well for S=O as in sulfonic
acids. The double bond can be delocalized somewhat
into adjacent P–O or S–O single bonds (particularly
on ionization in salts) and coupling of their vibra-
tions with neighbouring C–O or C–C bonds leads to
several bands between 1300 and 800 cm–1. These
often provide good diagnostic information.

Hydrogens attached directly to doubly or triply
bonded carbons give stretching bands between 3100
and 3000 cm–1, owing to the sp2 nature of the C–H
bond, and are therefore a good indicator of unsatu-
ration. In olefins, out-of-plane δ(C=C–H) modes are
substitution dependent, trans substitution yields a
strong IR band at 980–965 cm–1, while for cis an IR
band is seen at 730–650 cm–1.

The benzene ring

Although the benzene ring is a relatively large entity,
it nevertheless yields a number of very useful group
frequencies. As in olefins, C–H stretching absorp-
tions appear from 3100 to 3000 cm–1. Between 1600
and 1450 cm–1 a number of bands appear; often as
many as four can be distinguished. They are pro-
duced by what are essentially stretching modes of

Table 5 The carbonyl bond as a component of various
chemical groups

a R = alkyl; Ar = aromatic.

Groupa ν (C=O) (cm−1)

R–(C=O)–OR 1750–1730
Ar–(C=O)–OR 1730–1715
R–(C=O)–O–C=C 1775–1750
R–(C=O)–O–(C=O)–R 1825–1815, 1755–1745
5-membered ring cyclic anhydride 1870–1845, 1800–1775
5-membered ring cyclic imide 1790–1735, 1745–1680
Lactone (6 mem ring) 1750–1735
Lactone (5 mem ring) 1795–1765
Lactone (4 mem ring) > 1800
R–(C=O)–NH2 1670–1650
R–(C=O)–NH– 1690–1620
R–(C=O)–N 1670–1630
R–(C=O)–R 1725–1705
Ar–(C=O)–Ar 1670–1660
R–(C=O)–H 1740–1730
Ar–(C=O)–H 1715–1695
R–(C=O)–OH 1725–1700 (IR)
R–(C=O)–OH 1670–1640 (Raman)
Ar–(C=O)–OH 1715–1680 (IR)
Ar–(C=O)–OH 1690–1620 (Raman)
HN–(C=O)–OR 1740–1680
N–(C=O)–N 1670–1610

Table 6 Group frequencies of some unconjugted multiple
bonds

a Olefin. b Sulfone. c Isonitrile.

Mode Frequency (cm−1)

ν(C=C) 2140–2100

ν(C≡N) 2260–2240

ν(C=C) 1680–1630a

ν(C=N) 1690–1630

ν(S=O) 1060–1040b

ν(R–N≡C) 2145–2135c

ν(R–N=C=N–R) asym 2150–2100

ν(–N=N=N) asym 2170–2080

ν(N=N) 1580–1550

ν(P=O) 1300–1140



IR SPECTRAL GROUP FREQUENCIES OF ORGANIC COMPOUNDS 1043

conjugated C=C bonds with some contributions
from in-plane C–C–H bending motions.

The most prominent IR bands are substitution
sensitive and occur below 1000 cm–1. Table 7 lists
the relevant frequencies. Bands above 730 cm–1 are
from out-of-plane C–C–H bending (C–H wag)
modes, while those below are from ring bending.

Raman spectra of benzene rings show a strong
very characteristic band in the 1000 cm–1 region.
For benzene itself this comes from a ring breathing
mode, but in substituted rings it is derived from
other modes.

Heterocyclic aromatic compounds show some
similarity to benzene and its homologues.

Halogens

Halogenated organics do not give good group fre-
quencies. Bands from carbon–halogen stretching are
spread across quite wide ranges; ν(C–F) is anywhere
from 1350 to 1000 cm–1, while for C–Cl, C–Br and
C–I stretching bands are 1100–500 cm–1. Where car-
bon is aromatic, the frequencies tend to be higher
than for aliphatic in each case. With the exception of
fluorine (in the IR), the bands are of medium intensi-
ty so that it is difficult to differentiate them from the
multitude of others in these regions.

Hydroxyl and N–H stretching bands

Both O–H and N–H moieties generally form intra-
and intermolecular hydrogen bonds and their bands
therefore occur over fairly wide range of wave-
numbers below the position of the unbonded fre-
quencies. Usually this is no more than 200–300 cm–1,
but in extreme cases such as carboxylic acids or
ionized N–H or where tautomerism occurs, the shift
can be rather larger.

In this sense they are not good group frequencies,
however, hydrogen bonding broadens the width and
raises the intensity of the bands in the IR so they can
normally be recognized though not definitively
assigned to one or other. Figure 4 shows part of
theIR spectrum of meta-chlorobenzoic acid where
ν(O–H) is represented by the diffuse underlying
absorption between about 3500 and 2500 cm–1.

Group frequencies in spectral 
interpretation and structure 
determination

Some IR spectra are presented below as examples.
Band assignments are given in the figure captions. 

Figure 5 shows the spectrum of isobutyl methyl
ketone. The position of the carbonyl, while suiting a
ketone, is also consistent with conjugated ester and
carboxylic acid, but other characteristic bands from
these two groups are not present.

Figure 6 is from benzyl alcohol (Ph–CH2–OH).
The hydroxyl bands are dominant despite only one
O–H to seven C–H vibrators; this is due mainly to
the effects of hydrogen bonding. The aromatic bands
are all consistent with or indicative of single substi-
tution, including four from combinations of lower-
frequency modes (not labelled) between 2000 and
1700 cm−1. These latter are usually too weak to be of
use in any other than simple molecules.

Figure 7 is from cinnamonitrile (Ph–CH=CH–
C≡N). The position of the nitrile band at 2220 cm−1

is indicative of conjugation.
Figure 8 shows para-nitroaniline. The polar sub-

stituents dominate, but some aromatic bands can
still be seen.

Table 7 Substitution sensitive bands of benzene below
1000 cm−�

Substitution pattern Band (s) (cm−1)

Mono 770–730 and 710 – 690

Ortho 765–735

Meta 790–770 and 705–685

Para 860–800

Figure 4 Part of the IR spectrum of meta-chlorobenzoic acid.
The bandlets between 2700 and 2500 cm−1 are a typical part of
such broad bands and are derived from interactions (Fermi-reso-
nance) with combinations and overtones from lower-frequency
vibrations.
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Finally, Figure 9 shows acetanilide (Ph–NH–
C(=O)–CH3). The 3300 cm–1 band could suit ν(O–
H) but there is no obvious ν(C–O) band. The
strength of the 1600 cm–1 band is typical of anilino
N–H bending rather than a purely benzene ring
mode.

In these cases, structure has been assumed and
band assignment is therefore definitive. Where a

compound is unknown, assignments must initially be
tentative and an iterative procedure has to be
followed until all attributions are consistent with one
another and with any other relevant information.
With luck, confirmation may be possible by
matching to a spectrum in a database, bearing in
mind minor but not significant spectral differences
due to different measurement conditions.

Figure 5 Band assignments for the IR spectrum of isobutyl methyl ketone: 2960, 2875, ν(CH3) asym, sym; 1720, ν(C=O)g; 1470,
δ(CH3) asym, δ(CH2); 1370, δ(CH3) sym; 1170, ν(CCC) asym of –CH2–C(=O)–CH3 unit.

Figure 6 Band assignments for the IR spectrum of benzyl alcohol (Ph–CH2–OH): 3340, ν(O–H); 3060, 3030, ν(C–H) benzene ring;
2930, 2880, ν(CH2) asym, sym; 1495, ν(C=C) benzene ring; 1455, δ(CH2); 1420, δ(COH); 1020, ν(C–O); 740, 700, δ(CCH) monosub-
stituted benzene ring.
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There are number of commercial databases with
facilities for computer searching. The Sadtler
collection of organic compounds contains nearly
100 000 IR and several thousand Raman spectra.

Some other uses of group 
frequencies

Group frequencies are also useful in examining sec-
ondary effects and structure.

A simple example of physicochemical influence is
provided by phenylalanine, whose IR spectrum is
shown in Figure 10. This compound is a β-aminoc-
arboxylic acid [6], but while the general appear-
ances of the 3300–2500 cm–1 region could be
suggestive of the broad diffuse absorption yielded by
–CO2H (Figure 4), there is no obvious carbonyl fre-
quency in the right place nor are there any distinct
ν(NH2) bands in the 3500–3350 cm–1 region.
Instead, carboxylate is indicated by bands at 1565
and 1410 cm–1. The broad higher-frequency absorp-
tions around 3000 cm–1 are thus consistent with,
and evidently from, ionized N(H) groups, in this
case NH . The compound therefore exists as an
internal salt, or zwitterion.

A more complex case is that of secondary struc-
ture in large polypeptides and proteins. These mole-
cules can assume a wide variety of conformations
that often include large sections of regular structure
where the backbone is arranged either in the form of
the alpha-helix or beta-sheet. Vibrational spectra of
proteins typically show that the amide carbonyl
group is represented by several broad and
overlapping bands that are spread over a range of
frequencies, 1690–1610 cm–1, rather larger than can
be explained by the presence of different amino
acids. Vibrational coupling/electronic effects from
the different side chains would only be expected to
shift ν(C=O) by a few wavenumbers.

This multiplicity of bands arises instead because of
coupling along the polypeptide backbone, dipole–
dipole interactions between carbonyl groups and
hydrogen bonding between C=O and N–H groups,
all of which are modified by differences in the second-
ary structure. Thus, amidic ν(C=O) from alpha-helix
is found about 1660–1645 cm–1 and from beta-sheet
between 1640 and 1625 cm–1. Disordered structures
produce bands above 1670 and below 1630 cm–1.

Comparison of IR and Raman 
spectroscopy with other techniques

Vibrational spectroscopy provides particular insights
into molecular structure but rarely a completely clear
view. X-ray crystallography can provide absolute
determination of structure but is expensive and

Figure 7 Band assignments for the IR spectrum of cinnamonitrile(Ph–CH=CH–C≡N): 3060, 3030, ν(C–H) benzene ring; 2220,
ν(C≡N); 1620, ν(C=C) exocyclic; 1575, 1495, 1450, ν(C=C) benzene ring; 965, ν(C=C) trans substituted; 750, 695, δ(CCH) mono-
substituted benzene ring.



1046 IR SPECTRAL GROUP FREQUENCIES OF ORGANIC COMPOUNDS

limited to small compounds that will crystallize. Mass
spectrometry (MS) can give the empirical formula,
but identification of groups is dependent on the some-
what arbitrary way the molecule fragments. Nuclear
magnetic resonance spectroscopy (NMR), the most
powerful and popular structural technique nowa-
days, while very good at determining many of the
finer points of structure, is limited in practical terms
by the types of nuclei that will give useful spectra. 

Fortunately, these spectroscopic techniques com-
plement each other and it is therefore sensible to
utilize them all for complete structural determination
of unknowns. A particular strength of IR spectro-
scopy is that it provides easily the best method for
initially surveying a completely unknown material.
Physical state or solvation properties are not a prob-
lem (as they can be for MS or NMR in obtaining a
spectrum) and it is immediately apparent whether

Figure 8 Band assignments for the IR spectrum of p-nitroaniline: 3480, 3360, ν(NH2) asym, sym; 1630, δ(NH2); 1605, ν(C=C) ben-
zene ring; 1475, 1320, ν(NO2) asym, sym; 840, δ(CCH) para-disubstituted benzene.

Figure 9 Band assignments for the IR spectrum of acetanilide (Ph–NH–C(=O)–CH3): 3300, ν(N–H); 1665, 1555, ν(C=O), δ(CNH)
secondary amide; 1600, δ(CNH); 1370, δ(CH3) sym; 755, 695, δ(CCH) monosubstituted benzene ring.
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the sample is organic or inorganic (or a mixture) and
what the major groups are likely to be.

List of symbols

f = bond force constant (N m–2); δ = bending mode
frequency (cm–1); µ = reduced mass; ν = stretching
mode frequency (cm–1).

See also: ATR and Reflectance IR Spectroscopy, Ap-
plications; Chromatography-IR Methods and Instru-
mentation; Far IR Spectroscopy, Applications;
Forensic Science, Applications of IR Spectroscopy;
High Resolution IR Spectroscopy (Gas Phase), Appli-
cations; High Resolution IR Spectroscopy (Gas
Phase), Instrumentation; Hydrogen Bonding and oth-
er Physicochemical Interactions Studied By IR and
Raman Spectroscopy; Industrial Applications of IR
and Raman Spectroscopy; IR and Raman Spectros-
copy of Inorganic, Coordination and Organometallic
Compounds; IR Spectrometers; IR Spectroscopy
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cations of IR and Raman Spectroscopy; Surface
Studies By IR Spectroscopy.
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Figure 10 IR spectrum of phenylalanine. Band assignments are given in the text.
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Introduction

From the 1980s onwards Fourier-transform infrared
(FT-IR) spectrometers almost entirely replaced dis-
persive instruments. The most significant feature of
FT spectrometers is that radiation from all wave-
lengths is measured simultaneously. This is much
more efficient than the operation of the dispersive
spectrometer, in which different wavelengths are
measured successively. This difference, known as the
Fellgett advantage, leads to much faster or more
sensitive measurement. For example, a dispersive
spectrometer typically takes at least 3 min to scan
from 4000 to 400 cm– 1, while most FT instruments
can acquire a spectrum in 1 s or less. The first com-
mercial mid-IR Fourier transform spectrometer was
introduced in 1969, but initially the cost of the neces-
sary computing power confined the use of such
instruments to research applications. More recently,
FT-IR spectrometers have become less expensive in
real terms than the dispersive instruments they have
replaced. As this article will deal with instruments
that are capable of recording complete spectra, it will
not consider laser-based measurements.

The IR region

The IR region covers wavelengths from about
800 nm to 1 nm (Figure 1). However, spectro-
scopists generally divide this into three, near IR
(NIR) from the visible to 2.5 µm, mid IR from 2.5 to
25 µm, and far IR (FIR) beyond 25 µm. The main
significance of this division is that most fundamental
molecular vibrations occur in the mid IR, making
this region the richest in chemical information. The
near-IR region contains overtones and combinations
of the fundamental vibrations, especially those in-
volving hydrogen atoms. Some electronic absorp-
tions are also found in this region. The far-IR region
is mostly of interest for vibrations involving heavy
atoms, lattice modes of solids and some rotational
absorptions of small molecules.

This article will concentrate on the mid-IR region,
which covers the widest range of applications.

However, it is worth noting that interest in the near-
IR region has increased steadily in recent years.

Dispersive IR spectrometers

The principle of operation of a dispersive spectrome-
ter is very simple. A beam from a broad-band source
of radiation is dispersed by a prism or grating. The
dispersed radiation falls on a slit through which a
narrow range of wavelengths passes to reach a detec-
tor. Rotating the prism or grating brings successive
wavelengths onto the slit, so scanning the spectrum.
For the mid IR, the source is a ceramic rod or wire
heated to around 1300 K. In practice, instruments
use one or more gratings to cover the mid-IR region,
with filters to separate different orders of diffraction.
The usual detector is a thermocouple. Instruments
operate in a double-beam mode (Figure 2) switching
rapidly between two equivalent optical paths, one of
which contains the sample. The transmission of the
sample is measured from the ratio between the detec-
tor signals from the two beams directly (ratio record-
ing) or by moving an attenuator into the reference
beam until the detector signal matches that through
the sample.

Fourier-transform spectrometers

Most commercial Fourier-transform (FT) spectrome-
ters are based on the Michelson interferometer
(Figure 3). A collimated beam of radiation falls on a
beam splitter that divides it into two beams with
approximately equal intensities. These two beams
strike mirrors that return them to the beam splitter
where they recombine, creating interference, and

Figure 1 The divisions of the IR region.
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then proceed to a detector. Moving one of the
mirrors creates a varying optical path difference
(OPD) between the two beams. As the path differ-
ence changes, the two beams move in and out of
phase with each other, so that there is alternating
constructive and destructive interference.

Monochromatic radiation produces a sinusoidal
signal, the frequency of which is directly propor-
tional to the wavenumber. The signal from a broad-
band source consists of a combination of overlapping
sinusoidal signals, called an interferogram. A typical
interferogram has a strong signal, called the centre
burst, at the point where the paths of the two beams
are equal, and decays as the path difference increases
(Figure 4). The interferogram can be converted into
the required spectrum of intensities at different wave-
numbers by a Fourier transformation (Figure 5).

Unlike dispersive spectrometers, FT instruments
operate in a single-beam mode. The sample is
normally placed between the interferometer and the
detector, in contrast to the arrangement in dispersive
spectrometers where the sample is placed between
the source and the monochromator. Two spectra are
recorded, first of the instrument alone and then with
the sample in place. The ratio of these, calculated
automatically, is the transmission spectrum of the
sample (Figures 6 and 7).

Range and resolution in FT-IR 
spectrometers

The detector in a FT spectrometer sees a range of fre-
quencies that is limited by the output of the source

Figure 2 The optical arrangement of a double-beam dispersive IR spectrometer.

Figure 3 The basic optics of a Michelson interferometer. Figure 4 The interference of overlapping cosine waves.
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and the transmission of the optics. The interfero-
gram is digitized prior to the Fourier transformation.
The range of frequencies that can be identified in the
Fourier analysis depends on the spacing of the data
points in the digitized signal. There must be at least
two data points for each cycle of the highest frequen-
cy in the analysis. This is known as the Nyquist crite-
rion. If there are fewer than two data points per
cycle, the signal is indistinguishable from that of
another, lower frequency, a phenomenon known as
aliasing. Optical or electrical filtering is therefore
needed to remove any frequencies that are above the
Nyquist limit (Figure 8).

The resolution in the spectrum depends on the
spacing of the frequencies provided by the Fourier
transform. This is determined by the length of the
interferogram. The frequencies used in a Fourier
transform are those such that an exact number of
cycles fits the length of the interferogram from zero
to the maximum OPD, ∆ (in cm). Two adjacent fre-
quencies in the analysis, corresponding to wavenum-
bers ν1 and ν2 (cm– 1), have n and (n+1) cycles in this
length. The wavenumbers are given by 

From this it follows that the difference between the
wavenumbers is 

Thus, the spectrum generated by the Fourier trans-
form contains wavenumbers separated by the inverse
of the maximum path difference in centimetres.
Instruments for routine analytical work typically
have highest resolution of 1 or 0.5 cm– 1, requiring
a maximum path difference of 1 or 2 cm. This re-
solution is constant across the spectrum. Research
instruments have been built with resolutions as high
as 0.0009 cm– 1, which requires a path difference in
excess of 10 m.

In a practical instrument, the beam passing
through the interferometer cannot be perfectly paral-
lel. There are rays at different angles and these
experience different changes in path length for a
given displacement of the moving mirror. This

Figure 5 The interferogram from a broad-band source and the
corresponding spectrum.

Figure 6 The optical arrangement of a FT-IR spectrometer.

Figure 7 Single-beam spectra and the resulting sample
spectrum.

Figure 8 A signal sampled at less than two points per cycle
and a lower frequency with identical values at the sampling
points.
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causes line broadening by an amount that is
proportional to the wavenumber. The range of
angles admitted to the interferometer has to be
restricted so that the required resolution is achieved.
Incorporating an aperture, called a Jacquinot stop, at
an appropriate point in the optical system controls
this. In some ways this aperture is analogous to the
slit in a dispersive spectrometer. For a given resolu-
tion, the optical throughput of a FT spectrometer,
limited by a circular aperture, can be higher than
that of a dispersive spectrometer with a rectangular
slit. This is referred to as the Jacquinot advantage
and contributes to the higher sensitivity of FT instru-
ments. The size of this aperture depends on the reso-
lution and the wavenumber range. Lowering the
resolution by a factor of 2 allows the energy reaching
the detector to be doubled. However, in most spec-
trometers it is not possible to increase the energy
above that permitted for 4 cm−1 resolution because
of other limitations such as the range of the ana-
logue-to-digital converter.

Measuring the interferogram
To establish the wavelength scale of the spectro-
meter, the interferogram has to be measured at pre-
cisely known intervals of the path difference. Gener-
ally this is achieved by using a helium– neon laser at
0.6328 µm (15 800 cm−1) to provide a reference sig-
nal. The laser radiation passes through the interfer-
ometer to a separate detector. This produces a
sinusoidal signal with a period equal to the wave-
length of the laser (Figure 9). Typically the interfero-
gram signal is measured at each point where the laser
signal passes through zero. With this spacing of the
data points in the interferogram, all wavenumbers
below 15 800 cm−1 can be distinguished. The laser
wavelength is known very accurately and is very sta-
ble. As a result, the wavelength scale of FT spectro-
meters is much more accurate than that of dispersive
instruments. This superiority is known as the Connes
advantage after the originator of the laser referenc-
ing technique. The absolute accuracy of the scale
depends on the spectrometer resolution, while the
scan-to-scan precision is of the order of 0.01 cm−1.

The time taken for an interferometer to scan from
zero to the maximum path difference is typically of
the order of 1 s. For most routine measurements, the
interferogram signal is averaged over several scans to
reduce random noise that is largely generated by the
detector. By averaging N scans the noise level in the
final spectrum can be reduced by a factor of N½ rela-
tive to that from a single scan. For the signal averag-
ing to work properly, the interferogram must be
digitized with sufficient precision to record the noise

in a single scan. The analogue-to-digital converter
must be able to handle the very large centre burst
and the much smaller noise component. The preci-
sion needed for this is at least 16 bits.

In an ideal interferometer, the complete spectral
information could be obtained by scanning the path
difference from zero to the value needed to achieve
the required resolution. However, data have to be
measured for a limited distance on both sides of the
nominal point of zero path difference in order to
carry out phase correction. For signal averaging, the
data points corresponding to the same path differ-
ence for successive scans have to be combined. The
laser signal measures changes in the path difference
but not its absolute value. In early FT instruments
this was measured by including a broad-band white
light source, the interferogram from which is a very
sharp spike at zero path difference. The optics were
arranged so that zero path difference for the white
light was offset from that for the IR radiation. The
white-light signal was used to trigger data collection
(Figure 10). The interferometer scanned in one
direction and collected a complete interferogram on

Figure 9 A short length of an interferogram with the sampling
points corresponding to zero-crossings of the laser signal.

Figure 10 The use of a white-light interferogram to trigger data
collection.
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one side of zero path difference only. After each
scan, the interferometer would move back past the
start position to begin the next scan. Such a scheme
is described as unidirectional single-sided scanning
(Figure 11). It was necessary to trigger each scan
separately because the path difference could not be
tracked through the change of direction at the end of
the scan. Most systems now use two detectors with a
phase shift between them to monitor the laser signal,
allowing forward and reverse motion to be distin-
guished. This quadrature detection arrangement can
track the path difference continuously and so control
the co-addition of successive scans without individ-
ual triggering. It also allows the interferometer to
collect data from scans in both directions. This bidi-
rectional scanning achieves more efficient data col-
lection as there is no fly-back period between scans
(Figure 11).

Processing the interferogram signal
The signal processing that converts the interfero-
gram into a spectrum usually involves phase correc-
tion, zero-filling and apodization as well as the
Fourier transform. An ideal interferogram would be
perfectly symmetrical about zero path difference.
However, in practice there is some asymmetry
because of phase differences between the signals
from different wavenumbers. A phase correction
routine is applied before the Fourier transform.

Phase correction can be avoided by scanning the full
length of the interferogram on both sides of zero
path difference. This allows a magnitude spectrum to
be calculated without phase correction. The Fourier
transform itself uses the fast Fourier transform (FFT)
algorithm devised by Cooley and Tukey. This algo-
rithm requires that the number of points to be trans-
formed is equal to a power of 2. However, the
number of data points collected by scanning to a
path difference of 1 cm, for example, does not corre-
spond to a power of 2. The interferogram is there-
fore extended by additional data points with the
value of zero to give the required number of points.
This process is called zero-filling. It is a common
practice to apply further zero-filling to double or
quadruple the number of points used. This improves
the appearance of the final spectrum by increasing
the density of the data points, although it does not
improve the resolution. In some systems, interpola-
tion in the spectrum is used to give results that are
equivalent to the additional zero-filling.

Apodization is an operation that is necessary
because of the finite length of the interferogram.
Monochromatic radiation produces a sinusoidal
interferogram, but the length of this is limited by the
maximum path difference in the interferometer scan.
The Fourier transform of such a signal is a line of
finite width with oscillations on either side. This line
has the form of a sinc function ((sin x/x))
(Figure 12). The oscillations (or side-lobes) that

Figure 11 Alternative scanning and data collection schemes.
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accompany each line are obviously a problem
because they could obscure smaller features in the
spectrum. They can be reduced at the expense of
some broadening of the lines by multiplying the
interferogram with a function that decreases with
increasing path difference. This process is called
apodization. Various functions are used for this, rep-
resenting different compromises between line broad-
ening and the reduction of the side-lobes.
Historically, a simple triangular function was often
used, but other functions can reduce the side-lobes
further with less broadening. By examining a very
large number of alternative functions, Norton and
Beer established empirical limits for the reduction in
side-lobe intensity that could be achieved for a given
increase in line width. Three functions identified by
Norton and Beer are in common use, weak, medium
and strong (Figure 13), corresponding to increasing
degrees of side-lobe reduction and line broadening.
The use of no apodization in order to achieve the
narrowest possible lines is called boxcar truncation.

Scanning mechanisms

To create interference, the beams returned from the
two mirrors in the interferometer must overlap exact-
ly as they meet at the beam splitter. Any change in the
alignment of the mirrors reduces the efficiency of the
interference by an amount that increases with the
square of the wavenumber. Small mechanical chang-
es, for example associated with thermal expansion,
can cause the alignment to change slowly. Changes
that occur between measurement of the background
and sample spectra result in a curved baseline
(Figure 14).

The scanning mechanisms of interferometers have
to be designed to minimize any change in alignment
during the scan that would introduce noise or distor-
tion into the spectrum. In systems where a plane
mirror moves linearly, the problem is to avoid any
tilting of the moving mirror. In some spectrometers
the alignment is monitored and corrected continu-
ously in a process called dynamic alignment. Multi-
ple detectors measure the laser reference signal from
different points in the beam. Any mirror tilt intro-
duces a phase shift between the signals from the
detectors because the path differences are not equal.
This is automatically corrected in real time by using
piezoelectric transducers to tilt the non-scanning
mirror. The problem can also be addressed by using
a cube-corner reflector instead of a plane mirror.
Tilting the cube corner does not alter the direction of
the reflected radiation but lateral movement would
affect the alignment. There are also scanning
arrangements that completely avoid alignment errors

Figure 12 The sinc function generated by Fourier transfor-
mation of a cosine wave of finite length.

Figure 13 Some common apodization functions and the re-
sulting line shapes.

Figure 14 A parabolic baseline caused by misalignment of the
interferometer.
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during scanning. One of the simplest generates the
path difference by rotating a pair of parallel mirrors
in one arm of the interferometer. The mirror pair
does not alter the direction of radiation passing
through it, whatever its orientation, so that it cannot
affect the alignment as it rotates (Figure 15).

Some commercial instruments use a scanning
mechanism that does not involve moving mirrors.
Changing the refractive index instead of the physical
length can alter the optical path. By moving a wedge
of a material such as potassium bromide (KBr) into
one arm of an interferometer and displacing air, the
optical path is increased. Because the mechanical tol-
erances are less severe than for simple moving-mirror
systems, these instruments are mostly used in non-
laboratory applications. One disadvantage is that the
refractive index varies with wavelength so that the
wavenumber scale is not inherently linear as it is in
conventional instruments.

The range covered by a spectrometer depends pri-
marily on the properties of the source and the beam
splitter, and is sometimes limited by the detector. The
sources used in mid-IR spectrometers typically
operate at temperatures around 1300 K. Their output
has a fairly similar profile to a black body and so pro-
vides significant energy across the entire mid-IR
region. An ideal beam splitter would provide uniform
reflectivity of 50% and no absorption across the
region of interest. In practice, a single beam splitter
made from KBr with a multilayer coating can be used
from the near IR to about 400 cm– 1, where the KBr
absorbs strongly. Most interferometer designs incor-
porate a compensator plate so that both beams pass
through the same thickness of KBr. A FT spectro-
meter can cover the entire mid-IR region in a single
measurement. As can be seen from Figure 16 the
single-beam energy falls off towards the ends of the

range. In consequence, the noise level in the final spec-
trum increases at each end.

Detectors

For routine measurements the most common detector
material is deuterated triglycine sulfate (DTGS). This
is a thermal detector, the signal being generated in
response to the change in temperature caused by
absorption of the IR radiation. It is generally operated
at a temperature close to ambient. The response time
of these detectors is less than 1 ms, allowing them to
follow changes occurring at rates up to several kilo-
hertz. In spectrometers with DTGS detectors, the
OPD is typically scanned at about 0.3 cm s– 1 because
faster scanning would reduce the response of the
detector. The time taken to scan the 0.25 cm needed
for a spectrum at 4 cm– 1 resolution is therefore
approximately 1s. These detectors have excellent lin-
earity over a wide range of signal levels. Lithium tan-
talate is an alternative room-temperature detector
material with somewhat lower performance but also
lower cost.

When higher speed or sensitivity is needed, liquid
nitrogen-cooled MCT (mercury cadmium telluride)
detectors are used. These are photon detectors in
which electrons are excited directly by the absorp-
tion of radiation. Cooling to liquid-nitrogen temper-
ature is needed to avoid excitation of electrons by
thermal motion. These detectors do not cover the
complete IR range because there is a minimum
energy needed to excite an electron, corresponding
to a long-wavelength limit. Changing the composi-
tion can vary this limit, but extending the range
reduces the sensitivity. The highest sensitivity is
obtained with narrow-band detectors, which have a
limit of about 750 cm– 1, while wide-band detectors

Figure 15 A scanning mechanism with a rotating mirror pair.

Figure 16 The instrument profile for a mid-lR spectrometer
and the resulting variation of the noise level.
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reach 450 cm– 1, close to the limit for KBr optics.
Scan rates are not limited by the detector response,
and indeed the detector performance improves as
the scan rate is increased. This allows data to be
acquired at rates up to 100 scans per second in
commercial instruments. The response of MCT
detectors is inherently nonlinear (see Figure 17).
This restricts their use to low signal levels, typically
less than 10% of the energy available. However this
is not a problem in applications where the signal
level is restricted, such as microscopy. Because of the
nonlinearity the centre burst signal is compressed rel-
ative to the rest of the interferogram. After Fourier
transformation, the primary consequence is an offset
in transmission, so that totally absorbing bands do
not appear at zero. The presence of nonlinearity can
be detected by examining the single-beam signal in
the region beyond the long-wavelength limit of the
detector. Any nonlinearity causes this signal to be
nonzero. Various methods, both in electronics and in
software, have been employed to minimize the
effects of nonlinearity. None of these is entirely suc-
cessful. For this reason, room-temperature detectors
are preferred for quantitative measurements.

The combinations of components found in use for
the three regions are summarized in Table 1.

Step-scan instruments

In most spectrometers the path difference is scanned
continuously, but so-called step-scan instruments
have become important for some research applica-
tions (see Figure 18). In these instruments the path
difference is held constant at one point while the
interferogram signal is measured before being moved
to the next point. The IR signal has to be modulated
to match the frequency response of the detector. This
is achieved by applying a small-amplitude oscillation

to the fixed mirror. In practice, a constant path dif-
ference can be maintained either by moving the two
mirrors synchronously or by holding both station-
ary. Step-scanning instruments can address a much
wider range of dynamic measurements than continu-
ously scanning systems because the signal modula-
tion frequencies are not restricted by the velocity of
the moving mirror.

The principal applications have been to very rapid
kinetics, photoacoustic spectroscopy and spectro-
scopic imaging with array detectors. The kinetic
applications involve processes that are repeated for
each step of the path difference. The signal can be
measured at time intervals limited only by the detec-
tor response and electronics. At each path difference
measurements are made at the same times after initi-
ation of the process. The data are then reshuffled to
create a series of interferograms in which each point
was measured at the same time into the process. This
approach has allowed FT-IR measurements to reach
the nanosecond timescale. In photoacoustic spectro-
scopy there are advantages because the modulation
frequency is constant across the spectrum, making it
feasible to measure the spectra of subsurface layers.
In the imaging application, the sample is focused
onto an array detector. The signal from each pixel in

Figure 17 The instrument profile with a cooled MCT detector
showing linear and nonlinear behaviour.

Table 1

Region
Range
(cm−1) Source Beam splitter Detector

Mid IR 7 000–400 Ceramic, 
wire,Sic

KBr, ZnSe DTGS, 
LiTa,
MCT, 
InSb

Near IR 15 000–4 000 Tungsten–
halogen

CaF2, quartz DTGS, 
PbS,
InGaAs,
InSb

Far IR 400–20 Ceramic, 
wire, 
mercury 
arc

Mylar, wire grid, 
Csl (>200 cm−1)

DTGS, Si

Figure 18 The difference between continuous and step
scanning.
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the array can be read and averaged at each path dif-
ference. This is not feasible with continuous scan-
ning spectrometers because the array cannot be read
out sufficiently fast. With a step-scan spectrometer a
64 × 64-pixel image containing 4096 spectra can be
generated in a few minutes.

Commercial instruments

Commercial spectrometers can be grouped into
those intended for routine measurements and
research instruments. In general, the routine instru-
ments are designed to simplify operation while
research instruments aim to offer versatility. In virtu-
ally all cases the instrument is controlled by a per-
sonal computer that handles an increasing amount of
the digital signal processing in the system.

A typical routine mid-IR spectrometer has KBr
optics, best resolution of around 1 cm– 1, and a room-
temperature DTGS detector. Noise levels below
0.1%T peak-to-peak can be achieved in a few sec-
onds. To reduce the problem of fluctuating levels of
atmospheric water vapour and carbon dioxide,
much of the optical path is sealed and desiccated.
The sample compartment will accommodate a
variety of sampling accessories such as those for
ATR (attenuated total reflection) and diffuse reflec-
tion. In most cases the output from the interferom-
eter can be directed through an external port,
principally for coupling to an IR microscope. Other
external accessories provide coupling to a gas
chromatograph or thermogravimetric analyser.
These instruments often have versions for near-IR
operation in which the source, beam splitter and
detector are different.

Research spectrometers are generally larger, per-
mitting higher optical throughput and hence better
signal-to-noise performance, and higher resolution.
There may be multiple external ports for the interfer-
ometer output so that several experiments can be
installed simultaneously. The major components –
source, beam splitter and detector –  are generally
exchangeable, so that a wide spectral range can be
covered. A common arrangement is to have alterna-
tive sources and detectors permanently installed and
selectable by switching mirrors. Different ranges can
then be selected simply by changing the beam split-
ter. For far-IR operation, the beam splitters are
generally Mylar films, which have a narrow range,
or metal grids on a polymer substrate. Cooled silicon
bolometers are the detectors of choice for high reso-
lution and sensitivity. Some instruments have a
vacuum version that removes the very strong water
absorption in this region, allowing measurement out

to 5 cm– 1. Although there have been relatively few
reported applications, some spectrometers are also
capable of measuring throughout the visible region.

The range of scan speeds in research instruments
is greater than in routine instruments. The higher
speeds provide better performance with cooled
detectors and for kinetics, and the lower speeds are
used with photoacoustic detectors. Digital signal
processing is increasingly being used to facilitate
experiments involving external modulation in which
two channels of information have to be acquired
simultaneously. Examples include polarization mod-
ulation in reflection– absorption of species on metal
surfaces and in measuring the dynamic dichroism
associated with polymer stretching. Research instru-
ments generally have both continuous-scanning and
step-scan modes as discussed earlier.

Since the introduction of the first commercial FT
instrument in the late 1960s, there have been great
improvements in speed and sensitivity. Routine
measurements using the common sampling tech-
niques now take only seconds, so that further
improvements in performance will bring little bene-
fit. Future advances are more likely to be seen in the
development of smaller and more robust spectrome-
ters. There are areas where improved performance is
desirable, such as the sensitivity of chromatographic
interfaces and the spatial resolution of IR micro-
scopes. However, there has been little recent
progress and there is little prospect of significant
advances in these areas. The advent of step-scan
spectrometers has led to great advances, but these
have been in rather specialized applications, apart
from imaging. Thus FT-IR instrumentation can be
classified as mature. There is little prospect of any
alternative methods of measuring IR spectra replac-
ing FT instruments for most purposes.

List of symbols
n = number of cycles in ∆; N = number of scans that
are averaged; %T = percent transmission; ∆ =
maximum optical path difference; ν = frequency.

See also: ATR and Reflectance IR Spectroscopy,
Applications; Chromatography-IR Applications;
Chromatography-IR, Methods and Instrumentation;
Far IR Spectroscopy, Applications; Fourier Transfor-
mation and Sampling Theory; High Resolution IR
Spectroscopy (Gas Phase), Applications; High Reso-
lution IR Spectroscopy (Gas Phase), Instrumentation;
IR Spectral Group Frequencies of Organic Com-
pounds; IR and Raman Spectroscopy of Inorganic,
Coordination and Organometallic Compounds; IR
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Spectroscopy, Theory; Near-IR Spectrometers; Sur-
face Studies by IR Spectroscopy.
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Monographs. Cambridge: Royal Society of Chemistry.
(More practically oriented than Griffiths and de

Haseth, this describes the optical layouts of both dis-
persive and FT commercial spectrometers.)

Griffiths PR and de Haseth JA (2000) Fourier Transform
Infrared Spectroscopy. 2nd edn. New York: Wiley.
(This is the standard book on the subject with detailed
discussion of the principles of operation and design of
FT-IR spectrometers.)
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Transform Spectroscopy. Chichester: Wiley.

Persky MJ (1995) Review of Scientific Instruments 66:
4763– 4797. (A review of spaceborne Fourier transform
spectrometers for remote sensing. This is an excellent
review of non-laboratory instrumentation with a very
clear summary of the difficulties. Numerous designs are
described.)

IR Spectroscopic Studies of Hydrogen Bonding

See Hydrogen Bonding and other Physicochemical Interactions Studied By IR and Raman Spectroscopy.

IR Spectroscopy in Forensic Science

See Forensic Science, Applications of IR Spectroscopy.

IR Spectroscopy in Medicine

See Medical Science Applications of IR.

IR Spectroscopy of Surfaces

See Surface Studies By IR Spectroscopy.
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Introduction

One of the strengths of IR spectroscopy as an analy-
tical technique is the ability to obtain spectra from a
very wide range of materials. However, in many
cases some form of sample preparation is required in
order to obtain a good quality spectrum. For direct
transmission spectra, samples have to be no more
than a few tens of micrometres thick. This means
that reflection measurements are often needed if
materials are to be measured in their original form.
Fortunately, the choice of methods for obtaining
spectra by reflection has expanded significantly in re-
cent years. When neither transmission nor reflection
spectra are satisfactory, spectra can generally be
obtained by photoacoustic spectroscopy, although
this is a relatively expensive option.

Modern spectrometers achieve very low noise
levels and have a range of data processing options
that can improve the appearance of spectra. How-
ever, these are not sufficient to generate a good spec-
trum from a sample that has not been prepared
satisfactorily. In the context of this article, a good
spectrum is considered as one that is suitable for com-
parison with reference data. This requires that the rel-
ative intensities, shapes and positions of both strong
and weak bands should be observable. With modern
spectrometers the intensities of bands at 1% trans-
mission can be measured adequately for qualitative
purposes, although for quantitative analysis it is wise
to avoid bands at below 10% transmission. Although
noise levels can be well below 0.1%, it should be
remembered that the measurement of very weak
bands is more likely to be hindered by interferences
such as matrix impurities or instrument artefacts than
by high-frequency noise.

Transmission measurements

Liquids

Liquids are measured as thin films between IR-trans-
mitting windows. The choice of window material de-
pends on solubility, chemical compatibility and the
range needed. The properties of common windows
are listed in Table 1. For organic materials KBr is

the most common choice. Zinc selenide has advan-
tages for aqueous solutions because of the wide
range, but the high refractive index leads to interfer-
ence fringes that can be a problem for quantitative
work, and calcium fluoride and barium fluoride
therefore continue to be preferred. KBr and other al-
kali metal halide windows deteriorate with contin-
ued exposure to moist atmospheres and are easily
scratched, but can be repolished fairly easily. Gloves
should be worn to handle them to avoid fogging.
The windows used for aqueous samples are more ro-
bust and are not generally repolished.

There are three main ways to measure liquids, in
cells with spacers that may be fixed or demountable,
or as a film directly between windows. In so-called
sealed cells the spacer is a metal amalgam which
provides a fixed pathlength. These are generally
preferred for quantitative work. Demountable cells
use a spacer made from metal foil or PTFE. The
windows can be separated for cleaning or to change
the pathlength. However, the pathlength generally
changes slightly when the cell is reassembled, creat-
ing problems for quantitative work. When assem-
bling demountable cells it is important to avoid dust
particles on the spacer since these affect the spacing
and can cause leaks. The pathlengths used for mid-
IR measurements range from about 15 µm for
aqueous samples to 500 µm or more for measuring
components at low concentrations in weakly absorb-
ing solvents. The pathlength of an empty cell is easily
determined by measuring interference fringes. The
thickness is equal to (2 × fringe spacing)–1.

Care must be taken in filling short-pathlength cells
because it is possible to generate enough internal
pressure to damage the windows. For this reason it
is better practice to pull the liquid into the cell by
attaching a reservoir to one port and a syringe to
the other, than to push liquid into the cell from
a syringe. The cell should be tilted for filling to
avoid trapped bubbles that cause stray light. A
demountable cell is shown in Figure 1.

Neat liquids can be measured by placing one drop
on a window and putting a second window on top of
this. The pathlength can be varied by applying pres-
sure. This is very convenient for qualitative work,
but cannot be used for very volatile materials.
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For non-volatile liquids porous polymer films are
a convenient alternative to conventional windows.
These ‘3M cards’ (Figure 2) are made of polyethy-
lene or PTFE. The polyethylene films absorb in
rather narrow regions and, except for the region
near 3000 cm−1, their absorptions can be removed
by subtraction. The PTFE cards are useful for
obtaining spectra in the CH stretching region around
3000 cm−1.

Solids

The two most common forms of sample preparation
for solids both involve grinding the material to a fine
powder and dispersing it in a matrix. Scattering and

reflection effects are reduced when the particle size is
less than the wavelength of incident radiation, which
in this case is a few micrometres. Surrounding the
particles by a matrix with a similar refractive index
further reduces the effects. Most samples can be
ground either mechanically with a small vibrating
mill or by hand with a pestle and mortar, the choice
being a matter of personal preference. For manual
grinding the amount of sample should be no more
than around 20 mg. The sample should be ground
until it is adhering to the sides of the mortar and has
a glossy appearance. This process may take several
minutes.

The ground material can be dispersed in a liquid to
form a mull. The most commonly used liquid is

Table 1 Properties of IR-transmitting materials

a This is for windows. The longer pathlength in ATR elements generally reduces the range, e.g. to 650 cm−1 for ZnSe.

Material Range (cm−1)a Refractive index Properties

NaCl >600 1.52 Soluble in water and some alcohols, easily polished

KBr >400 1.54 As NaCl, hygroscopic

CsI >200 1.74 Soluble in water and some alcohols, very hygroscopic

CaF2 >1100 1.40 Insoluble, attacked by NH  salts, robust

BaF2 >750 1.45 As CaF2, but sensitive to shock

ZnSe >500 2.43 Insoluble but attacked by acids and strong bases

ZnS >750 2.25 Insoluble, attacked by acids and strong oxidizing agents, 
good thermal shock resistance

Diamond >2200, <1900 2.38 Highest chemical and mechanical resistance

KRS–5 >250 2.38 Slightly soluble, attacked by bases, very soft, toxic

Sapphire >1600 1.62 Very hard, slightly soluble in acids and alkalis

Ge >600 4.01 Hard and inert, brittle

Si >650, <450 3.42 Very hard and inert

AMTIR >725 2.5 Insoluble, attacked by bases, brittle

Polyethylene <625 1.5 Insoluble, swells in some organic solvents

Fused silica >2500 1.46 Insoluble

AgBr >300 2.30 Insoluble, attacked by acids and NH  salts, soft

Figure 1 Construction of a demountable cell for liquids. Figure 2 Spectra of 3M cards.
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mineral oil (Nujol), while a fluorinated hydrocarbon
(Fluorolube) can be used to observe the 3000 cm–1

region (Figure 3). No more than one or two drops are
needed to produce a paste that can be spread between
windows. The consistency of this paste is a compro-
mise between the ease of spreading and the interfer-
ence from the absorptions of the mulling agent.

Potassium bromide (KBr) is probably the most
widely used matrix material, even though preparing
a good KBr disc is time consuming and requires
practice. Between 1 and 3 mg of ground material is
mixed thoroughly with about 350 mg of ground
KBr. The mixture is transferred to a die that has a
barrel diameter of 13 mm. This is placed in a suita-
ble press, evacuated and then pressed at around
12 000 psi for 1–2 min. Recrystallization of the KBr
results in a clear glassy disc about 1mm thick. Discs
can be made with manual presses and without eva-
cuation, but the best results are obtained with the
more elaborate procedure.

Provided that the sample, the KBr and the disc are
weighed, this technique can be used for quantitative
work. It has the advantage that there are no matrix
absorptions above 400 cm–1, although adsorbed
water in the KBr has to be avoided. Potential limita-
tions are that the grinding and pressing can modify
the crystalline form of the sample and that ion
exchange can occur. To avoid ion exchange it is
common to use potassium chloride for amine hydro-
chlorides. Caesium iodide is used for the region to
200 cm–1 while for far-IR measurements polyethyl-
ene is a suitable matrix. Grinding is the main issue in
disc preparation (Figure 4). Inadequate grinding
results in sloping baselines caused by light scattering
and in asymmetric bands. The asymmetry, known as
the Christiansen effect (Figure 5) results from refrac-
tive index differences.

Very few solid samples arrive in a suitable form for
direct transmission measurement, the principal

exception being polymer films. Unfortunately, inter-
ference fringes often distort the spectra. There are
several techniques for eliminating interference fringes
by reducing the surface reflections. The simplest are
to abrade the surface or to sandwich the film between
windows. Another possibility is to smear one surface
with mineral oil, provided that this does not obscure

Figure 3 Spectra of mulling agents.

Figure 4 Spectra from poorly (bottom) and well (top) ground
discs.

Figure 5 Christiansen effect.
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important regions of the spectrum. Polymer samples
that are too thick for direct measurements can often
be pressed to a suitable thickness. Heated platens for
making films of controlled thickness are available
from accessory suppliers.

Simple compression cells with diamond windows
have appeared recently. Although they generate
lower pressures than traditional diamond anvil cells,
they can provide excellent spectra from a range of
samples that are too thick for direct measurements.

Soluble materials can be prepared as cast films by
evaporating them from solution on a suitable sub-
strate such as a KBr window. An infrared lamp is a
convenient means of warming the film to remove
residual solvent. This approach is especially useful
for those polymers that can be cast on to a glass
block from which they can be removed for measure-
ment without a support. A wide range of organic
compounds can be prepared on the porous polymer
substrates known as 3M cards. The best spectra are
obtained when the compound forms an amorphous
deposit. The spectra of crystalline samples may be
distorted by scattering and reflection effects.

Gases

Measurements on gases require much longer path-
lengths than those for condensed phases; 10 cm is
usual for compounds at relatively high concentra-
tions. For trace concentrations multiple reflection
cells provide pathlengths of several metres in com-
pact designs. Detection limits are well below 1 ppm
for many compounds.

Internal reflection methods

In recent years, internal reflection methods have de-
veloped into perhaps the most versatile approach to
obtaining IR spectra. Total internal reflection can
occur at the interface between media with different
refractive indices (Figure 6). If the angle of incidence
exceeds a critical value, radiation cannot pass into
the medium with the lower refractive index; instead,
it is totally reflected. Although there is total reflec-
tion, an electric field, sometimes referred to as an
evanescent wave (Figure 7), extends a short distance
into the second medium. This distance is of the same
order of magnitude as the wavelength. In an internal
reflection measurement the radiation enters a high
refractive index material and emerges after undergo-
ing internal reflection. The high refractive index
element is usually called the crystal, even though the
material may be a glass. An absorbing sample placed
on the surface of the crystal interacts with the elec-
tric field to generate a spectrum. This is called an

attenuated total reflection or ATR spectrum. The
band positions and shapes are slightly different from
those in transmission spectra, but not enough to af-
fect qualitative identification.

The penetration depth, dp, of the light into the
lower refractive index material is defined as the
depth at which the field amplitude has fallen to 1/e
of its value at the surface. For two materials with
refractive indices n1 and n2 it is given by 

where λ1 is the wavelength in the higher refractive
index material and is related to the incident wave-
length λ by the expression λ1 = (λ/n1), α is the angle
of incidence and n21 = n2/n1.

The intensity of an ATR spectrum depends on the
distance that the electric field extends into the
sample and on the number of reflections. The most
commonly used materials are zinc selenide and dia-
mond, both with a refractive index of 2.3, and ger-
manium, with a refractive index of 4.0. The higher
refractive index reduces the distance that the electric
field penetrates into the sample, giving a weaker
spectrum. The depth of penetration is proportional
to the wavelength, so that when ATR spectra are
compared with transmission the intensities at longer

Figure 6 Total internal reflection at interface where n1 > n2.

Figure 7 Evanescent wave at an interface where n1 > n2.
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wavelengths appear enhanced. For an ATR crystal
with a refractive index of 2.2 and a 45° angle of inci-
dence, the depth of penetration in a typical organic
sample is about 4µm at 1000 cm−1.

Because ATR measurements are obtained from a
thin surface layer, the spectra may not be representa-
tive of the bulk material. For example, spectra of
polymer laminates such as packaging materials
generally show only the surface layer. However, the
spectra of emulsions and suspensions may be unre-
presentative of the bulk material because of
segregation at the surface.

There are two basic designs of ATR accessory in
common use. These have replaced traditional designs
in which a thin sample was clamped against the ver-
tical face of the crystal. In horizontal ATR (HATR)
units the crystal is a parallel-sided plate, typically
about 5 cm by 1 cm, with the upper surface exposed
(Figure 8). Radiation traverses the length of the
crystal, undergoing internal reflection at the upper
and lower surfaces several times. The number of
reflections at each surface is usually between five and
ten, depending on the length and thickness of the
crystal and the angle of incidence. Liquids are simply
poured on to the crystal, which is recessed within a
metal plate to retain the sample. Pastes and other
semisolid samples are readily measured by spreading
them on the crystal. Horizontal ATR units are often
used for quantitative work in preference to
transmission cells because they are easier to clean
and maintain.

When measuring solids by ATR, there is the pro-
blem of ensuring good optical contact between the
sample and the crystal. The accessories have devices
that clamp the sample to the crystal surface and
apply pressure. This works well with elastomers and
other deformable materials, and also with fine pow-
ders, but many solids give very weak spectra because
the contact is confined to small areas. The effects of

poor contact are greatest at shorter wavelengths
where the depth of penetration is lowest.

The problem of contact has been overcome to a
great extent by the introduction of accessories with
very small crystals, typically about 2 mm across. The
crystal is often diamond, which offers durability and
chemical inertness. Germanium and silicon are lower
cost alternatives. The accessories generally provide
only a single reflection (Figure 9), but this is gener-
ally sufficient, given the very low noise levels of
modern instruments. Because of the small area,
much higher pressure can be generated with limited
force. A much smaller area of contact is required
than in conventional HATR units. As a result,
spectra can be obtained from a wide variety of solid
samples, even from minerals using systems designed
for high pressures. Some accessories use a thin
diamond element in combination with zinc selenide.
This approach can provide multiple reflections,
giving spectra equivalent to those from HATR acces-
sories from very small sample volumes. Because of
their versatility, accessories of this type are some-
times described as universal sampling devices. How-
ever, it must always be remembered that ATR only
measures the surface of the sample.

The ATR technique is also employed with the unit
inserted into bulk liquids, for example for process
monitoring. The principle is exactly the same, the
difference being that the form of the crystal is a
prism so that radiation enters and leaves in the same
direction. Radiation is coupled into the prism with
light guides or optical fibres. There are also ATR
probes in which the fibre itself forms the ATR ele-
ment. The fibres are either chalcogenide glasses or
mixed silver halides. One design of contact probe
has a U-shaped section of exposed fibre that is
pressed against the sample. This approach has been
used for in vivo measurements of skin.

External reflection methods

Reflection measurements can be conveniently divi-
ded into surface or specular reflection and diffuseFigure 8 Schematic of an HATR top plate for liquids.

Figure 9 Schematic of a single-reflection ATR accessory.
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reflection. The reflection spectrum from the surface
of a continuous solid, such as a large crystal or a
block of polymer, does not resemble an absorption
spectrum, being determined by the refractive index
according to the Fresnel equations. However, it can
be converted into an absorbance spectrum by a
mathematical process called the Kramers–Kronig
transform which is provided in the software from in-
strument suppliers. This is a common approach for
obtaining spectra of single crystals and from
polished surfaces of minerals. It is also very effective
for carbon-filled polymers. Very simple accessories
using two flat mirrors can be used to obtain reflec-
tion spectra from flat surfaces. The same accessories
can be used to measure the spectra of coatings on
metal surfaces such as protective or decorative poly-
mer films on food and beverage cans. In this case
what is measured is a transmission spectrum of the
coating, the radiation having passed twice through
the coating and having been reflected at the metal
surface. This is sometimes called a transflectance
measurement. Examples of the above are shown in
Figures 10 and 11.

Diffuse reflection is seen when radiation pene-
trates below the surface before being scattered or
reflected back from within the sample. Spectra of

this kind have the character of transmission spectra
since there is absorption as the radiation travels
inside the sample. Samples for diffuse reflection are
generally powders (Figure 12). Accessories for this
kind of measurement have to collect the light that
emerges from the sample over a wide range of
angles. Integrating spheres are little used because
suitable large detectors are not available for the mid-
IR region. Instead, commercial accessories focus the
radiation on to a small region, typically 1–2 mm
across, and collect over a wide but limited range of
angles (Figure 13). The spectra obtained with these
accessories represent a mixture of reflection from the
surface and from within the sample. They can be
used to measure pure surface reflection from samples
that have no internal reflection or scattering.

In spectra obtained directly from powdered orga-
nic compounds, the stronger bands often appear flat-
tened and are distorted by surface reflection. The
diffuse reflection spectrum can be thought of as a
transmission spectrum in which there is a range of
different pathlengths. This results in enhancement of

Figure 10 Reflection and reflection–absorption at surfaces.

Figure 11 Top, reflection spectrum of poly(methyl metha-
cryiate); bottom, absorbance calculated by Kramers–Kronig
transformation.

Figure 12 Representation of diffuse reflection by a powder.

Figure 13 Optics of diffuse reflection accessory.
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the relative intensities of the weaker bands. In gene-
ral, the aim is to obtain a result that resembles a true
transmission spectrum. The standard technique is to
grind the sample to a fine powder, ideally to a parti-
cle size below 10 µm, and to mix this with a non-
absorbing matrix such as finely ground potassium
bromide at a concentration of about 1%. The small
particle size and dilution together ensure that
absorption is weak for all pathlengths. This means
that relative band intensities in transmission are
similar for all contributing pathlengths and so are
correct in the final spectrum. The presence of the
non-absorbing matrix reduces reflection at the sur-
faces of the particles by better refractive index
matching, and so minimizes the surface reflection
component. Sample preparation is quicker than for a
potassium bromide disc. It is also gentler, making it
less likely to induce changes in the crystalline form.
However, it has proved difficult to achieve suffi-
ciently consistent sample preparation to allow good
quantitative measurements. Representative spectra
of finely ground aspirin are shown in Figure 14.

Diffuse reflection spectra are often transformed to
Kubelka–Munk units as defined below, just as
spectra measured in transmission are converted to
absorbance: 

where R∞ is the ratio of the sample reflectance to
that of a reference such as potassium bromide. The
reason is that under certain conditions the band
intensities in these units are proportional to concen-
tration. However, the necessary conditions are not
met in typical mid-IR measurements, so there is little
reason to prefer this presentation to the alternative
log(1/R), which is a direct equivalent of absorbance
(Figure 15). It is worth noting that near-IR diffuse

reflection spectra are used extensively for
quantitative work, almost invariably using log(1/R)
rather than Kubelka–Munk units.

Another way of presenting samples for diffuse
reflection is as a thin film of fine particles. This also
achieves the objective of ensuring weak absorptions.
Samples can be taken from the surface of large
objects by abrading them with silicon-carbide-coated
paper. The spectrum of the material removed can be
measured directly on the abrasive substrate. This
method has proved ideal for painted surfaces and
moulded plastic objects. It can be extended to very
hard materials by using abrasive devices such as
metal rods tipped with diamond powder. The main
limitation to this technique is that abrading soft
and rubbery materials generally does not produce
particles that are small enough to give good spectra.

Photoacoustic spectroscopy

Photoacoustic measurements are unique in that they
depend directly on the energy absorbed by the sam-
ple, rather than on what is transmitted or reflected
(Figure 16). The sample is placed in a sealed cham-
ber. When radiation is absorbed it is converted into
heat which can be detected as a change of pressure in
the gas above the sample. This heat transfer process
is sufficiently fast to follow the modulation of the
radiation produced in an FT-IR spectrometer. The
change in pressure is detected with a microphone. A
spectrum is obtained by ratioing the detector signal
to that generated with a totally absorbing material
such as carbon black. As with ATR, the spectrum
comes from a surface layer, but in this case the
effective penetration can be more than 100 µm. This
can result in total absorption for strong bands, so
that relative intensities are distorted. The effective

Figure 14 Diffuse reflection spectra of finely ground aspirin.
Top, diluted in KBr; bottom, neat.

Figure 15 Diffuse reflection spectra of aspirin in Kubelka–
Munk and log(1/R) units.
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depth of penetration depends on the modulation
frequency which varies with wavelength in rapid-
scanning FT-IR spectrometers. In step-scan spectro-
meters the modulation frequency is constant for all
wavelengths, so simplifying interpretation of the
spectra. Some information about the depth distribu-
tion of different components can be obtained by
varying the modulation frequency. However, depth
profiling, measuring a concentration quantitatively
as a function of depth, has not been achieved.

In practice, the main value of photoacoustic mea-
surements has been in obtaining spectra from
strongly absorbing samples such as carbon-filled pol-
ymers and for materials that cannot be ground to a
fine powder or be prepared with a flat surface.
Sample preparation is minimal, requiring only that
the specimen is small enough to fit in the chamber.
Commercial accessories can accommodate samples
several millimeters across.

Microsampling

In recent years, the approach to measuring small
samples has been transformed by the widespread use
of IR microscopes. The advantages over traditional
beam condensers lie in much greater convenience
and versatility, as well as in the ability to measure
much smaller samples. The region for measurement
can be selected while a relatively large area of the
sample is viewed. Spectra can be obtained from iso-
lated samples that are only a few micrometres
across. However, in extended samples diffraction
limits spatial resolution to about 10 µm. Because of
this, it is generally preferable to remove small inclu-
sions from a matrix rather than to try to measure
them in situ. One consequence of having very small
samples is that it is often easy to compress them to a
suitable thickness for transmission measurement.

Compression cells are therefore more useful than
they are with large samples. Sample preparation is
greatly helped by having standard microscopy tools
and a microtome available. Reflection measurements
are more generally useful than they are with larger
samples. Because of the small sample area and large
collection angle, it is easier to find an area that
gives a pure surface reflection spectrum. This can
then be converted into an absorbance spectrum by
the Kramers–Kronig transform.

Miscellaneous techniques

Emission spectra can be obtained without any sam-
ple preparation, but they are of very limited use. If
the sample is opaque, the information provided is
identical with that in the reflection spectrum since
the sum of transmission, reflection and emission at
any wavelength adds up to one. The reflection spec-
tra are usually measured more easily than emission.
Emission is very useful to obtain spectra from thin
coatings on uneven metal surfaces when diffuse re-
flection measurements would require a small sample.

Pyrolysis can provide qualitative information from
intractable samples without requiring expensive
accessories. The simplest approach is to heat the
sample in the bottom of a long test-tube so that
decomposition products condense at the top of the
tube and can be measured by the usual methods.
Commercial devices also allow gaseous products to
be collected. There are collections of the spectra of
decomposition products from polymers. The most
sophisticated version of this method is to couple a
gas cell in the spectrometer to a thermogravimetric
analyser and measure the products evolved at
different temperatures.

Separation techniques are needed in order to iden-
tify individual components in mixtures. The most
important of these is gas chromatography. To maxi-
mize sensitivity, the sample has to be confined to a
small area. The usual approach is to pass the gas
flow from the GC column through a light pipe
~1 mm in diameter and 10 cm long. This achieves
detection limits of ~10 ng for strongly absorbing
compounds. For higher sensitivity a more elaborate
deposition method is available. The effluent from the
column is directed on to a moving cold window
where the peaks in the chromatogram can be con-
densed as a series of spots about 100 µm across. The
detection limits are below 100 ng.

Coupling to liquid chromatography is much less
successful because of the problem of eliminating
the solvent and modifiers. In the most widely
used system the eluate is deposited in a circular track
on a rotating heated window which is subsequently

Figure 16 The principle of a photoacoustic measurement.
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transferred to the spectrometer. This is used
especially in combination with size-exclusion chro-
matography.

List of symbols

dp = penetration depth; n = refractive index;
R∞ = ratio of sample reflectance to that of a refer-
ence; α = angle of incidence; λ = wavelength. 

See also: ATR and Reflectance IR Spectroscopy, Ap-
plications; Chromatography-IR, Applications; Chro-
matography-IR, Methods and Instrumentation; High
Resolution IR Spectroscopy (Gas Phase), Applica-
tions; High Resolution IR Spectroscopy (Gas Phase),
Instrumentation; Photoacoustic Spectroscopy, Appli-

cations; Photoacoustic Spectroscopy, Theory; Sur-
face Studies by IR Spectroscopy.

Further reading

Chalmers JM and Dent G (1998) Industrial Analysis with
Vibrational Spectroscopy. Cambridge: Royal Society of
Chemistry.

Griffiths PR and de Haseth JA (1986) Fourier Transform
Infrared Spectroscopy. New York: Wiley.

Harrick NJ (1977) Internal Reflection Spectroscopy.
Ossining, NY: Harrick Scientific.

Messerschmidt RG and Harthcock MA (1988) Infrared
Microspectroscopy. New York: Marcel Dekker.

Nishikida K, Nishio E and Hannah RW (1995) Selected
Applications of Modern FT-IR Techniques, Tokyo:
Kodanasha.

IR Spectroscopy, Theory

Derek Steele, Royal Holloway College, Egham, UK

Copyright © 1999 Academic Press

Factors which control absorption

Absorption in the infrared region arises predomi-
nantly from excitation of molecular vibrations. For
N atoms there are 3N–6 vibrational degrees of free-
dom (3N–5 for a linear molecule), which is equiva-
lent to stating that all vibrational distortions can be
described as the sum of 3N–6 ‘fundamental’ vibra-
tional modes. Where any symmetry exists in a mole-
cule, the vibrations will reflect that symmetry in that
the vibrational wavefunctions will be symmetric or
antisymmetric with respect to any simple symmetry
element. This statement has to be modified slightly
for situations where degeneracy of rotations occurs.
For a detailed discussion of groups and their rele-
vance in spectroscopy the reader is referred to the
Further reading section. In the event that a rigid
point group is inappropriate, as for free rotors (e.g.
CH3BF2), then the invariance of energy to certain
distortions requires that permutation group theory
be used. What we are seeking to explore with group
theory is the invariance of energy and the conse-
quences to certain transformations of the molecular

configuration. In free rotors, by definition, the ener-
gy is unchanged by rotation about a bond. This then
makes rigid group theory inappropriate.

For excitation of any single mode i, the energy, Ei,
can be expressed as 

where v is the vibrational quantum number and ω,
the wavenumber, is ν/c. Restricting the discussion
initially to a harmonic oscillator with no molecular
rotation, we can then examine the conditions
required for vibrations to be excited through interac-
tion with electromagnetic radiation. For absorption
the following conditions must be satisfied:

(i) the photon energy, hνi, must be equal to the
change in vibrational energy. We should qualify this
by giving due allowance for the Doppler effect. In a
low-density gas the spread of molecular velocities
relative to the probing beam leads to a natural line

VIBRATIONAL, ROTATIONAL & 
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Theory
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width, ∆ν, at a temperature T of 

where M is the relative molecular mass. Such widths
are very small and relevant only when probing fine
structure. Thus, for methane at room temperature
and for a band at ω = νi/c = 1500 cm–1 then
∆ω = 0.003 cm–1. By using molecular beams moving
at right-angles to the probing beam resolutions
substantially less than this are attainable. Other
techniques exist for exploring intrinsic line widths
which are less than the Doppler width. These include
two, or more, photon excitation and saturation
spectroscopy.

(ii) Interaction of electromagnetic radiation and
matter can only occur through electric and magnetic
fields. For vibrational spectroscopy the electric field
interaction is by far the greater. In classical terms
there must be a change in dipole moment for the
vibration to be excited. Thus for stretching of the
bond of a homonuclear diatomic no absorption at
the vibrational frequency occurs. In general, the
absorption is proportional to the square of the
dipole change. In terms of group theory only those
vibrations which form representations of the same
classes as the electric dipole vector (or simple trans-
lations) can be excited by EMR. Thus, for CF3CF3

(D3h symmetry), only vibrations of the A  and E′
species can absorb electromagnetic energy of the
appropriate frequency since a dipole vector forms
such representations. We must note that it is unnec-
essary for an electric dipole to exist in the equilib-
rium configuration.

According to quantum mechanics, the probability
of an induced transition per unit time per unit radia-
tion density between states |i 〉 and |f 〉 is given by
Fermi’s ‘Golden Rule’:

where ε0 is the permittivity of free space, êr is a unit
vector in the direction of the electric field vector of
the radiation and δ( ) is the Kronecker delta, which
takes the value zero unless its argument is zero, in
which case it has a value of unity. In the above equa-
tion the Kronecker delta requires that the radiation
frequency is exactly equal to the difference in ener-
gies of the initial and final states divided by Planck’s
constant.

For an ensemble of randomly oriented molecules,
the power absorption is given by

where Ni is the number of molecules in state |i〉 and
ρν is the radiation density. Defining the intensity
over the kth band as 

and assuming harmonic oscillator wavefunctions,
then Equations [2], [3] and [4] yield

where C is the concentration of the absorbing spe-
cies, l is the pathlength, Iν and I  are the intensities of
radiation at the frequency ν with and without the
sample absorption and ∂µ/∂Qk is the dipole change
with respect to the vibrational motion in normal, or
fundamental, mode k. νk is the fundamental transi-
tion frequency. The definition of band intensity in
Equation [4] differs from the usual integral (the inte-
grated absorbance, A) in the presence of ν in the
denominator, but is much more satisfactory in rela-
tion to theory and to isotopic intensity sum rules.
Since the band widths are generally much smaller
than the frequency band centre, the integrated
absorbance, A, is related to Γ by A ≈ Γν.

(iii) The dipole moment can be written as a Taylor
series expansion in the vibrational motion Q:

For a harmonic oscillator, quantum theory requires
that the transition integral 〈f|Q|i〉 disappears unless
the vibrational quantum numbers vi and vf are
related by vi – vf = 0 or ±1. This requires that over-
tones are forbidden if only the linear term in Q
exists. It is known, however, that the vibrational
spectrum contains weak features due to overtones
and combination bands in which two quantum
numbers change simultaneously. These occur
because the dipole expansion in general has finite
terms quadratic in the deformation and because true
wavefunctions are nonharmonic. Occasionally com-
bination bands appear with considerable strength
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due to mixing with a nearby fundamental transition
of the same symmetry (Fermi resonance). Interaction
leads to mutual repulsion of the mixed energy states.
In the event that the combination transition has zero
or much less intensity than the fundamental, then the
unperturbed fundamental transition can be estimated
as the intensity weighted mean of the two bands. A
classical example of Fermi resonance is seen in the
infrared spectrum of CCl4. The very strong doublet
at 768/797 cm−1 is due to the triply degenerate CCl
stretch interacting with the combination state
ν1 + ν4 (305 + 458 cm−1).

There is considerable interest in the factors that
determine the dipole derivative. The stretching of a
highly polar bond, such as C–F, might well be
expected to lead to a large dipole change. In practice,
the dipole change is much greater than would be
expected for the charges on the atoms in their equi-
librium positions. Charge flows as the nuclei move,
in this case towards the situation where the fluorine
atom carries a complete extra electron. In certain
cases where a trans lone pair of electrons exist, such
as for the hydrogen atom in the aldehyde unit, exten-
sion of the bond results in a flow of electrons from
the lone pair into an antibonding orbital of the C–H
bond, thereby greatly enhancing the dipole change.
This is the same phenomenon that is responsible for
bond weakening in such cases. In bending motions,
nonbonding interactions, as well as rehybridization
of the electrons at the nonterminal atom, cause sub-
stantial deviations from the dipole change expected
from the equilibrium charge distribution. This ex-
plains the remarkably high intensity associated with
movement of a hydrogen atom from the plane of
benzene or ethene derivatives. As the electrons rehy-
bridize around the carbon (moving from sp2 towards
sp3), so electrons build up on the opposite side of the
skeletal plane to the hydrogen, thereby enhancing its
positive charge.

Many studies have been made of the absorption
intensities associated with bands arising from group
vibrations. It is recognized that the transition
moments are far more sensitive to neighbouring
group effects than are the frequencies themselves, and
intensities are not particularly useful in evaluating the
concentration of functional groups. However, some
qualification of this statement is required in view of
the widespread application of principal factor (or
principal component) analysis (PFA) in industrial
spectroscopy. This has been mainly used with near-
infrared spectra, but this is probably more to do with
ease of generating suitable spectra than to fundamen-
tal limitations. The application to the mid-infrared
spectra of coals is an excellent example. The rele-
vance to group intensities is that PFA is a statistical

technique of fitting data to a progressively increasing
number of unknown components until the fit reaches
an acceptable level. As such it requires the data to
consist of a finite number of linearly additive compo-
nents. The application to very complex mixtures such
as coals, wheat and petroleum, both refined and
unrefined, strongly suggests additivity is much better
than used to be believed. This has been rationalized
by demonstrating that group spectra are characteris-
tic provided that the neighbouring groups are the
same.

Band shapes in liquids

In low-density vapours an absorption band consists
of lines arising from a large number of transitions
arising from rovibrational transitions, perhaps from
excited vibrational states as well as the ground state.
In high-density fluid states the interaction between
different molecules will affect the spectrum by caus-
ing perturbations of the rovibrational energy states
and by reducing the lifetimes of the excited states
through energy transfer processes. The individual
transitions initially broaden and then merge into a
smooth band contour. It is sometimes stated that the
rotational transitions are suppressed, but this cannot
be so. The equipartition theorem states that energy
must be equally distributed between each degree of
freedom, and this must extend to the condensed
state. It has been demonstrated that the contours still
contain the rotational contribution. Thus for a dia-
tomic molecule of moment of inertia I, the integrated
second moment of the intensity (Γ as defined in
Eqn [1]) about the vibrational band centre, divided
by the integrated intensity itself, is, apart from a vi-
brational relaxation contribution, kBT/IX, where IX is
the moment of inertia. This is the same for vapour
and for liquid. It is simply the relaxation of the excit-
ed states that has changed. There is a vibrational
contribution to the width (see below). It is possible
in certain situations to separate these contributions
using Raman spectroscopic methods. If we designate
the transition dipole moment at a time t of a given
transition as µ(t) then its development as a function
of the time lapse t = t″ – t′ is related to Fourier trans-
form about the band centre of the intensity as

The brackets 〈  〉  designate an ensemble average and,
since the transition dipole is a vector, this transform
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yields the ensemble time decay of the transition
dipole moment from an arbitrary time of origin. The
time scale of the decay will be of the order of the in-
verse of the band width. Thus for a band of half-
band width 10cm−1 the half-life of the decay will be
∼ 1/(3 × 1010 × 10) ≈3 × 10−12s. If we discount vibra-
tional relaxation and consider the transition moment
as being fixed to the molecule, then the correlation
function 〈µ(0)·µ(t′ – t″)〉 will describe the rotation of
the molecule as defined by the transition dipole axis.
In the condensed state after an initial period in which
the motion is governed by the rotational energy, then
decay becomes exponential due to collisional proc-
esses. In the vapour the dipole correlation shows a
minimum, perhaps becoming negative, in a period
after which most molecules are facing in the opposite
direction to that in which they started (see Figure 1).
As in magnetic resonance, the decay time will consist
of isotropic and anisotropic contributions. In a fluid
the transition dipole will also decay by transfer of
energy between molecules and by multi-body colli-
sion deactivation of the vibration. These are respon-
sible for the isotropic component. Owing to the very
short time-scale of these processes, separation of the
relaxation mechanisms is generally impossible. How-
ever, some progress has been made with laser optical
nutation experiments and with Raman studies.

Calculation of vibrational spectra

Although energetic aspects of vibrational spectros-
copy, such as zero point energy and crystal lattice
energies, are strictly quantum phenomena, much can
be achieved by classical-type calculations based on in-
ter-atomic potential functions. Assuming that the po-
tential energy for deformation about an equilibrium
configuration is strictly quadratic in deformations
then the vibrational frequencies are given as the eigen-
values of the matrix product GF where F is the matrix
of quadratic force constants and G (so-called inverse
kinetic energy matrix) is such that

where R represents an internal coordinate of the mol-
ecule, usually chosen from bond stretches, angle
bends and bond torsions. The sum is over all atoms.
The methodology of carrying out these classical cal-
culations are well documented. One of the principle
advantages of such calculations is that the eigen-vec-
tors of GF yield the nature of the molecular vibration.

Up to this point we have assumed harmonic oscil-
lations. In reality we cannot ignore the impact of

cubic and higher terms in Equation [1]. For a change
in quantum number of ∆v, then from Equation [1]
we have for a transition |0〉 → |v〉 

A fundamental transition (v = 0→1) then has a wave-
number of ωi –2ωi xi. The anharmonicity constant x
is much less than 1. For the C–H vibrations it is rela-
tively large because of the considerable amplitude of
vibration, and it has a value of 0.021. This means
that for a transition seen at 3000cm−1 the fundamen-
tal frequency is at 3126cm−1. The first overtone
would be expected at 2ωi –6ωixi = 5874cm−1. In fact
the C–H stretching overtone and combination fre-
quencies deviate from these expectations. The cause
of this lies in the large amplitudes of motion which
result in a breakdown of local symmetry. A methyl-
ene group in an environment which conserves the
equivalence of the two bonds will have vibrations
which are symmetric and antisymmetric with respect
to the bonds, and in the limit of small amplitude
vibrations point group symmetry applies. As the
amplitudes of all the vibrations increase, so the sym-
metry breaks down and the bonds tend towards

Figure 1 The dipole autocorrelation function of the ν11 band of
benzene. The top line is the dipole correlation function for
benzene dissolved in cyclohexane and the bottom line is that for
benzene vapour. Hill IR and Steele D, unpublished work.
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independent oscillators. In this event the theoretical
model needed becomes that of the local mode. Appli-
cation of Equation [1] shows that the separation of
states in which one of two equivalent bonds is doubly
excited and that in which both bonds are singly
excited is 2xi ω i. The higher transition will be at twice
the observed fundamental frequency (see Figure 2).

Quantum theoretical calculations of 
spectra

Applied quantum theory has reached the stage where
infrared and Raman spectra can be predicted to a
very useful degree of accuracy for molecules of fairly
substantial size. The ability to programme the calcu-
lations so that force constants and dipole gradients
are calculated analytically from the wavefunctions is
one of the features which has greatly enhanced these
computations. The calculations as routinely per-
formed are of the harmonic wavenumbers and the
band intensities. At the Hartree–Fock level the wave-
numbers are too high when compared with experi-
ment owing to the harmonic approximation, but
also due to lack of electron correlation and the re-
striction of electron pairing. The latter leads to
dissociation to states in which electron pairing is still
present, and these are generally of much higher
energy. Very good results are obtained by simply
multiplying the wavenumbers (frequencies) by a scal-
ing factor. Improved results are generated by scaling

the force constants, keeping one factor for C–H
stretching, another for the C–H bending constants,
etc. Improved results, with scaling constants nearer
to unity, are obtained with perturbation calculations
of the electron correlation correction (Möller–Plesset
theory). Density functional theory (DFT) now per-
mits very good frequencies to be obtained in times
which are close to the Hartree–Fock times. Both
Raman and infrared intensities are much more
difficult to compute. This is not surprising when it is
seen that dipole moments are extremely sensitive to
the basis sets. Although there are cases where the re-
sults are as yet disappointing, DFT appears to be
yielding much improved intensities and dipole mo-
ments over earlier Hartree–Fock and Möller–Plesset
calculations. Although these calculations have led to
much improved force fields and spectra, it must be
said that some difficulties still exist.

Vibration rotation spectra

When a vibrational quantum state changes, other
quantum states of lower energy will also generally
change. Thus, for a heteronuclear diatomic molecule
the 0〉 to 1 transition is accompanied by a
change in rotational quantum number of ±1 leading
to the well known P and R branches. For polyatomic
molecules the selection rules required so as to allow
the nondisappearance of the transition integral are
more complex, and for details the reader is referred
to a specialist text. In the situation where individual
rovibrational transitions cannot be resolved in an
asymmetric top, then the overall contour can be re-
lated to the direction of the transition moment with
respect to the inertial axes and to the moments them-
selves. Thus transitions in which the dipole change
occurs along the direction of greatest moment of in-
ertia are characterized by a strong Q branch (type C
bands), corresponding to no change in the rotational
quantum number change (see Figure 3).  

The contours have been calculated as a function
of the moments of inertia and presented in easily
used figures. With laser and high-resolution Fourier
instruments, an increasing amount of detail of
rovibrational information is becoming available.
Here we shall refer to a few general points. 

The parameters of fitting include the moments of
inertia. Even with small molecules and isotopically
substituted molecules it is very difficult to generate
accurate molecular geometries. The inertial con-
stants refer to the ground and vibrationally excited
states, but even in the ground state at the absolute
zero of temperature each quantum state has a half
quantum of energy (zero point energy, see Figure 2).
The average of the root mean square bond length

Figure 2 Relative energies in the local mode model of ground,
fundamental, first harmonic and combination states for a system
with two degenerate vibrators. A fundamental harmonic wave-
number of 3100 cm−1 and a vibrational anharmonicity of
ωx = 60 cm−1 have been assumed. ZPE represents the zero
point energy.
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during a vibration differs significantly from the equi-
librium bond length. Ab initio calculations, such as
referred to in the previous section, may be used to
estimate the necessary corrections.

One feature unique to vibration rotation interac-
tion is due to Coriolis interaction. There is a compo-
nent of force on a moving particle due to rotation
about a perpendicular axis equal to 

where ⊗ represents the vector product operator, ω is
the molecular angular velocity and mi and ri are the
mass and coordinate of the ith particle. Such cou-
pling leads to interaction between two states, the
product of whose symmetry representations belongs
to the same species as a molecular rotation. For
degenerate vibrations, this can be a first-order effect
and has a dramatic impact on the overall vibrational
rotational contour. The same phenomenon, of
course, controls the contrary direction of rotation of
air masses in the northern and southern hemispheres.

List of symbols

A = integrated absorbance; Bif = probability of an
induced transition per unit time per unit radiation
density; c = velocity of light; C = concentration;

Ei = energy of ith mode; F = quadratic force constant
matrix; G = inverse kinetic energy matrix; h =
Planck’s constant; kB = Boltzmann’s constant; l =
pathlength; M = molecular mass; Q = normal mode;
R = internal coordinate; v = vibrational quantum
number; Γ = integrated absorption intensity; µ =
dipole moment; ν = frequency; ρ = radiation density;
ω = wavenumber.
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Introduction

Isotopes of an element contain the same number of
protons but different numbers of neutrons. Whereas
the former means that isotopically different com-
pounds undergo the same reactions, the latter means
that they differ in mass (e.g. C and C are 12 and
13 atomic mass units, respectively). As a result of
their different masses, isotopes of an element partici-
pate in chemical, biological and physical processes at
different rates. Hence, the isotope composition of the
element in a given compound depends on the history
and origins of the sample. Isotope abundance data
can provide information concerning the source of a
material or processes responsible for its synthesis
and conversion. Variations in the isotope abundance
ratios of many elements of biogeochemical impor-
tance are subtle, but significant. To resolve these dif-
ferences, isotope ratio mass spectrometers must
accurately measure variations of 20 to 50 parts per
million. In the case of carbon, the average 13C/12C
isotope abundance ratio of 0.011 200 ranges over
±0.000 450 with biogeochemically important varia-
tions of ±0.000 000 5. Such requirements have re-
sulted in a branch of mass spectrometry that has
developed its own specialized instrumentation and
analytical methods.

Isotope ratio studies are employed in a variety of
multidisciplinary research projects encompassing
chemistry, physics, biology, medicine, geology,
archaeology and environmental technology. This
article will describe mechanisms responsible for
isotope abundance variations, the essential compo-
nents of the isotope ratio mass spectrometer (with
particular reference to electron impact ionization)
and isotope abundance variations of H, C, N, O and
S. Finally, the development of recent isotope ratio
monitoring techniques to extract isotope informa-
tion from transient signals is presented.

Natural isotope ratio variations

To understand how mass differences give rise to
isotope abundance variations, it is useful to
consider chemical bonds as harmonic oscillators
with fundamental vibrational frequencies inversely
proportional to the square root of the molecular
masses. The zero point energy of a molecule is defined
as the finite energy (above hν where h is Planck’s con-
stant and ν is the frequency of the oscillation) pos-
sessed by that molecule at 0 K. Isotope substitution
changes the mass of the molecule and results in a shift
in the zero point energy. A molecule containing a
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lighter isotope of an element will have a higher vibra-
tional frequency and hence higher zero point energy
compared to the molecule with the heavier isotope.
The bonds in the molecule with the higher zero point
energy are more easily broken. For all elements except
hydrogen, the vibrational terms have the largest iso-
tope effect. The magnitudes of these effects are pro-
portional to the relative mass difference between the
isotopic species.

Processes that result in isotope ratio variations can
be divided into three general categories: (1) isotope
exchange reactions such that isotopes of an element
are redistributed among different molecules or dif-
ferent phases of the same molecule at thermody-
namic equilibrium; (2) unidirectional processes
where the reaction rates of chemical or physical reac-
tions of isotopic species differ; and (3) radiogenic
decay.

Equilibrium isotope effects

Equilibrium isotope exchanges involve the redistribu-
tion of an element’s isotopes among different chemi-
cal compounds or different phases of a molecule.
While chemical equilibrium is necessary in order to
attain isotopic equilibrium, isotope exchange will oc-
cur without any net change in the distribution of the
chemical species in the system. Generally, the heavier
isotope is favoured in the molecule that has the lowest
zero point energy or the more condensed phase. The
equilibrium constant of the isotope exchange reaction
is related to the partition function ratios of the prod-
ucts and reactants. Partition functions control the dis-
tribution of internal energies within molecules. It is
possible to calculate reduced partition function ratios
and hence equilibrium constants for simple gaseous
molecules (and to some extent condensed phases)
based on spectroscopic and thermodynamic data. The
dependence of the equilibrium constant on tempera-
ture is such that at higher temperatures the extent of
isotope fractionation decreases.

The relationship between the isotope abundance
ratios of the different species in the reaction is
expressed as the fractionation factor ‘α’. For exam-
ple, consider the oxygen isotope exchange of H2O
between condensed and vapour phases: 

The corresponding isotope fractionation factor α is
1.0092 at 25 °C, i.e. the liquid phase is enriched in

18O over the gaseous phase by 0.92 percent
(Eqn [1]): 

Kinetic isotope effects

Kinetic isotope effects are observed in unidirectional
processes (such as diffusion, evaporation, and bacte-
rial conversions) where the reaction rate depends on
the masses of the reacting molecules. Given the same
amount of kinetic energy, molecules of lighter mass
m1 will react at a rate √(m2/m1) faster than the heavier
molecules of mass m2.

Biochemical reaction pathways are often depend-
ent on the mass of an element at a particular position
in a molecule. The result mostly is to favour the
lighter isotopic species in the formation of the prod-
uct. Often, exact information about the intermediate
activated complex between reactants and products is
not available. This makes calculation of rate con-
stants and hence isotope fractionations from first
principles difficult.

Radiogenic isotopes

The transmutation of elements due to radioactive de-
cay is another important cause of isotope abundance
variations. Over time, the numbers of radioactive
parent isotopes will decrease as they decay into the
daughter products. The abundance determination of
radiogenic daughter isotopes is applied extensively
for age determinations of geological and organic ma-
terials. The ages of minerals and rocks (t) can be cal-
culated from the measurement of the number of
daughter nuclides formed in a mineral that decayed
under closed conditions (D*) and the parent atoms
(N) where the half-life of the parent (probability of a
decay, λ) is known (Eqn [2]).

Successful age determinations are possible providing
(1) the rock or mineral has remained closed and
changes in the numbers of parent and daughter
atoms are due to nuclear decay only; (2) the decay
constant is known accurately; (3) the number of
daughter nuclides originally present (at time t = 0) is
known; and (4) the numbers of daughter and parent
atoms can be measured accurately.



1074 ISOTOPE RATIO STUDIES USING MASS SPECTROMETRY

Isotope ratio mass spectrometer

The majority of isotope abundance determinations
are performed using magnetic sector mass spectro-
meters based on a design from Alfred Nier dating
back to the 1940s. The isotope ratio mass spectrom-
eter consists of an ion source, magnetic sector and
Faraday cup ion detector(s) (Figure 1). The source is
responsible for the production of ions from either
solid or gaseous material. The magnetic sector sepa-
rates ions according to their mass to charge ratio and
brings them into focus at the collector. The detector
records and converts the charge of the ions into
(computer readable) electrical signals. Neutral spe-
cies are removed from the interior of the mass spec-
trometer (maintained at less than 10– 8 mbar or 10– 6

Pa) to minimize the number of collisions between
ions and residual molecules in the ionization and an-
alyser regions. These interactions would otherwise
cause the ions to lose variable amounts of kinetic en-
ergy, resulting in a defocused ion beam.

Isotope ratio mass spectrometers tend to be of low
resolution (∼ 100, 10% valley) to resolve the iso-
topomers in the simple gases introduced (i.e. in the
case of CO2 gas; 12C16O , 13C16O  and 12C16O18O+

have masses 44, 45 and 46). The mass spectrometer
provides high precision isotope abundance data, typ-
ically of the order of 0.001%. This is achieved by
optimizing the number of ions collected at the detec-
tor to improve the counting statistics.

Magnetic sector

The task of the ion optics of the mass spectrometer
(of which the magnetic sector is the critical compo-
nent) is to bring all of the ions produced at the ion

source into focus at the collector. Ions formed in the
source are collimated and accelerated through an
electric potential difference (V) from 2000 to 10000
V, depending on instrument type. The accelerated
ions enter the magnetic field and are separated along
radial paths dependent on their charge to mass ratio
and kinetic energy. The radius (r) of the path traced
by an ion while in the magnetic field is related to its
mass (M), charge (q), the potential of the source (V),
and the magnetic field flux density (B) according to
Equation [3]: 

It is possible to change either the accelerating
potential of the source or the magnetic field strength
to bring an ion of a given mass into focus at the col-
lector. A unique feature of the magnetic sector
isotope ratio mass spectrometer is the trapezoidal
peak shape produced by the selection of ion source
(entrance) and collector (exit) slit widths (Figure 2).
As the ion beam is scanned across the exit slit of the
mass spectrometer, the ion current increases until the
entire width of the ion image is contained inside the
collector. The resulting flat-top peak ensures that the
measured ion current does not change if there are
small fluctuations in the accelerating potential (V)
and/or magnetic flux density (B).

Faraday cup detectors

The ion currents realized with most applications are
of the order of 10– 9 A for the major (most abundant)
isotopic species and can be measured by a Faraday

Figure 1 Typical mass spectrometer and inlet system for isotopic comparison of an unknown sample with a reference gas of pre-
cisely known isotopic composition. Clean gases are needed for such systems.
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cup type detectors (Figure 3). The Faraday cup is
connected to ground via a high ohmic resistor (108

to 1012 Ω). The incident ions produce a current (I)
resulting in a voltage drop (V) across the resistor (R)
proportional to the ion current incident at the collec-
tor by Ohm’s law (V = IR). Either voltage to fre-
quency converters or analog to digital converters
digitize the voltage for computer-assisted processing
of the data.

The accurate Faraday cup detector must neutralize
the incoming singly charged particle with exactly one
electron. However, due to the energy of the ion (2 to
10 keV), the surface of the detector is sputtered and
secondary electrons and ions are ejected. These must
be suppressed to prevent a false measurement of the
ion current. Therefore, Faraday cup detectors are
mostly thin, deep boxes with graphite surfaces and
an electric field (∼100 V) at their entrance to force
secondary electrons back into the cup. The noise
of the detector system can be no greater than
1.5 × 10– 16 A or 1000 ions per second in order to
measure the ratio of 1H2H to 1H2 with a precision of

0.01% (where a sample of ocean water contains
about 156 ppm 2H and the 1H  signal is 5 × 10– 9 A).

As suggested by the name isotope ratio mass spec-
trometry, more than one ion current is measured in
order to determine isotope abundance ratios. Most
modern isotope ratio mass spectrometers have from
3 to 8 collectors carefully positioned along the focal
plane of the instrument to measure several isotopic
ion currents simultaneously, typically a few mass
units apart. This configuration is known as simulta-
neous collection and has several advantages over
designs employing a single detector. Since multiple
detectors are measuring the different isotopic ion
currents at the same time, any changes in the total
ion current affect the signal in all detectors. Fluctua-
tions in the production of ions by the ion source
effectively cancel and the stability of the ion current
is not a limiting factor.

Ion source

Two ion production methods are employed for iso-
tope abundance ratios. Thermal ionization is best
suited for the analysis of nanogram quantities of
metals. Electron impact is suitable for the measure-
ment of gaseous samples and is the most widely used
ionization process.

Thermal ionization Thermal ionization sources
produce ions by heating sample-coated metallic
filaments. Samples in solution are first deposited
as microlitre drops on the filaments and dried at
low temperatures forming thin salt or oxide layers
(Figure 4). The prepared filament is transferred into
the mass spectrometer source, the source is evacuat-
ed, and the filament is then heated to temperatures
ranging from 800 to 2000 °C. The probability of
forming an ion in thermal equilibrium with the sur-
face of the hot metal filament depends on the tem-
perature (T), work function of the filament (W), and
the ionization potential associated with the produc-
tion of a given ion species (IP). This is described by
the Langmuir– Saha equation as the relative number
of ionized particles (N+) to neutral species (N0) evap-
orated from the filament (Eqn [4])

Typically, a filament material is chosen such that
the work function of the metal is higher than the ion-
ization potential of the sample. The filament is just
heated to temperatures that allow efficient ionization
without melting the metal.

Figure 2 Flat-topped peaks ensure that small fluctuations in
the magnet current or high voltage regulation do not hamper pre-
cision. For clarity, the peaks are recorded with different sensitivity
factors (1:100 : 300 for 44, 45 and 46).

Figure 3 Schematic layout of a Faraday cup assembly. The
cups are deep and have secondary electron suppression in order
to precisely record one charge per incoming singly charged ion.
Different resistor values are used depending on the ion current in
question.
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Using similar techniques, it is also possible to
produce and analyse negative ions. This method has
the advantage of allowing a number of elements with
high ionization potentials to be more easily ionized
as negative atomic or oxide species (i.e. B, Se and
Re). Again, the number of ions relative to the
number of neutral species produced can be described
by the Langmuir– Saha equation. In this instance, the
relative number of negative ions (N– ) produced
depends on the electron affinity of the sample (EA)
as well as the filament’s temperature (T) and work
function (W) (Eqn [5]:

Mass-dependent fractionation processes that occur
during the ionization process limit the ultimate
accuracy and precision of isotope ratio measure-
ments. As the sample is heated and ions are formed,
the lighter isotopic species will evolve from the fila-
ment at a faster rate. The remaining (unionized)
sample becomes relatively more enriched in the
heavier isotopes and no longer has a representative
isotope composition. Corrections to this fractiona-
tion are based on empirical calculations according to
exponential or Rayleigh distillation models.

Principal applications of thermal ionization mass
spectrometry (TIMS) are in the earth sciences to
measure radiogenic isotopes for age determinations
(i.e. U-Pb, Pb-Pb, Rb-Sr, Re-Os, Nd-Sm), absolute

isotope abundance measurements, tracing of Pb and
other metals in the environment, and isotope dilu-
tion mass spectrometry. The high efficiency of the
ion source for many elements (i.e. 1 ion collected for
every 200 rubidium atoms on the filament) allows
very small samples (10– 9 to 10– 12 g) to be analysed.

Electron impact Electron impact sources ionize
gases by collisions with transverse electron beams of
up to 1mA current and 100 eV energy (Figure 5). The
mostly singly charged ions produced are extracted
from the ionization region by an applied electric field
that further serves to collimate and accelerate the
ions. The resulting ion current depends on the
amount of sample gas inside the ion source. The
influx of the sample gas into the ion source is of the
order of 10– 12 mol s– 1 under viscous flow conditions.
The electron impact ion source will result in 1 ion
being collected for every 1000 to 10 000 molecules
introduced, depending upon the sensitivity of the ion
source and the focusing properties of the mass spec-
trometer. Collisions in the ion source between ions
and neutral species can lead to a nonlinear depend-
ence of the ion current ratios with the source pressure.
To prevent this, ions must be extracted immediately
after formation. For isotope abundance measure-
ments, simple gases (e.g. CO2, N2, H2, SO2, CO) are
prepared from raw materials being careful to preserve
the isotope composition of the sample.

Figure 4 Deposition of sample on a Re filament for thermal
ionization analysis.

Figure 5 Schematic diagram of electron impact ion source for
the ionization of gaseous samples. The whole ion source is
closed, leaving only small holes for the electrons to enter and the
ions to exit. This ensures the highest sensitivity by having the gas
molecules pass through the ionization region several times before
being pumped away.
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Inlet systems: the changeover concept Mass spec-
trometers do not measure isotope abundance ratios
accurately due to inherent biases caused by the ion
optical design, ion current detectors and electronics,
and method of sample preparation. In practice, to
correct for machine bias, the measured ion current
ratios of the sample are compared to those from a
reference gas (of known isotopic composition) ana-
lysed under identical operating conditions. This can
be achieved using a dual inlet system with two
stainless steel variable volumes (1 to 100 mL) for ref-
erence and sample gases (Figure 1). The volume of
these reservoirs is adjusted to change the pressure of
the gas (10 to 1000 mbar) and obtain matched major
ion current intensities of both reference and sample
gases. Each measurement of the sample ion currents
is immediately followed by an analysis of the stand-
ard’s ion currents. 

Stainless steel capillaries (1 m length and 0.1 to
0.2 mm i.d.) transport the gas from the variable
volumes to the ion source. The changeover valve
alternately connects the reference and sample
bellows to either the ion source or vacuum and the
isotope compositions of the two gases are measured
in turn. This method ensures a constant flow of gas
through the capillaries at all times. To maintain
viscous flow conditions, a pressure of ∼20 mbar in
the inlet system is required. This constitutes a lower
limit of gas suitable for analysis with the dual inlet
system. The smallest practical volume of an inlet
system is ∼250 µL. This represents 200 nmol of gas
at 20 mbar. In some cases, there is not enough
sample material available to produce sufficient quan-
tities of gas and alternative analytical methods must
be employed, e.g. isotope ratio monitoring.

Delta (δ) values

In order to realize inter- and intra-laboratory con-
sistency, measured isotope abundance ratios of the
sample and reference gases are compared using a δ
(delta) scale. In the case of carbon isotope ratio
measurements, δ values are calculated as shown in
Equation [6]. The δ values for other elements are cal-
culated based on the isotope abundance ratios listed
in Table 1.

This quantity is the deviation of the isotope abun-
dance ratio of the sample from that of a standard in

parts per thousand or per mill (‰ ). Positive δ values
indicate that the sample is relatively enriched in the
heavier isotope of the element with respect to the ref-
erence. Negative δ values represent samples that are
relatively depleted in the heavier isotope compared
to the reference material. The National Institute of
Standards and Technology (NIST) in Gaithersburg,
Maryland, USA and the International Atomic Energy
Agency (IAEA) in Vienna, Austria both distribute
and continuously calibrate isotope reference materi-
als for a number of elements. The reference materials
chosen are representative chemical compounds and
reflect nominal terrestrial isotope abundances.

Analysis of H, C, N, O and S isotope 
ratio variations

Hydrogen and oxygen

Hydrogen exhibits the largest natural isotope abun-
dance variations due to the relatively large mass dif-
ference between its two stable isotopes; H and H
(also written commonly as H and D, respectively). H
is approximately 99.985% and D 0.015% naturally
abundant. The three isotopes of oxygen O O and

O are ∼99.763%, ∼0.0375% and ~0.1995% abun-
dant, respectively. Examples of isotope abundance
variations measured for H and O are summarized in
Figures 6 and 7.

Hydrogen and oxygen combine to form water and
the isotopic species of H2O vary in mass from 18 to
22 (i.e. H2

16O, HD16O, D2
18O). The decreasing

vapour pressure with increasing mass of the different
isotopomers causes evaporated water vapour in
equilibrium with the condensed phase to be
relatively enriched in the lighter isotopes of both
oxygen and hydrogen. Conversely, the condensation
of water from the vapour phase results in a precipi-
tate enriched in the heavier isotopes of O and H
(higher δ18Ο and δD values). The condensation of
water vapour in equilibrium with its liquid phase –  a
situation that occurs in clouds –  can be described by

Table 1 The isotopes that are most commonly compared for
the determination of δ values for the elements H, C, N, O and S

Element
Isotope
abundance ratio δ value

Hydrogen D/H or 2H/1H δ∆ or δ2H

Carbon 13C/12C δ13C

Nitrogen 15N/14N δ15N

Oxygen 18O/16O δ18O

Sulfur 34S/32S δ34S
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the Rayleigh fractionation law (Eqn [7]).

Here, R0 is the initial 18O/16O ratio of the gas
phase, R is the actual ratio as a function of the
remaining molar fraction in the gas phase (f ). The
term αliquid-vapour is the fractionation factor between
the liquid and vapour phases at a given temperature.
With the increasing amount of 18O-enriched liquid

formed and removed from the vapour, the gas phase
and liquid phase formed from it becomes isotopically
lighter. The δ18O values for liquid and vapour as a
result of this process are plotted in Figure 8. As the
precipitation event continues, the immediate removal
of the condensed phase from the cloud without any
isotope exchange or reevaporation continuously
depletes the vapour in D and 18O. As a result, precip-
itation formed at higher latitudes becomes progres-
sively more depleted in the heavier isotopes of
hydrogen and oxygen.

Because the extent of isotope fractionation
between the condensed and vapour phases is temper-
ature dependent, variations in the δD and δ18Ο
values recorded at a particular site reflect seasonal
and possibly long-term fluctuations. Ices cores from
Greenland, Antarctica, and elsewhere are excellent
archives of past climate change, the information
recorded mainly in the 18O/16O ratio of the ice. δ18Ο
measurements indicate that very rapid changes from
cold to warm and vice versa within a decade have
occurred over the past 160 000 years. Such data
have challenged our understanding of the underlying
processes and caught the attention of the media
because of the social and political implications
changing climatic events could have today.

Hydrogen and oxygen are also found in many
minerals and are fractionated during geochemical
processes. The hydrogen and oxygen isotope compo-
sitions of the mineral are controlled by the isotope

Figure 6 Natural variations in hydrogen isotope abundances.
V-SMOW, SLAP, and GISP are international reference water
samples available from the International Atomic Energy Agency
(IAEA) in Vienna, Austria.
V-SMOW = Vienna Standard Mean Ocean Water 
SLAP = Standard Light Antarctic Precipitation
GISP = Greenland Ice Standard Precipitation.

Figure 7 Natural variations in oxygen isotope abundances.
The δ18O values in ancient precipitation (Greenland Ice, Antarctic
Ice, etc.) and in forameniferal carbonate from sediments provide
an excellent record of the temperatures of the past.

Figure 8 Rayleigh fractionation during water condensation.
Condensation starts with the liquid enriched in δ18O by 9.2 ‰
over the gas phase. As the condensation process proceeds, the
remaining vapour becomes lighter and, consequently, also the
precipitate formed from it.
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composition of the fluid and the fractionation factor
appropriate for the temperature during formation.
For example, the δ18O value of oxygen in CaCO3
differs from that of the water as the carbonate pre-
cipitates under equilibrium conditions. The extent of
fractionation is temperature dependent and at 25°C
the mineral is enriched in 18O by about 28‰  com-
pared to the water. The δ18O value of carbonates
and fluids are used to assess water– rock interactions.
Whereas the δD value of hot spring waters may be
similar to that of local precipitation, the δ18O value
may be enriched in 18O indicating oxygen isotope
exchange with nearby rocks.

Standards The standard for both hydrogen and
oxygen is V-SMOW (Vienna Standard Mean Ocean
Water) distributed by the IAEA in Vienna, Austria.
A secondary standard often employed is SLAP
(Standard Light Antarctic Precipitation) which has a
δD values of – 428‰  and δ18O values of – 55.5‰
with respect to V-SMOW.

Sample preparation Hydrogen isotopes in water are
measured from H2 gas formed by reducing water
with a suitable reducing agent like U, Zn, Cr or C. It
is also possible to exchange hydrogen isotopes be-
tween H2 gas and H2O in the presence of Pt catalysts.

Ratios of HD to H2 (mass 3 to 2) of the sample
hydrogen gas are measured and reported as δD
values. Ion– molecule reactions in the mass spectrom-
eter source will result in the production of H , which
is isobaric with HD+ at mass 3. The number of H
ions produced is proportional to the H2 pressure and
to the number of H  ions in the source, necessitating
an empirical correction factor to the measured ratios.

Oxygen isotope compositions of water samples are
determined from the measurement of 12C16O  and
12C16O18O+ at masses 44 and 46, respectively. CO2
gas is equilibrated with 5 mL of water at 25° C for
8 h and isotope exchange between CO2 gas and
water makes the oxygen isotope composition of the
CO2 gas reflect that of the water.

Carbon

Carbon has two stable isotopes ( C and C) of
∼98.89% and ∼1.11% abundance, respectively. Car-
bon compounds are exchanged between the oceans,
atmosphere, biosphere and lithosphere. Significant
isotope ratio variations exist within these groups due
to both kinetic and equilibrium isotope effects. Rep-
resentative carbon isotope abundance variations are
shown in Figure 9.

During photosynthesis, the metabolized products
become depleted in 13C compared to the CO2. The
initial assimilation and intracellular diffusion of

CO2 in the plant produces a 4‰  depletion in its
δ13C value. Isotope fractionation during the
decarboxylation of the absorbed CO2 is dependent
on the plant species and causes a much larger shift in
the δ13C value. Plants that form a 3-carbon phos-
phoglyceric acid as the first product of carbon fixa-
tion according to the Calvin cycle (commonly
referred to as C3 plants) have δ13C values averaging –
28‰  V-PDB. Examples of C3 plants include cereal
grains, peanuts, rice, tobacco, beans, sugar beets and
all evergreen and deciduous trees. Plants that photo-
synthesize dicarboxylic acid by the Hatch– Slack
mechanism (referred to as C4 plants) are more
enriched in 13C and have δ13C values closer to −
13% V-PDB. C4 plants include corn, millet, sor-
ghum, sugar cane and many grasses such as crab
grass and bermuda grass. Crassulacean acid metabo-
lism (CAM) plants have intermediate δ13C values.
This arises because they metabolize CO2 via C3 path-
ways in light and C4 in darkness. The large isotope
fractionations that arise in plants are generally
retained as the organic material is incorporated into
sediments and eventually as hydrocarbon deposits.

The carbon isotope composition of food ingested
by animals is generally reflected in the metabolized
products. For example, it is possible to differentiate
between animals that have primarily C3 versus C4
diets based on the measurement of the δ13C value of
hair, finger nails, bone collagen, etc. This informa-
tion is useful in food web studies to determine
primary nutrient sources and to discover who is the
prey and who the hunter. Nitrogen isotopes are

Figure 9 Natural variations in carbon isotope abundances.
North American diet to a large extent is derived from maize, a C4

plant. In countries like Japan, where fish is a major part of the av-
erage diet, δ13C values are in between the European and North
American values.
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often combined with δ13C data for a comprehensive
trophic level analysis.

Oceans play a significant role in the exchange of
CO2 between the atmosphere and biosphere. Carbon
isotope exchange between CO2 in the air and HCO
in the oceans results in 13C enrichment of the latter.
CO2 in air is well mixed globally and currently has a
δ13C value of – 8‰  V-PDB compared to marine lime-
stones at ∼0 ‰  V-PDB. Freshwater carbonates have
much more variable and lower δ13C values due to the
oxidation of 13C depleted organic matter and subse-
quent formation of HCO . 

The CO2 content of the atmosphere has increased
dramatically due to the combustion of fossil fuels
and oxidation of soil and organic matter. Fossil fuels
are generally depleted in 13C because they were
derived from organic material. Consequently, the
global δ13C value of atmospheric CO2 has seen a
change from 6.5‰  in preindustrial times to about
8.0‰  today.

Standards The standard for carbon isotope abun-
dance measurements is based on a Cretaceous belem-
nite sample from the Peedee formation in South
Carolina, USA. The original material is no longer
available. It has been replaced by the convention that
NBS 19, a carbonate material, has a value of
+1.95‰  versus PDB. This new scale is termed V-
PDB (Vienna-PDB). The IAEA distributes a number
of secondary standards including graphite (USGS24)
with a δ13C value of – 15.99 ‰  V-PDB, oil (NBS-22)
at – 29.74 ‰  V-PDB, and calcium carbonate (NBS-
18) with a value of – 5.01 ‰  V-PDB.

The oxygen isotope composition of carbonates is
also commonly referenced to the 18O/16O-isotope
ratio of V-PDB. It is not used as a reference for δ18O
analyses of igneous or metamorphic rocks. The dif-
ference between V-SMOW and V-PDB δ18O values
is approximately 30‰  (δ18OV-SMOW = 1.03091 ×
δ18OV-PDB + 30.91).

Sample preparation CO2 gas is produced from car-
bonate minerals by reaction with 100% H3PO4 or by
thermal decomposition. The carbon and oxygen iso-
tope compositions of the carbonate can be deter-
mined simultaneously from the CO2 produced. δ13C
values from organic samples are analysed by com-
busting the material at high temperature with an ox-
ygen source (commonly CuO) in sealed quartz tubes.
Ion currents at mass 44, 45 and 46 produced from
CO2 gas are measured in order to determine a δ13C
value. The isobaric interference at mass 45 from 17O
(i.e. both 13C16O16O+ and 12C17O16O+ will be collect-
ed by the same Faraday detector) requires an empiri-
cal correction to enable the calculation of the 13C/12C
ratio from the measured mass 45 (17O correction).

Nitrogen

Nitrogen is present primarily as N2 gas in the atmos-
phere and dissolved N2 in oceans. In terrestrial sys-
tems, nitrogen is found in minor amounts bound to
H, C and O in both reduced and oxidized states.
Nitrogen has two stable isotopes N and N of
∼99.64% and ∼0.36% abundance, respectively. Iso-
tope abundance variations measured for nitrogen are
summarized in Figure 10.

Biochemical reactions mediated by bacteria are
responsible for many nitrogen isotope fractionations.
The fixation of N2 gas to compounds such as NH3 at
the nodules of plant roots requires substantial energy
to break the N2 bonds and results in negligible
isotope fractionation. However, the conversion of
ammonia to nitrates (nitrification) initially to NO
by Nitrosomonas ssp. and then to NO  by Nitro-
bacter yields nitrates that can have δ15Ν values 20‰
more negative than the ammonia. The bacterial con-
version of nitrates to N2 under anaerobic conditions
(denitrification) by Pseudomonas denitrificans or
Thiobacillus denitrificans enriches the 15N content of
the residual nitrate increasing the δ15N value by as
much as 30‰  as the reaction progresses. Generally,
the organic matter of the biosphere is enriched in 15N
compared to the atmosphere and δ15N values for
marine environments are greater than those meas-
ured in continental regions.

Increasing populations and agricultural activities
have a significant influence on the amount of nitrate
in groundwater. Within a given region, nitrate con-
centrations and δ15N values can be used to trace the
source of anthropogenic nitrogen compounds into a
system and monitor its occurrence over time.

The relationship between the nitrogen isotope
composition of an animal and its position in the food

Figure 10 Natural variations in nitrogen isotope abundances.
δ15N values are often used to establish the position of a particular
species within the food chain of an ecosystem (trophic level).
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chain is such that one observes an increase in the
δ15N value of approximately 3 ‰  per trophic level.
Compared to the food source, excreted nitrogen is
relatively depleted in 15N due to fractionation during
urea formation. The analysis of contemporary and
archaeological specimens of feathers, bone, hair or
skin can provide information about the diets of
people and animals and changes that may have
occurred in response to past climatic or historical
events.

Standards Nitrogen in the atmosphere is well
mixed and δ15N values are reported relative to the
isotope composition of N2 in air.

Sample preparation Nitrogen isotope abundances
are determined by measuring ions at masses 28
(14N14N+) and 29 (14N15N+). Nitrogen compounds
are converted to N2 gas by high temperature com-
bustion in an elemental analyser. N2 gas introduced
into the ion source must be free from CO or CO2
that produce an isobaric interference at masses 28
and 29.

Sulfur

Sulfur has four stable isotopes; S, S, S and S
which are ∼95.02%, ∼0.75%, ∼4.21% and 0.02%
abundant, respectively. Sulfur is ubiquitous in the glo-
bal environment and major sulfur reservoirs include
sulfate in the oceans, evaporites, sulfide ore deposits,
and organic sulfur compounds. Sulfur isotope abun-
dance variations are shown in Figure 11.

Large kinetic isotope effects occur during the
reduction of sulfate by anaerobic bacteria such as
Desulfovibrio ssp. resulting in the product sulfide
having δ34S values ranging from +3 to – 46‰  with

respect to the remaining sulfate. Another potential
mechanism for sulfur isotope fractionation includes
exchange reactions among sulfur compounds with
S in different valence states. For example, sulfur
isotope exchange between sulfate and sulfide (and
resulting change in oxidation state from +6 to −2) is
predicted to yield fractionations as large as 75 ‰
between the H2S and SO  at 25°C. However, sulfur
isotope exchange between sulfates and sulfides
proceeds very slowly and probably occurs at high
temperature where the equilibrium constant is close
to unity. Sulfur oxidation, mineral precipitation, and
high temperature processes result in less extensive
isotope fractionations.

Sulfur isotope compositions are employed to assess
the effect of industrial activities in pristine environ-
ments, particularly in regions where the pollutant
sulfur has a distinct δ34S value compared to that of
the environmental receptors. For example, in the
province of Alberta, Canada, emissions from sour
gas processing plants have δ35S values 20 ‰  higher
compared to sulfur isotope compositions of unaf-
fected soils. The distinct isotope composition of the
anthropogenic sulfur allows it to be followed as it
enters the environment via biogeochemical reactions.

Standards The international sulfur isotope scale is
based on a troilite sample from the Canyon Diablo
meteorite, termed CDT. The International Atomic
Energy Agency (IAEA) in Vienna has promoted the
use of a more accurate sulfur isotope scale, V-CDT, to
replace CDT because of isotopic inhomogenities of
±0.4 ‰  in the original sample. A new Ag2S standard,
IAEA S-1, has a defined δ34S value of – 0.30‰
V-CDT.

Sample preparation Sulfur isotope abundances are
measured commonly from isotopic ion currents of
SO  at masses 64, 65 and 66. SO2 gas is generated by
reacting sulfur or sulfide minerals with V2O5 and
SiO2 in a ratio of 1 : 10 : 10 in sealed quartz tubes
heated to 900°C. Isobaric interference from oxygen
isotopes necessitates the preparation of SO2 from
standards and samples with identical oxygen sourc-
es. SO2 is easily adsorbed onto glass and metal sur-
faces and care is required in its handling to avoid
fractionation and memory effects among different
samples. An alternative (and lesser used) approach is
to form the more stable SF6 gas and measure SF
ions.

Isotope ratio monitoring

A recent analytical technique for high precision, high
sensitivity isotope ratio measurements is isotope ratio

Figure 11 Natural variations in sulfur isotope abundances.
Large sulfur isotope fractionations are possible during the reduc-
tion of sulfates to sulfides by anaerobic bacteria that produce 32S
enriched H2S relative to the original sulfate.
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monitoring (irm). The irm instrument is a further
development of the classical isotope ratio mass spec-
trometer including improvements in source design,
vacuum pump technology, high speed detection elec-
tronics and powerful personal computers for data
processing. This method for isotope analysis does not
employ a dual inlet (Figure 1) and hence there is no
requirement to generate large amounts of sample gas
to maintain viscous flow conditions in the capillaries.
Instead, isotope abundance data are extracted from
time-varying (‘transient’) signals as opposed to meas-
urements of prepared gases stored in reservoirs that
produce near constant signal intensities. The entire
sample entrained in a helium carrier gas enters the
ion source as a transient and is ionized for isotope
abundance measurements. A typical irm chromato-
gram for D/H analysis from GC eluates is shown in
Figure 12. All ion currents of interest are integrated
as the He carrier sweeps the sample through the
source. A pulse of reference gas is admitted to the

source and its isotope ratio determined in a similar
manner. From the two measurements the δ value of
the respective sample peak is calculated. Advantages
of the irm technique include the smaller amount of
sample that must be prepared for analysis (1 nmol
compared to 200 nmol). In addition, reduced sample
handling and preparation is possible because raw
materials are converted to simple gases for analysis
by automated sample preparation devices (such as
elemental analysers). It should be noted that there are
a number of terms in current use in the literature to
describe this method, including continuous flow
isotope ratio mass spectrometry or CF-IRMS.

Configuration of irm inlet systems

The irm system consists of three components; the
sample preparation device, isotope ratio mass
spectrometer and the gas and electronic interface
between the two. Depending on the nature of the

Figure 12 irm-GCMS chromatogram from a crude oil extract. The isotope ratio of deuterium versus hydrogen from a post column
high temperature (1400°C) pyrolysis reaction is studied. The lower trace shows the mass 2 intensity whereas the upper trace exhibits
the instantaneous intensity ratio of 3/2 as a function of time. The deuterated compounds elute earlier than the nondeuterated ones
with a time shift between 1 and 5 s. This gives rise to the marked isotope swing in the upper ‘ratio’ trace. The first 3 peaks are reference
gas pulses injected behind the GC, thus they do not exhibit this behaviour. Here, differences in the amplifier time constants give rise
to the sharp edges displayed on the ratio trace.
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sample and type of analysis required, there are two
approaches to assembling an irm inlet system
(Figure 13). For isotope abundance ratio determina-
tions from bulk samples, the entire sample is either
oxidized or pyrolysed, producing a mixture of
reaction products (CO2, N2, SO2 and H2O for the
oxidation, CO and H2  for the pyrolysis) that must
be separated prior to introduction into the mass
spectrometer. In contrast, compound specific analy-
sis is the separation of a particular component from
some complex mixture followed by conversion to a
gas suitable for isotope analysis (by oxidation or
pyrolysis) and subsequent introduction into the mass
spectrometer ion source.  Here, reaction products are
isolated by chemical means on-line when possible.

The amount of sample and carrier gas that enters
the ion source is limited to a maximum of about

0.5mL min– 1. Therefore, only a portion of the gas
from the sample preparation device is admitted,
requiring an open split. A high gas flow from the
preparation system will require a higher split ratio
and reduce the relative amount of sample available
for ionization. To maximize sensitivity the split ratio
should be as low as practically possible thereby
maximizing the amount of sample ionized.

Bulk composition isotope ratio monitoring The de-
termination of isotope compositions from bulk sam-
ples is one of the most widespread applications of irm
techniques primarily because of its ease of use, possi-
bility for automated analysis, and the variety of sam-
ple types that can be analysed. Raw samples are most
often converted to simple gases by an elemental ana-
lyser (EA) where submilligram quantities of sample
are packed into Sn or Ag capsules (2 × 5 mm) and
loaded into the autosampler of the EA. Carrier gas
flow rates are typically 80 to 120 mL min– 1,
necessitating a high split ratio at the mass spectro-
meter. Individual samples are dropped into an
oxygen-enriched He stream sweeping a reactor at
1050°C where they are combusted instantaneously. A
second copper-filled furnace at 600°C in-line reduces
nitrogen oxides produced in the combustion process
to N2 gas. It also scavenges excess oxygen not used in
the combustion. Water is removed from the combus-
tion products and the CO2, N2 and SO2 (if any) are
separated by a packed column (Figure 14).

Compound specific isotope ratio monitoring The
isotope composition of individual components con-
stituting a complex mixture can be determined by

Figure 13 Comparison of isotope ratio monitoring (irm) sample
preparation and introduction for bulk versus compound specific
sample analysis. In bulk sample analysis, the GC follows the
combustion step whereas in the compound specific irm system
CO2 and N2 from a single peak both enter the mass spectrometer
at the same time. In both cases the amount of gas flowing to the
ion source is comparable. The difference in sensitivity comes
from the difference in carrier gas flow rate (about 100 ml min–1

versus ∼1.5 ml min–1).

Figure 14 Bulk sample isotope ratio monitoring interface. The
means for reference gas injection and for effluent dilution are not
shown.
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separating out the individual fractions followed by
conversion into simple gases suitable for analysis.
The basic arrangement is a gas (or liquid) chromato-
graph followed by an oxidation (or pyrolysis)
furnace and open split to the mass spectrometer
(Figure 15). A capillary chromatographic column
first separates the mixtures.

For oxidation and carbon or nitrogen isotopic anal-
ysis the components are then swept sequentially
through a furnace converting them to N2, CO2 and
H2O. Water is removed and CO2 is removed cryogen-
ically if δ15N measurements are to be made. For δ13C
analysis alone, nitrogen, if present, also enters the ion
source. It does not interfere with the measurement.

For pyrolysis at high temperatures (δD or δ18O
analysis) the gaseous reaction products H2 and CO
are allowed to enter the mass spectrometer simulta-
neously. For D/H it is possible to remove CO cryo-
genically using, for instance, a piece of capillary
molecular sieve column immersed in liquid nitrogen.

The low carrier gas flow (<3 mL min– 1) allows for
a low split ratio or high sensitivity. This technique
termed irm-GCMS is sometimes referred to as gas
chromatography– combustion mass spectrometry
(GCCMS).

Characteristics of the irm mass spectrometer

The irm mass spectrometer must be able to handle
the resulting high pressures in the ion source region
(10– 5 mbar) while processing data from transient sig-
nals with precisions comparable to, or better than,
dual-inlet performance. Differential pumping of the
source and analyser regions enables the ion source of

the irm instrument to operate under a high continu-
ous He load.

To measure nanomoles of gas, the mass spectrom-
eter ion source must maximize the number of ions
detected per number of gas molecules introduced.
Typical irm instruments are capable of producing 1
ion for every 1500 molecules admitted to the source.
In practice, this is achieved by using a ‘closed’ source
design and allowing a large angle of the ion beam to
enter the analyser region of the mass spectrometer.
The ion optical design of the instrument ensures that
the vertical height of the ion beam is identical at the
entrance and exit slits so that loss of ions due to col-
lisions with the walls of the flight tube is minimized.

The transient signals encountered in irm mass
spectrometry vary over several orders of magnitude
during an analysis. In order to measure accurate
isotope abundance ratios, the measured ion current
ratios must not depend on the ion current intensities.
This characteristic is defined as source linearity.
Note that with dual-inlet systems, major ion current
intensities of the sample and reference gases were
matched by varying the pressure of the gas in the ion
source to counter errors introduced by nonlinear
source behaviour. Two major causes of nonlinear
source behaviour are the buildup of space charge due
to the large numbers of He atoms in the source and
the reaction of neutrals with protonating agents
leading to isobaric interference.

The Faraday cups receive a constant stream of
time-varying ion currents that must be processed
without loss of data. This capability was only poss-
ible recently with the development of high speed,
low cost personal computers. Ion currents are con-
verted to voltages by high gain, low noise opera-
tional amplifiers. The voltages are then digitized into
signals that can be processed by a computer. Typi-
cally, the voltage is integrated over 0.25s time slices
and converted to a frequency pulse such that the
number of pulses within the interval is directly pro-
portional to the measured ion current. The time con-
stants of the ion current amplifiers (i.e. how quickly
the device responds to a changing signal) are opti-
mized and matched for all detectors.

Examples of irm applications

Doping in athletics Testosterone is a potent per-
formance-enhancing drug that is used in both human
and equestrian sports. The current method to detect
testosterone abuse is based on measurement of the
testosterone to epi-testosterone ratio using GC or
LC/MS techniques. However, this method is not reli-
able because some ‘clean’ individuals may naturally
register a ‘positive’ result and the measurement must

Figure 15 Compound specific isotope ratio monitoring inter-
face. For clarity, the devices for backflushing the solvent, for efflu-
ent diversion from the ion source, and for reference gas injection
are not shown.
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be made no more than 5 h after ingestion of the
drug. Successful detection of drug abuse by irm is
possible because commercially available testosterone
has a lower δ13C value than that metabolized by the
body (approximately 5 ‰  lower). The isotope ratio
determination of a subject’s testosterone and metab-
olites by irm-GCMS can detect this shift in δ13C val-
ues and detect testosterone abuse 24 h after the
initial dose.

Food adulteration Quality assurance of food prod-
ucts is an important activity in the food industry
where the substitution of lower cost alternatives con-
stitutes fraud as well as a public health risk. Stable
isotope measurements have been successfully applied
to many instances where ‘all-natural’ fruit juices,
honey and maple syrup have been artificially sweet-
ened. This is possible when the added sugar is from a
plant species which follows a different photosynthet-
ic pathway from that of the bulk material (C3 versus
C4 plants), leading to a δ13C composition of the food
product intermediate to the 12 ‰  difference between
the two plant types.

The determination of the δ13C value of individual
fatty acids of adulterated and unadulterated maize
oils by irm-GCMS allows as little as 5% of an adul-
terant C3 oil to be detected. More recently, the meas-
urement of δ18O value of olive oils that were
pyrolysed over nickelized carbon demonstrated a
geographical dependence between 18O and latitude.
Lower δ18O values were measured for olive oils
coming from Italy as compared to Greece, allowing
the origin of the product to be verified.

Detection of Heliobacter pylorii The Heliobacter
pylorii bacterium is found in the mucous membrane
of the stomach and is the major cause of gastritis,
gastric ulcers and cancer of the stomach and duode-
num. It produces urease by cleaving urea to form
ammonia and CO2. The detection of this dangerous
bacterium is possible by administering a small
amount (100 mg) of 13C-labelled urea to the patient
and measuring the δ13C value of breath CO2. If after
30 min an increase in the δ13C of the breath-CO2 is
detected, the bacterium is present and actively form-
ing 13C-enriched CO2 from the labelled urea. This
noninvasive procedure is simple to administer and is
widely applied as a 13C urea breath test by a number
of medical laboratories. 

Trace gas analysis in air Greenhouse gases such as
methane, CO2 and N2O are causing the temperature
of the planet to increase, or they are interfering with
ozone chemistry in the stratosphere. Isotope analysis
of these gases may help to understand their cycling in
the atmosphere or between global pools. For CH4

and N2O, dual inlet techniques require in excess of
70 L of air to achieve the precision (±0.2 ‰  for δ13C,
δ18O and δ15N) required to discriminate among dif-
ferent sources. Such large samples are difficult to
process and are of low spatial and temporal resolu-
tion. To obtain meaningful, high resolution data
from modern and archived air samples, irm tech-
niques have been developed which are capable of an-
alysing the isotope composition of CH4 (1.7 ppm)
and N2O (0.3 ppm) in 25 mL and 100 mL air sam-
ples, respectively.

List of symbols

B = magnetic field flux density; h = Planck’s con-
stant; I = current; m = mass of molecule; N =
number of parent nuclides; q = charge; R = path ra-
dius; t = time; T = temperature; W = work function;
α = isotope fractionation factor; ν = frequency of
oscillation; λ = probability of decay; ‰ = per mille;
δ13C, δ18Ο, δD, δ15Ν and δ34S = Deviations of isotope
ratios from a reference.
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As is well known, an atomic nucleus is characterized
by its positive charge Z (an integer that designates
the number of fundamental electric charges) and its
mass. Nuclear masses are so close to being multiples
of the proton rest mass that they are also character-
ized by integers, A. The integers A and Z character-
ize a nuclide. Most elements as found in nature
contain mixtures of nuclides with different values of
A, known as isotopes.

Pure isotopes have masses that differ measurably
from the integers A (based on a scale on which 12C has
a mass defined as 12.00000 atomic mass units or
amu). None of the stable nuclides (i.e. those with
nuclear half-lives >109 years) deviates from integer
mass by more than 0.1 amu. The nominal mass of a
molecule is the sum of the A values of its constituent
atoms.

Labelling nuclides

In 1914 F.W. Aston demonstrated mass spectromet-
ric separation of the two most abundant isotopes of
neon. Since that time, careful measurement has es-
tablished that 20 chemical elements are monoisoto-
pic (i.e. exhibit only one naturally occurring stable
nuclide to any significant extent). From the

remaining members of the periodic table, the relative
abundances for hundreds of isotopic pairs (same Z,
different A) have been determined by mass spectrom-
etry. The 163 stable nuclides for elements lighter
than xenon give rise to slightly more than 300
isotopic pairs.

Labelling embraces those experimental designs in
which two nuclides have been mixed under condi-
tions in which they might be expected to behave
identically (or nearly so), followed by an analysis
that distinguishes them. Usually the mass spectrome-
ter acts as the analyser, but it can play the role of the
mixer instead. A measurement of the 44Ti half-life (a
piece of data pivotal for investigating astronomical
cataclysms) illustrates one such application in
nuclear physics. Bare nuclei with the same A/Z ratio
will coincide in a mass separator. At gigavolt kinetic
energies, where ions undergo nuclear reactions with
target atoms and emerge without any bound elec-
trons, ions from different elements having A = 2Z
will not be separated but can be isolated from those
for which A ≠ 2Z. This technique has been used to
implant mixtures of 22Na and 44Ti simultaneously
into solid matrices, where the radioactive sodium
provides a standard for measuring the decay rate of
the radioactive titanium. In this example, one
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nuclide has been used to label another that has very
different chemistry, so as to provide a well-calibrated
mixture of the two.

More conventionally, mass spectrometry is used to
separate isotopes of a given element or isotopically
tagged compounds. Four stable isotopic pairs have
found application in the vast majority of molecular
labelling experiments examined by mass spectro-
metry – 1H/2H, 12C/13C, 14N/15N, and 16O/18O. In
each of these cases, the heavier isotope is the rarer,
with natural abundances of 0.15% (2H), 1.1% (13C),
0.37% (15N), and 0.20% (18O). The survey below
will confine itself to molecular labelling experiments
that utilize hydrogen, carbon, nitrogen and oxygen
isotopes.

Isomers, isotopomers and isobars

The term isomer has two different meanings, only
one of which will pertain here. The meaning that is
not relevant is employed by physicists, to whom nu-
clear isomers designate states of atomic nuclei with
the same A and Z (generally having different net
spins), which have different masses. For example,
two nuclear isomers of cadmium, 113Cd and 113mCd,
differ in mass by 0.0003 amu. Nuclear isomers will
be omitted from further mention. Isomerism will re-
fer below only to molecules that possess the same
connectivities among their atoms but which are not
superimposable.

The term isotopomer designates a variant of a
molecule with a different net isotopic content.
Except for the isotopic difference, the two molecules
must otherwise have identical structures. Three
isotopomers of phenol provide an example. The
(13C)phenol drawn as structure [1] represents an iso-
topomer of phenol containing only 12C. But [1] is not
an isotopomer of structure [2], which also contains
one 13C. Instead [1] and [2], properly speaking, are
isotopic isomers, differing only by the placement of
the labelled atom.

Ions with different elemental compositions may
display the same nominal mass-to-charge ratio (m/z),
such as the m/z 28 positive ions N , CO• +, C2H ,
HCNH+, Fe2+, and Ce5+. These are sometimes called
isobars. Among physicists, isobars denote two
nuclides with the same value of A but different values

of Z. Chemists use the term less restrictively. The
monodeuterated phenol [3] is an isotopomer of [1]
and [2]. If all of its carbons are 12C, then the mass of
[3] will have the same integer value as the masses of [1]
and [2], and all three molecular ions will have m/z 95.
[3] is an isobaric isotopomer of [1] and [2]. The deu-
terated ion does not have the same exact mass as the
13C-containing ions, and they can be distinguished by
high-resolution mass spectrometry (HRMS).

Mass spectrometry cannot separate the molecular
ions of isomers, although two isotopic isomers might
well give rise to different fragmentation patterns (see
below). Mass spectrometry can separate isotopom-
ers, even if they happen to have the same nominal
mass. Figure 1 illustrates a published example, an
experimental measurement of the abundances of m/z
95 fragment ions from a larger molecule. Phenol
(C6H5OH) tagged with a single 13C atom corre-
sponds to any one of four isomers (including [1] and
[2]) with identical masses, or a mixture thereof.
Monodeuterated phenol has the same nominal mass
as (13C)phenol. The positive-ion mass spectrum
reproduced in Figure 1 displays the resolution of the
two isotopomers (which differ by 0.003 amu) as
well as protonated phenol (C6H7O+), which has a
different elemental composition.

Figure 1 HRMS of m/z 95 ions from 70 eV electron ionization
of C6H5OCH2CD2OH, illustrating the resolution of isobaric ions
on a double focusing reverse Nier–Johnson (B-E) instrument
with resolving power of 70 000. Each of the peaks that contains a
rare isotope is a radical ion (odd number of electrons), which is a
mixture of isomeric structures, all the possibilities for which are
drawn. Asterisks designate 13C-containing positions of the ring.
The unlabelled ion is an even-electron species. Reproduced a
from Nguyen V, Bennett JS and Morton TH (1997) Journal of the
American Chemical Society 119: 8342 with permission of the
American Chemical Society with modifications.
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At the time of writing, the techniques that give the
highest resolution (such as Ion Cyclotron Resonance
(ICR) MS) do not enjoy a reputation for accurate
quantitation of isobars. Double focusing sector mass
spectrometers (such as was used for the mass spec-
trum in Figure 1) appear to be the current method of
choice for experiments that require high-resolution
measurements of relative ion abundances, even
though they have lower resolving power. It is impor-
tant to bear in mind the distinction between high-
resolution mass spectrometry (as exemplified by
Figure 1) and exact mass determination (for which
ICR gives excellent results based on accurate fre-
quency measurements).

Variations of natural abundances

Precise measurement of relative natural abundances
finds application in chemistry. The food industry
routinely assays 12C/13C ratios of flavourings in
order to ascertain their origin. For instance, that iso-
topic ratio is slightly greater for synthetic vanillin
than for the identical molecule from the vanilla bean.
As the commercial value of natural vanillin is
approximately one million times greater than that
of the synthetic, isotope ratio mass spectrometry
(IRMS) plays a major role in quality control.

Isotopes do not fractionate identically among the
products of most chemical reactions. If a reaction
proceeds in 100% yield, the net balance of isotopes
in the products ought to be identical to that of the
reactants, though the distribution may differ between
two products. When a reaction does not run to com-
pletion, the natural abundance in the products may
vary appreciably from that of the reactants. Measure-
ment of the distribution of natural-abundance iso-
topes represents an important tool in studying
reaction pathways, but the partitioning does not
always depend solely upon isotopic mass. In 1978 B.
Kraeutler and N.J. Turro used mass spectrometry to
determine the fractionation of 13C in carbon monox-
ide from decomposition of the radical pair produced
by photolysis of dibenzyl ketone (Eqn [1]).

The nuclear magnetism of the heavier carbon isotope
perturbed the branching ratio under the reaction con-
ditions, favouring return of the intermediate caged
radical pair to the starting material. Hence, recovered

CO was measurably depleted in 13C. In part, the ele-
gance of this experiment derives from the fact that it
required no synthesis or separation of isotopically
enriched starting material. In 1980 R.G. Lawler
pointed out that conclusive demonstration of nuclear
spin isotope effects demands bracketing of the mag-
netic isotope between two nonmagnetic ones (e.g.
depletion of 13C relative to 14C as well as depletion
relative to 12C); however, few experiments have been
reported that fulfil this rigorous requirement.

Isotopic dilution and tracer 
techniques

Isotopic dilution and tracer techniques represent dif-
ferent methodologies, but they overlap to a degree
that obviates any clear-cut categorization. Both are
techniques for quantitative analysis. In an isotopic
dilution experiment one adds a known amount of an
isotopomer (sometimes called the ‘spike’) of a
known compound (usually containing a rare isotope)
and measures the abundance of ions derived from it
relative to those from the analyte (which is usually
the more common isotopomer). If, for example, one
wished to quantitate phenol (C6H5OH) in a mixture,
one might add a known quantity of pentadeuterated
phenol (C6D5OH) as a spike and measure the m/z
94:m/z 99 intensity ratio by mass spectrometry.

This conceptually simple approach, called a mass
isotopomer abundance ratio (MIAR) measurement,
requires a number of refinements. First of all, other
components of the mixture might give rise to ions of
the same mass –  for instance, all alkyl phenyl ethers
larger than anisole give very prominent m/z 94 ions.
Therefore, MIAR experiments ordinarily require
chromatographic separation prior to mass spectrom-
etry (such as GC-MS), an approach sometimes
referred to as isotope ratio monitoring (IRM) chro-
matography MS. Since different isotopic variants
may have slightly different retention times, one must
monitor intensity ratios over the entire elution
profile of the component under analysis. Second,
isotope effects may alter the relative abundances of
fragment ions; hence, calibration with authentic
samples is necessary. Finally, MIAR measurements
give best results when the peaks to be compared have
comparable intensities. When one ion has abundance
more than an order of magnitude greater than the
other, interferences and nonlinearities begin to intro-
duce uncertainty and the measured MIAR may
depend upon the amount of sample introduced into
the mass spectrometer. C.K. Fagerquist and J.-M.
Schwarz have surveyed the origins of systematic
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deviations and list ion– molecule reactions within the
mass spectrometer and detector nonlinearities as
possible sources of error.

The most reliable abundance measurements
involving stable isotopes make use of carbon, nitro-
gen or oxygen labelling, with chromatographic sepa-
ration followed by quantitative conversion to light
gases prior to mass spectrometric measurement. GC–
combustion– isotopic dilution MS (GC-C-IDMS)
depends upon the high precision with which isotopic
abundances for CO2 and N2 can be measured by
means of isotope ratio mass spectrometry. Oxygen
has three stable isotopes, and 13C natural abundance
interferes if one wishes to analyse 17O content in
CO2. For such purposes, CO2 can be converted to
molecular oxygen with 5% molecular fluorine in
helium. The basic equation for IDMS (regardless of
whether the mass analysis is performed on the intact
molecule or on its degradation products) is

where Nspike stands for the (known) number of moles
of spike; Nsample stands for the number of moles of
analyte (to be quantitated); Rspike stands for the
observed peak intensity ratio for the pure spike sub-
stance; Rsample stands for the observed peak intensity
ratio for the pure analyte; Rblend stands for the
observed peak intensity ratio for the mixture of spike
and sample; and the Ri stand for the observed ratios
for all isotopomers.

The following worked example illustrates how to
apply Equation [2]. Consider an unknown number
of moles of analyte (Nsample) for which the observed
13C:12C peak intensity ratio is Rsample = 1/9, to which
one adds a known number of moles of spike (Nspike),
for which the observed 13C:12C peak intensity ratio is
Rspike = 2/1. Suppose the observed 13C:12C peak
intensity ratio for the mixture is Rblend = 23/37. The
values to be summed in the numerator are
∑Ri

sample = 1/9 + 1, the sum of the 13C:12C peak inten-
sity ratio and the 13C:13C peak intensity ratio for the
pure analyte. The values to be summed in the denom-
inator are ∑Ri

spike = 2/1 + 1, the sum of the 13C:12C
peak intensity ratio and the 13C:13C peak intensity
ratio of the pure spike. Inserting these values into
Equation [2] gives

In other words, the example corresponds to the
outcome for equal amounts of sample and spike.

The above instance might obtain when the sample
has nine carbon atoms (containing natural-abun-
dance 13C) and the spike has one partially labelled
atom (though the spike might contain a mixture of
isotopic isomers). Quantitation becomes more relia-
ble if naturally occurring isotopomers do not overlap
the peaks from the spike, so that Rsample → 0. Multi-
ple labelling can adequately address that issue. Also,
precision increases as the isotopic purity of the spike
is increased, so that Rspike → ∞. Strictly speaking, it is
not the values of Rsample and Rspike that introduce
error, but rather the uncertainty in measuring those
ratios when they do not have their limiting values of
zero and infinity.

In tracer studies, the analyte is not present at the
time the spike is added. Diagnosis of human infec-
tion by Helicobacter pylori (the bacteria implicated
in digestive tract ulcers) exemplifies such a tech-
nique. This microorganism survives at low pH in the
stomach by generating locally high concentrations of
ammonia to buffer its immediate environment.
When a patient swallows a sample of 13C-labelled
urea, a colony of these bacteria (if present) will
hydrolyse the urea to NH3 and CO2, giving a charac-
teristic rate of production of 13C-carbon dioxide in
the patient’s breath.

The distinction between tracer and isotope dilu-
tion methodologies is often blurred. For instance,
IDMS sometimes requires a series of chemical trans-
formations. A recently published protocol for quan-
titating nitrate in environmental samples dilutes the
sample with 15NO3

− followed by a series of steps that
reduce it to nitrite and then convert it to an azo dye,
Sudan I, as Scheme 1 summarizes. Derivatization of
label-containing Sudan I to its t-butyldimethylsilyl
(TBDMS) ether then renders the labelled molecule
sufficiently volatile to be introduced into a mass
spectrometer. The ratio of M−57 fragment ion inten-
sities quantitates the 15N/14N ratio, once correction
has been made for 29Si (natural abundance 5% that
of 28Si) and 13C natural abundance of the 18 carbons
in the ion.

A physiological labelling technique that applies
tracer and isotopic dilution methodologies concur-
rently involves the use of doubly labelled water (con-
taining 18O in addition to a heavy isotope of
hydrogen) for metabolic studies. After an animal is
dosed with doubly labelled water, part of the
labelled oxygen turns up in exhaled CO2. From the
amount of 18O tracer in the CO2 and the proportions
of 18O and isotopic hydrogen in excreted water (the
isotopic dilution), one can infer the rate of energy
expenditure of a living organism.
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Quantitative analysis of tracer experiments can be
more complicated than for isotopic dilution. Con-
sider a hypothetical outcome for pure H2

18O mixed
thoroughly with a 10-fold excess of pure H2

16O,
where all of the oxygen atoms (and only those
oxygen atoms) turn up in recovered CO2. Statisti-
cally, the carbon dioxide should exhibit a distribu-
tion of zero, 1, or 2 labelled oxygens in the
proportions m/z 44:m/z 46:m/z 48 = 100:20:1. It is
clear that Equation [2] is not the right expression for
analysing that result. Moreover, experiment has
shown that observed ratios often deviate from statis-
tical proportions because of fractionation factors
(i.e. isotope effects that preferentially partition the
heavier isotope into one chemical form versus
another). The mathematical analysis for doubly
labelled water studies, which includes the effects of
fractionation factors, is well documented elsewhere.

Accelerator mass spectrometry
The sensitivity of tracer experiments increases as the
naturally occurring isotopic background decreases.
The natural abundance of 14C in the biosphere (stand-
ardized to the year 1950) is approximately 1.2 parts
per trillion (a level designated as Modern), a factor of
10– 10 lower than the natural abundance of 13C. More-
over, when an organism dies, it ceases to equilibrate
with atmospheric CO2 and its 14C decays away. Many
commercially available compounds are petroleum de-
rived and routinely contain 14C levels < 1% Modern.
Therefore, mass spectrometric determination of 14C
has much greater sensitivity for tracer experiments
than 13C, with a usable detection limit of 0.001 fmole
for 14C versus 0.25 fmole for 13C.

Accelerator mass spectrometry (AMS) is designed
to analyse unstable isotopes, and a greatly simplified
schematic is drawn in Figure 2. Historically, AMS

measurements of isotopic ratios have been employed
to measure half-lives of radionuclides by monitoring
the disappearance of an unstable nuclide relative to a
stable one (e.g. 44Ti relative to 46Ti) over a period of
months. Contemporary applications address more
chemical problems. The general technique involves
two stages of ionization alternating with two stages
of m/z selection. In the first ionization, atomic nega-
tive ions are produced from a solid sample, and the
first mass spectrometer selects all ions with a given
nominal mass. The negative ion is then accelerated
to high velocity and transmitted through a foil strip-
per (a thin sheet of solid material), a passage that
removes the outer electrons from the projectile ions.
This second stage of ionization converts atomic ions
with a single negative charge into positive ions with
multiple charges, which are analysed by a second
mass spectrometer.

When applied to 14C, AMS makes use of a sample
that has been converted to graphite. Since all chemi-
cal elements are present in the sample in concentra-
tions greater than one part in 1012, a major obstacle
is to avoid isobaric ions. Bombarding the graphite
with a fast ion beam produces C− among the stable
atomic ions. Nitrogen atoms do not form stable neg-
ative ions, so the only atomic negative ion produced
having m/z 14 is 14C−. Along with this are produced
a number of isobaric m/z 14 molecular ions, such as
13CH− and 12CH2

−. The m/z 14 negative ions are
mass-selected by a low-energy mass spectrometer.
The ion beam is then accelerated to megavolt kinetic
energies and passed through a thin carbon foil,
which strips off all the valence electrons. The
molecular ions fragment as a consequence, while the
atomic carbon ions simply acquire up to six positive
charges. The mass filtering of AMS relies upon selec-
tion of m/z 3.5 positive ions (14C4+) formed from pre-
viously selected m/z 14 negative ions. One might
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think that two stages of mass analysis would suffice
to separate the 14C atomic ions from all other
isobars, but there is a substantial interference from
7Li2− in the source that is converted to 7Li2+ by
passage through the foil stripper. Therefore, the final
stage of identification of 14C requires that the ion
beam be velocity selected and then passed through
an ionization chamber, where collisions with neutral
gas molecules produce secondary ions with a rate
that distinguishes between a doubly charged projec-
tile (7Li2+) and a quadruply charged projectile (14C4+).
The high kinetic energy of the ions in AMS permits
sensitive single-ion counting, and samples containing
< 106 atoms of 14C in < 1 mg total carbon can rou-
tinely be analysed.

In practice AMS is used to measure 14C/13C iso-
topic ratios. For most applications the variation of
13C abundance in the sample does not significantly
affect the accuracy of an AMS measurement. AMS
has been widely used for samples whose 14C content
is below Modern (as in carbon dating) and is begin-
ning to find major applications for samples where
14C content greatly exceeds Modern (as in
biomedical research). The latter is exemplified by a
recent study of covalent modification of proteins.
When the enzyme aldolase is treated with acetoacetic
ester, the protein irreversibly attaches a small but
reproducible amount of the ester. Such a low level of
tagging is sometimes referred to as background
labelling, since (even with carrier-free (14C)acetoace-
tic ester) there is not enough incorporated radioac-
tivity to give a decay rate very much higher than the
background for detecting nuclear disintegrations.

The isotopic label stands out well above natural 14C
levels, but decay counting is an intrinsically ineffi-
cient method of detection. No matter what type of
counter is used, only fourteen 14C nuclei will decay
per hour for every 109 that are present in the sample.
In the case of tagged aldolase, the amount of incor-
porated radioactivity was too low for decay counting
to be used for fragments of the tagged enzyme, and
AMS presented the only method for analysing 14C
content after cleavage of the protein.

AMS takes advantage of the inherent efficiency of
mass spectrometry and can readily measure the
amount of label in protein fragments purified by
analytical gel electrophoresis. Site-specific chemical
cleavage of tagged aldolase gave four electrophoresis
bands, each containing ≤0.05 mg of polypeptide.
Individual gel slices (containing 5– 10 mg of polyacr-
ylamide each) were converted to CO2 and then
reduced to pure graphite. AMS gave analyses that
showed 14C/13C ratios in the range from 5 to 50
times Modern reproducibly, depending on the iden-
tity and quantity of labelled polypeptide in the gel
slice, which (when corrected for the great excess of
stable carbon isotopes contributed by the polyacryla-
mide) corresponded to 0.03– 3 fmol 14C per polypep-
tide fraction. The extent of labelling was found to be
nonuniform: it did not correlate with the molecular
mass of the fragments but was proportional to the
number of tyrosine residues. No correlation was
observed for any other amino acid. Therefore, what
had hitherto been dismissed as background labelling
turns out to be an amino acid-specific covalent
modification.

Figure 2 Schematic of the accelerator mass spectrometer at the Centre for AMS at Lawrence Livermore National Laboratory.
Negative ions from a multi-sample ion source are separated by a low-energy mass spectrometer, accelerated to 6 MeV in an
electrostatic accelerator, converted to positive ions by passage through a foil stripper, and accelerated again. Quadruply charged
carbon atomic ions (30 MeV kinetic energy) are focused by quadrupole lenses and resolved by high-energy mass spectrometers,
followed by velocity selection and identification of charge state in an ionization detector.
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Tracer studies for characterizing
reaction pathways

Mass spectrometry is typically used to look at prod-
ucts from reactions where a reactant has intentionally
been enriched in a rare stable isotope. This is illus-
trated by a ‘crossover experiment’ reported by P.D.
Bartlett and T.G. Traylor in 1963, who reported the
labelling of molecular oxygen liberated by chain ter-
mination of free t-butyl hydroperoxy radicals. When
a radical doubly labelled with 18O reacted with an
unlabelled radical to yield di-t-butyl peroxide (Eqn
[4]), the predominant gaseous product gave m/z
34 (16O18O). That outcome indicates that each radical
contributes one oxygen atom and implicates a tetrox-
ide intermediate, which could not be directly
observed.

An experiment that fails to show crossover can
be equally meaningful. The 1953 report by F.A.
Loewus, F.H. Westheimer and B. Vennesland on the
enzyme alcohol dehydrogenase represents one of the
earliest and most profound applications of isotopic
labelling. These experiments demonstrated the facial
selectivity of the enzyme-catalysed reaction, which is
depicted schematically in Equation [5]. They per-
formed mass spectrometric analyses of mixtures of
HD and H2 produced by reduction of water from
combusted samples of ethanol and acetaldehyde, and
they established that the (R) enantiomer of deuterat-
ed ethanol transfers only deuterium to the coenzyme
NAD+ (a partial structure of which is drawn in
Eqn [5]). The reduced coenzyme transfers only deu-
terium back to acetaldehyde. Under conditions
where the reaction goes back and forth many times,
no deuterated acetaldehyde (CH3CD=O) is detected.
If, on the other hand, CH3CD=O reacts with the un-
labelled, reduced coenzyme (known as NADH), the
reduction gives (S)-1-deuterioethanol. No label
transfers between deuterated acetaldehyde and the
coenzyme. The remarkable conclusion (confirmed
for many enzymes subsequently) is that biological
catalysts distinguish the two faces of planar carbon
atoms that bear three nonidentical substituents (e.g.
the top and bottom faces of the planar ring of NAD+

and of the carbonyl carbon of acetaldehyde).

MS/MS –  tandem versus ion storage

In the gas phase, a neutral molecule can be ionized
by removal or addition of an electron via an electron
beam (electron ionization or EI), by reaction with
another gaseous ion (chemical ionization or CI), or
by interacting with ionizing radiation. Most methods
of depositing charge are so energetic that they lead to
fragmentation. By close examination of fragment
ions, one can sometimes draw conclusions regarding
the placement of isotopic label and the mechanism of
ionic decomposition. Quite often the source mass
spectrum is confusing, since isotopic label frequently
randomizes under typical ionization conditions. Se-
quential mass spectrometry separates a portion of
the ion beam (usually a single nominal m/z) and re-
analyses it after it has undergone subsequent ion
decompositions. Two general types of MS/MS appa-
ratus enjoy wide usage: those that have mass spec-
trometers in spatial sequence (tandem instruments)
and those that examine ions using a single mass spec-
trometer, in which the two stages of mass selection
occur in temporal sequence (ion storage
instruments).

Ions that fragment between two stages of mass
selection are said to undergo metastable ion
decompositions. These often show patterns different
from a source mass spectrum. The spectrum from
which Figure 1 is taken provides an example.
Electron ionization of C6H5OCH2CD2OH shows a
C6H7O• +:C6H5DO• +:C6H6DO+ ratio of about
0.75:1:0.6. Metastable ion decomposition of the cor-
responding molecular ion C6H5OCH2CD2OH• +

shows a ratio < 0.05:1:2. The high-resolution spec-
trum in Figure 1 required a two-sector instrument.
In metastable studies, the same two sectors were
used in tandem. Since isobaric m/z 95 ions cannot be
resolved by a single sector, the C6H7O• +: C6H5DO• +

abundance ratio from metastable ion decomposi-
tions had to be inferred from a comparison of several
additional isotopic variants, C6H5OCH2CD2OD,
C6H5OCD2CH2OH, C6H5OCD2CD2OD and
C6D5OCH2CH2OH.
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Determination of isotopic
stereochemistry

In favourable cases, configuration of an isotopically
substituted stereogenic centre can be determined by
means of mass spectrometric fragmentation. The
labelled analyte must contain a ring or else must pass
through a cyclic transition state in the course of
decomposition. Acyclic secondary alcohols with a
single deuterium adjacent to the oxygen-bearing car-
bon (general formula R1CHOHCHDR2) have two
diastereomeric forms as a consequence of isotopic
substitution. While the mass spectra of the alcohols
present major difficulties of interpretation, several
derivatives undergo mass spectrometric eliminations
by which relative stereochemistry can be assigned.
The ionized phenyl ethers, for instance, expel neutral
alkene. The C6H5OD• +: C6H5OH• + ratios differ from
one stereoisomer to the other to such an extent that
ion storage techniques can be used to assay the
proportions of isotopic diastereomers. While
chromatography cannot separate isotopic isomers,
GC-MS/MS for quantitating mixtures of isotopic
diastereomers has been reduced to practice. 

In 1979 Knowles, McLafferty and their co-workers
made dramatic use of metastable ion mass
spectrometry in solving the stereochemistry of
phosphate monoesters ROP16O17O18O2− that are
chiral by virtue of substitution with oxygen isotopes.
Reaction with optically active 1,2-propanediol
affords the mixture of three isotopomeric cyclic
triesters shown to the left in Scheme 2. One
ROP16O17O18O2− enantiomer gives the mixture
depicted; the other ROP16O17O18O2− enantiomer
gives products in which 17O and 18O are transposed.

Ring opening with methanol gives a mixture of three
isotopomeric triesters (middle of Scheme 2) that
exhibits mass spectrometric fragment ions corre-
sponding to trimethyl phosphate. The isotopomeric
trimethyl phosphate radical ions display prominent
metastable ion decompositions from loss of formal-
dehyde. For one ROP16O17O18O2− enantiomer the m/
z 142 fragment loses only CH2

16O, as Scheme 2 por-
trays, while m/z 141 loses either CH2

16O or CH2
17O

and m/z 143 loses either CH2
16O or CH2

18O. These
metastable ion decompositions are summarized
beneath their respective trimethylphosphate ions to
the right in Scheme 2. The other ROP16O17O18O2−

enantiomer leads to ions (not shown in Scheme 2)
for which m/z 141 loses only CH2

16O; m/z 142 loses
CH2

16O or CH2
18O; and m/z 143 loses CH2

16O or
CH2

17O.

Elucidation of fragmentation
pathways and isotope effects

Isotopic labelling provides an excellent method for
probing how ions decompose in the mass spectro-
meter. Frequently the pathway followed by an ion
resembles a cognate reaction from solution chemis-
try, but sometimes the outcome differs quite
unexpectedly. Many elimination reactions –  both in
solution and in the gas phase –  operate via loss of
groups attached to adjacent atoms. But EI on
(CH3)2CDCH2CH2Br yields an M– DBr daughter ion
that is much more abundant than the M– HBr frag-
ment. The structure of the ion (inferred from subse-
quent surface neutralization and analysis of the
C5H10 neutral) is (CH3)2C=CHCH3. Clearly some
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transposition of hydrogen has taken place. Investi-
gating the rearrangements of gaseous ions represents
a major area of research in mass spectrometry.

Deuterium substitution often affects the competi-
tion between two otherwise identical fragmentation
pathways. EI on 1,4-dimethoxybutane shows no
molecular ion and an intense peak from loss of
methyl radical (a fragmentation not seen in the
shorter or longer homologous α,ω-dimethoxy-n-
alkanes). When ionizing energy is lowered, the con-
tribution from methyl loss increases until it repre-
sents > 70% of the total ionization. Deuterating one
methyl (CD3OCH2CH2CH2CH2OCH3) exerts a
comparatively small isotope effect: loss of CD3 is 0.7
as intense as loss of CH3. Deuterating the nearest
methylene as well (CD3OCD2CH2CH2CH2OCH3)
lowers the loss of CD3 to 0.5 the intensity of loss of
CH3. In other words, replacing two H atoms with D
on the other side of the oxygen has as great an effect
as replacing all three H atoms with D on the methyl
itself. This has been taken to imply a hidden hydro-
gen rearrangement, in which a proton transfers to
the remote oxygen simultaneously with a C– O bond
cleavage.

If two reactions exhibit different isotope effects in
a product-determining step, they cannot be proceed-
ing via a common intermediate. For example, elimi-
nation of propene produces the most intense
fragment ion in the EI and CI mass spectra of n-
propyl phenyl ether, with extensive scrambling of all
of the hydrogens in the side-chain. Could it be that
the n-propyl ether ions isomerize to isopropyl ether
ions prior to dissociating? If so, photoionization of
CD3CH2CH2OPh and CH3(CD3)CHOPh should
manifest the same isotope effects on propene expul-
sion. But the isotope effect (measured as the
C6H5OH• +/C6H5OD• + intensity ratio) is about 1.2
for n-propyl, significantly less than the value (1.4)
for isopropyl. Therefore, the two isomeric ions disso-
ciate via distinct pathways.

Discrimination of isobars and isomers
Isotopic labelling often shifts the mass of one isobar

relative to another for the purposes of identification.
In ionized mixtures of methyl fluoride with a trace of
ammonia, the weakly hydrogen-bonded cluster ion
CH3F– HNH  (m/z 52) has the same mass as a much
more stable ammonia cluster ion, (NH3)3H+. With
15NH3 the mass-to-charge ratios become m/z 53 and
m/z 55, respectively. Moreover, the isotopic substitu-
tion identifies the product of the m/z 52 → m/z 53
fragmentation as FCH .

Ion structures can be deduced from isotopic
labelling. One of the first distonic ions ever

demonstrated, portrayed in Equation [6],

was characterized by its reaction with gaseous base
to transfer only D+. If the ion had had the ionized
methyl ethyl ether structure, it would have trans-
ferred H+ at least as often as D+. A similar type of
experiment demonstrated that the distonic ion in
Equation [7] converts to (or interconverts with)
ionized methoxycyclopropane, since the two iso-
topomers [4] and [5] transfer H+ and D+ to gaseous
bases in the same proportions.

Nuclear magnetic resonance and 
mass spectrometry

Neutral products from decomposition of gaseous
ions can be isolated and subsequently characterized
by gas chromatography or magnetic resonance spec-
troscopy. Fluorine NMR has been especially useful
in this regard, since the 19F chemical shift scale is so
wide that isotopic shifts of NMR peak positions
permit assessment of the extents and positions of
deuteration in isomers/isotopomer mixtures.

Figure 3 reproduces 19F NMR spectra of fluoro-
ethylenes recovered from EI of two different isomers
of dideuterated β-fluorophenetole. The isomers give
slightly different mass spectrometric fragmentation
patterns, but the decomposition mechanism could
not be fully understood without the analysis of
the expelled neutrals. As the NMR shows, the
distribution of deuterated fluoroethylenes is not the
same for the two isomers. One isomer yields a
product not formed by the other, and vice versa.
C6H5OCD2CH2F produces CHD=CHF, but
C6H5OCD2CH2F does not. C6H5OCH2CD2F pro-
duces CHD=CDF, but C6H5OCD2CH2F does not.
Hence hydrogens cannot be randomizing within
ionized β-fluorophenetole prior to elimination.



ISOTOPIC LABELLING IN MASS SPECTROMETRY 1095

It turns out that ionized β-fluorophenetole dissoci-
ates via two competing pathways, illustrated in
Equation [8], which are indistinguishable but for the
isotopic label. Both involve cleavage of the sp3-
carbon oxygen bond to form ion– neutral complexes,
which live of the order of a nanosecond before a
proton transfers from the fluorine-containing cation
to the phenoxy radical. The upper pathway drawn in
Equation [8] has the fluorine bridging between two
carbons, yielding a symmetrical cation structure. The
lower pathway involves a hydrogen shift to form the
most stable of the possible C2H5F+ structures. The
two competing mechanisms operate in about a 1:2
ratio.

Chemists have long dreamed of combining mass
spectrometry with NMR, so as to probe the struc-
tures of gaseous ions directly. While that vision
remains to be fulfilled, NMR analysis of neutral
fragments expelled by gaseous ions represents a step
towards that goal.

List of symbols
Nsample = number of moles of sample; Nspike = number
of moles of spike; Rsample = peak intensity ratio for
pure analyte; Rspike = peak intensity ratio for pure
spike substance; Rblend = peak intensity ratio for mix-
ture of sample and spike.

See also: Biochemical Applications of Mass Spec-
trometry; Chromatography-MS, Methods; Cosmo-
chemical Applications Using Mass Spectrometry;
Food Science, Applications of Mass Spectrometry;
Fragmentation in Mass Spectrometry; Isotope Ratio
Studies Using Mass Spectrometry; Labelling Studies
in Biochemistry Using NMR; Medical Science Applica-
tions of IR; MS–MS and MSn; Metastable Ions; Sector
Mass Spectrometers; Stereochemistry Studied Using
Mass Spectrometry.
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The elucidation of the pathways involved in the
metabolism of exogenous and endogenous materials
has been advanced considerably by the use of labelled
chemicals. The transformation of these labelled inter-
mediates can be followed by a variety of techniques.
Much of the early work in the elucidation of path-
ways of intermediary metabolism involved the use of
radioactive isotopes, and 14C in particular, as tracers.
More recently, the focus of research has been on the
control of metabolism, and flux through pathways.
Nuclear magnetic resonance (NMR) spectroscopy
has been used in the study of metabolic processes to
follow the conversion of compounds with natural
abundance isotopes such as 1H, 19F, or 31P or isotop-
ically labelled compounds containing 2H, 15N, or 13C.
This discussion focuses on the application of isotope
labels to track the fate of chemicals in biological sys-
tems. The majority of the NMR applications involv-
ing labels use 13C-enriched chemicals and in general
are designed to describe the pathways of metabolism
or to evaluate flux through pathways. Although less
frequently used, 2H and 15N can also provide useful
information. An isotope effect on metabolism result-
ing from the increase in mass with 2H compared with
1H may be a significant limitation. 15N labels are lim-
ited to the study of nitrogen-containing compounds
and have generally been limited by the low sensitivity
for detection of 15N. Two types of applications can
be identified: those in which the metabolism of
endogenous materials is assessed by addition of
labelled materials, with the fate of the label indicat-
ing the fate of the pool of both labelled and

unlabelled material and those in which the metabo-
lism of labelled exogenous materials is assessed.

Detection of 13C-labelled metabolites
1H NMR spectroscopy, which is widely used for
structure elucidation, is very sensitive as a result of
both the high natural abundance and NMR sensitiv-
ity of the proton. As a means of tracking the fate of
chemicals in biological systems, 1H NMR is widely
used and works well with chemicals with functional
groups whose NMR signals can be distinguished
readily from endogenous materials (see also other
sections). However, 1H NMR is, in general, not very
selective, and frequently lacks the ability to discrimi-
nate among compounds of interest in complex bio-
logical mixtures. In addition, water in biological
systems causes dynamic range issues that must be
circumvented by suppression techniques during the
acquisition of 1H NMR spectra. Carbon-13 occurs
with a low natural abundance (1.1%), and has a
spin quantum number of 1/2; 13C has an NMR sensi-
tivity 1.6% that of 1H, but is highly selective. Signals
in 13C spectra are dispersed over a wide frequency
range, depending on the substituents of the carbon
atom from which the signal arises. The wide disper-
sion of 13C NMR signals is one of the major reasons
for using 13C-enriched chemicals in the study of
metabolism. Using 13C-enriched materials permits
detection over the low natural abundance of unla-
belled materials. Compared with natural abundance
of 1.1%, enrichment of a carbon atom to 99%

MAGNETIC RESONANCE
Applications



1098 LABELLING STUDIES IN BIOCHEMISTRY USING NMR

would cause an increase in the signal-to-noise ratio
of 90-fold. The use of NMR for the detection of la-
belled materials has the advantage over other tech-
niques that the enrichment at a particular carbon
atom in a molecule can readily be determined with-
out degradation of the molecule.

Proton-decoupled 13C NMR signals for natural
abundance materials occur as singlets since the prob-
ability of two adjacent 13C nuclei is 0.0123%. An
isolated enriched carbon atom in an otherwise natu-
ral abundance material gives rise to a single
resonance. Adjacent enriched carbon atoms give
multiplet patterns as a result of carbon–carbon cou-
pling. Two adjacent 13C atoms each give rise to a
doublet as shown in Figure 1. The NMR spectrum
of three adjacent 13C atoms (Ca–Cb –Cc) will give rise
to a doublet for each of the external carbons (Ca and
Cc) and a doublet of doublets for the centre carbon
atom (Cb), excluding the effects of long-range 13C–
13C coupling. This type of splitting pattern permits
the distinction of exogenous and endogenous com-
pounds. In mixtures, a singly labelled compound
may not readily be distinguished from endogenous
signals, whereas the multiplet patterns associated
with multiply labelled materials readily stand out.

The 1H-decoupled 1D 13C NMR spectrum is the
general starting place for the detection of labelled
metabolic intermediates or products. In the study of
intermediary metabolism, assignments can fre-
quently be made by comparison of the chemical
shifts of signals with those from known standards.
With multiply labelled metabolites, more detailed
structural information can be obtained by the acqui-
sition of additional spectral information. The meas-
urements of carbon–carbon coupling constants from

the 1D spectrum may be used to determine the con-
nection between carbon resonances. In mixtures,
however, coupling patterns for carbon atoms from
different compounds can be similar. Carbon–carbon
connectivity experiments (e.g. incredible natural
abundance double quantum transfer experiment;
INADEQUATE) provide an unambiguous determi-
nation of carbon–carbon connectivity. The two-
dimensional spectra generated from these
experiments contain a dimension for chemical shift
and a dimension for double quantum frequency. The
presence of two contours with the same double
quantum frequency (i.e. aligned horizontally along
the F1 axis) but with different chemical shifts (F2

axis) indicates coupling between the carbons giving
rise to these signals (Figure 2). These experiments
can be conducted to determine direct and long-range
carbon–carbon coupling.

A number of techniques permit the detection of the
number of protons attached to specific carbon atoms.
The attached proton test (APT) experiment and relat-
ed pulse sequences can be used to distinguish between
CH, CH2, and CH3 carbon signals. However, they are
not always able to distinguish between CH and CH3

groups. The 2D carbon proton experiment (e.g. het-
eronuclear 2D J-resolved or HET2DJ) permits the
identification of the number of hydrogen atoms at-
tached to each carbon atom. The 2D spectrum gener-
ated from these pulse sequences contains a dimension
for carbon chemical shift and a dimension indicating
the multiplets produced by the attached protons
(2nI+1 rule). Carbons with three, two, or one
attached protons will have four, three, or two contour
peaks, respectively, aligned at the chemical shift of the
carbon signal in the 2D spectrum (Figure 3).

Figure 1 Diagrammatic representation of 13C NMR spectra
illustrating carbon–carbon coupling. (A) The spectrum of two
connected natural abundance carbon atoms. (B) The spectrum
of two directly connected 13C atoms. The separation between
each doublet is equal to the carbon–carbon coupling constant
(JCC). (C) The spectrum of three directly connected 13C atoms.

Figure 2 Diagrammatic representation of an INADEQUATE
spectrum illustrating carbon–carbon coupling.
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Two-dimensional 13C–1H heteronuclear shift cor-
relation allows the detection of the proton signals
associated with the labelled carbon atoms. Indirect
detection methods are heteronuclear techniques with
detection of the nucleus with higher gyromagnetic
ratio. Detection of carbon signals through attached
protons provides a considerable increase in sensitiv-
ity over that obtained in the 1D 1H-decoupled 13C
spectrum. For biological samples, the increase in sen-
sitivity can be outweighed by other factors, as
recently described by Gemmecker and Kessler. In a
complex mixture, for example, a large number of
increments (second dimension of a 2D experiment) is
required to obtain sufficient resolution of carbon
cross peaks to allow the identification of the carbon
chemical shift. Also, water suppression techniques
must be employed with biological samples.

The chemical shifts of carbon atoms in various
environments can be estimated through the use of
substituent increments that have been tabulated over
many years. Computational programs are also avail-
able, some of which use the same logic in the estima-
tion of shift. In addition, database programs can be
used to search existing spectral data and to calculate
chemical shifts by interpolating from compounds in
the database.

In the investigation of intermediary metabolism,
the position of labelling in a newly synthesized mole-
cule provides important information about the path-
way of its formation. The potential labelling
possibilities and the impact that these will have on
the NMR spectra need to be considered. For a mole-
cule with N carbon atoms, the number of carbon iso-
topomers (isomers with differing distributions of 13C
and 12C) is 2N. In biochemical studies, the potential
number of isotopomers possible may not be realized.
However, even a small number of possibilities can

add considerably to the complexity of the signals
detected. For many studies, critical information is
extracted from the analysis of isotopomer distribu-
tion by NMR and requires the interpretation of com-
plex signals for individual metabolites. Frequently
computer simulation of the expected spectra is con-
ducted to enable interpretation.

Detection of other labels

Deuterium-labelled materials are readily available
and can be applied to studying metabolic processes.
However, 2H has a spin quantum number of 1 and is
relatively insensitive compared with 1H (9.7 × 10−3).
It has a low natural abundance of 0.016%.

Of the two isotopes of nitrogen, 15N with a spin
quantum number of 1/2 is the most widely used. It is
very insensitive (1 × 10−3), and has a low natural
abundance of 0.37%. While some studies have used
the direct detection of 15N-labelled compounds, the
indirect detection of 15N through 1H by techniques
such as INEPT (insensitive nuclei enhanced by polar-
ization transfer) and HMQC (heteronuclear multiple
quantum coherence), which considerably enhance
sensitivity, have increased the applicability of 15N in
biological systems.

Applications of labels

Exogenous metabolites

13C-labelled tracers have been used in the elucidation
of the pathways of metabolism of a number of
exogenous chemicals, with labels incorporated in one
or several carbon atoms of the materials of interest.
The metabolism of [13C]formaldehyde, a chemical
with a single labelled carbon, provides an uncompli-
cated illustration of the use of a labelled material in
the study of metabolism. The metabolism of formal-
dehyde to formate, methanol, and several additional
metabolites could be determined from the 1D 1H-de-
coupled 13C spectrum of Escherichia coli incubated
with [13C]formaldehyde (Figure 4). From 1H-cou-
pled spectra, two of these metabolites with signals at
64 and 68 ppm appeared to contained labelled
carbons present as CH2 groups. 13C–1H correlation
spectra indicated that these additional metabolites
contained protons in the range 3.4–3.7 ppm, with
nonequivalent protons on each labelled carbon atom.
The metabolism of formaldehyde to produce 1,2-
propanediol, 1,3-propanediol, and glycerol was es-
tablished by culturing E. coli in medium containing
14.3% uniformly labelled [13C]glucose, administer-
ing 90% labelled [13C]formaldehyde, and analysing

Figure 3 Diagrammatic representation of a HET2DJ spectrum
illustrating carbon–proton coupling.
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the products formed by 13C NMR spectroscopy. The
13C–13C couplings produced permitted the detection
of the signals from the glucose-derived carbon atoms
adjacent to the formaldehyde-derived carbons. An
additional metabolite was determined to be
S-[13C]hydroxymethylglutathione, formed by addi-
tion of [13C]formaldehyde to glutathione.

13C-labelled materials have been used in the eluci-
dation of pathways of metabolism of many
chemicals. Information can be obtained from chemi-
cals containing more than one carbon atom but only
a single labelled carbon. Following administration of
[3-13C]-1,2-dibromo-3-chloropropane (81 mg kg–1)
to rats, 15 biliary metabolites and 12 urinary metab-
olites were observed. Metabolites were assigned
based on chemical shift, proton multiplicity, 13C–1H
correlation spectra, and comparison with synthetic
standards. The metabolic profile proposed for this
material is shown in Figure 5.

The incorporation of multiple labels into a com-
pound with multiple carbon atoms provides an
opportunity for using additional methods for charac-
terizing metabolites. Following administration of
[1,2,3-13C]acrylonitrile to rats and mice, a number of
metabolites in urine were detected and assigned
structures based on chemical shift, carbon–carbon
multiplicity, carbon–carbon connectivity, and proton
multiplicity. Examples of the spectra obtained in
urine from rats administered [1,2,3-13C]acrylonitrile
are shown in Figure 6. The multiplets assigned to the
labelled carbons of the metabolites result from car-
bon–carbon coupling (Figure 6C). The HET2DJ

spectrum shown in Figure 7 illustrates the determi-
nation of the number of protons attached to each la-
belled carbon atom. The HET2DJ spectra obtained
from multiply-labelled compounds provide an addi-
tional means of distinguishing signals derived from
labelled compounds from natural abundance carbon
signals in that the carbon–carbon coupling displaces
the multiplets from the centre of the F1 axis. For
example, each peak of the doublet labelled 3a
(Figure 7) has three contours aligned along the
x-axis, indicating that the signals are from a labelled
methylene carbon. The nature of the labelled carbon
atoms in metabolites derived from acrylonitrile could
be assigned. The identity of the unlabelled substitu-
ents of the metabolites could be inferred from the
substituent effects on the chemical shifts of the
labelled carbons. Most of the metabolites detected
were derived from conjugation of acrylonitrile or its
epoxide metabolite, cyanoethylene oxide, with glu-
tathione and further metabolism of the glutathione-
derived portion of the metabolites. The metabolism
of acrylonitrile concluded from this study is shown in
Figure 8. Quantitation of metabolites was conduct-
ed with dioxane added as an internal standard by
measuring peak areas under conditions that ensured
adequate relaxation of the carbon signals of interest.
This combination of techniques has been used to
study the metabolism of a number of compounds.

The metabolism of mixtures has received little at-
tention, in part because of the complexity of the
problem. NMR spectroscopy with labelled materials
provides an ideal tool for studying the metabolism of

Figure 4 1D 1H-decoupled 13C spectrum of E. coli incubated with [13C]formaldehyde. Reprinted with permission from Hunter BK,
Nicholls KM and Sanders JKM (1984) Formaldehyde metabolism by Escherichia coli. In vivo carbon, deuterium, and two-dimensional
NMR observations of multiple detoxifying pathways. Biochemistry 23: 508–514. Copyright 1984 American Chemical Society.
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several components of a mixture. On coadministra-
tion of [1,2,3-13C]acrylonitrile and [1,2,3-13C]acryla-
mide to rats and mice, the metabolites of both
compounds could be resolved readily in the urine.

Endogenous metabolites

NMR spectroscopy has been widely used in the
investigation of metabolism. Therefore, only a very
general review of this area can be provided. For
additional information, the reader is directed to the
references contained in the Further reading section.
Most of the recently reported studies involve investi-
gation of the regulation of metabolism. Generally,
one or more labelled starting materials are adminis-
tered in a biological system: subcellular fractions,
cells, isolated perfused organs, or whole animals.
NMR spectroscopy has been applied to the investi-
gation of metabolism in a wide range of experimen-
tal systems from plants to animals and people.
Analysis can be conducted at the level of cell
extracts, whole cells, body fluids, whole tissues, and
in vivo. Mammalian tissues that are widely studied
include brain, liver, muscle, and heart. The use of
multiply labelled compounds aids in distinguishing
high levels of naturally occurring unlabelled materi-
als (which give singlet signals) from low levels of
added labelled material (which yield multiplet sig-
nals) and can provide a means for distinguishing
added from endogenous material in determining the
size of pools by reverse isotope dilution.

Many pathways of metabolism have been studied
using labelled chemicals, including the conversion of
glucose to glycogen, glycolysis, the Krebs cycle, fatty
acid metabolism, amino acid metabolism, and the
pentose phosphate pathway. Among the considera-
tions in conducting studies involving the use of labels
in metabolism is the introduction of the label into
the biological system, the concentration of label re-
quired, distinction of pathways, and isotopomer
distribution. Some of these issues can be illustrated
with consideration of specific examples.

Oxaloacetate, malate, fumarate, and α-ketoglutar-
ate are intermediates in the Krebs cycle that are
present in very low concentration and are generally
not directly detectable by NMR spectroscopy. Meas-
urement of surrogates that accumulate to measur-
able levels such as glutamate, alanine, aspartate, and
lactate is used for the determination of isotope distri-
bution. Oxaloacetate, malate, and fumarate exist
virtually in equilibrium. Glutamate and α-ketogluta-
rate are in fast equilibrium via transamination.
Determination of the labelling pattern in glutamate
is thought to be reflective of that of α-ketoglutarate
and, in turn, of oxaloacetate. Similarly, aspartate
and oxaloacetate are in equilibrium by transamina-
tion, and the labelling pattern of aspartate is thought
to reflect that of oxaloacetate.

Succinate and fumarate are symmetrical mole-
cules, and label that passes through these intermedi-
ates can become scrambled. Introduction of label
from α-ketoglutarate into succinate (Figure 9)

Figure 5 Metabolism of [3-13C]-1,2-dibromo-3-chloropropane in rats. Reprinted with permission from Dohn DR, Graziano MJ and
Casida JE (1988) Metabolites of [3-13C]-1,2-dibromo-3-chloropropane in male rats studied by 13C and 1H–13C correlated two-dimen-
sional NMR spectroscopy. Biochemical Pharmacology 37: 3485–3495. Copyright 1988, Elsevier Science.
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would result in the presence of label at more than
one site in a molecule. Such mixing can be indicative
that the label has passed through a symmetrical
intermediate.

Quantitative information can be obtained from iso-
topomer analysis in one of several ways: modelling
with differential equations, modelling with infinite
convergent series, and modelling with input–output

equations (see the review by Künnecke). Simplified
models that focus on a limited number of isotopomers
can be used to estimate the contribution of competing
pathways.

The incorporation of [1-13C]glucose into glycogen
can be followed by NMR spectroscopy. Glucose and
glycogen give prominent signals in the natural
abundance 13C NMR spectrum of liver. The C-1

Figure 6 The 1H-decoupled 13C NMR spectrum of (A) control rat urine and urine collected for 24 h following administration of (B) 10
or (C) 30 mg kg−1 [1,2,3-13C]acrylonitrile. Signals are labelled according to metabolite number (see Figure 8, and the letter of carbon-
derived form acrylonitrile (aCH2=bCH2–cCN). Reprinted with permission from Fennell TR, Kedderis GL and Sumner SC (1991) Urinary
metabolites of [1,2,3-13C]acrylonitrile in rats and mice detected by 13C nuclear magnetic resonance spectroscopy. Chemical Research
in Toxicology 4: 678–687. Copyright 1991, American Chemical Society.
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carbon signal of glycogen at 100.4 ppm can be read-
ily distinguished from the C-1 signals of α- and β-
glucose at 92.6 and 96.7 ppm. Although glycogen is
a high molecular mass (109) molecule with extensive
branching, the resonances of glycogen can be readily
detected. The internal motion of the glucopyranose

Figure 7 HET2DJ spectrum of urine from a rat administered [1,2,3-13C]acrylonitrile. Reprinted with permission from Fennell TR,
Kedderis GL and Sumner SC (1991) Urinary metabolites of [1,2,3-13C]acrylonitrile in rats and mice detected by 13C nuclear magnetic
resonance spectroscopy, Chemical Research In Toxicology 4: 678–687. Copyright 1991, American Chemical Society.

Figure 8 Proposed metabolism scheme for acrylonitrile in the
rat and mouse. GS– represents a glutathionyl residue and Cys–
S– and NAcCys–S– a cysteinyl and an N-acetylcysteinyl residue,
respectively. The broken arrows represent processes that involve
several transformations. Reprinted with permission from Fennell
TR, Kedderis GL and Sumner SC (1991). Urinary metabolites of
[1,2,3-13C]acrylonitrile in rats and mice detected by 13C nuclear
magnetic resonance spectroscopy. Chemical Research in Toxi-
cology 4: 678–687. Copyright 1991, American Chemical Society.

Figure 9 An illustration of the scrambling of label by passage
through the symmetrical intermediate succinate. Incorporation of
13C in the 4-position of α-ketoglutarate results in the formation of
[2-13C]succinate, and in turn [2-13C]- and [3-13C]oxaloacetate.
Since no molecules labelled at both the 2- and 3-position would
be produced, no coupling would be observed between the
resonances.
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residues of glycogen is thought to be virtually unre-
stricted resulting in the observation of narrow line
widths for glycogen signals. The incorporation of
glucose into glycogen can take place by several
routes, and not just by the direct conversion of glu-
cose → glucose 6-phosphate → glucose 1-phosphate
→ UDP glucose → glycogen. Additional pathways
involving the conversion of glucose → C3 units →
glucose 6-phosphate → glycogen had been exten-
sively studied by NMR spectroscopy. Injection of
[1,2-13C]glucose into fed rats resulted in the forma-
tion of liver glycogen labelled at both the C-1 and
C-2 carbons, with spin–spin coupling (Figure 10).

In fasted rats, the additional presence of label at C-5
and C-6 indicates the synthesis of glycogen from
newly formed glucose. The absence of 1-13C- and
1,3-13C-isotopomers ruled out the involvement of
the pentose phosphate pathway in the synthesis of
glucose. In the indirect pathway for glycogen synthe-
sis, glucose is converted in several steps to dihy-
droxyacetone phosphate, which is rapidly isomerized
to glyceraldehyde 3-phosphate. Glyceraldehyde
3-phosphate, in turn, can be used for gluconeogene-
sis via fructose 6-phosphate or via pyruvate and
oxaloacetate. In either eventuality, the 13C labels can
appear simultaneously at the 5- and 6-positions of
glucose in glycogen, giving rise to [1,2-13C]-, [5,6-
13C]-, and [1,2,5,6-13C]glucose.

Areas of development

Although few studies have used indirect detection
methods for the analysis of labels in biological sys-
tems, their use will become more widespread as the
technology develops. Examples of the application of
these techniques can be found in the literature. Me-
tabolites of [1-13C]glucose have been detected in
maize root tips using heteronuclear multiple quantum
coherence (HMQC) NMR. Labelling of the amide
group of glutamine could be detected by 1H–15N
HMQC in root tips labelled with 15NH4

+. Following
infusion of 15NH4

+, 1H–15N HMQC NMR has been
applied to the detection of [5-15N]glutamine protons
in rat brain.

See also: Biofluids Studied By NMR; 13C NMR, Meth-
ods; 13C NMR, Parameter Survey; Carbohydrates
Studied By NMR; Cells Studied By NMR; Drug Meta-
bolism Studied Using NMR Spectroscopy; 19F NMR
Applications, Solution State; In Vivo NMR, Applica-
tions, Other Nuclei; Nucleic Acids Studied Using
NMR; Perfused Organs Studied Using NMR Spectros-
copy; 31P NMR; Proteins Studied Using NMR Spec-
troscopy; Structural Chemistry Using NMR
Spectroscopy, Pharmaceuticals; Tritium NMR, Appli-
cations; Two-Dimensional NMR, Methods.
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The purpose of an analytical laboratory is to provide
measurement support, generate information, and
solve problems. This often involves processing many
samples and requests and produces large numbers of
test results and reports. In an attempt to increase
efficiency, many analytical laboratories have compu-
terized their logbooks, focusing on tracking jobs,
samples, tests and results. With this information
accessible via a computer, it is then possible to
provide many additional functions such as methods
management, test results, archiving, calculation, com-
parison to specifications, control charting and verifi-
cation of instrument performance. The information is
also readily available and valuable for reference,
problem solving and modelling. Inclusion of spectro-
scopic data in such systems has been hampered by a
lack of standards and cooperation between instru-
ment vendors and software developers. Some compa-
nies have developed successful systems by building

customized interfaces and data manipulation soft-
ware. Advances in Web-based user interfaces suggest
that spectroscopy laboratories may soon be able to
take full advantage of integrated spectroscopy soft-
ware, chemical structure handling software and
information systems.

The product of an analytical 
laboratory

The main product of an analytical laboratory is
information. Some of this information is in the form
of new analytical techniques or methods that extend
a laboratory’s ability to analyse new materials. For
most laboratories, however, the largest amount of
information is in the form of measurements and
reports. These measurements are key to understand-
ing and controlling manufacturing processes, solving

FUNDAMENTALS OF 
SPECTROSCOPY

Methods & Instrumentation
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manufacturing and development problems and devel-
oping new high-performance materials. Preparing
samples, making measurements, analysing data and
generating reports is the common process analytical
laboratories use to generate information. Properly
managing this process and tracking the flow of work
through the laboratory is critical to the efficient oper-
ation of a laboratory.

When computers became available, analytical lab-
oratories began to use them to help automate many
of their processes, including the information-
handling and information-generating processes. Ana-
lytical chemists and information specialists working
to improve their own operations were the first to
develop laboratory information management sys-
tems, or LIMS. They typically supported only one
technique or small unit of a laboratory and did not
communicate with other information systems.

The first commercial LIMS arrived on the market
in about 1980. Today, there are dozens of LIMS ven-
dors providing packages with many capabilities.
There is even a World Wide Web site devoted to pro-
viding information on LIMS resources, analyses of
the latest technology, and the products and services
available from vendors and consultants. In 1994 the
American Society for Testing and Materials
published a standard guide on LIMS. The guide is
intended for anyone interested in LIMS, including
users, developers, implementers and laboratory man-
agers. It defines standard terminology, a concept
model, primary functions, an implementation guide
and a checklist. These are useful for discussing and
understanding LIMS as well as developing specifica-
tions and cost justification. The guide is a good
reflection of what it was thought a traditional LIMS
should be and of what most vendors have marketed.

Types of laboratories

The information-handling requirements of analytical
laboratories vary from the research to the manufac-
turing environments. A standard testing laboratory
that supports manufacturing quality control and reg-
ulatory compliance uses analysis procedures that are
well defined and strictly followed. These laboratories
analyse relatively large numbers of samples and
produce numerical or tabular results that are often
plotted against time. Spectral analysis is usually used
in this environment to determine concentration or ver-
ify identification relative to known reference spectra.

In contrast, a research analytical laboratory sup-
porting the discovery of new materials uses analysis
procedures that are defined in the mind of the analyst.
While the analyst may use analytical techniques that

are well defined, the process applied to a particular
sample is not predetermined, but is developed in
response to the questions that need to be answered.
These laboratories analyse fewer samples and regu-
larly produce results that combine graphics and
images with textual reports. In this environment,
spectroscopy is also used to elucidate chemical
structure and determine three-dimensional spatial
relationships.

Other types of analytical laboratory environments
vary between these two idealized cases. Process con-
trol environments model a fully automated standard
testing laboratory. High-throughput screening is sim-
ilar, but often includes special processing for unusual
results or potentially interesting materials. Like
research, problem solving does not follow a fixed
analytical process, but often results must be
expressed in manufacturing terms. Development
environments reflects the need to move research test-
ing for understanding to standard testing for manu-
facturing. Problems arise when a LIMS vendor tries
to sell one generalized solution, customized to fit all
environments.

Selecting a LIMS

Many factors drive analytical laboratories to imple-
ment LIMS. These include the need to demonstrate
value, comply with detailed regulatory requirements,
manage large amounts of samples and tests from
automated analysis and screening systems, automate
laboratory processes, improve accuracy and deal
with increased demands for efficiency and documen-
tation. Implementing a LIMS can be expensive and
have significant impact on laboratory workflow and
productivity. For successful implementation of a
LIMS, it is important to know which factors are most
important and where productivity will be affected,
both positively and negatively. It is also extremely
important that the laboratory workflow is supported
by the LIMS in a simple and appropriate manner. It
may be appropriate to utilize a re-engineering process
to simplify a laboratory’s workflow before imple-
menting a LIMS.

Even with useful guides and books and the availa-
bility of highly functional LIMS and capable consult-
ants, successful installation of a LIMS is a difficult
and frustrating task for some laboratories. Vendors
have generally focused on developing generic systems
that provide a great deal of functionality but have
grown to be quite complex. These products have
worked quite well in some laboratory environments
and have completely failed in others. They work best
in laboratories where the operation is well
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understood and standardized and where the processes
do not have to be changed to match the LIMS. This is
generally not the case in research and development
environments, where microscopy and molecular spec-
troscopy laboratories usually reside. The need to
manage images, various types of spectra and chemical
structures adds to the problem. Since LIMS vendors
generally do not consider these types of data, signifi-
cant customization and software development is
required. This task is easier with LIMS that utilize
recent improvements in computer technology.

Managers may still have a hard time finding a sys-
tem that will work for their operations and meet the
expectations of users. Often, the laboratory will have
to change its workflow to match that of a LIMS
package or deal with additional expense when signif-
icant customization is required. The business case for
the buy-and-customize route versus the build route
can be unclear. While the general trend has been
towards purchasing commercial systems, recent sur-
veys examining potential year-2000 problems
indicate that most LIMS are still internally developed
and maintained.

Functions of a LIMS

Whether they support manufacturing, research, or
problem solving, all analytical laboratories receive
and prepare samples, make measurements, analyse
data, and report results and information. A simpli-
fied illustration of the analytical support process is
shown in Figure 1. Improving the overall efficiency
of this process is the primary function of a LIMS. It
can be used to support only a few aspects of this
process or it can support all aspects. The most com-
mon and perhaps most important use of a LIMS is to
maintain proper records of samples and the tests re-
quested on them. This electronic logbook or sample
management type function assigns sample numbers
or bar codes and records administrative information,
often including an indication of the work requested.
Most LIMS also allow numerical and tabular results
to be entered for tests performed on the samples.
Once data have been collected and properly record-
ed, the LIMS may be used for data manipulation and
automated report generation. Significant productiv-
ity enhancements are usually obtained from this last
step. The following sections describe how a LIMS is
used to support the steps in Figure 1.

Definition of problem or job

For the laboratory supporting research, problem
solving or method development, the definition of a
problem or job is the first step of the analysis

process. Job requests could include determining
what is happening to a material as it degrades, how
the properties of a material might be improved, or
whether a fabrication process is producing devices
with the desired composition and geometry. When a
new chemical is to be commercialized, the request
may be to develop tests and fitness for use criteria
needed for production monitoring. The job usually
defines the context for investigative analytical work
performed on many samples. This information is
usually stored in laboratory notebooks with only a
job title stored in LIMS. When the work is complete
and a report is written, this information may be
made available in an electronic library. There is an
opportunity for the field of knowledge management
to improve productivity in this area.

In a standard testing laboratory, the problems or
jobs are predefined by the time materials are ana-
lysed. Given a type of material and its point-in-proc-
ess, the suite of required tests, testing methods,
specification limits and resulting actions and reports
are clearly defined. This information is often stored
in LIMS as master or static data and used to auto-
mate the workflow for these materials.

Sample log-in

A primary function of the LIMS is to track the
samples of materials to be analysed by a laboratory.
This can be as simple as tracking when a sample
enters and leaves a laboratory or as detailed as track-
ing every action that is performed on the sample
while it is in the laboratory. The process normally
begins with the client or analyst recording general
descriptive information about each new sample or
batch of samples and the work request. This is ide-
ally entered into or created by information systems
used by the clients of the laboratory and interfaced
to LIMS, but is normally entered manually on an
input screen. Client systems include electronic labo-
ratory notebooks used by researchers or manufactur-
ing scheduling and control systems. Typical
information includes the name of the requester of the
work, an account number to be charged for the
work, the date the request is made, the client’s iden-
tifier for the sample, the date the sample is received,
the job or project to which this sample belongs, the
priority, and the hazard information. Test requests
vary from a general description of the problem to be
solved to a suite of specific point-in-process tests
using very specific methods.

Sample receipt and review

Samples may be logged into a LIMS before they
arrive in the laboratory. This is quite common in
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standard testing laboratories with a LIMS that is
integrated with their client’s manufacturing resource-
planning system. Good-quality operating procedures
dictate that when a sample arrives it should be
reviewed to ensure it is suitable for analysis, that
the requested work is appropriate and that it has not
visibly degraded. The LIMS sample receipt function
allows the time a sample arrives and any anomalies
to be recorded. If anomalies are observed in the
sample, then a decision to proceed, resample or
request other tests is made, often after consultation
with the client.

Test assignment

The client may request a specific collection of tests
when the sample is logged in. In a standard testing
environment, the suite of tests is often assigned auto-
matically by the LIMS. If a general test is requested
or the request is for some problem to be solved or
investigated, then the appropriate specific tests and
course of investigation are selected by the analyst.

Allocation of work

Work may be allocated among specific instruments,
analysts or support groups. This is done to match the
test requirements to appropriately skilled analysts
and equipment and ensure the best utilization of re-
sources. The differing priority levels of samples
received in a laboratory can also be accommodated
in this step. When work is allocated, it is recorded in
LIMS so that it can generate work lists for the ana-
lysts and instruments. LIMS can often make default
assignments automatically. In other cases, analysts
simply check out the next pending sample from the
queue in LIMS. In a research or problem-solving
area, this may not be recorded in a LIMS until the
results are entered.

Method management

Methods are the procedures and protocols by which
materials are analysed. LIMS designed for standard
testing laboratories often provide some support for

Figure 1 Generic analytical laboratory workflow supported by LIMS.
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managing methods. This can allow complete auto-
mation of the analytical process, as exemplified by
on-line analysis.

Sample preparation

Most samples and analysis techniques require some
preparation such as dissolving, diluting or mounting
before measurements can be made. This step and the
subsequent measurement step are a typical focus for
laboratory automation using robotics. Such systems
follow detailed procedures that may vary for every
sample. Associating the correct procedure with each
sample and supplying that information to the robotic
systems is logically a job for LIMS. Most automated
sample preparation and measurement systems were
initially isolated, performing very focused tasks and
requiring manual data transfer at the beginning and
end of a run. This is changing as automation and
LIMS continue to mature.

Perform measurements

Measurements are performed using instruments. In
an automated laboratory, the LIMS can download
data acquisition instructions to the instruments and
receive data and analysis results for entry into its
database. Most LIMS provide some capabilities for
interfacing with instruments. This has been particu-
larly successful in chromatography, where good
standards have been developed and followed by both
LIMS and instrument vendors.

Result entry

After the tests have been performed, the results are
often entered into the LIMS. This is a manual proc-
ess, unless a specific instrument interface has been
built or purchased. Many instrument vendors now
provide such interfaces, but this has been limited in
spectroscopy. Results entered into LIMS are gener-
ally derived from processing raw analysis data on the
instruments. There can be simple yes or no phrase
results to tables of amounts of various materials.
Usually these tables have to be predefined by the
method that is used to perform the analysis. Interfac-
ing efforts in spectroscopy have been limited partly
by the lack of widely accepted standard spectral for-
mats and partly by the lower demand for general
spectroscopy applications in standard testing areas.

Calculations and data analysis

Most LIMS systems provide simple capabilities for
performing calculation on the results that are
entered. These calculations may simply be transfor-
mations into standard units or the generation of

averages. More sophisticated analysis is generally
performed using instrument vendor data systems or
specialized data analysis software. Most LIMS pro-
vide customization functions to facilitate entry of
these results.

Specification checking

Many standard testing laboratories run analyses to
determine whether a material is within manufactur-
ing specification limits. The manufacturing process
and analysis method usually define these limits. Most
LIMS provide a mechanism for these specifications to
be stored or retrieved and compared to the results.
The specifications are often stored in a database con-
trolled by the clients of the analytical laboratory.
Materials that are within specifications can be auto-
matically released. Those that are not can be flagged
or operators can be automatically notified regarding
the test results.

Coordination and authorization

In some environments, it is important to validate
results before they are released. This usually involves
a person other than the analyst checking the results
and verifying the procedures. The LIMS can enforce
such rules to help ensure that the business processes
are followed. In environments where several tests are
performed on one material, this role may be to coor-
dinate reporting to the client and to identify and
resolve inconsistencies. This activity may result in
requests for materials to be retested or resampled.

Interpretation of data and results

The result of research processes is new knowledge.
This is generally in the form of written documents
with graphics and images that may involve many
samples. A LIMS that supports analytical research
needs to support the storage of these kinds of results
as well as numerical and tabular results.

Report generation

The output of an analytical laboratory is informa-
tion that is reported to the client and often affects
further actions and decisions. A major function of a
LIMS is to improve the efficiency of report genera-
tion. In order to facilitate this process, report tem-
plates can be established that are automatically
triggered when a step in the workflow is completed.
Analysis results, billing, turnaround time, instrument
calibration and control charts, justification and
inventory are just a few of the common reports
that can be triggered. Because of the variety of cli-
ents that analytical laboratories interact with, report
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generation is an area where significant customization
is invested to make a LIMS effective.

Archiving

The results and reports from an analytical laboratory
can be of great economic value. Reference informa-
tion, historical understanding of processes, solutions
to problems and assigned spectra from structure elu-
cidation efforts represent a few of the valuable re-
sources that need to be maintained, sometimes
indefinitely. This information is usually best stored
in a knowledge management system specifically de-
signed for this purpose. Laboratories also produce
information needed to support regulatory compli-
ance. Organizations may be required to save this in-
formation for many years. Archiving of this data is
generally supported by LIMS.

Summary

The analytical support process exists to aid and
enhance the sample generation process. If it cannot
be measured, then it is hard to improve it. Making
the information produced by this process available
electronically can significantly enhance its value to an
organization. Having measurements available and
logically organized is required for any material or
process modelling. Quick and easy access avoids
duplication of work and speeds research and prob-
lem solving. Computerization of the process requires
consideration of interfaces to other information-stor-
ing or information-generating systems. These include
methods management, manufacturing resource plan-
ning and control, electronic laboratory notebooks,
instrument interfaces and reference databases.

The power of LIMS lies in its ability to automate
mundane tasks and to work with other systems to
enhance the access of authorized users to informa-
tion and the proper maintenance of that information
for future reference.

LIMS for spectroscopy

Ever since computers became of a practical size to fit
in a spectroscopy laboratory, they have had an ever
more intimate relationship with the spectrometers
themselves. Spectrometer vendors have applied them
to instrument control, data collection, library search-
ing and information management. The information
management functions of these systems could be
considered a LIMS with a focus limited to a particular
type of testing. With the exception of chromato-
graphy, these systems are limited in scope and do not
interface well with laboratory-wide LIMS. Vendors

of spectral analysis packages such as Grams
(Galactic) and Spectacle (LabControl) similarly pro-
vide some limited LIMS functions or the ability to link
with spreadsheets where such functions may be built.

To aid in sharing spectra obtained using equip-
ment from different vendors, a number of efforts
have been made to establish standard exchange for-
mats. In 1987, the Joint Committee on Atomic and
Molecular Physical Data (JCAMP) published the
JCAMP-DX format as a standard for exchange of
infrared spectra. This general format was subse-
quently extended to include mass and NMR spectra.
Although JCAMP-DX files are created with small
variations from vendor to vendor, it is supported as
an export format by most infrared and mass spec-
troscopy instrument vendors.

The Analytical Instrument Association (AIA) creat-
ed a netCDF-based Analytical Data Interchange
(ANDI) format for chromatography that received
widespread acceptance. After this success, the AIA
adopted a standard for mass spectroscopy in 1993
and began definitions for infrared and NMR. This
mass spectroscopy standard, although supported by
a few vendors, has not received wide usage and the
infrared and NMR definitions have not been
implemented.

There is currently no generally used spectral for-
mat in NMR. However, the International Union of
Pure and Applied Chemistry (IUPAC) has a working
party that expects to produce a JCAMP-based multi-
dimensional NMR data standard by March 2000.

Despite the existence of these standard formats,
spectrometer vendors have been slow to fully sup-
port them as export options. This has been a hurdle
for spectral analysis and database software vendors,
who have been required to deliver format converters.
Spectrometer manufacturers often consider these
vendors as competition. Until spectrometer users
demand better integration by the vendors, progress
will be slow and the lack of widely accepted formats
for spectral data will remain a barrier to the general
integration of spectroscopy into LIMS.

Some corporate solutions

In the early 1970s, Wolfgang Bremser and others at
BASF began to develop software to aid in spectral in-
terpretation and chemical structure elucidation. Their
efforts were focused on improving speed, cost and re-
liability by using databases of reference spectra to
provide reasonable suggestions and dialogue for the
interpreting spectroscopist. This work resulted in the
very useful SpecInfo system, which is still being en-
hanced at BASF. This system and associated
databases were the basis for formation of the
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company Chemical Concepts in 1990, which now
sells a variety of advanced interpretation tools.

Eastman Kodak Company began a similar effort
in the late 1970s. The initial goal was to improve the
efficiency and quality of structure elucidation using
NMR, IR, MS and UV-visible data with the ultimate
aim of completely automating the analysis of routine
samples. Such a system would automatically deter-
mine whether the structure a chemist proposed for a
sample was consistent with the spectral data ob-
tained. It was soon recognized that high-quality
databases relevant to Kodak materials were needed
and that interpretation software operated in isola-
tion would be of limited utility. The proposed
structure and resulting spectral data needed to be
available from a LIMS. Integrated sample manage-
ment software that incorporated chemical structures
and spectral data was developed to solve this prob-
lem and to help minimize the task of building an in-
house database. The complete system, called QUAN-
TUM (Figure 2), combines the spectral and structur-
al analysis software with a sample management
system (SoftLog) and a spectral database (SDM).

SoftLog was probably the first LIMS designed
specifically for spectroscopists. It incorporated sev-
eral important features not typically available in
LIMS. These included full and substructure searches,
spectral display and search, easy incorporation of

results into the reference database and a logical inter-
face to fully automated analysis software. In addi-
tion, the user was automatically informed of previous
sample or material analyses, of inconsistent results,
of reference data and of related compounds such as
impurities, models, by-products or precursors. The
notification of previous analyses of the same material
included data generated by spectroscopy laboratories
dispersed across the entire corporation. This was par-
ticularly useful, because it made analysis information
initially obtained in a research environment available
to analytical laboratories supporting development.

The Web is the way

Since the mid-1990s the world has experienced
explosive growth of the World Wide Web or Inter-
net. This growth was primarily caused by the intro-
duction of graphical web browsers that provide a
simple and intuitive point-and-click environment for
access to information. The Web is based on widely
accepted and robust standards that are open and
simple enough that everyone can participate. It
supports most kinds of information (text, graphics,
audio, video, binary, etc.) and provides a simple
mechanism for adding specialized support. Inexpen-
sive or free graphical browsers are available on
virtually all computer platforms commonly used in

Figure 2 Components of an integrated spectroscopy information management environment.
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analytical laboratories. This is valuable in spectro-
scopy or other laboratories that typically utilize mul-
tiple computer platforms to control spectrometers
and other instruments. With this paradigm shift in
user interface design has come a new level of comfort
for chemists, researchers, and analysts in managing
information electronically.

A few companies have reported on their efforts to
automate their LIMS and spectroscopy environ-
ments. Scientists in the analytical research laboratory
at Parke-Davis Pharmaceuticals provide NMR and
mass spectral analysis support for synthetic chemis-
try by combining robotic automation with internally
developed interfaces to their Beckman Lab Manager
LIMS. The LIMS provides preparation conditions to
the sample preparation robot and a work list for
batch operation of the spectrometer. These workers
have used Web technology to provide information
on the status of sample analyses and other functions
of the analytical laboratory. Web technology has
also been used to develop sample tracking and data
analysis in support of genome mapping. SmithKline
Beecham Pharmaceuticals, Eli Lilly, NASA Lewis
Research Center and some oil companies have
reported on integration of LIMS with spectroscopy.

The analytical laboratories at Kodak have con-
verted a major portion of its LIMS to a Web-based
system. This work began with the development of
their Web-based Information Management System,
WIMS, in the molecular spectroscopy areas. This
integrated Web-based system provides access to sam-
ple information including reports, structures and
spectra. Sample information is integrated with a Web
interface to QUANTUM for structure management
needs. Spectra from various instruments are copied
as they are processed to a server. Structures and spec-
tra are retrieved and displayed as GIF images by sim-
ple C programs and are available for download to the
desktop for further analysis by local applications.
Reports of analysis can be attached as text, as HTML
or as standard word-processor or spreadsheet docu-
ments that can be viewed using helper applications.
Numerical and tabular results are stored in a rela-
tional database linked to the rest of the system with a
Web interface developed with one of the several good
tools available.

Using the many distinct advantages of Web-based
technology as well as its fast growth curve, commer-
cial LIMS vendors are presently developing Web in-
terfaces for their LIMS. The one product with a focus
on spectroscopy laboratories is the S3LIMS product
from Advanced Chemistry Development. This LIMS,
inspired by WIMS, is a fully Web-based integration
of sample, structure and spectral management

utilizing Java-based structure drawing and spectral
display applets. The Java implementation and com-
patibility with Netscape and Microsoft browsers
ensures a platform independence for the system and
marries the system with the proton NMR, carbon
NMR and other structure-based prediction engines
also available from Advanced Chemistry Develop-
ment. Chemical Concepts, now owned by John Wiley
& Sons, has also developed a fully web-based
‘version’ of their interpretation tools.

Conclusions

When selecting or developing a LIMS, a laboratory
should be clear why the system is needed and what
workflow and business functions it must support.
Keeping the installation simple in scope, design and,
most importantly, user interface will help ensure suc-
cess. As the laboratory’s business changes over time,
so must its LIMS. Continued investment in informa-
tion management must be expected.

LIMS is still an evolving concept. Most commercial
LIMS have focused on standard testing, perhaps
because the processes are more clearly defined or
standardized and perhaps because the market is
larger. Recent developments in knowledge manage-
ment and electronic notebooks systems may help
develop better systems for research environments.
Web technology allows information system inter-
faces to be developed more simply and more quickly.
There is increasing interest from pharmaceutical
companies in using spectroscopy with high-through-
put screening. With these technology developments
and increased market demand, LIMS with better
integration and simpler interfaces for spectroscopy
may become ubiquitous.

See also: Structural Chemistry Using NMR Spectro-
scopy, Inorganic Molecules; Structural Chemistry
Using NMR Spectroscopy, Organic Molecules;
Structural Chemistry Using NMR Spectroscopy,
Pharmaceuticals.
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Introduction

The applications of lasers to atomic and molecular
spectroscopy has revolutionized this field. Although
methods in classical spectroscopy of electronic tran-
sitions using large grating spectrographs or inter-
ferometers have brought a wealth of information on
molecular structure and dynamics, the new tech-
niques of laser spectroscopy have by far surpassed
the capabilities of former methods with regard to
sensitivity and spectral or time resolution. This arti-
cle reviews these new spectroscopic techniques, their
applications and some of the results obtained so far;
it will be restricted to the spectroscopy of free atoms
and molecules and does not include solid-state
spectroscopy.

Various techniques of sensitive absorption spec-
troscopy, including nonlinear techniques, which
allow a spectral resolution below the Doppler width
are described first. These techniques are termed sub-
Doppler-spectroscopy and include linear spectro-
scopy in collimated molecular beams, nonlinear
saturation and polarization spectroscopy, and
Doppler-free two-photon spectroscopy. Emission
spectroscopy, which covers laser-induced fluores-
cence as well as stimulated emission methods, is
described next. The assignment of complex molecular

spectra is greatly facilitated by optical-double reso-
nance methods, which are treated together with opti-
cal pumping. The development of ultrashort laser
pulses in the picosecond to femtosecond time domain
has opened a wide area for investigations of molecu-
lar dynamics, intramolecular and intermolecular en-
ergy transfer, fast collision-induced relaxations, and
detailed real-time studies of chemical reactions by ob-
servation of the forming and breaking of chemical
bonds. This fascinating and rapidly expanding field
of femtosecond chemistry is covered briefly. The final
section discusses some aspects of coherent spectros-
copy with pulsed and CW lasers that rely on the
coherence properties of the laser light and on the co-
herent preparation of atomic or molecular states.
Techniques such as quantum beat spectroscopy, cor-
relation spectroscopy and STIRAP are described and
their relevance for the electronic spectroscopy of at-
oms and molecules is outlined.

Sensitive absorption spectroscopy

In classical absorption spectroscopy, the intensity IT

of a light beam transmitted over a path length L
through a sample of absorbing molecules with
absorption coefficient α (cm−1) is compared with the

ELECTRONIC SPECTROSCOPY
Applications
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incident intensity I0. According to Beer’s law of
linear absorption,

the absorption can be written as

The smallest still detectable absorption is limited
by intensity fluctuations of the incident intensity I0
and by detector noise. The absorption coefficient
α = Niσik is the product of number density Ni of mol-
ecules in the absorbing level | i 〉 and absorption cross
section σik(ν) for the transition |k〉 ← | i〉 The mini-
mum detectable number Ni of absorbing molecules

is then given by the minimum difference ∆Imin = I0−IT
that still can be safely measured. For a given value of
∆Imin , the detection sensitivity can be increased by
making the product I0Lσ as large as possible. The

various sensitive techniques of laser absorption spec-
troscopy attempt to minimize ∆Imin as well as to
maximize I0Lσ.

High-frequency modulation spectroscopy

For high-resolution laser absorption spectroscopy, a
narrow-band tuneable CW laser can be used. Possi-
ble candidates are dye lasers, Ti:sapphire or other
vibronic solid-state lasers, and the variety of tune-
able semiconductor diode lasers, which cover a spec-
tral range from the blue to the mid-infrared. Of par-
ticular importance are the optical parametric
oscillators that have been brought to reliable opera-
tion in the pulsed as well as in the CW mode with
single-mode performance. They can now span the
spectral region from 500 to 5000 nm.

When the output of such a tuneable monochro-
matic laser is sent through an electrooptic modula-
tor, the phase and thus the frequency of the
transmitted laser wave is modulated and the frequen-
cy spectrum consists of the carrier and two side-band
frequencies, where the side-bands have opposite
phases (Figure 1). At a modulation frequency of
Ω = 1 GHz, the separation of the sidebands from the
carrier is about equal to the Doppler width of the ab-
sorption lines. If this modulated laser beam is detect-
ed after transmission through the absorption cell, the

Figure 1 Principle of modulation spectroscopy. (A) apparatus; (B) sidebands in of phase modulation; (C) line profile of the signal
S(ω).
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output of a lock-in, tuned to the frequency Ω, will
not show any signal as long as neither the carrier nor
the sidebands overlap with an absorption line, since
the beat signals between carrier and the two side-
bands exactly cancel. Note also that any fluctuations
of the laser intensity are automatically subtracted. If,
however, one of the three frequencies coincides with
a molecular absorption line, the exact balance is per-
turbed and a detector signal is generated. When the
laser frequency ω is tuned over an absorption line,
the measured signal profile S(ω) is similar to the sec-
ond derivative of the absorption profile α(ω).

Since lock-in detectors now available cannot meas-
ure frequencies above 100 MHz, the output of the
detector is heterodyned with a stable local oscillator
of frequency Ω0 and the beat signal with frequency
(Ω − Ω0) is sent to the lock-in.

The sensitivity of this modulation spectroscopy is
two to three orders of magnitude higher than in con-
ventional spectroscopy and reaches a minimum detec-
table absorption of αL < 10−7. Using multiple-path
absorption cells (Herriot cells) and balanced detectors
for detection of reference and transmitted beams,
absorption coefficients as low as α ≤ 10−10 cm−1 can
still be measured.

Excitation spectroscopy

Instead of measuring the transmitted laser intensity,
the photons absorbed by the sample molecules can
be directly detected because they excite the absorb-
ing molecules into a state | k〉 that emits fluorescence
(Figure 2). The rate of detected fluorescence
photons is 

where abs is the rate of absorbed laser photons,
ηm ≤ 1 is the quantum efficiency of the excited atom
or molecule, ε is the collection probability of the
emitted fluorescence and ηk is the quantum efficiency
of the detector. With 1W incident laser power at
λ = 500 nm, a collection efficiency of ε = 0.1, quan-
tum efficiencies ηm=1 and ηk = 0.2 and an absorption
probability of αL = 10−15, we obtain a photon count-
ing rate of 60 photons s−1, which gives a signal-to-
noise ratio of 6 at a time constant of 1 s and a dark
current of 10 photons s−1.

For selected atomic transitions, the upper level may
decay only into the initial lower level (true two-level
system). In this case the same atom can be excited
many times during its flight time T through the laser
beam. If its upper-state lifetime is τ, the number of
fluorescence photons emitted per second may be as
high as T/τ (photon burst), if the laser is intense
enough to saturate the transition.

Ionization spectroscopy

The absorption of a photon in the transition
| i〉 → | k 〉 can be also detected by ionizing the
molecule in the excited state |k〉 by a second photon
(Figure 3). If the intensity of the second laser is suffi-
ciently high, the ionizing transition may be satu-
rated, which implies that every excited molecule is
ionized. Since the ions are extracted from the ioniza-
tion volume by an electric field that focuses them
onto the cathode of an ion multiplier, the detection
efficiency can reach 100%.

This makes the technique very sensitive and in
favourable cases single absorbed photons can be
monitored. Since the first transition |i 〉 → |k〉 can
be readily saturated, this also implies that single
molecules can be detected.

In case of pulsed lasers, the laser power is suffi-
ciently high to allow saturation of the two transi-
tions even without focusing or with only weak
focusing. If the ionization energy is high, two or
more photons might be required for the ionizing step
(REMPI, resonant multiphoton ionization). With
CW lasers, tight focusing is required to reach the
necessary high intensity.

The further advantage of ionization spectroscopy
is the mass-selective detection of the ions by means
of a mass spectrometer. This allows the detection of
specific isotopes in the presence of other species.
With pulsed laser ionization, a time-of-flight mass
spectrometer offers the best choice; for CW lasers, a
quadrupole mass spectrometer is suitable.

Absorption spectroscopy in molecular beams

The spectral resolution for absorption spectroscopy
in the gas phase is generally restricted by the DopplerFigure 2 Level scheme of excitation spectroscopy.
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width of the absorption lines. If the laser beam crosses
perpendicularly a molecular beam that is formed by
molecules passing from a reservoir through a narrow

nozzle A into vacuum and is collimated by a slit of
width b at a distance d from the nozzle (Figure 4), the
velocity components of the beam molecules parallel
to the direction of the laser beam are reduced, owing
to the geometric collimation. This reduces the Dop-
pler width by a factor ε = b/d, which equals the colli-
mation ratio b/d ≈ 0.01 of the molecular beam.

Besides the increase in spectral resolution, super-
sonic molecular beams have the additional advantage
that during the adiabatic expansion the molecules
transfer a large fraction of their internal energy Eint
into directed flow energy. This means that the mole-
cules are cooled and their population distribution
N(Eint) is compressed into the lowest rotational–
vibrational levels. This reduces the number of
absorbing levels and therefore simplifies the absorp-
tion spectra considerably and facilitates the assign-
ment of complex spectra of larger molecules.

Nonlinear sub-Doppler spectroscopy

The Doppler limit in spectral resolution can be also
overcome by nonlinear spectroscopy, which is based
on saturation of absorbing transitions resulting in a
partial or complete depletion of the population in
the absorbing level.

The scheme of saturation spectroscopy is depicted
in Figure 5. The output beam of a single-mode tune-
able laser is split into a strong pump beam and a
weak probe beam, which pass in opposite ± z direc-
tions through the sample cell with length L. Only
those molecules with velocity components vz can
absorb the pump photons on the transition
| i 〉 → | k 〉 with centre frequency ω0, which are
Doppler shifted into resonance with the laser fre-
quency ω. This gives the relation 

Figure 3 Level scheme of ionization spectroscopy.

Figure 4 Sub-Doppler spectroscopy in a collimated molecular beam.
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where γ is the homogeneous line width of the transi-
tion. Since the wave vector k of the probe is opposite
to that of the pump beam, the Doppler shifts for
pump or probe absorption are opposite. A molecule
can only interact with both beams if its Doppler shift
is smaller than the homogeneous width γ, i.e.
|k·vz| < γ/2. In this case the probe absorption is
decreased due to the saturation by the pump, which
depletes the number Ni of absorbing molecules.
When the laser frequency ω is tuned over the Dop-
pler broadened absorption profile, the absorption
∆I = αL of the probe intensity shows a dip at the line
centre (Lamb dip) with a spectral width γ that may
be two orders of magnitude smaller than the Dop-
pler width (Figure 5B). This results in a correspond-
ing peak in the transmitted probe intensity
IT ≈ I0(1 − αL) (Figure 5C).

The disadvantage of this simple arrangement is its
low sensitivity, since a tiny change of the transmitted
intensity has to be detected. If the pump intensity is
chopped and the probe transmission is recorded with
a lock-in detector, tuned to the chopping frequency,
the difference of the transmitted intensities with and
without saturation is monitored. This eliminates the

Doppler-broadened background and yields Doppler-
free profiles (i.e. the Lamb peaks) with higher sensi-
tivity (Figure 5D).

Still higher sensitivities can be reached with polari-
zation spectroscopy, in which the sample is placed
between two crossed polarizers (Figure 6). The
circularly polarized pump beam with intensity I2 in-
duces transitions with ∆M = 1 (M = quantum number
of the projection of the total angular momentum J on
the laser beam axis), causing a partial orientation of
the otherwise randomly orientated molecules, owing
to non-uniform saturation of the different M-sub-
levels. This makes the otherwise isotropic gaseous
medium birefringent and causes a rotation of the
polarization vector of a linearly polarized probe
wave with intensity I1 << I2, passing in the opposite
direction through the sample. However, this happens
only if the probe wave interacts with the same mol-
ecules as the pump wave, i.e. if these molecules have
velocity components |vz| ≤ γ/2k, just as in the case of
saturation spectroscopy.

Since without saturation no signal is detected
through the crossed polarizers, the method
suppresses the background and therefore reduces

Figure 5 Saturation spectroscopy: (A) experimental scheme; (B) Lamb dip at the centre of the Doppler-broadened absorption pro-
file; (C) Lamb peak; (D) difference of the transmitted probe intensity with and without pump.
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much of the noise, resulting in a higher signal-to-
noise ratio.

Doppler-free two-photon spectroscopy

When two photons interact simultaneously with a
molecule, a two-photon transition 
can occur if the two levels | i〉 and |k〉 have the same
parity and differ in their angular momenta J by
∆J = 0, ± 2. This allows the excitation of high-lying
electronic states in atoms or molecules, such as
Rydberg states. Since the transition probability for
two-photon transitions is much smaller than for one-
photon transitions, generally pulsed lasers with high
peak powers are used. However, two-photon transi-
tions have been observed even with CW lasers. If the
two photons come from two opposite beams of the
same tuneable lasers, the two-photon transition in a
molecule moving with velocity component vz requires
the energy conservation

independent of the molecular velocity vz! This means
that all molecules in level |i〉, independent of their
velocities, contribute to the two-photon signal at a
laser frequency ω = (Ek − Ei)/2�. This is different
from saturation or polarization spectroscopy where
only a small subgroup of molecules with |vz | ≤ γ/2
can absorb both laser beams. Despite the smaller
transition probability, it therefore yields comparable
signal magnitudes as for the other nonlinear tech-
niques. This is illustrated by Figure 7, which shows
the Doppler-free two-photon transition 5S1/2 ← 3S1/2
of sodium-atoms, measured by Cagnac and
co-workers.

Emission spectroscopy

Classical emission spectroscopy is based on excita-
tion of atoms or molecules into higher electronic
states by electron impact (in gas discharges), photon
absorption or thermal excitation at high
temperatures (in star atmospheres). Excitation by
narrow-band lasers may result in the selective

Figure 6 Polarization spectroscopy.
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population of wanted levels, which emit their excita-
tion energy as fluorescence photons. Such a laser-
induced fluorescence (LIF) spectrum is much simpler
than the emission spectrum of a gas discharge, where
the superposition of fluorescence from many emitting
levels is observed.

Measurements of spectrally resolved LIF allows
the determination of the final levels into which the

fluorescence is emitted (Figure 8A). This gives
access, for example, to high vibrational– rotational
levels in the electronic ground state that are not ther-
mally populated and are therefore not accessible to
absorption spectroscopy. Examples are levels closely
below the dissociation energy, where the vibrating
atoms reach very large internuclear distances at their
outer turning point.

Figure 7 Doppler-free two-photon spectroscopy of the 5S1/2 ← 3S1/2 transition of the sodium atom. Reproduced from Cagnac and
co-workers.

Figure 8 (A) Laser-induced fluorescence and (B) stimulated emission pumping.
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The accuracy of wavelength measurements is lim-
ited by that of the spectrograph or interferometer
used for dispersing the LIF spectrum. Higher spectral
resolution can be achieved by stimulated emission
pumping, where a second tuneable laser L2 is used to
induce stimulated emission from the excited level | f 〉
(Figure 8B). The transition can be detected by the
corresponding decrease of the population N(k),
which may be monitored by LIF or by photoioniza-
tion of level |k〉.

Double-resonance spectroscopy

Double-resonance spectroscopy is based on the
simultaneous resonant interaction of two electro-
magnetic waves, which induce two transitions shar-
ing a common level (Figure 9). In the V-type double
resonance (Figure 9A) this common level of both
transitions is the lower level | i〉 of the two transi-
tions. The laser L1, called the pump laser, depletes
the population of level |i 〉 and increases that of |k〉. If
L1 is chopped, the populations Ni and Nk are modu-
lated with opposite phases. The probe laser L2 is
tuned through the spectrum of allowed transitions.
Each time its wavelength λ2 coincides with a transi-
tion | i 〉 → |m〉 or |k〉 → |n〉, its absorption will be
modulated. This can be monitored either on the
transmitted intensity IT(L2), or with LIF or RTPI.
Since the starting level, marked by the pump, is
known, these optical double resonance signals can be
more readily assigned than the much more abundant
lines in a conventional absorption spectrum. The
OODR technique therefore is a very convenient
method for facilitating the assignment of complex
and perturbed spectra.

The Λ-type OODR scheme (Figure 9B) can be re-
garded as stimulated resonance Raman scattering. It
can be performed in cells or in molecular beams and
yields Doppler-free signals if the two lasers involved
are operated as single-mode lasers. The resonance
signal appears when L2 is tuned to resonance ν1 − ν2
= (Ei − Ef)/h. The Λ-type scheme can be used, for in-
stance, to investigate with sub-Doppler resolution
the structure and dynamics of levels closely below
the dissociation limit. One example is the mixing of
gerade and ungerade singlet and triplet states at large
internuclear distances, where the energy differences
between the two electronic states becomes compara-
ble to the hyperfine splittings of the atomic dissocia-
tion products. In these cases the indirect coupling of
the nuclear spins by the electron spins can mix both
states. This process may become important in cold
atomic clouds kept in magnetooptical traps where
collisions between atoms can lead to spin flips, which
correspond in the molecular picture to transitions
between triplet and singlet states. 

The double-resonance scheme of Figure 9C cor-
responds to stepwise excitation, which may be re-
garded as the special resonance case of two-photon
absorption. The first laser populates the excited level
|k 〉 and the second laser induces further excitation
into high energy levels, such as Rydberg states. They
can be monitored by field ionization or photoioniza-
tion with high efficiency. These Rydberg levels may
also be autoionizing levels above the ionization limit,
which can be directly detected through the ions.
Since all transitions induced by L2 start from the
known level |k 〉, their assignment is greatly facilit-
ated. This enables detailed investigation of structure
and dynamics of Rydberg levels and their auto-
ionization probabilities.

Figure 9 Double-resonance schemes: (A) V-type; (B) Λ-type; (C) stepwise excitation.
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Time-resolved electronic 
spectroscopy

The development of ultrashort laser pulses down to
pulse durations of 5 × 10– 15 s has opened access to
studies of extremely fast transient phenomena.
Examples are the relaxation of electrons in
semiconductors after their excitation by a short light
pulse. The electrons excited with a definite energy �ω
into the conduction band thermalize within 10−13 s
by electron– phonon collisions (Figure 10). With a
much longer decay constant, they recombine with
holes in the valence band before they can be excited
again by the next pulse. Such time-resolved studies
give important information on the limiting processes
for the maximum speed of computers.

In molecular physics, elementary processes such as
the vibrations of molecules, the formation or break-
ing of chemical bonds or electronic isomerization
processes can now be visualized by femtosecond spec-
troscopy. This will be illustrated by two examples.
The first is concerned with the wavepacket dynamics
of vibrating diatomic molecules. The schematic prin-
ciple is shown in Figure 11. The molecule is excited
by a short pulse with duration T from its vibrational
ground state into vibrational levels of an electroni-
cally excited state. If the spectral width ∆ν ≈ 1/T is
large compared to the vibrational spacings, several
vibrational levels are simultaneously and coherently
excited. This coherent superposition of vibrational
wavefunctions produces a vibrational wavepacket in
the upper state that moves with the average velocity
of the vibrating nuclei towards the outer turning
point, where it is reflected. When a second laser pulse
with a variable time delay ∆t brings the excited

molecule into a higher electronic state, the transition
probability depends on the location of the
wavepacket, because the overlap with the vibrational
wavefunctions of this higher state depends on the
internuclear distance. For the example of Figure 11,
transitions from the inner turning point produce the
molecular ion M+ plus the ejected electron e−, which
carries away the excess energy. From the outer turn-
ing point, however, the repulsive ion potential can be
reached and the molecular ion M+ dissociates into
A+ + B or A + B+. When the time delay between pump
and probe is continuously increased, the ratio M+/A+,
or respectively M+/B+, will show a periodic modula-
tion, where the period reflects the periodic movement
of the wavepacket. The important point is that this
pump-and-probe technique allows a time resolution
on the femtosecond scale, although the detectors may
be much slower. With such controlled time delay of
femtosecond pulses, the resultant reaction products
may be selected, and in such favourable cases chan-
nel-selective photochemistry can be realized.

A second example illustrates the dissociation of a
molecule following optical excitation into an elec-
tronic state with a repulsive potential (Figure 12).
The dissociating molecule is excited by a second laser
pulse into a fluorescing bound state. The wavelength
of this second transition depends on the internuclear
separation R. Choosing the wavelength λ(R1), the
correct time delay between pump and probe for
exciting the fluorescence reflects the time that the dis-
sociating molecule needs to reach R1. This method is
not restricted to diatomic molecules but has been
demonstrated also for polyatomic molecules.

Measurements of lifetimes of excited states of
atoms and molecules give direct information on the

Figure 10 Thermalization and recombination of electrons after excitation into the energy E within the conduction band in a semi-
conductor with a femtosecond laser pulse.
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absolute transition probabilities and are therefore
important for many fields in atomic physics,
chemistry and astrophysics. Accordingly, several
experimental methods have been developed that
cover different time domains. In the nanosecond to
microsecond range, the delayed coincidence photon
counting technique has proved to be very useful. The
molecules are excited by a short laser pulse, which
also triggers a linear voltage ramp. The first fluores-
cence photon emitted by the excited molecules
produces an output voltage in the photomultiplier
that stops the voltage ramp. The output voltage of
this time-to-pulse height converter is proportional to
the time delay between the exciting laser pulse and
the emission of the fluorescence photon. Measuring
many excitation fluorescence cycles yields a voltage
pulse height distribution that is stored in a multi-
channel analyser (or a computer) and reflects the
exponential decay of the excited molecules.

Since the probability per cycle of detecting a fluo-
rescence photon has to be smaller than unity, the
cycle frequency should be large and is only limited
by the requirement that the time between successive
excitation pulses should be larger than the lifetime of
the excited molecules. Therefore, mode-locked
synchronously pumped cavity-dumped CW dye la-
sers are ideal excitation sources. For the excitation of
higher electronic states, the visible output pulses can
be converted into ultraviolet pulses by optical
frequency doubling in optically nonlinear crystals.

In the picosecond and femtosecond range, the
pump-and-pulse technique is more suitable where
the time delay between pump and probe can be accu-
rately realized by an optical delay line (Figure 13)
where one of the laser pulses travels a variable path
length before it is again superimposed on the pump
pulse direction.

Time-resolved investigations have been applied to
measurements of fast relaxation processes, such as
the primary steps in the visual process or in photosyn-
thesis, or to collision-induced relaxation of excited
states in liquids or gases under high pressures.

List of symbols
Eint = internal energy; Ei, Ek = energies of levels i, k;
� = Planck constant/2π; I = light intensity; J = total
angular momentum quantum number; k = wave vec-
tor, k = |k |; L = path length; M = quantum number
of the projection of the total angular momentum on
the laser beam axis; abs = rate of absorption of laser
photons; Ni = number density of molecules in level
|i〉; R = internuclear separation; S(ω) = signal profile;
T = flight time, pulse duration; vi,k = vibrational
quantum number of level i, k; vz = z direction

Figure 11 Wavepacket dynamics of a vibrating diatomic
molecule.

Figure 12 Level scheme of the pump-and-probe technique for
a dissociating molecule.
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velocity component; α = absorption coefficient;
α(ω) = absorption profile; ∆t = laser pulse time
delay; γ = homogeneous line width; ε = collection
probability of emitted fluorescence; ηk = quantum
efficiency of detector; ηm = quantum efficiency of
excited species; λ = wavelength; ν = transition fre-
quency; σik(ν) = cross section for transition |k〉← |i〉;
τ = upper-state lifetime; ω = laser (pump) frequency;
Ω = modulation frequency; Ω0 = local oscillator
frequency.

See also: Laser Spectroscopy Theory; Multiphoton
Spectroscopy, Applications; Nonlinear Optical
Properties; X-Ray Emission Spectroscopy, Applica-
tions; X-Ray Emission Spectroscopy, Methods.
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Introduction

Time-resolved laser-induced optoacoustic spectros-
copy (LIOAS) is a sensitive photobaric method for
nondestructive probing of materials that monitors
the pressure changes induced in a liquid sample after
photoexcitation with a pulsed laser. LIOAS delivers
information generally not available from optical
studies and therefore complements other methods.
After excitation, commonly with nanosecond pulsed
lasers, the time evolution of the pressure pulse is
monitored by fast piezoelectric transducers fre-
quently located in a plane parallel to the direction of
the laser beam (right-angle arrangement). Front-face
geometry has also been used, especially with strongly
absorbing samples. This article concentrates mainly
on the former arrangement.

So far, time-resolved information can be used only
in the case of pseudo-first-order reactions, either par-
allel or sequential, including thermal equilibria, since
the LIOAS data analysis has been developed for
schemes complying with a time-dependent pressure
evolution represented by a sum of single-exponential
decays.

Measurement of the heat evolved is used for deter-
mination of energy levels of intermediates (including
the energy associated with chromophore–solvent in-
teractions), provided that the quantum yields for the
reactions are known. Conversely, if the energy level
of the intermediates is known from other spectro-
scopic techniques, the determination of quantum
yields is possible, for example for isomerization,
charge transfer, fluorescence, intersystem crossing
and energy transfer processes.

The structural volume changes are essentially den-
sity changes and reflect movements in the chromo-
phore such as photoinduced changes in charge
distribution and in the strength of the interactions
with solvent molecules. Time-resolved LIOAS data
also afford the decay rate constants of the transients,
and therefore provide a check for the assignment of

the observed events to a particular intermediate. A
further identification of the transients involved is
offered by the action spectrum of the pressure
evolved.

LIOAS is an interesting tool for investigating pho-
toinduced ‘optically silent’ intermediates, i.e. dis-
playing no absorption or emission. A phenomeno-
logical approach to the equations is employed here
and a description is given of the equipment and data
handling as well as a few examples of applications of
LIOAS to small molecules. Applications to biological
complex systems can be found in the work by Schu-
lenberg and Braslavsky listed in the Further reading
section.

Phenomenological approach

Pressure pulses in the illuminated sample arise from
the volume changes produced by radiationless relax-
ation (∆Vth) and structural solute–solvent rearrange-
ments (∆Vr). Relaxation originates either from
nonradiative decay of excited states or release of
heat (enthalpy change) in photoinitiated reactions,
including the heat involved in the rearrangement of
the solvent. The structural volume changes reflect
movements of the photoexcited molecules and/or the
surrounding solvent in response to such events as di-
pole moment change, charge transfer, and photo-
isomerization. The overall pressure change is given
by Equation [1].

where p is the pressure change, V0 is the volume of
the illuminated sample, κT is the isothermal com-
pressibility (see below). The pressure change induces
an electrical signal H from the transducer,
proportional to the pressure change through an

ELECTRONIC SPECTROSCOPY
Applications
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instrumental factor k (Eqn [2]):

The voltage is given by

Since the signal is proportional to the number of
moles of absorbed photons, n,

where A is the absorbance of the solution at the exci-
tation wavelength λ, NA is the Avogadro number,
and Nph is the number of incident photons, the total
signal is given by

where Eλ = NA (h.c/λ) is the energy of an Einstein of
wavelength λ, α = q/Eλ is the fraction of absorbed
energy Eλ released as heat q, ∆Ve = ∆Vr /n is the struc-
tural volume change per absorbed Einstein, cp is the
specific heat capacity, ρ is the density, and β is the
cubic thermal expansion coefficient of the solution
[for dilute solutions (< 1 mM) these properties are
those of the solvent]. To obtain α and ∆Ve, the
instrumental constant, k′, must be determined by
comparing the signal of the sample with that of a
calorimetric reference, i.e. a system that releases all
the absorbed energy as heat in a time shorter than
the instrumental response. The calorimetric reference
and the sample solutions should be measured under
identical experimental conditions such as solvent,
temperature, excitation wavelength and geometry.

Since the isothermal compressibility κT is related
to the adiabatic compressibility, κS by

(with va the sound velocity in the medium) care
should be taken to use the proper values of κT in
Equation [3], especially when determining the ther-
moelastic parameters using a calorimetric reference

in a different solvent. In neat water κT = κS and the
situation is simpler.

The signal for the calorimetric reference is given
(α=1) by

When permanent products or transient species
living much longer (~5 times) than the pressure inte-
gration time are the only products of the photoreac-
tion, the amplitudes of the LIOAS signals serve to
determine the heat and structural volume changes
through application of Equation [8] (obtained from
the ratio of Eqns [7] and [5]) relating the fluence-
normalized LIOAS signal amplitudes for sample and
reference solutions, H  and H , respectively:

For transient species with lifetimes within the pres-
sure integration time, kinetic information is obtained
by considering that the signal is a time convolution
between the transfer function HR(t) of the instru-
ment, obtained with the calorimetric reference, and
the time derivative H(t), of the time-dependent total
volume change:

Numerical reconvolution has been used to retrieve
the kinetic, enthalpic and volumetric parameters. Di-
rect deconvolution methods have been developed as
well. The reconvolution methods assume a sum of
single-exponential decay functions for the time evo-
lution of the pressure:

where τi is the lifetime of transient i and ϕ i is its frac-
tional contribution to the measured volume change.
This assumption bears no implications regarding the
mechanism involved, since several mechanisms lead
to a function such as Equation [10].

A quadratic approximation to the convolution in-
tegral has proved to be the best method for optimiz-
ing the results. A Levenberg–Marquardt algorithm
performing a least-squares minimization is used.
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The number of transients is successively increased
until no further (10–20%) improvements is observed
in the value of χ2 and in the residuals trend. A single-
exponential decay did not correctly describe the sig-
nal of benzophenone in acetonitrile, whereas the sum
of two single-exponential decays yielded a perfect fit
(Figure 1). Upon addition of a third exponential no
significant improvement in χ2 was observed (not
shown).

Up to three lifetimes have been resolved in pulsed
photoacoustic spectroscopy experiments, provided
that they were separated by at least a factor of 4. In
the case of closer values, a strong correlation between
amplitudes and lifetimes appears, preventing a reli-
able recovery of the parameters. Lifetimes below a
few nanoseconds are integrated in the prompt re-
sponse, for which it is only possible to obtain the
fractional amplitude.

Lifetimes between a few nanoseconds and some
microseconds can readily be deconvoluted. By apply-
ing simulations based on a theoretical treatment of
the signal, restoration limits have been derived for
amplitudes and lifetimes in the case of a sum of two
single-exponential decays. The influences of variable
geometry, energy distribution and different deconvo-
lution methods, as well as that of the signal-to-noise

ratio on the restoration of the amplitudes and life-
times, have been analysed. Since a general feature of
the microsecond transients is a strong correlation be-
tween their lifetime and amplitude, their evaluation
is more critical. Simulations show that the front-face
geometry in principle covers a broader frequency
range than does the perpendicular arrangement at
the same signal-to-noise level. However, the poly-
meric detector used in this scheme has a smaller sen-
sitivity compared to the piezoceramic detectors,
which defeats the purpose of a higher signal-to-noise
ratio. Experimental validation of these restoration
limits has not yet been done. The high absorbance
needed and other technical problems constitute a
problem with the front-face geometry.

The fractional amplitudes ϕi in Equation [10] con-
tain the heat release qi and the structural volume
change ∆Vr, i of the ith step. Both contributions can
be considered additive provided the time evolution
of both is the same (Eqn [11]). This assumption has
been validated in several systems.

Figure 1 LIOAS signals of benzophenone (S, -----) and 2-hydroxybenzophenone (R, ·····) in N2-bubbled acetonitrile. Fitted curves
(F,——) obtained by reconvolution of the reference signal R with single-exponential (left) and two-exponential (right) decay model
functions H(t). Residuals and autocorrelation function are given for inspection of the goodness of the fits. Index n corresponds to
subindex i in text.
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where Φi is the quantum yield of step i. qi is related
to the enthalpy of the species produced, including
the reorganization energy of the medium and to the
value of Φi. ∆Vr, i represents the molar structural vol-
ume change of the ith step, which includes intrinsic
changes in the chromophore as well as solute–
solvent interactions. Equation [8] is thus a particular
case of Equation [11] for i = 1.

A mechanism needs to be determined for the prop-
er interpretation of ϕi. In the case of a sequential re-
action scheme such as depicted in equation [12],

the amplitudes ϕ  derived from the reconvolution
analysis are related to the parameters of the elemen-
tary steps (i.e., the weight of each step ϕi and the life-
times τi) by Equations [13]–[15]:

It is obvious that for a system with τ3 >> τ2 >> τ1,
the equations simplify and ϕi = ϕ .

The equations for the reaction scheme [16], in-
cluding a thermal equilibrium,

are given by Equations [17]–[19]:

Separation of heat release and 
structural volume changes

Separation of the heat dissipation and structural
terms in Equation [11] is achieved by measuring
the LIOAS signals as a function of the solvent ratio
cpρ/β. In aqueous solutions the ratio cpρ/β depends
strongly on temperature (mainly owing to the
changes in β). Thus, the separation of the contribu-
tions is obtained by performing measurements at
various temperatures in a relatively small range (e.g.
8–20°C). A prerequisite is that the temperature does
not significantly affect the kinetics of the various
processes. The ratio (cpρ/β)T for neat water is ob-
tained from tabulated values. In particular, βwater = 0
to 3.9°C (Tβ=0), is positive above and negative below
this temperature. At Tβ=0, heat release gives rise to no
signal. This peculiar feature allows the straightfor-
ward assessment of the existence of structural vol-
ume changes. For aqueous solutions containing salts
or other additives at millimolar concentrations or
higher, (cpρ/β)T and Tβ=0 must be determined by
comparison of the signal obtained for a calorimetric
reference in the solvent of interest and in water.

The precision of the recovered slope of plots with
Equation [11], ∆Ve,i /Eλ, is generally good, whereas
the intercept αi is affected by larger errors. In case the
main goal is the determination of the structural vol-
ume change, a two-temperature method may be ap-
plied. Essentially, the LIOAS wave is measured for the
sample at Tβ=0 and at a slightly higher temperature
Tβ≠0 for which β ≠ 0. The parameters ∆Ve,i /Eλ and αi
are then calculated with Equations [20] and [21]:

These equations hold only for values of Tβ=0 and
Tβ≠0 that are near to each other, such that the
rise time of the LIOAS signal and the compressibility
of the solution are similar. The signal of the reference
at Tβ≠0 is used together with that of the sample at Tβ=0
and at Tβ≠0 to obtain the values of ϕi(Tβ=0) and
ϕi(Tβ≠0). A time shift of the sample waveform with
respect to the reference waveform at Tβ≠0 is necessary
to compensate for the change in the speed of sound,
which leads to a slightly different arrival time at both
temperatures. Thermal instability of the sample
holder and trigger arrival fluctuations make the shift-
ing an important option in the fitting routines.
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The temperature dependence of the cpρ/β ratio in
organic solvents is poor, rendering the above proce-
dures inapplicable in these solvents. An alternative
approach has been used that relies on the determina-
tion of the LIOAS signals in a series of homologous
solvents such as linear alkanes, cycloalkanes, or, al-
ternatively, in solvent mixtures. This procedure is
valid provided that no significant perturbations are
introduced in the photophysics and photochemistry
of the solute and that the solvation enthalpy and
structural volume change do not vary with change of
solvent. These are strong assumptions that need veri-
fication in each case.

Calorimetric calculations
The heat released in each step, qi, is interpreted in
terms of enthalpy changes by using the energy balance

where the input energy, Eλ, is equal to the sum of the
energy released as emission (e.g. fluorescence; Φf
and Ef are the quantum yield and energy constant of
the emitting state) and the heat dissipated (changes in
the states’ energy content plus energy associated with
solute–solvent interactions) in each of the steps. Estored
represents the total energy trapped in species living
much longer than the pressure-integration time of the
experiment. Analysis of the calorimetric information
requires knowledge of the reaction scheme and the
parameters associated with the process such as quan-
tum yields and energy levels derived, for example,
from optical measurements.

Instrumentation
Figure 2 shows a typical LIOAS setup. A calibrated
beam splitter guides a fraction of each laser pulse to
an energy meter for normalization purposes. The
sample holder contains a normal quartz cuvette in-
side a thermostated metal block.

The unfocused beam is shaped by passing it
through a slit (200 µm–2 mm) placed in front of the
cuvette. With fast transducers, the beam size deter-
mines the rise time of signal and, therefore, the time
resolution. The piezoelectric transducer is pressed
against the cuvette (Figure 3).

The higher sensitivity of the slit-shaping geometry
allows the use of the lower photon densities. The
transducer is either a crystal such as lead zirconate
titanate (PZT) or a film such as β-poly(vinylidene
difluoride) (PVF). PZT is more sensitive, whereas the

wide band PVF films provide a better temporal reso-
lution. PZTs are generally resonant, damped trans-
ducers, the highest usable peak frequencies being
about 100 MHz, with typical values around 1 MHz.
Very high impedance is common to both types of
transducers. After impedance matching, the electrical
signal is fed into a high gain amplifier (typically
× 100 and of bandwidth compatible with the trans-
ducer in use). The amplified signal is stored by a
transient recorder.

Applications to selected systems
The triplet state of a porphyrin (TPPS4)

The high triplet yield of porphyrins is important in a
number of photobiological and photochemical

Figure 2 Block diagram of a typical LIOAS setup. A, variable
attenuator; B, beam splitter; S, slit; C, quartz cuvette; T, transduc-
er; AMP, amplifier; EP, energy probe; EM, energy meter; DSO,
digital sampling oscilloscope; PC, personal computer.

Figure 3 Close-up of right-angle detection geometry with slit-
shaping of the laser beam.
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problems, for example in the photodestruction of
the photosynthetic apparatus and in photodynamic
therapy (PDT). 5,10,15,20-Tetrakis(4-sulfonatophe-
nyl)porphyrin (TPPS4) is a water-soluble porphyrin
derivative used as standard compound in PDT re-
search. The LIOAS signal upon excitation of TPPS4
in 10mM Tris buffer (pH 7.8) at 30°C in the pres-
ence of O2 (Figure 4) was fitted with a sum of three
exponential decays (Eqn [10]), corresponding to the
porphyrin triplet formation within a few nanosec-
onds, its decay (lifetime of about 2 µs) and the decay
of singlet molecular oxygen (O2(1∆g), lifetime 3–
3.5 µs) formed by energy transfer from triplet TPPS4
to ground-state O2 (see Figure 6). Measurements at
various temperatures (5–30°C) and in D2O showed
that the triplet formation and decay exhibit large
structural volume changes, whereas O2(1∆g) does not.

Owing to the closeness of the values of the triplet
and the O2(1∆g) lifetimes, it was not possible to fit
the signal with a three-exponential function in the
whole temperature range. A sum of two single-expo-
nential functions was used instead. The slow compo-
nent (fixed at 2.5 µs) represented the triplet plus the

O2(1∆g) decay. The plot of the parameters ϕi
(Eqn [12]) vs cpρ/β (Figure 5) shows that triplet for-
mation (ϕ1) is accompanied by a contraction
∆Vr,1 = –10 ± 3 mL mol–1, whereas triplet decay (ϕ2)
is concomitant with an expansion of similar magni-
tude, ∆Vr,2 = 10 ± 3mL mol–1. This structural volume
change indicates that triplet TPPS4 has a stronger hy-
drogen-binding ability than the ground state, induc-
ing a contraction of the surrounding hydration shell.
Further LIOAS experiments with TPPS4 and other
mesosubstituted porphyrins enabled attribution of
the structural volume changes to the photoinduced
changes in the interactions with water (via hydrogen
bonds) of the N atoms in the pyrrol units of the por-
phyrin ring.

The molar energy absorbed by the system, Eλ, is
dissipated throughout the four possible processes
undergone by the excited molecules, i.e. fluorescence,
prompt heat by vibrational relaxation and internal
conversion (S1→S0), intersystem crossing (S1→T1;
T1 → S0), loss during energy transfer to molecular
oxygen, and stored heat (Eqn [23]). Phosphorescence
from TPPS4 triplet and from O2(1∆g) are known to

Figure 4 Fitted curves (F, ——) obtained from deconvolution of the LIOAS signal of TPPS4 (S, -----) in air-satured 10 mM Tris buffer
(pH 7.8) at 303 K with two-exponential (right) and three-exponential (left) decay model functions. The reference compound was bro-
mocresol purple (R, ·····). Residuals and autocorrelation function are given for inspection of the goodness of the fits. Index n corre-
sponds subindex i in text.
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have yields below 10–3 and were neglected.

The heat released during the formation of the triplet
state as calculated from the intercept of the plot
(Figure 5, Eqn [12]), α1 = 0.58 ± 0.05, was used to
determine the triplet quantum yield ΦT = 0.61, by us-
ing the literature values Ef = 174 kJ mol−1, ES = E0−0
= 186 kJ mol−1 Φf = 0.06, and ET = 139 kJ mol−1 (at
77 K) and a simple energy balance equation (see
Figure 6 for the meaning of the symbols). Alterna-
tively, the average ΦT = 0.67 (from literature) can be
used to calculate ET = 126 kJ mol−1, which is the first
report of a triplet energy value for this porphyrin at
room temperature.

Porphyrin to quinone electron transfer
The interest in understanding the molecular basis of
the biologically fundamental electron transfer pro-
cess from the chlorophyll derivative pheophytin to a
quinone in photosynthesis has led to the develop-
ment of a large number of models, such as synthetic
systems with porphyrin derivatives as donor and qui-
nones as acceptor. Feitelson and Mauzerall demon-
strated the power of LIOAS for the determination of
rate constants, quantum yields and structural vol-
ume changes in solution of such systems. The triplet
yields and electron transfer efficiencies were deter-
mined in various solvents. Electrostriction after for-
mation of the ion pair was suggested as the source of
structural volume change leading to a contraction in
the charge-separated state. Electrostriction describes
the contraction of the solvent around a charged mol-
ecule. The magnitude of the effect is inversely pro-
portional to the radius of the molecule and to the
dielectric constant of the solution. A problem in this
connection is that the theoretically derived values us-
ing a solvent continuum model are far to small com-
pared to the measured effects. This problem needs
further attention.

The structural volume changes for triplet forma-
tion of metal-free uroporphyrin (−0.45 cm3 mol−1)
and of its zinc complex (–1.1 cm3 mol−1), as well as
the structural volume changes due to electrostriction
after electron transfer from Zn-uroporphyrin to a
quinone (−4.4 cm3 mol−1), were estimated in aque-
ous solutions. The entropy change due to ion
formation was then estimated as −202 kJ mol−1K for
the latter system.

Ru(II) bipyridyl complexes
Ruthenium(II) bipyridyl (bpy) complexes constitute
interesting compounds for LIOAS studies since their
photophysical parameters are known and their tran-
sient lifetimes are within the integration time of the
LIOAS experiment. In all these complexes, the

Figure 6 Term diagram for the photophysical processes occur-
ring after excitation of TPPS4 in aerated aqueous solutions. Dou-
ble arrows denote light absorption and radiative decay process
not detectable with LIOAS. Single full, dashed and broken arrows
denote radiationless processes contributing to ϕ1, ϕ2, and ϕ3.
Subscript fl denotes fluorescence, ic internal conversion, isc in-
tersystem crossing, ph phosphorescence, Kq [O2] is the quench-
ing constant of triplet T1 by oxygen.

Figure 5 Plot of ϕ1(τ1 < 10ns) and ϕ2 (τ2 fixed at 2.5 µs) as a
function of cpρ/β (equation [11]) for TPPS4 in air-satured 10 mM
Tris buffer (pH 7.8) with bromocresol purple as a calorimetric
reference. Reproduced with permission from Gensch T and
Braslavsky SE (1997) Journal of Physical Chemistry B 101: 101–
108. Copyright 1997, American Chemical Society.
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metal-to-ligand charge transfer (MLCT) state in
aqueous solution is formed with unity quantum yield
and relaxes within 100–600 ns (depending on the
complex) to the ground state.

In particular, the structural volume changes for the
formation of the MLCT state of Ru(bpy)(CN) ,
Ru(bpy)(CN)3(CNCH3)–, Ru(bpy)2(CN)2, and
Ru(bpy)  of 15, 10, 5, and –3.5 cm3 mol–1 correlate
with the number of CN groups. Thus, the structural
volume changes are interpreted as expansion of the
strong second-sphere donor–acceptor interaction of
the CN groups with water after weakening of the π
backbone in the Lewis-base cyano substituents con-
comitant with the ruthenium photooxidation. The
complex Ru(bpy)  (with no CN groups) shows a
small contraction of −3.5 cm3 mol–1 due to intrinsic
Ru–bpy bond shortening. The lifetimes derived by
deconvolution were similar to those obtained by
emission.

For the cyano-Ru(II) complexes in neat water, the
heats derived from the intercepts of plots with Equa-
tion [11] afforded values of the energy content of the
MLCT states similar to those derived from emission
data. Both for intra- and intermolecular electron
transfer reactions of cyano-Ru(II) complexes in
aqueous solutions in the presence of salts, the struc-
tural volume change correlates with the entropy
change of the reaction. An enthalpy–entropy com-
pensation effect occurs upon perturbation of the
water structure by the addition of the salts.

Ru(bpy)(CN)4 inside the water pools of sodium
bis(2-ethylhexyl)sulfo-succinate (AOT) reverse mi-
celles with a large water pool inside the micelle
showed a structural volume change similar to that in
neat water, whereas in micelles with a small water
pool the structural volume changes were smaller.

These findings support the model of a change in
the CN–water interaction as the origin of the expan-
sion upon MLCT formation. In a large water pool
Ru(bpy)(CN)4 interacts with free water (i.e. the
Ru(bpy)(CN)4 environment is similar to that in neat
water), whereas in a small water pool the interac-
tions involve ‘bound water’ (water molecules inter-
acting with the charged detergent molecules), and
the expansion is impaired and reduced.

Proton transfer and the reaction volume for water 
formation

The structural volume changes photoinduced in sol-
ution during the proton transfer between o-nitro-
benzaldehyde and hydroxyls in water have been
recently studied by means of LIOAS. Upon photoex-
citation, o-nitrobenzaldehyde is converted to o-nitro-

sobenzoic acid and protons are detached with a
quantum yield of about 0.4. At pH around and be-
low neutrality, solvation of the charges is accompa-
nied by a fast, subresolution contraction of the
medium of approximately –5.2 ± 0.4 cm3 mol−1.

Figure 8 Rate constant for the reaction between photode-
tached protons and hydroxyls in water at various OH− concentra-
tions. Reproduced with permission of the Editors of Chemical
Physics Letters from Bonetti G, Vecli A and Viappini C (1997)
Reaction volume of water formation detected by time-resolved
photoacoustics – photoinduced proton transfer between o-ni-
trobenzaldehyde and hydroxyls in water. Chemical Physics
Letters 209: 268–273.

Figure 7 Structural volume change (∆Vr) associated with the
formation of the MLCT state of Ru(bpy)(CN)  and its decay (life-
time τ2 = τMLCT) in 0.1M AOT–water–n-alkane reverse micelles at
various values of R = [water]/[AOT]. Reproduced with permission
from Borsarelli CD and Braslavsky SE (1997). Nature of the water
structure inside the pools of reverse micelles sensed by laser-in-
duced optoacoustic spectroscopy. Journal of Physical Chemistry
B 101: 6036–6042 Copyright 1997 American Chemical Society.
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This contraction is at least qualitatively accountable
for on the basis of the electrostrictive effects de-
scribed by the Drude–Nernst equation, considering
the negative charge localized on the carboxylic oxy-
gen atom of o-nitrosobenzoic acid and using the mo-
lar volume of the proton in water. At pH > 9, the
reaction with hydroxyls becomes relevant and the
formation of water molecules produces an expansion
of 24.5 ± 0.4 cm3 mol–1. The plot of the quenching
rate constant (kq, Figure 8), derived from LIOAS
data vs the concentration of hydroxyls is linear with
a slope of (4.9 ± 0.4) × 1010 M–1 s–1, indicating that
the process obeys pseudo-first-order kinetics.

List of symbols

A = absorbance; cp = specific heat capacity;
Eλ = energy of an Einstein of wavelength λ;
H = transducer response; k = instrumental factor;
n = number of moles of absorbed photons; NΑ =
Avogadro number; Nph = number of incident pho-
tons; q = energy released as heat; T = temperature;
va = sound velocity; V = volume; V0 = volume of illu-
minated sample; αi = qi /Eλ; β = cubic expansion coef-
ficient; ∆p = pressure change; ∆Ve = structural
volume change per absorbed Einstein; ∆Vr = volume
change due to solute–solvent rearrangements; ∆Vth =
volume change due to radiationless relaxation; κS =
adiabatic compressibility; κT = isothermal compressi-
bility; λ = excitation wavelength; ρ = density; τi =
lifetime of transient i; Φi = quantum yield of step
i;ϕi = fractional contribution to volume change of
transient i.

See also: Laser Applications in Electronic Spectros-
copy; Laser Microprobe Mass Spectrometers; Laser
Spectroscopy Theory; Photoacoustic Spectroscopy,
Applications; Photoacoustic Spectroscopy, Theory. 
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Laser magnetic resonance (LMR) is a sensitive
technique for studying rotational, vibrational-
rotational, or electronic Zeeman spectra of
paramagnetic atoms and molecules, using fixed-fre-
quency infrared lasers. High resolution and sensitiv-
ity are important characteristics of LMR. In a
pioneering experiment in 1968, Evenson and his co-
workers succeeded in demonstrating the feasibility of
this technique when they detected a rotational transi-
tion of O2 using a HCN laser. Several years later
LMR was extended to the mid-infrared by using CO
and CO2 lasers with similar success. Since then,
throughout 15 years, much of the increase in under-
standing of the structure and properties of short-
lived paramagnetic molecules has come from the
application of LMR. The method has allowed the
detection of more than 100 free radicals, including
elusive species such as HO2, CH2, FO and Cl(2P1/2)
which cannot easily be detected by other means. The
high sensitivity and versatility of LMR has resulted
in numerous applications of the method to chemical
kinetics.

Theory of LMR

Atoms

As a simple illustration let us consider the LMR spec-
tra of Cl atoms. The energy level diagram at the top
of Figure 1 shows the Zeeman effect in Cl atoms.

In a magnetic field, the J, I, F 〉 levels of the atom
split into components labelled by MJ and MF

quantum numbers (here F = J + I = L + S + I). The
magnetic field is swept, and at suitable values of the
field the frequencies of the transitions J, MJ,
MF〉 → 〈 J′, M′J, M′F come into coincidence with the
frequency of a fixed-frequency laser. These
resonances result in a decrease in detected laser
power. In practice, a small modulation (up to 50 G)
is added to the magnetic field and the change in
transmitted laser power is recorded as a first
derivative signal by processing the detector output in
a phase-sensitive amplifier.

LMR spectra of Cl atoms are shown at the bottom
of Figure 1. Note that 2P3/2–2P1/2 magnetic dipole
transitions with ∆MF = ±1 and ∆MF = 0 occur at
E ⊥ B and E || B polarizations, respectively; here E is

the electric field of the laser radiation and B is the
magnetic field of the electromagnet.

The Hamiltonian may be written as 

where Hhfs is the hyperfine interaction operator, Aso

is a spin-orbit interaction constant, a and b are hy-
perfine constants, µ0 = e�/2mc is the Bohr magneton,
and gJ and gI are electron and nuclear g-factors. All
these atomic constants can be obtained from the
analysis of LMR spectra; the precise values for Aso

have been determined in this way for the first time.

Diatomic radicals

A more common application is the measurement of
LMR spectra of linear radicals with both spin and
orbital angular momentum (SnH, NiH, GeH, CH,
SD, SeH, … etc). The effective Hamiltonian is a
summation of spin-orbit (Hso), vibrational (Hv), ro-
tational (Hrot), spin-rotational (Hsr), spin-spin (Hss),
lambda-doubling (Hld), hyperfine (Hhfs) and Zee-
man (Hz) terms:

The choice of significant terms and representation of
the terms are determined by the particular type of
radical. Some usual representations are presented
below

Here v denotes the vibrational quantum number and
N = J – L – S is the nuclear rotational angular

MAGNETIC RESONANCE
Methods & Instrumentation
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momentum. Centrifugal corrections to some param-
eters are often used as well as a tensor expression
for Hz.

Polyatomic radicals

The most often encountered type of radical observed
by LMR is the three-atomic asymmetric-top radical,
such as NH2, PH2, HCO, HO2, etc., Hund’s case (b).
In this case, the Hamiltonian [1] is used. Without

spin-orbit and lambda-doubling terms, Hrot, Hss and
Hsr are usually expressed as 

Figure 1 Top: Zeeman effect in 35Cl atoms. All sublevels are labelled by MF values. The lower 2P3/2 state is represented by solid
lines. Upper 2P1/2 state (dashed lines) is downshifted by an amount of the laser photon energy. Intersections of solid and dashed lines
with ∆MF = ±1 (open circles) or with ∆MF = 0 (solid circles) represent possible LMR transitions. Bottom: LMR spectra of Cl atoms (both
35Cl and 37Cl).
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where Hcd is the Watson’s centrifugal distortion
operator; the molecule-fixed components of N, S,
and ε are labelled by a, b, and c.

Finally note that the representation of the
Hamiltonian is very dependent on the particular rad-
ical. Some terms are often omitted, and some new
ones are added. For example, Jahn–Teller distortion
should be taken into account for symmetric top radi-
cals, such as CH3O and SiH3.

The LMR detection of polyatomic radicals with
heavy (not hydrogen) atoms is hindered for several
reasons: (1) the population of the lower state is low,
it decreases with rotational partition function;
(2) Zeeman splitting is small, it decreases both with
moments of inertia and rotational quantum numbers
of the radical; hence LMR spectra are observable
only at low magnetic fields because of a weak
coupling of S with N. Moreover, the spectra are
often unresolved because of a large number of
components.

An important exception was found for the first
time by Uehara and Hakuta who have observed
high-field spectra in the ν1 band of ClO2 in spite of
its small spin-orbit interaction. Later, similar high-
field far-infrared LMR spectra of FO2, ClSO, FSO
and NF2 were detected. These spectra were assigned
to transitions induced by avoided crossings between
Zeeman levels having the same value of MJ but dif-
fering by one in N. This type of transition offers a
new means to study radicals which might otherwise
be inaccessible to the LMR technique.

LMR spectrometer

Basic features

The essential features of an LMR spectrometer are il-
lustrated schematically in Figure 2, which shows
three of the most commonly encountered experimen-
tal configurations.

A conventional intracavity LMR spectrometer is
shown in Figure 2A. Placing a free-radical absorp-
tion cell inside the laser cavity results in a gain in
sensitivity due to multipassing of the laser radiation.
A further sensibility gain may also be obtained when
the modulation frequency is close to the frequency of
the laser intensity relaxation oscillations. Another
benefit of the intracavity configuration is that it
favours the observation of saturation Lamb dips.
This is especially important in the mid-infrared
region, where Doppler widths are greater and the
high resolution of saturation spectroscopy is needed
more. The laser power is coupled out by the zeroth
order of the grating and is detected by a photoresis-
tor. Coupling through the hole in one of the mirrors

or by a variable coupler inserted into the laser cavity
are also used.

An intracavity LMR spectrometer based on an
optically pumped laser is shown in Figure 2B. The
only difference is the change of the CO (or CO2)
laser in Figure 2A by an optically pumped laser. The
pump radiation is multiply reflected between two
metallic-coated flats parallel to the far-infrared laser
axis. Longitudinal pumping in which the pump radi-
ation is introduced along the laser axis through a
hole in one of the far-infrared laser mirrors is also
employed. The cavity is divided by a beam splitter
(e.g. thin polypropylene).

Figure 2C gives the block diagram for the Faraday
LMR setup, in which there is an extracavity ar-
rangement and detection of paramagnetic species is
via their polarization effects. The laser light propa-
gates along the z-axis which coincides with the mag-
netic field direction. The polarization, determined by
the polarizer Px points along the x-axis and the
polarizer Py points along the y-axis. The multipass
absorption cell is placed between these crossed
polarizers. The absorbing radicals produce a change
in the polarization; this effect is used for sensitive
detection of the radicals.

In essence, the Faraday arrangement is extracavity
LMR with two crossed polarizers. These polarizers
reduce the laser power by a large factor and the LMR
signal by the square of that factor. Hence the signal-
to-noise ratio for the Faraday arrangement is signifi-
cantly better (more than two orders of magnitude)
than that for conventional extracavity LMR.

Note that time resolution of the intracavity
configurations is determined by the medium of the
laser: it is usually ~2–4 µs; the time resolution of the
Faraday arrangement is considerably better.

The Faraday configuration requires the magnetic
field of the electromagnet (solenoid) to be parallel to
the Poynting vector, B || Sp; An alternative (Voigt)
configuration is proposed in which B ⊥ Sp and a
polarization angle relative to B is 45º. Although the
Voigt configuration is expected to have similar
sensitivity to that of Faraday LMR, it is rarely
encountered.

Usually, the configurations in Figure 2A and 2C
are used in mid-infrared spectroscopy. The
configuration in Figure 2B is used in far-infrared
spectroscopy only. In intracavity configurations, the
polarization of the laser with respect to the magnetic
field is determined by the intracavity beam splitter in
Figure 2B or by windows in Figure 2A set at Brews-
ter’s angle. The splitter (or the windows) are rotata-
ble about the laser axis so the polarization can be
rotated. When the electric vector of the laser lies per-
pendicular to the magnetic field, E ⊥ B, then
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∆MJ = ±1 (σ) electric dipole transitions are induced;
the ∆MJ = 0 (π) transitions appear with parallel
polarization, E || B. Note that the latter case is
impossible in Faraday LMR.

Infrared lasers

The first far-infrared LMR spectra were recorded by
using HCN, H2O and D2O lasers. Since then, opti-
cally pumped lasers are usually used with a line-tun-
able continuous-wave CO2 laser as a light source. By
use of these lasers, over 1000 laser frequencies are
available in the far-infrared region (30–1200 µm);
some 500 have been used in LMR.

In medium-infrared, most of the radical spectra
are observed with CO (1200–2000 cm–1) and CO2

(875–1110 cm–1) lasers. In the former case, the spec-
tral region is now strongly extended by using a
CO-overtone laser which provides 200 (∆v = 2) tran-
sitions in the region of 2500–3500 cm–1. In the latter
case, a great increase in capacity of LMR (several
hundreds of lines) was attained by using 13C16O2,
13C18O2, 13C16O18O and C18O2 isotope modifica-
tions; an N2O laser has also been used.

A colour centre laser (2–4 µm), and spin-
flip Raman laser (which consisted of a InSb
crystal pumped by a CO laser) have also been
employed.

Figure 2 Schematic representation of a LMR spectrometer: (A) mid-infrared intracavity arrangement, (B) far-infrared intracavity
arrangement with optically pumped laser, (C) mid-infrared Faraday extracavity arrangement. EM = electromagnet pole,
MC = modulation coil, G = diffraction grating, PR = photoresistor, M = mirror, Px and Py = polarizers.
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Infrared detectors

The first far-infrared LMR spectra were recorded by
using Golay cells. These have the advantage of room
temperature operation and are easy to use, but their
response is slow and hence only low modulation
frequencies (approximately 10–100 Hz) can be used.
A further gain in sensitivity was realized by use of a
helium-cooled Ge bolometer: the much faster
response of the bolometer allows much higher modu-
lation frequencies (∼ 1 kHz), and this, together with
the lower noise equivalent power, means that the sen-
sitivity is limited mainly by inherent noise in the laser
source. By far the most commonly encountered far-
infrared detectors are helium-cooled photoresistors
(Ge:B, Ge:In, Ge:Ga, Ge:As, nIn:Sb, etc.); modulation
frequencies of up to hundreds of kHz can be used.

In mid-infrared, the most commonly used photore-
sistors are Ge: Au (77 K), Ge:Hg (53 K), Ge: (Zn,
Sb) (64 K) and Hg:Cd:Te (77 K) for CO2 laser
output and Ge:Ga (77 K), In:Sb (77 K), Hg:Cd:Te
(77 K) for CO laser output.

In general the main noise source is the laser rather
than the photoresistor. However, in the mid-infrared
region attenuation of laser light is often required
since detectors are easily saturated by laser light. For
example, for InSb (77 K) detector saturation starts
near 1 mW, while typical CO laser output power
reaches 1 W. Note that in Faraday and Voigt LMR
arrangements, the saturation is absent.

Modulation

The modulation frequency f is determined as a com-
promise between two factors. First, at low frequen-
cies the noise of the LMR spectrometer increases due
to vibrations of the spectrometer. Second, the modu-
lation amplitude decreases inversely with the square
root of f at a fixed power of the generator for modu-
lation coils. Finally, for extracavity LMR the best
frequency is 15–20 kHz. For intracavity LMR spec-
trometers, a gain of sensibility can be obtained when
the modulation frequency is close to the frequency of
the laser intensity relaxation oscillations (50–
150 kHz).

A simple method to improve the sensitivity of
LMR is to increase the integration time constant of
the lock-in amplifier. However, the long-term insta-
bility of the LMR spectrometer usually makes useless
time constants larger than 3 s. This problem can be
solved by using double modulation. The magnetic
field is modulated at high (∼ 100 kHz) and low
(∼ 2 Hz) frequencies. The high-frequency signal is
demodulated by a phase-sensitive lock-in amplifier.
The resulting low-frequency output of the lock-in is
again demodulated by another phase-sensitive

lock-in. As a result, the effective time constant of the
system is ∼ 200 s and the LMR sensitivity increases
considerably. Note that the best peak-to-peak ampli-
tude of the low-frequency modulation is equal to the
spectral line width. The drawback of this double
modulation system is the slow response.

Intracavity systems are very sensitive to acoustic
cross talk between the modulation unit and the laser
resonator, thus increasing the noise just at the modu-
lation frequency f. Hence another method of improv-
ing the sensitivity of intracavity LMR is to use a lock-
in detector at 2f (the second harmonic), where the
noise is considerably smaller. In some cases, this
change can increase the signal-to-noise ratio of LMR.

Preparation of radicals

The great majority of radicals studied so far by LMR
have been generated by atom–molecule reactions in
the gas phase, using discharge-flow techniques or by
pumping the products of a microwave discharge rap-
idly into the sample region of the spectrometer. In
addition, a time-resolved arrangement allows genera-
tion of radicals either directly by UV photolysis (or
multiphoton dissociation), or by the reactions of ap-
propriate molecules with the species prepared
photolytically.

Detection of molecular ions

Molecular ions (DCl+, DBr+, etc.) are generated by
discharge-flow techniques. Two difficulties arise in
experiments with intracavity LMR detection of these
ions. First is the rapid deflection of the ions to the re-
actor walls in the magnetic field of the electromagnet;
the second is the very high noise of a DC discharge
situated inside the laser cavity. These problems have
been solved by using the Faraday extracavity LMR
arrangement, which does not suffer to the same ex-
tent from modulation pickup via discharge plasma as
the intracavity arrangement. In the Faraday arrange-
ment the discharge is stable, since the magnetic field
of the solenoid and the electric field of the discharge
are collinear.

An additional advantage of this arrangement is the
possibility of tracing hot-band transitions not only
for open-shell ions but also for free radicals.

Sensitivity of LMR, comparison with EPR

The technique of LMR is very similar to other mag-
netic resonance methods such as EPR and NMR.
While NMR uses radiofrequency radiation to
produce transitions between nuclear spin levels, and
EPR uses microwave radiation to produce transi-
tions between electron spin levels, LMR uses
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radiation of a laser to produce transitions between
rotational (far-infrared) or vibrational–rotational
(mid-infrared) levels in paramagnetic molecules.
Note that the sensitivity γmin is nearly equal for EPR
and LMR: γmin � 10–10–10–9 cm–1. The concentration
sensitivity is given by

where d is the difference of relative populations of
the upper and lower levels and σ is the cross section
of the transition. The superiority of LMR over EPR
in sensitivity is determined by the d factor (2–3
orders of magnitude) and by the cross section σ
which is proportional to the transition frequency.
The factor in favour of EPR is the high Q-factor of
an EPR resonator. When EPR is compared with
mid-infrared LMR, an additional factor in favour of
EPR is the dipole transition matrix element, which is
an order of magnitude higher for rotational transi-
tions in radicals than that for vibrational–rotational
transitions. In general, LMR is much more sensitive
than EPR.

The sensitivities of far-infrared intracavity LMR
and mid-infrared Faraday LMR are as high as that of
laser-induced fluorescence (LIF); the sensitivity of
mid-infrared intracavity LMR is usually one order of
magnitude less. These estimates, however, are very
dependent on the particular radical. The sensitivity
achieved in practice also depends on the refinement
of the apparatus. The typical values for up-to-date
spectrometers are listed in Table 1.

For applications in chemical kinetics, combined
EPR/LMR spectrometers for both far- and mid-infra-
red regions have been developed. Three advantages
are gained from this arrangement: (i) the versatility of
the combined spectrometer, (ii) the possibility of the
absolute calibration of the LMR spectrometer by
comparison of the LMR and EPR signals of the same
radicals, (iii) usage of commercial EPR hardware for
LMR detection. In the mid-infrared, EPR and LMR
make use of a common detection zone. In the far-
infrared, the detection zones of EPR and LMR are
placed side by side; they cannot coincide, because of
the large wavelength of the far-infrared laser.

Applications of LMR

Spectroscopy studies

LMR has allowed the spectroscopic study of many
free radicals that could not be detected by more con-
ventional infrared techniques.

In Table 2 a list of the species detected by LMR to
1998 is presented. However, the pace of develop-
ments has slowed, since many of the better-known
free radicals accessible for LMR have now been ob-
served. As for lesser-known free radicals, LMR is a
difficult method for obtaining initial knowledge (at
least for polyatomics) because the Zeeman effect
must be analysed as well as the zero-field spectrum.
In the mid-infrared, the tunable semiconductor diode
lasers are another factor in the development of infra-
red spectroscopy of high sensitivity and resolution,
although LMR provides magnetic parameters inac-
cessible to the diode laser spectroscopy. In Figure 3
the rise and the fall of LMR are illustrated.

A typical spectroscopic study of a radical includes:
recording of numerous LMR spectra, assignment of
the observed resonances to quantum numbers, and
determination of the parameters of the Hamiltonian
(for both ground and vibrationally excited states in
the case of vibrational–rotational spectra). Although
the accuracy of these parameters (up to MHz) is
somewhat lower than that obtained by microwave
spectroscopy, it is not restricted to rotational transi-
tions but includes vibrational, fine structure and
hyperfine effects.

The main requirements for a successful LMR
study are: (i) the atom or molecule must be para-
magnetic (S > 0 or L > 0); (ii) the closeness of laser
and transition frequencies (<1 cm–1); (iii) usually, no
more than two heavy (not hydrogen) atoms
[exceptions are non-hydride triatomics which are
either linear (NCO, N3, NCN), or which have

Table 1 Typical sensitivities of LMR and EPR

a a(b) = a x 10b.

Radical Laser
Wavelength
( µm)

Sensitivity
(cm–3)

Cl CO2 11.3 2(9)a

O CH3OD 145.7 1(10)
Hg CO 5.67 5(9)
NO CO

CH3OH
5.33

1224
1(7)
1(11)

OH H2O
D2O
EPR

118.6
84.3

30 000

1(6)
2(7)
1(10)

O2
CH3OH
EPR

699.5
30 000

5(10)
3(13)

ClO CD3I 556.9 2(8)

HO2

H2O
CO2

EPR

118.6
10

30 000

4(8)
1(10)
1(13)

NO2 H2O 118.6 1(11)
CH2

13CH3OH 157.9 3(8)

NF2
CO2

EPR
10

30 000
1(10)
1(14)
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high-field LMR spectra due to level anticrossing
mechanisms (FO2, ClSO, FSO, ClO2)]; (iv) a moder-
ate transition dipole moment; (v) numerous reso-
nances at numerous laser lines ought to be detected

for successful extraction of the Hamiltonian param-
eters. If the spectra are complex and energy level
predictions are not available, the data from other
spectroscopic techniques are especially valid.

LMR in chemical kinetics

The combination of high sensitivity and versatility
makes LMR attractive in chemical kinetics studies.
Three experimental arrangements of LMR are
usually employed.

(i) The first are discharge-flow techniques in which
the products of a microwave discharge and con-
sequent chemical reactions are pumped rapidly
through the detection zone of a LMR spectro-
meter. The kinetics are obtained by varying the
distance between the radical injector and the de-
tection zone.

(ii) The second is time-resolved LMR in which rad-
icals are produced by either UV photolysis of
multiphoton dissociation of a suitable precur-
sor; the LMR signal kinetics is monitored.

These experimental arrangements for kinetics
studies are not specific to LMR; they are widely used
with other spectroscopic methods, such as EPR, LIF,
mass spectrometry, etc.

(iii) The third arrangement is specific to LMR; it is
used only to study vibrational relaxation of rad-
icals; an intracavity LMR spectrometer based
on a CO2 laser is usually employed. Radicals are
prepared in a discharge-flow system; the kinet-
ics of the LMR signal saturation by a CO2 laser
radiation field after a fast magnetic field jump
are monitored. The magnetic field jump pro-
vides fast adjustment to the absorption spectral
line of the radical. The saturation kinetics are
exponential, the exponent decay time being

Table 2 Free radicals detected by LMRa

a Electronically excited species are marked by *.
b Spin-flip Raman laser: InSb crystal pumped by CO laser.

H2O, D2O, HCN, InSbb lasers OH, OD, CH, O2, NO, PH, HO2, NH2, NO2, HCO, PH2

Optically pumped lasers C, O, Si, CH, CD, CF, O2, O17O, O18O, OH, 17OH, OD, NH, 15NH, ND, ClO, SiH, PH, PD, PO, SH, 
SD, NS, S2, FeH, CoH, GeH, SeH, SeD, NiH, NiD, CH2, CD2, CCH, CH2F, CH2Br, CD2Br, NH2, 
NCO, NHD, HO2, DO2, FO2, PH2, PO2, ClSO, FSO, FeD2, CH3, NH2O, CH3O, CH2OH, N*, Mg*, 
NF*, O2*, CO*, CH*, AsH*, CH2*, OH+, OD+, HCl+, HBr+

CO2 laser Cl, FO, BrO, SH, SD, SO, SiC, NiH, AsO, SeO, NSe, CH2, 13CH2, NH2, ND2, PH2, HO2, DO2, 
HCO, HSO, FCO, FO2, ClO2, NO2, NF2, SiH3, SiF3, CH3O, Kr*, Xe*, SO*

CO laser NO, ClO, CD, CF, MgO, SiH, SiD, PH, PD, SD, FeH, CoH, CrH, NiH, NiD, GeH, GeD, AsH, SeH, 
SeD, SnH, SbH, TeD, C2H, C2D, NCN, NCO, NH2, NO2, 15NO2, N3, HCO, DCO, HO2, DO2, FO2, 
FeH2, Hg*, CO*, NCO*, DCl+, DBr+, SD+

Figure 3 Amount of research (number of publications) against
year of publication. C. Kinetics = chemical kinetics.
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where σ is the vibrational–rotational transition
cross section, J0 is the photon flux density, [Mi]
is the concentration of the ith gas-relaxator and
ki are the vibrational relaxation rate constants.
This relation is used to obtain ki by measuring τ
at different [Mi].

This method is applicable only to radicals that
show sufficient saturation (>10%) of a vibrational
transition by the radiation field. The prerequisites
for successful detection of the saturation are: radia-
tion intensity in the cavity of the CO2 laser of
>100 W cm–2, rather a small rotational partition
function (≤103, i.e. nonlinear radicals with low
moments of inertia, or linear radicals), and moderate
transition dipole moment (~0.1 D).

List of symbols

Aso = spin-orbit interaction constant; Av Bv, Cv =
rotational constants of radical; a, b = hyperfine con-
stants; B = external magnetic field; d = difference of
relative populations; Dv = centrifugal constant for di-
atomic molecule; Dv, Ev = parameters of Hamiltoni-
an Hss; E = electric field of laser radiation;
f = modulation frequency; gJ, gI = electron and nucle-
ar g-factors; gs, gL, gr = spin, orbital and rotational g-
factors; � = Planck’s constant; Hcd = Watson’s
centrifugal distortion operator; Hhfs = hyperfine
interaction operator; Hld = lambda-doubling term in
Hamiltonian; Hrot = rotational term in Hamiltonian;
Hso = spin-orbit term in Hamiltonian; Hsr = spin-
rotational term in Hamiltonian; Hss = spin-spin term
in Hamiltonian; Hv = vibrational term in
Hamiltonian; Hz = Zeeman term in Hamiltonian; J, I,
F, L, S, N, MF, MJ = momenta and their projections;
J0 = photon flux density; ki = vibrational relaxation
rate constant; [Mi] = concentration of the ith gas-
relaxator; Na, Nb, Nc = components of N;
Nmin = concentrational sensitivity; 2P3/2, 2P1/2 = Cl

atomic states; Sa, Sb, Sc, Sz = projections of S;
Sp = Poynting vector; v = vibrational quantum
number; we, xe = parameters of vibrational Hamilto-
nian; γ = parameter of spin-rotational term Hsr;
γmin = sensitivity in cm–1 units; ∆N, ∆NK, ∆K, δN,
δK = centrifugal constants of asymmetric rotor;
λ = parameter of spin-spin term Hss; εaa, εbb,
εcc = components of spin-rotational tensor; µ0 = e�/
2mc = Bohr magneton; σ = cross section of the transi-
tion; τ = decay time for the saturation kinetics.

See also: Atomic Absorption, Theory; Electromag-
netic Radiation; EPR, Methods; EPR Spectroscopy,
Applications in Chemistry; EPR Spectroscopy, Theo-
ry; Far-IR Spectroscopy, Applications; High Resolu-
tion IR Spectroscopy (Gas Phase) Instrumentation; IR
Spectroscopy, Theory; Laser Spectroscopy Theory;
Near-IR Spectrometers; Rotational Spectroscopy,
Theory; Spectroscopy of Ions; Zeeman and Stark
Methods in Spectroscopy, Applications; Zeeman and
Stark Methods in Spectroscopy, Instrumentation.

Further reading

Davies PB (1981) Laser magnetic resonance spec-
troscopy. Journal of Physical Chemistry 85: 2599–
2607.

Evenson KM (1981) Far-infrared laser magnetic reso-
nance. Faraday Discussions of the Chemical Society
71: 7–14.

Evenson KM, Saykally RJ, Jennings DA, Curl RF and
Brown JM (1980) In: Moore CB (ed) Chemical and
Biochemical Applications of Lasers, Vol 5, p 95.
New York: Academic Press.

Hills GW (1984) Magnetic Resonance Review 9: 15–64.
Russell DK (1983) Laser Magnetic Resonance

Spectroscopy Electron Spin Resonance: A Specialist
Periodical Report the Royal Society of Chemistry, Vol
8, pp 1–30. London: Royal Society of Chemistry,
Burlington House.

Russell DK (1991) Specialist Periodical Report of the
Royal Society of Chemistry 12B: 64–98.



LASER MICROPROBE MASS SPECTROMETERS 1141

Laser Microprobe Mass Spectrometers

Luc Van Vaeck and Freddy Adams, University of 
Antwerpen (UIA), Wilrijk, Belgium 

Copyright © 1999 Academic Press

Introduction

The defining attribute of laser microprobe mass
spectrometry (LMMS) is the use of a focused laser to
irradiate a 5– 10 µm spot of a solid sample at a
power density above 106 W cm– 2. The photon– solid
interaction yields ions which are mass analysed by
time-of-flight (TOF) or Fourier transform (FT) MS.
The technique is sometimes referred to as laser probe
microanalysis (LPA or LPMA), laser ionization mass
analysis (LIMA) and laser microprobe mass analysis
(LAMMA).

The use of lasers to ionize solids in mass spectrom-
etry dates back to the early 1960s, when the first
high-power pulsed lasers became available. These
highly directional and intense monochromatic beams
can be easily introduced in the confined space of ion
sources without disturbing the electrical fields. More-
over, upon the photon interaction with nonconduct-
ing materials, no charging of the sample occurs. First,
lasers became an interesting alternative for spark-
source MS to quantify elements in dielectrical speci-
mens. Later, the ultrafast heating of the solid by laser
irradiation was exploited for the desorption and ion-
ization (DI) of labile organic compounds without
thermal decomposition. The growing interest in
microanalysis triggered the application of a focused
laser in the 1970s. The initial aim was again elemen-
tal analysis in nonconducting samples but the main
strength of LMMS was found to be the molecule-
specific information on the local constituents.
Organic and inorganic compounds are characterized
by a combination of fragments and adduct ions. The
former arise from the structure-specific breakdown of
the analyte. The latter simply consist of the intact
analyte attached to one or more of these stable
fragments.

The understanding of material properties on a
local level implies knowledge of the chemistry and,
hence, of the molecules present. Therefore the molec-
ular specificity of LMMS is a major advantage in
comparison with most micro- and surface analysis
techniques, which characterize relative elemental
abundances, bonds present or functional groups.
Quantitation in LMMS is difficult because adequate

reference materials are not always available. How-
ever, qualitative identification of local constituents
can often be achieved by deductive reasoning only.
As a result, LMMS became appreciated as a versatile
tool in diverse problem-solving applications in
science and technology. The main sample require-
ment is its stability in the vacuum.

Instrumentation

The simple construction and operation, excellent
transmission, and the registration of full mass spectra
made a TOF analyser the obvious choice for the early
LMMS instruments. Later it was found that the time
definition of the ion production from the laser pulse
was less suited to TOF MS than initially assumed.
Also, the complex mass spectra required a signifi-
cantly higher mass resolution and mass accuracy
than that available in TOF LMMS. Hence, FT
LMMS was developed. Although the laser
microbeam ionization was retained, the species
detected and their relative intensities differ signifi-
cantly from TOF LMMS. The reason is that each MS
may capture a different fraction of the initial ion
population, depending on its acceptance with respect
to the initial kinetic energy (Ekin), their time and place
of formation in the ion source. Therefore, a clear dis-
tinction between TOF and FT LMMS is mandatory.

TOF LMMS

Figure 1 depicts a commercial instrument. The sam-
ple is mounted inside the vacuum chamber of the
MS. The DI is commonly performed by 266 nm UV
pulses from a frequency-quadrupled Nd:YAG (neo-
dymium– yttrium– aluminium– garnet) laser. This in-
strument allows repositioning of the sample and the
optics for analysis in transmission or in reflection. In
the former case, the laser hits the lower surface of
the sample while the upper surface faces the MS.
This suits thin films or particles of about 1 µm on a
polymer film. Reflection means that the beam im-
pinges on the sample side facing the MS. The surface
of bulk samples can thus be characterized. Micro-
positioners allow one to move the spot of interest on

MASS SPECTROMETRY
Methods & Instrumentation
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the sample into the waist of the ionizing beam,
which is visualized by a collinear He– Ne laser.

The UV-irradiated spot is typically 1– 3 µm in TOF
LMMS so that power densities between 106 and
1011 W cm– 2 can be attained with mJ pulses of 10– 15
ns. Refractive objectives allow spot sizes down to the
diffraction limit of 0.5 µm. Reflective optics (as in
Figure 1) allow larger working distances and are free
from chromatic aberrations so that use of other
wavelengths is facilitated. Ionization with a tunable
dye laser allows resonant one-step DI or
postionization of the laser ablated neutrals. Specifi-
city and sensitivity can thus be improved substan-
tially but wavelength selection becomes cumbersome
for unknown compounds.

The principles of a TOF mass analyser are covered
in another article. Commercial TOF LMMS permits
a mass resolution of about 500, a much lower value
than theory predicts, and this figure strongly
depends on the analyte. The reason is quite funda-
mental. The application of TOF implies that ions
with different m/z and therefore different velocities
must arrive at the same time at the entrance to the
drift tube. The pulsed laser ionization does not meet
this requirement as ion formation may continue long
after the laser pulse, especially for organic com-
pounds but also for inorganic analytes. As a result,
mass resolution and mass accuracy may become
problematic. The asset of an unlimited m/z range is
cancelled by the low mass resolution. A major ad-
vantage is the inherent panoramic registration.

FT LMMS

Figure 2 illustrates an instrument with an external
ion source and shows the different microprobe re-
lated devices such as the optical interface, the micro-
positioners, the sample observation and the exchange
system. This set-up features laser irradiation of the
sample in reflection with a spot of 5 µm. Electrostatic
fields transport ions through a differentially pumped
transfer line from the source at 10– 6 torr to the FT
MS cell at 10– 10 torr inside a 4.7 tesla magnetic field
(B). Inherent advantages of FT MS are the routinely
obtainable high mass resolution of over 100 000 at
m/z 1000, and up to a few million below m/z 100,
and the mass accuracy of better than 1 ppm up m/z
1000. Internal calibration of the m/z scale by adding
a reference compound is not necessary as is the case
in magnetic high– resolution mass spectrometers. A
remarkable feature of FT MS is that better mass res-
olution means better sensitivity. This contrasts with
other types of MS where resolution is increased by se-
lecting a central fraction of the ion beam, thereby
sacrificing sensitivity. The direct link of sensitivity
and mass resolution in FT MS results from the influ-
ence of space charge effects, field imperfections and
pressure in the cell. All these cause a faster decay of
the coherence in the ion packets after excitation,
which decreases mass resolution, but they also limit
the quantitative trapping and/or the radius increase
of the ion orbit during excitation, which diminish
detection sensitivity. FT MS is also limited in the

Figure 1 Schematic diagram of the LIMA 2A TOF LMMS. Reprinted from the LIMA technical documentation with permission of
Kratos Analytical.
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detection of low and high m/z by its detection band-
width and B, respectively. A range between m/z 15
and 10 000 is common.

The use of FT MS in microanalysis implies that the
technique is operated close to its detection limits.
Therefore, the vacuum in the cell becomes a prime
reason for using an external ion source be used for
LMMS as opposed to a single- or dual-cell instru-
ment, where the sample is placed in the FT MS cell.
Additionally, the Ekin of laser ions can exceed the en-
ergy range imposed by the optimal trapping poten-
tials of typically less than 2 V. Biasing the sample
holder or placing additional electrodes around the
sample inside the cell disturbs the trapping field.
Cooling of the ions by ion– molecule interactions is
not always efficient. The use of micropositioners,
laser and observation optics inside the narrow bore
of the strong magnetic field, is not obvious.
However, injection of external ions requires tempo-
rary deactivation of the potential gradient in the hole
of the first trapping plate. Upon reflection against
the second trapping plate, ions come back and may
escape unless the entrance is blocked. The use of an
electrostatic transfer line causes a time dispersion of
ions of different m/z as in TOF MS, i.e. the so-called
TOF effect. To trap a high m/z ion together with a
low m/z ion, the high m/z ion, which arrives later,
must enter the cell before the low m/z ion (which ar-
rived earlier and has been reflected by the second
trapping plate) leaves the cell. In practice, the m/z
ratio of high-to-low m/z ions that can be trapped si-
multaneously in the cell is about a factor of 3– 4, de-
pending on the time of ion formation and life time of

the specific ions. Adapting the time between the laser
pulse and the closure of the injection lenses, allows
one to shift the m/z window along the m/z range in
successive experiments.

Analytical characteristics

Table 1 surveys the common techniques for micro-
and surface analysis of solids. Both static secondary
ion mass spectrometry (SSIMS) and LMMS provide
molecular information on local organic and inor-
ganic compounds. However, the primary interaction
of keV ions with the sample in SSIMS as opposed to
eV-range photons in LMMS makes the direct struc-
tural linkage of the detected signals to the sample
composition less obvious in SSIMS. Hence, compari-
son with reference spectra is usually required in
SSIMS, while LMMS allows a deductive interpreta-
tion. In fact, both methods are complementary with
respect to their typical applications. SSIMS can
detect high m/z ions from polymers, while LMMS
yields more detailed structural information on ana-
lytes of up to a few kDa. SSIMS generates primarily
ions from the upper monolayer, making surface con-
tamination a problem in real– life applications. In
contrast, ions in LMMS originate from the upper
10– 50 nm surface layer, although the crater depth
goes up to 0.1– 1 µm. SSIMS allows imaging, while
LMMS performs spot analysis.

The reproducibility of LMMS strongly depends on
the positioning of the sample surface in the waist of
the UV beam. Hence, mapping by motorizing the

Figure 2 Schematic diagram of the FT LMMS with external ion source. Adapted from Struyf H, Van Roy W, Van Vaeck L, Van
Grieken R, Gijbels R and Caravatti P (1993) Analytica Chimica Acta, 283: 139–151 with permission of Elsevier Science.
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Table 1 Overview of some important microanalytical techniques

a EDS ranges to lower elements with windowless detector. PAS=photoacoustic single detection; WDS=wavelength dispersive spectrometry; EDS=energy dispersive spectrometry;
SEM=scanning electron microscopy; STEM=scanning transmission microscopy; sp=spectrum; im=imaging mode; µIR=microscope FT-IR; µESCA=microESCA; n.a.=not applicable.

EPXMA Auger ESCA Raman FT-IR

Dynamic SIMS Static SIMS LMMS

Stigmatic Scanning TOF TOF FT

Probe input beam 20 keV 
electrons

Electrons
≤ 3 keV

Photons X-ray, 
UV

Photons
visible

Photons IR ≤ 20 keV 
ions

40–60 keV 
ions

20 keV UV photons (few eV)

Detected beam X-rays Electrons Electrons Photons Photons +/– ions +/– ions +/– ions

Parameter WDS, EDS Energy Energy Wavelength Wavelength m/z m/z m/z

Resolution of 
detector

WDS 20 eV
EDS 150 eV

1–15 eV 0.3–1 eV 0.7 cm–1 (sp)
8 cm–1 (im)

0.7 cm–1 (IR)
2 cm–1 ( µIR)

400–104 250–500 103–104 ≤850 104–106

Typically analysed 
area

±1 µm 0.2 µm ≥150 µm
≥5 µm (µESCA)

1 µm 5–10 µm 2–250 µm ≥ 20 nm 0.1 µm 1–3 µm 5 µm

Depth of information ≤1 µm 1–3 nm 1–10 nm 10 µm
5–50 nm 
(PAS)

10 µm 0.5 nm 1 nm Monolayer (0.1–1 µm) n.a.

Image resolution SEM/X ±1 µm
STEM/X< µm

50–100 nm No
Yes (µESCA)

µm n.a. 1 mm 
(µIR)

0.5 mm 20 nm 0.5 µm 1 µm >1 µm

Detection limit WDS 100 ppm
EDS 1000 
ppm

≥ 1 % ≥ 1 % Major ppm ≤ ppm 10–100 ppm Monolayer 10–3–10–15 10–11–10–12g

Detection range WDS Z ≥ 4
EDS Z ≥ 11a

All but H, He All but H, He n.a. n.a. H–U H-unlimited H-unlimited 15–15 000

Direct isotope 
information

No No No No No Yes Yes Yes

Compound
speciation

No No Yes Yes Yes No Yes Yes

Organic
characterization

No No No Yes Yes Yes Yes Yes

Destructive (No) No No No No Yes Yes Yes
with sputtering n.a. Yes Yes n.a. n.a. n.a. n.a. n.a.

In-depth profiling No No No No No Yes No Yes
With sputtering n.a. Yes Yes n.a. n.a. n.a. n.a. n.a.
Quantification Yes Yes Yes (Yes) Yes Difficult Difficult Very difficult
Easy analysis of 

insulators
No No Yes Yes Yes No No Yes

Sample in vaccum 
required

Yes Yes Yes No No Yes Yes Yes
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sample positioners is only feasible for extremely flat
samples. As to the kind of materials analysed,
LMMS requires stability in a vacuum of 10– 6 torr but
SSIMS needs a pressure of under 10– 8 torr, which
prevents the analysis of ‘volatile’ organic com-
pounds. Charge build-up in dielectrical samples
occurs in SSIMS, not in LMMS.

Quantification in MS requires adequate reference
samples. For LMMS this means that not only the
chemical composition but also the UV absorption,
reflective and refractive properties of each microvol-
ume must be comparable to ensure that the energy
deposition and ion yield are similar. Hence, prepara-
tion of suitable reference materials often becomes the
bottleneck. Biological sections or ambient aerosols
are chemically and optically heterogeneous, so that
quantification is not feasible. On the other hand, ele-
ment diffusion in the wafers from semiconductor
applications can be quantitatively studied.

Diagnostic use of the mass spectra

Model of ion formation

Deduction of the analyte composition from the sig-
nals requires that one must be able to extrapolate the
mass spectra from a limited database and ideally
predict the ions from a given analyte. Therefore,
practical concepts about ion formation are mandato-
ry. Figures 3–5 survey a tentative model for DI in
LMMS, applicable to both organic and inorganic
compounds. Basically, the ionization event is de-
scribed in terms of the three prime parameters in MS,
namely local energy, pressure and time.

First of all, laser impact is assumed to create differ-
ent local energy regimes in physically distinct regions
within and around the irradiated spot. Figure 3
depicts schematically the occurrence of atomization
and destructive pyrolysis in hot spots, direct ejection
of fragments and molecular aggregates from sur-
rounding regions. Ultrafast thermal processes allow
preservation of the molecular structure of even ther-
molabile analytes. The initial species will undergo
fragmentation or subsequent ion– molecule interac-
tions. Thermionic emission of e.g. alkali ions, yields
the necessary flux of ions to form adducts with the
initially released neutrals and ion-pairs. This occurs
primarily after the laser pulse in the selvedge, i.e. the
gas phase just above the sample.

Secondly, the local pressure must be considered. As
shown in Figure 4, the released neutrals and ions
give rise to a gradually expanding microcloud. Its ini-
tial density depends on the ‘volatility’ of the analyte,
i.e. the number of species released at a given power
density. The importance of ion– molecule interactions

depends on the local pressure in this cloud, which
determines the collision probability. In low-density
regions, ions follow unimolecular behaviour and
fragmentation only depends on the internal energy.

Finally, the timescale of the ionization is an essen-
tial feature of the approach since it must match the
time window of detectable ions by a given mass ana-
lyser. The time evolution of the DI process is assumed
to include two distinct phases. The schematic picture
in Figure 5 shows the that the ion– generation proc-
ess comprises two consecutive contributions. An ini-
tial intense ion current is produced during the first
10– 25 ns, compatible with detection in TOF LMMS.
However, selvedge ionization may already start in
that initial period but will reach its maximum later
and finally continues for microseconds after the end

Figure 3 Relationship between the energy regimes at the
surface and the ion formation process according to the tentative
model for DI in LMMS. Reprinted from Van Vaeck L, Struyf H,
Van Roy W and Adams F (1994) Mass Spectrometry Reviews,
13: 189–208 with permission of John Wiley and Sons.

Figure 4 Effect of the local pressure on the type of ions formed
according to the tentative model for DI in LMMS. Reprinted from
Van Vaeck L, Struyf H, Van Roy W and Adams F (1994) Mass
Spectrometry Reviews 13: 189–208 with permission of John
Wiley and Sons.



1146 LASER MICROPROBE MASS SPECTROMETERS

of the laser pulse. This process may be small, but
integrated over time, this contribution often prevails
over the prompt DI. This rather slow DI component
is not compatible with detection in TOF LMMS but
is inherently included in the signal when magnetic
mass spectrometers or FT MS ion traps are used.

This tentative DI model does not give an accurate
description of all the physical processes involved, but
up to now, it allows a consistent explanation of the
formation of the ions detected. Also, it unifies the
processes of organic and inorganic ion formation
and allows rationalization of the differences between

TOF and FT LMMS spectra as to the species detect-
ed and their relative intensities. Moreover, it allows
linkage of LMMS to the older literature on the soft
ionization of organic compounds by defocused lasers
and magnetic analysers, where fragmentation was
virtually absent.

Inorganic speciation

Figure 6 illustrates how FT LMMS signals can be
used for analyte identification. The low m/z frag-
ments and their adducts to the original molecule
readily allow tentative identification of an unknown
compound by deductive reasoning alone. This repre-
sents a major advantage in e.g. industrial materials-
science applications, where many not well character-
ized reagents are possible causes of anomalous
behaviour. Recording reference spectra of all possi-
ble candidates for the given anomaly could be time
consuming if one cannot select deductively the most
likely one.

The most demanding speciation task is the distinc-
tion between analytes with the same elements but in
different ratios, e.g. sodium sulfate, sulfite and thio-
sulfate. The positive fragments Na+, Na2O, Na2O⋅H+

and Na2O⋅Na+ as well as the signals from
Na2SO3⋅Na+ and Na2SO4⋅Na+ are observed by FT
LMMS for all three analogues. However, only thio-
sulfate produces additional peaks for cationized
Na2S, which characterize the presence of the

Figure 5 Influence of the time domain of ion formation and of
the analyser on the mass spectra recorded according to the
tentative model for DI in LMMS. Reprinted from Van Vaeck L,
Struyf H, Van Roy W and Adams F (1994) Mass Spectrometry,
Reviews, 13: 189–208 with permission of John Wiley and Sons.

Figure 6 Scheme for the deductive identification of the analyte molecular composition from mass spectra taken by FT LMMS.
Reprinted from Struyf H, Van Vaeck L, Poels K and Van Grieken R (1998) Journal of the American Society for Mass Spectrometry
9: 482–497 with permission of Elsevier Science.
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sodium– sulfur bond in this analogue. Adduct ions of
Na2S2O3 are also seen at low intensity. Distinction
can be based on the ratio of the ions Na2SO3⋅Na+ to
Na2SO4⋅Na+, which is 0.82 ± 0.13 for sulfite and
0.30 ± 0.06 for sulfate. The production of cationized
sulfate from sulfite and vice versa is rationalized by
the relatively high-energy regime in the hot spots,
where the stability of the formed ion prevails. Never-
theless, the softer regime of the periphery is assumed
to produce the cationized analyte and thereby
restores the logical connection with the original com-
position. The major signals in the negative mode are
found at the nominal m/z values of 64 and 80 and
are common for all three analogues. However, these
signals are uniquely due to SO  and SO  for sulfite
and sulfate, while thiosulfate produces additional
contributions from S  and S2O–  also at m/z 64 and
80 respectively. The FT LMMS high mass resolution
is needed to exploit such distinctive features.

Identification of organic compounds

Deductive identification is even more important in
organic microanalysis because of the numerous
structures for each molecular weight. Figure 7 shows
the positive and negative TOF LMMS data of a
microscopic residue, obtained from the eluate of a
single peak from analytical HPLC. The nanogram
amount of available material was not consumed sig-
nificantly after microprobe analysis although it was
insufficient for conventional MS. The latter required
the combination of fractions from numerous elutions
to yield the mass spectrum of miconazole, the parent
drug. In contrast, TOF LMMS detected the proto-
nated molecules by the cluster of isotope peaks
around m/z 503. Subsequent loss of HCOOH yields
the fragments around m/z 457, while the accompa-
nying lower m/z signals are readily rationalized by
the known ring formation and rearrangement mech-
anisms in organic MS. Complementary information
comes with the negative ions. Specifically the frag-
ment at m/z 153 serves to specify further the presence
of the imidazole methacrylate function in the mole-
cule. This example highlights two features of the
LMMS technique, namely the minute material con-
sumption and the deductive identification of labile
compounds without thermal destruction as a result
of the ultrafast heating rate of the solid.

Comparison of mass spectra recorded by TOF 
LMMS and FT LMMS

Several characteristic differences are observed
between the mass spectra, recorded by FT LMMS
and TOF LMMS from the same analyte under the
same experimental conditions with respect to laser

wavelength, pulse duration and power density. While
FT LMMS offers superior mass resolution and mass
accuracy in comparison to TOF LMMS, the TOF
effect in FT LMMS with an external source (see ear-
lier sections on TOF LMMS and FT LMMS) means
that only partial mass spectra in given m/z windows
can be recorded (TOF LMMS always yields mass
spectra that cover the entire m/z range). As well as
these directly instrument-related data between FT
LMMS and TOF LMMS, the mass spectral patterns
still reflect additional distinctive features. Specifi-
cally, more intense signals from the adduct ions in
comparison to the summed intensities of the frag-
ments are seen in FT LMMS as compared to TOF
LMMS. This is related to the increased sampling of
the selvedge contribution to the initial ion popula-
tion, created by the laser impact. Also the existence
of the two contributions, i.e. direct ion emission from
the solid and the selvedge recombination in the gas
phase, could be observed by selectively tuning the ion
source in FT LMMS so that only one of the contribu-
tions had initial energies within the 1 eV trapping
energy of the cell. Note that this increased adduct ion
detection in FT LMMS applies to both organic and
inorganic compounds. For instance, cation and anion
adducts of molecules and even dimers are generally
detected in FT LMMS from virtually all salts such as
Na2SO4, Na3PO4, oxides and binary salts, as
opposed to TOF LMMS. Additionally, FT LMMS
shows increased signal intensities specifically for
fragment ions associated with the fragmentation of
adduct ions with low internal energy. Such ions are
observed to undergo the loss of small neutral mole-
cules, while ions with high internal energy are subject
to more drastic cleavages and rearrangement, which
may reduce structural specificity. Finally, TOF
LMMS is often handicapped in the analysis of high
molecular mass and polar substances. These com-
pounds are hard to desorb from the solid without the
aid of matrix-assisted techniques, that require disso-
lution of the sample in a UV-absorbing matrix and,
therefore, are incompatible with the direct local anal-
ysis of as-received solid samples. Especially for such
strongly adsorbed compounds, the slow release of the
analyte over a long time interval (up to several micro-
seconds) occurs (continuing postlaser desorption).
The adducts formed upon recombination with for
instance Na+ (also thermionically emitted for long
periods after the laser pulse) no longer fulfil the TOF
LMMS requirement of ion formation within 25 ns.
As a result, these ions give rise to broad unresolved
peaks or even to a continuous background. However,
in FT LMMS, ions formed within a period of 50 µs to
several hundreds of µs (depending on the m/z) after
the laser pulse are still trapped in the FT LMMS cell
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together with the ions formed during the laser pulse.
As a result, the rang e of compounds to which FT
LMMS can be applied, significantly extends towards
higher molecular mass and polarity as compared to
TOF LMMS.

Selected applications

Review of the literature reveals that LMMS is
applied to a wide variety of problems in the field of

bioscience, environmental chemistry and materials
research. Complete coverage is not feasible in this
contribution, which only aims to demonstrate the
strengths of the method. Specifically, LMMS excels
at yielding, within a relatively short period, qualita-
tive information on the organic or inorganic local
surface components from the most diverse samples,
often with negligible sample preparation. 

The transmission type TOF LMMS instruments
especially suits biomedical section samples as com-
monly used for optical and electron microscopy.

Figure 7 Positive and negative mass spectrum recorded by TOF LMMS from the residue of the eluate of a single peak in analytical
HPLC. Reprinted from Van Vaeck L and Lauwers W (1989), Advances in Mass Spectrometry, 11a: 348–349 with permission of
Heyden and Son.
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The lateral resolution of 0.5 µm allows experiments
at the subcellular level. Initial work has concentrated
on the localization of elements in specific sites of the
tissue. Typical examples involve the assessment of
aluminium levels in the bones of chronic haemodial-
ysis patients, the study of lead accumulation in kid-
neys and calcifications in intraperitoneal soft tissue
as a result of chronic lead intoxication, and the
detection of several heavy metals in the amalgam tat-
toos of the oral mucose membrane and human
gingiva in direct contact with dental alloys. The rela-
tively low lateral resolution, the lack of automated
mapping and the almost impossible quantization
strongly hinder the use of LMMS, especially in view
of analytical electron microscopy (AEM) with X-ray
analysis and the emerging possibilities of nuclear
microscopy.

As a result, experiments have become gradually
directed towards applications where the direct
extraction of molecular information from the biolog-
ical sector could be exploited. Interpretation of the
mass spectra in TOF LMMS with low mass resolu-
tion may become problematic when the local micro-
volume constitutes of a complex multicomponent
system. As a result, applications were especially suc-
cessful when LMMS was used to characterize the
micrometre-size microliths and foreign bodies, often
found in histological sections. In this way, the sphe-
roliths in the Bowman’s membrane of patients suffer-
ing from primary atypical bandkeratopathy and the
intrarenal microliths, formed after the administra-
tion of high doses of cyclosporin were proven to
consist of hydroxyapatite. Implants often lead to
long– term problems by dispersion of wear particles
in tissues, leaching of specific compounds and some-
times subsequent chemical transformation. The
pathogenesis of the aseptic loosening of joint pros-
theses was related to the presence of zirconium oxide
in the granular foreign bodies of surrounding tissue.
This compound was added to the bone cement to
enhance the contrast in later X-ray radiographs.

Examples of characterization of organic molecules
include the detection of deposits from an anti-lep-
rosy drug in the spleen of treated mice. The study of
biomedical sections is not the exclusive field of TOF
LMMS, although the lower lateral resolution of FT
LMMS limits the number of applications. However,
the much better specificity from the superior mass
resolution and mass accuracy pays off with increas-
ing complexity of the local composition. FT LMMS
is particularly appreciated because of the separation
of isobaric ions in the tissue, such as CaO+ and Fe+

ions, the facile assignment of a signal as an ‘organic’
ion or an ‘inorganic’ cluster on the basis of accurate
m/z values, and the increased contribution of ions

from the selvedge, which decreases the influence of
the local laser power density on the mass spectra.
Practical applications widen the range, initiated by
TOF LMMS. For instance, the foreign bodies in the
inflammed tissue around implants were identified as
wear particles from a titanium knee-implant. Other
experiments involved the verification of the local
molecular composition deduced from relative ele-
ment abundances in AEM. The apoptotic cell death
in the tissue around vein grafts was associated with
the presence of hydroxyapatite because of the intense
Ca and P signals in AEM. FT LMMS clearly showed
the erroneous nature of this conclusion since both
elements did not belong to the same molecule. This
clearly illustrates the importance of molecular infor-
mation in microanalysis.

Figure 8 illustrates the application of FT LMMS
for the in situ identification of pigments in a lichen,
Haemmatomma ventosum. The interest in such
natural products relates to the understanding of their
role in the interception of sunlight and their possible
interaction in energy transfer. The optical micro-
graph shows the dark-red dish-like fruiting bodies or
apothecia on the light coloured thallus. The combi-
nation of positive and negative ion mass spectra tak-
en from the apothecia gives quite a detailed picture
of the molecule. Specifically, the molecular mass is
available from the potassium adduct and the numer-
ous fragments serve to deduce structural features.
The material is analysed as it is found in nature,
without any prior sample preparation.

As to materials research, diverse problem-solving
examples of LMMS are described. Typical examples
involve the identification of local heterogeneities in
poorly dispersed rubbers as one of the ingredients of
the formulation, the tracing of the origin of occa-
sional organic and inorganic contaminants at the
surface of microelectronic devices and the study of
segregation and formation of specific compounds in
the joints of welded or heat– treated oxide-disper-
sion-strengthened alloys. Particularly interesting is
the study of the dispersion of the magnetic elements
inside the polyethylene terephthalate matrix at the
surface of faulty floppy discs. Here the capability to
detect both inorganic ions and organic structural
fragments in the same spectrum is essential for
trouble shooting.

A final example illustrates how LMMS can con-
tribute to the fundamental understanding of process-
ing of materials. Specific ally, aluminium strips and
plates are produced by hot rolling the primary alloy
ingots under high pressure and temperature. The
lubricating emulsions contain numerous additives,
whose composition is empirically optimized. Some-
times, given constituents adhere or interact with the
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Figure 8 In situ FT LMMS analysis of a pigment in the apothecia of a microlichen. Reprinted from Van Roy W, Matthey A and Van
Vaeck L (1996) Rapid Communications in Mass Spectrometry 10: 562–572 with permission of John Wiley and Sons.
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Figure 9 FT LMMS analysis of an additive coating on aluminium. Reprinted from Poels K, Van Vaeck L, Van Espen P, Terryn H and
Adams F (1996) Rapid Communications in Mass Spectrometry 10: 1351–1360 with permission of John Wiley and Sons.
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surface and cause optical defects upon subsequent
coating or surface treatment. FT LMMS was used to
study the possible additive– metal interactions. The
data in Figure 9 for triethanolamine (TEA) oleate on
aluminium show the normally expected simple
adduct and fragments, as well as particularly interest-
ing signals due to ions, which include multiply
charged anions with Al3+. Since only singly charged
aluminium is formed in laser microbeam DI, these
Al3+-containing ions must exist as such in the solid
and undergo direct ejection. This implies that TEA
oleate is likely to bind effectively to the metal, while
this additive is often considered as a chemically non-
aggressive surfactant in the lubricating emulsions.

To conclude, it should be mentioned that one of
the major breakthroughs in the field of organic MS
emerged from the research on the initial TOF LMMS
instruments. Indeed, the now booming field of
matrix assisted laser desorption ionization (MALDI)
for the characterization of high molecular mass com-
pounds up to 230 kDa found its roots in the labora-
tory of Prof. Hillenkamp, which was one of the
driving forces behind the development of the initial
TOF LMMS instruments. It shows the ingenuity of
chemists in exploiting the powerful combination of
laser ionization and MS. As to local analysis, the
second generation of LMMS, FT LMMS seems to
represent a major step in the search for a versatile
microprobe, enabling us to characterize the molecu-
lar composition of organic and inorganic com-
pounds at the surface of almost any type of solid,
electrically conducting or not, with minimal sample
preparation.

List of symbols

Ekin = initial kinetic energy of ions.

See also: FT-Raman Spectroscopy, Applications;
Time of Flight Mass Spectrometers.
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The theory underlying electronic spectroscopy with
lasers is essentially the theory of visible or ultraviolet
photon interactions. Any spectroscopic technique
based on laser instrumentation might in principle be
studied with some other kind of light source, but usu-
ally at the expense of data quality in terms of signal-
to-noise or resolution. The distinctive features that
arise with the deployment of laser light in electronic
spectroscopy are principally those that relate to or ex-
ploit the qualities of the electric field produced by the
laser beam. The customarily high level of monochro-
maticity affords the means to obtain high-resolution
data, and high field strengths offer scope for the study
of multiphoton processes. Another widely vaunted
attribute of the laser, the coherence of its output, is
only indirectly relevant to spectroscopic applications.
In the so-called ‘coherence spectroscopies’ such as
self-induced transparency and photon echo, laser
coherence is significant only in enabling short and
highly intense pulses to be created.

Electric field and intensity

Laser electronic spectroscopy is primarily based on
coupling between the electron clouds of individual
ions, atoms, chromophores or molecules of the sam-
ple with the electric field of the impinging laser radi-
ation. The coupling is usually of dipolar character,
and its detailed involvement in photonic interactions
is to be discussed below. First, it is expedient to char-
acterize the electric field, and to relate it to the laser
intensity – as the latter is more directly amenable to
experimental measurement. The electric field pro-
duced by a coherent, parallel, radially symmetric and
plane polarized laser beam propagating in the
z-direction, with a wavelength λ and a frequency ν,
oscillates sinusoidally in time and space and has an
amplitude A which depends on the radial displace-
ment r from the beam centre:

Here k = 2π/λ, the ‘circular frequency’ ω = 2πν and φ
is the phase. The vector character of the electric field

is in general determined by the state of polarization,
as discussed later: in the case of plane polarization it
is directed along a unit vector i perpendicular to the
z-direction of propagation. In cases where the line
width of the radiation is significant the amplitude
additionally has a frequency dependence and, partic-
ularly in the case of pulsed radiation, it also varies
with the time t.

The beam irradiance I (the power per element of
cross sectional area), to which the electric and mag-
netic fields of the radiation contribute equally, is in
general given by

The beam thus has radial, frequency and temporal
intensity profiles. The radial profile is determined by
the mode structure, reflecting the pattern of standing
waves sustained within the laser cavity. In the sim-
plest or ideal uniphase case, radiation tracks back and
forth in an exactly axial fashion between the end-mir-
rors. With no hard edge, the beam is then described
by an essentially Gaussian distribution, with a beam
diameter 2w defined as the transverse distance
between points at which the irradiance drops to 1/e2

(13.5%) of its central value, I(0):

Accordingly, the electric field amplitude falls away as
exp[−(r/w)2]. For a beam of instantaneous power W,
the beam centre irradiance I(0) is given by

Fundamental considerations show that any laser
beam can only be focused down to a limiting width
whose diameter is of the same order as the wavelength
– this is the diffraction limit. The focused beam dia-
meter 2w0 is generally determined by the relation

ELECTRONIC SPECTROSCOPY
Theory
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where λ is the wavelength and θ the angle of conver-
gence of the focused beam. The quantity M2 is a meas-
ure of beam quality and has a diffraction-limited
value of unity for a fundamental Gaussian-mode
beam as represented by Equation [3].

The frequency profile of the laser beam is usually
characterized by its full-width at half-maximum
(FWHM), ∆ν. The single parameter that most effec-
tively characterizes the degree of monochromaticity
is then the quality factor Q, defined as the ratio of
the laser emission frequency to its line width. It is
also expressible as the coherence length lc (the dis-
tance over which photons remain effectively in
phase) divided by the wavelength:

In absorption-based laser spectroscopy this para-
meter represents an upper limit on the achievable
resolution, which in practice may be reduced by
other features of the instrumentation.

The issue of temporal profile is one that primarily
relates to pulsed lasers, whose high powers result
from their delivery of energy over a short period of
time rather than continuously. For such devices the
detailed temporal profile of the intensity I(t) is deter-
mined by the means of pulsed operation. Individual
pulses from giant pulse lasers seldom have the
smoothly symmetric shape needed to follow any
simple analytic form – and although the more closely
symmetric pulses from a mode-locked train are often
characterized as having Gaussian shape, that more
than anything reflects their characterization by
averaging over a large number of pulses. The sech2

intensity profile widely regarded as ideal is, however,
achieved in pulses from many of the newer genera-
tion of ultrafast lasers.

Even continuous-wave laser light generally exhibits
temporal fluctuations as a result of imperfect coher-
ence, and the probability of finding a single photon in
the volume of space V occupied by the species of
spectroscopic interest generally approximates to a
Poisson distribution. With a mean number of pho-
tons M given by

the probability PN of finding N photons is

Interaction of light and matter

In formulating the general theory it is helpful first to
establish the dipolar response of each ion, atom,
chromophore or molecule ξ to the oscillating electric
field of the radiation. This is associated with an
interaction operator:

where µ(ξ) is the appropriate electric dipole operator
and E(ξ) the electric field vector at the position in
space occupied by the species ξ. Electric dipole cou-
pling accounts for the vast majority of the observa-
tions in electronic spectroscopy, though other kinds
of multipolar interaction (such as electric quadru-
pole or magnetic dipole) can permit otherwise
‘forbidden’ transitions to occur, through a coupling
which is typically weaker by a factor of 102 or 103.

Even with the high laser intensities employed for
the study of multiphoton processes, the electric fields
they produce are seldom comparable to intramolecu-
lar coulombic fields. As such, the interaction opera-
tor [9] can be treated as a perturbation on the
molecular states. The result of these perturbations is
to modify the form of the Schrödinger equation so
that its usual eigenfunctions no longer represent sta-
tionary states, and hence transitions occur. The
quantum amplitude for a transition between a given
initial state i and a final state f is given by the follow-
ing result from time-dependent perturbation theory,
expressed in Dirac notation:

where

and H0 is the normal, unperturbed, Schrödinger
operator for the molecule. Except for measurements
with the most extreme time resolution, evaluation of
the quantum amplitude given in Equation [10] leads
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to an essentially time-independent result and yields a
corresponding transition rate Γ given by Fermi’s
‘Golden Rule’:

Here ρf is the number of energy levels per unit energy
interval, the so-called ‘density of states’. Though of-
ten overlooked, the size of this latter factor contrib-
utes significantly to the ultrafast rates of transitions
observed to occur in many large molecules, as a
result of their tightly packed quasi-continua of vi-
bronic levels. With increasing n, successive orders of
the perturbation series [10] represent a progressively
diminishing coupling, with a scale corresponding to
the ratio of the radiative electric field in relation to
intramolecular coulombic fields. Together, Equa-
tions [1], [2] and [9]–[12] correspondingly show that
each additional photon interaction typically reduces
the rate by a factor of the order (I/J), where J is a lev-
el of irradiance which would produce ionization or
dissociation – its value is generally in the region
1018±4 W m–2. This figure is substantially undershot
in most laser excitation experiments, and as a result
the higher orders of photon interaction demand
increasingly sensitive detection.

SingIe-photon absorption

For a process of single-photon absorption, the
quantum amplitude is simply given by

using the convenient shorthand for the vector transi-
tion dipole moment, µfi = 〈 fµi〉. The rate Γ as
given by Equation [12] depends quadratically on the
electric field, and hence through Equations [1] and
[2] exhibits a linear dependence on the laser intensity.

It follows that, since absorption produces a dimi-
nution of the laser intensity on passage through the
absorbing sample, the rate of intensity loss is propor-
tional to its instantaneous value, –dI(t)/dt ∝ I(t). In
the case of pulsed irradiation, if the amount of
absorption per pulse is small and decay processes
from the excited state occur on a timescale that is
slow compared with the pulse duration, the net ab-
sorption per pulse is proportional to the pulse ener-
gy. More generally, as the distance z the radiation
travels through the sample is proportional to time t
through the speed of light, we also have –dI(z)/dz ∝
I(z). Thus the amount of absorption depends on the

path length through Beer’s Law:

where α is the absorption coefficient and C the con-
centration of (ground state) absorbing species. The
former is calculable from secondary effects pursuant
on the absorption, or more directly from the relative
attenuation of the excitation beam. Weak absorption
leads to an intensity loss which has an almost directly
linear dependence on distance, as follows from
Taylor series expansion of the right-hand side of
Equation [14].

Laser excitation here offers few distinctive features
at the molecular level, except that at high levels of
intensity the increased flux can lead to saturation.
Then, a significantly high proportion of the sample
molecules undergoes transition to an excited state
and, as C varies through depletion of the ground
state population, departures from Beer’s law arise.
This is a phenomenon that is exploited for analytical
purposes with pulsed radiation, in concentration-
modulated absorption spectroscopy.

The selection rules associated with single-photon
absorption stem from its dependence on the transi-
tion dipole moment, which must be non-zero for ab-
sorption to occur. To satisfy this fundamental
requirement, the direct product symmetry species of
the initial and final wavefunctions must contain the
symmetry species of the dipole operator – the latter
transforming like the translation vectors x, y and z.
Probably the most familiar aspect is the Laporte se-
lection rule for centrosymmetric molecules, which al-
lows transitions only between states of opposite
parity, gerade (g)  ungerade (u).

For single-photon absorption in isotropic media,
there is essentially no dependence on beam polariza-
tion. Such dependence as does exist arises only for
optically active (chiral) compounds, and is associat-
ed with quantum interference between electric dipole
and magnetic dipole (or electric quadrupole) interac-
tions. These weak effects produce the characteristic
polarization dependence that is manifest in the phe-
nomena of circular dichroism and optical rotation.

Multiphoton absorption

For processes involving the absorption of n photons
from a single laser beam, energy conservation
dictates
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Multiphoton absorption of this kind is essentially a
concerted rather than a multistep process, as there is
no physically identifiable intermediate stage between
the absorption of successive photons. It is, therefore,
necessary for the absorbing molecule to be inter-
cepted by the necessary number of photons almost
simultaneously, a condition which can seldom be sat-
isfied other than by the use of pulsed laser radiation.

Determination of the rate of n-photon absorption
from the Fermi rule [12] invokes the quantum ampli-
tude for the process as given by Equations [9]–[11].
In the case of two-photon absorption, for example,
we obtain a quadratic coupling with the impinging
electric field:

a tensor counterpart to the scalar product of the sin-
gle-photon result shown in Equation [13], in which
α and β here represent the Cartesian indices x, y and
z. Equation [16] is written in this concise form (with
obvious extension to higher orders) through adop-
tion of the Einstein convention for summation over
repeated tensor indices, i.e. both α and β in the
above expression are implicitly summed over x, y
and z. The molecular response exhibited in Equa-
tion [16] is cast in terms of a two-photon tensor
whose explicit structure is as follows

in which there is summation over a set of contribu-
tions from each molecular state r, of energy Er and
FWHM Lorentzian line width 2Γr. Again the exten-
sion to higher orders follows, each additional
photon interaction introducing one further transition
dipole in the numerator and also an additional
energy denominator term. For all but the simplest
cases the exact form of these is best determined
through quantum electrodynamical methods using
Feynman time-ordered diagrams.

In general the n-photon quantum amplitude exhib-
its an nth power dependence on the electric field and
accordingly the rate given by Equation [12] depends
on the nth power of the laser irradiance I. The lack
of coherence which is manifest as intensity fluctua-
tions in the beam generally means that the time-aver-
age value of In differs from In, where I is the mean
irradiance. Consequently the result is usually cast
instead in terms of g(n)In, where g(n) is the degree of
nth order coherence – having the value of unity for a
perfect Poissonian source.

In the case of pulsed radiation the extent of
absorption depends on the integral In(t)dt and so
involves not only the energy of the pulse but also the
temporal profile of the latter. Equally, the radial
profile of the beam has a bearing on the extent of
absorption. In particular, the nonlinear dependence
on intensity means that if the laser beam is focused
within a medium exhibiting multiphoton absorption,
most of the absorption occurs at the focus. For
example a Gaussian beam focused from a beam
waist w to the diffraction-limited value w0 as given
by Equation [5] generates across its focus a net
absorption which is (w/w0)2n times larger than across
the unfocused beam. This principle is exploited in
imaging techniques based on the detection of fluores-
cence resulting from multiphoton absorption.

Through the nonlinear intensity dependence,
Beer’s law condition totally fails to be satisfied in
processes involving the absorption of two or more
photons, and results cannot be given in terms of
conventional absorption coefficients. Again, for
two-photon absorption the counterpart to Equation
[14] takes the form

where β determines the strength of the two-photon
transition. However, the weakness of the absorption
generally means that the leading terms of a Taylor
series for the right-hand side of Equation [18] pro-
vide a very good approximation for the beam attenu-
ation ∆I = I(0) – I(z), which then displays the same
essentially linear dependence on distance as weak
single-photon absorption.

It is evident from the form of Equation [17] that
the two-photon tensor and hence the extent of two-
photon absorption, is significantly enhanced if the
molecule possesses an electronic excited state of an
energy close to Ei + �ω, for then, in the sum over r,
the term that state contributes has an absolute
minimum value for the denominator. This situation,
typical of multiphoton processes, is known as reso-
nance enhancement, and its physical basis can be
understood in terms of the time–energy uncertainty
principle:

In frequency regions well removed from
resonance, absorption of the first laser photon leads
the molecule into a state with a large ∆E, i.e. one
that is energy non-conserving. Accordingly, the mol-
ecule can exist in such a state only if further
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absorption restores energy conservation within a
correspondingly short time. However, if the first
photon is near resonance with a real molecular state,
the intermediate state has a small ∆E and can persist
for much longer. This greatly increases the probabil-
ity that the next photon will arrive within the neces-
sary window. In the limit where exact resonance
occurs and ∆E is zero there is no longer any tempo-
ral constraint save for the decay lifetime of the reso-
nant state, as that state can be physically populated
by single-photon absorption. Then the two-photon
process can be completed in a second stage, without
the need to fulfil the exacting conditions for both
photons to arrive at the same instant. Under reso-
nance conditions the power law for the intensity
dependence is also in general modified to reflect the
greater significance of whichever stage is the rate-
determining step.

Each photon interaction in a multiphoton process
governed by dipole coupling is subject to the Laporte
selection rules. However, the product selection rules
depart substantially from the normal results; for ex-
ample, if an even number of photons is involved, as
in Raman scattering, two-photon absorption and
four-wave mixing, then the selection rules g  g
and u  u apply. In general, for a given transition
to occur it is necessary that the molecular response
tensor possesses at least some non-zero elements.
The criterion for this rule to be satisfied is that the
product of the irreducible representations of the mo-
lecular initial and final states must be spanned by one
or more components of the tensor. The representa-
tion of the (electric dipole) molecular response tensor
T(n), for a process of n-photon absorption from a sin-
gle beam, has the following general decomposition
into irreducible parts or weights n, (n – 2) . . .;

where for even n the parity ϕ = +1 and for odd
ϕ = –1, and the series terminates with D(0ϕ) or D (1ϕ)

respectively. For molecules of reasonably high sym-
metry, the operation of the multiphoton selection
rule leads to far more states being accessible through
multiphoton processes than through conventional
single-photon absorption.

Polarization effects

Laser beam polarization plays an obvious role in the
orientational effects displayed in photoabsorption by
anisotropic media such as crystals, liquid crystals
and surfaces. However, strong pumping with a plane

polarized laser beam can induce anisotropy in an
originally isotropic sample. This results from the fact
that the probability of single-photon depends on
cos2θ, where θ is the angle between the relevant
molecular transition moments and the photon elec-
tric field vector, as in Equation [13]. High intensity
pulsed laser radiation can thus create a preferentially
oriented population of excited molecules, a process
termed photoselection. In many cases rotational
relaxation nonetheless destroys this anisotropy
within a matter of picoseconds after the inducing
laser pulse.

The electric field of laser light need not oscillate in
a single plane, and often optics are employed to pro-
duce other polarizations with a degree of circularity.
Circular polarizations are important in forms of
laser spectroscopy which exploit angular momentum
selection rules, because the photons carry unit quan-
ta of angular momentum. With chiral substances, a
small degree of sensitivity to the handedness of the
radiation is also manifest in the circular differential
response. For two-photon and higher-order
processes, however, even the spectra of reasonably
symmetrical molecules display a marked dependence
on polarization.

For generality the polarization state of the laser
beam can be expressed in a form that can accommo-
date arbitrary plane, circular or elliptical states. In-
stead of the i which determines the direction of the
electric field in Equation [1], we then have a unit
polarization vector given by

where

where the latter mutually orthogonal plane polar-
izations are given the labels that would usually be
employed in connection with irradiation of a surface
with normal vector Z.

List of symbols

A = amplitude of a plane polarized laser beam;
c = speed of light; C = ground state concentration;
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E = electric field; Er = energy of level r;
g(n) = degree of nth order coherence; I = beam irra-
diance; J = irradiance level producing ionization or
dissociation; lc = coherence length; M = mean num-
ber of photons; Mfi = quantum probability ampli-
tude; Q = quality factor; r = radial displacement
from the beam centre; t = time; T(n) = molecular
response tensor; V(ξ) = interaction operator for
species ξ; V = volume; w = beam radius; wo =
focused beam radius; W = instantaneous beam
power; α = absorption coefficient; εo = vacuum
permittivity; Γ = transition rate; θ = angle of con-
vergence of the focused beam; µfi = transition di-
pole moment; λ = wavelength; µ(ξ) = electric dipole
operator of species ξ; E(ξ) = electric field vector at
the position occupied by species ξ; ρf = number of
energy levels per unit energy interval;
ν = frequency; ω = circular frequency; � = Planck’s
constant/2π.

See also: Chemical Reactions Studied By Electronic
Spectroscopy; Environmental Applications of
Electronic Spectroscopy; Laser Applications in Elec-
tronic Spectroscopy; Multiphoton Excitation in Mass
Spectrometry; Multiphoton Spectroscopy, Applica-
tions; Nonlinear Optical Properties.
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Optics

Light

Light emanates from sources with a wide variety of
physical embodiments. Examples include the Sun, a
sodium arc lamp, an incandescent light bulb, and a
helium– neon laser. The physical processes producing
light emission appear to be distinctly different for
each type of source. On a fundamental level, how-
ever, light is generated as a result of acceleration of
electric charges. Thus, a synchrotron generates light
by accelerating free electrons in a circular storage
ring. An incandescent light bulb radiates as a result of

electric-current-induced electronic charge vibrations
and subsequent emission of radiation. A laser oper-
ates under atomic transitions involving bound
charges acting as miniature, light-radiating electric
dipole antennas.

Electromagnetics

Light propagates as an electromagnetic wave.
Maxwell’s equations govern the propagation of light
and other electromagnetic waves in free space, in
material media, at interfaces, and through apertures.
Visible light has wavelengths, λ, expressed in nm or
µm (103 nm = 1 µm = 10– 6 m), or frequency, ν, in Hz

FUNDAMENTALS OF 
SPECTROSCOPY

Methods & Instrumentation
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or s– 1, detectable by the human eye typically falling
within the 380 < λ < 780 nm range. The electromag-
netic spectrum includes the ultraviolet (UV) region
often defined to be 10 < λ < 380 nm and the infrared
(IR) region 780 nm < λ < 1 mm, also of great impor-
tance in optics and spectroscopy.

Maxwell’s equations yield a wave equation that
predicts the propagation of electromagnetic radia-
tion. The most elementary solution is the plane wave
expressible as a function of space (x, y, z) and
time (t) as

This wave, propagating in the +z direction, is mono-
chromatic with angular frequency ω = 2πν, wave-
number k = 2π/λ, and with λν = c where c is the speed
of light in the medium in which the wave propagates.
An arbitrary phase factor φ is included. This wave,
expressed in terms of the electric field vector e(z,t),
has amplitude eo and is linearly polarized along the x
direction, with  denoting a unit vector. An electro-
magnetic plane wave is a transverse wave without any
field component along the direction of propagation.
With e(z,t) representing the electric field (V m– 1),
Maxwell’s equations require that an orthogonal mag-
netic field (A m– 1) vector h(z, t) also be associated
with the wave as shown in Figure 1. Since
eo = constant, the plane wave is transversely infinite
and thus carries infinite energy; it is further infinite in
time and exists everywhere in space. In spite of these
idealizations, the plane-wave model is exceedingly
successful in predicting a large range of optical
phenomena such as reflection/refraction at metallic
and dielectric interfaces, diffraction by spectroscopic
gratings, wave propagation in nonlinear and aniso-
tropic media, etc. A practical, transversely finite, laser
beam may be 1 mm in diameter which is 2000 λ for
λ = 500 nm; it is well approximated as a plane wave
since it is wide on the scale of λ.

Polarization

The vectorial nature of the electromagnetic fields rep-
resenting light implies polarization, a fundamental
property of light. The particular orientation of the
e-vector of a plane wave incident on an interface has
a profound effect on the detailed interaction that
takes place and influences, for example, the amount
of light that is reflected or transmitted. If the electric
field vector is confined to oscillate in a plane (e.g. the
x– z plane in Figure 1), the wave is said to be linearly
polarized. If the tip of the electric field vector
traverses an elliptical path around the direction of

propagation, the state of polarization is elliptical.
Circular polarization and linear polarization are spe-
cial cases of the general state of elliptical
polarization.

The influence of the state of polarization is illus-
trated in Figure 2 where a polarized plane wave in
air (refractive index, n1 = 1) is incident on a piece of
glass (n2 = 1.5). The index of refraction is defined as
n = co/c, where co is the speed of light in vacuum. For
s-polarized light, with the e-field oscillating orthogo-
nal to the plane of incidence as shown, the reflectance
(Rs, defined as the ratio of optical power density (W
cm−2) reflected to that of the input wave) increases
monotonically as the angle of incidence, θi, is in-
creased. For a p-polarized incident wave, the reflect-
ance, Rp, differs markedly, even exhibiting a
reflection zero when θi = θB, which defines the
Brewster angle given by θB = tan−1[n2/n1]. The angle
of incidence θi is related to the angle of refraction θt
by Snell’s law n1 sin θi = n2 sin θt which holds for
both polarization states. Additionally, the angle of
reflection is θr = θi. If the wave traverses a rare-to-
dense interface (n1 < n2) then θt < θi. Conversely, if
n1 > n2, θt > θi. In particular, for θi such that θt = 90° ,
total internal reflection occurs and Rs = Rp = 1 for all
θi > θc, which is the critical angle given by θc = sin−1

[n2/n1]. Light propagation inside optical fibres in tele-
communications systems occurs under conditions of
total internal reflection.

Diffraction gratings

Diffraction gratings are widely applied on account of
their dispersive properties. Thus a beam of polychro-
matic light incident on a grating spatially separates
according to its spectral content. A diffraction
grating with period Λ larger than the wavelength
generally exhibits multiple diffracted waves excited
by a single incident plane wave as illustrated in

Figure 1 A snapshot of an electromagnetic plane wave with
wavelength λ illustrating its spatial characteristics. The electric-
field component ex and the magnetic-field component hy oscillate
in phase but orthogonal to each other and to the direction of prop-
agation. This wave is said to be linearly polarized along the x-
direction.
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Figure 3. Diffraction gratings operate in reflection or
transmission. In spectroscopic devices, such as mon-
ochromators, reflection gratings play key roles.

With reference to Figure 3, the grating equation
describes the spatial division of the incident wave of
wavelength λ into distinct directions θι for each order
ι as

where ι = 0, ±1, ±2, ... labels the order of diffraction.
Essentially the directions θι correspond to conditions
of constructive interference of waves emanating from
the grating facets. For a polychromatic incident wave,
each component wavelength propagates into direc-
tions specified by Equation [2]. Taking θi = constant
and differentiating, this angular dispersion is 

Thus, the angular spread per unit spectral interval is
largest for higher-order (ι) diffracted waves, small
grating periods (Λ), and large diffraction angles (θι).

The diffraction efficiency, DEι, specifies the optical
power carried by the diffracted waves normalized
with the power of the incident wave. For the surface-
relief reflection grating of Figure 3 with a square-
wave profile, the diffraction efficiency is given by

where g = πn1d/λ cos θi. This grating obtains a max-
imum DE1 of 40.5%. A lossless grating with a saw-
tooth (blazed) profile has a theoretical maximum
DE1 of 100%.

Monochromators

A typical monochromator is schematically illustrated
in Figure 4. The input light contains a range of

Figure 2 Light reflectance as a function of the angle of incidence of a planar air–glass interface. The influence of the state of
polarization of the incident plane wave is illustrated.

Figure 3 Illustration of the dispersion properties of a surface-
relief reflection grating. The monochromatic incident wave is dif-
fracted into several waves propagating in directions specified by
the grating equation. A change in the wavelength, λ, of the inci-
dent wave will alter the directions θι of the diffracted orders. Spec-
troscopic instruments often employ the first order (ι = 1) to
characterize the spectral content of the input light.
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wavelengths that are spatially separated with the
diffraction grating as shown. The exit slit controls
the spectral content of the output light by blocking
the undesired wavelengths surrounding the central
one. The spectrograph is a similar instrument but
without a slit. In this case, the output spectrum is
picked up by a detector array such that a prescribed
spectral band can be associated with a given detector
element.

Thermal sources

Thermal sources supply light by heating the source
material to a sufficiently high temperature. If an elec-
tric current is passed through a filament made of a
metal with high melting point such as tungsten, the
filament glows. Thermal radiation exhibits a charac-
teristic, spectrally broad, continuous emission spec-
trum. The laws of blackbody radiation are useful for
describing the emission spectra of thermal, or incan-
descent, sources. A blackbody consists of an ideal
material that completely absorbs all incident radia-
tion independent of wavelength. Conversely, the
maximum radiation emitted by a hot solid material
at a given temperature is that of a blackbody. The
radiation properties of a blackbody are determined
completely by the absolute temperature.

In practice, the characteristics of a blackbody can
be obtained approximately by a cavity with a small
hole in its side. Radiation entering the cavity through
the hole is completely absorbed. As the cavity is
heated, blackbody radiation emerges from the hole.

Planck’s radiation law gives the spectral distribu-
tion of blackbody radiation. It may be expressed as

where Mλ is the spectral radiant emittance given in
W cm– 2 per unit wavelength. Thus Mλ is the radiated
power density per wavelength, λ. Further, T is the
absolute temperature (K), Cl = 3.7418 × 10−12 W cm2

and C2 = 1.4388 cm K. These coefficients are ex-
pressed in terms of fundamental physical constants
as C1 = 2πhco

2 and C2 = hco/kB where h is Planck’s
constant and kB is Boltzmann’s constant. Figures 5
and 6 illustrate Planck’s law on logarithmic and line-
ar scales demonstrating the shift of the emission peak
to shorter wavelengths with increasing temperature
as well as increase of the radiated power density.

Taking dMλ/dλ = 0 yields the wavelength, λpeak,
at which the radiation peak occurs as
λpeakT = 0.28978 cm K, which is Wien’s displace-
ment law traced by the dashed line in Figure 5.
Finally, calculating the integral 

gives the total power per unit area, M, emitted by the
blackbody, where the Stefan– Boltzmann constant
σ = 5.6703 × 10−12 W cm−2 K−4.

As the temperature of the blackbody increases, its
colour changes as evident in Figures 5 and 6. The
colour of a blackbody is thus uniquely dependent on
its temperature. Real sources such as tungsten lamps
that have spectral distributions approximating those
of blackbodies can be assigned a colour temperature
at which the spectrum most nearly overlays that of
the blackbody. Outside the Earth’s atmosphere, the
Sun can, for example, be approximated as a black-
body at 6200 K, which is, then, the Sun’s colour
temperature.

Figure 7A shows the spectral distribution of an in-
candescent lamp fitted with a tungsten filament
inside a quartz bulb enclosing a rare gas and a halo-
gen. The spectrum is smooth with a colour tempera-
ture exceeding 3000 K containing a significant
amount of near-infrared light.

Electric-discharge sources

Electric discharge denotes the excitation of atomic
states in a gaseous medium on passing an electric
current through the medium. An ordinary household

Figure 4 The basic elements of a monochromator. The input
spectrum contains wavelengths in the range λ1 < λ < λ2. The grat-
ing spreads the light within the diffraction orders (say ι = 1) in
which the instrument is operated. No other diffracted orders are
shown in the drawing for clarity. The width of the slit defines the
spectral content of the output light. Reproduced with permission
from Oriel Corporation (1989) Oriel 1989 Catalog, Volume II.
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fluorescent lamp is an example of an electric-dis-
charge source. The lamp tube, coated on the inside
with fluorescent phosphors, contains a mixture of a
rare gas and mercury vapour. On application of suf-
ficiently high voltage across the lamp’s terminals,
a low-pressure mercury arc forms. Thus, excited Hg
atoms emit UV radiation (a particularly strong line
exists at 253.7 nm) which is absorbed by the phos-
phor and re-emitted as visible light. The phosphor
radiation spectrum is concentrated in the visible
spectral region; it is smooth with several superim-
posed discrete lines originating in the Hg atoms.

By increasing the lamp’s internal operating pres-
sures and temperatures, high-intensity light can be
produced. High-intensity discharge lamps are classi-
fied as mercury-vapour, metal-halide, or high-

pressure-sodium types. In these sources, the dis-
charge is contained in arc-tubes placed inside the
lamp envelope filled with inert gas. Additionally,
short-arc lamps, such as xenon and mercury– xenon
lamps, are capable of power output in the multi-kilo-
watt region. Typical spectral characteristics of such
sources are shown in Figures 7B and C.

Table 1 gives wavelength ranges and power levels
of selected light sources.

Lasers

Key characteristics

In contrast to light emitted by traditional thermal or
luminescent sources, the laser beam is directional
with all of its power confined within a narrow angu-
lar range. As the beam expands slowly on propaga-
tion, its divergence, ∆θ, is small, often of the order of
a milliradian (mrad). A direct result of this confine-
ment of laser power within a small angular region is
the high value of laser brightness, or radiance, meas-
ured in watts (W) per unit area (cm2) per solid angle
(steradian, sr). A typical argon laser beam with 1 mm
diameter and 1 mrad divergence carrying a power of
1 W has brightness of ~108 W cm– 2 sr– 1 whereas a
100 W light bulb radiating uniformly into a solid
angle of 4π obtains only ~1 W cm– 2 sr– 1. In addition,
laser light is highly monochromatic, meaning that the
spectral wavelength spread, ∆λ, is small. An
associated property of monochromatic sources is
temporal coherence; lasers are highly coherent

Figure 5 Spectral characteristics of blackbody radiation. The spectral radiant emittance is plotted as a function of the wavelength
for several values of the absolute temperature. The slanted, dashed line indicates Wien’s displacement law.

Figure 6 Similar to Figure 5 on a linear scale.
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sources. Further, lasers operate in continuous-wave
(CW) or pulsed modes, and they may be polarized or
unpolarized. While many lasers operate with fixed
output wavelengths, some laser types are tunable
over relatively large spectral regions. Finally, laser
beams can be focused to tiny spots (~1 µm diameter)
with extreme power densities obtainable even for
CW lasers.

Applications

These unique characteristics of lasers make them
exceedingly useful in numerous applications. Thus,

lasers enable applications in diverse fields such as
telecommunications, holography, spectroscopy, inte-
grated optics, lithography, and medicine. Specific
functions include alignment, distance measurements,
holographic data storage, signal processing, image
processing, velocity measurement, industrial process
control, inspection, surgery, welding, fusion, and
propagation of fibre-optic communication signals.

Atomic laser processes

The term ‘laser’ stands for ‘light amplification by
stimulated emission of radiation’. This stimulated
emission occurs on interaction between a photon
propagating in the laser’s active medium and an atom
in an excited state. The incident photon essentially
stimulates the emission of an identical photon which
joins the incident photon coherently at the same fre-
quency and along the same direction. By viewing the
photon as an electromagnetic wave packet, stimu-
lated emission is a coherent wave process wherein the
electromagnetic field of the incident photon drives
the electrons of the excited atoms into coherent oscil-
lation. The atom then undergoes energy level transi-
tion by radiating energy in the form of an optical
wavefield that is spatially and temporally coherent
with the incident, stimulating wavefield.

The fundamental laser process, thus, relies on
quantum-mechanical energy levels in atomic sys-
tems. Media sustaining laser action possess discrete
energy levels with discrete spectral components pro-
duced on transitions between particular levels. If the
transition is from an upper level E2 to a lower level
E1, the emitted photon will have frequency given by 

where h is Planck’s constant. The transition energy is
∆E = hν = hc/λ.

Figure 7 (A) Spectrum of a 1000 W tungsten–halogen lamp.
Reproduced with permission from Oriel Corporation (1994) Oriel
1994 Catalog, Volume II. (B) Spectrum of a 200 W mercury arc
lamp. Reproduced with permission from Oriel Corporation (1994)
Oriel 1994 Catalog, Volume II. (C) Spectrum of a 150 W xenon
arc lamp. Reproduced with permission from Oriel Corporation
(1994) Oriel 1994 Catalog, Volume II.

Table 1 Representative power levels and wavelength ranges
for common light sources

Source material
Wavelength range
(nm) Rated power (W)

Mercury 200−2500 50−1500

Mercury−xenon 200−2500 30−5000

Xenon 200−2500 15−30 000

Deuterium 180−400 30

Sodium 400−800 250−400

Tungsten−halogen 240−2 700 50−1 000
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Suitable laser energy levels have been discovered in
thousands of atomic systems occurring in a variety
of media. For example, discrete electron energy lev-
els of isolated Ne atoms, originating in proton– elec-
tron Coulomb attraction, enable the ubiquitous
HeNe laser. Vibrations of molecules with associated
harmonic-oscillator type quantum levels are basic to
the CO2 laser. Organic dye molecules exhibit elec-
tronic, rotational, and vibrational energy levels on
account of their size and complex structure. This
provides a continuum of available transitions and
yields broadband, tunable dye lasers. Semiconductor
lasers operate on transitions based on energy-level
bands that form on merging of the discrete levels as-
sociated with individual atoms in the solid.

In thermal equilibrium, an atomic system with N1
atoms in level E1 and N2 atoms in E2 > E1 obeys the
Boltzmann principle 

Therefore, in thermal equilibrium, N2 < N1 and, if ν
is in the optical region, N2 << N1. Such a system is
absorptive and not amplifying. To obtain the ampli-
fication effect associated with stimulated emission,
an external pump mechanism is required to induce
population inversion such that N2 > N1. Population
inversion in the active laser medium is, thus, a non-
equilibrium condition that enables lasing. The
pumping approach employed depends on the laser
medium. Optical flashlamps are used to invert some
solid-state laser media (Nd:YAG, ruby), electric-
current discharge is effective for many gas lasers
(HeNe, argon), direct current injection pumps semi-
conductor lasers (GaAs, InP), and optical pumping
with an auxiliary laser (e.g. argon laser) is used to
operate dye lasers.

Figure 8 schematically illustrates a four-level laser
system such as that for a Nd:YAG laser. Population
inversion and lasing is established between levels E2
and E1. The optical pump populates level E3 that
may be a broad range of closely spaced levels in
practice. Decay from E3 down to the metastable up-
per laser level E2 may occur via radiative or nonradi-
ative relaxation processes. Random radiative
emission, or spontaneous emission, occurs without a
stimulating electric field, in contrast to stimulated
emission. Nonradiative relaxation implies energy
transfer via lattice vibration also called phonon
modes.

Spectral content

Spontaneous transitions in laser media possess a
finite spectral bandwidth ∆ν. The concomitant fre-
quency distribution is described by a line shape func-
tion, g(ν), taken to be normalized as 

The function g(ν) determines the spectral characteris-
tics of the laser gain coefficient in inverted media.
Light emission and absorption are both spectrally
governed by g(ν).

The functional shape of g(ν) is defined by the par-
ticular line-broadening mechanisms of the atomic
systems that constitute the active medium. If the
atoms in the collection are indistinguishable, i.e.
each atom acts the same, the line broadening is said
to homogeneous. Lifetime broadening and collision
broadening are examples of homogeneous broaden-
ing. Systems with distinguishable atoms suffer inho-
mogeneous broadening such as Doppler broadening
and lattice-strain broadening.

Lifetime broadening is due to the finite lifetime of
the excited atomic state. It can be modelled as an ex-
ponentially decaying oscillator of the form (see
Eqn [1]) 

Figure 8 A four-level atomic energy system.
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emitting a wave of frequency ω0 during the lifetime
τ. The frequency content of the decaying oscillator is
found by applying a Fourier transform 

This leads to a normalized, Lorentzian, line shape
function in the vicinity of ω ≅ ω0 = 2πν0 expressed as 

where ∆ν = 1/πτ is the line width (full width at half
maximum, FWHM) of the lifetime-broadened sys-
tem. This result applies to homogeneous broadening,
where each atom in the collection is characterized by
a bandspread ∆ν. Short pulses (τ small) yield broad
spectra. Atomic collisions that interrupt the decay
cause additional broadening by reducing the effec-
tive average value of τ.

Doppler broadening is a commonly cited example
of inhomogeneous broadening. The atoms in a gas
have a statistical distribution of velocities; the atoms
are thus distinguishable by their differing velocities
that correspond to different atomic resonance, or
transition, frequencies. The resulting Gaussian line
shape function is given by 

where the FWHM line width is ∆νD = 2ν0[2kBT ln 2/
mc2]1/2 where m is the atomic mass. Thus, as expect-
ed, ∆νD increases with increasing T and decreasing
mass. For example, the HeNe laser is Doppler
broadened with ∆νD ~1.5 GHz whereas the Nd:YAG
laser is homogeneously broadened with ∆ν
~120 GHz.

The line shape function g(ν) spectrally governs the
rate of spontaneous and stimulated emission. The
stimulated transition rate per atom is given by
Wi = λ2Iν g(ν)/(8πn2hντ), where n is the refractive in-
dex and Iν is the intensity (W cm – 2) of the mono-
chromatic optical wave (at frequency ν) causing
stimulated emission. The relation to laser gain is es-
tablished by considering propagation along the
z-direction in the laser medium, which can be

described by

which defines the exponential gain coefficient. The
solution is

implying exponential growth of the laser radiation
intensity for γ(ν) > 0 or N2 > N1 (inverted medium)
and a traditional decay if the system is absorbing, or
noninverted, in thermal equilibrium.

Basic laser components

Figure 9 illustrates the building blocks of typical
lasers. The active medium (gas, solid, or liquid) is
placed between two mirrors constituting an optical
resonator. The back mirror is highly reflective with
reflectance, R, approaching 100%. The front mirror
(output coupler) is also highly reflective but with a
finite value of transmittance, T, typically a few per-
cent, to allow the useful output laser beam to emerge
from the resonator. The resonator-cavity mirrors
may be flat or curved. A laser with two flat mirrors is
difficult to align as small misalignment causes the
oscillating light wave, making multiple round trips,
to walk off and leave the cavity. It is thus a margin-
ally stable configuration. Improved design is
obtained with curved mirrors confining the laser light
energy efficiently within the resonator. In particular,
two mirrors with long radii of curvature constitute a
practical, stable laser cavity. The laser medium is
pumped with an external source, also shown in
Figure 9, to maintain the inverted atomic population
needed for laser power amplification to occur. Pump-
ing methods include optical pumping of solid state
lasers with incoherent (e.g. xenon) flash lamps, elec-
tric-discharge pumping of gas lasers, and direct-cur-
rent-injection pumping of semiconductor lasers and
light-emitting diodes. Collisions can also play a role

Figure 9 Chief components of a laser.
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in achieving the population inversion. For example,
in the HeNe laser, the electrical discharge (a few kV
at a few tens of mA current) drives electrons that col-
lide with He atoms, raising them to excited levels (2s
level desired). The He atoms then interact with Ne
atoms, raising them to 3s2 levels by collision energy
transfer. The resulting metastable state with a few µs
lifetime radiates the familiar red photons with
633 nm wavelength.

Laser modes

Laser oscillation can build up from noise or from a
deliberately injected signal. Before lasing, spontane-
ous emission generates a flood of photons propagat-
ing in random directions. Those taking a path along
the resonator axis are reflected back into the active
medium (i.e. feedback) and initiate the stimulated
emission and amplification process with power pro-
vided by the external pump. If the round-trip gain
exceeds the round-trip loss, optical energy builds up
in the resonator. Since the pump provides finite ener-
gy, this oscillating power buildup saturates with
steady-state oscillation established when the round-
trip gain equals the round-trip loss. Under these con-
ditions, a steady beam may be emitted from the
laser, since the useful output light power is taken as
part of the loss.

Thus, laser oscillation occurs inside a resonator
confining the laser light. The resonator defines the
frequency distribution and the spatial distribution of
the output light. A resonator with planar mirrors
separated by distance L supports longitudinal modes
with discrete frequencies 

Adjacent modes are thus separated by c/2L. A laser
will support those longitudinal modes of frequency
νq that fall under the gain curve of the laser medium.

Figure 10A shows an example atomic line and sev-
eral longitudinal cavity modes with six modes having
sufficient gain to oscillate, the rest being below
threshold and not surviving. The spectral properties
of the individual longitudinal modes can be under-
stood by treating the resonator as a Fabry– Perot
etalon. Their spectral width, δν, is given in terms of
the resonator’s free spectral range, FSR = c/2L, and
its finesse, F, as δν = FSR/F. If each of the cavity mir-
rors has a reflectance R, the finesse is F = πR1/2/(1−R).

Figure 11 depicts some of the main components in
a large-frame laser such as a commercial argon-ion
laser. The resonator supports multiple longitudinal
modes as suggested by Equation [16]. The active me-
dium, in the case of argon, supports multiple well-
separated atomic lines any one of which, as shown in
Figure 10A, can accommodate several longitudinal
cavity modes. To select one of the atomic lines, a
prism is inserted in the cavity as shown. By angularly
tuning the prism, a principal line, or wavelength, is
selected such that it emerges out of the prism at nor-
mal incidence on the high reflector. This line can
then oscillate in the cavity with other lines cut off.
To narrow the laser’s spectrum further, an intracavi-
ty etalon is applied. The etalon is a planar Fabry–
Perot cavity of thickness de with its FSR = c/2de thus
supporting multiple longitudinal modes separated by
a much larger frequency spread than the laser cavity
modes since L >> de. The etalon is tuned by rotation
and by varying its temperature. When an etalon
mode coincides with one of the laser modes in
Figure 10A, that mode oscillates by itself with the
adjacent modes suppressed. The laser then oscillates
in a single mode with a corresponding decrease in

Figure 10 Spectral and spatial modes of a laser. (A) Atomic line enclosing several longitudinal resonator modes. (B) Transverse
spatial modes of a laser beam. The fundamental TEM00 mode is the Gaussian laser beam profile. The arrows indicate the direction of
the beam’s electric field at a given instant of time.
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the output spectral line width and associated in-
crease in its level of coherence. The laser in
Figure 11 is equipped with Brewster windows (see
Figure 2) that force the laser to favour a single po-
larization state as indicated.

In addition to the longitudinal modes discussed,
the laser resonator admits multiple transverse modes
that appear as spatial intensity variations across the
output laser beam as shown in Figure 10B. Such
transverse electromagnetic (TEM) modes are labelled
with subscripts that count the number of zeros along
the (x,y) transverse directions. The most useful mode
has no zeros and thus the TEM00 mode is preferred.
This mode is the ubiquitous Gaussian laser beam
obtained when the laser aperture in Figure 11 sup-
presses higher-order transverse modes. With refer-
ence to Figure 12, the intensity of a Gaussian laser
beam carrying a total power P is expressible as

with w(z) = w0[1 + (z/z0)2]1/2 where z0 = πw /λ, called
the Rayleigh range, w0 being the beamwaist radius
occurring at z = 0, and r2 = x2 + y2. If a thin lens of fo-
cal length f, with the lens placed at the waist, focuses
this Gaussian beam, the radius of the focal point is 

Often z0 >> f which gives wf ~ fλ/πw0. As an exam-
ple, with f = 10 mm, λ = 0.5 µm, and w0 = 0.5 mm,
wf ~ 3 µm. If P = 1 W, this yields a power density at
focus of ~3 MW cm−2 or ~3 kW cm−2 if P = 1 mW
(e.g. a small HeNe laser). In view of these high power
densities, laser safety is an important concern. Eye
protective goggles matched to the laser’s wavelengths
should be worn when working with lasers.

Pulsed lasers

Generation of intense short pulses of light is of inter-
est in many fields, including nonlinear optics and
spectroscopy. Pulse lengths in the femtosecond
region with pulse power levels of terawatts have been
achieved. Two common methods for short-pulse gen-
eration, Q-switching and mode locking, are summa-
rized in this section.

In Q-switching, the laser is prevented from oscil-
lating with the pump running such that a large in-
verted population builds up in the cavity. Oscillation
occurs on removal of the blockage thereby switching
the cavity Q back to its normally high value. A short,
powerful optical pulse develops as the available gain
rapidly depletes, typically on nanosecond timescales.
Q-switching is accomplished by placing electro-optic
or acousto-optic modulators inside the cavity or, in a
passive manner, with a saturable absorber. The pas-
sive approach is particularly simple; a saturable ab-
sorber (organic dye solution) becomes transparent
when sufficiently high gain has developed thus per-
mitting a high-intensity pulse to escape. As an exam-
ple, a Q-switched Nd:YAG laser may deliver ~1 J
energy per pulse with pulse length of τp ~5 ns, power
per pulse ~200 MW, and repetition rate of 10 Hz.

An ideal, inhomogeneously broadened laser
oscillates on multiple longitudinal modes separated
by c/2L in frequency. These free-running modes os-
cillate independently with random, uncorrelated
phases. If the phases (φ in Eqn [1]) can be locked to-
gether, a periodic laser-pulse train is obtained as out-
put light. To accomplish this, an electro-optic or
acousto-optic switching element can be placed in the
cavity. It is modulated with a period equal to the res-
onator’s roundtrip transit time T = 2L/c. Optimum
conditions for light buildup correspond to minimum
loss, that is an open switch. This switching action
tends to lock the phases of the longitudinal modes
such that their interference creates a pulse that pass-
es through the open switch without loss. Wide atom-
ic line widths, ∆ν, enclosing a large number of

Figure 11 Principal components used to optimize the perform-
ance of a laser. The prism selects a particular atomic line and the
wavelength of operation. The etalon selects a longitudinal mode
and increases the laser’s coherence. Reducing the aperture di-
ameter favours the Gaussian spatial mode. The Brewster win-
dows polarize the beam linearly. Figure 12 Parameters of a Gaussian laser beam.
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longitudinal modes produce the shortest mode-
locked pulses since τp ~ ∆ν−1. For example, Ti:sap-
phire lasers, with their broad line widths, provide
short pulses, with τp ~ 100 fs, average power
~100 mW, and output pulse rate of ~100 MHz
being representative numerical data.

Table 2 provides numerical parameters for some
common lasers.

List of symbols

c = speed of light in medium; co = speed of light in vac-
uum; Cl, C2 = coefficients in Planck’s law; d = grating
thickness; de = etalon thickness; DEι = diffraction effi-
ciency of order ι; e = electric field vector; eo = e-field
amplitude; El, E2 = energy levels; f = focal length;
FWHM = full width at half maximum; FSR = free
spectral range; F(ω) = Fourier transform of f(t);
g = normalized grating modulation strength;
g(ν) = atomic line shape function; h = magnetic field
vector; h = Planck’s constant; I(r,z) = intensity of
Gaussian laser beam; Iν = intensity of light of fre-
quency ν; k = wavenumber; kB = Boltzmann’s con-
stant; L = laser resonator length; m = atomic mass;
M = emittance; Mλ = spectral radiant emittance;
n = index of refraction; Nl, N2 = atomic populations;
P = power; q = integer mode index; Rs, p = reflectance
of s- or p-polarized light; r2 = x2 + y2; t = time;
T = absolute temperature; Ts, p = transmittance of s-
or p-polarized light; w0 = radius of a Gaussian beam
at the waist; wf = focal point radius; w(z) = beam
radius at arbitrary z; x, y, z = space coordinates;
zo = Rayleigh range; γ(ν) = gain coefficient; δν =
FWHM of longitudinal cavity modes; ∆θ = laser beam
divergence; ∆λ = spectral line width, wavelength;
∆ν = spectral line width, frequency; ∆νD = Doppler
line width; τ = lifetime; θi = angle of incidence;

θr = angle of reflection; θB = Brewster angle;
θc = critical angle; θι = angle of diffraction; θt = angle
of refraction; λ = wavelength of light; Λ = grating
period; ν = frequency of light; ν12 = transition fre-
quency; νq = frequency of longitudinal cavity mode;
σ = Stefan– Boltzmann constant; ι = diffraction-order
integer; τp = pulse length; ω = angular frequency of
light; φ = phase.

See also: Electromagnetic Radiation; Ellipsometry;
Fibre Optic Probes in Optical Spectroscopy, Clinical
Applications; Laser Applications in Electronic
Spectroscopy; Laser Spectroscopy Theory; Optical
Frequency Conversion; Raman Spectrometers.
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Table 2 Representative figures characterizing common lasers

Laser type Wavelengths (nm) Power Beam dia (mm) Divergence (mrad) Output

Helium−neon 633,1152 0.1−50 mW 0.5−3.0 0.5−6.0 CW
Argon−ion 351−529 several 5 mW−25 W 0.5−2.0 0.5−1.0 CW
Helium−cadmium 325, 442 1−50 mW 0.3−1.2 0.5−3.0 CW
Dye (Ar pump) 400−1000 to 5 W 0.5−1.0 1−2 CW, tunable
Nd:YAG 1064 0.1−500 W (ave) 1−10 1−10 Pulsed
Nd:YAG 1064 0.5−1000 W 1−10 1−10 CW
CO2 10 600 1−100 W 3−7 1−5 CW
GaAlAs 750−900 1−100 mW Divergent output Large, ~30° CW
InGaAsP 1100−1600 1−100 mW Divergent output Large, ~30° CW
Ti:sapphire (Ar pump) 700−1100 0.1−1 W 0.5−1 1−2 CW, tunable
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Light absorption is not only characterized by energy
and intensity, it also has directional properties. These
are often overlooked, even when they might provide
essential information. Such information includes
assignments of electronic and vibrational transitions
and information on molecular structure, conforma-
tion and association. The directional properties of
individual molecules cannot be observed in isotropic
samples but require samples that are non-isotropic or
aligned.

Although a natural (nonpolarized) light beam is
nonisotropic in nature, since its electric and magnetic
vectors are located exclusively in the plane perpendic-
ular to the direction of the beam, the directional prop-
erties of aligned samples may best be studied using
linearly polarized light. The term ‘linear dichroism’
refers to the change in absorption that may often be
observed for nonisotropic samples when the direction
of polarization of the light is changed by 90°.

In reality, most light in nature is partially polarized
– scattering produces polarized light and most light
around us is scattered sunlight. Historians believe
that the Vikings used the polarization of light from
the blue sky as a navigational aid when they travelled
to North America about 1000 years ago. Similarly,
except for common solutions, most naturally occur-
ring samples are nonisotropic; this is especially true
for samples with a biological origin. The first linear
dichroism experiment was actually carried out on a
dye-stained cell membrane in the 1880s.

The transition moment

Many observable properties in connection with elec-
tronic transitions between state 0 〉 and f 〉 may be
calculated from the two wavefunctions by means of
an integral of the type 

where Ô is an operator describing the desired
property. In many cases Ô is not a scalar but a vector

or tensor. The operator that describes absorption
probability, the electric dipole operator , is a vec-
tor. Thus the corresponding observable property, the
transition moment M0f, will also be a vector.

M0f may vanish for reasons of symmetry; then the
transition between |0 〉 and | f 〉 is said to be symmetry
forbidden. For example, if the molecule possesses a
plane of symmetry, the product of 〈 0 |,  and |f 〉
will be either symmetric or antisymmetric with re-
spect to the plane; if it is antisymmetric, the integral
vanishes. The electric dipole operator  corresponds
to the sum of charges on particles in the molecule
times their coordinates and is therefore antisymmet-
ric with respect to any symmetry plane, thus 〈 0 | and
| f 〉 must have different symmetry properties with re-
spect to the plane in order for the integral to be
nonzero.

In molecules with symmetry elements, the direc-
tion of M0f is determined by the symmetry of the two
states 0 〉 and f 〉. In the important cases of C2v,
D2h and D2 symmetric molecules, only three differ-
ent excited-state symmetries can be reached by an
electric dipole transition from a totally symmetric
ground state. For example, in the case of D2h, each of
the three ‘allowed’ excited state types are antisym-
metric with respect to one, and only one, of the three
symmetry planes of the molecule. The direction of
M0f for the three different allowed transitions is in
each case perpendicular to the antisymmetry plane.
For transitions to all other excited states, M0f

becomes zero; these transitions are said to be sym-
metry forbidden.

Production of linear dichroic samples

Although many samples occurring in nature are
partially aligned from the start, most linear dichr-
oism experiments are performed on samples that
have been aligned in the laboratory. Single crystals
may be grown of many molecules: if the crystal
structure is known and is suitable, information may
be obtained on transition moments for electronic
and vibrational transitions. In practice, this is often
experimentally difficult – very thin crystals are

ELECTRONIC SPECTROSCOPY
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required for reasonably strong transitions and the
interpretation of the spectra may be very compli-
cated, primarily owing to strong intermolecular
interactions in the crystal. Alignment in electric fields
may be used, especially for large molecules (see the
Kerr effect). Magnetic fields may be used to align
molecules with permanent magnetic moments, but
the effect is weak (see the Cotton–Mouton effect).
Further details may be found in the article on linear
dichroism instrumentation.

In the following we shall consider samples aligned
either by photoselection or by dissolving the mole-
cules in ‘anisotropic solvents’. Ordinary photoselec-
tion is not based on a physical alignment of a set of
molecules. Instead a partially aligned subset of an iso-
tropic molecular assembly is selected by absorption of
natural or polarized light. Since the relative transition
probability for molecules with different spatial orien-
tations is known, the orientation distribution of mol-
ecules in the photoselected sample will often be
known. In order to preserve this alignment, the mol-
ecules must be kept in a high viscosity solvent, usually
at low temperature. Anisotropic solvents may be
single crystals of a suitable host molecule, mem-
branes, a fast-flowing liquid, aligned liquid crystals or
stretched polymers. With the possible exception of
the first of these solvents, the orientation distribution
of the sample molecules is not known, but, as we shall
see, a complete interpretation of absorption spectra is
possible even when only a few, simple properties of
this distribution are known.

Description of molecular alignment: 
One-photon processes

The transition probability for linearly polarized light
with its electric vector εU along sample (laboratory)
axis U at the wavelength of the transition to state f 〉
in a single molecule is proportional to

where (U, M0f) is the angle between U and M0f. The
sample axis U is usually chosen according to the
properties of the individual sample; most important
samples are uniaxial (see below) and in these U is the
unique axis. It is clear that the absorption depends on
molecular alignment; if the molecule is aligned so
that M0f is perpendicular to U, the probability
becomes zero, while the maximum absorption prob-
ability occurs when M0f is parallel to U. In a typical
partially aligned sample the angle (U, M0f) may take
on all possible values between 0° and 90° for

individual molecules in the sample. This means that
an average value over all sample molecules must be
used and we obtain 

where the brackets refer to average values for all mol-
ecules in the sample.

In the important case of a molecular symmetry
(C2v, D2h and D2) that only allows transition
moments along three different perpendicular x, y and
z directions within the molecule, we label the corre-
sponding average cosine square values Kx, Ky and Kz: 

for x-, y- or z-polarized transitions, respectively.
These three K values are not independent; their sum
is equal to 1, which often provides a useful test. Note,
however, that K values are useful for any direction in
a molecule, for example a low-symmetry molecule;
the transition to state f 〉 will, for a given sample
alignment, be characterized by the K value Kf :

The molecular direction that corresponds to the
largest possible Kf – in other words the direction
that, on the average, is best aligned in the molecule
with respect to U – is called the orientation axis.
Since it is determined by averaging, the position of
the orientation axis is not always obvious; as a re-
sult, the axis is sometimes called the effective orien-
tation axis. In the symmetrical molecules mentioned
above it will be one of the three directions
determined by symmetry. It is often labelled z. The
least well-aligned axis, with the lowest K value, is of-
ten called x and the intermediate axis is called y. The
three axes are those that diagonalize a ‘K-tensor’
with elements 〈 cos(u,U)cos(v,U) 〉, where u and v are
directions in the molecule.

The orientational dependence of the two linear di-
chroism spectra can easily be expressed in terms of
the K values. If the electric vector is along the U axis,
we obtain for the resulting absorbance EU(ν):

where the sum is over all relevant transitions f and
Af (ν) is equal to the contribution to the absorbance
from transition f in a sample of perfectly aligned
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molecules (this is also equal to three times the
contribution from transition f to the absorbance of
an isotropic sample). Similarly, if the electric vector
is along the V laboratory axis, perpendicular to U,
we obtain for the resulting absorbance EV(ν)

where Kf′ = 〈 cos2 (V, M0f) 〉. The linear dichroism is
equal to 

Uniaxial samples

The equations above are valid for any sample. Each
transition moment direction is characterized by two
quantities, K and K′. If the sample is uniaxial, i.e. all
directions perpendicular to a given sample axis are
equivalent, the equations simplify further. We chose
U as the sample axis. Since V is now equivalent to the
third laboratory axis, W, it can be shown that for all
transitions f, Kf′ = (1 – Kf)/2. We obtain

When the two curves EU(ν) and EV (ν) differ very
little, i.e. when the LD(ν) is small, a direct
measurement of LD(ν) by means of polarization
modulation provides a more accurate result. The
second (linearly independent) curve is then either the
isotropic spectrum

Many important samples have been shown to be
or are assumed to be uniaxial, for example solutes
in stretched polyethylene or in nematic liquid crys-
tals. It is now simple to determine Kf. If transition f
dominates the absorption at νf (if it does not overlap

with other transitions), the dichroic ratio at νf,
EU(νf)/EV(νf), can be written 

Therefore, Kf can be directly determined:

The situation for nonoverlapping transitions is
common in IR spectroscopy, but less common in UV
spectroscopy. If transition f is overlapped by other
transitions, it is still often possible to determine Kf.
This is done by a trial-and-error method (the TEM
method) in which a series of linear combinations of
the observed spectra are formed, using values of K
near the expected value for Kf :

The spectral feature (peak, shoulder) due to transi-
tion f disappears from the linear combination when
K = Kf. This may provide a very accurate determina-
tion of Kf, even in cases of strong overlap. Figure 1
shows the observed spectra, the dichroic ratio
(EU(ν)/EV(ν)), and linear combinations of the former
that allow a determination of the two different K
values present in the spectrum from the disappear-
ance of the three major peaks in the spectrum.

Figure 2 shows a plot of Kz values against Ky val-
ues for a large number of symmetrical molecules
aligned in stretched polyethylene. Obviously, shape
is very important for the alignment. The triangle
shows the theoretical limits for the K values,
assuming that Kz ≥ Ky ≥ Kx. The lower left side corre-
sponds to a rod-like alignment, Kx = Ky, and the low-
er right side to a disc-like alignment, Kz = Ky.

It is remarkable that the simple use of squares of
directional cosines (the K values; sometimes equiva-
lent quantities are used, the Saupe S matrices and the
order parameters) provides a description of all direc-
tional properties of the sample, which can be
observed in absorption spectroscopy, without any
assumptions. Several alternative descriptions (the
Fraser–Beer model, the Tanizaki model, the Popov
model) involve assumptions that are rarely fulfilled.
At the same time, some of these models tend to be
mathematically complex. A simple extension of the
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K values to averages of fourth powers of directional
cosines (L values) makes it possible to describe two-
photon processes (luminescence, two-photon
absorption, Raman) in aligned samples.

Linear dichroism spectra: 
Interpretation

Photoselection

We shall in the following only consider the photo-
selection of a subset of molecules from an isotropic,
‘stationary’ sample. By stationary is meant that the
sample molecules do not rotate on the timescale of
the experiment. Descriptions of photoselection from
an already aligned sample or, from a sample with
molecular rotational movement, or of photoselection
of each molecule with two photons, are more compli-
cated but are available in the literature. Photo-
selection is usually performed with a collimated light
beam with a well-defined wavelength; the light may
be either linearly polarized or natural/circularly
polarized, the two latter will produce similar results.

When an aligned subset of sample molecules is se-
lected, another aligned subset, that consisting of
the remaining molecules, is also created. When the
sample depletion is negligible, the former set of mol-
ecules is small in number, but have a high degree of
alignment, while the remaining molecules have negli-
gible alignment. When the sample depletion is sub-
stantial, both the selected set and remaining set of
molecules will be aligned. We shall in the following
assume that only one transition is responsible for the
photoselection of a small fraction of the sample.
Other cases are also of interest and are described in
the literature.

Photoselection: negligible depletion; linearly
polarized light

The photoselected sample becomes uniaxial with
respect to the electric vector of the light, which we
label U. On the molecular level, the transition
moment direction for the transition responsible for
the photoselection becomes the orientation axis,
which we label molecular axis z. All directions per-
pendicular to z will have the same K value. We obtain
a rod-like alignment of the photoselected molecules:
Kz = 3/5; Ky = Kx = 1/5.

Photoselection: negligible depletion; natural or 
circularly polarized light

The photoselected sample becomes uniaxial with
respect to the direction of light propagation, which

we label U. On the molecular level, the transition
moment of the absorbing transitions now defines the
axis that is least aligned with U, which we label x.
We obtain a disc-like alignment of the photoselected
molecules: Kx = 1/5; Ky = Kz = 2/5.

An interesting aspect of these orientation distribu-
tions obtained by photoselection is that not only the
K values needed for interpretation of absorption
spectra but the complete orientation distribution
function is known, including the L values.

Figure 1 UV spectra of pyrene in stretched polyethylene at
77K. Absorbance in arbitrary units. (A) EU and EV (baseline-
corrected) and the dichroic ratio EU /EV. (B) and (C) Linear
combinations of EU and EV, in search of spectral curves corre-
sponding to Az and Ay, respectively (the TEM trial-and-error
process). Adapted by permission from Langkilde FW, Gisin M,
Thulstrup EW and Michl J (1983) Journal of Physics and Chem-
istry  87: 2901–2911.
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Anisotropic (uniaxial) solvents

In the case of molecules aligned in stretched polymer
sheets or nematic liquid crystals, the orientation
distribution is unknown. Nevertheless, K values for
many or all relevant transitions may be easily deter-
mined using the TEM method. For molecules with
only two different K values, for example with a C3 or
higher axis, and in spectral regions where only two
different K values exist, linear combinations of the
two observed spectra may be formed that correspond
to sums of contributions from transitions with the
same K value.

One important example is that of π–π* transitions
in a molecule of C2v or D2h symmetry. The transition
moments for these are restricted to two different,
perpendicular directions in the molecule; we shall la-
bel these directions y and z. The sum of contribu-

tions from z-polarized transitions is

Az(ν) = [(1 – Ky)EU(ν) – 2KyEV(ν)]/(Kz – Ky)

while the sum of contributions from y-polarized
transitions is

Ay(ν) = [2KzEV(ν) – (1 – Kz)EU(ν)]/(Kz – Ky)

Figure 3 illustrates the resulting curves for the π–
π* transitions in pyrene. The separation of transi-
tions into two groups may help identify excited-state
symmetries, separate close-lying, differently polar-
ized transitions and reveal hidden transitions. It
thereby simplifies the assignment of both electronic
and vibrational transitions considerably.

Figure 2 Values of (Kz, Ky) for aromatic molecules in stretched polyethylene at 293 K. The molecular z axes are horizontal in the
structures, the y-axes are vertical. Adapted by permission from Thulstrup EW and Michl J (1982) Journal of the American Chemical
Society 104: 5594–5604.
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If the molecule is of lower symmetry, very useful,
but less specific, results can still be obtained. Let us
assume that the molecule has a symmetry plane as its
only symmetry element and that the out-of-plane
direction, x, corresponds to the lowest possible K
value, Kx. Transitions must be polarized either along
x or in the yz plane, perpendicular to x. We may
therefore observe the following K values: K = Kx or
Ky ≤ K ≤ Kz.

For a transition f in the (y, z) plane, the angle be-
tween the molecular long axis, z, and the transition
moment M0f for transition f, (z, M0f), can now be de-
termined from Ky, Kz and Kf :

An example of the determination of such angles in
a molecule with only the molecular plane as symme-
try element is shown in Figure 4.

Macromolecules, especially DNA, that are diffi-
cult to dissolve in stretched polymer sheets or
nematic liquid crystals have often successfully been
aligned in a flow. Flow LD is measured in a solution
between a stationary and a fast-rotating cylinder
using a Couette or Maxwell cell. It has proved very
useful for the study of the interaction between mac-
romolecules and smaller molecules, for example the
attachment of carcinogenics to DNA. The long axis
of the DNA molecules, the helix axis, becomes the
orientation axis. So far such studies have primarily
been performed in the UV-visible region. The two

Figure 3 Curves corresponding to purely z-polarized (Az) and
purely y-polarized absorbance (Ay) obtained by the TEM method
as illustrated in Figure 1. Adapted by permission from Michl J
and Thulstrup EW (1995) Spectroscopy with Polarized Light: Sol-
ute Alignment by Photoselection, in Liquid, Polymers, and Mem-
branes. New York: Wiley-VCH.

Figure 4 UV spectra of dibenz[a,h] anthracene. An example of
a planar molecule for which π–π* transition moments may be
along any direction in the molecular plane. The curves are linear
combinations of EU and EV and correspond to transitions that
form angles of 0°, 15°, 30°, 45°, 60°, 75°, and 90° with the molec-
ular z axis. Adapted by permission from Pedersen PB, Thulstrup
EW and Michl J (1981) Chemical Physics 60: 187–198.

Figure 5 UV absorption (Eiso) (A) and LD spectra (B) of two
derivatives of benz[a]pyrene, covalently bound to DNA aligned in
a flow. Both derivatives are dihydroxyepoxytetrahydrobenz-
pyrenes, but their two hydroxy groups are positioned on different
sides of the molecular plane (syn, broken line; anti, full line). The
absorption below 300 nm is mainly due to the DNA bases, the
planes of which are predominantly perpendicular to the DNA
helix axis. This explains the negative linear dichroism below
300 nm. The absorption above 300 nm is mainly due to the two
derivatives; it is seen that anti has a positive LD, corresponding
to a small angle between its molecular plane and the helix axis,
while syn has a negative LD, corresponding to a large angle be-
tween its molecular plane and the helix axis. The biological differ-
ence between the two molecules is considerable; syn is a weak
carcinogen, while anti is a very strong one. Adapted by permis-
sion from Tjerneld F (1982) Thesis, Chalmers University of Tech-
nology, Gothenburg, Sweden.
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linearly independent spectra obtained are 

The latter curve may be obtained when the flow is
stopped. Figure 5 shows Eiso(ν) and LD(ν) for two
metabolites of benzo[a]pyrene, of which one is a
strong carcinogen, the other weak. The measurement
was done in a Couette cell containing a mixture of a
small amount of a metabolite with DNA in a weak
solution of sodium cacodylate in water. The strong
absorption of the DNA bases dominates the spec-
trum below 300 nm (with a negative LD because the
DNA base absorption is polarized in the molecular
planes of the bases, which are almost perpendicular
to the helix axis).

The weak LD absorption of the metabolites corre-
spond to an in-plane polarized transition; it can be
studied above 300 nm. The stronger carcinogen of
the metabolites has a positive LD, the other a nega-
tive. This means that the former is positioned with
its molecular plane relatively parallel to the helix
axis, while the molecular plane of the latter is more
perpendicular to the helix axis.

List of symbols

Af (ν) = contribution to the absorbance of transition
f in a sample of perfectly aligned molecules;
EU(ν) = absorbance (at frequency ν) with electric vec-
tor in the specified direction (U, V, etc.); f 〉 = final

state; Kf = average cosine square value = 〈 cos2(U,
M0f); = electric dipole operator; M0f = electric di-
pole transition moment; Ô = generic operator; u = a
direction in the molecule; U = laboratory axis, unique
axis; v = a direction in the molecule (= x, y, z);
V = laboratory axis perpendicular to U; W = labora-
tory axis perpendicular to U and V; 0〉 = initial state;
ε = electric vector; ν = light frequency.

See also: Laser Spectroscopy Theory; Liquid Crys-
tals and Liquid Crystal Solutions Studied By NMR;
Nucleic Acids and Nucleotides Studied Using Mass
Spectrometry; Nucleic Acids Studied Using NMR;
Optical Spectroscopy, Linear Polarization Theory; Vi-
brational CD Spectrometers; Vibrational CD, Applica-
tions; Vibrational CD, Theory.
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All linear dichroism (LD) measurements are per-
formed on anisotropic samples. Many samples occur-
ring in nature are partially oriented from the start.
Nevertheless, most LD experiments are performed on
samples that have been aligned in the laboratory.
Therefore, prior to learning the techniques of meas-
urement, one should become familiar with different
procedures used to align molecular ensembles.

Methods of alignment

The majority of LD studies are done on partially
aligned samples, which exhibit uniaxial orientation.
Such samples have a unique direction (optical axis,
unique sample axis) with respect to which the solute
molecules are oriented. All directions perpendicular
to this axis are equivalent. The most widespread
method for obtaining partial alignment is the use of
anisotropic solvents: stretched polymers or liquid
crystals.

Stretched polymers This is the simplest and the
least expensive method. Solutes may be introduced
into the polymers by (i) swelling the polymer with a
solution containing the substrate; (ii) diffusion of the
vapour of the substrate into the polymer; (iii) casting
a film of the polymer from a solution containing the
substrate; or (iv) dissolving the substrate in a molten
polymer. The most commonly used polymers are
low-density polyethylene, best for nonpolar solutes,
and poly(vinyl alcohol), used for polar and nonpolar
solutes. Both are transparent in the UV-visible
regions, and in some regions of the infrared.
Mechanical stretching produces uniaxial orientation,
its degree increasing with the stretching ratio. The
mechanism of orientation is still under debate, but it
is evident that the molecular shape is an important
factor: the more elongated molecules align on the
average better than those that have more spherical
shape.

Liquid crystals These are experimentally more
demanding than polymers. Usually, thermotropic liq-
uid crystals are used, either nematic or compensated

nematic mixtures, obtained from cholesteric compo-
nents. Many liquid crystals absorb in the UV, but
some are transparent down to about 200 nm. The
alignment of the liquid crystal sample can be control-
led by external electric or magnetic fields, or by cell
surface pretreatment such as rubbing or coating.
These procedures make it possible to switch the di-
rection of the unique axis from perpendicular to the
surface (homeotropic alignment) to parallel (homo-
geneous alignment). The degree of orientation of the
solute depends on its nature and concentration, as
well as on the nature and temperature of the sample
and the imperfections of the cell surface.

Lyotropic liquid crystals, Langmuir-Blodgett films
and even monolayers adsorbed on surfaces can also
be used as uniaxial orienting media.

Single crystals In principle, this classical technique
makes it possible to obtain nearly perfect orientation
and absolute polarization assignments. However,
both the measurement and the interpretation are of-
ten difficult. Very thin crystals are required for
electronic absorption studies. Intermolecular inter-
actions (Davydov splitting) often complicate the
spectra. The solution is to find a single crystal of a
suitable host molecule, transparent in the region of
interest. These two conditions are often very difficult
to meet simultaneously.

Electric and magnetic fields Linear dichroism pro-
duced as a result of applying an electric field is known
as electric dichroism (Kerr effect). The effect is usu-
ally quite small for normal-sized molecules, although
polymers such as DNA can be oriented very well. The
orientation imposed by a magnetic field is even
smaller, and therefore its practical use is limited to
large molecular ensembles (Cotton–Mouton effect).

Flow field Macromolecules, such as DNA, can
become orientated by the hydrodynamic shear asso-
ciated with liquid flow. This is realized experimen-
tally in a Maxwell cell (sometimes referred to as
Couette cell). The cell consists of a fixed cylinder and
a rotating cylinder: a flow gradient is produced in

ELECTRONIC SPECTROSCOPY
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the liquid solution contained in the annular gap be-
tween the two cylinders.

Photoselection and photoorientation This elegant
method allows one to obtain a set of partially ori-
ented molecules in a completely isotropic medium. It
makes use of the fact that the photoexcited ensemble
of molecules is always anisotropic, and thus exhibits
LD (transient dichroism). Moreover, if the excitation
is followed by chemical transformation, and the envi-
ronment is rigid enough to prevent molecular rota-
tion, a permanent alignment of both reactant and
product is obtained. Such photooriented samples can
be studied by conventional LD techniques. Particu-
larly attractive media for use in photoorientation are
low-temperature rare gas matrices, which are inert
and transparent in both the UV-visible and IR
regions.

Techniques of measurement

For partially oriented uniaxial samples, two linearly
independent spectra can be obtained from an experi-
ment, irrespective of the mode of measurement and
the polarization state of the absorbed light. The
obvious procedure is to record two absorption spec-
tra, one with the electric vector of light parallel to U,
the unique axis of the sample (EU), the other with the
electric vector perpendicular to the unique axis (EV).
The spectra must be baseline-corrected by subtract-
ing the curves recorded on pure solvents. This yields
the largest difference between the tow linearly inde-
pendent spectra. Other alternatives are also possible.
A combination of EU or EV with the spectrum of
an isotropic sample, Eiso (=[EU + 2EV]/3) is easily
obtained in liquid crystal. In cases where the sample
geometry precludes the measurement of both EU and
the isotropic spectrum (membranes), the two spectra
are EV and Eω, the latter recorded with the incidence
angle π/2 – ω, and with the plane of polarization
containing the U axis (the ‘tilted plate method’).

Another possibility is to combine either EU or EV

with the unpolarized spectrum measured with a de-
polarizer in front of the sample and the light beam
perpendicular to the U axis. Finally, one can use pro-
cedures that do not require the use of a polarizer at
all, such as recording first the EV spectrum for an
aligned liquid solution (with light propagating along
the U axis), and then Eiso for the same solution with
temperature raised above the isotropic melting point.

All these measurements can be performed on a
commercial double–beam spectrophotometers sup-
plemented with one or two linear polarizers
(Figure 1). Calcite Glan prisms are used for meas-
urements down to about 220 nm. Sheet polarizers
can tolerate larger apertures and are much cheaper.
On the other hand, their transmission is lower and
the wavelength range usually limited to the visible
range, although the UV-transmitting polarizing
sheets have become available.

Various potential sources of errors in LD measure-
ments are: (i) scattering and depolarization by the
sample, particularly significant in the UV region;
(ii) sample inhomogeneity and irreproducibility,
which often makes it difficult to reliably record the
baseline; (iii) sample birefringence; and (iv) polariza-
tion bias of the instrument. For weakly dichroic sam-
ples, the separate recording of two spectra is not
practical, and the LD has to be measured directly.
This is achieved by modulation methods. The state
of polarization of the light beam is modulated in
time, using a combination of a linear polarizer and,
most often, a photoelastic modulator. Since the
transmission of the dichroic sample varies for differ-
ent polarizations of the light, the detector produces
an a.c. signal, superimposed on the d.c. signal, owing
to the average intensity of the transmitted beam. The
analysis of the two signals allows an evaluation of
the LD and of the average optical density of the sam-
ple. For measurements of this type, one can adapt a
spectropolarimeter normally used for circular
dichroism measurements (Figure 2).

Figure 1 Schematic diagram of a double-beam spectrophotometer for polarized spectroscopy. LS, light source; M, monochromator;
P1, P2, polarizers; S, sample; S′, reference sample (optional); PM, photomultiplier; A, amplifier; REC, recorder. Adapted by permission
from Michl J and Thulstrup EW (1995) Spectroscopy with Polarized Light: Solute Alignment by Photoselection, in Liquid, Polymers,
and Membranes. New York: Wiley-VCH.
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Although most LD studies are performed by re-
cording the intensity of transmitted light, other
methods are also used. One of them detects the LD
via fluorescence, the other by photoacoustic spec-
troscopy. Both methods are very sensitive and avoid
some of the errors inherent in the transition mode,
such as light scattering.

Most of the alignment techniques and methods of
measurements used for electronic linear dichroism
can be adapted for studies in the IR region. The mer-
its of IR-LD make this technique a very attractive
choice, complementing and in many respects surpass-
ing the informational content provided by electronic
linear dichroism.

List of symbols

Eiso = absorbance in an isotropic sample; EU =
absorbance with the electric field vector parallel to
the unique axis, U; EV = absorbance with the electric
field vector perpendicular to the unique axis (parallel
to the perpendicular axis, V ); U = the unique optical
axis; ω = angle complementary to the incidence angle
in the ‘tilted plate method’.

See also: Linear Dichroism, Theory; Linear Dichr-
oism, Applications; Nucleic Acids and Nucleotides
Studied Using Mass Spectrometry; Nucleic Acids
Studied Using NMR; Vibrational CD, Applications; Vi-
brational CD Spectrometers; Vibrational CD, Theory.
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Figure 2 Schematic diagram of a spectropolarimeter adapted for linear dichroism measurements. LS, light source; M, monochro-
mator; P, polarizer; PEM, photoelastic modulator producing time-dependent retardation π sin ωt ; S, sample; PM, photomultiplier; A,
d.c. amplifier; LA, lock-in amplifier operating at frequency 2ω; REC, recorder. Adapted by permission from Michl J and Thulstrup EW
(1995) Spectroscopy with Polarized Light: Solute Alignment by Photoselection, in Liquid, Polymers, and Membranes. New York:
Wiley-VCH.
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Since the first publications on this subject in 1963,
NMR in liquid crystalline systems has been a wide
and active field of research in many branches of
organic and physical chemistry. In fact, NMR spec-
troscopy has revealed a powerful means of probing
molecular structure, anisotropic magnetic parameters
and dynamic behaviour of solute molecules dissolved
in liquid crystals. Moreover, this technique has been
successfully employed to investigate properties of
mesophases themselves, such as their orientational
ordering, translational and rotational diffusion and
their effects on nuclear relaxation, and molecular
organization in different liquid crystalline phases.

NMR of different nuclei has been performed:
1H, 2H and 13C NMR have been used extensively,
but a number of studies are reported on 14N, 19F,
23Na and 31P also. Recently NMR of active isotopes
of noble gases dissolved in liquid crystals has also
been employed.

Liquid crystals

We define a liquid crystal as a state of aggregation
that is intermediate between the crystalline solid and
the amorphous liquid. In this state the molecules
show some degree of orientational order with respect
to a preferred direction, n, called the director;

long-range positional order does not exist or is
limited to one or two dimensions. In several liquid
crystal phases, termed uniaxial phases, only one di-
rector is required to describe the molecular order. In
contrast, for biaxial phases the orientational order
needs two directors for its description. The principal
molecular axes are uniformly aligned only on aver-
age. The degree to which the molecules are ordered
about the director is described by means of a number
of parameters, called order parameters.

Substances that show a liquid crystalline phase, or
mesophase, are called mesogens. Several thousands
of compounds, both with low molecular mass and
polymeric, are now known to form mesophases.
They are mainly highly geometrically anisotropic in
shape, rodlike or disclike (hence the terms calamitic
and discotic liquid crystals), or they are anisotropic
in solubility properties, like amphiphilic molecules
and, depending on their detailed molecular structure,
they can exhibit one or more mesophases between
the crystalline solid and the isotropic liquid. Transi-
tions to these intermediate states may be induced by
purely thermal processes (thermotropic liquid crys-
tals) or by the action of solvents (lyotropic liquid
crystals). Each of these two categories can be further
divided according to the structure of the mesophases
and/or molecules; Scheme 1 shows the classification
of thermotropic mesophases.

Scheme 1 Classification of thermotropic liquid crystals.

MAGNETIC RESONANCE
Applications
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Macroscopic alignment

When subjected to an external magnetic field B0

of sufficient magnitude (> 0.5 T) the molecules in
a mesophase exhibit a macroscopic orientation so
that the director n is uniformly aligned in the whole
sample. The magnetic field exerts a torque on the
molecules, which reorientate cooperatively; the
induced reduction in free energy is ∆G = ∆χ B
(3 cos2α–1)/6, where ∆χ = χ|| – χ⊥ is the difference
between the component of the diamagnetic bulk sus-
ceptibility along (χ||) and perpendicular to (χ⊥) the
director and α is the angle between the director and
the magnetic field. The direction of minimal G, i.e.
the preferred orientation of n, depends on the sign of
∆χ. Thus, for calamitic mesogens with aromatic
cores, which have ∆χ > 0, n aligns parallel to B0,
while for those formed uniquely by aliphatic units
∆χ < 0 and n aligns perpendicularly to B0. Most dis-
cotic liquid crystals have ∆χ < 0, and thus an orienta-
tion of n perpendicular to B0 is observed.

The response time for the alignment depends on
the relative values of the magnetic torque experi-
enced by the molecules and of the opposing viscous
torque. For most nematic liquid crystals it takes only
a few seconds; for some lyotropic phases the align-
ment is relatively slow and takes minutes or hours.
Smectic and columnar discotic liquid crystals are
sometimes very viscous and a uniform alignment can
only be obtained by reaching these mesophases on
slow cooling from the nematic or isotropic phases.
For cholesteric samples, the presence of magnetic
fields can untwist the helical structure, giving rise to
a nematic phase.

Molecules dissolved in liquid crystal solvents be-
come partially oriented, the degree of orientation be-
ing dependent on the nature and concentration
of the solute.

Observable interactions

The NMR spectra of molecules in a liquid crystalline
environment, either mesogenic molecules or solutes,
are dominated by second-rank tensorial properties
(T) such as the shielding tensor (σi), the dipolar and
indirect spin–spin interactions (Dij and Jij) and, for
nuclei with I>1/2, the quadrupolar interaction (qi).
In most liquid crystals, molecular reorientations and
internal motions reduce these interactions to a well-
defined average, without the loss of all information.
Moreover, molecular translational diffusion aver-
ages out to zero the intermolecular interactions,
which thus do not complicate the partially averaged
spectra. In the usual high-field approximation, in
NMR experiments we measure Tzz, the component of

the averaged interaction tensors resolved along the
magnetic field direction (z in the laboratory frame).

The observed averaged quantities are related to the
interactions in their principal axis systems (PAS),
fixed on the molecules or on rigid molecular frag-
ments, by several transformations of reference
frames. Since the molecules are not fixed in a lattice,
another frame, the liquid crystal (director) frame
(LC), has to be defined. The transformation between
the molecular and the LC frame is time dependent
because of molecular reorientational motions and the
use of the order parameters is needed in this step.
Thus Tzz relates the NMR measured quantity to the
molecular ordering in the mesophases by a number
of order parameters depending on the symmetry of
the molecule and phase. Measurements of partially
averaged second-rank tensors give access only to sec-
ond-rank order parameters, which are equal
to 0 for completely disordered systems, and range
from –0.5 to 1 for partially ordered systems, accord-
ing to 〈3lαlβ – 1〉/2, where lα and lβ are the direction
cosines between the PAS and the LC frames. The last
step, from the LC frame to the laboratory frame, re-
quires integration over all possible orientations in the
case of a powder sample, or the use of a distribution
around some preferred orientation in the case of an
aligned sample.

Chemical shift anisotropy

NMR spectroscopy of oriented molecules provides a
simple method for measuring chemical shift ani-
sotropies, ∆σi. The change in chemical shift with re-
spect to a reference signal as a function of the
molecular degree of order, which can be varied by
changing phase and temperature, determines the ele-
ments of the shift tensor. In practice, however, the di-
rect measurement of ∆σi poses problems related to the
reference signal, which depends on changes in local
and bulk effects produced by variable sample temper-
ature, phase transitions and degree of alignment with
temperature. The variable angle spinning (VAS)
method can be used to avoid some of these problems.

Dipolar and indirect couplings

The direct dipolar coupling, Dijzz, and J , the ani-
sotropic component of the indirect spin–spin interac-
tion in the direction of the magnetic field, appear in
the Hamiltonian in the same form. The splittings
that arise in NMR spectra are the sum of these two
quantities, called the experimental anisotropic cou-
pling (Tij = 2Dijzz + J ). It is therefore important to
know experimentally, or to evaluate theoretically,
the values of the pseudo-dipolar coupling J  in
order to accurately determine Dijzz, which is related
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to the order parameter of the direction joining the
two nuclei and to their distance, i.e. to molecular
structure. On the other hand, the magnitude of J ,
and in particular the components of Jij expressed in a
molecular axis system, are related to the molecular
electronic structure. The measurement of a finite
value of J  is not an unambiguous process, as it
does not have a unique effect on the spectrum.
Attempts to obtain values of J  for different pairs
of nuclei have been made, and it has been concluded
that some indirect couplings such as 1H–1H, 1H–13C,
15N–1H have small anisotropic contributions, while
other couplings such as 13C–13C, 19F–19F, 1H–19F and
1H–X (where X is Hg, Cd, Si and Sn) may have a sig-
nificant contribution from the anisotropic term.

Quadrupolar interaction

Nuclei with spin I > 1/2 possess electric quadrupole
moments which, in the presence of an electric field
gradient, give an additional contribution to the spin
Hamiltonian, termed the quadrupolar interaction. In
anisotropic media this interaction produces line
broadening and gives rise to additional lines in the
spectrum. 2H has a relatively small quadrupolar mo-
ment and is therefore particularly useful for study-
ing anisotropic media. In an X–D bond the field
gradients arise almost entirely from the charge on X,
and it can be usually assumed that the X–D bond
lies parallel to the principal axis for qi, the quadru-
polar interaction tensor. Furthermore, for C–D
bonds the quadrupolar coupling constants are found
to have typical values depending on hybridization
(see Table 1).

NMR of liquid crystalline solutions

Structural studies of rigid molecules

1H NMR spectroscopy in oriented media has been
widely employed for determining the structure of
rigid molecules. Proton spectra in nematic solvents
are dominated by homonuclear dipolar couplings,
Dijzz, whose magnitudes are large (up to 3–5 kHz)
compared to the line width and the chemical shift dif-
ferences and which are observable between all active
nuclei in a molecule. The spectra can be very complex

(see Figure 1) even for molecules with a small
number of nuclei and various strategies have been
devised for their analysis.

For simple spin systems, analytical solutions to the
Hamiltonian can be found and transition frequencies
and intensities can be written in closed forms. Spec-
tra of complex systems may be simplified by reduc-
ing the number of nuclei contributing to them. This
may be achieved by partial deuteration of molecules
followed either by spin decoupling or spin-echo re-
focusing. Alternatively, simplified spectra may be
obtained by VAS or multiple-quantum experiments.
Complex spectra have been analysed by iterative and
automatic methods using computer programs; both
require good starting parameters, which can be
obtained from simplified spectra, and an experienced
operator.

Recently, methods for automatic analysis have
been improved allowing the treatment of very com-
plex systems; with these procedures it is possible to
analyse spectra that depend on up to 27 spectral
parameters.

The dipolar couplings obtained from spectral ana-
lysis are then used to determine molecular ge-
ometries, namely bond lengths and angles. Since
these couplings depend on both geometrical factors
and order parameters, they never define an absolute
length but only relative distances. In contrast, angles
can be measured absolutely.

Only for very simple molecular systems with
favourable symmetry are there enough dipolar cou-
plings for the determination of both the structural
and the order parameters. In more complex cases,
the solution must be found iteratively by computer

Table 1 Quadrupolar coupling constants for deuterium

C–D bond hybridization
Quadrupolar coupling constant 
(kHz)

sp 200 ± 5

sp2 185 ± 5

sp3 170 ± 5
Figure 1 300 MHz proton spectrum of a sample of biphenyl
dissolved in the nematic solvent ZLI1115.
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calculations, and appropriate programs, such as
SHAPE, have been written for this purpose. To get a
unique and precise geometrical solution in the case
of complex systems, it is highly recommended to
record several spectra of the same molecule in differ-
ent solvents. In addition, information on the carbon
positions may be derived from the dipolar coupling
constants D (13C–H) observed as the 13C satellites in
the proton spectra, even though this method has two
considerable disadvantages: the spectra are quite
complex and the measured 13C–H couplings are usu-
ally less precise than H–H couplings.

The presence of molecular vibrations makes inter-
nuclear distances and angles, and therefore the degree
of ordering, time dependent. Thus the NMR struc-
tural data must be corrected for vibration. The
harmonic correction can be computed relatively eas-
ily and a computer program, VIBR, is available; the
structure corrected for these effects, called the rα
structure, has the advantage of being unaffected by
shrinkage effects, and can be compared with the data
obtained from different spectroscopies.

The determination of molecular structure by 1H
NMR spectroscopy in oriented media is apparently
extremely precise: dipolar couplings of the order of
103 Hz can be measured with an error of 10–1 Hz,
thus giving a precision of 10–5 in distance ratios. In
practice, however, limitations to structure precision
apply because of solvent effects, vibrational correc-
tions and anisotropy of the indirect coupling con-
stants, and the precision that can be easily reached is
of the order of 10–2 Å in bond lengths and 10–1 de-
grees in angles. As far as solvent effects on the struc-
ture are concerned, correlations of molecular shape
with angular orientation have been observed. For ex-
ample, they are responsible for the observation of di-
polar and quadrupolar splittings in NMR spectra of
molecules that in their equilibrium conformation
possess tetrahedral and higher symmetry. The use of
‘magic’ mixtures has been suggested in order to ob-
tain minimal distortions. Theoretical evaluations of
the deformations have been made and used to cor-
rect the NMR couplings in structural studies.

2H NMR has been used to determine quadrupolar
coupling constants and asymmetry parameters, once
the molecular structure and orientational order pa-
rameters are known.

NMR in nematic solutions has also been applied
in the study of weak molecular complexes. The inter-
actions of systems such as pyridine, pyrimidine and
quinoline with iodine have been investigated. 1H and
13C NMR spectra have been recorded and analysed
in order to detect whether the complex formation
measurably affects the molecular structure, i.e. the
proton and carbon positions. Since these effects are

small, vibrational as well as deformation corrections
have been performed.

Structural studies of flexible molecules

The presence of large, low-frequency intramolecular
motions (such as internal rotation and ring
puckering) considerably complicates the interpreta-
tion of proton NMR spectra of flexible molecules in
nematic solvents. In fact, in this case the effects of two
simultaneous motional averagings on the magnetic
interactions are present: the internal molecular mo-
tions and the overall motions of molecules in the
mean potential due to the anisotropic environment.
Moreover, owing to possible correlation between
these motions, it is not possible to reach the same de-
gree of precision on the orientational and geometrical
parameters as can be obtained for rigid molecules.

Information about structure and orientational or-
dering can be obtained for individual rigid molecular
fragments. Problems arise about the relationship be-
tween the data relating to different fragments and the
interpretation of inter-fragment couplings. In early
studies, several approximations were made, case by
case, and their degree of soundness was tested by
comparison of the results with those from other tech-
niques. Later, systematic approaches were intro-
duced for the analysis of dipolar data from flexible
molecules; among which the additive potential (AP)
method and the maximum entropy (ME) method
have been found to be particularly useful.

Chiral recognition

A simple and convenient method for enantiomeric
analysis by means of NMR has been proposed that
consists of using a chiral lyotropic liquid crystal ob-
tained by mixing poly(γ-benzyl-L-glutamate) (PBLG)
and various organic solvents. (R) and (S) enantiomers
interact with the chiral centres of PBLG and thus ori-
ent differently in the liquid crystal solvent, which im-
plies that all the order-dependent NMR interactions
are different for the two enantiomers. 2H NMR has
been applied successfully to a large number of partial-
ly deuteriated chiral molecules bearing various func-
tional groups: enantiomeric excess (ee) up to 98% has
been measured by signal integration. In many cases,
chemical shift anisotropy of 13C in natural abundance
may be used to discriminate enantiomers and to
measure ee through conventional integration with an
accuracy of about 5%. In this case, isotopic enrich-
ment is not needed and more sites in the same mole-
cule may be observed in the same spectrum. On the
other hand, chemical shift differences between enan-
tiomers can be very small (a few hertz) and, in partic-
ular for hydrocarbons, the method may not work. At
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present the chiral recognition mechanism in PBLG is
not fully understood so that it is not possible to assign
absolute configurations.

Probe studies of liquid crystals

A well-developed approach to the study of structure
and dynamics of liquid crystals is based on the use of
probes, although the probe can disturb the meso-
phase. Generally, highly symmetric and rigid mole-
cules are dissolved in mesophases, but, for special
purposes, different probes can be chosen; for in-
stance, for lyotropic systems the solvent itself can be
used as a probe of the behaviour of aggregates.

The order and dynamic behaviour of probes, re-
vealed by suitable NMR techniques, have been used
to study phase transitions and pretransitional
phenomena. They are also useful for revealing segre-
gation effects: when highly ordered smectic or colum-
nar discotic phases organize themselves, they may
exclude added solutes or confine them in aliphatic or
interlayer regions.

The anisotropic potential acting on a probe is a
solute–solvent property and therefore the study of
probes gives valuable insight into the mechanism
governing solute–solvent interactions. It has been
found that very often the probe and the solvent can
interact more or less specifically and in some cases
an exchange between two or more sites has been in-
ferred from large effects on the apparent geometry of
the dissolved molecule.

Noble gases have been used as probes and have
proved to be very useful for obtaining information
about physical properties of liquid crystals. In partic-
ular, the shielding of 129Xe is highly responsive to the
structure and temperature of the environment and
129Xe NMR has been employed to monitor phase
transitions of thermotropic and lyotropic liquid crys-
tals and the formation of induced smectic phases.
Quadrupolar noble gas nuclei are powerful probes
for detecting electric field gradients (EFG); 131Xe,
83Kr and 21Ne quadrupolar splittings and relaxation
behaviour in various calamitic liquid crystals have
given hints that there are two contributions to the
EFG at the site of the nucleus: one is attributed to the
distortion of the electron cloud of the atom from
spherical symmetry and the other is the external EFG
produced by the electric moments of the neighbour-
ing molecules.

NMR of liquid crystals

Study of orientational order

Long-range orientational order is a fundamental
character of liquid crystals. NMR is perhaps the

most powerful technique for studying this property
at the molecular level; its results are extremely useful
for testing molecular theories that predict the
variation of orientational order as a function of tem-
perature, especially in uniaxial mesophases. The or-
der parameters of different molecular segments in a
liquid crystal can be obtained from 2H quadrupolar
couplings, 2H–2H, 2H–1H and 13C–1H dipolar cou-
plings, 13C chemical shifts and, for fluorinated mes-
ogens, from 13C–19F dipolar couplings and 19F
chemical shifts.

The study of deuterium interactions is now a gen-
eral method in liquid crystal research and, although
it requires use of specially deuteriated compounds, it
has been widely applied to both thermotropic and
lyotropic mesogens. 2H NMR spectra of aligned
samples are well resolved and relatively simple (see
Figure 2). An analysis of these spectra allows the
magnitude of quadrupolar and, in some cases, dipo-
lar splittings to be obtained, which are related to lo-
cal order parameters for the 13C–2H, 2H–2H and 2H–
1H directions.

13C–1H dipolar couplings of a large number of ca-
lamitic liquid crystals have been determined by SLF/
VAS, a 2D 13C NMR technique which combines sep-
arated local field spectroscopy (SLF) and variable an-
gle spinning (VAS). In this method, mesogens with
13C in natural abundance are used; however, special
software and hardware as well as prolonged spectro-
meter time are required. It has been shown that the
order parameters of the phenyl rings and the alipha-
tic C–H bonds in liquid crystals, determined by the
SLF/VAS technique, are linearly related to their 13C
chemical shifts. The same linear correlation is
applicable to different compounds in a homologous

Figure 2 30.7 MHz 2H NMR spectrum of 5CB-d15. The peaks
are labelled according to their assignment to sites in the mole-
cule. Reproduced with kind permission from Kluwer Academic
Publishers from Emsley JW (1985) In Emsley JW (ed) NMR of
Liquid Crystals, p 397. Dordrecht: Reidel.
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series: this provides a convenient means for the de-
termination of the order parameters of liquid crystals
from their 13C chemical shift data, without the need
to know the chemical shift tensors.

The local order parameters obtained by the vari-
ous methods can be used to describe the orienta-
tional ordering of molecules, or fragments of mole-
cules, through reference system transformations that
require assumptions about geometry (i.e. bond
length and angles) and conformational distributions.
Usually, the order parameters for the aromatic core
of mesogens can be determined quite accurately and
can be assumed as a measure of the molecular order-
ing in the mesophases: values up to 0.6–0.7 are
found for nematic phases, while values up to 0.9–1.0
are typical of highly ordered smectic and columnar
discotic phases.

In fortunate cases the measured interactions also
allow the calculation of structural parameters of
molecular fragments, the structure of mesogenic
molecules being too complex for a complete determi-
nation.

As far as side chains are concerned, the local order
parameters relative to the various CH2 and CH3

groups give a measure of chain disorder, being
dependent on chain flexibility and conformation–
orientation correlations. Different theories of orien-
tational ordering in flexible chains, such as the AP
and the chord models, have been formulated and
critically tested by comparison with experimental
data (see Figure 3).

Phase structure determination

NMR spectroscopy can provide valuable informa-
tion on the structure of mesophases. The most com-
monly used method for this is the analysis of line
shapes in spectra of various nuclei, and, in particu-
lar, of 2H. For a large number of mesophases, 2H
NMR spectra are motionally averaged and the spec-
tral line shape reflects the phase symmetry. Line
shape analysis of 2H NMR spectra has been em-
ployed successfully to investigate the molecular or-
ganization and tilt angle of smectic C phases, as well
as the structure of columnar discotic phases and it
has been shown to be more sensitive than optical
techniques to some aspect of biaxial ordering. More-
over, this technique has been shown to be extremely
helpful in the discrimination of lyotropic phase sym-
metry. As examples, 2H NMR spectra of some lyo-
tropic phases are reported in Figure 4.

Other nuclei can be useful in determining structure
of lyotropic liquid crystals. In fact, 14N and 31P
NMR have been applied successfully to investigation
of the structure of phospholipid aggregates in water.

Figure 3 (A) Molecular geometry and interacting modules of
the 8CB molecule in the chord model; (B) orientational order
parameter profile of 8CB at Tc–T = 4 K. The open circles
represent experimental values; the bold line gives the calculated
profile using the chord model, while the fine line gives the
calculated profile using the AP model. The order parameter of the
cyanobiphenyl para-axis (i = 0) is reduced by 50% for plotting
convenience. Reproduced with permission of Springer-Verlag
from Dong RY (1994) NMR of Liquid Crystals, p 107. New York:
Springer-Verlag.

Figure 4 Schematic view of the cylindrical (A), ribbon (B) and
lamellar (C) lyotropic aggregates along with their corresponding
2H NMR spectral patterns recorded for a potassium palmitate-d3

in a mixture with 7 wt% potassium laurate and 30 wt% water. Re-
produced with kind permission from Kluwer Academic Publishers
from Doane JW (1985) In: Emsley JW (ed) NMR of Liquid Crys-
tals, p 414. Dordrecht: Reidel.
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Molecular dynamics

The complex dynamics of liquid crystals is
characterized by a superposition of local and
collective motions, comprising internal isomeri-
zation, overall rotational diffusion (rotation of the
molecule about the long axis and reorientation of this
axis) and translational diffusion, and collective order
fluctuations. Different NMR techniques are designed
to follow these motions and to differentiate the
various motional modes on the basis of their
timescale.

Overall molecular reorientations and internal
motions take place in the 10–11–10–6 s time window
and information about them can be accessed using
relaxation rate measurements. By far the best
approach is to use 2H NMR experiments where deu-
terium Zeeman and quadrupolar spin–lattice relaxa-
tion times are measured on selectively deuteriated
mesogens or on deuteriated probes dissolved in the
mesophase. Frequency, orientation and temperature
dependence of the spectral densities obtained in
these relaxation studies give indications about the
various motional modes and are extremely useful
for testing orientational diffusion and chain dynam-
ics models. Different deuterium relaxation experi-
ments can be employed to extend the observable
dynamic range: the quadrupolar echo sequence gives
spin–spin relaxation times sensitive to motions in
the range 10–8–10–4 s, while extremely slow motions
(10–4–10 s) are accessible by the Carr–Purcell–
Meiboom–Gill pulse train.

Internal and overall motions that take place on a
dynamic scale from 10–7 to 10–4 s can affect the line
shape of 2H NMR powder spectra. This is often the
case for phenyl ring rotations or chain isomeriza-
tions in polymeric liquid crystals and for rotational
diffusion in discotic mesophases. Line shape analysis
allows different types of motions to be discriminated
and the relative kinetic parameters to be obtained.
Moreover multidimensional exchange NMR can be
applied to characterize molecular details of dynami-
cal processes when the correlation times range be-
tween 10–5 and 102 s.

Fluctuations in the orientation of the director are
better investigated by field cycling experiments that
allow frequency-dependent T1 measurements to be
performed over a range from 100 Hz to 10 MHz. 1H
and 2H spin relaxation studies have been carried out
for numerous nematic and smectic liquid crystals to
investigate the frequency dependence of director
fluctuations, not accessible by experiments run on
standard NMR spectrometers. It has been found that
this motion is clearly observable by the relaxation

rates only at low frequencies, i.e. below the MHz
regime.

The translational diffusion motion is usually mon-
itored on macroscopically aligned samples, by im-
posing a concentration or field gradient. The range
of accessible diffusion rates is determined by the
spectral or temporal resolution of the measuring
technique. Moreover, translational diffusion con-
stants may be determined indirectly by measuring
spin–lattice relaxation times (T1, T1D, T1ρ) and ana-
lysing them in terms of suitable theories.

1H and 2H NMR studies of dynamic processes such
as isomerization, ring inversion, hindered rotation
and intramolecular rearrangement have also been
performed on solute molecules in nematic solvents. In
the case of proton NMR the dominant anisotropic
splittings in the spectra come from the dipole–dipole
interaction, and dynamic processes in the range of
10–103 s–1 may be studied by line shape analysis.
With 2H NMR the dominant quadrupolar interaction
allows motions in the range of 103–109 s–1 to be in-
vestigated. Besides the considerably larger dynamic
intervals that may be achieved, NMR in liquid crys-
talline solvents is superior to that in isotropic solvents
in revealing the details of reaction mechanisms. In
this respect 2D exchange deuteron NMR techniques
have also been found helpful.

List of symbols

B0 = applied magnetic field; D = dipolar interaction
tensor; ee = enantiomeric excess; G = free energy;
I = nuclear spin; J = spin-spin interaction tensor;
l = direction cosine; n = the director, preferred di-
rection of orientation; q = quadrupolar interaction
tensor; T = generic interaction tensor; T1, T1D,
T1ρ = spin-lattice relaxation times; Tzz = component
of averaged interaction tensor resolved along the
magnetic field (z) direction; σ = shielding constant;
χ = diamagnetic susceptibility.

See also: 13C NMR, Methods; Chemical Exchange Ef-
fects in NMR; Chiroptical Spectroscopy, Oriented
Molecules and Anisotropic Systems; Diffusion Stud-
ied Using NMR Spectroscopy; Enantiomeric Purity
Studied Using NMR; 19F NMR, Applications, Solution
State; High Resolution Solid State NMR, 13C; Nitrogen
NMR; NMR Data Processing; NMR in Anisotropic Sys-
tems, Theory; NMR Pulse Sequences; NMR Relaxa-
tion Rates; 31P NMR; Rigid Solids Studied Using MRI;
Structural Chemistry Using NMR Spectroscopy, Or-
ganic Molecules; Xenon NMR Spectroscopy.
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Introduction

Luminescence refers to the emission of light from an
excited electronic state of a molecular species. In the
case of photoluminescence, a molecule absorbs light
of wavelength λ1 decays to a lower energy excited
electronic state, and then emits light of wavelength
λ2, as it radiatively decays to its ground electronic

state. Generally, the wavelength of emission, λ2, is
longer than the excitation wavelength but in reso-
nance emission λ1 = λ2. Luminescence bands can be
either fluorescence or phosphorescence, depending
on the average lifetime of the excited state which is
much longer for phosphorescence than fluorescence.
The relative broadness of the emission band is
related to the relative difference in equilibrium

ELECTRONIC SPECTROSCOPY
Theory
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distance in the excited emitting state versus the
ground electronic state.

Photoluminescence of a molecular species is differ-
ent from emission of an atomic species. In the case of
atomic emission, both the excitation and the emis-
sion occur at the same resonance wavelength. In con-
trast, excitation of a molecular species usually results
in an emission that has a longer wavelength than the
excitation wavelength.

If a chemical reaction results in the production of
a molecular species in an excited electronic state that
emits light, this phenomenon is termed chemilumi-
nescence. Chemiluminescence usually occurs in the
gas or liquid phase. In contrast, photoluminescence
can occur in the gas, liquid or solid phases.

The next two sections provide a discussion of the
basic principles of luminescence spectroscopy, which
include the electronic transitions and the important
parameters determined from luminescence measure-
ments. Then follow two sections that describe the
general characteristics of luminescence measure-
ments and one which provides two case studies for
organic and inorganic luminophores. The remainder
of the article covers more specific topics and
phenomena in luminescence spectroscopy, namely
quenching, energy transfer, exciplexes and chemilu-
minescence. The examples in this article were select-
ed to cover multidisciplinary areas of science.

Electronic transitions and relaxation 
processes in molecular 
photoluminescence

The Jablonski energy level diagram

The radiative and nonradiative transitions that lead
to the observation of molecular photoluminescence
are typically illustrated by an energy level diagram
called the Jablonski diagram. Figure 1 shows a
Jablonski diagram that explains the mechanism of
light emission is most organic and inorganic lumino-
phores. The spin multiplicity of a given electronic
state can be either a singlet (paired electrons) or a
triplet (unpaired electrons). The ground electronic
state is normally a singlet state and is designated as
S0 in Figure 1. Excited electronic states are either
singlet (S1, S2) or triplet (T1) states.

When the molecule absorbs light an electron is
promoted within 10−14– 10−15 s from the ground elec-
tronic state to an excited state that should possess
the same spin multiplicity as the ground state. This
excludes a triplet excited state as the final state of
electronic absorption because the selection rules for

electronic transitions dictate that the spin state
should be maintained upon excitation. A plethora of
non-radiative and radiative processes usually occur
following the absorption of light en route to the ob-
servation of molecular luminescence. The following
is a description of the different types of non-radiative
and radiative processes.

Non-radiative relaxation processes

Vibrational relaxation Excitation usually occurs
to a higher vibrational level of the target excited
state (see below). Excited molecules normally relax
rapidly to the lowest vibrational level of the excited
electronic state. This non-radiative process is called
‘vibrational relaxation’. Vibrational relaxation pro-
cesses occur within 10– 14– 10– 12 s, a time much short-
er than typical luminescence lifetimes. Therefore,
such processes occur prior to luminescence.

Internal conversion If the molecule is excited to a
higher-energy excited singlet state than S1 (such as S2
in Figure 1), a rapid non-radiative relaxation usually
occurs to the lowest-energy singlet excited state (S1).
Relaxation processes between electronic states of
like spin multiplicity such as S1 and S2 are called
‘internal conversion’. These processes normally oc-
cur on a time scale of 10– 12 s.

Intersystem crossing Non-radiative relaxation
processes between different excited states are not
limited to states with the same spin multiplicity. A
process in which relaxation proceeds between

Figure 1 The Jablonski diagram. Radiative and non-radiative
processes are depicted as solid and dashed lines, respectively.
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excited states of different spin multiplicity is called
‘intersystem crossing’. The relaxation from S1 to T1
in Figure 1 is an example of an intersystem crossing. 

Intersystem crossing is generally a less probable
process than internal conversion because the spin
multiplicity is not conserved. Because of the lower
probability for intersystem crossing processes they
occur more slowly (~10−8 s) than internal conver-
sions. Intersystem crossing processes become more
important in molecules containing heavy atoms such
as iodine and bromine in organic luminophores and
metal ions in inorganic luminophores (transition-
metal complexes). Significant interaction between
the spin angular momentum and the orbital angular
momentum (spin– orbit coupling) becomes more
important in the presence of heavy atoms and, con-
sequently, a change in spin becomes more favoura-
ble. In solution, the presence of paramagnetic species
such as molecular oxygen increases the probability
of intersystem crossing. In transition metal complex-
es, intersystem crossing processes become increasing-
ly important as one proceeds from complexes of the
3d-block to those of the 4d- and 5d-blocks.

Non-radiative de-excitation The excitation energy
stored in the molecules following absorption must be
dissipated owing to the law of conservation of
energy. The aforementioned non-radiative processes
occur very rapidly and only release very small
amounts of energy. The rest of the stored energy will
be dissipated either radiatively, by emission of
photons (luminescence), or non-radiatively, by the
release of thermal energy. The non-radiative decay of
excitation energy which leads to the decay of the ex-
cited molecules to the ground electronic state is
called ‘non-radiative de-excitation’. These processes
result in the release of infinitesimal amounts of heat
that cannot normally be measured experimentally.
The experimental evidence for non-radiative de-exci-
tation processes is the quenching of luminescence. A
major route for non-radiative de-excitation processes
is energy transfer to the solvent or non-luminescent
solutes in the solution. In the solid state, crystal vi-
brations (phonons) provide the mechanism for non-
radiative de-excitation.

Radiative processes: fluorescence and 
phosphorescence

The spin selection rule for electronic transitions (both
absorption and emission) states that ‘spin-allowed’
transitions are those in which the spin multiplicity is
the same for the initial and final electronic states.
Therefore, spin-allowed transitions are more likely to

take place than spin-forbidden transitions. ‘Fluores-
cence’ refers to the emission of light associated with a
radiative transition from an excited electronic state
that has the same spin multiplicity as the ground elec-
tronic state. Fluorescence is depicted by the radiative
transition S1 → S0 in Figure 1. Since fluorescence
transitions are spin-allowed, they occur very rapidly
and the average lifetimes of the excited states respon-
sible for fluorescence are typically < 10−6 s.

Electronic transitions between states of different
spin multiplicity are ‘spin-forbidden’ which means
that they are less probable than spin-allowed transi-
tions. However, spin-forbidden transitions become
more probable when spin– orbit coupling increases.
The factors that increase the probability of phospho-
rescence are the same factors discussed above that
increase the probability of intersystem crossing.
Therefore, if the triplet excited state is populated by
intersystem crossing then luminescence might occur
from the triplet state to the ground state. ‘Phospho-
rescence’ refers to the emission of light associated
with a radiative transition from an excited electronic
state that has a different spin multiplicity from that
of the ground electronic state. Phosphorescence is
depicted by the radiative transition T1 → S0 in
Figure 1. Since phosphorescence transitions are spin-
forbidden, they occur slowly and the average lifetime
of the excited states responsible for phosphorescence
typically range from 10−6 s to several seconds.
Therefore, some textbooks refer to phosphorescence
as ‘delayed fluorescence’. Photoluminescence refers
to both fluorescence and phosphorescence.

Excited-state distortions and the 
Franck–Condon principle

Luminescence spectroscopy can be used to gain
information about the geometry of a molecule in an
excited electronic state. Such information provides
an understanding of the difference in the bonding
properties of an excited state relative to the ground
state. These properties can be better understood
when the electronic transitions are discussed in the
context of the potential surfaces of the ground and
excited states.

Electronic absorption of light occurs within 10– 15s.
Since this time is extremely short the nuclei are
assumed to be ‘frozen’ during the time scale of
absorption. Therefore, the transitions between vari-
ous electronic levels are depicted as ‘vertical’ transi-
tions in energy level diagrams. This assumption of
negligible nuclear displacement during electronic
transitions is known as the ‘Franck– Condon
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principle’. Figure 2 illustrates the Franck– Condon
principle. Electronic excited states usually have dif-
ferent geometries than the ground state and, conse-

quently, different equilibrium distances. Since
electronic transitions are vertical, only transition A
in Figure 2 occurs. Transition C involves an excited
state that is largely displaced from the ground state
and thus no vertical transition is possible to this
state. Transition B, on the other hand, terminates in
the lowest vibrational level of the excited state.
Figure 2 shows that this transition cannot occur ver-
tically, either. The three transitions depicted in
Figure 2 explain why in the Jablonski diagram
(Figure 1): (i) the absorption was depicted to a
higher vibrational level of the S2 excited state than
the ν = 0 level, and (ii) no direct excitation to the tri-
plet excited state (T1) was depicted.

Usually, the nuclei of excited molecules are dis-
placed from their ground state positions. The
displacement is caused by differences in the bonding
properties between the molecular orbitals that repre-
sent the ground and excited states, respectively. The
extent of the nuclear displacement varies from one
case to another. Figure 3 illustrates two cases (A)
and (B) of excited state distortion. The transitions
depicted in Figure 3 are called ‘vibronic transitions’.
A vibronic transition refers to a transition that
involves a change in both electronic and vibrational
states.

Figure 2 The Franck–Condon principle. Only vertical elec-
tronic transitions are allowed. 

Figure 3 Potential energy diagrams for two cases of excited state distortions: (A) non-zero distortion and (B) zero distortion. The
corresponding absorption and emission spectra are shown below. Reproduced with permission from Adamson AW and Fleischauer
PD (1975) Concepts of Inorganic Photochemistry, p 4. New York: Wiley-Interscience.
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The case shown in Figure 3B represents an
extreme case in which the excited state distortion is
virtually zero. As a result, the electronic transition
for which ν = 0 in both the ground and excited states
(called the 0– 0 vibronic transition) has the greatest
probability and, thus, the strongest intensity in both
absorption and emission spectra. When excited state
distortion is significant, as in Figure 3A, the 0– 0
transition becomes much less probable and so its in-
tensity becomes much weaker than other 0– ν vibron-
ic transitions with higher ν values.

The probability (P) of the occurrence of a vibronic
transition is proportional to the square of the
Franck– Condon factor, which is defined as the over-
lap integral of the vibrational wavefunctions, Ψ(ν).
Therefore,

In many instances the absorption and emission maxi-
ma correspond to the same (ν1– ν2) vibrational pair.
For example, Figure 3A shows that the 0– 2 vibronic
transition has the strongest intensity in both the
absorption and the emission spectra. This is called
the ‘mirror image’ rule and is followed by lumino-
phores whose excited state distortion is zero or small.
However, the mirror image rule may not apply for
cases where large excited state distortion exists.
Examples of each case are provided in the section
dealing with organic luminophores.

Quantitative information about excited state dis-
tortion can be obtained from the luminescence spec-
tra. For cases where vibronic structure is observed,
the excited state distortion can be probed qualita-
tively simply by identifying the most intense vibronic
transition: the larger the value of the vibrational level
of the excited state, the larger the excited state distor-
tion (as illustrated in Figure 3). Quantitatively, the
displacement (∆q) of the excited state equilibrium
distance from the corresponding ground state dis-
tance can be calculated. The procedure involves the
calculation of the Franck– Condon factor as a func-
tion of ∆q for each vibronic transition. This results in
a calculated emission spectrum, which can be
compared with the experimental emission spectrum
as a function of ∆q until a good fit is obtained. The
actual ∆q would be the value that gives the best fit.

The emission (and absorption) spectra in many
practical cases do not show resolved vibronic peaks.
This is especially the case in solutions of the lumino-
phores at ambient temperatures. The interaction of
excited molecules of the luminophore with solvent
molecules (especially polar solvents) is responsible
for this broadening. There are methods to quantify

∆q in these cases with the aid of some computer pro-
grams but the description of these methods is beyond
the scope of this article. In the section on inorganic
exciplexes, nevertheless, we provide an example in
which ∆q is evaluated theoretically for a system that
exhibits structureless emission bands.

Another quantitative measure of excited state dis-
tortion is the Stokes shift, defined as the energy dif-
ference between the emission and absorption peak
maxima for the same electronic transition. The lower
part of Figure 3A illustrates how the Stokes shift is
evaluated in typical cases. The Stokes shift of the rare
case shown in Figure 3B is zero because the absorp-
tion and emission spectra have the same peak posi-
tions. The band width can also be used to quantify
excited state distortions. The band width is normally
quantified in terms of the full-width-at-half-maxi-
mum (fwhm). The value of fwhm is calculated as the
energy difference between the band positions that
have intensities equal to one half the peak maximum,
assuming a gaussian shape is obtained for the emis-
sion band. In the absence of excited state distortions
the emission bands appear as sharp peaks with very
small fwhm values (Figure 3B), whereas in more
common cases the electronic bands are much broader
because of excited state distortions (Figure 3A). In
those cases where the emission spectra are devoid of
vibronic structure, the fwhm values are calculated for
the whole broad band. The Stokes shift and fwhm are
parameters for excited state distortion because their
values are larger for 0– ν vibronic transitions with
higher ν values. The Stokes shift and fwhm are espe-
cially useful in cases where the emission spectra are
structureless, because of the difficulty of carrying out
the ∆q calculation in such cases.

Emission and excitation spectra
In luminescence spectroscopy the emission of the
luminophore is monitored. There are two different
types of luminescence spectra that can be recorded
with modern spectrofluorometers, emission and exci-
tation spectra. Note that although the name implies
that these instruments measure only fluorescence,
spectrofluorometers can also measure phosphores-
cence, especially when special accessories are added.
Spectrofluorometers contain both an excitation
monochromator and an emission monochromator.
In emission spectra, the excitation wavelength is
fixed and the emission monochromator is scanned.
The excitation is usually fixed at a wavelength at
which the sample has significant absorbance. In exci-
tation spectra, on the other hand, the emission wave-
length is fixed and the excitation monochromator is
scanned. The emission is normally fixed at a
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wavelength that corresponds to the emission peak of
the sample.

Theoretically, the excitation spectra should mimic
the absorption spectra of the luminophores. How-
ever, the lamp output is wavelength-dependent. For
example, a common light source in modern spec-
trofluorometers is a xenon lamp. The output of this
lamp is a continuum spectra in the range ~200– 1200
nm. The radiation curve approximates blackbody
radiation with a maximum near 550 nm and a sharp
decline at short wavelengths. A correction is, there-
fore, needed for the lamp background in order for the
excitation spectra to correlate with the absorption
spectra. Corrected excitation spectra are usually
obtained by using a quantum counter, a strong lumi-
nophore capable of absorbing virtually all incident
light over a wide range of wavelength. Rhodamine B
is a commonly used quantum counter. Concentrated
solutions of rhodamine B absorb virtually all the
incident light in the 220– 600 nm range. The excita-
tion spectrum of rhodamine B monitoring its emission
maximum (633 nm) is determined only by the lamp
output in the 220– 600 nm range (Figure 4A).

Corrected excitation spectra of luminophores are
obtained by dividing the uncorrected spectra by the
excitation spectrum of the quantum counter. A
common improvement in the corrected excitation
spectra versus the uncorrected spectra is to eliminate
the sharp ‘spikes’ of the xenon lamp between 450
and 500 nm (Figure 4A). This makes the excitation
spectra of many luminophores very similar to their
absorption spectra. However, more dramatic differ-
ences may exist, especially for luminophores which
absorb in the UV region. An example of such a lumi-
nophore is the silver complex [Ag(CN) ]. Figure 4B
shows the corrected and uncorrected excitation spec-
tra of [Ag(CN) ] doped in NaCl crystals. Note that
the corrected excitation spectra are significantly dif-
ferent from the uncorrected spectra. This difference
is attributed to the low output of the xenon lamp at
wavelengths shorter than 280 nm (Figure 4A), at
which [Ag(CN) ] species absorb strongly.

Absorption and excitation spectra are complemen-
tary. The necessity to obtain a correction for the ex-
citation spectra represents a disadvantage. There are
advantages, however, for excitation spectra over
absorption spectra. The much higher sensitivity of
luminescence techniques compared to absorption
techniques is an obvious advantage for excitation
spectra. The greater sensitivity of luminescence tech-
niques stems from the fact that the luminescence in-
tensity can be enhanced by increasing the intensity
of the excitation source, which is not the case in ab-
sorption. The greater sensitivity of luminescence
techniques is, however, accompanied by less precision

compared to absorption techniques. The relative ease
of acquiring excitation spectra for some materials
such as solids represents another advantage over ab-
sorption measurements. Finally, excitation spectra
can provide valuable information about excited state
processes such as energy transfer (see below) that can-
not be obtained by absorption spectra. 

Luminescence lifetimes
Theory

Consider the simplest case in which a molecule A
absorbs light and is in an excited electronic state
denoted by *A. If the molecule has a single pathway
for decay, say fluorescence, we can write the
following equation: 

This is a first-order process whose rate can be
expressed mathematically as: 

Figure 4 Correction of the excitation spectra by the quantum
counter method: (A) excitation spectrum of rhodamine B; (B) ex-
citation spectra of [Ag(CN)2

–]/NaCl doped crystals monitoring the
emission at different wavelengths. Corrected and uncorrected
spectra are shown as thick and thin lines, respectively.
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where kf is the rate constant of the fluorescence decay
(Eqn [2]). The reciprocal of kf is called the fluores-
cence lifetime τf (τf = 1/kf). Integration of Equation
[3] gives: 

Hence, a plot of ln [*A] versus time (t) should give a
straight line with a slope of 1/τf. The value of [*A] is
determined from the fluorescence intensity. Experi-
mentally, lifetime measurements are obtained using a
pulsed laser source. Pulsing leads to the population of
the excited state of A, followed by emission of light by
*A with a time profile according to Equation [4].
Figure 5 shows a schematic description of a
luminescence decay curve (A) and the plot used for
the determination of the excited state lifetime (B).

Next, consider the case where *A can exhibit fluo-
rescence (Eqn [2]) and also non-radiative decay: 

with a rate constant of knr. The decay of *A can now
be described as: 

In this case the lifetime τ becomes: 

or the reciprocal of the sum of kf and knr.
Generally, the non-radiative rate constant

decreases at lower temperatures. As the temperature
(T) approaches absolute zero, τ approaches 1/kf. A
plot of 1/τ versus T extrapolated to T = 0 K allows
one to determine kf as the value of the intercept (see
the example in the case study on inorganic lumino-
phores). Therefore, the value of the fluorescence life-
time (τf) is determined as 1/kf. Note that the
treatment described in this section applies for both
fluorescence and phosphorescence lifetimes and not
just for fluorescence.

Now consider a final lifetime case in which two
states are thermally populated at a temperature T. If
excited state 1 has a lifetime τ1 and excited state 2
has a lifetime τ2, the observed lifetime τobs will be a
weighted average of the two lifetimes: 

with N = n1 + n2. Assuming that excited states 1 and
2 are non-degenerate and using the Boltzmann distri-
bution function gives: 

where ∆E is the energy difference between states 1
and 2 and k is the Boltzmann constant. Fitting τobs
versus T to Equation [9] allows the determination of
the value of ∆E as well as τ1 and τ2.

Fluorescence versus phosphorescence lifetimes

A major advantage of luminescence lifetime meas-
urements is their use for spectral assignment. Specifi-
cally, the assignment of the luminescence bands as
fluorescence or phosphorescence is primarily deter-
mined via luminescence lifetime measurements. As
a rule of thumb, lifetimes on the order of micro-
seconds and longer (milliseconds, seconds) are
normally indicative of phosphorescence, while fluo-
rescence lifetimes are normally on the sub-microsec-
ond level (nanoseconds, picoseconds etc). It should
be noted, however, that fluorescence and phospho-
rescence lifetime values vary from one case to anoth-
er, depending on the system under study as well as

Figure 5 Experimental determination of excited state lifetimes:
(A) a plot of the intensity (I ) versus time after the laser pulse. The
lifetime corresponds to the time at which the intensity decays to
1/e of its maximum value; (B) a plot of In (I ) versus time after la-
ser pulse. The lifetime here can be calculated directly from the
slope of the linear equation.
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other factors such as the extent of excited state
distortion. This causes some subjectivity in the as-
signment, especially when the measured lifetimes are
at borderline levels between the aforementioned lev-
els of fluorescence and phosphorescence lifetimes.
The clearest cases are those in which fluorescence
and phosphorescence bands are both present in one
system. In these cases, the phosphorescence bands
exhibit lifetimes that are orders of magnitude longer
than the lifetimes of the corresponding fluorescence
bands. An example is given for such a case in the sec-
tion on inorganic luminophores.

Luminescence quantum yields

The quantum yield is a luminescence property that is
related to lifetimes. The luminescence quantum yield
(Φ) is the ratio of the number of photons emitted to
the number of photons absorbed. Therefore, the
maximum value of Φ is 1. In practice, the quantum
yield is less than unity for virtually all luminescent
materials. The reason is the large number of non-
radiative processes that lead to a decrease in the
number of emitted photons. The quantum yield can
be defined in terms of the rate constants of the radia-
tive (krad) and non-radiative (knr) processes according
to Equation [10]: 

The krad term includes the rate of fluorescence and
phosphorescence while the knr term includes the rate
constants of all the non-radiative processes described
previously. Remembering that τf = 1/kf and also us-
ing Equation [7], one can express the quantum yield
of the fluorescence (Φf) in terms of the luminescence
lifetimes as: 

A variety of factors are believed to influence the
luminescence quantum yields of luminophores.

The transition type Because luminescence is a tech-
nique of electronic spectroscopy, the same selection
rules apply for luminescence as those that apply for
absorption. For organic compounds, the most com-
mon luminescence bands are due to π*– π and π*– n
transitions. The σ*– σ transitions, although strongly
allowed, are not normally seen because of their high
energies in most organic compounds. The spin

selection rules also apply. Consequently, fluores-
cence in most luminescent organic compounds is
much stronger than phosphorescence (see the exam-
ple in the section on organic luminophores). For in-
organic compounds, the luminescence transitions
may involve the energy levels of the ligands (intra-
ligand transitions), the metal ions (d-d transitions),
or both the metal and the ligand (charge transfer
transitions). Intra-ligand transitions are similar to
the transitions discussed above for organic com-
pounds. The d-d transitions are usually forbidden
transitions, so the corresponding absorption and
emission bands are generally weak. Charge transfer
transitions are strongly allowed and can occur either
from the ligand orbitals to the metal orbitals (ligand-
to-metal charge transfer, LMCT) or vice versa (met-
al-to-ligand charge transfer, MLCT).

Structural rigidity Molecules that have rigid struc-
tures normally exhibit strong luminescence. Three
examples are shown in Scheme 1. In each pair the
fluorophore on the left has the more rigid structure,
resulting in greater luminescence quantum yield.
Note in the third example that the stronger lumines-
cence intensity is due to the complexation with a
metal ion (i.e. the complex is more rigid than the free
ligand). The higher luminescence quantum yields for
rigid luminophores are probably due to the



1194 LUMINESCENCE THEORY

inhibition of the internal conversion rates and vibra-
tional motion in these compounds.

Substitution The nature of the substituents on, say,
an aromatic ring may increase or decrease the
quantum yield. For example, halogen and ketone
substituents on anthracene generally decrease the flu-
orescence quantum yield. In contrast, the quantum
yield of diphenyl anthracene is nearly unity (compared
with Φf = 0.4 for unsubstituted anthracene). Phospho-
rescence becomes an important factor if the substitu-
ents contain heavy atoms (for example halogens). In
this case the reduction in fluorescence is accompanied
by an increase in phosphorescence. This effect (called
the heavy atom effect) is specially important in inor-
ganic luminophores because of the involvement of the
metal ions. The strong spin– orbit coupling in metal
ions leads to the relaxation of the spin selection rules.
Therefore, most inorganic luminophores exhibit
strong phosphorescence (see below).

Other factors Many other factors affect lumines-
cence quantum yields. Among these factors are tem-
perature, solvent, phase and pH. A reduction in
temperature suppresses non-radiative processes and
thus increases Φ. This is why it is common to run
luminescence experiments at cryogenic temperatures.
The solvent is involved in many non-radiative proc-
esses. An increase in the viscosity of the solvent gen-
erally decreases the rate of non-radiative de-
excitation. Also, the stretching frequency of the
bonds of the solvent molecules is an important fac-
tor. For example, one of the common procedures to
increase the quantum yield is to run the luminescence
measurements in deuterated solvents (e.g. D2O
instead of H2O). The quenching caused by the sol-
vent may be removed by running the luminescence
measurements in the solid state instead of solutions
(examples are given later). Finally, a change in pH
may strongly alter the Φ value because the structure
of many luminophores may be different in acidic and
basic media.

Case studies for photoluminescence

Organic luminophores

The luminescence properties of anthracene and its
derivatives provide an excellent illustration of the
relation between the excited state distortion and the
profile of the luminescence spectra. Figure 6 shows
the luminescence and absorption spectra of anthra-
cene. Note that the extinction coefficient for the
singlet– singlet transition is 8 orders of magnitude
higher than the value for the singlet– triplet transition.

This observation suggests that the absorption and
emission bands in the region with λ < 500 nm are due
to a spin-allowed transition (singlet ↔ singlet), hence
the emission in this region is due to fluorescence. On
the other hand, the bands in the region with λ >
500 nm are due to a spin-forbidden transition (singlet
↔ triplet), hence the emission in this region is due to
phosphorescence.

Figure 6 shows that the mirror image rule applies
very well to the absorption and fluorescence bands
of the S0 ↔ S1 transition. Note that among the vi-
bronic bands, the 0– 0 and 0– 1 transitions have the
strongest intensities. These observations suggest that
the excited state distortion is very small in anthra-
cene. Figure 6 also shows that there is correlation
even between the absorption and phosphorescence
characteristic of the S0 ↔ T1 transition. However,
the mirror image rule does not apply as strongly as it
does for the S0 ↔ S1 transition. For example, the in-
tensity is greater for the 0– 1 transition than for the
0– 2 transition in the phosphorescence band, but the
opposite trend is seen in the corresponding absorp-
tion band. Moreover, while the absorption and emis-
sion peaks are nearly superimposed for the 0– 0
vibronic peak of the S0 ↔ S1 transition, there is a
greater separation between the corresponding peaks
characteristic of the S0 ↔ T1 transition. These obser-
vations are consistent with the excited state distor-
tion for the triplet excited state (T1) being greater
than the distortion of the singlet excited state (S1).

Substitution of hydrogen atoms of anthracene may
lead to a geometry change in the excited state. The
extent of this change can be probed by luminescence
spectroscopy. Figures 7 and 8 provide an illustra-
tion. In Figure 7, the absorption and fluorescence
spectra are shown for 9-anthramide. Similar geo-
metries of the ground state and the fluorescent excit-
ed state of 9-anthramide are illustrated by: (i) the ap-
plicability of the mirror image rule, (ii) the peaks
characteristic of the 0– 0 and 0– 1 transitions both be-
ing strong, (iii) the absorption and emission peaks
being superimposed for the 0– 0 transition. The situa-
tion is not the same when the substituent on anthra-
cene is changed from an amide group to an ester
group. Figure 8 shows the absorption and emission
spectra of cyclohexyl-9-anthroate. Note that the
emission spectrum of cyclohexyl-9-anthroate is
structureless and the mirror image rule is lost. Also
note the large values of the Stokes shift (~6000 cm– 1)
and fwhm (~5000 cm– 1). These observations suggest
a largely displaced excited state for cyclohexyl-9-an-
throate from the ground state geometry of the mole-
cule. In conclusion, Figures 7 and 8 show that the
luminescent excited state is much more distorted for
the ester derivative of anthracene (cyclohexyl-9-
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anthroate) than for the amide derivative of the same
molecule (9-anthramide). One can therefore predict
that the ester has a greater tendency to undergo
photochemical reactions than the amide.

Inorganic luminophores

The compound BaPd(CN)4.4H2O provides an excel-
lent example for the differentiation between fluores-
cence and phosphorescence based on lifetimes and

Figure 6 Emission (solid line) and absorption (dashed line) spectra of anthracene in solution. The assignments of the vibronic tran-
sitions are shown in the bottom portion of the figure. Reproduced with permission from Turro NJ (1978) Modern Molecular Photochem-
istry, p 94. Menlo Park: Benjamin/Cummings.

Figure 7 Emission (right) and absorption (left) spectra of 9-an-
thramide in tetrahydrofuran. Reproduced with permission from
Shon RS-L, Cowan DO and Schmiegel WW (1975) Photodimer-
ization of 9-anthroate esters and 9-anthramide. The Journal of
Physical Chemistry 79: 2087–2092.

Figure 8 Emission (right) and absorption (left) spectra of cy-
clohexyl-9-anthroate in benzene. Reproduced with permission
from Shon RS-L, Cowan DO and Schmiegel WW (1975) Photo-
dimerization of 9-anthroate esters and 9-anthramide. The Journal
of Physical Chemistry 79: 2087–2092.
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other luminescence properties. Inorganic compounds
that exhibit chain structures show interesting lumi-
nescence properties in the solid state. The X-ray struc-
ture of BaPd(CN)4.4H2O consists of [Pd(CN)4]2–

square-planar ions stacked in one-dimensional chains
with an intra-chain Pd– Pd distance of 3.37 Å at room
temperature. Figure 9 shows the luminescence spec-
trum of BaPd(CN)4.4H2O at 7 K using a nitrogen
pulsed laser for excitation. Two emission bands are
observed at ~ 19 × 103 and 26 × 103 cm– 1 (~512 and
382 nm, respectively). These bands are designated the
lower energy (LE) and the higher energy (HE) bands,
respectively. In Figure 10 the lifetime of the LE band
is plotted versus temperature. A linear fit is obtained.
From the resulting equation, the lifetime at 0 K is esti-
mated to be ~ 2.5 ms and decreases by approximately
a factor of 2 for each 30 K temperature rise. The
shorter lifetimes at higher temperatures are due to the
larger values of knr at higher temperatures (Eqn [7]).
In contrast, the HE band has a lifetime shorter than
the instrumental resolution of 10 ns. Thus, the life-
time data suggest that the HE band is fluorescence
while the LE band is phosphorescence.

Polarized light can be used to study the lumines-
cence bands for BaPd(CN)4.4H2O. The HE band has
polarized emission with the phase of polarization of
the fluorescence perpendicular to the Pd(CN)
square planar plane (z-direction). In contrast, the LE
band has polarized emission with the phase of the
polarized light the same as the Pd(CN)  molecular
plane (xy-direction). The metal ions in one-dimen-
sional chained compounds are oriented along one
particular direction in crystals of layered compounds
(along the xy-direction in BaPd(CN)4.4H2O). The
absorption band of BaPd(CN)4.4H2O solid is polar-

ized along the xy-direction. The fact that the HE
emission band has the same polarization as the ab-
sorption band provides further evidence that the HE
band is fluorescence. This is because fluorescence
takes place immediately after absorption (τ < 10 ns)
and from the same singlet excited electronic state as
the one which absorption populates. In contrast, the
LE band occurs from a triplet excited state long after
absorption (τ = 2.5 ms). Because the absorption and
the LE emission bands have different excited states,
these bands have different polarization. In accord-
ance with the polarization of the HE band along the
same direction as the Pd chains, the emission maxi-
mum of the HE band undergoes a progressive red
shift (longer wavelength, lower energy) as the tem-
perature is decreased. The red shift occurs because
cooling leads to a thermal contraction of the intra-
chain Pd– Pd distance, which results in a smaller
HOMO– LUMO energy gap (HOMO = highest oc-
cupied molecular orbital, LUMO = lowest unoccu-
pied molecular orbital). In contrast, the position of
the LE band is independent of temperature because
this band is not polarized along the Pd chains.

The preceding results can be compared with the se-
lection rules for all the possible electronic transitions
obtained from group theory, to give electronic assign-
ments (term symbols) for each of the luminescence
bands. The resulting electronic assignments are 1A2u
and 3A2u for the HE and LE bands, respectively. A
discussion of the concepts of group theory that lead

Figure 9 Luminescence spectrum of BaPd(CN)4.4H2O at 7 K.
A nitrogen laser was used for excitation. Reproduced with
permission from Ellenson WD, Viswanath AK and Patterson HH
(1981) Laser-excited luminescence study of the chain compound
BaPd(CN)4.4H2O. Inorganic Chemistry 20: 780–783.

Figure 10 Lifetime of the 19 × 103 cm−1 luminescence band of
BaPd(CN)4.4H2O versus temperature. The dashed line is extrap-
olation to higher temperatures. Reproduced with permission from
Ellenson WD, Viswanath AK and Patterson HH (1981) Laser-
excited luminescence study of the chain compound
BaPd(CN)4.4H2O. Inorganic Chemistry 20: 780–783.
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to this assignment is beyond the scope of this article.
However, it is enough to note that the term symbols
of the HE and LE bands of BaPd(CN)4.4H2O differ
only in the spin multiplicity (superscripts indicate sin-
glet and triplet, respectively). With this in mind, the
difference in the excited state distortion between the
HE and LE bands can be used to provide further evi-
dence for the band assignment. The lowest energy ab-
sorption band of BaPd(CN)4.4H2O solid has an
energy of ~31 × 103 cm– 1. This gives a Stokes shift of
~5000 and 11 500 cm– 1 for the HE and LE bands, re-
spectively. Figure 9 shows that the LE band is much
broader than the HE band. The fwhm values of the
HE and LE bands are 900 and 3300 cm– 1, respective-
ly. The higher values of the Stokes shift and fwhm for
the LE band are consistent with the assignment that
the LE band is phosphorescence while the HE band is
fluorescence of the same electronic transition. This is
the case because the excited state distortion of phos-
phorescence is greater than that of the fluorescence of
the same electronic transition (with a different spin
state). The Jablonski diagram shown in Figure 1) il-
lustrates the higher Stokes shift for phosphorescence
compared with fluorescence.

In summary, the HE and LE luminescence bands
of BaPd(CN)4.4H2O are assigned as fluorescence
and phosphorescence, respectively. The basis of this
assignment is the difference between the two bands
in the lifetime values, polarization character, temper-
ature dependence, and excited state distortion
(Stokes shift and fwhm values).

Finally, an interesting aspect of the luminescence
spectrum of BaPd(CN)4.4H2O is the strong phos-
phorescence intensity (compared with the relative
phosphorescence/fluorescence intensity of anthra-
cene). This is a direct consequence of the strong
spin– orbit coupling of palladium. This provides an
illustration of the heavy atom effect which is general-
ly more important in inorganic luminophores rela-
tive to their organic counterparts.

Quenching of emission

Theory

In luminescence spectroscopy, quenching refers to
any process that leads to a reduction in the lumines-
cence intensity of the luminophore. Static and dy-
namic quenching are the most common types of
luminescence quenching and will be described in the
following sections. A third type of quenching also
exists, namely ‘inner-filter quenching’. An inner-fil-
ter effect occurs when the total absorbance of the so-
lution is high (greater than 0.1 au). This leads to a
reduction in the intensity of the excitation radiation

over the path length. Quenching of this type is not
generally categorized among the major quenching
process because it is a trivial type of quenching that
is not really involved in the radiative and non-radia-
tive transitions in luminescence spectroscopy.

Both static and dynamic quenching require contact
of the luminophore with a quencher molecule. This
requirement is the basis of the many applications of
luminescence quenching. Because there are so many
molecules that can act as luminescence quenchers, an
appropriate quencher can be selected for any lumi-
nophore under study in order to investigate specific
properties of the luminophore. An example of bio-
chemical applications of luminescence quenching is
given later in this section.

Static quenching

Static quenching occurs upon the complexation of the
luminophore (L) with a quencher (Q):

The total concentration of the luminophore, [L]0, is
given by: 

The dependence of the luminescence intensity on the
quencher concentration can be derived by consider-
ing the association constant for the formation of the
L– Q complex, Ks:

Rearrangement gives: 

Static quenching occurs because the resulting ground-
state complex is not luminescent and, therefore, the
concentration of free L decreases upon its complexa-
tion. The ratio [L]0/[L] is a measure of the decrease of
the luminescence intensity due to static quenching. In
the absence of the quencher (Q), the luminescence
intensity, I0, is highest because [L]0 = [L]. In the pres-
ence of Q, the luminescence intensity, I, decreases due
to static quenching. Therefore, the ratio [L]0/[L] is the
same as I0/I. Substituting in Equation [15] gives the
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Stern– Volmer equation: 

A Stern– Volmer plot of I0/I against [Q] should give a
straight line with a slope equal to Ks, which is also
known as the Stern– Volmer constant for static
quenching.

Dynamic quenching (collisional quenching)

Dynamic or collisional quenching occurs when the
lifetime of the fluorophore is reduced, thus reducing
the luminescence quantum yield. The mechanism of
this type of quenching involves a collision of the ex-
cited luminophore molecule (*L) with a quencher
molecule (Q). As a result, *L returns to its ground
state without emitting photons and the excitation en-
ergy is transferred to Q. The transfer of the excita-
tion energy to Q leads to a reduction of the excited
state lifetime of *L and, therefore, a reduction of the
luminescence intensity. It can be shown that the re-
duction of the luminescence intensity due to dynamic
quenching is the same as the corresponding reduc-
tion of the excited state lifetime: 

where τ0 and τ refer to the lifetimes in the absence
and presence of the quencher, respectively. The
Stern– Volmer equation that governs dynamic
quenching can be derived on the basis of the kinetic
model shown in Figure 11.

The radiative decay rate (krad) is the reciprocal of
the excited state lifetime in the absence of the
quencher (1/τ0). The rates of depopulation of *L in
the absence and presence of Q are given in Equations
[18] and [19], respectively:

Substituting (1/τ0) for Krad, after rearrangement,
gives Equation [20], which is the Stern– Volmer
equation for dynamic quenching: 

The term (kQ τ0) is the Stern– Volmer quenching

constant for dynamic quenching, KD. Therefore, the
Stern– Volmer equation for dynamic quenching can
be re-written as: 

Note that Equations [16] and [21] are identical in
form, and from both equations Stern– Volmer plots
can be made in order to obtain the constants KS, and
KD, respectively. This can be carried out simply by
measurements of the luminescence intensity in the
presence and absence of the quencher. However,
such a study does not distinguish between the two
mechanisms. The easiest and most definitive way to
determine the quenching mechanism is to carry out a
study of the lifetimes in the presence and absence of
the quencher. The excited state lifetime decreases in
the presence of quencher if dynamic quenching is the
mechanism involved. Note that according to Equa-
tion [17] a Stern– Volmer plot can be obtained by
plotting (τ0/τ) on the y-axis instead of I0/I:

In contrast, the excited state lifetime is invariant in
the presence of the quencher if static quenching is the
mechanism involved. Therefore, plotting (τ0/τ) ver-
sus [Q] will simply yield a horizontal line parallel to
the x-axis (y = 1).

Example

Tryptophan residues in a protein luminesce strongly
whether they are on the surface of the protein or in
its interior. When a quenching experiment is carried
out with ionic quenchers, such as the iodide ion, the
resulting quenching involves only surface-localized
tryptophan residues. On the other hand, non-ionic
quenchers, such as acrylamide, are able to penetrate

Figure 11 Kinetic model for dynamic quenching. In the nota-
tion used w. krad and kQ refer to the absorption rate, radiative rate
and quenching rate, respectively.
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into the interior of the protein and provide quench-
ing constants that are really average constants and
give information about both surface and interior
tryptophan residues. 

One way of separating the fluorescence quenching
parameters associated with external and internal
fluorophores is to use a double-quenching method in
which two quenchers are applied simultaneously.
The first quencher is used to selectively quench the
fluorescence emission of exposed fluorophores. On
the other hand, the second quencher is used to
quench the fluorescence emission of both surface and
interior fluorophores non-selectively.

Figure 12 shows Stern– Volmer plots of two sam-
ples of high density lipoproteins, HDL1 and HDL2
(referring to different densities of high density lipo-
proteins). These samples were obtained from rats
raised on diets containing different amounts of the
element manganese. A linear plot was obtained only
for the manganese-deficient sample of HDL2. From
the equation of the straight line for this sample, the
Stern– Volmer constant was determined as 0.88 M– 1.
The plots were non-linear for the other samples, in-
dicating the presence of more than one class of fluor-
ophores, which are unequally accessible to the
charged I–  quencher. In Figure 13, the fluorescence
quenching of HDL1 by iodide in the presence of vari-
ous amounts of the non-ionc quencher acrylamide
are shown using a modified Stern– Volmer method.
The plots are all linear and provide fluorescence
quenching parameters characteristic of interior and

surface-exposed residues. Table 1 shows a listing of
the quenching constants for the different samples.

A statistical analysis of the parameters in Table 1
indicates that the acrylamide quenching constant for
exposed fluorophores is significantly different in
manganese-adequate HDL1 compared with manga-
nese-deficient HDL1. In manganese-adequate HDL2,
there were two populations of fluorophores access-
ible to acrylamide, whereas in manganese-deficient
HDL2, all fluorophores were accessible to both
quenchers. It was concluded based on these results
that the local environments of the external fluoro-
phores have different structures and charge
distribution in manganese-adequate HDL1 versus

Figure 12 A Stern–Volmer plot for the fluorescence quenching
of HDL1 (solid lines) and HDL2 (dashed lines). The different leg-
ends refer to samples obtained from rats fed with manganese-
adequate (◊) and manganese-deficient (�) diet. The fluores-
cence was monitored at 338 nm (λexc = 295 nm) characteristic of
tryptophan residues. (Reproduced with permission from Taylor
PN, Patterson HH and Klimis-Tavatzis DJ (1997) A fluorescence
double-quenching study of native lipoproteins in an animal model
of manganese deficiency. Biological Trace Element Research
60: 69–80.

Figure 13 A modified Stern–Volmer plot for the fluorescence
quenching of HDL1 by iodide in the presence of varying amounts
of acrylamide. The data are shown for HDL1 samples obtained
from rats fed with manganese-deficient (top) and manganese-
adequate (bottom) diet. The fluorescence was monitored at 338
nm (lexc = 295 nm) characteristic of tryptophan residues. Repro-
duced with permission from Taylor PN, Patterson HH and Klimis-
Tavatzis DJ (1997) A fluorescence double-quenching study of
native lipoproteins in an animal model of manganese deficiency.
Biological Trace Element Research 60: 69–80.

Table 1 Quenching constants for tryptophan residues in differ-
ent high-density lipoprotein samples

MnA, manganese-adequate sample; MnD, manganese-deficient
sample; KI, iodide quenching constant; KA1 and KA2, acrylamide
quenching constant for exposed and partly-exposed fluoro-
phores, respectively.

Quench-
ing con-
stant / M−1

Lipoprotein

HDL1 HDL2

MnA MnD MnA MnD

KI 9.14±0.44 17.18 ± 7.72 4.63 ± 0.00 0.88±0.00
KA1 5.21±0.88 6.15 ± 1.50 1.61±0.50 –
KA2 4.27± 0.11 5.96 ± 0.05 1.51±0.00 –
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manganese-deficient HDL1. For HDL2 samples, it
was concluded that one-third of the fluorophores
were accessible to iodide and all external and inter-
nal fluorophores were accessible to acrylamide in
manganese-adequate samples, whereas in manga-
nese-deficient samples, all fluorophores were access-
ible to both quenchers.

Energy transfer
Theory

Energy transfer refers to a process in which an excit-
ed atom or molecule (donor) transfers its excitation
energy to an acceptor atom or molecule during the
lifetime of the donor excited state. Figure 14 shows
that as a result of energy transfer, the donor returns
to its ground state while the acceptor is promoted to
its excited state. If the acceptor is a luminescent spe-
cies, it can emit by virtue of energy transfer, i.e. the
acceptor luminesces as a result of the excitation of
the donor. Such a luminescence is called ‘sensitized
luminescence’, and some textbooks use the terms
‘sensitizer’ and ‘activator’ instead of ‘donor’ and ‘ac-
ceptor’. Many applications in chemistry, physics,
materials science and biochemistry are based on sen-
sitized luminescence. A later section provides an ex-
ample of the application of energy transfer processes
in biological systems. Energy transfer processes oc-
cur via radiative or non-radiative mechanisms.

Radiative mechanisms This mechanism involves
the absorption of light by a donor atom or molecule
(D) followed by emission of a photon by the donor
and the absorption of the emitted photon by another
molecule called the acceptor (A). The process can be
represented as follows: 

The radiative mechanism is important if the
acceptor A absorbs at the wavelength at which the
donor emits. The efficiency of the process is
determined simply by the quantum yield of the donor
luminescence and the absorbance of the acceptor at
the donor emission wavelength. No significant
interaction between A and D is required in this
mechanism and, therefore, radiative energy transfer
can occur over extremely large separations of D and

A. The radiative mechanism is not important if A
and D are similar molecules because of the usually
small overlap of the emission and absorption spectra
in this case.

Non-radiative mechanisms The radiative mecha-
nism is a trivial case of energy transfer because it can
be characterized by measuring the donor absorption
and the acceptor emission separately from each
other. In fact, most textbooks refer to the radiative
pathway as a ‘trivial mechanism’ for energy transfer
and do not really consider it as an energy transfer
mechanism. Note in Figure 14 that the donor does
not emit light. Instead, the excitation energy is trans-
ferred non-radiatively to the acceptor. The non-radi-
ative pathway shown in Figure 14 is the mechanism
that is typically used in most textbooks to represent
energy transfer processes. Non-radiative energy
transfer processes occur via two major mechanisms,
the Förster resonance mechanism and the Dexter
exchange mechanism.

The Förster resonance mechanism involves an elec-
trostatic interaction between D and A. Such an inter-
action can occur over a long range, i.e. it does not
require a very short contact between the donor and
the acceptor. Energy transfer via the resonance mech-
anism may proceed over donor– acceptor distances as
long as 50– 100 Å. In order for energy transfer to be
efficient via the resonance mechanism, the energies of
the donor and acceptor transitions D* → D and
A → A* must be nearly identical (hence the name
‘resonance mechanism’). Nevertheless, the presence
of phonons (vibrational quanta) may provide assist-
ance for energy transfer when small differences exist
between the donor and acceptor excited states. Such
processes are called phonon-assisted energy transfer
processes (Figure 15). The energies of the phonons
should be high enough to surmount the difference

Figure 14 Energy transfer from a donor (D) to an acceptor (A). 
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between the donor and acceptor excited states. How-
ever, too high phonon energies increase the likelihood
of non-radiative de-excitation (see above), which
would take place before energy transfer can take
place.

The Dexter Exchange Mechanism involves a direct
contact between the donor and the acceptor atoms
or molecules. The exchange interaction between the
donor D and acceptor A involves a transition state
with a D– A distance that is close to the sum of the
gas-kinetic collision radii of D and A, respectively.
Therefore, information about the energy transfer
mechanism can be gained by structural studies of the
system under consideration. If the D– A distance is
short (normally < 5 Å) then the exchange mechanism
is the more likely, but if the D– A distance is long
(>> 5 Å) then the resonance mechanism would be
more likely. 

The energy transfer efficiency is strongly dependent
on the spectral overlap between the donor emission
and the acceptor absorption. This is valid for both ex-
change and resonance mechanisms, as shown in the
following expression for the energy transfer rate: 

where the integral represents the spectral overlap be-
tween the donor emission ID and the acceptor
absorption εA. The factor f(rD– A) is a function of the
intermolecular distance between the donor and ac-
ceptor centres (rD– A) and is governed by the relevant
energy transfer mechanism (Förster or Dexter mech-
anism). The donor– acceptor spectral overlap can be
determined experimentally by spectroscopic measure-
ments, as illustrated in Figure 16.

Example

Trivalent lanthanide ions, Ln(III), can be substituted
for certain metal ions in proteins to gain structural
information about the sites of these metals. The abil-
ity of Ln(III) ions to substitute for metal ions such as
Ca(II), Zn(II), and Mn(II) in proteins stems from the
similarity between Ln(III) and these ions in ionic
radii, coordination numbers (6– 9) and preference to
oxygen donor ligands. The higher charge density of
Ln(III) makes these ions substitute with higher affin-
ity than the metal ions in many metal-binding
proteins. The quantum yield of luminescence is low
for free Ln(III) but increases upon binding in close
proximity to an aromatic amino acid within the pro-
tein: phenylalanine (Phe), tyrosine (Tyr) or tryp-
tophan (Trp). When the protein is irradiated with
wavelengths that correspond to the absorption maxi-
ma of these amino acids (~250– 300 nm), the lumi-
nescence bands of the bound Ln(III) are enhanced by
energy transfer. The strong sensitized luminescence
of the Ln(III) makes these ions act as ‘probes’ of de-
tailed and accurate structural information about the
metal-binding sites in the proteins studied, as illus-
trated in the following example.

The protein α-lactalbumin is involved in the regu-
lation of lactose synthesis. The binding of bovine α-
lactalbumin (BLA) to Ca(II) is very strong (log
K = 8– 9). Eu(III) can bind apo-BLA (apo: metal-free)
in the Ca(II) binding site. The appearance of sensi-
tized luminescence for Eu(III) is illustrated in
Figure 17. Note that owing to energy transfer, the

Figure 15 Phonon-assisted energy transfer. The energy differ-
ence between the excited states of D and A is provided by
phonons.

Figure 16 Experimental determination of the donor–acceptor
spectral overlap from emission and absorption spectra. Repro-
duced with permission from Turro NJ (1978) Modern Molecular
Photochemistry, p 299. Menlo Park: Benjamin/Cummings.
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luminescence intensity of BLA-bound Eu(III) (upper
curve) is much stronger than the intensity of free
Eu(III) (lower curve). Figure 17 shows that the in-
crease in the intensity of the 5D0 → 7F2 transition is
most drastic when the ratio (R) of [Eu(III)/[BLA] is
between 1 and 2, and the intensity continues to
increase when R > 2. This is an indication of the
binding of at least two Eu(III) ions to BLA. The
Eu(III) luminescence is recorded in Figure 17 for the
5D0 → 7F2 hypersensitive transition. A hypersensitive
transition is a transition whose intensity is extremely
sensitive to changes in the environment of the Ln(III)
ion. Hypersensitivity is exhibited because of the
∆J = 2 quadrupolar nature of the transition. The

importance of this transition in the BLA-bound
Eu(III) is illustrated in Figure 18. The excitation
spectra of the Eu(III)-bound BLA are shown in
Figure 18 monitoring the 5D0 → 7F0 emission. The
excitation spectra are resolved into several compo-
nents, especially for R values > 1. The appearance of
bands I and II indicate the presence of two different
binding sites for Eu(III) in BLA. Band III is due to
non-bonded (solvated) Eu(III) ions. Therefore, it is
concluded that Eu(III) ions displace Ca(II) ions from
BLA and bind into two sites.

Besides the determination of the number of metal
binding sites, luminescence studies of Ln(III) ions in
biological systems allow the determination of other
structural properties of proteins such as the number
of bonded water molecules, the sum of ligand formal
charges and the site symmetry of the metal ion sites.
For example, lifetime measurements in H2O/D2O
mixtures allow the determination of the number of
water molecules (n) that are coordinated to the metal
ions in the different binding sites: 

In the preceding example, the numbers of coordinat-
ed water molecules in sites I and II were determined
as 2 and 4, respectively.

Excimers and exciplexes

Theory

Excimers and exciplexes are excited state complexes.
An excited state dimer is called an excimer. Excimer
formation can be represented by the following

Figure 17 Luminescence titration of apo-α-lactalbumin (BLA)
with europium chloride in D2O. The luminescence intensity is
monitored for the 5D0→7F2 emission line of Eu(III) with λexc = 395
nm. The upper curve shows the data for BLA-bound Eu(III) and
the lower curve shows the data for EuCl3 alone. Reproduced with
permission from Bünzil JCG and Choppin GR (1989) Lanthanide
Probes in Life, Chemical and Earth Sciences, p 279. Amsterdam:
Elsevier.

Figure 18 Curve-resolved Eu(III) excitation spectra of apo-BLA in D2O. R represents the [Eu(III)]/[BLA] ratio. Reproduced with per-
mission from Bünzil JCG and Choppin GR (1989) Lanthanide Probes in Life, Chemical and Earth Sciences, p 280. Amsterdam:
Elsevier.
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equation:

where the asterisks refer to species in their excited
states. According to Equation [28], an excimer is
formed when an excited molecule interacts with
another identical ground-state molecule. As a result
of this interaction, an actual bond forms between the
two monomer atoms in the excited state. Excited
state interactions are not limited to the formation of
homonuclear diatomic complexes. If interaction
occurs between an excited molecule of one type and a
ground state molecule of a different type, the result-
ing excited state complex is called an exciplex:

An exciplex can also form if more than two atoms
are involved in the excited-state bond, whether these
atoms are identical or different. Therefore, we can
write a general equation to represent exciplex
formation:

From Equation [30], it is clear that an excimer is a
special kind of exciplex where A = B and n = m = 1,
so it is more appropriate to use the term exciplex
when referring to excited state complexes in general,
including both homoatomic and heteroatomic
species.

It is important to recognize that exciplex forma-
tion is a physical phenomenon and not a chemical
one. That is, bonding between the molecules only
lasts as long as the excited state lifetime of the mole-
cule, and the exciplex bond dissociates upon radia-
tive or non-radiative de-excitation. Nevertheless,
there are cases in which exciplex formation leads to
photochemical reactions. For example, exciplexes
are believed to be the reactive intermediates in the
photochemical pathway of the Diels– Alder cycload-
dition reactions of unsaturated organic compounds.
Since photoluminescence is a photophysical process,
the focus here will be on the photophysical aspect of
exciplex formation instead of the photochemical
reactions that result from exciplex formation.

Example of an organic exciplex

The characteristics of exciplex emission can be
understood from potential energy diagrams of

exciplex-forming species. Figure 19 illustrates the
spectroscopic features of exciplexes in relation to the
potential surfaces of the ground and the excited elec-
tronic states. The spectra and potential surfaces are
shown for pyrene, the classical example for excimer
emission in organic compounds. According to
Figure 19, the ground state is repulsive (no potential
well) and the excited state is strongly bonding (deep
potential well) along the pyrene– pyrene internuclear
distance. This explains why the excimer bond forms
only in the excited state.

Organic exciplexes are best identified by studying
the variation of their emission spectra with concen-
tration. This is illustrated in Figure 19 for pyrene
(py). At low pyrene concentrations (≤10−5 M), the
major luminescence band is due to the monomer.
The characteristics of the monomer emission include:
(i) vibronic structure is present, and (ii) the emission
profile is independent of concentration at concen-
trations ≤10−5 M. As the pyrene concentration is in-
creased above 10−5 M, the monomer emission is
quenched and a new lower-energy emission band ap-
pears due to the formation of a *[py– py] excimer.
The intensity of the excimer band increases with a
concentration increase. The characteristics of the

Figure 19 Excimer emission of pyrene. The upper curves
show the potential surfaces of the ground and the luminescent
excited electronic state (Reproduced with permission from Turro
NJ (1978) Modern Molecular Photochemistry, p 141. Menlo Park:
Benjamin/Cummings.



1204 LUMINESCENCE THEORY

excimer emission band of pyrene in Figure 19 are: (i)
it is a structureless band with no vibronic structure,
(ii) it has a lower energy than the monomer emission
band and (iii) its intensity increases relative to the
monomer emission band as the concentration is in-
creased above a critical value (10−5 M for pyrene).
These characteristics of the pyrene excimer bands are
valid for the emission bands of organic exciplexes in
general.

Examples of inorganic exciplexes

The formation of inorganic exciplexes has attracted
attention only recently. Exciplexes formed in coordi-
nation compounds could be either ligand-centred
exciplexes, or metal-centred exciplexes. Ligand-cen-
tred exciplexes are normally formed from coordina-
tively saturated complexes (where the metal ion has
a high coordination number with no ‘vacant’ sites)
and another species. In this situation, excitation of a
ligand in the complex may result in the formation of
an exciplex bond between the ligand and another
molecule that exists in the solution (such as a solvent
molecule). Metal-centred exciplexes, on the other
hand, are normally formed from coordinatively un-
saturated complexes and another species. In
coordinatively unsaturated complexes, the potential
coordination site(s) present in the metal ion can be
filled by neutral electron-donor species (Lewis bas-
es), anions or another metal ion. The latter type gives
rise to the formation of metal– metal bonded exci-
plexes. This class of inorganic exciplexes is rather in-
teresting because thus far all reported examples are
luminescent.

The formation of the silver– silver bonded exci-
plexes *[Ag(CN)2]n (n ≥ 2) will serve as an illustra-
tion. The formation of these exciplexes in the solid
state has been reported by the authors of this article.
The [Ag(CN) ] complex ion is a good candidate for
the formation of metal– metal bonded exciplexes
because its low coordination number (2) implies that
several potential coordination sites are available.

Single crystals have been grown from a saturated
solution of KCl that contains small amounts of
K[Ag(CN)2]. The crystals harvested from this solu-
tion are called [Ag(CN) ]/KCl doped crystals, that is,
[Ag(CN) ] guest ions are incorporated into (or
doped in) the KCl host lattice. In these doped crys-
tals, the Ag+ and CN–  ions replace the K+ and Cl–
ions, respectively, in some sites in the KCl lattice. In-
frared measurements of single crystals of [Ag(CN) ]/
KCl have shown that multiple peaks exist in the νC– N
region, indicating the presence of several local envi-
ronments for the [Ag(CN)2]–  ions within the KCl lat-
tice. This result has been explained in terms of the

presence of monomers, dimers, trimers, etc of
[Ag(CN) ] in the doped crystal.

The luminescence spectra of [Ag(CN) ]/KCl doped
crystals at 77 K are shown in Figure 20. It is inter-
esting to note that at least four emission bands ap-
pear in the luminescence spectra of a single crystal of
[Ag(CN) ]/KCl. The most prominent bands are la-
belled as A, B, C and D in Figure 20. This observa-
tion is consistent with the conclusion based on the
infrared spectra that the [Ag(CN) ] ions exist as
monomers, dimers, trimers, etc in the KCl lattice.
Therefore, [Ag(CN) ]n oligomer ions in the KCl lat-
tice with different values of n are responsible for the
different luminescence bands. The strong depend-
ence of the emission spectra on the excitation
wavelength is unusual because emission spectra of
luminescent materials are usually independent of the
excitation wavelength. By controlling the excitation
wavelength, a specific [Ag(CN) ]n oligomer can be
excited independently from the other oligomers so
that the luminescence occurs primarily from this

Figure 20 Photoluminescence spectra of [Ag(CN) ]/KCl]
doped crystals at 77 K. The letter assignment of the lumines-
cence bands follows the notation used in Table 2. Reproduced
with permission from Omary MA and Patterson HH (1998) Lumi-
nescent homoatomic exciplexes in dicyanoargentate (I) ions
doped in alkali halide crystals: 1. Exciplex tuning by site-selective
excitation. Journal of the American Chemical Society 120: 7696–
7705.
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excited oligomer. That is, different [Ag(CN) ]n oli-
go-mers in the KCl lattice act as independent lumi-
nophores, each of which has a characteristic
excitation wavelength. The emission is tuned to any
of the bands A– D by changing the excitation wave-
length. This is an interesting optical phenomenon
that has been called exciplex tuning.

The luminescence bands of [Ag(CN) ]/KCl are as-
signed, as shown in Table 2, to *[Ag(CN)2]n exci-
plexes that differ in the value of n and in their
geometry. The exciplex assignment of these bands is
based on both experimental and theoretical consid-
erations. The following is an overview of the
evidence used for this assignment:

(1) The energies of the luminescence bands of
[Ag(CN) ]/KCl are extremely low relative to the ab-
sorption bands of dilute solutions of [Ag(CN) ]
(which represent the [Ag(CN) ] monomer).

The absorption spectra of dilute solutions of
[Ag(CN) ] show peak maxima with energies
>50 000 cm−1. The excitation and emission maxima
are red-shifted by as much as 23 000 and
30 000 cm−1, respectively, from the monomer transi-
tion. These large red shifts must be due to the
oligomerization of [Ag(CN) ] units, as suggested by
electronic structure calculations (see below). 

The fact that the Ag(I) ion has a 4d10 closed shell
electronic configuration forbids the formation of
strong Ag– Ag bonds in the ground state. Excited
states such as 4d9 5s1, however, do not have a closed
shell configuration. Hence, Ag– Ag bonding in the
excited state is possible, which leads to the forma-
tion of *[Ag(CN) ]n exciplexes. Figure 21 depicts
the potential surfaces of the ground state and the
first excited state of a [Ag(CN) ]2 dimer, as plotted
from electronic structure calculations. The formation
of a *[Ag(CN) ]2 excimer is illustrated by the deep
potential well in the excited state at a shorter Ag– Ag
equilibrium distance than the corresponding ground
state distance. The electronic transitions depicted in
Figure 21 explain the low emission and excitation
energies (transitions (a) and (b)) relative to the mon-
omer absorption (transition (c)).

Table 2 Assignment of the luminescence bands of [Ag(CN) ]/
KCl doped crystals

a It is assumed that the stabilization due to Ag–Ag interactions
converges in [Ag(CN) ]n oligomers with n ≥ 5.

Band nm nm fwhm/
(103 cm–1)

Assignment

A 285–300 225–250 3.31 *[Ag(CN) ]2
(excimers)

B 310–360 270–390 3.70 Angular *[Ag(CN) ]3
(trimer exciplexes)

C 390–430 250–270 3.05 Linear *[Ag(CN) ]3
(trimer exciplexes)

D 490–530 300–360 4.01 *[Ag(CN) ]n (n ≥ 5,
delocalized exci-
plexes)a

Figure 21 Potential energy diagram of the ground and the first excited electronic states of [Ag(CN) ]2 (eclipsed configuration) as
plotted from extended Hückel calculations. The excimer [Ag(CN) ]2 corresponds to the potential minimum of the excited state. The
optical transitions shown are (a) excimer emission, (b) solid state excitation and (c) dilute solution absorption. (Reproduced with per-
mission from Omary MA and Patterson HH (1998) Luminescent homoatomic exciplexes in dicyanoargentate (I) ions doped in alkali
halide crystals: 1. Exciplex tuning by site-selective excitation. Journal of the American Chemical Society 120: 7696–7705.
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(2) The excited states of [Ag(CN) ]n oligomers are
largely distorted from their ground states.

The Stokes shifts for the luminescence bands of
[Ag(CN) ]/KCl range from 7000 to 15 000 cm−1.
The fwhm values are in the 3000– 4000 cm−1 range
(Table 2), which are large values. As explained earli-
er, large excited state distortions are due to large dif-
ferences in the bonding properties between the
molecular orbitals that represent the ground and ex-
cited states, respectively. The ground state of an ex-
ciplex is antibonding while its first excited state is
bonding. Figure 22 illustrates this fact for the dimer
[Ag(CN) ]2 and the trimer [Ag(CN) ]3. In both
cases, the HOMO has a Ag– Ag antibonding charac-
ter while the LUMO has a Ag– Ag bonding character.
Similar results were obtained for other [Ag(CN) ]n
oligomers. Photoexcitations from antibonding
HO-MOs to bonding LUMOs lead to the formation
of *[Ag(CN)2]n exciplexes.

(3) The luminescence bands are generally lacking
in structure.

Note that all the luminescence bands shown in
Figure 20 have no detailed structure. This is a

similar feature to exciplex emission in organic com-
pounds, as illustrated in Figure 19 for the excimer
band of pyrene. The apparent structure for band B is
due to the existence of two different geometrical iso-
mers of the [Ag(CN) ]3 trimer, not to vibronic struc-
ture. The absence of structured emission was
obtained for [Ag(CN) ]/KCl even though the lumi-
nescence measurements were carried out in the solid
state for a doped crystal (1.1 mol% Ag) at cryogenic
temperature (77 K). Doping and low temperatures
normally reduce the chances of band broadening for
luminophores that do not exhibit exciplex emission.
Hence, the structureless emission of [Ag(CN) ]/KCl
must be due to exciplex formation.

Chemiluminescence
When exothermic chemical reactions occur, the
product species are usually in their ground electronic
states. However, some chemical reactions produce
product species in electronically excited states which
luminesce. This phenomenon is called chemilumines-
cence. Incidentally, chemiluminescence occurs in a

Figure 22 Surfaces of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) for
[Ag(CN) ]2 (staggered isomer) and [Ag(CN) ]3 (eclipsed isomer), as plotted from ab initio calculations. Note the Ag–Ag antibonding
character for the HOMO and the Ag–Ag bonding character for the LUMO in both cases. 
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number of biological systems (for example, the fire-
fly), where it is called bioluminescence.

A common example of chemiluminescence is the
reaction of luminol in basic solution with an oxidiz-
ing agent such as oxygen:

The 3-aminophthalate product ion is in an excited
electronic state and shows luminescence in the visible
region. Reaction [31] is catalysed by the presence of
certain metal ions such as Cr(III) and the intensity of
the chemiluminescence has been found to be propor-
tional to the concentration of the specific metal ion,
usually in the concentration range of parts per bil-
lion (ppb). Thus, the luminol reaction can be used to
determine the concentration of selected metal ion
species at very low concentrations.

A second common example of chemiluminescence
in the gas phase is the reaction of nitric oxide with
ozone:

Here, the product species NO2 is produced in an ex-
cited electronic state and emits light in the visible–
near IR region. It has been found that the intensity of
the chemiluminescence is proportional to the con-
centration of NO in the ppm– ppb range. Thus, the
reaction shown in Equation [32] can be used as the
basis for the development of a chemical sensor for
NO. The detection of NO is important because nitric
oxide is a chief environmental pollutant, and also be-
cause NO plays an important role in human biology.

See also: Biochemical Applications of Fluorescence
Spectroscopy; Laser Spectroscopy Theory.
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Introduction

NMR spectroscopy has proved to be a useful tech-
nique for studying interactions between proteins and
other molecules in solution. Such interactions are
important in biological molecular recognition pro-
cesses and they have particular significance for stud-
ies of drug–receptor complexes where the results can
assist in rational drug design. This article indicates
how the appropriate NMR data can be extracted and
analysed to provide information concerning inter-
actions, conformations and dynamic processes
within such protein–ligand complexes. For com-
plexes of moderate size (up to 40 kDa), nuclear
Overhauser effect spectroscopy (NOESY) measure-
ments can often be used to determine the full three-
dimensional structure of the complex, thus providing
detailed structural information about the binding site
and the conformation of the bound ligand. For larger
complexes (typically up to 65 kDa), ligand-induced
changes in protein chemical shifts, dynamic proper-
ties, amide NH exchange behaviour and protection
from signal broadening by paramagnetic agents can
all be used effectively to map out the ligand-binding
sites on the protein by reporting on the nuclei influ-
enced by ligand binding. In addition, NMR can
sometimes be used to detect bound water molecules
within the binding site and to monitor changes in
water occupancy accompanying ligand binding.

NMR offers some advantages over X-ray
crystallography in that it examines the complexes in
solution, does not require crystals and provides a
convenient method for defining specific interactions,
monitoring changes in dynamic processes associated

with these interactions, detecting multiple con-
formations and identifying ionization states of
interacting groups within the protein–ligand
complexes. However, unlike X-ray crystallography,
NMR can provide full structural determinations
only for moderately sized proteins (up to 40 kDa at
the present time).

Equilibrium binding studies

The starting point for studies of protein–ligand inter-
actions often involves determining the equilibrium
binding constants for ligands binding reversibly to
the protein. These measurements are sometimes
made for a series of complexes where either the
ligand or the protein is systematically modified in
order to measure changes in the binding resulting
from the introduction or removal of particular inter-
actions in the complexes. Such investigations need to
be accompanied by structural studies on the com-
plexes to see whether the predicted effects have
taken place and whether any major conformational
perturbations have occurred in the rest of the system.
These structural studies need large quantities of puri-
fied protein. For a typical sample size of 0.5 mL, the
concentrations required vary from 10 µM for one
dimensional spectra to 2mM or greater for some
multidimensional experiments. Large quantities of
13C/15N-labelled proteins are usually prepared by
cloning the appropriate gene into an overexpressing
bacterial cell line and growing the cells using
[13C]glucose or [15N]ammonium salts as the sole
sources of carbon and nitrogen respectively.

MAGNETIC RESONANCE
Applications
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Assignment of protein and ligand 
signals in the complex

Fast and slow exchange conditions

Before any detailed structural and dynamic informa-
tion can be obtained from the NMR spectra of the
complexes, the signals need to be assigned to specific
nuclei in the ligand or protein. An important first
step is to ascertain whether the bound and free
species coexist under conditions of fast or slow
exchange on the NMR timescale. For a nucleus with
chemical shift frequencies ωB and ωF in the bound
and free species respectively, separate signals are
seen for the bound and free species for the case
where the lifetime of the complex is long compared
with (ωB – ωF)−1: this is designated as the slow
exchange condition. If the lifetime of the complex is
short compared with (ωB – ωF)−1, then conditions for
fast exchange prevail and one observes a single
averaged signal weighted according to the popula-
tions and chemical shifts in the bound and free
forms. When the lifetime of the complex is of the
same order as (ωB – ωF)−1 then intermediate exchange
conditions prevail, giving rise to spectra with broad,
complex signals that are more difficult to analyse.

It is necessary to find out whether one is dealing
with fast or slow exchange before further work can
be attempted. The data can then be analysed to give
the chemical shifts of the signals from the bound
ligand/or protein. The line widths of the signals can
sometimes provide information about the dissocia-
tion rate constants of the complex.

Assignment of protein signals

In making the assignments of the protein resonances,
it is important to ensure that the protein is fully
saturated with the bound ligand. Using multidimen-
sional NMR methods in combination with 2H-, 13C-
and 15N-labelled proteins, it is now possible to obtain
almost complete signal assignments for backbone
and Cβ protons in proteins of molecular masses up to
about 65 kDa. These resonances, once assigned, can
be used to monitor ionization state changes, to
characterize conformational mixtures and to provide
conformational information from NOE measure-
ments for the various complexes.

Assignment of ligand signals

Assigned signals for nuclei in the ligand are particu-
larly important because these nuclei are obviously
well placed to provide direct information about the
binding site in the complex. It is easy to assign signals
from bound ligands in fast exchange with free ligand

if the assignments of the free ligand are known
simply by following the progressive shift of the ligand
signals during the ligand titration. It is more difficult
to assign signals of nuclei in very tightly binding lig-
ands (Ka > 108 M−1) that are in very slow exchange
with those in the free ligand. The usual method of
assigning signals from tightly bound ligands is to
examine complexes formed with isotopically labelled
analogues (2H, 3H, 13C and 15N). Deuterated ligands
can sometimes assist in making 1H assignments by
producing differences between 1H spectra of com-
plexes formed with deuterated and nondeuterated
ligands, since signals from deuterated sites will disap-
pear from the spectra. Complexes formed with 13C-
or 15N-labelled ligands can also be examined directly
by using 13C or 15N NMR: only the signals from
nuclei at the enriched positions are detected, which
simplifies their assignment. Protons directly attached
to 13C or 15N can be detected using an appropriate
editing or filtering pulse sequence. Heteronuclear
multiple-quantum (or single-quantum) coherence
(HMQC or HSQC) experiments allow the attached
protons to be detected selectively and the X nuclei to
be detected indirectly. A powerful extension of this
approach is the 3D-NOESY-HSQC experiment,
which allows selective detection of the NOEs from
the ligand protons (attached to 15N or 13C nuclei) to
neighbouring protons on the protein. The observed
1H–1H NOESY cross peaks are dispersed over the X-
chemical shift frequency range. This considerably
simplifies the NOESY spectrum at any particular X-
frequency and is particularly useful for studying large
complexes where there is extensive signal overlap in
the normal NOESY spectra.

Complexes formed using less tightly bound ligands
(Ka < 106 M−1) can sometimes have spectra showing
separate signals for bound and free species in slow
exchange that are exchanging sufficiently rapidly to
allow their signals to be connected using transfer of
magnetization methods. Since the assignments for
the free ligand are usually known, these methods
give the assignments for the connected signals from
the bound ligand.

Other nuclei can sometimes be used effectively for
studying protein–ligand interactions. For example,
the tritium (3H) spectrum of a complex formed with
a selectively tritiated ligand shows signals from the
ligand only and the chemical shifts of these signals
can be directly related to the corresponding protons
in the nontritiated ligand. 19F NMR measurements
on complexes formed with fluorine-containing
ligands or proteins can also provide useful infor-
mation. Assignments of 19F signals from the ligand
are often straightforward, since usually only one or
two sites are labelled. The simple spectra are ideal for
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monitoring multiple conformations and dynamic
processes in the complexes. Making 19F signal
assignments for fluorine-containing proteins is more
difficult, but they can be assigned by comparing 19F
spectra from different proteins where each fluorine-
containing amino acid residue has been
systematically replaced by a different amino acid
using site-directed mutagenesis. Complexes formed
with ligands containing phosphorus can be examined
directly by 31P NMR to provide detailed information
about phosphate group ionization states and
conformations in the bound state.

Determination of conformations of 
protein–ligand complexes

NMR is now able to provide full three-dimensional
structures for protein–ligand complexes in solution.
The general method involves first making the 1H
resonance assignments, then estimating the
interproton distances from NOE measurements and
dihedral angles from vicinal coupling constants and
related data, and finally calculating families of
structures that are compatible with both these
distance and angle constraints and the covalent
structure using some optimal fitting method usually,
distance geometry-based and/or molecular dynamics
simulated annealing-based calculations. Ideally, the
structures of the unbound species as well as that of
the complex should be determined.

Several workers have reviewed this area,
particularly from the perspective of its value in drug
design, and there have been many reported studies
of ligand–receptor complexes where NMR has
provided relevant structural information (see
Table 1). This present overview will consider only a
few examples chosen to illustrate particular aspects
of protein–ligand interactions.

Many ligands that are flexible in solution adopt a
single conformation when bound to a receptor
protein. It is important to know the conformation of
the bound ligand since this could provide the basis
for designing a more rigid and effective inhibitor.
Clearly, such information can be obtained directly
once the full three-dimensional structure of the
complex has been determined. However, in some
cases the bound conformation of the ligand can be
determined without determining the full structure of
the complex if sufficient intramolecular distance and
torsion angle constraints can be measured. Several
methods based on measurements of intramolecular
NOEs in the bound ligand have been proposed. One
of these uses the transferred NOE (TrNOE)
technique to provide conformational information

about the bound ligand. In this method, cross-
relaxation (NOE effect) between two protons in the
bound ligand is transferred to the free molecule by
chemical exchange between bound and free species.
Under conditions of fast exchange, the negative
NOEs from the bound state can thus be detected in
the averaged signals for free and bound ligand.
Transferred NOE effects can be detected in 2D-
NOESY spectra and this approach has been used, for
example, to obtain a set of intramolecular distance

Table 1 Some examples of protein complexes studied by NMR

β-Lactamase with substrates

β-Lactoglobulin with β-ionone

Bcl-x(L) (survival protein) with Bak (cell death protein)

Calmodulin with peptides

Cyclosporin A with cyclophilin

Cytochrome P450 with substrate analogues

Dihydrofolate reductase with coenzyme and substrate 
analogues 

Elastase with peptides

ETS domain of FLI-1 with DNA

FK506 binding protein with ascomycin

FKBP with immunosuppressants

GAT1 domain with DNA

Glutathione S-transferase with cofactor and substrate 
analogues

Homeodomain proteins with DNA

HPr phosphocarrier protein with phosphotransferase domain

Integration host factor (E. coli ) with DNA

Lac repressor headpiece with DNA

Mu-Ner protein with DNA

P53 domain with DNA

Pepsin with inhibitors

Phospholipase with substrate analogues

Pleckstrin homology domain with phosphatidylinositol
4,5-bisphosphate 

Protease with serpin

Protein G (streptococcal) domain with antibody fragment

PTB domain of insulin receptor substrate-1 (IRS-1) with 
phosphorylated peptide from IL-4 receptor 

Rotamase enzyme FKBP with rapamycin

S100B with actin capping protein Cap 2

SHC SH2 domain with tyrosine phosphorylated peptide

SRY with DNA

Staphylococcal nuclease with substrate analogues

Stromelysin domain with N-TIMP-2 inhibitor

Stromelysin with nonpeptide inhibitors

Thioredoxin with NFκβ peptide

Topoisomerase-I domain with DNA

Trp repressor with DNA

Trypsin with proteinase inhibitors

Urbs 1 with DNA



1212 MACROMOLECULE–LIGAND INTERACTIONS STUDIED BY NMR

constraints between pairs of ligand protons in the
tetrapeptide acetyl-Pro-Ala-Pro-Tyr-NH2 bound to
porcine pancreatic elastase and to determine the
conformation of the bound peptide.

Other methods of determining the conformation of
a bound ligand and details of its binding site involve
using isotopically labelled proteins or ligands to sim-
plify the NMR spectra. These approaches are partic-
ularly useful for studying tightly binding ligands
where transferred NOE methods cannot provide any
information. In such cases, it is necessary to measure
directly the intramolecular NOEs within the bound
ligand. The main problem is one of detecting the
relevant NOEs in the presence of a large number of
overlapping NOE cross-peaks from protons in the
protein. There are several elegant techniques for
measuring intra- and intermolecular NOEs in protein
ligand complexes by isotopically labelling only one of
the partners in the complex. One very direct strategy
is to measure intramolecular 1H–1H NOEs in
unlabelled ligands bound to perdeuterated proteins.
Because only the ligand 1H signals are detected, the
2D-COSY (correlation spectroscopy) and NOESY
spectra are relatively simple. This approach has been
used to examine cyclosporin A in its complex with
perdeuterated cyclophilin. Another approach is to ex-
amine complexes of unlabelled protein with 13C/15N-
labelled ligands using NMR isotope-editing proce-
dures that selectively detect only those NOEs involv-
ing ligand protons directly attached to 13C or 15N. In
a 15N-edited 2D-NOESY experiment on a pepsin/in-
hibitor (1:1) complex formed with 15N-labelled inhib-
itors, NOE cross-peaks between the amide protons
attached to 15N in the ligand and their neighbouring
protons in the protein could be detected. Isotope-
editing methods have also been used to study 13C- and
15N-labelled cyclosporin A bound to cyclophilin. It is
also possible to use NMR filter experiments to meas-
ure ligand–protein NOEs selectively for complexes
containing nonlabelled ligand with 13C-labelled
proteins; this is a useful approach because it is usually
easier to obtain labelled proteins than labelled
ligands.

Specificity of interactions

Information about the groups on the protein and
ligand that are involved in specific interactions can
be obtained by determining the full three-dimen-
sional structure of the complex in solution. More
detailed information about specific interactions can
often be deduced by monitoring the ionization states
of groups on the ligand and protein and noting any
changes accompanying formation of the complex.

Further information about specific interactions
comes from detecting characteristic low-field shifts
for NH protons involved in hydrogen bonds.

Determination of ionization states

NMR is particularly effective for studying electro-
static interactions involving charged residues on the
protein or ligand. A change in the charge state of an
ionizable group is usually accompanied by character-
istic changes in the electronic shielding of nuclei
close to the ionizable group. Thus, NMR can
monitor the ionization states of specific groups,
measure their pK values and detect any changes that
accompany protein–ligand complex formation.

The pK values of histidines in proteins are typically
in the range 5.5 to 8.5 and they can easily be studied
by carrying out pH titrations of the 1H chemical
shifts of the imidazole ε1 protons over a suitable pH
range and by fitting the data to the Henderson–
Hasselbach equation. Ligand-induced changes in the
pK behaviour of His residues have been used to
monitor interactions in protein complexes formed
with novel inhibitors. Protonation states of carboxy-
late groups in aspartic and glutamic acid residues in
proteins have also been studied using 13C NMR on
suitably labelled proteins.

When the ionization state is a protonated species,
it is sometimes possible to directly observe the pro-
ton involved in the protonation using NMR. If the
protonation is at a nitrogen atom, then observation
of the selectively labelled 15NH group provides an
unambiguous method of assigning the bonded pro-
ton. Such 15NH proton signals have a doublet split-
ting (~90 Hz) characteristic of one bond 15N–1H spin
coupling and they can be detected either directly in
1D experiments or by using 2D-HMQC (or HSQC)
based experiments. In a 1H NMR study examining
15N-enriched trimethoprim in its complex with
dihydrofolate reductase (DHFR), a 90 Hz doublet at
14.79 ppm in the spectrum could be assigned to the
N-1 proton of bound trimethoprim (see structure in
Figure 1). The 15N chemical shift of the N-1 nitrogen
is also characteristic of the protonated species
(80 ppm different from the nonprotonated species).
Earlier studies using [2-13C]trimethoprim had
already shown that the N-1 position is protonated in
the bound state and that the pK value for this proto-
nation is displaced by at least 2 units as a result of
formation of the complex in which the protonated
N-1 group interacts with the γ-carboxylate group of
the conserved Asp-26 residue.

Ionization states of phosphate groups can be mon-
itored using 31P NMR and this approach has been
used in studies of a coenzyme (nicotinamide–adenine
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dinucleotide, NADPH or NADP+) binding to
dihydrofolate reductase. In each case the monophos-
phate group binds in the dianionic form with its pK
value perturbed by at least 3 units compared to that
of the free ligand.

Hydrogen-bonding interactions involving arginine 
residues

NMR has proved to be a very effective method for
studying hydrogen bonding and electrostatic inter-
actions involving side-chains of arginine residues in
protein–ligand complexes. These studies are based
on detection of 1H and 15N NMR signals from NH
groups in 15N-labelled proteins using gradient-
enhanced two-dimensional 1H/15N HSQC NMR ex-
periments where signals for the guanidino NHε and
NHη nuclei in arginine residues involved in protein
ligand interactions can be detected. Such methods
have been used on complexes of SH2 domains
formed with phosphopeptides to detect interactions
between arginine NHη hydrogens and phosphoryla-
ted tyrosines in the protein. Similar interactions have
been studied in complexes of Lactobacillus casei
dihydrofolate reductase formed with antifolate drugs
such as methotrexate where four separate NHη sig-
nals were observed for the Arg-57 residue, indicating
hindered rotation in its guanidino group. Two of the
NHη signals had very low-field chemical shifts char-
acteristic of NH hydrogen-bonded protons. From a
consideration of the 1H and 15N chemical shifts it
was possible to deduce that the central pair of NHη

protons in the guanidino group of Arg-57 interact
with the α-carboxylate group of the glutamic acid
moiety of methotrexate in an end-on symmetrical
fashion (see Figure 2). The rates of rotation about
the Nε—Cζ and Cζ —Nη bonds were determined in
the binary and ternary complexes of L. casei DHFR
with methotrexate and NADPH, and their relative
values compared with those in free arginine indicate
correlated rotation about the Nε—Cζ bond of the
Arg-57 guanidino group and the C′—Cα bond of the
glutamate α-carboxylate group of methotrexate
(Figure 2).

Figure 1 Dynamic processes in the complex of trimethoprim
with Lactobacillus casei dihydrofolate reductase measured at
298 K. Reproduced with permission from Searle MS et al. (1988)
Proceedings of the National Academy of Sciences of the USA 85:
3787–3791.

Figure 2 (A) Symmetrical end-on interaction of a carboxylate
group with the guanidino group of an arginine residue. (B) Struc-
ture of methotrexate showing interactions of its α-carboxylate
group of the glutamic acid moiety interacting in a symmetrical
end-on manner with the guanidino group of Arg-57 of Lactobacil-
lus casei dihydrofolate reductase and indicating the correlated
rotation about the NεCζ bond of the Arg-57 guanidino group
and the C'Cα bond of the glutamate α-carboxylate group of
methotrexate, which allows the guanidino group to rotate without
breaking its hydrogen bonds to the ligand. Reproduced with
permission from Nieto PM, Birdsall B, Morgan WD, Frenkiel TA,
Gargaro AR and Feeney J (1997) FEBS Letters 405: 16–20. With
kind permission of Elsevier Science-NL, Sara Burgerhartstraat
25, 1055 KV Amsterdam, The Netherlands.
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Mapping binding sites by 
ligand-induced chemical shifts

A simple method of mapping the interaction sites in
a protein–ligand complex involves measuring the
ligand-induced chemical shifts accompanying com-
plex formation using the 1H and 15N chemical shifts
of backbone amide NH groups measured in 1H/15N
HSQC spectra. This method indicates those residues
that undergo a change in environment or conforma-
tion on complex formation and it works well, even
for the case where the full assignments are available
only for the uncomplexed protein. In such cases,
lower limits for the shift changes can be estimated
and these have proved to be adequate for mapping
the binding sites. This method can be used for large
protein–protein or protein–DNA complexes (up to
65 kDa).

Using these mapping procedures, a very elegant
strategy for designing de novo ligands with high-
affinity binding for selected target proteins has been
developed (the so-called SAR (structure–activity
relationships) by NMR approach). Large numbers of
ligands were screened for their potential binding to
target proteins by measuring 1H/15N HSQC spectra
of the target 15N-labelled protein in the presence of
batches of ligands. These spectra could be collected
relatively quickly and it was possible to screen up to
1000 compounds per day. This method identifies any
ligands perturbing the 1H/15N chemical shifts (the
binding, if any, usually results in conditions of fast
exchange). Once a useful binding ligand has been
identified, the protein is saturated with this ligand
and the screening is continued to find another ligand
that binds noncompetitively with the first one. When
a suitable second candidate is found, detailed NMR
structural work on the ternary complex is undertaken
and, based on the structural information obtained, a
strategy is developed for chemically linking the lig-
ands to produce a high-affinity binding ligand. This
approach has been used successfully to construct in-
hibitors with high binding affinity for metalloprotei-
nases such as stromelysin.

Detection of multiple conformations

NMR spectroscopy has proved to be very useful for
detecting the presence of different coexisting confor-
mational states in protein–ligand complexes in
solution. In some cases the different conformations
are in slow exchange such that separate NMR spec-
tra are observed for the different conformations. It is
important to characterize the different conforma-
tions since each conformation offers a potentially
new starting point for the design of improved

inhibitors. Recognizing the presence of such confor-
mational mixtures is also important when one is
considering structure–activity relationships. NMR is
the only method that can provide detailed quantita-
tive information about such conformational equi-
libria in solution.

Several examples of multiple conformations
have been uncovered in NMR studies of complexes
of L. casei dihydrofolate reductase (DHFR). In many
cases the different conformations correspond to a
flexible ligand occupying essentially the same binding
site but in different conformational states. For exam-
ple, three conformational states have been detected in
the NMR spectra of complexes of the substrate folate
with DHFR. Two of the forms have the same pteri-
dine ring orientation as bound methotrexate and their
enolic forms can thus bind in a very similar way to the
pteridine ring in methotrexate. The other form has its
folate pteridine ring turned over by 180°.

Multiple conformations have been detected in
several other complexes of L. casei DHFR (for
example, with NADP+ and trimethoprim, and with
substituted pyrimethamines) and also in complexes
with S. faecium DHFR and E. coli DHFR: it seems
likely that many other protein–ligand complexes will
exist as mixtures of conformations. Of course, such
conformations are more difficult to detect directly if
they are in fast exchange.

Dynamic processes in protein–ligand
complexes

NMR measurements can be used to characterize
many of the dynamic processes occurring within a
complex: this dynamic information complements the
static structural information and provides a more
complete description of the complex. Studies using
NMR relaxation, line-shape analysis and transfer of
magnetization have provided a wide range of
dynamic information relating to protein–ligand com-
plexes. The NMR-accessible motions range from fast
(>109 s−1) small-amplitude oscillations of fragments
of the complex to slow motions (1–103 s−1) involved
in the rates of dissociation of the complexes, rates of
breaking and reforming of protein–ligand inter-
actions and rates of flipping of aromatic rings in the
bound ligands; several illustrative examples, mainly
from studies of dihydrofolate reductase complexes
are considered below.

Rapid motions in protein–ligand complexes

Rapid segmental molecular motions (>109 s−1) can be
determined by measuring 13C relaxation times and
useful information about the binding can be
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obtained from the changes induced in the motions by
the formation of the complex. Protein backbone dy-
namics are also frequently probed by making 15N T1,
T2, and {1H}15N heteronuclear NOE measurements
on 15N-labelled proteins and analysing the data using
the ‘model-free’ approach suggested by Lipari and
Szabo.

Dissociation rate constants from transfer of
saturation studies

If protons are present in two magnetically distinct
environments, for example one corresponding to the
ligand free in solution and the other to the ligand
bound to the protein, then under conditions of slow
exchange separate signals are seen for the protons in
the two forms. When the resonance of the bound pro-
ton is selectively irradiated (saturated), its saturation
will be transferred to the signal of the free proton via
the exchange process and the intensity of the free pro-
ton signal will decrease. The rate of decrease of the
magnetization in the free state as a function of the
irradiation time of the bound proton can be analysed
to provide the dissociation rate constant. This
method has been used to measure the dissociation
rate constant for the complexes of NADP+⋅DHFR
(20 s–1 at 284 K) and trimethoprim⋅DHFR (6 s–1 at
298 K). 2D-NOESY/EXCHANGE type experiments
can also be used for such measurements.

Rates of ring flipping

Slow and fast rates of aromatic ring flipping have
been characterized in ligands bound to proteins.
Such studies are facilitated by using 13C-labelled
ligands. For example, 13C line-shape analysis on the
signals from the enriched carbons in [m-methoxy-
13C]trimethoprim and brodimoprim bound to DHFR
has been used to measure the rates of flipping of the
benzyl ring in the bound ligand. In all cases these
rates are greater than the dissociation rates of the
complexes and the flipping takes place many times
during the lifetime of the intact complex. Thus the
measured rate of flipping is indirectly monitoring
transient fluctuations in the conformation of the
enzyme structure that are required to allow the
flipping to proceed.

Hydrogen exchange rates with solvent

Extensive NMR measurements of exchange rates be-
tween solvent and labile protons on protein or ligand
have been reported. These are usually based on line
shape analysis or transfer of magnetization methods.

Such measurements have been made for the N-1
proton of bound trimethoprim in complexes of 15N-
labelled trimethoprim with DHFR. The line shape of
the N-1 proton signal varies with temperature owing
to changes in the exchange rate of this proton with
the H2O solvent. This line-width data can be ana-
lysed to estimate the exchange rate. This exchange
can be considered as a two step process: in the first
step the structure opens to allow access of the sol-
vent, and in the second step the exchange process
takes place. In this case, the N-1 proton forms and
breaks a hydrogen bond with the carboxylate group
of the conserved Asp-26 and the measured exchange
rate (34 s−1 at 298 K) is thus the rate of breaking and
reforming this hydrogen bonding interaction. This
provides a further example of a very important inter-
action in the complex breaking and reforming at a
rate much faster than the dissociation rate. Thus,
individual protein interactions involving both the
pyrimidine ring and the benzyl ring are involved in
transient fluctuations during the lifetime of the com-
plex (see Figure 1). If these structural fluctuations
take place in close succession, they could form part
of a sequence of events leading to complete dissocia-
tion of the complex.

Future perspectives

It is clear that advances in NMR methodology,
particularly in multidimensional NMR experiments
used in conjunction with isotopically labelled mole-
cules, will provide even more detailed information
about protein–ligand complexes in solution.
Improved methods of structure determination will
eventually allow the detection of smaller differences
in structure between different complexes. The
recently developed approaches for obtaining struc-
tural information from dipolar coupling contribu-
tions in the spectra resulting from orienting the
molecules in solution (either by using high magnetic
fields or by using liquid crystal solvents) could have
an important impact on structural studies of large
protein–ligand complexes. It seems likely that there
will be increased input into structure–activity rela-
tionship (SAR) studies by use of the ‘SAR by NMR’
method for designing tightly binding ligands as
inhibitors of important target proteins, particularly
in industrial pharmaceutical laboratories where suit-
able libraries of compounds are readily available for
screening. Future work should lead to an improved
understanding of the implications of the dynamic
processes taking place within ligand–protein
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complexes. Solid-state NMR studies on ligand
complexes of membrane-bound proteins will be
undertaken more frequently as the methodology and
instrumentation become more widely available:
although these studies require demanding isotopic
labelling of the ligands, they can provide excellent
information about distances and bond orientations
that can be used to answer specific questions about
the structures of protein–ligand complexes within
lipid bilayers. The difficulty of obtaining such infor-
mation by any other method provides a strong driv-
ing force for improving the solid-state NMR
approach.

List of symbols

T1 = spin–lattice relaxation time; T2 = spin–spin
relaxation time; ωB (ωF) = chemical shift frequency
on the bound (free) species.

See also: Drug Metabolism Studied Using NMR
Spectroscopy; 19F NMR Applications, Solution State;
Hydrogen Bonding and other Physicochemical Inter-
actions Studied By IR and Raman Spectroscopy; Ni-
trogen NMR; Nuclear Overhauser Effect; 31P NMR;
Proteins Studied Using NMR Spectroscopy.
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Introduction and overview

Magnetic circular dichroism (MCD) spectroscopy is
a type of electronic spectroscopy, also called the
Faraday effect or the Zeeman effect, that can be a
particularly useful and effective method for structur-
al analysis. For example, MCD can be used to assign
the transitions in the electronic absorption spectrum
(UV-visible), with respect to details such as the mo-
lecular orbital origins of the transitions. Often, such
transitions are not clearly observed in the UV-visible
spectra, because they are spin-forbidden and weak,
but upon application of the magnetic field, H0, they
can be detected. MCD spectroscopy can also be used
to determine not only the spin state for a metal such
iron, but also the coordination number at the metal.

There is an extensive body of detailed MCD
structural data provided for a variety of different
biological, organic, and inorganic systems. However,
MCD has been surprisingly neglected, given its
broad utility, ease of handling, and low sample-
concentration requirements relative to many other
spectroscopic methods. MCD spectroscopy has only
recently begun to be utilized to its full potential.

Biological systems that have been studied by MCD
include: (a) a haem (iron porphyrin-containing) pro-
teins and enzymes such as oxygen transport proteins
(haemoglobin and myoglobin), electron-transfer pro-
teins (cytochromes), the diverse and ubiquitous P450
enzymes, and peroxide-metabolizing enzymes such as
peroxidases and catalases; (b) other biological
chromophores such vitamins B12 and chlorophylls;
(c) tryptophan-containing proteins (this amino acid
has a unique and distinguishing MCD signal);
(d) non-haem iron proteins; (e) copper- and cobalt-
containing proteins (natural or metal-substituted);
and (f) a variety of other systems, too diverse to list
here.

One particular advantage of MCD spectroscopy is
the limited sample requirements, particularly relative
to other experimental methods, even in these days of
cloning and massive expression of samples. For ex-
ample, as much as 500 µL of a 1–2 mM solution of
haem protein must be used for NMR structural
analysis. In contrast, to study the same sample by

conventional (electromagnet) MCD, only 2.6 mL of
an ∼ 10–25 µM sample is required. Second, the abili-
ty to determine key structural information such as
spin and coordination states at, or near, biological
temperatures is also significant. Whereas the elec-
tronic absorption spectrum of a ferric haem protein
can generally be used to distinguish high-spin from
low-spin systems, more specific information con-
cerning the coordination number was once routinely
determined by EPR (also called ESR) spectroscopy.
This method not only requires at least 250 µL of an
∼ 250 µM sample, it also requires either liquid nitro-
gen or liquid helium cooling of the sample to gain
the EPR g values and make the assignments. In
contrast, MCD spectroscopy of a sample under bio-
logically relevant conditions can provide highly de-
tailed and specific data with respect to both the spin
and the coordination states of the system (e.g. high-
spin pentacoordinate haem vs high-spin hexacoordi-
nate haem). This has recently been illustrated in the
case of the haem catalases, which are among the
most rapid of all enzymes, converting H2O2 to O2

and H2O with a turnover rate of ∼ 100 000 per sec-
ond per active centre (most catalases have four active
centres). A novel set of X-ray crystallographic data
for bacterial catalase were published, which were not
only in conflict with previous X-ray data for a mam-
malian catalase, but also appeared inconsistent with
the rapidity of normal enzymatic activity. Specifical-
ly, the ferric haem of the catalase was suggested to
have a water molecule as its sixth ligand that was
furthermore stabilized by participation in a hydro-
gen-bonding network. MCD spectral analysis of the
identical bacterial catalase, as well as a mammalian,
and a fungal catalase, clearly and unequivocally
demonstrated that, under approximately biological
conditions, all of the native catalases were always
high-spin and pentacoordinate, with NO water ligat-
ed at the haem regardless of pH in the range 4–10.
Again, this empty coordination site for the haem is
of critical significance for the enzymatic reaction of
the catalases, where the first step of the reaction re-
quires H2O2 ligation at the haem.

In part, the increasing employment of MCD
spectroscopy in structural analysis derives from a

ELECTRONIC SPECTROSCOPY
Theory
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widening array of modifications that extend the di-
versity and accuracy of the method. A simple listing
of such variations includes: 

(1) method of field generation: electromagnet vs
superconducting magnet;

(2) spectral region studied: near-infrared (near-IR;
NIR) vs UV-visible (ultraviolet and visible);

(3) VT (variable temperature) and VTVH (variable
temperature, variable field; [H0] MCD, using a
superconducting magnet, with temperature vari-
ations to as low as ∼ 1.5 K, and magnetic field
variations from ∼ 1 to 50 T (1T = 10 000 G);

(4) ‘fast’ MCD, which includes nanosecond and
picosecond experiments, using an ‘ellipsometric
approach’, also called TRMCD (time-resolved
MCD);

(5) VMCD, vibrational MCD, particularly Raman;
(6) the newest modification, XMCD, X-ray detected

magnetic circular dichroism.

Fundamentally, MCD spectroscopy can be defined
as the differential absorption of left and right circu-
larly polarized light, induced by an external magnet-
ic field (H0) that is parallel (or anti-parallel) to the
direction of light propagation. This property is
known as the ‘Faraday effect’, after Michael Faraday
who observed (ca. 1845) that any substance, when
placed in a magnetic field, will rotate the plane of
polarized light. Indeed, it was the Faraday effect that
was used to establish the electromagnetic nature of
light. A general schematic of an MCD instrument is
presented in Figure 1.

In the case of degenerate electronic transitions, for
which the components are not resolved in the absorp-
tion spectrum, one has access to only limited struc-
tural information. However, in the presence of a
magnetic field, these degeneracies are lifted (Zeeman
effect) and now can be explored in more detail. Using
ordinary (conventional) electronic absorption
spectroscopy, no detectable spectral difference is
observed for such a sample in the presence or absence
of the applied external magnetic field. This is because
the spectral line width (for most samples) is greater

than the splitting of the energy levels. However, using
circularly polarized light it is possible to measure and
record the differences between these magnetically
degenerate states (see A and C terms below). For a
sample that has no nondegenerate energy levels, it is
still possible to obtain an MCD spectrum if the non-
degenerate energy levels undergo a magnetically
induced mixing; this is the origin of MCD B terms. A
more detailed analysis presented below.

MCD vs CD spectroscopy

Three aspects of MCD spectroscopy are clearly dis-
tinct from those of ‘natural’ circular dichroism (CD)
spectroscopy: 

(a) CD requires an optically active, chiral, molecule
(essentially one of low molecular symmetry at
the chiral centre lacking even a simple mirror
plane), whereas MCD has no structural require-
ments, but rather is a property of all matter;

(b) chirality and optical activity (CD) are derived
from the presence of both electric and magnetic
dipole transition moments in the sample under
study, which furthermore must be parallel (or
anti-parallel) to one another, whereas for mag-
netic optical activity (MCD) only an electric di-
pole transition moment is required, with the
external magnetic field supplying the magnetic
component (see Figure 2);

(c) CD spectra are sensitive to molecular structure
and perturbations of the chiral centre(s) by the
physical environment, which is most clearly seen
as asymmetry in the chromophore and/or its envi-
ronment. MCD spectra are representative of the
electronic structural properties of a given mole-
cule, such as field-induced perturbations in
energy levels. The latter, however, does not imply
the absence of environmental sensitivity, but
rather that molecular perturbations must directly
affect the electronic properties. For example, this
may include not only a concentration depend-

Figure 1 Optical components of a typical MCD/CD instrument.
The modulator, now most commonly a piezoelectrically driven
photoelastic device, converts linearly polarized light to a.c. mod-
ulated circularly polarized light.

Figure 2 Cartoon illustrating the photon-induced transitions in
a molecule. (A) Electronic absorption from ground to excited
state is expressed as shown, where µe is the electric dipole
moment operator; (B) magnetic absorption and the mathematical
expression, where µm is the magnetic dipole moment operator;
and (C) interaction of electronic and magnetic absorption, yield-
ing optical activity.
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ence, but also a sensitivity to structural varia-
tions, and to precise ligand geometry surrounding
the chromophore (often a metal). MCD reflects
electronic structural features such as spin and
orbital degeneracies – information about spatial
and coordination structure.

Note that in the simplest quantum mechanical
expression, for a CD spectrum to be observed there
must be both electric and magnetic dipole transition
moments, for which the cosine between the two tran-
sition dipole moments must be non-zero (Figure 2).
Essentially, this means that the transition dipole
moments must have a parallel (or anti-parallel)
relationship to one another. Without all three com-
ponents (the electric dipole transition moment, the
magnetic dipole transition moment, and their paral-
lel relationship) there can be no optical activity.

Extensive theoretical discussions of CD spectros-
copy focus on the specific origin of CD activity, such
as the ‘one electron model’. MCD differs specifically
here from CD, in that MCD spectroscopy provides
the external magnetic field, H0, whereas chiral sys-
tems have their own magnetic transition dipole as a
consequence of their very low symmetry at the chiral
centre.

MCD experimental details

Fundamentally, then, both magnetic circular dichr-
oism and circular dichroism are phenomena depend-
ent upon the Beer–Lambert law (Eqn [1]) that is to
say, upon the concentration of the sample, and upon
the inherent ‘responsiveness’ of the sample under
study to light, called the extinction coefficient: 

where A = absorbance (unitless), λ = the specific
wavelength, ε = the molar extinction coefficient (M−1

cm−1); c = molar concentration (mol L−1; M), and
b = cuvette pathlength (cm). More specifically, this is
written as shown in Equations [2] and [3] for circu-
lar dichroism and magnetic circular dichroism, re-
spectively, where ε1 and εr are the specific extinction
coefficients for left- and right-circularly polarized
light (LCPL and RCPL, respectively): 

or 

and ∆εm = (∆ε − ∆ε0)/H0 = (∆Aλ − ∆A )/cbH0 where
A0; ∆ε 0 etc., with a superscript zero represent those
values in the absence of a magnetic field. Thus, the
actual MCD experiment requires collection of the
MCD spectra for both sample and standard (buffer),
and collection of the CD sample for both sample and
standard.

The natural CD signal (sample minus buffer) is
subtracted from the signal for the sample MCD mi-
nus buffer MCD, to yield the ‘raw’ MCD data.
These data are then corrected for field strength (in
tesla) and for the molar concentration of the sample
under study. Note that the MCD intensity is actually
dependent on the strength of the magnetic field, H0,
which is a key factor in the type of MCD experiment
described as [3] above. This final correction means
that it is actually the MCD ‘extinction coefficient’,
∆εM, that is being reported, and thus one can directly
compare the MCD data between different samples in
a meaningful manner.

MCD A, B and C terms; MCD data 
analysis

In the case of ‘natural’ CD spectra, each CD spectral
band is generally Gaussian in shape, and is associat-
ed with a single optically active transition. In
contrast, a given electronic spectrum for a sample
can result in several MCD spectral features, given
the several different mechanisms by which the spec-
tra feature may arise.

Under experimental conditions of temperature
such that Zeeman energies are << κT, and where the
Zeeman splitting is small compared with absorption
line width, there can be three separate contributions
to net ellipticity, imaginatively called A, B and C
terms. The magnetically degenerate ground or excit-
ed states are split by the application of the external
field, H0.

The MCD spectral magnitude is directly related to
the difference between the LCP (left circularly polar-
ized) and RCP (right-circularly polarized) light,
where the (+) and (−) terms below refer to RCP and
LCP, respectively: 

Mathematically, MCD is defined as the difference be-
tween two transition moments. It is thus differential,



1220 MAGNETIC CIRCULAR DICHROISM, THEORY

and the observed MCD spectrum can be either posi-
tive or negative for a given absorption: 

where ∆A± = change in absorption, γ = spectroscopic
constant (defined as Nπ2α2loge)/250hcn), N is
Avogadro’s number, α is the proportionality con-
stant between the electric field of the light and the
electric field at the absorbing centre, h is Planck’s
constant, c is the speed of light, n is the refractive
index, β is the Bohr magneton, H0 is the magnetic
field strength, κ is the Boltzmann constant, and T is
the absolute temperature. The term f(E) is a general
Gaussian line shape function, and thus Equation [5]
has contributions from both the line shape and deriv-
ative of the line shape. A1, B0 and C0 are the MCD
parameters (A, B and C terms) defining the amount
of absorptive (B0 and C0) or derivative (A1) signals in
the MCD spectrum.

The A1 term can only be non-zero if either the
ground or the excited state is degenerate and is
Zeeman split by longitudinal magnetic field; the
derivative line shape function for A1 in Equation [5]
results in its characteristic shape. An A term is most
easily described for degenerate excited state
(Figure 3). Because there is a frequency shift bet-
ween the two transitions, there cannot be cancella-
tion of equal and opposite ellipticity, so the ‘deriva-
tive shaped’ A term is observed. (Note the important

distinction that while this feature is shaped like a
derivative, it is not one in actuality, being a difference
spectrum.) Two diagnostic features of an A term are
(1) that it is centred at ν0, which means that the ‘zero-
point’ where the MCD band goes from negative to
positive or vice versa, corresponds exactly (in prac-
tice, very closely) with the electronic absorption spec-
tral maximum of the sample, and (2) the intensity of
the MCD A terms is invariant with temperature, and
thus is independent of temperature.

The C0 term is analogous to A1, in that it is only
non-zero if there is a degeneracy; however for C0 this
must be a ground-state degeneracy. The C0 term is
absorptive in nature and also has an associated tem-
perature dependence, which means that the extent of
its contribution to the MCD line shape varies with
absolute temperature. Assuming thermal equilibrium
for the electronic states, the populations are domi-
nated by Boltzmann statistics. Thus as the tempera-
ture is lowered, the lower energy level of the
degenerate ground state has an increasing popula-
tion, and the C term increases in intensity. Indeed,
the inverse correlation between MCD intensity and
absolute temperature is a distinguishing feature of
the C term. This is illustrated in Figure 4. Again, in
comparison with the A term, the C term is not deriv-
ative shaped, nor does it have a zero-point that
corresponds with the absorption spectral maximum
of the correlated electronic transition. For both the C
term and the B term (discussed below), the positions
of the absorption maximum correlates with the
MCD band position, as either a maximum (positive
MCD band) or minimum (negative MCD band).

Figure 3 Origin and typical spectrum of an MCD A term. (A) Electronic transition from ground to degenerate excited state; on the
right, in the presence of the magnetic field, H0, the excited state degeneracy is split. This results in separate transitions, corresponding
to the differential absorption of left or right circularly polarized light. (B) The separate left (εl) and right (εr) circularly polarized spectra;
ν0 is the position of the absorption maximum. By convention, the absorption of left circularly polarized light is positive and absorption
of right circularly polarized light is negative. (C) The A term MCD spectrum, ∆ε = εl − εr; note that the position of ν0 is at the ‘crossover’
(zero-point) of the derivative-shaped A term. This change of sign for the MCD signal at the position of the absorption maximum is
diagnostic for an A term.
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Finally, there is the B term of the MCD spectra,
which is a complex species deriving from the mixing
of electronic states. The quantum-mechanical origin
of the B0 term is the magnetically induced mixing of
nondegenerate states. The wide spacing of energy
levels generally results in a small B0 term. The B0

term is, like the C term, Gaussian in shape.
However, the B term is the temperature-independent
portion of the normal absorptive line shape of Equa-
tion [5]. To some extent, the MCD spectrum can be
considered to be an extension of electronic absorp-
tion spectroscopy, revealing a great deal more speci-
fic and precise information. This simplification, of
course, neglects the information that MCD can
provide with respect to magnetic parameters of a
transition. As shown in Figures 3 and 4, the MCD
spectrum not only has band position and intensity
for each transition, but also sign hence there is more
information ‘content’ provided.

One additional MCD term should be defined: D0,
the dipole strength, such that 

Mathematically, the magnetic g values for the state
involved in the electronic transitions are directly re-
lated to the ratios A1/D0 and C0/D0. Plotting ∆ε vs
βH/2κT (this graph is called an MCD magnetization
curve) permits the determination of the magnetic
properties (g values) of the ground and excited
states, C0 and A1. Although the g values determined
in this manner are not as precise as those obtained

by EPR spectroscopy, they have proved useful.
Indeed, the use of group theoretical techniques to
calculate MCD parameters is a major factor in the
use of the MCD for assignment of energy states. A
second key factor, discussed above, is the common
ability to use sample concentrations that are an
order of magnitude weaker than needed for other
structural methods.

Experimental variations on MCD 
spectroscopy

The ‘basic’ MCD instrument is similar to that used
for electronic absorption spectroscopy, with the ex-
ception that the light must be circularly polarized
(see Figure 1). A photoelastic modulator (PEM)
inputs linearly polarized light, and converts it into
circularly polarized light, with RCP and LCP being
generated alternatively. The detector observes a sig-
nal fluctuation at the ∼  50 Hz frequency and this a.c.
signal is input into a sensitive amplifier, capable of
detecting very small intensity differences. The sample
itself is placed between the two poles of the magnet,
and the magnet itself is oriented so that the direction
of the field, H0, is parallel (or anti-parallel) to the di-
rections of propagation of the light.

Variations in method of field generation, 
electromagnet vs superconducting magnet

Some systems use a simple electromagnet, capable of
producing magnetic fields up to 1.5 T (15 000 G).
This method is simple and rapid, in that it only

Figure 4 Origin and typical spectrum of an MCD ‘C ’ term. (A) Electronic transition from degenerate ground to excited state; on the
right, the magnetic field, H0, splits the excited state degeneracy. This results in separate transitions, corresponding to the differential
absorption of left or right circularly polarized light. (B) The separate left (εl) and right (εr) circularly polarized spectra; ν0 is the position
of the absorption maximum. (C) The C term MCD spectrum, ∆ε = εl − εr; note that the ν0 absorption maximum is not in any particular
relationship to the resulting C term spectrum. The C term intensity is inversely dependent upon temperature, due to Boltzmann pop-
ulation of energy levels; as the temperature decreases, more of the molecules populate the lower of the two degenerate orbitals, and
thus the C term intensity increases as the temperature is lowered, until the saturation point.



1222 MAGNETIC CIRCULAR DICHROISM, THEORY

requires cooling water and temperature regulation
for the sample. In contrast, other MCD systems use
superconducting magnets, which have more
demanding experimental constraints (such as liquid
helium cooling and a longer ‘setup’ time prior to
onset of experimental data collection), but are capa-
ble of generating magnetic fields as large as 50 T.

Variations in the spectral region studied

Near-infrared (near-IR, NIR) vs UV-visible (ultravio-
let and visible): both electromagnets and supercon-
ducting magnets can be used successfully non only in
the more common ∼ 800–200 nm spectral regions
(UV-visible), but also in the near-IR region. There
has been considerable success in the assignment of
the axial ligands to biological haem systems through
study of MCD data for the near-IR region.

VT and VTVH MCD

These are variable-temperature MCD and/or vari-
able temperature, variable-field MCD, respectively
using a superconducting magnet, with temperature
variations to as low as ∼ 1.5 K and magnetic field
variations from ∼ 1 to 50 T.

VTVH MCD is used to study ground-state
electronic structure such as ground-state splittings,
especially for non-Kramers ions which do not always
have EPR spectra. This approach is a generally
useful probe of the ground-state electronic properties
of paramagnetic metal ions. MCD is not a ‘bulk
property technique’ like magnetic susceptibility, so is
not prone to errors due to paramagnetic impurities.
MCD spectroscopy, because it is a type of electronic
absorption spectroscopy, can zero in on specific
metal ions. VTVH can determine ‘single-ion zero
field splitting (ZFS)’ and the exchange coupling con-
stant, J. In comparison, EPR cannot be used in sys-
tems that are non-Kramers, even spin systems with
large ZFS. Once the ground-state electronic proper-
ties are known, then one can determine changes in J
or in ZFS. This approach, with examination of sam-
ples at very low temperatures, down to 1.5 K, is still
an absorptive method, so the sample must be opti-
cally transparent. This is generally accomplished by
dissolution of the sample in, e.g., 50:50 glycerol–
buffer (aqueous media).

Low-temperature MCD spectroscopy is an
extremely useful tool to distinguish between elec-
tronic transitions arising from a diamagnetic (S = 0)
ground state and transitions arising from a paramag-
netic (S > 0) ground state. This is because the S = 0
level is nondegenerate, and thus cannot provide a
temperature-dependent C term in the presence of the
magnetic field.

‘Fast’ MCD, also called TRMCD (time-resolved 
MCD)

For reviews of the methodology and applications of
nano- and picosecond MCD experiments, see the
Further Reading section. This approach has required
extensive modification of the equipment used for
sample analysis, in particular using elliptically polar-
ized light. This work has led to exciting results,
permitting the examination of transient molecular
species. Applications of nanosecond MCD have
focused primarily on ligand complexes of haem
proteins and their photo-produced dissociation
intermediates, particularly given the intense
absorption maxima of haem systems (typical ε
100 000 M−1 cm−1), and their strong MCD signals
even at room temperature.

To date, the experimental focus has been on sys-
tems with unpaired spins (metal complexes), rota-
tional symmetries (aromatic molecules such as the
amino acid trytophan, porphyrins), and metallopor-
phyrins (haem proteins). An exciting application
came from TRMCD of the photodissociated CO
adducts of, e.g. haem proteins such as mammalian
cytochrome c oxidase: the diamagnetic, low-spin,
hexacoordinate Fe(II), of the ferrous–CO haem
becomes a paramagnetic high-spin, pentacoordinate
Fe(II), with a concomitant appearance of a new C
term. In the case of picosecond TRMCD, picosecond
lasers are used. One such application demonstrated
that upon photodissociation of the CO ligand bound
to the haem protein myoglobin, the change from a
hexacoordinate to a pentacoordinate haem occurred,
‘within the 20 ps rise time of the instrument’.

VMCD, vibrational MCD, particularly Raman

Magnetic Raman optical activity determines transi-
tions of electrons among energy levels created by an
applied external magnetic field; problems arise here
owing to limitations in the field strength. MVCD
(magnetic vibrational CD) splits degenerate levels of
vibrational transitions and aids in the analysis of
bonding.

X-ray detected magnetic circular dichroism 
(XMCD)

This technique has only recently evolved into an
important method for magnetometry. This technique
has unique strengths in that it can be used to deter-
mine quantitatively spin and orbital magnetic
moments for specific elements, and can also be used
to determine their anisotropies through analysis of
the experimental spectra. For example, XMCD has
been applied to the study of thin films of transient
metal multilayers, such as Cu or Fe.
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The XMCD method is one where the properties of
3d electrons are probed by exciting 2p core electrons
to unfilled 3d states. The p → d transition dominates
the L-edge X-ray absorption spectrum. L-edge X-ray
spectroscopy of iron has proved to be useful because
the transitions from the 2p ground state to 3d
excited states are strong and dipole allowed, and the
small natural line widths also indicate potentially
strong MCD spectra. The intense L-edge XMCD
spectra of the iron–sulfur protein rubredoxin and of
the 2Fe–2S centre of Clostridium pasteurianum have
also been studied. Both the XMCD sign, and its field
dependence, can be used to characterize the type of
coupling between magnetic metal ions and the
strength of such coupling.

Conclusion

MCD spectra can profitably separate contributions
from multiple metal centres to a protein electronic
spectrum, be used to evaluate metallo-biological
systems without complications from the protein
‘milieu’, determine zero-field splitting, assign elec-
tronic transitions, provide information about a
chromophore’s electronic structure, evaluate theoret-
ical models, obtain magnetic properties (g values,
spin states, magnetic coupling) and be used for struc-
tural comparison of ‘model’ and biological systems.

Modern MCD spectroscopy can only prove to be
increasingly useful. Whereas the standard (electro-
magnetic) instruments available in the 1970s and
1980s could require up to ∼ 45 min per single scan of
the data (not counting the buffer, CD, and CD of
buffer scans), modern multi-scanning capability per-
mits a significant improvement in signal-to-noise
ratio. This has a concomitant advantage in permit-
ting careful and detailed studies to be performed.

Perhaps the greatest utility of MCD spectroscopy is
in concert with other methods. No one spectroscopic
or structural analysis method can have ‘all the
answers’. Only a consistent overall structural picture,
provided by analysis of data from several methods,
with awareness of the shortcomings of each, can lead
us closer to the desired ‘truth’ with respect to the
systems under study.

List of symbols

A1, B0, C0 = MCD parameters (A, B and C terms)
defining the amount of absorptive (B0 and C0) or
derivative (A1) signals in the MCD spectrum;
A = absorbance (unitless); b = cuvette pathlength

(cm); c = molar concentration (mol L−1; M);
c = speed of light; f(E) = general Gaussian line shape
function; g = EPR g values; h = Planck’s constant;
H0 = external magnetic field; n = refractive index;
N = Avogadro’s number; T = absolute temperature;
α = proportionality constant between the electric
field of the light and the electric field at the absorbing
centre; β = Bohr magneton; γ = spectroscopic con-
stant; ∆A±, A−, A+ are the change in absorbance, the
negative absorbance, and the positive absorbance,
respectively; ∆εM = MCD ‘extinction coefficient’;
ε = molar extinction coefficient (M−1 cm−1); εl and εr

are the specific extinction coefficients for left- and
right-circularly polarized light (LCPL and RCPL,
respectively); κ = Boltzmann constant; λ = specific
wavelength; ν0 = the position, in nm, of the electronic
absorption maximum for a given transition.

See also:  Near-IR Spectrometers; Vibrational CD,
Applications; Vibrational CD Spectrometers; Vibra-
tional CD, Theory. 
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Introduction

In the 1990s pulsed field gradients became a more
common element in multiple-pulse high-resolution
NMR methods. Gradients have been incorporated
into these sequences to improve water suppression,
to spoil radiation damping, to remove undesired
signals, and to collect faster or higher-resolution
multidimensional spectra. Although the potential for
pulsed magnetic field gradients has been known
since the early years of NMR, only recently has the
performance of gradient systems been sufficient to
take full advantage of this tool. There are essentially
four ways in which gradients are used: coherence
pathway selection, spatial encoding, diffusion
weighting and spoiling are all used in modern high-
resolution systems. These methods have common
and differentiating elements. Coherence selection
and diffusion weighting take advantage of the
reversible behaviour of the pulse gradient effect.
Spoiling is a subset of coherence pathway selection
that requires no encoding gradient and hence no
read or rephase gradient. Spatial encoding can be
used to image and correct B0 inhomogeneity, and
can be used to restrict the detected sample volume.
The basic elements of B0 field gradients, as used in
high-resolution NMR are described.

Basic properties of gradients

On a typical high-resolution NMR system, a Bo gra-
dient probe can transiently generate a linear change
in the otherwise homogeneous Bo field of ±1 mT or
moreover the approximately 2 cm z sample length.
Many gradient systems can also independently
generate linear transverse (x and y) gradient fields of
similar magnitudes. Linearity, switching speed and

gradient recovery times are important gradient per-
formance criteria. The switching time or recovery
time was the most significant limitation of early gra-
dient systems. In these early designs, the gradient
field was not constrained inside the gradient
cylinder, as shown in Figure 1A, and the process of
generating a transient gradient interval induced
undesirable currents in nearby conductors, especially
the components of the magnet itself. These induced
eddy currents in turn generate magnetic fields that
perturb the NMR spectrum. These stray fields cause
significant spectral distortions and last for hundreds
of milliseconds. It was therefore impossible to
maintain reasonable timing in multiple-pulse NMR
experiments using this type of gradient. The inven-
tion of the actively shielded gradient coil in the late
1980s removed this limitation by constraining the
gradient field inside the gradient cylinder, as illus-
trated in Figure 1B. This innovation and the devel-
opment of dedicated high-resolution NMR gradient
probes have made this technology readily available
to NMR spectroscopists.

The gradient pulse effect

A gradient in the B0 field across a sample will cause
the spins in that sample to precess at spatially depen-
dent rates. More specifically, a gradient pulse will
add a reversible, spatially dependent, and coherence
order-dependent, phase to the magnetization: 

where γ is the magnetogyric ratio, r is the distance
from gradient isocentre, G is the gradient amplitude,
t is the gradient pulse duration and p is coherence

MAGNETIC RESONANCE
Theory
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order. If not resolved in space, or rephased, the
impact of a spatially dependent phase across the
detected volume is self-cancellation of signal. In
the absence of B1, radiofrequency magnetic field
inhomogeneity and susceptibility shifts, in a detected
region ± rmax, the impact of a gradient pulse on pure
x magnetization (p = 1) will be: 

Under these idealized conditions, perfect cancella-
tion occurs at multiples of φ(rmax) = 2π but practical
dephasing requires many cycles of 2π, where residual
signal can be approximated as, 2/(γGtrmax). Thus, a
typical 1 ms 0.25 T m–1 gradient pulse over a 1.5 cm
B1 sample volume would reduce the observable

proton signal by a factor of about 1000. For pathway
selection, it is the difference in gradient integrals that
determine the level of suppression. Of course, practi-
cal matters such as gradient linearity (especially the
fall-off at the ends of the sample volume), and B1

homogeneity, will determine the actual suppression.

Coherence, coherence order and 
pathway selection

Coherence is a generalization of the idea of
transverse magnetization. Coherence order is the
quantum number difference associated with the z
component of the rotation generated by the RF exci-
tation, and can only be changed by another RF
pulse. Thus, coherence order is conserved in the time
periods separating RF pulses, during which the

Figure 1 (A) Current diagram for conventional unshielded z gradient coil. (B) Current diagram for actively shielded z gradient coil.
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application of a gradient pulse will encode magneti-
zation according to the coherence order of that inter-
val. The route of the observed magnetization is
referred to as the coherence transfer pathway. All
pathways start at p = 0 (thermal equilibrium) and
must end with single-quantum coherence to be
detectable. Transverse magnetization is a specific
type of coherence characterized by the single-quan-
tum coherence levels p = +1 and –1. Both compo-
nents are detected to distinguish positive and
negative frequencies in a quadrature receiver. By
convention, p = −1 represents the quadrature
detected signal, s+(t) = sx(t) + isy(t).

Coherence transfer pathway diagrams are a good
way to visualize the need for pathway selection in
multiple-pulse NMR experiments. These pathways
remind us that each RF pulse transfers magnetization
to multiple coherence levels, only one or two of
which must be retained to end up with the desired
artefact-free spectrum. The traditional way to select
a given pathway is to apply phase cycling. With
phase cycling, the pulse sequence is repeated, using
changes in the phase of the RF pulses, along with ad-
dition or subtraction of the corresponding complex
signals to retain the desired pathway and cancel all
the others. As a difference method, phase cycling can
become a problem when the desired pathway is
much smaller than the unwanted ones, as is the case
in many multiple-quantum experiments. As a non-
difference method, pulsed field gradient selection of
the pathway is an advantage in these cases.

Coherence transfer pathways are also a convenient
way to visualize the action of gradient pulses in a
NMR sequence, since the spatial encoding of each
interval in the pathway is directly proportional to
the product of gradient integral, Gt, and coherence
order, p. Any pathway in which the sum 

will be passed. Pathways where this is not
true will retain a spatially dependent phase and will
self-cancel.

The pathway for homonuclear correlation spec-
troscopy (COSY) is shown in Figure 2 and provides
a simple example. The first pulse creates coherence
with orders +1 and –1 and leaves some z magnetiza-
tion as coherence order 0. Thus, there are three path-
ways by which the coherence can reach the receiver
after the second RF pulse, namely [0 → 0 → –1], [0
→ + 1 → –1] and [0 → –1 → –1]. If the RF carrier is
placed on one side of the F2 spectrum, all of the
peaks in the 2D spectrum corresponding to the [0 →
–1 → –1] coherence pathway will lie on one side of
F1 = 0 and the peaks from [0 → +1 → –1] will lie on
the other side of F1 = 0. The [0 → 0 → –1] peaks will
occur only at F1 = 0. A single gradient pulse placed
between the two RF pulses will spoil coherence that
passes through both p = +1 and p = –1, and will
select the [0 → 0 → –1] pathway. The addition of a
read gradient interval after the second RF pulse will
allow one of the other two pathways to be selected. If
the read gradient is equal in sign and integral to the
first (encode) gradient, then the pathway that goes
through the [0 → +1 → –1] transfer will be selected,
while the coherence that remains at –1 during evolu-
tion and acquisition [0 → −1 → –1] will be selected
by a gradient of equal integral but opposite sign.

Multiple-quantum coherence
transfer selection

A common usage of pulsed field gradients is
multiple-quantum coherence transfer selection,
which takes advantage of the nondifference filtering
of large unwanted signals from the small desired
ones. The simplest homonuclear example is the three
pulse sequence shown in Figure 3. Homonuclear
scalar coupled spins will give rise to both double and
zero quantum coherences in the mixing time (tm)

Figure 2 Coherence-transfer pathway diagrams for COSY, illustrating gradient selection of (A) the F1 = 0 artefacts only, [0 → 0 →
–1]; (B) N-type signals, [0 → +1 → –1]; and (C) P-type signals, [0 → –1 → –1].
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interval. Uncoupled spins, such as solvent water, will
not and thus the use of a 1:2 ratio of gradients
(G1:G2) will select only coupled spin coherence that
goes through the [0 → +/–1 → +2 → –1] pathways. A
spoiler gradient (G1 only) during the mixing time will
select for pathways that go though p = 0 in the mix-
ing time, selecting the zero-quantum pathway plus
any residual z magnetization. A single pathway [0 →
+1 → +2 → –1] is selected using a 1:1:3 gradient
sequence. This is achieved by adding a gradient of
integral I during t1 evolution time and increasing the
read gradient at the start of the t2 interval by the
same area. These methods are all very good at sup-
pressing the uncoupled water signal and reducing t1-
noise. However, both double-quantum and zero-
quantum sequences may also pass water or other
large solvent signals via the dipolar field effect unless
the gradients are oriented at the magic angle 54.7°
where triple axis gradients are used and
(Gx = Gy = Gz). Heteronuclear multiple-quantum
selections, often for protons attached to a lower
magnetogyric ratio nucleus, are also very common
applications of gradient selection. In this case it is
often convenient to generate a combined coherence
transfer pathway diagram for coupling partners and
to use normalized heteronuclear coherence order p′,
scaled to the proton magnetogyric ratio. The result-
ing normalized coherence levels are then directly
related to the sensitivity to pulsed field gradient inte-
grals. The coherence pathway diagram for the gradi-
ent-enhanced heteronuclear multiple quantum
correlation (HMQC) experiment is illustrated in
Figure 4. For X = 13C, the initial heteronuclear dou-
ble-quantum level p′ [H(+1): 13C(+1)] = 1.25, and the
initial heteronuclear zero-quantum level p′ [H(–1):
13C(+1)] = –0.75. In this example, gradient ratios of
4:0:5 or 0:4:−3 or 4:4:2 would all select for the same
pathway through the double → zero-quantum trans-

fer, and spoil the zero → double-quantum transfer
pathway, as well as coherence pathways for proton
spins not coupled to a 13C nuclei.

As in the homonuclear case, this method provides
excellent water suppression. The suppression of the
t1-noise artefacts is so good with these methods that
data can be collected under conditions that are not
possible with traditional phase cycled methods. This
advantage has been exploited especially in long-
range proton–carbon correlation studies of polymer
branching, as illustrated in Figure 5, and for
proton–proton correlation at the water chemical
shift frequency.

Spin echoes and gradient pulses

Spin-echo selection with gradient pulses was the first
and is probably now the most common use of gradi-
ents in magnetic resonance. This element is common
to MR imaging, localized spectroscopy, diffusion
measurements, water suppression and artefact reduc-
tion in multiple-pulse NMR. On high-resolution
spectrometers, where all of the B1 sample volume is
normally detected, RF refocusing pulses produce a
considerable fraction of non-π rotation. The place-
ment of equal gradient pulses on either side of the π
pulse, as illustrated in Figure 6A, filters out any co-
herence that does not refocus (p → –p transition).
This is also an especially effective method for im-
proving the performance of frequency-selective π
pulses such as are used in the gradient-enhanced ver-
sion of spin echo water suppression (SEWS). Gradi-
ents of equal integral, but opposite sign, placed on

Figure 3 Coherence transfer pathway diagram for homo-
nuclear double-quantum selection with gradients.

Figure 4 Coherence transfer pathway diagram for gradient-
enhanced HMQC sequence. The pathway illustrated by the solid
line selects the pathway through heteronuclear double-quantum
[H(+1):X(+1)] and heteronuclear zero quantum [H(–1):X(+1)]
levels. For X = 13C, this pathway can be selected by any of the
gradient ratios 4:0:5, 0:4:–3 or 4:4:2.
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either side of a chemical shift selective refocusing
pulse, such as the 1–1 binomial example shown in
Figure 6B, are a powerful way to capture a selective,
refocused (p → –p transition) bandwidth. This ap-
proach can be used to dramatically avoid residual
out-of-band signal (e.g. water) relative to the phase-
cycled method. Frequency-selective suppression us-
ing spin echoes and gradients has also proved very
successful in methods such as WATERGATE (water
suppression by gradient tailored excitation) and
MEGA as illustrated in Figures 6C and 6D. In addi-
tion to p → –p transfer, π pulses invert z magnetiza-

tion, Iz → –Iz. In this case imperfect π pulses will
generate transverse magnetization. To select for the
Iz → –Iz transition and spoil both transverse magnet-
ization and the p → –p refocused magnetization,
nonequal gradients can be applied before and after a
π inversion pulse (Figure 6E). Each gradient pulse
will spoil any transverse magnetization during those
intervals, and the nonequal integrals of the gradients
will prevent the refocusing of the p → –p transition.
The selection of Iz → –Iz transitions are also useful in
multinuclear experiments, in which case the gradient
dephasing of S coherences must be avoided. This can

Figure 5 Gradient (B and D) versus phase-cycled (A and C) HMBC spectra of the polymer Pl-b-PS. The comparative traces at
F2 = 1.7 ppm show the far superior signal-to-t1-noise achieved by the gradient method (D) relative to the traditional phase-cycled
approach (C). Reproduced with permission of The Society of Chemical Industry and John Wiley & Sons, from Rinaldi P, Ray DG,
Litman V and Keifer P (1995) The utility of pulse-field gradient–HMBC indirect detection NMR experiments for polymer structure
determination. Polymer International 36: 177–185.
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be accomplished by using gradients of equal integrals
but opposite sign (Figure 6F). The second gradient
will reverse any accumulated phase for the S spin
caused by the first gradient, but will still spoil all
I spin coherences except of the Iz → –Iz transitions.

Spoiling

A gradient spoiler pulse can be applied in intervals
where the desired signal has coherence order p = 0.
These applications include gradient-enhanced z and

zz filters, stimulated echo selection, multiple-
quantum suppression during NOESY (nuclear Over-
hauser effect spectroscopy) mixing times and the
homonuclear zero-quantum methods as previously
described. Two examples of this gradient element are
illustrated in Figure 7.

The gradient-enhanced z filter is a pulse field
gradient version of the multiple-acquisition nongra-
dient method. In the original method, magnetization
is stored as Iz, and multiple delay times are collected
to allow non-Iz magnetization to evolve and self-
cancel. The gradient method accomplishes this in a
single step. As shown in Figure 7A, the two-pulse
RF filter acts as a π pulse for the desired magnetiza-
tion, which means the spoiler during the Iz interval
can be combined with a spin-echo gradient pulse
pair outside the Iz interval.

The gradient-enhanced zz filter selects for hetero-
nuclear longitudinal spin order described by the
density operator IzSz, and can be easily integrated
into the heteronuclear single quantum correlation
(HSQC) type sequences, or as a preparation period
for HMQC methods. The gradient version of the zz
filter as shown in Figure 7B also passes Iz magneti-
zation and is not as efficient at rejecting unwanted
pathways as coherence selection.

Spoiler gradients can also be used following
frequency-selective excitation to eliminate a narrow
band of chemical shift. This approach is often
referred to as a chemical shift selective (CHESS)
pulse. Optimum performance requires the tip angle
of the selective excitation pulse be adjusted for water
T1 relaxation that occurs during the excitation–
dephase intervals. Multiple excitation–dephase inter-
vals can be concatenated to achieve a moderate level
of B1 and T1 insensitivity. Alternatively, T1- recovery
time and water excitation flip angle can be adjusted
to exploit differences in the solute and the water T1

values and to allow significant recovery of the solute
spins during the time it takes water to reach a null.
Like many gradient methods, the T1-delayed CHESS
pulse inherently eliminates the radiation damping ef-
fect and makes it possible to take advantage of the
true water T1.

Diffusion-weighted water 
suppression

In any experiment where gradients are used to label
spins with a spatially dependent phase, that are
subsequently rephased with a second gradient pulse,
there will be a loss of signal due to any movement of
the spins during the time interval between labelling
and rephasing. For a spin-echo (p +1 → –1) transi-
tion, this loss of signal is related to translational

Figure 6 The use of gradients with RF π pulses. (A) Standard
spin echo selection, p → –p transitions are selected. Any imper-
fection in the RF refocusing is cancelled. (B) Frequency-selective
spin echo selection. Only the spins in the refocused bandwidth
are selected. (C) Pathway for MEGA. Spins that are refocused by
the selective RF refocusing pulse are dephased by the G1:G2

gradient pair. Outside the frequency-selective bandwidth, G2

reverses the effect of G1. (D) Pathway for WATERGATE. A net
zero RF rotation leaves signals in the frequency-selective band-
width dephased by the G1:G2 pair, while spins outside the selec-
tive bandwidth are rephased as in (A). (E) Selection of lz to –lz
(p = 0 → 0) transitions uses nonequal gradients prior to the π
pulse to eliminate any existing transverse magnetization, and
after the π pulse to eliminate any transverse magnetization
generated by RF pulse inhomogeneity. (F) selection of Iz to –Iz
(p = 0 → 0) in a heteronuclear sequence while preserving any
nonzero S coherence levels.
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diffusion by the Stejskal–Tanner equation: 

where γ is the magnetogyric ratio, g is the strength,
and τ the duration of the gradient pulse pair, ∆ is the
time between gradient pulses, and D is the diffusion
coefficient. Normally, diffusion weighting is mini-
mized by using modest gradient integrals (g and τ)
and by keeping the separation (∆) between the
encode and rephase portion of a gradient pair small.
However, by increasing both gradients integrals and
separation (∆), it is possible to take advantage of the
significant differences in the translational diffusion
of solvent water and large solute molecules such as
proteins. This is the basis of the DRYCLEAN,
diffusion reduced water signals in spectroscopy of
molecules moving slower than water. With a modest
20-fold difference in diffusion constant, D, a gradi-
ent pair could be selected to preserve over 70% of
the solute signal, while suppressing water by 1000-
fold. It is important to note that, like multiple-quan-
tum coherence pathway selection, this method is also
independent of the width and shape of the water
signal. The same basic gradient-selected spin-echo
methodology is also used to study exchange
processes in biomolecules.

Phase-sensitive methods

Modern multidimensional spectra are almost always
recorded in pure absorption mode. The primary rea-
sons are phase sensitivity, improved resolution, and
a √2 factor increase in SNR compared with magni-

tude mode. Pure absorption phase is obtained from
the amplitude-modulated signal in t1, separating the
frequencies of the two mirror image pathways,
p = +1 and p = –1 in an evolution time analogue to
quadrature detection. In methods without gradients,
or in methods that use gradients only for spoiling,
spin echo and/or Iz inversion selection, this is accom-
plished using a two-step phase cycle for each t1

increment. Both steps contain p = +1 and p = –1 co-
herence, and the combination provides frequency
discrimination at full signal intensity. Pure absorp-
tion line shape with gradient selection during evolu-
tion is also a two-step process, but each acquisition
contains only p = +1 or p = –1, leading to a √2 factor
loss in SNR relative to the phase-cycled selection of
quadrature in F1. The trade-off is that signal-to-t1

noise is often better for the gradient methods, as il-
lustrated in Figure 5, and in the instances where
pure absorption line shape is not required the gradi-
ent selection methods are significantly faster. Unlike
the single-step selection with gradients, phase-cycled
methods require multiple steps to separate p = +1 or
–1. The advantage of a reduction in required phase
cycle steps is most evident in three- and four-dimen-
sional NMR studies, where proper sampling of the
evolution time alone generates more signal averaging
than necessary. It is possible to collect separate
p = +1 and p = –1 pathways in a single acquisition
per t1 time by using the switched acquisition time
(SWAT) gradient method. In this method the two co-
herence pathways are alternately and individually
acquired on alternate sampling points in the
digitizer. Although a doubling in F1 bandwidth still
results in the √2 factor loss in SNR, this approach
offers the ability to collect pure absorption multidi-
mensional data in a minimum total acquisition time.

Figure 7 (A) Gradient-enhanced z filter and (B) zz filter. As in the inversion examples shown in Figure 6, these gradients dephase
all but p = 0 coherence order.
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The method, however, is very demanding on gradi-
ent switching time.

Spatial selection

In the typical high-resolution NMR experiment, the
entire B1 volume contributes to the final result. The
volume of spins in the transition band where the rel-
atively linear B1 field falls from maximum to zero can
be significant. This inhomogeneity and line shape dis-
tortions from bulk susceptibility effects also found at
the ends of the sample are among the reasons why
gradient selection and phase cycling methods are so
heavily used for artefact reduction in multiple-pulse
NMR. A gradient-based method that can be used to
reduce these end effects (transition band suppression
or TBS), uses slice select–spoil intervals during the
pulse sequence preparation period to avoid this diffi-
cult region of the sample. Combination of TBS with
T1-delayed CHESS pulses and gradient selection of
double-quantum coherence makes it possible to
study proton–proton correlations at the water chem-
ical shift in both F1 and F2. The pulse sequence and
an example are shown in Figure 8.

Another application of spatial localization in high-
resolution NMR applies to the specialized field of
high-performance liquid chromatography–NMR
(HPLC-NMR). With NMR as the detector for a
liquid chromatography system, it can be valuable to
spatially resolve the NMR sample volume. This can
be done by phase encoding, which allows the data to
be retrospectively processed to eliminate end effects
or to separate partially overlapping HPLC fractions.

Field maps and homogeneity 
adjustment

One relatively obvious application of three-axis
gradients is to image and correct for any B0 field in-
homogeneity. Three-dimensional phase or frequency
maps can be obtained and used to image the inhomo-
geneity of the sample, and with previously obtained
maps for fixed offsets of the known shims a best-field
solution can rapidly be made. Normally this ap-
proach works best with a strong solvent signal such
as water, but in a limited way it can be accomplished
using the deuterium-lock solvent signal.

Summary

Gradients are useful as an integral part of multiple-
pulse NMR methods. High-resolution NMR systems
and probes continue to incorporate these devices and
accordingly the use of these tools continues to be-

come more common. In many ways, gradients are a
perfect partner for the limitations of the native high–
resolution NMR B1 fields, and also work comple-
ment only to crafted RF pulse methods. When used
appropriately, gradients have the ability to enhance
the quality of most multiple-pulse NMR results.

List of symbols

B0 = applied magnetic field; B1 = RF magnetic field
strength; D = diffusion coefficient; F1 = evolution
frequency; g = strength of gradient pulse; G = gradi-
ent amplitude; Iz = z magnetization; p = coherence
order; r = distance from gradient isocentre;

Figure 8 (A) Pulse sequence for phase-sensitive version of
gradient-enhanced double-quantum correlation method
incorporating T1 delayed CHESS sequence and TBS. (B) Phase-
sensitive contour plot of data for 1 mM ubiquitin in 90% H2O–10%
D2O collected using this method. A water inversion null time of
200 ms was used to allow CαH protons at 4.8 ppm to recover fully
as expansion near F2 = 4.8 (water) illustrates. Reproduced from
Hurd R, John B, Webb P and Plant P (1992) Journal of Magnetic
Resonance 99: 632–637 with permission of Academic Press.
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t = gradient pulse duration; γ = magnetogyric ratio;
∆ = time between gradient pulses; τ = duration of
gradient pulse; φ = magnetization phase. 

See also: Diffusion Studied Using NMR Spectrosco-
py; NMR Pulse Sequences; Product Operator Formal-
ism in NMR; Solvent Suppression Methods in NMR
Spectroscopy; Two-Dimensional NMR, Methods.
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Introduction

NMR dates from 1938 when Rabi and co-workers
first observed the phenomenon in molecular beams.
This was followed in 1946 by the NMR work in the
laboratories of Bloch and Purcell on condensed-
phase samples. In the intervening 53 years there has
been a wonderful revelation of how rich this spec-
troscopy can be, and only a flavour can be given here
of the many significant developments. A very detailed
account of the history is given in Volume 1 of the
Encyclopaedia of NMR, which also includes biogra-
phies of many of those who created the subject as it is
today. A shorter, but still very detailed, history can
be found in five articles published in Progress in
NMR Spectroscopy. Here we present a summary of
the main developments under five headings: Estab-
lishing the principles; Solid-state and liquid crystal
NMR; Liquid-state NMR; Biological applications of
NMR; Magnetic resonance imaging. We also present
three tables that give some of the important
milestones in the development of NMR.

Establishing the principles

NMR arises because some nuclei may have an intrin-
sic spin angular momentum, which has the conse-
quence that they also have a magnetic dipole

moment. The existence of a magnetic dipole moment
for hydrogen nuclei was established in 1933 by
Gerlach and Stern, who observed the effect of an
applied magnetic field gradient on a beam of hydro-
gen molecules. The trajectories of the molecules are
changed if their nuclei have magnetic moments.
Inducing transitions between nuclear spin states by
the application of electromagnetic radiation at the
appropriate resonance frequency was introduced by
Rabi and co-workers, also using molecular beams. In
this experiment the beam passed first through a field
gradient, which deflected the atoms in a direction
dependent on the value of m, the magnetic quantum
number, then through a homogeneous field, where
they were subjected to the electromagnetic radiation,
and finally through another field gradient whose sign
was opposite to that in the first region. If the nuclei
in the atoms do not absorb the radiation, then the
effect of the two field gradients cancels, and the
beam is undeflected. Absorption or emission of radi-
ation leads to a net deflection of the beam. This sim-
ple experiment therefore provided a foretaste of the
use of gradients to create or destroy signals.

The first successful NMR experiments on
condensed-phase samples were done in 1945, and
published in 1946, separately by the group at Stan-
ford led by Bloch, who observed the protons in
water, and a group at Harvard led by Purcell, who

MAGNETIC RESONANCE

Historical Overview
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also observed protons, but in solid paraffin. Unlike
the beam experiments, in these the detection was of a
net nuclear magnetization arising from the imbalance
between states with different values of m, and it was
crucial for their success that nuclear spin relaxation
was occurring at a favourable rate. The first system-
atic experimental measurements of spin–lattice and
spin–spin relaxation rates were published in 1948 by
Bloembergen, Purcell and Pound, who also gave an
interpretation of their magnitudes in terms of the
dynamics of the molecules containing the nuclei.

The magnetic shielding of a nucleus from the
applied field by the surrounding electrons was recog-
nized to occur in atoms by Lamb, who published a
method for calculating the effect in 1941. The aim of
these calculations was to correct for the effect of the
shielding on the resonance frequencies observed in
molecular beam experiments and hence to obtain the
true nuclear magnetic moment. Ramsey extended
these calculations to nuclei in molecules in 1949–52,
and in this same period the phenomenon was
observed in the NMR of condensed-phase samples,
first in the resonances of metals and metal salts by
Knight in 1949, and in the following year by Proctor
and Yu, who observed different resonances for 14N
in ammonium nitrate, and by Dickinson, who
reported the same phenomenon for 19F in various
compounds (e.g BeF2, HF, BF3, KF, NaF, C2F3CCl3).
The physicists working on these problems thought
these ‘chemical shift’ effects uninteresting and a
nuisance, since they impeded the important task of
measuring nuclear gyromagnetic ratios accurately!
We can now pinpoint the years 1949–50 as the
period when NMR ceased to be predominantly a
technique of the ‘physicists’ and when the ‘chemists’
began to realize the potential usefulness of the
‘chemical shift’.

It was also at this time that the effects produced by
spin–spin coupling were first observed. Experimental
results now preceded theory. Proctor and Yu
observed a multiplet for the 121Sb resonance in a
solution containing the ion SbF6

−. They observed
only five lines of the seven-line multiplet, and so were
sidetracked into attempting to explain the splitting as
incomplete averaging of the internuclear dipolar
coupling. Dipolar coupling had been observed in
molecular beam experiments, and its origin was well
understood. The problem facing Proctor and Yu was
that this interaction, being entirely anisotropic,
should vanish if the molecules are rotating rapidly
and isotropically, as in an isotropic liquid sample.
Gutowsky and McCall also observed spin–spin split-
tings, but this time in the 31P and 19F resonances in
the compounds POCl2F, POClF2 and CH3OPF3.
They were able to deduce that the number of lines is

determined by the product of the m values of the cou-
pled nuclei. Ramsey and Purcell published an expla-
nation of the splitting as arising from a rotationally
invariant interaction between nuclear spins that
proceeds via the electrons in the molecule. Spin–spin
splitting was also observed at the same time by Hahn
and Maxwell as a modulation on a spin-echo signal,
Hahn having discovered the spin-echo phenomenon
in 1949.

By 1952 all the basic, important interactions that
affect NMR spectra had been demonstrated, and
their relationship with molecular structure had been
explained (see Table 1). The challenge then, as now,
was how to exploit the value of NMR for samples of
varying degrees of complexity, and this proved to be
an exciting and rewarding quest. There were still
many new effects to be discovered, and these began
to appear quickly as the early pioneers started to
explore this new spectroscopy. In 1953 Overhauser
predicted that it should be possible to transfer spin
polarization from electrons to nuclei. He delivered
this prediction to an initially sceptical audience at
a meeting of the American Physical Society in
Washington, DC. Overhauser was a postdoctoral
worker in Illinois when he made this prediction, and
he had interested Slichter in the possibility of enhanc-
ing NMR signals in this way. Slichter and Carver
succeeded in demonstrating the enhancement in
lithium metal and all doubts about the nuclear
Overhauser effect (NOE) were put to rest.

The chemical shift and spin–spin coupling phe-
nomena were clearly destined to be discovered as
soon as magnets became sufficiently homogeneous.
They might be classed as inevitable discoveries. The
Overhauser effect is different, and it is conceivable
that it would have lain undiscovered for many years
without the perception of one individual. We might
call this a noninevitable discovery. One of the re-
markable features of NMR development has been
the number of such noninevitable discoveries, some
of which have been fully exploited only many years
after their discovery. Another such example is the in-
vention by Redfield in 1955 of spin locking, a tech-
nique that produces a retardation of spin–spin
relaxation in the presence of a radiofrequency field.
This not only led to a method of studying slow
molecular motions, but also provided a method for
transferring polarization between two nuclei that are
simultaneously spin-locked, as ingeniously demon-
strated by Hahn and Hartmann in 1962.

There were many developments going on in the
period 1955–65, some of which we will discuss later.
The successes of the early pioneers encouraged the
development of commercial spectrometers, and this
provided increased access to NMR for a wider
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scientific community. The first commercial spec-
trometer (30 MHz for 1H) was marketed by Varian
Associates in 1952, and many of the new early devel-
opments stemmed from Varian’s research and devel-
opment department. Sample spinning and field-
frequency locking are just two examples that led to
dramatic improvements in the quality of high-resolu-
tion spectra of liquids. However, the most significant
development was the pulse Fourier transform (FT)
method of acquiring spectra, which Anderson and
Ernst realized at Varian, the first account of which
appeared in 1966. At that time their spectrometer
did not have an on-line, or even a close at hand com-
puter on which to do the transform, and the exploi-
tation of the method in a commercial spectrometer
had to wait for the development of the on-line

computer. In fact, the first commercial pulse FT
spectrometer was marketed by Bruker in 1969.

Varian introduced superconducting magnets into
NMR with a 200 MHz proton spectrometer, first
produced in 1962, and whose field strength was
soon increased so as to give proton resonance at
220 MHz.

By 1971 NMR was beginning to look like a mature
spectroscopy with all the major developments in
place. However, in that year Jeener suggested the
idea of multidimensional spectroscopy, and in 1973
Lauterbur published his method for imaging of
objects by applying magnetic field gradients. These
two events stimulated Ernst and his collaborators to
develop the first two-dimensional experiments, and
a new age of rapid development in NMR began,

Table 1 Milestones in the development of NMR basic principles and solid–state and liquid-crystal NMR

Date Milestone Literature citation

1924–1939 Early work characterizing nuclear magnetic 
moments and using beam methods

Frisch and Stern, Z. Phys. 85: 4; Esterman and Stern Phys. Rev. 
45: 761, Rabi et al., Phys. Rev. 55: 526

1938 First NMR experiment using molecular beam 
method

Rabi et al., Phys. Rev. 53: 318

1941 Theory of magnetic shielding of nuclei in 
atoms

Lamb, Phys. Rev. 60: 817

1945 Detection of NMR signals in bulk materials Bloch et al., Phys. Rev. 69:127; Purcell et al., Phys. Rev. 69: 37

1948 Bloembergen, Purcell and Pound (BPP) paper 
on relaxation 

Bloembergen et al., Phys. Rev. 73: 679

1949 Hahn spin echoes Hahn, Bull. Am. Phys. Soc. 24: 13

1949 Knight shift in metals Knight, Phys. Rev. 76: 1259

1950 Discovery of the chemical shift Proctor and Yu, Phys. Rev. 77: 717; Dickinson Phys. Rev. 77: 736

1951
Discovery of spin–spin coupling

Proctor and Yu, Phys. Rev. 81: 20; Gutowsky and McCall, Phys. 
Rev. 82: 748; Hahn and Maxwell, Phys. Rev. 84:1246

1952 First commercial NMR spectrometer (30 MHz) Varian

1953 Bloch equations for NMR relaxation Bloch et al., Phys. Rev. 69: 127; Bloch, Phys. Rev. 94: 496

1953 Overhauser effect Overhauser, Phys. Rev. 91: 476; Carver and Slichter, Phys. Rev. 
102: 975

1953 Theory for exchange effects in NMR spectra Gutowsky et al., J. Chem. Phys. 21: 279

1953 Proton spectrum of a liquid crystal Spence et al., J. Chem. Phys. 21: 380

1954 Carr–Purcell spin echoes Carr and Purcell, Phys. Rev. 94: 630

1955 Solomon equations for NMR relaxation Solomon, Phys. Rev. 99: 559

1955 Relaxation in the rotating frame Redfield, Phys. Rev. 98: 1787

1957 Redfield theory of relaxation Redfield, IBM J. Res. Dev. 1: 19

1958 Magic angle spinning for high-resolution stud-
ies of solids

Andrew et al., Nature 182: 1659; Lowe, Phys. Rev. Lett. 2: 285

1963 Liquid crystal solvents used in NMR Saupe and Engelert, Phys. Rev. Lett. 11: 462

1964 Deuterium spectrum of a liquid crystal Rowell et al., J. Chem. Phys. 43: 3442

1966 NMR spectrum shown to be Fourier transform 
(FT) of free induction decay (FID)

Ernst and Anderson, Rev. Sci. Instrum. 37: 93

1971 Deuterium spectrum of a membrane Oldfield et al., FEBS Lett. 16: 102

1976 Cross-polarization magic angle spinning for 
solids

Schaeffer and Stesjkal J. Am. Chem. Soc. 98: 1030
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leading to the marvellous portfolio of experiments
in NMR spectroscopy and imaging that are
available today.

Solid-state and liquid crystalline 
samples

The rapid and isotropic motion in normal liquids
averages the anisotropic interactions to zero. The
rapid motion also produces a long spin–spin relaxa-
tion time (T2), and hence a very narrow NMR line.
In most solids there is little or no motion and the
NMR, lines may be split by very large anisotropic
interactions, and will usually have a very short T2,
and hence broad lines. In fact, in the early days of
NMR, studies of solids and liquids were seen to be
quite different activities. Commercial spectrometers
were produced mainly for liquid-state studies, since
it was appreciated that the applications of NMR for
mixture analysis and structure determination by
chemists would be the major market. Spectrometers
were usually designed either to obtain high-resolu-
tion spectra – that is, to resolve the small chemical
shifts and spin–spin couplings exhibited by liquids –
or for solid samples, where magnet homogeneity was
not so important but special techniques were neces-
sary in order to record the very broad line spectra.
The NMR community was divided mainly into those
working with liquids and those looking at solids.

We will restrict our description of the historical
development of the NMR of solids and liquid crys-
tals to showing how the gap between these two com-
munities has narrowed, and indeed now overlaps.
The first steps along this path were taken by
Andrew, Bradbury and Eades in 1958, and by Lowe
in 1959, who showed that rotation of a solid sample
about an angle of 54.7° to the magnetic field can
remove the second-rank, anisotropic contributions
to NMR interactions for spin-  nuclei. This means
that, in principle, the dipolar interaction, which is
entirely a second-rank, anisotropic interaction, and
the anisotropic contribution to the chemical shift can
be removed by using this ‘magic angle’ spinning
(MAS) technique. The spectra obtained show spin-
ning sidebands at the frequency of the rotation
speed, and have intensities that depend on the rela-
tive magnitudes of the rotation speed and the magni-
tude of the interaction being averaged. The early
experiments demonstrated that the spectral lines can
be narrowed to reveal chemical shift differences, and
even in some cases spin–spin couplings, but the sam-
ples that could be studied in this way were limited,
and the method did not find wide application. The
MAS experiment had to wait until 1976 before it
was used to provide high-quality, high-resolution

13C spectra from solid samples. Carbon-13 is a spe-
cial case in being isotopically dilute at natural abun-
dance and so the spectra can easily be simplified by
proton decoupling. This produces spectra from a liq-
uid sample that have a single line for each chemically
equivalent group of carbons. The low isotopic abun-
dance, however, also leads to a low signal-to-noise
ratio, and in liquids it was not until the advent of the
pulse FT method that 13C spectra with a good signal-
to-noise ratios could be obtained by time averaging.
For a solid sample the time averaging is often ineffi-
cient because the ratio of the relaxation times T1/T2

is high. To overcome this problem, Schaefer and Ste-
jskal used an idea proposed and demonstrated by
Hahn and Hartmann in 1962 in which the 13C and
1H nuclei can be made to transfer polarization by
subjecting each of them simultaneously to spin-lock-
ing radiofrequency fields.

In liquid crystalline samples the molecules move
rapidly, so that the NMR interactions are averaged,
but they do not move randomly, and this results in
nonzero averaging of the dipolar couplings, the
chemical shift anisotropies and the quadrupolar
interactions. The first reported observation of a
spectrum from a liquid crystalline sample was by
Spence, Moses and Jain in 1953. It was the proton
spectrum of a nematic sample, and consisted of a
very broad triplet structure and had a low
information content. Ten years later, Englert and
Saupe recorded the 1H spectrum of benzene
dissolved in a nematic solvent and this consisted of a
large number of sharp lines; its analysis gave three,
partially averaged dipolar couplings whose values
could be related to the relative positions of the
protons and the orientational order of the sixfold
symmetry axis of the benzene molecule. The study of
liquid crystals themselves received a boost with the
publication in 1965 by Rowell, Melby, Panar and
Phillips of the spectrum given by the deuterons in a
specifically deuterated nematogen. They obtained
partially averaged quadrupolar splittings, which can
be used to characterize the orientational order of the
deuterated molecular fragments. The realization that
NMR could give useful information about
membranes and model membranes dates from the
late 1960s and early 1970s, and the particularly
valuable role of deuterium NMR in membrane
studies stems from the publication in 1971 of a study
by Oldfield, Chapman and Derbyshire.

Liquid-state NMR

Following the detection of the NMR phenomenon
and the subsequent discovery of the chemical shift



1236 MAGNETIC RESONANCE, HISTORICAL PERSPECTIVE

and spin–spin coupling, NMR emerged as one of the
most powerful physical techniques for determining
molecular structures in solution and for analysing
complex mixtures of molecules. The potential of the
method as a structural tool was almost immediately
recognized. High-resolution NMR spectrometers
were constructed in several laboratories (such as
those of HS Gutowsky, RE Richards and JD Roberts,
and JN Shoolery at Varian Associates) and the pio-
neering efforts of these scientists and others began to
demonstrate the scope of applications of the tech-
nique in chemistry. The success of the method for
chemists derives from the well-defined correlations
between molecular structure and the measured chem-
ical shifts and spin coupling constants. In retrospect,
the achievements of the early workers were truly
remarkable considering that they were working at
such low magnetic fields (30/40 MHz for 1H) so that
spectral dispersion was poor and the sensitivity was
three orders of magnitude less than in present-day
instruments. The ingenious adaptations of their
instruments to increase the stability and resolution
(for example, field-frequency locking, homogeneity
shim coils and sample spinning) were absolutely
essential to allow them to make progress in their
structural determinations. As time progressed, the
sensitivity was boosted initially by increasing the
field strengths and improving the radiofrequency
(RF) circuitry and probe designs, and subsequently
by using spectral accumulation and Fourier
transform methods.

Most of the important milestones in the develop-
ment of the NMR technique for studies of solution
state NMR are given in Table 2. By 1957 NMR was
emerging as a powerful nondestructive analytical
technique capable of providing structural informa-
tion about the environment of more than 100 known
nuclear isotopes. Initially the technique was held
back by its relatively low sensitivity and the com-
plexity of the 1H spectra of larger molecules. In the
late 1950s, although many problems were identified
for NMR study in areas such as polymer chemistry,
organometallic chemistry and even biochemistry, the
method was proving to be grossly inadequate for
tackling them. For example, polymer scientists,
acquired some of the early instruments hoping to
determine stereotacticities and cross-linking in syn-
thetic polymers; in fact it was not until several years
later that improved instrumentation allowed such
problems to be tackled successfully. Meanwhile, the
method was enjoying considerable success in helping
to solve molecular structures of moderately sized
molecules (Mr < 400): it was particularly useful in
natural product chemistry where it became possible
to differentiate between several structures that

satisfied the compositional data. It was also proving
to be a very powerful method for defining stereo-
chemical details of various structures, for example
alkaloids and steroids. Not surprisingly, organic
chemists were immediately attracted to this tech-
nique, which could reveal unresolved structural
details about some of the molecules they had been
studying for decades.

More challenging applications to larger molecules
became possible only with the eventual improve-
ments in sensitivity and spectral simplification.
Although the manufacturers made steady progress in
providing higher and higher field strengths, it was
not until 1966 that a significant impact was made on
the sensitivity problem with the arrival of Fourier
transform methods and the use of dedicated comput-
ers for data acquisition. These methods also facili-
tated studies of less-sensitive nuclei and from 1966 to
1975 13C studies at natural abundance became
routine not only for structural studies but also for
investigating rapid molecular motions (obtaining
correlation times from 13C relaxation studies). Dur-
ing this period, structural determinations of fairly
large molecules (Mr ∼ 3500) became commonplace
and measurements of nuclear Overhauser effects
were frequently used to identify protons that were
near to each other. Fortunately, while this rapid
expansion in applications work was underway, a few
research groups continued to concentrate on under-
standing the basic spin physics. Some of the novel
multipulse techniques developed at this time (such as
INEPT and HMQC for indirect detection of insensi-
tive heteronuclei via proton signals) were to prove of
far-reaching value in eventually simplifying complex
NMR spectra from large macromolecules.

Biological applications of NMR

Biochemists became interested in the NMR tech-
nique long before it could provide them with the de-
tailed information they were seeking. For example,
the first 1H spectrum of a protein was recorded in
1957 and proved to be almost featureless. From
these unpromising beginnings, who would have
predicted that 40 years later the technique would be
used to fully assign the resonances of proteins as
large as 30 kda and to determine their three-dimen-
sional structures? Early workers such as M Cohn,
O Jardetzky and RG Shulman had sufficient vision
to recognize the eventual potential of the method
when they began their pioneering studies on nucleo-
tides, amino acids, peptides, proteins, paramagnetic
ion effects and metabolic applications. In the early
days, brave attempts were made to solve the problem
of signal overlap by studying partially deuterated,
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Table 2 Milestones in the development of solution-state NMR

Date Milestone Literature citation

1949–
1950

Discovery of the chemical shift Knight, Phys. Rev. 76: 1259; Proctor and Yu, Phys. Rev. 77: 
777; Dickinson Phys. Rev. 77: 736

Discovery of spin–spin coupling Proctor and Yu, Phys. Rev. 81: 20; Gutowsky and McCall, 
Phys. Rev. 82: 748; Ramsey and Purcell, Phys. Rev. 85: 143, 
Hahn and Maxwell, Phys. Rev. 84: 1246

1951 Discovery of 1H chemical shifts Arnold et al., J. Chem. Phys. 19: 507 
1952 First commercial NMR spectrometer (30 MHz) Varian
1953 Overhauser effect Overhauser, Phys. Rev. 91: 476
1953 Theory for exchange effects in NMR spectra Gutowsky et al., J. Chem. Phys. 21: 279
1953–58 Sample spinning used for resolution improvement Bloch, Phys. Rev. 94: 496

Field gradient shimming with electric currents Golay, Rev. Sci. Instrum. 29: 313
Magnetic flux stabilization (Varian) Shoolery, Prog. NMR Spectrosc. 28: 37
Variable temperature operation Shoolery, Prog. NMR Spectrosc. 28: 37
Spin decoupling Bloom and Shoolery, Phys. Rev. 97: 1261

1957 Analysis of second-order spectra Gutowsky et al., J. Am. Chem. Soc. 79: 4596; Bernstein et al., 
Can. J. Chem. 35: 65; Arnold, Phys. Rev. 102: 136; Ander-
son, Phys. Rev. 102: 151

1959 Blood flow measurements in vivo Singer, Science 130: 1652
1959 Vicinal coupling constant dependence on dihedral 

angle
Karplus, J. Chem. Phys. 30: 11; 64: 1793

1961 First commercial 60 MHz field/frequency locked spec-
trometer (Varian A 60)

Varian

1962 First superconducting magnet NMR spectrometer 
(Varian 220 MHz)

Varian

1962 Indirect detection of nuclei by heteronuclear double 
resonance (INDOR)

Baker, J. Chem. Phys.  37: 911

1964 Spectrum accumulation for signal averaging Ernst, Rev. Sci. Instrum. 36: 1689
1965 Nuclear Overhauser enhancements (NOEs) used in 

conformational studies
Anet and Bourn, J. Am. Chem. Soc. 87: 5250

1966 Fourier Transform (FT) techniques introduced Ernst, Rev. Sci. Instrum. 36: 1689; Ernst and Anderson, Rev. 
Sci. Instrum. 37: 93

1969 First commercial FT NMR spectrometer (90 MHz) Bruker
1969 Lanthanide shift reagents used in NMR Sievers, NMR Shift Reagents, Academic Press
1970–75 13C studies at natural abundance become routine
1970 First commercial FT spectrometer with superconduct-

ing magnet (270 MHz)
Bruker

1971 Pulse sequences for solvent signal suppression Platt and Sykes, J. Chem. Phys. 54: 1148 
1971 Two-dimensional (2D) NMR concept suggested Jeener
1972 13C studies of cellular metabolism Matwiyoff and Needham, Biochem. Biophys. Res. Commun. 

49: 1158 
1973 31P detection of intracellular phosphates Moon and Richards, J. Biol. Chem. 248: 7276
1973 NMR analysis of body fluids and tissues Moon and Richards, J. Biol. Chem. 248: 7276; Hoult et al. 

Nature 252: 285
1973 360 MHz superconducting NMR spectrometer Bruker
1974 2D NMR techniques developed Aue et al., J. Chem. Phys. 64: 229
1976 Early NMR studies on body fluids and tissues Moon and Richards, J. Biol. Chem. 248: 7276; Hoult et al., 

Nature 252: 285
1976–79 31P studies of muscle metabolism Burt et al., J. Biol. Chem. 251: 2584; Burt et al., Science 195: 

145; Garlick et al. Biochem. Biophys. Res. Commun. 74: 
1256; Jacobus et al., Nature 265: 756; Hollis and Nunnally, 
Biochem. Biophys. Res. Commun. 75: 1086; Yoshizaki, J. 
Biochem. 84: 11; Cohen and Burt, Proc. Natl. Acad. Sci. 74: 
4271; Sehr and Radda, Biochem. Biophys. Res. Commun. 
77: 195; Burt et al., Annu. Rev. Biophys. Bioeng. 8: 1

1977 First 600 MHz spectrometer Carnegie Mellon University
1979 Detection of insensitive nuclei enhanced by polariza-

tion transfer (INEPT)
Morris and Freeman, J. Am. Chem. Soc. 101: 760
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large biological macromolecules at ever-increasing
field strengths. However, a general solution to the
signal overlap problem became available only with
the arrival of multidimensional NMR methods.

The most important breakthrough came in 1975
with the development of the first two-dimensional
(2D) NMR experiments, which had the capability of
both simplifying complex spectra and also establish-
ing correlations between nuclei connected either by
scalar spin coupling through covalent bonds (COSY
spectra) or by dipole–dipole relaxation pathways
through space (NOESY spectra). These 2D experi-
ments allowed the assignment of complex NMR
spectra and provided distance information for use in
structural calculations. The eventual demonstration
of the full potential of these methods was made by
Wüthrich and co-workers, which eventually led to
the first determination of a complete structure for a
globular protein in solution.

The extension of the multidimensional NMR ap-
proach to larger proteins was subsequently made
possible by the development of 3D- and 4D-NMR
techniques incorporating INEPT and HMQC pulse
sequences that were applied to 13C- and 15N-labelled
proteins. These latter developments were made at
NIH by Bax and Clore and their co-workers. These
multidimensional NMR methods provide the
spectral simplification required to completely assign
the spectra of proteins of up to 30 kDa and to deter-
mine their structures to a resolution similar to the

0.20 nm resolution X-ray structure (see the relevant
milestone experiments in Table 2). Using the modern
techniques, detailed structural and dynamic informa-
tion can now be routinely obtained for complexes of
proteins formed with nucleic acids and other ligands
with overall molecular masses of ∼ 30kDa.

In the early 1970s a completely new area of NMR
was opened by reports (by Moon and Richard and by
Hoult and co-workers) showing that it was possible
to record high-resolution 31P NMR spectra on cells
and intact organs. This led to an exciting area of
research into metabolic processes that allows the
chemistry within living cells to be monitored directly.
These methods have reached the stage where they can
be used to diagnose disease, to monitor biochemical
responses to exercise and stress, and even to follow
the effects of drug therapy by using repeated non-
invasive examinations. The possibility of combining
this approach with spatial localization techniques in
whole-body magnetic resonance imaging (MRI)
presents enormous opportunities for future work.

Magnetic resonance imaging (MRI)

Many of us can recall the great intellectual excite-
ment that accompanied the publication of the early
NMR experiments in 1973 showing how spatial
information can be encoded into NMR signals. In
particular, the simple approach adopted by Paul
Lauterbur of using field gradients to produce the

Table 2 Continued

Date Milestone Literature citation

1979 Detection of heteronuclear multiple quantum 
coherence (HMQC)

Mueller, J. Am. Chem. Soc. 101, 4481; Burum and Ernst, J. 
Magn. Reson. 39: 163

1979 500 MHz superconducting spectrometer Bruker

1980 Surface coils used for in vivo NMR studies Ackerman et al., Nature 283: 167

1980 Pulsed-field gradients used for coherence selection Bax et al., Chem. Phys. Lett. 69: 567

1981 NMR used to diagnose a medical condition Ross et al., N. Engl. J. Med. 304: 1338

1981–83 Perfusion methods used for NMR studies of cell 
metabolism

Ugurbil et al., Proc. Natl. Acad. Sci, 78: 4843; Foxall and Cohen, 
J. Magn. Reson. 52: 346

1982 Full assignments obtained for small protein Wagner and Wüthrich, J. Mol. Biol. 155: 347

1983 First 3D-structures of proteins from NMR data Williamson et al., J. Mol. Biol. 182: 195; Braun et al., J. Mol. Biol. 
169: 921

1987 600 MHz superconducting spectrometer Bruker; Varian; Oxford Instruments

1988 2D-NMR combined with isotopically labelling for full 
assignments of proteins

Torchia et al., Biochemistry 27: 5135

1988 Whole-body imaging and spectroscopy at 4.0 T Barfuss et al., Radiology 169: 811

1989 3D-NMR on isotopically labelled proteins Marion et al., Biochemistry 28: 6150

1990 4D-NMR on isotopically labelled proteins Kay et al., Science 249: 411

1990 Pulsed-field gradients routinely incorporated into 
pulse sequences

Bax et al., Chem. Phys. Lett. 69: 567; Hurd, J. Magn. Reson. 87: 
422

1992 750 MHz spectrometers Bruker; Varian; Oxford Instruments

1995 800 MHz spectrometer Bruker
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spatial resolution required to give a two-dimensional
image of water in glass tubes was a brilliant example
of lateral thinking that provided a completely new
way of viewing the NMR experiment. Even in the
very early days, the pioneering workers in MRI (the
word ‘nuclear’ having been dropped because it was
thought that it would suggest to the patients that
radioactivity was involved) realized that the tech-
nique would make its largest contribution in the area
of noninvasive clinical imaging. By 1977 the first
images of the human body were being reported, one
of the earliest being that of a wrist showing features
as small as 0.5 cm. At first the method was greeted
with much scepticism because its sensitivity perform-
ance compared unfavourably with the well-estab-
lished X-ray CT scanning methods: however, rapid
instrumental advances soon allowed the MRI tech-
nique to show its full potential, particularly in the
ability to provide high-contrast images for soft tis-
sues and tissues in areas surrounded by dense bone

structures. The development of the echo planar
imaging (EPI) method by Mansfield and his
co-workers allowed well-resolved images to be
obtained from a single pulse and this opened up
many new applications requiring short examination
times, such as in heart, abdomen and chest imaging.
Other important milestones in the development of
the MRI technique are summarized in Table 3.
There are now many applications where MRI is the
favoured imaging method (such as brain scanning
for detecting encephalitis or multiple sclerosis (MS)
and for monitoring therapy treatment of MS). Most
of the images examined are based on detecting 1H
nuclei. However, recent high-quality images of the
airways in human lungs have been provided by
helium or xenon images obtained after inhalation of
the polarized inert gases by the patient. Another
recent and exciting application, called functional
MRI, attempts to study the working of the human
brain; by stimulating the brain either through the

Table 3 Milestones in the development of magnetic resonance imaging (MRI) 

Date Milestone Literature citation

1973 Spin-imaging methods proposed Lauterbur, Nature 242: 190; Mansfield and Grannell, 
J. Phys. C 6: L422; Damadian, NMR in Medicine, 
Springer-Verlag

1973 NMR diffraction used for NMR imaging Mansfield and Grannell, J. Phys. C 6: L422

1973 Zeugmatography; first two-dimensional NMR image Lauterbur, Nature 242: 195

1974 Sensitive point imaging method Hinshaw, Phys. Lett. 48: 87

1974 2D NMR techniques developed Aue et al., J. Chem. Phys. 64: 229

1975 Slice selection in imaging by selective excitation Garroway et al., J. Phys. C 7: L457; Sutherland and Hutchin-
son, J. Phys. E 11: 79; Hoult, J. Magn. Reson. 35: 69

1975 Fourier zeugmatography Kumar et al., J. Magn. Reson. 18: 69

1977–80 Spin-imaging of human limbs and organs Wehrli, Prog. NMR Spectrosc. 28: 87

1977 Echo-planar imaging Mansfield and Pykett, J. Magn. Reson. 29: 355

1977–78 Whole-body scanning

1979 Chemical shift imaging Cox and Styles, J. Magn. Reson. 40: 209 Brown et al., Proc. 
Natl. Acad. Sci. 79: 3523 Maudsley et al., J. Magn. Reson. 
51: 147 Mauldsley et al., Siemens Forsch. Entwickl-Ber. 8: 
326

1980 Spin-warp imaging Edelstein et al., Phys. Med. Biol. 25: 751

1980 3D-projection reconstruction Lai and Lauterbur, J. Phys. E 13: 747

1983 Whole-body imaging at 1.5 T Hart et al., Am. J. Roentgenol. 141: 1195

1984–87 Gradient methods used for spatial localization Bottomley, US Patent 480/228; Ordidge et al., J. Magn. 
Reson. 60: 283; Frahm et al., J. Magn. Reson. 72: 502

1984 Combined imaging and spectroscopy on human brain Bottomley et al., Radiology 150: 441

1985 FLASH imaging Haase et al., J. Magn. Reson. 67: 258

1985 Magnetic resonance (MR) angiographic images Wedeen et al., Science 230: 946

1986 NMR microscopy imaging on live cell Aguayo et al., Nature 322: 190

1987 Echo-planar imaging at 2.0 T Pykett and Rzedian, Magn. Res. Med. 5: 563

1988 Whole-body imaging and spectroscopy at 4.0 T Barfuss et al., Radiology 169: 811

1991 Functional MR-detection of cognitive responses Belliveau et al., Science 254: 716; Prichard et al., Proc. Natl. 
Acad. Sci. 88: 5829

1993 NMR microscopy using superconducting receiver coil Black et al., Science 259: 793

1994 Use of polarized rare gases in spin-imaging Albert et al., Nature 370: 199
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senses or by thought processes, it is possible to detect
changes in MRI images of the brain. These are
related to changes in oxygen levels in the blood
induced in specific locations of the brain. This type
of experiment opens up exciting possibilities for
studying the human brain in action.

MRI scanners are now increasingly being used not
only in research hospitals but also in the general
hospital environment. The high-profile use of MRI
as a major health-care tool has certainly increased
the public awareness of NMR and drawn proper
attention to the versatility of this exceptional
phenomenon.

List of symbols

m = magnetic quantum number; T1 = spin–lattice re-
laxation time; T2 = spin–spin relaxation time.

See also: Cells Studied By NMR; In Vivo NMR, Appli-
cations, Other Nuclei; In Vivo NMR, Applications, 31P;

In Vivo NMR, Methods; Labelling Studies in Biochem-
istry Using NMR; Liquid Crystals and Liquid Crystal
Solutions Studied By NMR; Macromolecule–Ligand
Interactions Studied By NMR; Membranes Studied By
NMR Spectroscopy; MRI Applications, Biological;
MRI Applications, Clinical; MRI Instrumentation; MRI
Theory; NMR in Anisotropic Systems, Theory; NMR of
Solids; NMR Spectrometers; NMR Pulse Sequences;
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Introduction

Mass spectrometry has made many notable contribu-
tions to chemistry from the chemical physics of small
molecules to the structures of large biomolecules. It is
an instrument in which ions in a beam are separated
according to their mass/charge ratio (m/z). Its humble
beginnings lay in the works of physicists at the turn
of the century. Up to the Second World War mass
spectrometry was the province of the physicists along
with a small band of physical chemists. However, the
demands for accurate evaluation of the composition
of aircraft fuel during the Second World War led to
its extensive application to hydrocarbon analysis.
Heartened by the success in this area, operators were
encouraged to put ‘dirty’ organic chemicals in their
instruments and so organic mass spectrometry was
born. These developments were largely owing to the
manufacturers responding to the demands for instru-
ments to meet the needs of the chemists. The intro-
duction of high-resolution instruments led to the
developments of ion chemistry. This took place in the
decades 1950–1980. By this time the mass spectro-
metric study of large organic molecules had been
achieved and the prevailing interest switched to bio-
molecules – a good source of financial support in
view of their medical relevance.

One of the important aspects of the development
of mass spectrometry was the camaraderie (occas-
sionally blighted by periods of frustration) that
existed between the users and the manufacturers.
This was nurtured by the introduction of user’s meet-
ings by Associated Electrical Industries (an offshoot
of Metrovick). The users would foregather with the
engineers responsible for instrumental development
to explain their problems and requirements for
instrument development. The author remembers well
the confidence he gained from learning that his prob-
lems were not unique – other users had them too!
Instrumental development was stimulated by the
demands of the users and if the suggested instrumen-
tation could be satisfactorily produced it soon
became available. This made it an exciting period to
live through.

The beginnings

Thomson

The origins of mass spectrometry lie in the work
done in the Cavendish Laboratory in Cambridge by
JJ Thomson and his colleagues at the start of the
twentieth century on electrical discharges in gases.
The first relevant work was the discovery of the
electron, using a cathode ray tube. The rays from the
cathode pass through a slit in the anode (Figure 1)
and after passing through another slit pass between
two metal plates and on to the wall of the tube. This
wall had been treated with a phosphorescent mate-
rial which glows where the beam strikes it. The beam
can be diverted by applying a potential difference
between the plates and also by superimposing a mag-
netic field. By adjusting the two fields so that there is
no displacement of the beam Thomson was able to
show that the particles carried a negative charge of
around 1011 C kg–1. Goldstein in 1886, using a per-
forated cathode, was able to show that there was
always a beam travelling in the opposite direction to
that of the electrons – the so called kanalstrahlen.
Later, Wien showed that these were positively
charged particles and concluded that they were posi-
tive ions. Thomson decided to investigate these parti-
cles. His positive ray apparatus (1912) is shown in
Figure 1. A is a discharge tube producing positive
ions which then pass through the cathode B and after
collimation in the narrow tube BN are subjected to
superimposed electric and magnetic fields (M,M′
P,P′). The displaced beams then travel to the fluores-
cent screen G where their effect is observed.

Figure 1 Thomson’s cathode ray tube.

MASS SPECTROMETRY
Historical Overview
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In Figure 2 the parabola formed by the top and
bottom branches on the left-hand side are due to
neon. Under better resolution they show the presence
of isotopes at masses 20 and 22. Isotopes had previ-
ously been observed in studies of radioactivity.
Thomson encouraged a research student in the
Cavendish Laboratory, FW Aston, to build a mass
spectrograph for further studies of stable isotopes.
The research was interrupted by the war of 1914–
1918 and so the work was not published until 1923.

Aston

His spectrograph is shown diagrammatically in
Figure 3. A beam of ions passes through the colli-
mating slits S1, S2 into an electric field P1, P2. It then
enters a magnetic field centred upon M and the di-
vergent beam is brought to focus on a photographic
plate P. The geometry ensures that, irrespective of
the velocity of the ions, they are brought to a sharp
focus on the photographic plate. This is known as
velocity focusing. By 1923 Aston had realized that
deviations from integral values of the relative molec-
ular masses (Prout’s Rule) were of considerable
importance for the study of nuclear structure. How-
ever, as will be seen later, they were of inestimable
importance in the development of organic mass spec-

trometry. Current values for some atoms are shown
in Table 1 (12C = 12.000 000).

Dempster

In 1918, a Canadian working in the University of
Chicago (AJ Dempster) developed a different type of
apparatus for investigating positive rays (Figure 4).
It involved a 180° magnetic field. Ions produced by
the filament in G are accelerated into the magnetic
field through S1 and pass through S2 and hence to the
collector E. Such a geometry gives rise to direction
focusing – ions will arrive at the collector irrespec-
tive of the direction they enter the magnetic field.
The experimental arrangement is described by the
fundamental equation of sector mass spectrometry
(Eqn [1]), namely

where m is the mass of the ion, z its charge, B the
magnetic field strength and R the radius of the
magnetic field. A fundamental difference between

Figure 2 The parabolae.

Figure 3 Aston’s mass spectrograph.

Table 1 Accurate masses of some common atoms

Atom Relative atomic mass

Hydrogen 1.007 825
Carbon 12.000 000
Nitrogen 14.003 074
Oxygen 15.994 915
Fluorine 18.888 405
Sulfur 31.972 074

Figure 4 Dempster’s mass spectrometer.
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Aston’s instrument and that of Dempster is that
Aston’s spectra are obtained instantaneously where-
as Dempster’s have to be scanned. This can be done
simply in two ways, either by scanning the electric
field at constant magnetic field or by scanning the
magnetic field at constant electric field (more sophis-
ticated methods of scanning have been developed,
leading to a better understanding of mass spectro-
metric processes). Most sector mass spectrometers
use the latter method.

Instrumental development

The basic mass spectrometer

In the mass spectrometer shown in Figure 5 the sam-
ple is held in the reservoir and led into the ionization
chamber via a leak. On ionization the ions are
accelerated into the magnetic sector and eventually
arrive at the collector. The current is amplified and
recorded.

JJ Thomson was very percipient in predicting
organic mass spectrometry in 1913. He wrote in his
book Rays of Positive Electricity and their Applica-
tion to Chemical Analysis. “I have described at some
lengths the applications of positive rays to chemical

analysis: one of the main reasons for writing this
book was the hope that it might induce others and
especially chemists, to try this method of analysis. I
feel sure that there are many problems in chemistry
which could be solved with much greater ease by this
than by any other method. This method is surpris-
ingly sensitive – more so even than that of spectrum
analysis, requires an infinitesimal amount of materi-
al and does not require this to be especially purified;
the technique is not difficult if appliances for pro-
ducing high vacua are available . . .”. It is a reflection
upon the chemists of the period that it took thirty
years for Thomson’s predications to be verified.

One difficulty was that the apparatus, simple to a
physicist, appeared very complex to a chemist. The
application of mass spectrometry of chemistry had to
await the commercial production of instruments. The
impetus came in the 1940s when the war effort
demanded rapid and accurate hydrocarbon analysis
in connection with aviation fuels. The next big step
came in the 1950s when it was realized that in addi-
tion to quantitative analysis the technique could be
used for the qualitative (structural) analysis of
organic compounds. A certain resistance had to be
overcome to induce mass spectrometrists to put
‘dirty’ compounds into their instruments rather than
‘clean’ hydrocarbons. This gave mass spectrometer
manufacturers a further impetus to develop more and
more advanced instruments and led to a new disci-
pline – organic mass spectrometry.

Before the advent of the mass spectrometer the
determination of the relative molecular mass (Mr) of
an organic compound was performed by quantita-
tive analysis (empirical formula) and a rough Mr was
used to decide the number of empirical formula to
make up the molecular formula. With the mass
spectrometer the Mr could be determined directly:
however, there was more to come. It was noted
earlier that the relative atomic masses of atoms were
slightly different from integer values. If the Mr of a
compound could be accurately determined then
there would be only one formula that would be con-
sistent with it. So it was up to the manufacturers to
produce instruments with sufficiently high resolution
to be able to separate these values. A word about
resolution or resolving power is appropriate here.
Although there is no generally accepted definition,
one that is widely used is the 10% valley definition.
If two peaks of equal height are separated by ∆m and
the valley between them is 10% of the peak height
then the resolving power is said to be m/∆m. If one
considers the doublet at m/z 28 corresponding
to C2H4 and N2, ∆m is (28.031 299 −28.006 158) =
0.025 141. Thus m/∆m = 1114 and a resolving
power of about 1000 would be required to separateFigure 5 A single focusing mass spectrometer (MS2).
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the two peaks. The search for higher and higher res-
olution led to the introduction of a double focusing
mass spectrometer. It has been seen that while
Aston’s mass spectrograph gives velocity focusing,
Dempster’s mass spectrometer gave direction focus-
ing. Nier and Roberts developed a geometry which
ensured both velocity and direction focusing. This
geometry formed the basis of the MS9 (Associated
Electrical Instruments, AEI) (Figure 6) which for
many years was the workhorse of the organic mass
spectrometrists. Initially it had resolving power of
10000 but with modifications this value was raised
tenfold. It became apparent that it would be advan-
tageous if the ion beam could be selected before its
subsequent analysis. This gave rise to the ZAB series
of mass spectrometers (Vacuum Generators). These
instruments also had the advantage of the ion beam
being in the horizontal plane (the AEI instruments
had the ion beam in the vertical plane) which made it
much easier to add additional sectors when required.

Representation of mass spectra

The bar diagram

Mass spectra are usually represented by bar diagrams
on which the relative intensity of peak or the relative
abundance of an ion is plotted against the m/z value
(Figure 7). The molecular peak [M]•+ is the one cor-
responding to the M r of the compound and the base
peak is the most intense one in the spectrum. A fur-
ther alternative is the use of the fraction of the total
ion current carried by the ion in question. In the early
days of mass spectrometry the operator had to labo-
riously develop the trace recorded on photographic
paper or equally laboriously plot the ion current
against the m/z ratio. More recently the spectra are

electronically recorded and can be plotted out
according to the whim of the operator.

The anatomy of a mass spectrometer

The components of a mass spectrometer

The mass spectrometer consists essentially of a
source, which produces a beam of ions, an analyser
which separates the beam according to the m/z ratio
and a collector which determines the fraction of the
total ion current carried by each of the ions.

Sector instruments

The source Probably the most widespread method
of ion production is by electron impact. The other
fundamental, though little used method, is that of
photoionization. In recent years a number of other
methods have been developed, such as fast atom
bombardment (FAB) and electrospray (ES) both of
which are known as ‘soft’ methods of ionization in
that they transfer relatively little energy to the ion. A
bonus with ESMS lies in the fact that multiply
charged ions are produced, thus extending the mass
range. Thus, for an ion m20+ the effective mass range
will be 20 times that of a singly charged ion. These
two techniques have had considerable application in
biological and medical mass spectrometry. An alter-
native soft ionization method is to use low-energy
electrons in impact ionization. If the measurements
are also carried out using a cooled source the process
produces what are known as LELT (low energy, low
temperature) spectra.

In the electron impact source a beam of electrons
(usually 70 eV) impacts the gaseous substrate under
investigation and removes an electron from it, thus
producing an ion. This is a drastic method sinceFigure 6 A double focusing mass spectrometer (MS9).

Figure 7 Mass spectrum of [HCONHC(CH3)3].
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ionization energies are usually of the order of 10 eV
and chemical energies of the order of a few volts.
The processes occurring are:

Process [2] represents ionization to form the molecu-
lar ion while [3] represents fragmentation to form an
even electron ion and [4] represents fragmentation to
form an odd electron ion. In writing equations for
fragmentation it is essential that ‘electron bookeep-
ing’ be maintained. What is shown here is primary
fragmentation – the ions F+ can further fragment to
give secondary fragments and so on.

The analyser It has been seen that a transverse
magnetic field can separate an unresolved beam of
ions according to their m/z values (Figure 5). Such a
system gives direction focusing. An electric field (see
Figure 6) can give direction focusing and so lead to a
double focusing mass spectrometer capable of high-
resolution measurements. 

The collector The usual collector is an electron
multiplier which can give gains of 107 or more. The
output is sent to a recorder or data system. An
earlier form is the Faraday cup which collects the
electrons – the current then being amplified and
recorded.

The quadrupole

Originally the tool of physicists and physical chem-
ists, now with improved electronics the quadrupole
mass spectrometer has become an essential
instrument for biological and biomedical research.
Originally described as a mass filter, it operates by
using a combination of a quadrupole static electric
field and a radiofrequency field which combine to
focus an ion beam on a collector.

The ion trap

This device is related to the quadrupole, being a
three-dimensional quadrupole. The ion trap con-
sists of a hyperbolic ring electrode (doughnut) and
two hyperbolic end electrodes. To obtain a spectrum
a variable amplitude radiofrequency is applied to
the doughnut whilst the end plates are grounded. As

the amplitude is increased ions of increasing m/z are
collected.

The time-of-flight mass spectrometer

In this instrument ions produced in the source are
accelerated to a given velocity. The unresolved beam
is then injected into a field-free region and the ions
drift towards the collector. The velocities will be
inversely proportional to the square roots of the
masses. This means that a pulse of ions will split up
according to the ionic masses. The unresolved beam
thus becomes resolved in time. Provided that the
response time of the electronics is sufficiently fast a
spectrum can be recorded. Obviously an average
over many such pulses is necessary to provide a
reliable signal. Once again the electronics lie at heart
of this problem, which demands very fast amplifiers.
Initially the time-of-flight mass spectrometer (TOF)
was the province of physicists and later of chemists
but, with the tremendous advance in electronics,
instruments are now produced that are capable of
routine operation by relatively untrained operators.

The ion cyclotron resonance mass spectrometer

An ion cyclotron resonance (ICR) spectrometer
creates a pulse of ions in a magnetic field. These are
brought into resonance by scanning the applied
radiofrequency. From the cyclotron resonance fre-
quency and the magnetic field strength the m/z ratio
can be calculated. The use of a fast Fourier trans-
form (FT-ICR) refines the method.

The energetics of ionization and 
fragmentation

The thermochemistry of ions

Just as the thermochemistry of neutral molecules has
led to an understanding of the structure, stability
and kinetics of chemical species, the thermochemis-
try of ions has led to a corresponding understanding
of ionic species in the gas phase. Thus the enthalpy
of formation (∆fΗ º(M•+) of the molecular ion is
given by Equation [5].

where IE(M) is the ionization energy of the molecule
and ∆fΗ º is the enthalpy of formation of the neutral
molecules. Holmes and co-workers have published a
very useful algorithm for estimating the enthalpies of



1246 MASS SPECTROMETRY, HISTORICAL PERSPECTIVE

formation of odd electron ions. Some typical values
for hydrocarbons are shown in Table 2. The agree-
ment between experimental and theoretical values is
excellent. Often the enthalpies of formation of the
substrate molecule are not known and so recourse
has to be made to empirical methods such as that of
Benson for estimation of the value.

In the case of the even electron ions one has,
mainly, to have recourse to experimentally
determined values. The enthalpies of formation of
the even electron ions are given by Equation [6]
where the appearance energy is represented by
AE(F+), with ∆fΗ º(F•+), ∆fΗ º(F•)and ∆fΗ º(M) being
the enthalpies of formation of the ion, the radical
and the molecule. 

In Equation [6] the inequality may be replaced by the
equality in most instances. Some values for the
primary carbonium ions are shown in Table 3.
Values such as these can then be used in calculating
ionization and appearance energies. These are,
respectively, the lowest energy at which the
molecular ion appears and the lowest energy at
which a fragment ion appears. Thus the ionization

energy is given by: 

on rearranging Equation [5]. Similarly, the
appearance energy is obtained by rearranging
Equation [6].

Holmes and Lossing have developed an ingenious
method of measuring the enthalpies of formation of
neutrals by a further rearrangement of Equation [6].
This is extremely useful where the enthalpy of forma-
tion of the neutral has not been measured. The
method depends on measuring the appearance energy
of a fragment ion produced from different sources

and using the average value in Equation [6b].

Metastable ions

It will be seen in Figure 6 that there are two impor-
tant field-free regions (FFR) in the double focusing
mass spectrometer, namely between the source and
the electric analyser (FFRI) and between the electric
and magnetic analysers (FFR2). It may so happen
that in flight an ion decomposes in FFR2 in which
case a diffuse peak appears in the mass spectrum at
the position m/z given by Equation [7] 

for process [8]. A typical metastable peak is shown
in Figure 8 for the process

The appearance of a metastable peak is confirma-
tion of a fragmentation route, but absence of the
peak does not indicate the absence of a fragmenta-
tion. The reason is that metastable ions are relatively
long lived. If the fragmentation is rapid no
metastable will be seen. A special scan, keeping B/E
constant, will record all the daughter peaks resulting
from a given parent ion. Equally, a scan keeping B2/E
constant will give all the progenitors of a given peak.

Table 2 The enthalpies of formation of n-alkane molecular ions

Molecule ∆fH° (M•+) (kJ mol–1)a ∆fH°(M•+) (kJ mol−1)b

CH4 1142 1142
C2H6 1025 1021
C3H8 954 950
C4H10 891 895
C5H12 854 854
C6H14 816 816
C7H16 778 778
a Experimental value.
b Theoretical value.

Table 3 Some values of the enthalpies of formation of carbon-
ium ions

a Estimated value.

Molecule ∆fH° (F•+) (kJ mol−1)

CH3 1092
C2H5 916
C3H7 870
C4H9 841
C5H11 812a

C6H13 791a

C7H15 766a
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These scans are very useful in mapping out the frag-
mentation patterns of a given ion.

Collision induced dissociation

Another means of producing fragmentation involves
collision processes – bimolecular as compared with
the unimolecular processes previously discussed. In
this method a beam of energetic ions is brought into
collision with neutral molecules and fragmentation
results – collision induced dissociation (CID). The
spectra thus obtained were complex since they
derived from an unresolved beam of ions. It was
realized that it would be advantageous if the ions for
collision were separated from the unresolved beam.
This led to the development of a reversed geometry
instrument – the ZAB, produced by Vacuum Genera-
tors. Finally there was the introduction of
multisector instruments which gave rise to the tech-
nique of mass spectrometry–mass spectrometry (MS-
MS). CID has proved very useful in assigning struc-
tures to fragment ions.

The future

Further developments in fundamental mass spec-
trometry will have to await for universities to return

to their basic task – the pursuit of fundamental
research. At the present time many workers in the
field have to design their research to attract funds.
This often leads to hack research – not always in the
best interest of the subject or the scientists. It is to be
hoped that the new millennium will see the universi-
ties of the world returning to their proper research
areas, namely fundamental research. Only in this way
will mass spectrometry develop in its fundamental
aspects which in turn will lead to new and more
powerful techniques.

The literature of mass spectrometry

1968 saw the first of the journals devoted to mass
spectrometry. Organic Mass Spectrometry (OMS)
and the International Journal of Mass Spectrometry
and Ion Physics (IJMSIP). Later OMS spawned Bio-
medical Mass Spectrometry (BMS). IJMSIP has since
changed its name to The International Journal of
Mass Spectrometry and Ion Processes and latterly to
the International Journal of Mass Spectrometry,
while OMS and BMS have been incorporated in the
Journal of Mass Spectrometry. The American Society
for Mass Spectrometry has produced a Journal –
Journal of the American Society for Mass Spectro-
metry. To facilitate rapid publication, Rapid
Communications in Mass Spectrometry was born –
the authors nominate their own referees.

List of symbols

B = magnetic field strength; m = mass of an ion;
R = radius of the magnetic field; V = electric field
strength; z = charge on an ion,; ∆fHº = enthalpy of
formation.

See also: Chemical Ionization in Mass Spectrometry;
Fast Atom Bombardment Ionization in Mass Spec-
trometry; Fragmentation in Mass Spectrometry; Ion
Structures in Mass Spectrometry; Ion Trap Mass
Spectrometers; Ionization Theory; Ion Energetics in
Mass Spectrometry; Ion Collision Theory; Metastable
Ions; Quadrupoles, Use of in Mass Spectrometry;
Sector Mass Spectrometers; Statistical Theory of
Mass Spectra; Time of Flight Mass Spectrometers.
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Figure 8 A metastable in the mass spectrum of anisole.
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Mass Transport Studied Using NMR Spectroscopy

See Diffusion Studied Using NMR Spectroscopy.

Materials Science Applications of X-Ray
Diffraction

Åke Kvick, European Synchrotron Radiation Facility, 
Grenoble, France

Copyright © 1999 Academic Press

The X-ray diffraction technique is widely used in
structural characterization of materials and serves as
an important complement to electron microscopy,
neutron diffraction, optical methods and Rutherford
backscattering.

The early uses were mainly in establishing the crys-
tal structures and the phase composition of materials
but it has in recent years more and more been used to
study stress and strain relationships, to characterize
semiconductors, to study interfaces and multilayer
devices, to mention a few major application areas.

One of the important advantages of X-ray diffrac-
tion is that it is a nondestructive method with pene-
tration from the surfaces into the bulk of the
materials. This article will outline some of the most
important areas including some rapidly developing
fields such as time-dependent phenomena and per-
turbation studies.

X-ray sources

X-rays are electromagnetic in nature and atoms have
moderate absorption cross-sections for X-ray radia-
tion resulting in moderate energy exchange with the

materials studied, making diffraction a nondestruc-
tive method, in most cases.

Traditionally X-rays are produced by bombarding
anode materials with electrons accelerated by a
>30 kV potential. The collision of the accelerated
electrons produces a line spectrum superimposed on
a continuous spectrum called bremsstrahlung.

The line spectrum is characteristic of the bom-
barded anode material and has photon intensities
much higher than the continuous spectrum. The
characteristic lines are generated by the relaxation of
excited electrons from the electron shells and are la-
belled K, L, M, etc. and signify the relaxation L to K,
M to K, etc.

A table of available laboratory wavelengths is
given in Table 1.

The increased importance of X-ray diffraction in
materials science is coupled to the recent emergence
of a new source of X-rays based on synchrotron
radiation storage rings. The synchrotron radiation is
produced by the bending of the path of relativistic
charged particles, electrons or positrons, by magnets
causing an emission of intense electromagnetic radia-
tion in the forward direction of the particles. The

HIGH ENERGY 
SPECTROSCOPY

Applications
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photons are generated over a wide energy range
from very long wavelengths in the visible to hard X-
rays up to several hundred keV.

The radiation is very intense and exceeds the avail-
able normal laboratory sources by up to 6 or 7 or-
ders of magnitude. The synchrotron storage rings
used for the radiation production, however, are large
and expensive, with facilities characterized by stor-
age rings with a circumference up to more than one
thousand metres.

The main advantages of synchrotron radiation are:
1. continuous radiation up to very high energies

(>100 keV);
2. high intensity and brightness;
3. pulsed time structure down to picoseconds;
4. high degree of polarization.

Figure 1 illustrates a modern synchrotron facility
with many experimental facilities in a variety of
scientific areas from atomic physics to medicine.

Figure 2 compares the brightness of the available
X-ray sources.

X-ray diffraction

The diffraction method utilizes the interference of
the radiation scattered by atoms in an ordered struc-
ture and is therefore limited to studies of materials
with long-range order.

The incoming X-ray beam can be characterized as
a plane wave of radiation interacting with the
electrons of the material under study. The
interaction is both in the form of absorption and
scattering. The scattering can be thought of as
spheres of radiation emerging from the scattering
atoms. If the atoms have long-range order the
separate ‘spheres’ interfere constructively and
destructively producing distinct spots, Bragg
reflections, in certain directions.

The specific scattering angles, θhkl, carry informa-
tion on the long-range ordering dimensions and the
intensity gives information on the location of the
electrons within that order.

Table 1 Radiation from common anode materials

The value α is a mean of the Kα1 and Kα2 emissions. The synchro-
tron radiation is continuous and the range is the most commonly
used. The range may be extended on both sides.

Radiation Wavelength (Å) Energy (keV)

Ag Kα 0.5608 22.103
Pd Kα 0.5869 21.125
Rh Kα 0.6147 20.169
Mo Kα 0.7107 17.444
Zn Kα 1.4364 8.631
Cu Kα 1.5418 8.041
Ni Kα 1.6591 7.742
Co Kα 1.7905 6.925
Fe Kα 1.9373 6.400
Mn Kα 2.1031 5.895
Cr Kα 2.2909 5.412
Ti Kα 2.7496 4.509
Synchrotron ∼0.05–3  4.300

Figure 1 Beam lines at the European Synchrotron Radiation
Facility in Grenoble, France.

Figure 2 The brightness defined as photons/s/mm2/mrad2/
0.1% energy band pass for conventional and synchrotron X-ray
sources. ESRF denotes the European Synchrotron Radiation
source in Grenoble, France.
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The basis for all material science studies using
X-ray diffraction is Bragg’s law: 

where λ is the wavelength of the incoming radiation,
dhkl is the spacing of the (hkl) atomic plane and θ is
the angle of the diffracting plane where constructive
interference occurs. (see Figure 3).

Differentiation of Bragg’s law gives the expression:

which is an important formula relating the observed
changes in scattering angles to structural changes in
the material.

The penetration depth of the probing radiation is
an important parameter in designing a diffraction
experiment. The penetration depth is associated with
the absorption of the radiation, which is a function of
the absorption cross-section of the material under
study. The absorption can be calculated by the
formula:

where I0 is the intensity of the incident beam, I is the
intensity of a beam having passed through t (cm) of
material with an absorption coefficient of µ (cm−1).

The absorption coefficient µ can be calculated as
an additive sum over the different atomic species in
the unit cell:

where Vc is the volume of the unit cell and σn is the
absorption cross-section for component n. The ab-
sorption cross-sections vary as a function of
the wavelength and can be calculated using the
Victoreen expression:

where ρ is the density of the material with atomic
number Z and the atomic weight A. The constants
C, D and σK-NN vary with the wavelength. Tabula-
tions for various materials can be found in Interna-
tional Tables for Crystallography, Vol III, pp 161 ff.

It can be noted that the absorption drops off with
decreasing wavelength and the penetration depth can
thus be changed with a change in wavelength. A
quantity called penetration distance, τ, is usually
quoted for penetration depths and is defined as the
distance where I/I0 is reduced to 1/e. Penetration dis-
tances for a few elements are listed in Table 2,
together with a comparison with other methods.

Structure determinations
Historically, and even today, the structure determi-
nation of crystalline materials is the most important
application of X-ray diffraction in materials science.
The relative intensities of Bragg reflections carry in-
formation on the location of the electrons in the sol-
ids and thus give precise information on the relative
positions and thermal motion of the atoms. Even in-
formation on the bonding electrons may be obtained.

The scattered intensities from different planes
(hkl) in a crystal are measured using precise diffrac-
tometers that orient the sample with respect to the
incident X-ray beam for all the possible diffraction
planes in the crystal. Intensities are measured using
scintillation, semiconductor CCD or imaging plate
detectors. The measured intensities are converted,
after various geometric corrections, to the amplitude

Figure 3 Reflection from the planes (hkl ) with interplanar
spacing dhkl.

Table 2 Penetration depth τ (1/e) in Al, Fe and Cu for various
techniques in millimetres

Al Fe Cu

Scanning electron 
microscope

<0.001 <0.001 <0.001

X-ray diffraction
(Cu Kα)

0.14 0.007 0.005

Synchrotron X-rays 
(80 keV)

18 2.1 1.4

Synchrotron X-rays 
(300 keV)

36 11.5 10

Neutrons (cold ) 97 8.3 10
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structure factors |Fhkl| which are proportional to the
scattered intensities.

The factors can be expressed as:

where the fj are the atomic scattering factors for
atoms j and uj, vj and wj are the fractional coordi-
nates for atom j.

The electron density in the crystal unit cell can be
determined from the structure factors Fhkl = |Fhkl| ×
eiϕhkl. The structure amplitudes (|Fhkl|) are obtained
from the experiments and the phases ϕ can be
obtained from a number of phasing procedures. The
structure factors can then be converted to a mapping
of the electron density distribution ρ(xyz), which
completely determines the crystal structure.

Vc is the volume of the unit cell and x,y,z are the
positional coordinates in the unit cell.

The most precise structure determinations are per-
formed using a single crystal sample where hundred
to thousands of separate Bragg spots can be used to
determine atomic positions to a precision of better
than 0.001 Å. In materials science, however, quite
frequently the material is in a polycrystalline form
and powder diffraction methods have to be
employed.

In the powder diffraction method the Bragg reflec-
tions from many thousands of microcrystals with
different orientation overlap giving rise to ‘powder’
diffraction rings rather than distinct Bragg spots.
Since the powder patterns are in the form of rings
rather than distinct spots (see Figure 4) the observed
intensities from planes with identical or closely simi-
lar scattering angles are analysed in terms of a
deconvolution function:

where Bi is the background in point i, g is the
powder peak shape function and N is a normaliza-
tion factor. Once a structure model is obtained a
refinement procedure proposed by Rietveld can be
used to minimize the quantity

W is a weight factor based on counting statistics.
Y(calc) may contain positional, thermal parameters,
unit cells as well as peak shapes and these parame-
ters are refined during the minimization.

The method is used for structure determinations
and is well suited to handling multiphase systems. At
present the method gives bond distances to within
≥ 0.005 Å precision, and ab initio structure determi-
nations may handle systems with up to 200 parame-
ters. Figure 5 gives an example of a powder pattern
collected at the European Synchrotron Radiation Fa-
cility of a two-phase powder sample.

The broadening of a diffraction line may give im-
portant information on changes occurring during the
processing of the material. The line width is affected
by instrumental resolution, source size, divergence of
the radiation, particle size, microstrain components
and stacking faults. After appropriate correction
qualitative information on the micrograin size can be
obtained by using the Scherrer formula. The grain
size affects the line broadening as a function of
wavelength and scattering angle as:

where D is the particle size.
In order to separate particle broadening from

strain effects two or more reflections may be used.
The strain varies as function of tan θ and the differ-
ent effects in line broadening may thus be separated
by determining the broadening from different (hkl)
diffraction lines.

Anomalous scattering
The absorption and scattering can change considera-
bly around the absorption edges for the atoms. The
absorption edge region is the atom specific energy
region where the inner electrons are sufficiently ex-
cited by the X-rays to leave the atom or to be excited
to an upper electronic shell. In this region the atomic
scattering factor fj is modified and is no longer a real
property but has, in addition to an extra real term f ,
an imaginary term f .

The term in Equation [6] changes to:

These changes can be used to alter the absorption
and consequently the penetration depth by changing
the wavelength around the absorption edges. The
changes may be considerable and can amount to the
equivalence of tens of electrons.
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Figure 4 The left-hand picture illustrates a powder diffraction pattern of S2N2 at a wavelength of 0.325 Å. The insert is the actual
pattern which can be integrated and displayed as a function of d * [d* = (2 sin θ)/λ]. The right-hand picture shows the result if one single
S2N2 crystal is rotated in the X-ray beam. The size of the spots illustrates the difference in diffracted intensities from the separated
Bragg reflections. Courtesy of Svensson and Kvick, 1998. (see Colour Plate 36).

Figure 5 The powder pattern from a two-phase mixture of orthorhombic (CH3)2SBr2.5 and monoclinic (CH3)2SBr4 recorded at a wave-
length of 0.94 718 Å at the BM16 beamline at the ESRF. The two lines of vertical bars show the location of diffraction lines for the two
different phases. The bottom pattern shows the difference between the observed and refined intensities from the Rietveld refinement.
Courtesy of Vaughan, Mora, Fitch, Gates and Muir, 1998.
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In addition to changes in absorption there are fun-
damental differences in the scattering which may be
used in materials science. Examples include the
determination of absolute optical configuration in
polar compounds.

Normally, the Friedel pairs of structure factors, i.e.
F(hkl) = F(– h– k– l), are identical. However, around
the absorption edges this law breaks down since the
imaginary term adds differently in the phase relation
and the correct optical isomer can be determined.

The alternation of the scattering for a specific
atom may also be used to resolve the partial contri-
bution of that atom at a specific site by multiple
wavelength differences studies.

The scattering contrast between almost isoelec-
tronic elements such as Fe and Co may be enhanced
sufficiently to allow precise determinations. Small
chemical shifts in the energy of the edges depending
on the valence state of the atom may also be used to
differentiate between the valence states of the atoms
in a compound.

The effect is particularly useful for structure
determinations of macromolecules where multiple
anomalous diffraction (MAD) experiments are com-
bined to yield the phase factors necessary to obtain
the electron density mapping.

The use of anomalous diffraction has gained in im-
portance as synchrotron radiation sources have be-
come available. The synchrotron sources provide
easily tuneable radiation covering most of the atomic
absorption edges.

Magnetic scattering

During the last few years a minute scattering compo-
nent coming from the magnetic moments of atoms
has been exploited. The scattering from the magnetic
moments are smaller than the scattering from the
electrons by orders of magnitude. However, success-
ful studies of magnetic structures and even magnetic
atomic overlayers are now possible by using the high
brightness synchrotron sources.

The synchrotron radiation also makes it possible to
tune the wavelength to the absorption edges of the
magnetic atoms where the magnetic scattering is
strongly enhanced. For a more detailed account of
anomalous diffraction and magnetism the reader is
referred to the book edited by Materlik and
co-workers (1994).

Stress and strain relationships

Elastic X-ray stress analysis is based on recordings of
the interplanar distances dhkl. When stress is applied

to a crystal the distances change from d0 to d0 + ∆d
and the scattering in Bragg’s law (Eqn [1]) will
change accordingly. Using Equation [2] one obtains
the relationship:

where θ0 is the scattering angle from a strain free
state, and ε is the elastic strain coefficient. θ is
obtained from the diffraction experiment.

In strain analysis we can use the formalism given
by Noyen and Cohen (1976) where the strain in the
direction of a scattering plane (hkl) is measured as:

The plane spacing d0 is measured from a strain free
sample.

To obtain the strain in the sample system S one
transforms the values from the laboratory coordi-
nate system L.

The orthogonal coordinate systems S1,S2,S3 and
L1,L2,L3, are defined as follows. S3 is perpendicular
to the sample surface and S2 and S3 are parallel to the
sample surface. L3 is the normal to the scattering
plane hkl and makes the angle ϕ with S3. The φ angle
is the angle between the projection of L3 onto the
sample surface and vector S1. The measured quantity
εφϕ can then be converted to the sample coordinate
system by the transformation:

This important equation is linear in ε11, ε12, ε22, ε33,
ε13, ε23 and these coefficients can thus be determined
from six measurements at different angular values.
When this is known the stress can be determined.

The stress (σ) and strains (ε) in the sample coordi-
nate system are determined using Hooke’s law:

where the cijkl are the elastic stiffness constants and
sijkl are the elastic compliances.
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In the elastic case the observations may be
expressed in terms of Young’s modulus E and
Poisson’s ratio ν:

where δij is the Kronecker delta.
This formalism is the basis for the commonly used

sin2ϕ method, which is usually limited to the surface
region of the sample.

The availability of more elaborate diffractometers
and the highly penetrating synchrotron radiation
also gives possibilities of deeper penetration into the
sample by rotation of the sample around the scatter-
ing vector direction, L3, and by wavelength tuning or
change in the scattering angle. Transmission studies
permit the study of stresses in specific ‘gauge’
volumes in the bulk.

Externally perturbed systems

Deformations due to perturbations may also be
followed by X-ray diffraction.

These perturbations may be caused by electric
field or changes in temperature and thus piezoelec-
tric effects and thermal expansion coefficients may
readily be determined by using Equation [2].

In the case of changes occurring from the applica-
tion of an external electric field, the converse
piezoelectric effect, the induced strain coefficient εij is
related to the field by equation:

where Ek is kth component of the electric field and
dkij is the kijth element of the third rank piezoelectric
tensor.

Using Equation [2] Barsch has shown that the
diffraction observable ∆θr may be used to determine
the piezoelectric tensor according to the formula
(Coppens, 1992):

where r refers to certain reflections (hkl) and ek, hr,i
and hr,j are, respectively, the components of unit
vectors parallel to the electric field and the scattering
vector for (hkl).

Figure 6 gives an illustration where the piezoelec-
tric tensor element d33 has been determined from
measurements of a series of 00l reflections with the
electric field aligned along the (00l) direction.

Ion-implantation effects

Ion implantation in layers of semiconductor material
is an important process where Equation [2] may be
very useful for assessing the effect on the
implantation.

If dopants are introduced by ion implantation, for
instance in silicon, the tetrahedral radius of the
dopant (rd) differs from that of the substrate and
changes in the θ angle will be observed.

For cubic silicon material the corresponding
change in the unit cell dimension can give informa-
tion on the doping level according to Vegard’s law:

where rd and rs are the tetrahedral radii of the
dopant and substrate respectively, Cd is the concen-
tration of dopant and N is the number of substrate
of atoms per unit volume.

The factor K takes account of the fact that only
the lattice strain normal to the wafer is nonzero,
whereas the in-plane strain is zero. For typical sub-
strates with cubic structure the K values can be
evaluated from the elastic stiffness constants.

Figure 6 The shifts in ∆θ for (00l ) reflections from a LiNbO3

single crystal of 0.2 mm thickness subjected to an electric field
of 50 kV cm–1 along the crystallographic c direction as measured
using synchrotron radiation of a wavelength of 0.307 Å at the
beamline 1D11 at the ESRF. The d(33) element of the
piezoelectric tensor can be evaluated to be 7.5(2) × 10–12 CN–1.
Courtesy of Heunen, Graafsma, Kvick, 1997.
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Superlattice structures

Physical properties of materials may be changed by
creating ‘artificial’ structural periodicity by deposit-
ing alternate thin layers of different materials. Struc-
tures of this type are commonly used in optics,
electrooptical applications and coatings for corro-
sion protection or thermal barriers.

The production and performance of these struc-
tures can be characterized by X-ray diffraction. The
diffraction patterns from the compound structures
are characterized by main diffraction peaks inter-
spersed by satellite peaks. The periodicity of super-
lattices, Λ, is given by the relationship:

where j and k represent the satellite order number
and θj and θk are the observed scattering angles at
wavelength λ. The periods may vary depending on
the production and the variation can be monitored
by the various Λ values obtained from different
satellite pairs. These period variation may be inter-
preted as surface roughness.

Topography
Diffraction topography is an imaging technique
based on Bragg’s law (Eqn [1]) and ranges from a

rather qualitative inspection method of the scattering
power over a crystal to a much more complicated
method employing dynamical scattering theory to
elucidate microscopic strains in the crystal. Many
phenomena of importance to a materials scientist,
such as stacking faults, growth bands, strain around
grain boundaries, twins, or even dynamical phenom-
ena such as acoustic waves or magnetic domain for-
mation, have been studied by this method.

The studies can be divided into two main areas:

(a) orientation contrast;
(b) extinction contrast.

The former studies (a) map the variation of the
scattering power across the X-ray beam and detects
misalignment of certain portions of the crystal where
the misalignment is larger than the divergence of the
monochromatic incident beam. The misalignment
can be due to rotations or dilations of the lattice.
When monochromatic radiation is used these effects
are seen as distinct bands or patterns of loss of
scattered radiation.

A richer pattern of intensity variations is seen if
continuous wavelength radiation is used. In this case,
due to divergence or convergence of the diffracted
beams at the boundaries, losses and gains in intensity
are observed.

The second phenomenon (b) is observed when the
scattering power in the crystal is alternated by strain

Figure 7 Transmission topograph of a flux grown Ga-YIG (Y3Fe5–xGaxO12, x ≈ 1) crystal plate, Mo Kα1-radiation (λ = 0.709 Å).
Courtesy of J Baruchel, 1998.



1256 MATERIALS SCIENCE APPLICATIONS OF X-RAY DIFFRACTION

fields around defects without major realignment in
the crystal.

The observed contrasts are rather complicated to
quantify and an understanding of the effects of the
X-ray wavefields is necessary to interpret the obser-
vations in detail. For a detailed account of the theory
the reader is referred to Tanner (1976).

Topography uses two different methods of obser-
vation; reflection topography, which maps the sur-
face region of the samples, and transmission
topography, which also samples the bulk of the
material. In the latter case the radiation must be
chosen so that the absorption is small enough to
allow bulk penetration.

Different volumes in the crystal may be sampled if
the collimation of the incident and diffracted beams
is carried out carefully. This method is called section
topography.

Figure 7 gives an example of the information one
may obtain from a transmission topograph.

Time-resolved studies
Time-resolved X-ray diffraction has been used for a
long time to study solid-state reactions. With the
emergence of the new radiation sources it is now
possible to follow solid-state reactions, phase transi-
tions and physical changes caused by perturbations
on much shorter time-scales.

Topography has already proved to be a suitable
technique for studying magnetic domain formation
or acoustic deformation down to time-scales of milli-
seconds.

The use of well collimated and high intensity syn-
chrotron radiation beams is essential to reach the
necessary time intervals without losing the statistical
significance in the observed diffracted intensities.
The white beam Laue technique has already been
proven to facilitate studies down to the picosecond
time regime for studies such as recombination of CO
in myoglobin after flash photolysis. Nanosecond
resolution has been obtained in a study of laser-
annealing of defects in a silicon crystal.

The dynamics of reactions are either reversible or
irreversible. Sufficient counting statistics can be ob-
tained in the reversible processes through strobo-
scopic measurement where repeated measurements
using short radiation time slices are performed. In
the irreversible experiments the processes have to be
followed by rapid consecutive exposures.

In many of the cases the reactions are often
destructive to large single crystals and the powder
method has to be employed. However, it has been
proven that reactions such as polymerization and
exothermic solid-state reactions may be followed
down to the millisecond time-regime even when the
reactions are irreversible.

Figure 8 exemplifies the time-evolution of an exo-
thermic reaction between Al and Ni powders. In this
time-resolved powder experiment one can follow the
initial melting of Al and the formation of intermetal-
lic phases as well as the crystallization process.

The rapid development of fast read-out CCD cam-
eras in combination with the high brightness syn-
chrotron sources promises to give X-ray diffraction a
prominent role in the studies of dynamics of pro-
cesses relevant to materials scientists.

List of symbols
A = atomic weight; Bi = background in point i;
Cd = concentration of dopant; C, D, σN–K, N =
constants; Cijkl = elastic stiffness constants;
d = atomic spacing; D = particle size; E = Young’s
modulus; Ek = kth component of electric field;
fj = atomic scattering factors; Fhkl = amplitude struc-
ture factors; g = powder peak shape function;
I = intensity of beam; I0 = incident intensity of beam;
j,k = satellite order number; K = constant;
N = normalization factor; N = number of atoms;
R = tetrahedral radius; sijkl = elastic compliances;
t = thickness of sample; uj, vj, wj = fractional coordi-
nates for atom j; ν = Poisson’s ratio; Vc = volume of
unit cell; W = weight factor; Yi = deconvolution
function; Z = atomic number; δij = Kronecker delta;
∆θ = change of angle of scattering; ε = elastic strain
coefficient; θ = angle of scattering; λ = wavelength;
Λ = periodicity of superlattices; µ = absorption

Figure 8 The time-evolution of the powder pattern of an exo-
thermic reaction of a mixture of Al and Ni powders. The powder
patterns were recorded at the 1D11 beam line at the ESRF every
250 ms during the self-propagating high-temperature synthesis.
The wavelength 0.177 Å was chosen to allow penetration of the
sample. It can be noticed that the original peak from Al and Ni dis-
appear or change during the reaction and the formation of new
phases and the nucleation can be followed. Courtesy of Kvick,
Vaughan, Turillas, Rodriguez, Garcia, 1998.
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coefficient; ρ = density; ρ(xyz) = electron density dis-
tribution; σn = absorption cross-section for compo-
nent n; σ = stress; τ = penetration distance; ϕ = angle;
φ = phase. 

See also: Fibres and Films Studied Using X-Ray
Diffraction; Powder X-Ray Diffraction, Applications;
Scattering and Particle Sizing, Applications; Scatter-
ing Theory.
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Matrix isolation is a technique for maintaining mole-
cules in an inert medium at very low temperature for
spectroscopic study. This method is particularly well
suited for preserving reactive species in a solid
environment. Elusive molecular fragments, such as
free radicals that may be important intermediates for
chemical transformations used in industrial reac-
tions, molecules that are in equilibrium with solids at
very high temperatures, weak molecular complexes
that may be stable at low temperatures, and molecu-
lar ions that are produced in plasma discharges or by
high-energy radiation can all be observed and charac-
terized using infrared absorption and laser-excitation
spectroscopies. The matrix isolation technique
enables spectroscopic data to be obtained for reactive
molecular fragments, many of which cannot be
studied in the gas phase.

Experimental apparatus
The experimental apparatus for matrix isolation ex-
periments is designed with the methods of generating
the molecular transient and performing the spectros-
copy in mind. Figure 1 is a schematic diagram of the
laser-ablation matrix isolation apparatus for infrared
absorption spectroscopy. Caesium iodide windows
are typically employed. The rotatable cold window is
cooled to 4–20 K by closed-cycle refrigeration or
liquid helium. The matrix sample is introduced

through the spray-on line at rates of 1–5 millimoles
per hour; argon is the most widely used matrix gas,
although neon, krypton, xenon and nitrogen are also
used. In Figure 1, the Nd–YAG fundamental at
1064 nm in 5–50 mJ pulses of 10 ns duration is
focused (spot size approximately 0.1 mm) onto a
rotating metal target. Ablated metal atoms intersect
the gas sample during co-deposition on the cold CsI
window where collisions and reactions occur. The
reactive species can be generated in a number of oth-
er ways: mercury arc photolysis of a trapped precur-
sor molecule through the quartz window,
evaporation from a Knudsen cell heated inside the
chamber, chemical reaction of atoms evaporated
from the Knudsen cell with molecules deposited
through the spray-on line, and vacuum-ultraviolet
photolysis of molecules deposited from the spray-on
line by radiation from discharge-excited atoms. For
laser excitation studies, the sample is deposited on a
tilted copper wedge which is grazed by the laser
beam, and light emitted or scattered at approximate-
ly 90° is examined by a spectrograph.

Free radicals, anions and cations

The first free radical stabilized in sufficient concen-
tration for matrix infrared detection was formyl
(HCO). Hydrogen iodide (HI) was deposited in a

VIBRATIONAL, ROTATIONAL & 
RAMAN SPECTROSCOPIES

Applications
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carbon monoxide (CO) matrix and photolysed with
a mercury arc; hydrogen atoms produced by dissoci-
ation of HI reacted with CO in the cold solid to pro-
duce HCO. The infrared spectrum of HCO provided
vibrational fundamentals and information about the
chemical bonding in this reactive species. Free
radicals have been produced in matrices using a
variety of techniques such as ultraviolet photolysis
(Eqn [1]); vacuum ultraviolet photolysis (Eqn [2]);
lithium atom (Eqn [3]); hydrogen atom (Eqn [4]);
and lithium atom (and electron) (reaction [5]).

The first molecular ionic species characterized in
matrices, Li+O2

−, was formed by the co-condensation
reaction of lithium (Li) atoms and oxygen (O2)
molecules at high dilution in argon. The infrared
spectrum exhibited a weak (O ↔ O)− stretching
vibration and two strong Li+ ↔ O2

− stretching vibra-
tions, as shown at the top of Figure 2 for the 7Li and
16,18O2 isotopic reaction. The 1–2–1 relative-intensity
oxygen isotopic triplets in this experiment showed
that the oxygen atomic positions in the molecule are
equivalent and indicated an isosceles triangular
structure. The ionic model for the bonding in Li+O2

−

was confirmed by contrasting intensities between the
laser-Raman and infrared absorption spectra shown
in Figure 2. Infrared intensities depend upon a
change in molecular dipole moment and Raman
intensities depend on a change in molecular polariza-
bility during the vibration. Hence, modes between
ions (Li+ ↔ O2

−) will be strong in the infrared and
modes within an ion (O ↔ C−) will be strong in the
Raman spectrum. Table 1 lists the observed fre-
quencies. The contrasting frequencies when Li+ is
replaced by Cs+ verify the ionic model for the bond-
ing in the (M+)(O2

−) molecules.
High-temperature molecules like lithium fluoride

(LiF) can be trapped in matrices by evaporating the
molecule from the crystalline solid in a Knudsen cell
at high temperature or by reacting lithium atoms
with fluorine molecules during condensation. The
latter method has been used to synthesize the calcium
oxide (CaO) molecule from the calcium atom–ozone
reaction, which gives the calcium ozonide ion pair
Ca+O3

− and CaO diatomic products.
Continuous exposure of a condensing sample to

argon-resonance radiation during sample condensa-
tion has been used to produce molecular cations for
spectroscopic study. In the case of fluoroform

Figure 1 Vacuum chamber for infrared matrix isolation studies
using laser ablation.

Figure 2 Infrared and Raman spectra of lithium superoxide,
Li+O2

−, using lithium-7 and 30% 18O2, 50% 16O18O, and 20% 16O2

at concentrations of Ar/O2 = 100. The Raman spectrum was
recorded using 200 mW of 488-nm excitation at the sample.
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(CHF3), photolysis produced the CF3
• radical, which

may be photoionized by a second 11.6-eV photon to
give CF3

+. The infrared spectrum of CF3
+ revealed a

very high C–F vibrational fundamental, which
indicates substantial pi bonding in the planar
carbocation.

Complexes

Molecular complexes involving hydrogen fluoride
(HF) serve as useful prototypes for the understand-
ing of the important phenomenon of hydrogen bond-
ing. An interesting chemical case is ammonia (NH3)
and HF, which on the macroscopic scale produce the
salt ammonium fluoride but on the microscopic scale
give the NH3–HF complex. The infrared spectrum of
this complex reveals vibrations for NH3 and HF per-
turbed by their association in the complex. Fourier-
transformed infrared spectroscopy is particularly
advantageous in these studies because of the high
vibrational frequencies for HF species and low sam-
ple transmission in this region. The ammonia sym-
metric bending motion is considerably blueshifted,
and the hydrogen fluoride stretching fundamental is
markedly redshifted. These shifts attest to a strong
intermolecular interaction within the complex.

Ozone (O3) is a very important molecule in the
upper atmosphere, as it absorbs harmful ultraviolet
radiation. In the laboratory, this ultraviolet dissocia-
tion of ozone provides oxygen atoms for chemical
reactions, but in complexes red light can induce an
O-atom transfer. Photochemical reactions of elemen-
tal phosphorus (P4), an extremely reactive molecule
well suited for matrix isolation studies, and ozone
produce a new low oxide of phosphorus, P4O, which
is involved as a reactive intermediate in the striking
of a match. The infrared spectrum of P4O shows a
strong terminal PO bond stretching fundamental and
characterizes the P4O structure as tetrahedral P4 with

an O atom cap. Further photochemical reactions of
phosphorus and oxygen produce and trap the
reactive molecule •PO2, isoelectronic with the pollut-
ant molecule •NO2, which can also be formed by la-
ser evaporation of red phosphorus followed by
reaction with a stream of oxygen gas.

High temperature molecules

Titanium dioxide is a white solid used as a pigment
in paints, but at 2200–2400 K some TiO and OTiO
molecules exist in equilibrium with the solid. The
OTiO molecule is bent (113±3°) with two strong
double bonds. The TiO and OTiO molecules have
been prepared by reacting laser-ablated Ti atoms
with O2 and trapped in solid argon for infrared spec-
troscopic analysis. Figure 3 shows the spectrum of a
sample prepared by reacting laser-ablated Ti with O2

(0.5%) in excess argon followed by condensation at
7 K. The weak 1039.5 cm−1 band is due to ozone
which is made by combination of O2 and O atoms
produced in the ablation process. The weak
953.7 cm−1 band is due to O4

− formed by combina-
tion of O2 and O2

−, the latter from capture of
electrons by dioxygen. The strongest bands at 946.7
and 917.0 (TiO2) and two weaker bands at 1012.8
(TiO+) and 987.8 cm−1 (TiO) are important prod-
ucts. The reaction was repeated for 18O2 and mix-
tures of 16O2, 16O18O, 18O2. Table 2 lists the isotopic
for frequencies for these molecules. The 16/18
isotopic ratio is characteristic of the normal vibra-
tional mode. Note that the 917.0 cm−1 band is strong
enough to exhibit satellite adsorptions at 923.1,
919.9, 914.1 and 911.3 cm−1 that are due to the
minor 46Ti, 47Ti, 49Ti and 50Ti isotopes in natural
abundance around the major 48TiO2 isotopic band.

The 946.7 and 917.0 cm−1 bands form triplet
patterns in the statistical mixed isotopic experiment,
which verifies the participation of two equivalent
oxygen atoms, whereas the 1012.9 and 987.9 cm−1

bands form doublets, which shows that a single
oxygen atom is involved.

The 946.7 and 917.0 cm−1 bands are due to
the symmetric (ν1) and antisymmetric (ν3) Ti–O
stretching fundamentals of OTiO. Titanium isotopic
substitution provides basis for calculation of a lower
limit (111±3°) to the OTiO valence angle whereas ox-
ygen isotopic replacement gives a 115±3° upper limit
to this angle owing to different anharmonicities. The
true angle (113±3°) is the median of these limits.

The 16/18 oxygen isotopic ratios for the 987.8 and
1012.9 cm−1 bands are different from values for the

Table 1 Fundamental frequencies (cm−1) assigned to the ν1

intraionic and ν2 and ν3 interionic modes of the C2v alkali metal
superoxide molecules in solid argon

Molecule  ν1 ν2 ν3

6LiO2 1097.4 743.8 507.3
7LiO2 1096.9 698.8 492.4
NaO2 1094 390.7 332.8
KO2 1108 307.5 –
RbO2 1111.3 255.0 292.5
CsO2 1115.6 236.5 268.6
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above frequencies. These ratios (1.0442 and 1.0443)
approach the harmonic value (1.0446) for diatomic
TiO. The 987.8 cm−1 band is due to TiO in solid
argon, which is redshifted from the 1000.0 cm−1 gas
phase value, and the 1012.9 cm−1 band is due to
TiO+, which has not yet been observed by gas phase
optical spectroscopy.

The use of pulsed-laser ablation to produce new
chemical species for spectroscopic study is further

illustrated for the vanadium atom reaction with N2.
Laser-ablated metal atoms are sufficiently energetic
to dissociate molecular N2 into N atoms for reaction
to form metal nitrides. A sample of 2% 14N2 + 2%
15N2 in argon was reacted with laser-ablated V at-
oms, and spectra from this experiment are shown in
Figure 4. Four very weak bands (A = absorbance
= 0.002 to 0.001) were observed at 1026.2, 1010.3,
1014.4 and 1010.6 cm−1 from nitrogen-14 with an
identical set at 999.4, 993.6, 987.9 and 984.2 cm−1

from nitrogen-15 on sample co-deposition at 10 K
[Figure 4A]. Annealing to 25 and 30 K to allow
diffusion and further reaction of trapped species
slightly decreased the first band and increased the
second, third and fourth bands in each set, and pro-
duced new weak bands at 997.8 and 971.4 cm−1

[Figure 4B, C]. Broadband photolysis decreased the
lowest two bands and increased the second band in
each set [Figure 4D]. Further annealing to 40 K
decreased the first three bands, increased a

Figure 3 Infrared spectra for laser-ablated Ti atoms and electrons co-deposited with O2 (0.5%) in excess argon for 45 min at 7 K.

Table 2 Major infrared absorptions (cm−1) observed for laser-
ablated titanium and dioxygen reaction products isolated in solid
argon

16O2
18O2 Ratio 16O/ 18O Identification

1039.6 982.3 1.0583 O3(ν3)
1012.9 969.9 1.0443 TiO+

987.8 946.0 1.0442 TiO
953.7 901.6 1.0578 O4

−

946.9 904.5 1.0469 48TiO2(ν1)
917.1 881.7 1.0401 48TiO2(ν3)
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1002.8 cm−1 band (and 976.5 cm−1 counterpart) and
increased the final 997.8 and 971.4 cm−1 bands
[Figure 4E]. A final annealing to 43 K destroyed the
first two bands and increased the last two bands in
each set [Figure 4F]. One experiment was done with
a pure dinitrogen 14N2 + 15N2 mixture and the spec-
tra are shown at the top of Figure 4 for deposition
at 10 K and annealing to 30 K; note growth of the
strong 997.0 and 970.6 cm−1 bands and satellites.

The VN example illustrates how the isolated VN
molecule becomes successively ligated by dinitrogen
to form (NN)xVN on annealing in the solid argon
matrix or on deposition in pure dinitrogen matrix.
The sharp weak new band at 1026.2 cm−1 in solid
argon decreases on stepwise annealing while sharp
bands increase at 1020.3, 1014.4 and ultimately
997.8 cm−1. These bands exhibit sharp nitrogen-15
counterparts at 999.4, 993.6, 987.9 and 971.4 cm−1,
which define nitrogen 14/15 frequency ratios
1.0268, 1.0269, 1.0268 and 1.0272, respectively.

These values are in excellent agreement with the
harmonic VN diatomic ratio (1.0272) and attest to
the pure V–N stretching character of these adsorp-
tions. These bands showed no intermediate compo-
nents with discharged (statistical) mixed isotopic
dinitrogen, so a single nitrogen atom is involved in
these vibrations. In solid dinitrogen, a sharp isotopic
doublet at 997.0 and 970.6 cm−1 also increased on
annealing and revealed the diatomic ratio (1.0272)
and is only 0.8 cm−1 lower than the dominant nitro-
gen isotopic doublet surviving past 40 K annealing
in solid argon (Figure 4).

The sharp 1026.2 cm−1 band is due to the VN di-
atomic molecule isolated in argon. The evolution of
bands in Figure 4 from 1026.2 cm−1 to 997.8 cm−1

on annealing in solid argon and the 997.0 cm−1 band
in solid nitrogen provides a convincing picture for
the attachment of dinitrogen ligands to the VN
center. We note the appearance of five distinct bands
for different ligated species. These are consistent
with the eighteen electron rule in that these bands
are due to (NN)xVN with x = 1, 2, 3, 4, 5 where the
maximum ligated species has eighteen electrons in
the valence shell about vanadium.

See also: IR and Raman Spectroscopy of Inorganic,
Coordination and Organometallic Compounds; IR
Spectrometers; IR Spectroscopy, Theory; Nonlinear
Optical Properties; Raman Spectrometers.
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Figure 4 Infrared spectra in the 1040–960 cm−1 region for
laser-ablated V atoms co-deposited with nitrogen. (A) 2%
14N2 + 2% 15N2 in argon co-deposited at 7 K for 1 h, (B) after
annealing to 25 K, (C) after annealing to 30 K, (D) after anneal-
ing to 40 K, (E) after annealing to 43 K, (F) pure 14N2 + 15N2 co-
deposited at 10–11 K for 1 h, and (G) after annealing to 30 K.
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Figure 1 The electron ionization total ion current chromatogram for the trimethylsilyl derivatives of the organic acids extracted from
the urine of a patient with an inherited error of methylmalonyl-CoA mutase. The major acidic component is methylmalonic acid. The
annotated peaks are identified in Table 1.
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Table 1 Identities of acid peaks annotated in Figures 1, 3, 4 and 5

a TMS�trimethylsilyl.
b IS�internal standard.

1 Phenol 16 2-Hydroxyisocaproic 30 3-Phenyllactic 44 Vanillylmandelic

2 Lactic 17 (2S )-Hydroxy-3(R )- 31 Pimelic 45 Sebacic

3 2-Hydroxyisobutyric methylvaleric 32 Hippuric (secondary 46 4-Hydroxyphenyllactic

4 Glycolic 18 (2S )-Hydroxy-(3S )- derivative) 47 3-Indoleacetic

5 Oxalic methylvaleric 33 4-Hydroxybenzoic 48 4-Hydroxyphenyl-

6 Glyoxylic oxime 19 Ethylmalonic 34 4-Hydroxyphenylacetic pyruvic oxime

7 4-Cresol 20 Succinic 35 4-Hydroxybenzaldoxime 49 Palmitic

8 Pyruvic oxime 21 4-Hydroxybenzaldehyde 36 Phthalic 50 3-Hydroxysebacic

9 3-Hydroxyisobutyric 22 Glutaric 37 Suberic 51 4-Hydroxyhippuric

10 3-Hydroxybutyric 23 Methylmalonic (3-TMS) 38 Vanillic 52 N-Acetyltyrosine

11 2-Hydroxyisovaleric 24 2-Methoxybenzoic (IS)b 39 Homovanillic 53 5-Hydroxyindoleacetic

12 2-Methyl-3-hydroxybutyric 25 Capric (IS)b 40 Azelaic 54 Stearic

13 Methylmalonic (2-TMS)a 26 3-Hydroxyoctanoic 41 Hippuric 55 N-Acetyltryptophan

14 Benzoic 27 Mandelic 42 Citric

15 2-Ethyl-3-hydroxy- 28 Adipic 43 3-(3-Hydroxyphenyl)-

propionic 29 3-Methyladipic 3-hydroxypropionic
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Figure 2 Selected ion monitoring analysis of serum for methyl-
malonic acid. The m/z 218.2 ion represents the [M – CO2]�+

McLafferty fragment of the TMS derivative of endogenous
unlabelled methylmalonic acid. The m/z 221.2 ion is the fragment
derived by a similar process from the internal standard [Me-2H3]
methylmalonic acid. The areas integrated for the ions are related
to the relative concentration of the derivatives (see text). The
deuterium-labelled analogue has a slightly shorter retention
time than the unlabelled analogue, a phenomenon perhaps
unexpected but commonly observed in these circumstances.
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Figure 3 The total ion current chromatogram obtained for the organic acids isolated from the sodium borodeuteride-treated urine
of a patient with maple syrup urine disease. The ratios of the 2H-labelled to unlabelled analogues for 2-hydroxyisovaleric acid,
2-hydroxyisocaproic acid and the two 2-hydroxy-3-methylvaleric acid diastereomers are respectively 0.24, 34.5, 30.0 and 3.70.

Figure 4 The urinary organic acids excreted by a premature infant with immature 4-hydroxyphenylpyruvic acid oxidase. This
disorder, also known as transient neonatal tyrosinaemia, is characterized by excretion of elevated amounts of 4-hydroxyphenylacetic,
4-hydroxyphenyllactic and 4-hydroxyphenylpyruvic acids. The urine was pretreated with hydroxylamine hydrochloride, which
converts the keto acids into the respective oximes.
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Figure 5 The organic acid profile obtained for a patient with inherited tyrosinaemia. Very large concentrations of 4-hydroxy-
phenyllactic acid and N-acetyltyrosine are in evidence.
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Figure 6 Selected-ion monitoring analysis of a urine sample
from a patient with the inherited form of tyrosinaemia. Succinyl-
acetone, which is distinctly elevated here, is produced from
fumarylacetoacetic acid and is measured as an indication of
fumarylacetoacetate hydrolase inactivity, the precipitating cause
of this form of tyrosinaemia. The ions monitored are the [M −
CH3]+ fragments of the TMS derivatives of the internal standard
2-methoxybenzoic acid (m/z 209.1) and the two positional iso-
mers of the oxime derivative of succinylacetone (m/z 212.1).
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Figure 7 Fast atom bombardment mass spectra obtained in glycerol matrix for quantitation of free carnitine and carnitine esters in
the urines of a patient with medium-chain acyl-CoA dehydrogenase deficiency (A) and a patient with propionic acidaemia (B). The iden-
tities and concentrations of the annotated ions are listed in Table 2. The composition of the ions has been confirmed by measurements
at 10 000 resolution.

Table 2  Identities and concentrations of carnitine metabolites annotated in Figure 7

a Internal standard.
b Not detected.

Carnitine Mass Ion composition

Concentration (µmol/24 h)

Fig. 7A Fig. 7B

Free carnitine 179.1475 C8H15
2H3O3N 1688 2035

Carnitine ISa 182.1663 C8H12
2H6O3N

Acetylcarnitine 221.1581 C10H17
2H3O4N 1625 210

Acetylcarnitine ISa 224.1769 C10H14
2H6O4N 25 4000

Propionylcarnitine 235.1737 C11H19
2H3O4N

Butyrlcarnitine 249.1894 C12H21
2H3O4N 29 19

Octenoylcarnitine 303.2363 C16H27
2H3O4N 41 8

Octanolylcarnitine 305.2520 C16H29
2H3O4N 563 11

Nonanoylcarnitine 319.2676 C17H31
2H3O4N 67 16

Adipylcarnitine 324.2293 C15H26
2H6O6N 28 NDb

Decanoylcarnitine 333.2833 C18H33
2H3O4N 6 NDb

Decanolylcarnitine ISa 336.3021 C18H30
2H6O4N

Suberylcarnitine 352.2606 C17H26
2H6O6N 50 NDb

Decenedioylcarnitine 378.2763 C19H28
2H6O6N 34 NDb

Sebacylcarnitine 380.2919 C19H20
2H6O6N 68 NDb
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Figure 8 Positive ion electrospray spectrum of tetramethylammonium ions produced by quaternization of trimethylamine (TMA)
excreted by a patient with trimethylaminuria. When the amine fraction is quaternized with [2H3]methyl iodide, endogenous TMA is
measured at m/z 77, while the [15N]TMA internal standard is measured at m/z 78. The ion signal at m/z 74 is unlabelled tetramethyl-
ammonium produced endogenously, which would interfere with the analysis if unlabelled methyl iodide were used for quaternization.

Figure 9 Negative ion electrospray collision-induced neutral loss of 17 Da (hydroxyl radical) analysis of plasma inorganic sulfate as
H32SO  (m/z 97) and H34SO  (m/z 99). Phosphate, which occurs in plasma in much larger concentrations, also presents an intense ion
with mass 97 Da (H2PO ), but can be distinguished from H32SO  and excluded from the analysis as it eliminates 18 Da (water) under
similar conditions. Heavy isotopes of hydrogen, oxygen and sulfur included in HSO  in their natural abundances contribute an ion
intensity at m/z 99 of about 5% of the intensity at m/z 97. Here the analysis shows that about 12% of the sulfate in the sample is derived
from an oral load of 32S-labelled sulfate.



MEDICAL SCIENCE APPLICATIONS OF IR 1271

���������������	 
����������������������������������
����� ������� ����� ����� ��� ������������������������
������������ ��� ��� � ������ �� � �� 
�!� "����
�#$� �������$�%

&�	� 
�!��"����������������������
��������������������������������'������������������
����������������������������(���)������������%#��
��� �%*�� � )�� �������� ����� ��� ��� ��� ������
�+	 
�!�� ��������� ����� ����,�� � � ��� �#�� �������
��(���������#$� �������������-�����(����"������������
���"������+� 
�!����������������������"������������
������������������.�� ���������� ��� ����� ������/��
���� )�� ���� ����������� �������� ������� ����� %*��
����������� ������ ����� ��� ��������� ������� ��� �����
����)�������0�������(������)����� �����������������
��)�������� ��(�� ������")��1� ����� %2�� ����� ��������
��(�� �����������!� ���� �� ���������� ��� ����� �	� ����
�������������)������������������)���������������
3%*�4�����������������)������������������������������
��"������-�������������)���������������������"������
������������ ���� ��)��������������5������-���������
���� �������� �������� "���� ��������(�� 3%2�4�������
���������������������������������������6���-���������
���������(�������.���-������������������������������
��������������� ��
7�����������������������������������������������-�

�������������������������������������������������
��������������������������������)�����������������
�����������������������������������������������������
��� /������������ ��� ����)������� ��� ������ ������ ��
������������������

See also: Biochemical Applications of Mass Spec-
trometry; Biomedical Applications of Atomic Spec-
troscopy; Chromatography-MS, Methods; Fast Atom
Bombardment Ionization in Mass Spectrometry;
Isotopic Labelling in Mass Spectrometry.
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��������������� ���� ���������� ���������� �������� ���� '0
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�����������������������������������)����������������
����G�� �������� �������� )�� ��"��� ������ ��� �������
"������� ���� ���� ������B��� ����������������� ��� ���
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�������������� ���� �"�� ��������� 9�������� ����������
������� ���� ���������� ����� ��� �� (������� ��� ��(�����
������ ������ �����,���������� ��������)���,����
��������)���!�� ��(���� ����� ��� ��������� ��������
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������� 9���� ��� ����������������� (��"������� ���
��������� ��� ����� )���� �)��������� )���� �����
������ ����� ������������ ��� )��������"���� �����
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��)��������� ��� ��"����� ��������� ��� �����)���� )��� ��
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����������)�������(�� ���������5����������� ���� �����
����� ���"������ ����� �����"����� ��� )���������� �����
��(��� ����� ��� �������� ����� ���� ��)���� ��������� ����
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������!� ����� ��� ��������� ��� ���������)��� �"���� ��
��������������������������������������������9�������
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���� ������� 9�-������ "���� �������� ����� ������� ���
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��� ������� ��� ��������� ����������� ������� "�����
����������� ��� "���� ��� ������ ���� ����������� �����
��������� ��� ��������� ���������������� 5����� �)�����
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�������)��&�������������������(�)�����������������
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��������� ������ ����������� ������ ��������� 5��
���������� )����� ����������� �������������� ��� ������
��������������� ���.���������������������������������
������� ��� )�� ���������.� ��������� ��� ����� ��/����
���������/����� ������������-��� ��� ������������ ���
���������� ��� ���1� ���/������ ��� ��� �)��������� )��
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Table 1 Frequencies of biologically important IR absorptions.
All absorptions cover a range of frequencies, and only repre-
sentative frequencies are given here

Frequency 
(cm–1) Assignment

3500 OH stretch; water, carbohydrates

3290 Amide A (N–H stretch): proteins

3050 Amide B (N–H bend first overtone): proteins

3010 Olefinic =CH stretch: lipids, cholesterol esters

2955 CH3 asymmetric stretch: lipids, proteins, carbo-
hydrates, nucleic acids

2925 CH2 asymmetric stretch: lipids, proteins, carbo-
hydrates, nucleic acids

2875 CH3 symmetric stretch: lipids, proteins, carbo-
hydrates, nucleic acids

2855 CH2 symmetric stretch: lipids, proteins, carbo-
hydrates, nucleic acids

2600 S–H stretch: proteins

2340 Solution phase and enclathrated CO2

2058 SCN stretch: thiocyanate

1740 Ester C=O stretch: lipids, cholesterol esters

1655 Amide I (amide C=O stretch): proteins, α-helices

1635 Amide I (amide C=O stretch): proteins, β-sheet

1545 Amide II (amide N–H bend); proteins

1515 ‘Breathing’ vibration of tyrosine ring (C–C/C=C
stretching)

1467 CH2 bend: lipids, proteins, cholesterol esters

1455 CH3 asymmetric bend: lipids, proteins, choles-
terol esters

1400 COO– symmetric stretch: amino acid side
chains, fatty acids

1380 CH3 symmetric bend: lipids, proteins, cholesterol
esters

1280 Amide III (C–N stretch) of collagen

1240 PO  asymmetric stretch: phospholipids, nucleic
acids; amide III (C–N stretch) of collagen

1204 Amide III (C–N stretch) of collagen

1170 CO–O–C asymmetric stretch: phospholipids,
cholesterol esters

1150 C–O stretch, carbohydrates (glycogen)

1080 PO  symmetric stretch: lipids, nucleic acids.
C–O stretch, glycoproteins

1060 CO–O–C symmetric stretch: phospholipids,
cholesterol esters

1035 C–O stretch, glycoproteins, carbohydrates
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Figure 1 Pictorial description of the procedure for functional group mapping.

Figure 2 Infrared spectra of cultured human breast and lung tumour cells and murine melanoma tumour cells.
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Figure 3 Results of Student’s t-test performed to assess the significance of differences between spectra of cultured human breast
and lung tumour cells and murine melanoma cells.
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Figure 4 Concentration of triglycerides, urea, glucose and protein predicted by partial least-squares analysis of infrared spectra of
serum plotted against reference values.
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Figure 5 The intensity of the 12CO2 and 13CO2 absorption bands as a function of time in suspensions of yeast incubated with (A) 12C
and (B) 13C labelled glucose.
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Figure 6 Infrared spectra of cultured human breast tumour cells and two low-grade human breast tumours. Absorptions marked (a)
and (c) arise from adipose tissue and collagen, respectively.

Figure 7 Functional group maps of a thin section of a subcutaneous tumour from a nude mouse showing adipose tissue and
collagen distribution.
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Figure 8 Noninvasive near-infrared imaging of the human
forearm using a 512 × 512 array of CCD detectors. Visible image
(upper panel) and results of cluster analysis on each pixel for the
deoxyhaemoglobin absorption at 760 nm (lower panel). Areas
with similar shading have similar deoxyhaemoglobin levels.
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See also: Biochemical Applications of Raman Spec-
troscopy; FT-Raman Spectroscopy, Applications;
Multivariate Statistical Methods.

�����������	
��

����������	
������
��	��������������������������������
���� �������	�� ���
���
� ���� ������� ��� ������	�
�	 �
 �	
���
�������!���	���
	�������������	��	
�����
�����	��"���� ����������	

������������������	

��������

���
�� ��� ������ ������ ��������� 
������
��� � ���� ���!
��"�
�"�� #��������$� ��� #���%�����
&� 
����� ��� �'�� ���(�
#���
��	
�����	$���������	��!���&�)*+,)-��

.��/
�������������
�'�����������0��#�������	1�
���!
���
��� (��	�&�2'��#���3���������
�'�������
������
%����������������-,-�4����5�6��/&�7��� �

.��/
�������������
�'�����������89	1�
������
��� ���
�'�� ��������� 
������
(�� 	�&� 2���/� 1.�� ���� ��
���� 1:
���
��"������	��������	���
�����%�����������������),
*)������*)� ���;�"����
� ����������
��� ����5�6��/&
7��� �

.��/
������ ��5���� ��������
�'���� ���+�� �	�������

������
��� &�����5���������� ���#�������(��"���!����	�
�!���������&�4�,*)�

���
��'��������.��/
��������
����������
��	����%����
��������&�������������
�������
�(��<������<	:�-*)+�

������������	
�	�������������������

A Watts, University of Oxford, UK 
SJ Opella, University of Pennsylvania, Philadelphia, 
PA, USA

Copyright © 1999 Academic Press

�����	���
��

����������#�����
����%��#�#%����
�����'�$'� ����!

����������������

������� ������
����
������1�
���!
���
��� � ���� ��������� % � #��������� #�����
�� �'�
������
�����'�
��#�����
�
����$� ������������'��
���!
���
������ �������'�
� �'��� ���� %�� �������� ���#�#!
%����� 
�#���
��;��'��$'� �'��#�����
� ��� ����"�����
#�������
����#���������$����
�#� �%��"�� ���������'�
#�����������������������#��������
�����'���
����$�����
������' ������%����'���
������#���������
�����'���

��� �������
��� �'�� �"������ ��#%���$� ��� �'�� ������ ���
��� ��������#�������
� ���#�#%�����%��� ��
� �
�"�� 

��5���������%������'��#
����
����$���8����'�
����
���
���"��������� 
�������!
����� ��1�� 5'��'� �����
� ��
�������"������#�������������������������������5��'�
��
�����������
��'�
��������������
����

����#�#%����
��
����'=��"�����������#��������5��'���������"��#����!
�����#�

� ����� ��� ∼444� ��� �� 
#���� �������� ���� ∼
-444��'�
��5'������#�#%�����%��� ��
��% �
�������!

�������1���������� �� ��#%���$� ����� �>��"������ ����
"�� � ���$�� ���� >>� -4 /3��� #����#�������� ��� ����

���������?�� �% �
��������$��'��
�#��������������

#��������#�����*4,)4 �#��%��� ���"�
����
��������!
"��������� 
�������!
����� ��1� #��'��
� %�� �
���
��5�"���� ���� ��� � ���� �'���� "�� � 
�����
� �������

�%�����'��
����
�����'�������
�������� �������
��#%��!
�������'�$'� ���
�������������%��� ��
��%�����
���'�
�

�������
� ��� �������
� �#%������ ��� �'�� %��� ��
�#� 

������������������
��5� ���� �������
��"�%�����
������
�
��������!
�������1�
������
��� �'�
�%��������������
�������
������������
� �����$�����
��"���
�������$���
#������
�����%������
�������	
��������
��������
�'�"�
%���������#���������'�
��#�����#�#%�������"����!
#���
��7'����#������
��������� ����"������#��������!
"���� ��"����#���� ���� #�#%����� �������
� �'��� ��
#�@����
� ��� ��$����� 
��"���
�� ���� � ' ������� �����
%��� ��
���#�����'����������"����"����#��������
����!
���������������������
�����
����#�#%������������
�
;
�������������"���������'����
�������!
�������1

#��'��
�� 5'��'� ���� ���������"�� 5��'� ������ %��� ��

�#���
�� 
����!
����� ��1� #��'��
� '�"�� %���
��������
���������� �������#���
����������������
����%�
�%�����������#�#%����!�#%�������������
��������!
����
�� 9'�
� �
���� � ��>����
� �
������� �����'#����
���'��� �'���$'� �'�#����� 
 ��'�
�
� ��� %��
 ��'����
������������������@���

����������
������������
��	�
�'���%
����������������A!�� ��� 
�����$���'���
����!
������ 
�����
� ���� �'�
�� #�������
�� 
����!
����� ��1

������
��� �'�
��'���������������%������5���������
���>��� �������'� ��� �����#����$� �'�� 
��������
� ���
��
���%��$��'��� ��#��
�������������
����#�#%����

���� #�#%����!%����� �������
�� 	�� ���������� 
����!

����� ��1� 
������
��� � '�
� %���� 5���� � �
��� ��
��
���%��������
����������� ��#��
������'�
��������!
���
�� 9'�
�� 
����!
����� ��1� �@����#���
� ���� %�

��������	
��������

����������



1282 MEMBRANES STUDIED BY NMR SPECTROSCOPY

�������� ��� %��'� �'�� ��� �������� ���� ������ ��#��!
����
����#�#%�����%��� ��
��5��'�����'������������
!
����� �'�� 
�#���� �'���$'� 
������������� �'����������
�����$�����
��"���
���������$���
�

�����
����	�
��������������	
��

7��'� �'�� �@�������� ��� '!�������$
�� �'��#�B���#�$!
������ �����������
� ��'�#����� 
'����� �������� ���
>����������� �������$
�� ���� �'�� ������� �@�������� ��
%����$�������1�����%���"���$���5��'���
���������'�
�������������
��"4�∼���C�����"�∼�/�C��% ��
�������
#���������#���������
#����#�������
�����	
������5!
�"���� ���� %��#�#%����
�� �� � ��� �'�
�� �����������

#� �  ����� ��
������
� 5��'� "�� � %����� ����
� ���
��#������ �'�� 
�������� #�
/��$� �'�� ��
�������
��>����������'�$'���
��������
�����
��7'�����'�
����!
���������
�����%���@����������'�������
����� ���
���� 
�'�#�����
'����������������>����������������$�"��#�!
���������������������������#���������#�
������
�#���
�
���'����������������
������#���
���
���
��
���%���5��
;��������"�� �� #�$��� ��$��� 
������$� ��;��� ��� �'�

�#��������%���
������
������$�
����
������5'��'����
���'��� ��
�� ����$'� ��� �"���$�� �'�� ������������ ��#!
������ � ��� >> ��� 3�� D�� ��� $�"�� '�$'� ��
�������!��/�

����!
�������1�
�����������#� �%��#������������'��
�����������������������������������
��'��
��������������
��
������� ���1:3?1�� ��� ���"���� ������������ � ��!
��������
������$�
��������
���!%���
������������5'��'
��
��� ��'�#�����
'�������
����� ����$��-<��)���
�������� � ��������$� -2� ��������� �%�������� ���

5��'�
������"�������'#���������-<��������'�"��%���
�@���
�"�� � �@�������� ��� #�#%����� ��1� 
�����


����	 ���� ��5�"���� �������#���� ��� �� % � *�� ��
�8���������% �)���'�
���
��������5���
��������!
��������������'��$'���������+?�'�
����������������!
�����������'�
��
 
��#
��9 ������
������������'��#���
��##��� ��@������������������������
����%��� ��
����

'�5����������	 ��
9'�� ����� ��� �"���$�� �'�� 
����$� �������� �������$

�∼44 /�C������ ������%�����'�$'���
��������
������
'�
����������5���@�������5���
�������%
��"��������
�'�
�������
����#�#%����
��:@���
�"����������������!
�������������"����#����������
�� ������
�������������
�
���� �%
��"������ ��� #�������� 
�
���
���
�� '�
� %���
��'��"����9'�� �����C������ �'��� �������������� ������
�'�� ���$� #��������� �@�
� ��������� ��� �����
� ���
�������
� ���#�#%�����%��� ��
� ��� �'�� ��>������ 
���!
����� �'�
�� �
� 
���������� � ��
�� ���� �%���� 4� �C� ���
�����
�����4� �C������������
�5��'������
�≤�� �#���
������#�#%����
�� ��� �"���$�� �"���'�#��������� �
�������� �������$
�� '�
� ������� �� ��5� �"����� ���
#�#%�����
�����
�����#�
���%
��"�%�����������������!
��$���5��'�����'������������
��������������#���
��	�
��������������
���

�%������������#�#�$�����$���������!
��� 
�#���� 
������$� ��;?���� �@����#���
� ��� ����
�'�� %������
� ��� %��'� 
�#���� ������������ ���� #�$��
��$���
�#����
������$�����'�
�
���������

��������������������

3�������$� ����� �'�� /���� ��� �����#������ ��
�����
#�#%����� %��� ��� 
�#���
� ���� %�� ��������� ���'��
���������5��'���
���������'���������������������
����!
��#� ��
���
���
�� 8��� #�
�� 
�����
�� ����� ' �������
�>-4 5�E����5�������
���
�������
������� ������������

�����
�5'�����������������#� �����������%����$����
���������%����
��5��'����
�����������#����
����5����
���
����

��
����	����������

0��'� �������� ���� 
 ��'����� #�#%����
� ���� %�
�������"�� � ��������� ���� 
������� �
��$� ��1�� 	�

Figure 1 Representation of the types of sample preparations
used for studying membrane lipids and proteins. Micelles and bi-
celles are usually small (diameters ∼ 20–50 nm) structures and
bilayers can be sonicated into small (20–50 nm diameter) vesi-
cles, or produced as extended (diameters >> 100 nm) multi-bi-
layered or single bilayered closed or open structures, depending
upon the method of preparation. Natural membranes are usually
as large bilayer fragments or closed structures containing a com-
plex and heterogeneous mixture of lipids and proteins and possi-
bly carbohydrates.

Table 1 Comparison of the strengths of the magnetic interac-
tions in NMR and the ways in which they can be averaged to yield
molecular information for lipids, peptides and proteins in mem-
branes in liquid state and solid state approaches

Adapted with permission from Smith SO, Ascheim K and Groes-
beck M (1996) Magic angle spinning NMR spectroscopy of
membrane proteins. Quarterly Review of Biophysics 29: 395–
449. �, Chemical shift anisotropy; J, J-coupling; D, dipolar cou-
pling; Q, quadrupolar coupling.

Interaction Liquids (Hz) Solids (Hz) Methods

σ 10–104 10–104 MAS

J 102 102 Decoupling
D 0 104 Decoupling, MAS
Q 0 105–106 MAS
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Table 2 Properties, advantages and disadvantages of the commonly used nuclei in studies of membranes

���Chemical shift anisotropy; T1, spin–lattice relaxation time; T2, spin–spin relaxation time; NOE, nuclear Overhauser effect; MAS,
magic angle spinning.

Nucleus
Relative 
sensitivity Measured parameters Advantages Disadvantages Common applications

1H 1 000 High resolution spectra 
Chemical shift,
T1, T2

High sensitivity
Natural abundance

Reasonable spectra with 
small vesicles, micelles, 
high speed MAS or MAS 
of oriented bilayers
Several relaxation 
mechanisms
Overlapping resonances

Dynamic properties
Lipid diffusion

2H 9 Powder spectra
Quadrupole splitting
T1,T2

Direct determination of 
order parameters and 
bond vectors

Measurable in cells and 
dispersed lipids

T1 dominated by fast (ns) 
motions

T2 dominated by slow 
(�s– ms) motions

Low natural abundance

Need for selective deutera 
tion

Low sensitivity

Ordering properties of 
phospholipids

Dynamic properties of 
phospholipids

13C 16 High resolution spectra 
Chemical shift
T1

Dipolar couplings

Natural abundance
T1 dominated by one 
mechanism

Need MAS NMR to resolve 
spectra 

Without selective 
enrichment, overlapping 
resonances

Dynamic properties of 
phospholipids

Lipid asymmetry
Ligand–protein
interactions

Distance measurements
31P 66 High resolution and 

powder spectra
Chemical shift
�

T1

NOE

Natural abundance
Chemical shift anisotropy 
is sensitive to headgroup 
environment and phase 
properties of the bulk
lipids

Measurable in cells and in 
dispersed lipids

Individual lipid classes can-
not be resolved in mixed 
bilayer systems unless 
sonicated or MAS NMR is 
used

Quantitation of lipid
composition

Lipid asymmetry
Phase properties

15N 1.04 High resolution spectra 
Chemical shift
�

T1,T2

Cost of labelling is low
Can be incorporated in 
growth media

Chemical shift sensitive to 
conformation

Low natural abundance, 
means of labelling 
required

Overlapping resonance

Labelling of proteins and 
peptides

Structural and dynamic 
studies

19F 830 High resolution and
powder spectra

Chemical shift
�

T1

Chemical shift is sensitive 
to positional isomers 

Order parameters can be 
obtained

High sensitivity
Measurable in cells and in 
dispersed lipids

Need for selective 
fluorination

Two factors contribute to 
the line shape, 
complicating the analysis

High power proton 
decoupling is difficult

May induce chemical 
perturbation compared 
to 1H

Ordering properties of 
phospholipids



1284 MEMBRANES STUDIED BY NMR SPECTROSCOPY

������������� ���� 
�#�� �����
� �����%� � C5����������
���
� 
��'� �
� �'�
�'���� ��'�����
� ���� �'�
�'���!
� ���'�����#���
��%��'����5'��'�����#�B����������
#�#%����� ��#������
�� ������� %������ �'��� ��'��

������������
� ����������������5��'��'���
�����������$
�������������1�#�"������
��"����������'�$'�"����#
�< 4−� ����=�  ���� = --�-** <��� �
� �����5��� % 
' ��������� ���'���% ��������$�%���������5���������
�'�� ���#�� ��� % � ����%����$� ��� �� ����������� ��#�
!
�'�����	�� �
���
����

�%�������������' ������������#
��
���
���
���� �����
������������
�% ����� ��$����
!

���� ��� �'�� $��

� �����
�� 	�� ������
��� �������� #�#!
%����
�����#�
�������� �������������$��

������
��
��$
�'�� �
����������� 
������ ��������������$������ �	�3I�
#��'��� 5'��'� ��"��"�
� ��������$������ ��� �� #�#!
%�������
���
���������5���% �����������' ��������
��#%����� �������
� ��������� % � 
����!�'�
�

�������� 
 ��'�
�
� ��� �@���

���� ��� %�������� ���� %�
�����
�������� ����� �����
� ���#������$���
������$����

��"���
�� 9'�� 
�#���
� ���� ������� ��� $��

� �����

5'�
�� 
�C�� ���� 
'�������������#�����% � �'�� �����!
���>���� � ����� 5��'� ����� ��� 
>����� $��#�����
� ���
����#��� ������$� ������
� ��� 
�������� ��@����#���
����
% � �'�� ������ ����#�$��� ��$��� ��������� 
�#���� 
���!
���$� ��;?������1��@����#���
��7'����#�
�� 
��!
������ ��@����#���
������C��
�#���
������$���
���'��
�'��%��� ������#��� �
��������������� ��� �'�����������
��� �'�� ��������#�$������ ������� ��� �
� ��

�%��� ��� ���!
���#� �������������� ���������� 
�����
� 5��'� �'�
��������� ��� �� $����#������ 5'��'� �
� �
���� � �������
���#��'�����%��%�
��5��'�������%����#�"������#��'�

Figure 2 Typical spectra for various nuclei exploited in studies
of lipids in bilayers. 1H, a spectrum of phosphatidylcholine multi-
bilayers, recorded under magic angle oriented sample spinning
(MAOSS) conditions to give rise to narrow (∼9 Hz) spectral lines;
13C, proton-decoupled spectrum of sonicated, small (diameters
<50 nm) phospholipid vesicles; 2H, a typical deuterium NMR
spherically averaged powder pattern for phospholipid bilayers
deuterated in the choline head group, showing the way in which
the quadrupole splitting (∆νq) is determined; 19F, spectrum of son-
icated vesicles of lipids specifically 19F-labelled in the 12' position
of both acyl chains; 31P, a static, spherically averaged powder
pattern from mixed, cardiolipin, phosphatidylcholine and phos-
phatidylethanolamine bilayers showing the lack of spectral reso-
lution of the three lipid types (upper spectrum), and under MAS
conditions to resolve the three individual phospholipids (lower
spectrum).

Figure 3 Orientational dependence of the 31P NMR spectra (at
36.4 MHz) of planar multi-bilayers of phosphatidylcholine, where
� is the angle of the applied field with respect to the membrane
normal. T = 77°C. Reproduced with permission from Seelig J
and Gally HU (1976) Investigation of phosphatidylethanolamine
bilayers by deuterium and phosphorus-31 nuclear magnetic
resonance. Biochemistry 15: 5199–5204.
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Figure 4 Three different types of phospholipid phases and
their corresponding 31P NMR spectra. From Cullis PR and Kruijff
B (1979) Lipid polymorphism and the functional roles of lipids in
biological membranes. Biochimica et Biophysica Acta 559: 399–
420.
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Figure 5 Multidimensional solid-state NMR spectra of uniform-
ly 15N labelled fd coat protein in oriented lipid bilayers. Panel (A)
is the complete two-dimensional 1H–15N heteronuclear dipolar–
15N chemical shift spectrum. Panels (B) and (C) are spectral
planes extracted from a three-dimensional correlation spectrum
at specific 1H chemical shift frequencies. The spectral regions in
the planes correspond to the boxed regions of the complete two-
dimensional spectrum with which they are aligned. Panel (B)
contains resonances with 1H chemical shift of 11.0 ppm. Panel
(C) contains resonances with 1H chemical shift of 11.6 ppm. The
three orientationally dependent frequencies that can be meas-
ured for all of the resonances in the three-dimensional data set
provide the input for structure determination. The arrow in panel
(B) points to the resonance assigned to the amide of Leu 41 in
the trans-membrane hydrophobic helix and that in panel (C) to
the amide of Leu 14 in the in-plane amphipathic helix.



1288 MEMBRANES STUDIED BY NMR SPECTROSCOPY

��������#�#%����
��;���'�
���
��������'��
������/��/
��� �'�� �'���� ������%���
� $��#�������� � ��� �'�� ��$��
�%���� 5'��'� #�������� �"���$��$� �����
�� �'���% 
�������$� �'�� #��������� ������ ����#����� �%#��
�����#��������#�∆ν(��%
����
����&

H�%������*��������'����$����
�$�"����
�����
#�����∆�(
<�4 /�C��>����������
�������$��
������'�����#�������
���#������5��'� ��
����� ��� �'��#�#%��������#��� �

���$��������'�����@�
�����"���$��$��
������'��#�#%����
���#����	���'�
���
����'����$������#����������"���$��$
�������%�����>��� ������#������%����'���@����#�����!
� ������#�����∆�)�"����
�����%���
��������
��� ��$����
%�����$�������	 !����������������������������������
�
�����������
�����������������
��
������'���'�
�'������=

'����$��������
��
���#���������"���#���������
��
��
����������������������'��%��� ���
�������

"����#	
 �	���	�	���
 $��%��
 �	����	� 	�
#�$�����$���
������$���;�����1��
�#����
������$
�"���$�
� ���� �'�� �������� �������$
� 5'��'� ���� ��!
>������������
�����������#�������
����5�"���� �����!
�������� ��
������ #��
���#���
� ���� %�� #���� �
��$
�������������
��������1*������'�#���������
���
����
1:3?1�����'�������������
���
�����5'��'��'������!
�����������$
������������������������'��
������#���!
���� 
������� 
������$� ���������
�� 0 � 
������$� ���� �

����� ���ω��� �'�� 
�#���� ���#�������
� �
��5'����
�=
�*�-��KK�� ��� �'�� �'�#����� 
'���� ����������� �∆� ��
�C��%��5������
��������
���������
��'��'���ω��=�
∆�
�'��� ����
���� ��� #�$����C������ �����
� %��5���� �'�

���������������'���������������������
���������������
��5���'�����������������'����1�
�������������
�� 
5��'� #�@��$� ��#�� 
'�5
� �� ����������� ��� �'�� ��
!
������%��5�����'��
��������
������'������'���������!
��������
��������������%�������#������9'�
��������'
'�
�%�����
�����������#����-2�
�����������
�����
���

�%!�#� ��
�������� ��� #�#%����
� %��5���� ���$'!
%�����$� �����
�� %��5���� �����
� ���� �������

������	 ���� 5��'��� �� ��$���� ��� �����#���"�� 
���
� ��
$�"���'��
������������ ��$������� ��
�
������������������
#�#%����� %����� ���$��� ���� ��� �� ���
�'����� $����
���������������
�%�����$�
������������������Figure 6 The measured deuterium order parameters, SCD for

the sn-1 (saturated) and sn-2 (unsaturated, C9=C10) bilayers of
phospholipids specifically deuterated in their acyl chains, show-
ing the consequence of the presence of double bonds causing
the staggered conformation of the chains thus affecting the
quadrupolar averaging (B), even though the molecular order
parameter, Smol, remains for each chain (A). Reproduced with
permission from Seelig J and Seelig A (1977) Effect of single cis
double bond on the structure of a phospholipid bilayer.
Biochemistry 16: 45–50.

Figure 7 Deuterium NMR quadrupole splittings (∆νq) of the
	-CD2 group plotted against the corresponding splitting for the

-CD2 group of dipalmitoylphosphatidylcholine -P(O4)− –αCD2–
βCD2–N+(CH3)3 in bilayers for a range of ions at constant ionic
strength, I = 1.05 M and at 59°C, showing the sensitivity of lipid
head group orientation to surface charge. Reproduced with
permission from Akutsu H and Seelig J (1981) Interaction of
metal ions with phosphotidylcholine bilayer membranes. Bio-
chemistry 20: 7366–7370.
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Figure 8 Rotational resonance 13C MAS NMR has been used to determine both an intramolecular distance within a lipid and an
intermolecular distance between a lipid and a protein in bilayers. A train of spectra are shown at different mixing times for the n = 2
resonance condition at a spinning speed of 6248 ± 5 Hz, at two different temperatures, giving a distance (from an analysis of the
intensity changes with mixing time) from the C1 on the sn-1 chain to the C2 on the sn-2 chain of 4.0–5.0 Å at −50°C in
dipalmitoylphosphatidylcholine bilayers (A). To determine the intermolecular peptide–lipid distance, the spectral intensity changes due
to magnetization transfer were determined under conditions of no magnetization transfer, that is, at off-resonance, (�), with unlabelled
lipid to show the contribution from natural abundance (1.1%) 13C, (�), and with 13C-1,2-[2-13C] labelled lipid in bilayers containing
glycophorin labelled at residue, 13C–OH tyrosine-93 (�), to give a distance of 4.0–5.0 Å. Reproduced with permission from Smith SO,
Hamilton J, Salmon A and Bormann BJ (1994) Rotational resonance NMR determination of intra- and intermolecular distance
constraints in dipalmitoylphosphatidylcholine bilayers. Biochemistry 33: 6327–6333).
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Figure 1 Schematic drawing of a tandem mass spectrometer of BE geometry.
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Figure 2 Simple Gaussian (A) and ‘dished’ (B) metastable peaks. For comparison a typical profile for an undissociating ion beam
is shown between them.

Figure 3 Potential energy profiles for ion fragmentations
giving rise to Gaussian and flat-topped metastable peaks.
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Figure 4 Log k vs. ε curves for the dissociation of the phenyl
halides C6H5X•+ → C6H5

+ + X•. The metastable ion window is
shown as P(M*). This curve represents the probability that an ion
having the corresponding dissociation rate constant, k, will
fragment in the metastable ion time-frame, here ∼ 1–3 µs. At the
maximum, about 11% of the beam is dissociating.

Figure 5 Composite metastable peaks. (A) Peak for C3H5
+ (m/z 41) ions dissociating to give isomeric fragment ions C3H3

+ (m/z 39).
The broad signal corresponds to the production of the cyclopropenium cation, while the narrower component is for the generation of
the propargyl isomer [HCCCH2]+. (B) Signal for isomeric C4H9

+ ions, fragmenting via different transition states, to produce by methane
loss the 2-propenyl cation, [CH3

+CCH2] (not the thermochemically more stable allyl isomer [CH2CHCH2]+).
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Figure 6 The energy-resolved metastable peaks for the loss of H• from three isomeric C2H4O•+ ions. Note that the peak widths do
not have a common scale. The half-height widths for the three signals are 35, 11 and 41 V from left to right.
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See also: Fragmentation in Mass Spectrometry; Ion
Energetics in Mass Spectrometry; Ion Structures in
Mass Spectrometry; Isotopic Labelling in Mass Spec-
trometry; Neutralization-Reionization in Mass
Spectrometry; Photoelectron-Photoion Coincidence

Methods in Mass Spectrometry (PEPICO); Sector
Mass Spectrometers. 

��������������

+�	��	�� D%��/
����� B9���
���	������ "����F�
� B(� ���
��	�
��� B:� -#;?C.� %
�����
������ �������� ����
�������
�
������
�� 
�� ��� ����	��� �	
������ �	
�� ����
������	
�
�� �	���������
���� (
#����� ����� !���	
���	
� ��J
CC=7CC4�

%

��� H8�� +���
�� B/�� %��	�
��� H�� ���� 9����	� 8H
-#;4$.���	��	�����$����������	���J�(������	��#7=;<�

6�		����DB�����6
����:>�-#;?$.�����������	
���	���1�J
+���
	�� %/� ���� �����	� %>/� -���.� ����
��������
��������� 6���	���� I
�� =C�� ��� 3$7=C4�� �����	���J
(������	�

/������B���>
 �H(�����%
��
��(L�-#;C<.�6��������������
�������������	���%�������&����.���J�$C47$3#�

/
����� B9� -#;?3.����������� ��	����	�� �
� �
��� ��� ��� ���
������(
#����������!���	
���	
��'J�#<;7#?$�

/
�����B9�����+��
���>��-#;4=.�������������
����������
�����	
���	��� 1�J� ����
��� �� -��.��*%� $�	�
��	�����
&����.�� �!������7�%�������������	
7�!�
����(����I
�
3�����=3;7$55��9
��
�J�+����	�
	��

/
�����B9�������	�
���B:�-#;?5.������
���
������������
��������������(
#����������!���	
���	
���J�$?$7$;4�

�
�����	�9��������� ���� >
������ H/� ���� ,����	���
,���-#;?<.��������������������
	�������������
�

�� /%,� �	
�� �
������ ����
���	����� (
#����� ����
!���	
���	
���J�#37==�

�����-������������-�����
��������
�(�
	

��������

G Wlodarczak, Université des Sciences et 
Technologies de Lille, Villeneuve d'Ascq, France

Copyright © 1999 Academic Press

���	
����� �����	
��
��� �
��	��� ����������� ��� �	��
�������	������	
��#7=�8/���
�����	����/���1�����
�����	��� 	���
�� ��� 	
����
���� �����	�� 
�� �
�������
���� �
������ �� ��	������� -
	� �������.� ���
��
�
������������
���	�����������������
������������
�	�����������
	����
��
�������
���	�������	����	��
�
��� �
������� ���� ��� ����	������� ����
	��
�� ��������
0��	� ���
	����
������������
����
����������	��
�
����
��������
��������������	
����
���
�����������
���
� ��� ����	������� 1�� ��� ����� 
�� �
�������� ���
�	������ ��	��� ���������� �
��
���� ����� ��� ����	���
	
����
��
�����������	
���
	�	�������
	����
���
	
������� �
��
������ ��� �
�������� ��		��	� ��� ���


������������	
�����
���	����
��
���������������������
��	��� ������������ 
�� ���	
����� �����	
��
��� ���
��
��� �����
����� 
�� ����	������	� �������� �������	�
���
���	��� ���� ���
	� �
��
������ 
�� ��� ��	�'�
���
���	��
��������	�
���
����������������������������

����������
����� ���	����������	�����	�����	��
��
��� ����	�������	
������
�����
���������
��
��	���
����� �
�������� -��� �
� $5� ��
��.�� L�������� �������
��������
������	��
����	���������	���������
��������
�
������	� �
���� ���� ����� ���� ���
���� �����������
	��������� �
������	� �
�������� �	�� 	�����	��� ��
���F����
��� ���������
�������
���

��	��
�����	
���
������

	����������	
��
���

������������



1298 MICROWAVE AND RADIOWAVE SPECTROSCOPY, APPLICATIONS

�
������������������

���	
����� �����	
��
��� ����� �������� �
�	���
�
�	����
��	������
������������	
��������������	��
�
���� ������ 
�������
	�� -8���� ��
���.� 
	� �����	
���
������ -�����	
��.�������
�������
	�� �������
��	����
������	��������������
���-����
�#=5 8/�.������	�
�
���� ����	���
�� ��� �
��
���� 	�������� ���� �	��
������� ���������	�� ��� �
� 355 8/��� ���� ��� ����
����� �
� 	����# �/��
��
�����
����+�����	������

�������
	���	����������������
�#�= �/��������	�����
����������
���������� ����������
����������	
���
��
���� �����	�� 	��
	���� ���� ���� ����� 
�� �
�	����
6����	���������������������������
��
	���������/�
	���
�J

V ��	����	�	�������	����������������������	���
��
V �� ����
����
����	�	���	������
���-%0=�����	�.�����
�����	
�������������	������
��

V �
�
�� ����
����
���
�������	��
V ��	����	�	���>
�	��	��	����
	�������	
��
���

���������
	���	������	�����"�
�������
����
	�1�"�
�������

�����
�
����	����������������	����������
��������	�������	���
��
"��	���
������
����������������������������	
�

����� �	����������� ����� �
�	��� �
������
�� ��� ��
�
����
��
������������
	���������	���������������
���	�� �����	
��
���� H�������� �� ���� ���������

���	
�����>
�	��	��	����
	�������	
��
�����������
�����
���� �
� 
������ ���	������ �	�������� 	��
����
�
����������������������	
��
�����
��	�����
������	����
������������������������	
�����������
�����	
�	��
������	�����������	���
������������������������
����������� ���	������ ��� ����� 
����� �
� 	��� ���
�

Figure 1 The J = 34 ← 33 transitions of trioxane [(H2CO)3] at 358 GHz. The K = 3n transitions are easy to recognize and their
quantum number K is indicated. Reproduced with permission from Gadhi J, Wlodarczak G, Boucher D and Demaison J (1989) The
submillimeter-wave spectrum of trioxane. Journal of Molecular Spectroscopy 133: 406.

Figure 2 A 32-MHz scan showing the 79Br hyperfine structure
of the J = 4 ← 3 transition of D79Br at 1.018 THz. Reproduced
with permission from Saleck AH, Klaus T, Belov S and Winnew-
isser G (1996) THz rotational spectra of HBr isotopomers in their
v = 0,1 states. Z. Naturforsch 51A: 898.
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Figure 3 Typical traces of the spectral lines for the ν4 (2Σµ)
state of C3H (CCH bending mode). The centre frequencies of the
doublet lines are given in the figure. The spin splitting becomes
large as N increases. Reproduced with permission from Yamam-
uto S, Saito S, Suzuki H et al (1990) Laboratory microwave spec-
troscopy of the linear C3H and C3D radicals and related
astronomical observation. Astrophysical Journal  348: 363.

Figure 4 A 172 MHz broad-band scan (lower trace) and high-
resolution spectrum (upper trace) of phenol and water in helium
at a stagnation pressure of 100 kPa. Three lines can be recog-
nized in the low-resolution spectrum: a doublet consisting of a
strong and a weak component of the 606 ← 505 transition of the
phenol–H2O complex and the low frequency component of the
212 ← 221 internal rotation doublet of the phenol monomer. In the
high-resolution spectrum, the lines appear as Doppler doublets.
Reproduced with permission from Gerhards M, Schmitt M, Klein-
emans K and Stahl W (1996). The structure of phenol–water ob-
tained by microwave spectroscopy. Journal of Chemical Physics
104: 967.
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Figure 5 Nitrogen-broadened widths of the J = 8 ← 7 line of N2O at T = 295 K; pressure of N2O: 30 mtorr.
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Figure 6 Spectral pattern and relative intensities of C3S transition lines. Reproduced with permission from Tang J and Saito S (1995)
Microwave spectrum of the C3S molecule in the vibrationally excited states of bending modes v4 and v5. Journal of Molecular
Spectroscopy 169: 92.

Figure 7 Plot of log | HJ | against the function of log B for
various C3v symmetric tops: B is the rotational constant, HJ is one
sextic centrifugal distortion constant. Reproduced with permis-
sion from Demaison J, Bocquet R, Chen WD, Papousek D,
Boucher D and Bürger H (1994) The far-infrared spectrum of
methylchloride: determination and order of magnitude of the
sextic centrifugal distortion constants in symmetric tops. Journal
of Molecular Spectroscopy 166: 147.
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Figure 8 Comparison of observed (�) and calculated (−)
variations of the quartic centrifugal distortion constant �JK with
the ring-puckering quantum number v for methylene cyclobu-
tane. Reproduced with permission from Charro ME, Lopez JC,
Alonso JL, Wlodarczak G and Demaison J (1993) The rotational
spectrum of methylene cyclobutane. Journal of Molecular
Spectroscopy 162: 67.
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Figure 9 Atmospheric transmission in the submillimetre and far-IR from (top) a very good high-altitude ground-based site (Mauna
Kea at 4.2 km) and from (bottom) an airborne observatory (e.g. KAO at 12 km). The blocked regions are mostly caused by molecular
absorption. Reproduced with permission from Phillips TG and Keene J (1992) Submillimetre astronomy. Proceedings of IEEE 80:
1662.
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Figure 10 Diurnal variations of the stratospheric ClO lines
shape over McMurdo Station, Antarctica, averaged over the
period 20–24 September 1987. de Zafra RL, Jaramillo M, Barrett
J, Emmons LK, Solomon P and Parrish A (1989) New observa-
tions of a large concentration of CIO in the springtime lower strat-
osphere over Antarctica and its implications for ozone-depleting
chemistry. Journal of Geophysical Research 94: 11423.
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Table 1 Interstellar molecules

Number of atoms

2 3 4 5 6 7 8 9 10 11 13

H2 H2O NH3 SiH4

OH H2S H3O�

SO 
SO+ N2H�

NO SO2

SiO HNO
SiS SiH2?
SiN H2D�

NS NH2

HCl
HF
NaCl
KCl
AlCl
AlF
PN
NH 
CH� HCN H2CO HC3N CH3OH HC5N HCOOCH3 HC7N CH3C5N HC9N HC11N
CH HNC HNCO C4H CH3CN CH3CCH CH3C3N (CH3)2O (CH3)2CO
CC C2H H2CS H2CNH CH3NC CH3NH2 CH3COOH CH3CH2OH
CN C2S HNCS H2C2O CH3SH CH3CHO C6H2 CH3CH2CN
CO SiC2 C3N NH2CN NH2CHO CH2CHCN C7H CH3C4H
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Figure 11 Millimetre wave spectrum of the Orion nebula in the direction of the so-called Kleinmann–Low area. Rotational spectra
from many molecules are seen; ν = frequency and TA* = antenna temperature, a measure of emission intensity. Reproduced with per-
mission from Blake GA, Sutton EC, Masson CR and Phillips TG (1987) Molecular abundances in OMC-1: the chemical composition
of interstellar molecular clouds and the influence of massive star formation. Astrophysical Journal 315: 621.
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Figure 12 The 110 ← 000 HDO line at 465 GHz, observed at the
Caltech Submillimetre Observatory, in comet Hyakutake. Two
lines of methanol are present in the same spectrum. Reproduced
by permission from Crovisier J and Bockelée-Morvan D (1997)
Comets at the submillimetric wavelength in ESA Symposium,
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Figure 1 Block diagram of a conventional Stark-modulated
microwave spectrometer.
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Figure 2 Block diagram of pulsed Fourier-transform microwave spectrometer. Reproduced with permission of the American Institute
of Physics from Harmony MD, Beran KA, Angst DM and Ratzlaff KL (1995). A compact hot-nozzle Fourier transform microwave
spectrometer. Review of Scientific Instruments 66: 5196–5202. Copyright 1995, American Institute of Physics.
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See also: EPR Spectroscopy, Theory; Gas Phase
Applications of NMR Spectroscopy; Microwave and
Radiowave Spectroscopy, Applications; Rotational
Spectroscopy, Theory; Solid State NMR, Rotational
Resonance; Vibrational, Rotational and Raman Spec-
troscopy, Historical Perspective.
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Figure 1 Schematic illustration of the experimental arrange-
ment (A) used to obtain a Mössbauer spectrum (C) for a single
Lorentzian line both in the source and in the sample (B).

Figure 2 Experimental arrangements and Mössbauer spectra
for a 57Co (Cr) source and a sample of α-Fe: (A) transmission
geometry, (B) scattering geometry with the detection of γ- or X-
rays, (C) backscattering geometry with the detection of X-rays
and electrons. The source moves at a velocity v.
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Figure 3 Spectrometer based on the toroidal detector.

Table 1 Main radiation characteristics for the 57Fe and 119Sn
de-excitation

Type

57Fe 119Sn

Energy 
(keV)

Probability 
per de-exci-
tation (Ci)

Energy 
(keV)

Probability 
per de-exci-
tation (Ci)

K-conversion 7.3 0.796
L-conversion  13.6 0.09 19.6 0.83
M-conversion 14.3 0.01 23.0 0.13
KLL Auger 5.4 0.543
LMM Auger  2.8 0.74
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Figure 4 Schematic picture of a spectrometer for back-
scattering studies.

Figure 5 Set-up for simultaneous recording of CEM spectra (1), X-ray Mössbauer spectra (2) and transmission spectra (3).
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Figure 6 CEMS spectrometer used to operate at 4.2 K. M,
mylar window, B, cold finger. The detection assembly is screwed
on to the dewar at SS´.

Table 2 Detectors and electron detection techniques in CEMS

With energy resolution Without energy resolution

Electron spec-
trometers

Magnetic Parallel-plate avalanche 
counters

Electrostatic Channel electron multipliers

Ionization 
detectors

Proportional 
counters

Gas scintillation detectors

Multiwire pro-
portional 
counters

Microchannel plates

Semiconductor 
detectors

Windowless multipliers

Gas scintillation
proportional 
counters

Organic scintillation
detectors

X-rays con-
trolled propor-
tional counters

Detection of light produced 
by microcharges 

Geiger-Müller counters
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Figure 7 Schematic diagram of a DCEM spectrometer based
on the electrostatic cylindrical mirror analyser. Forward scatter-
ing geometry is used. �1 and �2, minimal and maximal angles for
the input slit edge positions; Pb, lead shielding.
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Figure 8 A schematic experimental arrangement used for
selective-excitation double Mössbauer spectroscopy.

Figure 9 SEDM spectrum of α-Fe.

Figure 10 An experimental set-up for studies of total external reflection of Mössbauer quanta. D1, scintillation detector.
L0 ~ 600 mm, L1 ~ 700 mm, L2 ~ 400 mm, h = (1 ± 0.05) mm.
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Figure 11 Part of an experimental set-up (see Figure 10): the
dual proportional counter.
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See also: Calibration and Reference Systems (Regu-
latory Authorities); Mössbauer Spectroscopy, Appli-
cations; NMR Spectrometers; Quantitative Analysis.
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Figure 1 Mössbauer spectra of the 23.9 keV transition in 119Sn
with a source of 119Snm(OH)2 (polycrystalline samples with one of
the largest quadrupole splitting of ionic Sn2+ compounds) at 4.2 K
and 16 mK and a 119Sn:Pd (3 at% 119Sn) absorber chamber at a
temperature of about 1.3 K are shown. The, �  state decays by
an M4 transition to the �  state of 119Sn, which itself decays to
the ���ground state with the 23.9 keV M1 Mössbauer transition.
The source was cooled inside the mixing chamber of the 3He/4He
dilution refrigerator specially designed for Mössbauer experi-
ments. The weak line C at 1.5 mm s�1 is attributed to Sn4�

impurities in the source.
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Figure 2 Mössbauer spectra of the source of Fe:Au, prepared
by diffusing 57Co into a foil of Au; the total impurity content (Co �
Fe) was below 10 ppm. The source was attached to the mixing
chamber of a 3He/4He cryostat. The absorber was iron potassium
hexacyanide at 1.3 K in the same external field (Hext ≤ 6.0 T). The
solid lines are fits to the spectra including line broadening due to
relaxation effects or a distribution of hyperfine field.
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Figure 3 Spectra of microcrystals of Fe3O4 obtained at 260 K
in various applied magnetic fields. The iron atoms at the octa-
hedral and the tetrahedral sites in Fe3O4 have different hyperfine
field with opposite directions, and the corresponding Mössbauer
lines are not completely resolved even in external field resolved
Hext 
 1.22 T.
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Table 1 Isomer shifts, electron configurations, and value of the
electron density difference ��(0) for matrix-isolated Fe ions

a Relative to Fe metal at 300 K.

Ion
Configuration outside 
Ar core

Isomer shift a

(mm s�1)
��(0)
(au)

Fe0 3d64s2 �0.75±0.03 16.0
Fe+ 3d7 �1.77±0.08  0.0
Fe+ 3d64s �0.26±0.05 10.5

Figure 4 Mössbauer spectra from a band of an amorphous alloy: (A) contact surface, (B) noncontact surface. In accordance with
the foil preparation, the z principal axis is perpendicular to the foil surface, the x axis is along the band and the y axis is perpendicular
to the rolling direction. The direction of the incident Mössbauer quanta is specified by the angles � and �.

Table 2 Isomer shifts for the various fluorides of Np and the
values of �(0) for electron configurations, 5fn, nominally
representing the oxidation states in fluorides

a Relative to NpAl2 at 4.2 K.
b For Li5NpO6.

5fn Oxidation
state

Electron
density (au)

Isomer shift a (mm/s�1)

5f4 Np(III) 6 965162 +34(1)

5f3 Np(IV) 6 965 343 –9(1)

5f2 Np(V) 6 965 555 –37(1)

5f1 Np(VI) 6 965 793 –63(2)

5f0 Np(VII) 6 966 057 –77(2)b
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Figure 5 Texture distribution functions D(�m, �m) for the band
of amorphous alloy Fe80B20: (A) contact surface, (B) noncontact
surface. The direction of the quantization axis is determined by
the angles �m and �m.

Figure 6 Isomer shift scale for Au(I), Au(III), and Au(V) halides.
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Figure 7 Mössbauer spectra of [FexMn1�x(phen)2(NCS)2] at
5 K and various iron concentrations x. The spectra demonstrate
that, with increasing dilution of iron by manganese, the intensity
of the quadrupole doublet of the high-spin state of iron(II) (outer
two lines) increases steadily at the expense of the low-spin quad-
rupole doublet of iron(II) (inner two lines).

Table 3 Isomer shifts 	� and quadrupole splittings �EQ for
haemoglobin at 195 K. The symbol Hi is used for ferric
haemoglobin and Hb for ferrous haemoglobin

aSpectrum very broad.

Material 	 �EQ

HiF (0.3) (0.67)
HiH2O 0.20 2.00
HiCN 0.17 1.39
HiOH 0.18 1.57
Hb 0.90 2.40
HiN3 0.15 2.30
HiOH 0.18 1.57
Hb 0.90 2.40
HbNOa – –
HbO2 0.20 1.89
HbCO 0.18 0.36
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Figure 8 Mössbauer spectra of a low-spin ferric haemoglobin
HiCN – at (A) 195 K, (B) 77 K and (C) 4.2 K. The broadening at
77 K relative to 195 K is due to the slower electron spin relaxation
rate. At 4.2 K the relaxation is so slow that the hyperfine pattern
is resolved, but complex.

Figure 9 Resonant absorption spectrum of 57Fe (295 K) in
lunar soil from the Apollo 11 landing site at Mare Tranquillitatis.
The absorption in the range between 0 and 0.3 mm s�1 results
primarily from iron in silicate glass, pyroxene and olivine; the
peaks at lower and higher velocities are due to metallic iron.
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Figure 10 Sets of TER-CEM spectra (A) for the initial sample -57Fe (enriched up to 90% and ~ 50 nm thick), sputtered on a 10 mm
thick beryllium disk (sample I) and (B) after oxidizing in air for 4 hours at 150°C (sample II). TER take place at grazing angle � ~ 3 mrad.



1332 MÖSSBAUER SPECTROSCOPY, APPLICATIONS

��
�����
����������������
�������
�������
�
�
���
�������������
�������	
�������������
����	��	���
����
��� 
��� ���
���� ������� ���� )����� ��� ������ ���� �
� ��
����� 
��
� 
����-�������� ���������
� ��� 
��� 
��� �����
���������������
��
��
�������
��	�������������������
�
��	
���� �� 
��� 
��� ������� ���� �����
� �� -�%%�
��������	���������
�����
����
��������������������
�
�/01�����-������������������
�)�������	�����
��

������ ��� ������ ��!� �
� 	��� ��� ����� �����	�
��� ���

������
��������������������������
���������������)
�����
�������	������

���������	�����������

�����	������������������������� �����
�����������
���� ��	������ ��
���� ������	�� �� �����
����� ��)����
	��	�!� �
���� ���� �
���� ������!� ���������� ������� ���
)������!� 	��������!� ����	�� ��)��
���� ���� ������
������)��
���!�	�
������������������
�
�����	
�������
������ ����	��!� ��������!� ���� �������� ���	�����)!
�����	����	
���
����	�����)���)��
������
����������
	����	
���
�!�����	��	���
���!�
��������!������������

�
���� ���� ������ 
���
���
� �� ��
���!� 
��� 	���
�����
��!����������������������)������!�����������
�����
�������	���������������	�
������&�������������
	�
���� �� ���������� ���	
���	���� 
�� 	��������
�
�������������
���������� 
�
#����	�����
�����)���������
����������������������

	�
��������������������	
���	���������
������������

�� �������
�� ����� 
�������� 
���	�@� ������ ��������!
�����2��������� ������!� ����	��!� �������)!� ��
���
�
���
������!��
���!�������)��
�	�������!����	���
�
���!����
�����!������
���!���

�	�����	
�B��
	��&��������������
��������
��� ��� 
��� ����2	������ ���
��!� 
�����	���
����������
����
�� 
��������
���!���)�����)�����
��������2����������������!�����2����	�������-�2��2
J��������

Figure 11 The histograms of iron content S in different phases
of different sublayers (sample I) as function of the lower border of
the sublayers. The sample is an iron film about ~ 50 nm thick,
sputtered on the beryllium disk 10 mm thick. 1; sextet of -Fe; 2,
broadened sextet with smaller magnetic splitting than in -Fe; 3,
asymmetric strongly broadened sextet associated with hyperfine
interaction parameters for -FeOOH; 4, the doublet.

Table 4 Corrosion studies using Mössbauer spectroscopy

Processes studied Corrosive environments, objectives, applications

Passivation Solutions and electrode surfaces in solutions at various potentials
Properties and structure of passive films in solutions, in gases or in vacuum

Corrosion in water and in aqueous 
solutions

Distilled water
The effect of oxygen
The effect of other admixtures in water
The temperature effect in aqueous media
Water vapour corrosion
Corrosion in power plants

Corrosion in gases Pure oxygen or dry air
Atmospheric and water vapour corrosion
Aggressive gases
Combined action of both gas media and solutions

Corrosion in aggressive 
environments

Acids
Alkalis
Organic and natural media
Corrosion in tubing and autoclaves
Applications in agriculture

Specific corrosion processes Stress corrosion
Corrosion beneath lake and polymeric coatings
Transformations of corrosion products to enhance the protective properties and to identify the 
corrosion products

Inhibition and passivation The effect of special inhibiting or passivating admixtures on the on the composition and 
growth rate of protective films.

Corrosion of amorphous alloys Materials science
A check on the theory used to describe corrosion of amorphous alloys

Internal oxidation Materials science
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Figure 12 (A) An 8 mm fracture of steel with the initial � � � structure (19.2% Mn, 1.67% Si, 0.9% Ti, 0.07% C). (B) CEM spectrum
of the steel from the fracture surface shown in (A). (C) CEM spectrum after annealing at 1050°C for 6 hours, followed by cooling in air.
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Table 5 Results of the phase analysis of iron-based alloy (19.2% Mn, 1.67% Si, 0.9% Ti, 0.07% C)

〈Heff〉�is the average effective magnetic field at a 57Fe nucleus in the -phase; �	 = ±0.01 mm s�1; �i are the relative areas (%) under
the spectrum (i = ,���); Ci is the relative content of the i th phase (%), �� = ±5%, C = � /(� + 1.43��). Heff values are given in tesla,
isomer shifts are in mm s–1

Loading
Detected
radiation

Parameters of the � + �
phases Parameters of the magnetic phase

Phase composition 
(saturation effect and 
rescattering are 
accounted for )

	� + � �� + � 〈Heff〉 	 H C�+� C

Low-cycle fatigue Electrons �0.12 28 27.3 �0.01 72 27.6 72.3
 X-rays �0.14 29 27.5 �0.04 71 35 65

Fatigue tests at 600 
cycles min–1

Electrons �0.12 10 27.5 �0.01 90 8.8 91.2

 X-rays �0.14 26 27.5 �0.01 74 31.9 68.1
Impact tests Electrons �0.12 23 28.0 �0.01 77 21.4 78.6

 X-rays �0.15 46 28.1 �0.05 54 53.2 46.8
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Figure 1 Absorption cross section for 129Ir at 4 K and 300 K. The Debye model was used to calculate the lattice vibration.
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Figure 3 (A) Energy level shifts for a 57Fe nucleus, resulting in
the appearance of the isomer shift �. (B) The corresponding
Mössbauer spectrum.

Figure 4 (A) The splitting of the excited level of a 57Fe nucleus
due to the electric quadrupole interaction �. (B) The correspond-
ing Mössbauer spectrum.
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Figure 5 Effect of the magnetic dipole interaction on energy
level splitting in 57Fe. (A) Energy level diagram in the field
Heff " 0, �zz = 0. (B) The corresponding Mössbauer spectrum.
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Figure 6 (A) Energy level splitting diagram with combined
hyperfine interactions ( ) for 57Fe. (B) The correspond-
ing Mössbauer spectrum.
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Figure 7 Angular dependences of relative intensities of the hyperfine structure components for the le � , lg � � transition in 57Fe,
for magnetic dipole interaction. The polar angle �, defining the wave vector k of the emitted �-quantum, is the angle between the
radiation direction and the quantization axis. The quantization axis z is parallel to Heff.
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tions; NMR Principles; Scattering Theory; X-Ray
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Figure 1 Right: Unconscious laboratory rat mounted in a non-
magnetic holder for MR scanning. Note the face mask for deliv-
ery of inhalation anesthetic, conducting sticky pad electrodes on
fore and hind paws for ECG signal detection, and the lever (con-
taining a fibre optic cable) placed over the abdomen for respira-
tory monitoring. Incisor and ear bars are also built into the
assembly for stereotaxic positioning if necessary. Left: The
entire animal holder about to be inserted into a 7 T laboratory
scanner. Although the notional diameter of the horizontal super-
conducting magnet is 18.3 cm the addition of concentric shim,
pulsed field gradient and resonator coils reduces the useable di-
ameter to about 7 cm – adequate for most small laboratory ro-
dents. The gradient coils produce linear variations in the
magnetic field of up to 150 mT m−1 (15 gauss/cm−1) in each of
three orthogonal directions; they are actively shielded to reduce
induction of eddy currents in the magnet bore. ECG (electric)
and respiratory (optical) signals are sent to monitors and trigger-
ing electronics outside the RF-impenetrable Faraday cage
containing the magnet.
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Figure 2 300 MHz MR images from the brains of rats subjected to temporary MCAO. The top row of images was acquired from a
control animal, and the bottom row from an animal which received a prior neuroprotective treatment. Columns (A)–(D) show transverse
images across the brain and column (E) shows a slice taken horizontally. The image columns show: (A) T2*W and (B) DW images
acquired during the 100 min period of MCAO; areas of deoxyhaemoglobin buildup, and restricted diffusion, show up as dark and bright
regions respectively in the affected (right) cerebral hemisphere; (C) Diffusion map plotting diffusion coefficients during the ischaemic
period, calculated from images acquired with three different diffusion gradient strengths; areas of decreased diffusibility which show
up bright in (B) manifest lower diffusion coefficients and hence appear dark in the map; Representative transverse (D) and horizontal
(E) slices through 3D T2W images acquired 24 h after 100 min MCAO, in which oedema in infarcted regions appears bright. Pulse
sequence conditions were: (A) Gradient echo technique, TE/TR = 13/1000 ms, flip angle α = 90o; (B) TE/TR = 64/1200 ms, diffusion
sensitization applied in vertical direction, b value = 11 370 scm–2; (C) Diffusion coefficient map calculated by exponential fitting the sig-
nal intensity decay to 3 b values of 0, 2350 and 11370 scm–2; (D) and (E) Interecho delay = 6.5 ms, which a repetition (RARE) factor
of 16 converts to a TEeffective of 54 ms, TR = 1500 ms.
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Figure 3 Transverse diffusion weighted MR images of a rodent brain acquired at four different levels (images progress from caudal
(‘back’) to rostral (‘front’) from left to right). Images were acquired with TE/TR = 82/2000 ms, field of view (FOV) = 2 cm, and diffusion
sensitization b = 0 (top row), and b = 29600 scm–2 applied in a horizontal direction (2nd row) and orthogonal to the slice direction (3rd
row). Further anatomical definition is apparent in difference images (4th row) calculated by digitally subtracting one diffusion sensitized
image slice from another. Neuroanatomical structures delineated by the DWI method, and closely corresponding to structures identi-
fiable using different histological stains (5th and 6th rows) are labelled as follows: CCTX – cerebral cortex; THAL – thalamus; HIP –
hippocampus; cc – corpus callosum; STR – striatum; HYP – hypothalamus; ox – optic chiasm; ec – external capsule; 3v – third ven-
tricle; LV – left ventricle; ot – optic tract; vsc – ventral spinocerebellar tract; ac – anterior commissure; cg – cingulum.
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Figure 4 Transverse 300 MHz gradient echo (TE/TR = 4/1000 ms, flip angle = 90°) images through the chests of (A) a control rat,
and (B) and (C), animals subjected to experimental treatments which increase the heart ventricular lumen size, and wall thickness,
respectively; image acquisition was triggered on the QRS complex of the ECG signal obtain images with the hearts in diastole and
hence fully dilated. Panel (D), a coronal ‘bright blood’ image obtained from the same animal shown in (B), depicts the enlargement of
the great vessels in the abdomen provoked by an aorto-caval shunt operation.
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Figure 5 Coronal (A) and transverse (B) – (D) image slices through the aortic arch region of an atherosclerosis-prone mouse
acquired before (A) and (B) and 17 weeks after (C) and (D) commencement of a high fat diet, selected from 300 MHz 3D T2W
datasets. Plaque is arrowed in (C) and (D); perivascular fat is removed from the latter by a fat suppression procedure. In these spin
echo (TE/TR = 13/1000 ms) images triggered in full systole 65 ms after the QRS wave, rapidly moving blood gives no NMR signal
and so appears black.
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Figure 6 ‘Stereo pairs’ of ‘maximum intensity projection’ bright blood MR angiograms acquired from rat brain (A) and abdomen (B).
Contrast between flowing and static fluid was enhanced in (B) by administration of a colloidal magnetite contrast reagent which short-
ens T2 and T2* of blood relative to static tissue. The 3D effect can be best appreciated by viewing the images through stereo viewing
glasses.
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Figure 7 Contiguous coronal sagittal slices through a 3D dataset (300 MHz) acquired from the upper abdominal area of the rat. The
acquisition method, combining inversion recovery (950 ms) and segmented (16, TE = 3.3 ms) low flip angle (∼ 30o) fast gradient echo
readout, was designed to optimize contrast between liver and surrounding structures, but note also the excellent definition of the
kidneys, stomach, and moving (bright) blood in the descending aorta. Abdominal fat was suppressed by selective saturation 3.25 parts
per million (975 Hz) upfigeld of the water signal before readout.
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Figure 8 Slices through the median planes of 3D 300 MHz T2W images (TE = 6.5 ms, TR = 1.5 s, multiecho segmentation, or
RARE, factor = 32, TEeffective = 104 ms) of kidneys from a control rat (A), and from rats treated with an inner cortical (B) and papillary
(C) toxin. Note the clear differentiation in the control kidney between cortex, medulla and papilla, and also the good definition of peri-
renal fat and adrenal glands. Note also the evolution of a hyperintense band in the cortical toxin-treated kidney reflecting derangement
of renal tubular function and water buildup in this region. The papillary toxin evokes a loss of papillary–medullary contrast. Marked
swelling of both treated kidneys is also obvious and easily quantifiable. 

Figure 9 (A) MR images from longitudinal assessment of degeneration of the posterior tibio-tarsal joint of a rat, rendered arthritic
by intra-venous injection of a Mycobacterium butyricum suspension at Day 1 (200 MHz, TE/TR = 9/2500 ms, 100 × 100 µm in plane
resolution, 1 mm trans-plane resolution). (B) 400 MHz images of excised tibio-tarsal joints from control and adjuvant-arthritic rats,
acquired using autosampler technology (TE/TR = 8/1000 ms, 70 × 70 × 250 µm resolution). Reproduced by permission of Dr. Rasesh
Kapadia, SB Pharmaceuticals, Upper Merion, PA.
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Figure 10 200 MHz MR images of a transplanted rat GH3 pituitary tumour. The top pair of images (A) and (B) were acquired with
a T2*W gradient echo method (TE/TR = 20/80 ms, flip angle 45o) and the bottom pair (C) and (D) with T2W (TE/TR = 20/300 ms). The
left hand images were acquired while the animal breathed normal air–anaesthetic gas mixture, while the right hand images were ac-
quired shortly after switching the breathing mixture to carbogen (5% CO2). Note the striking increase in intensity in the T2*W image
as blood flow to the tumour increases due to vasodilation (B). This vasodilation is also reflected in the increase in T2W intensity in
blood vessel cross-sections (D). Reproduced by permission of Dr Simon Robinson and Professor John Griffiths, St George’s Hospital
Medical School, London.
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Figure 1 Transaxial images through the brain of a patient with a haemorrhagic melanoma metastasis. (A) T1-weighted spin-echo
image (TR = 665 ms, TE = 14 ms, α = 80°) showing bright signal in the regions of recent haemorrhage. (B) T2-weighted turbo spin-
echo image (TR = 4500 ms, effective TE = 90 ms, α = 90°) showing bright signal from cerebrospinal fluid and low signal arising from
T2 shortening due to melanin deposits in the tumour. (C) T2*-weighted FLASH image (TR=1604 ms, TE = 35 ms, α = 30°) showing
increased T2* signal loss within the tumour resulting from susceptibility changes due to melanin.
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Figure 2 Sagittal images through the knee of a patient with a
ruptured anterior cruciate ligament. (A) A 3D FLASH image
(TR = 25 ms, TE = 10 ms, α = 50°) providing thin slice images
(1.5 mm) showing trabecular bone structure. (B) A turbo spin-
echo image (TR = 4500 ms, effective TE = 96 ms, α = 90°) show-
ing synovial effusion and oedema (4mm slice thickness).

Figure 3 Transaxial images through the brain of a patient with
a glioma. (A) T1-weighted spin-echo sequence showing a large
tumour in the deep cerebral white matter. (B) The same slice fol-
lowing injection with 0.1 mmol kg−1 of gadolinium contrast agent.
In the latter slice, the sequence also had gradient moment
rephasing to reduce artefacts from flowing blood, causing a slight
change in white/grey matter contrast.
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Figure 4 Transaxial images through the liver of a patient with
hepatic metastases from colon cancer. (A) Breath-hold FLASH
T1 image (TR = 80 ms, TE = 4.1 ms, α = 80°) showing limited
lesion contrast. (B) Proton density-weighted FLASH image
(TR = 127 ms, TE = 10 ms, α = 40°) showing darkening of the
liver from application of 15 µmol kg−1 of superparamagnetic iron
oxide contrast agent, increasing the conspicuousness of the
lesion.
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Figure 5 Flow-sensitive images of blood flow. (A) An oblique
coronal phase-contrast image through the ascending and de-
scending aorta, where white shows flow out of the heart and up
the ascending aorta, dark shows flow downwards, through the
descending aorta. (B) A 3D FLASH image using navigator echo
techniques to remove motion effects, showing the right coronary
artery just above the aortic arch (the thin white vessel seen
against a dark background, centre left of image). Both images
were acquired with ECG triggering.

Figure 6 A maximum intensity projection of a set of MR time-
of-flight angiography images, showing aneurysms on the circle of
Willis (bright areas left and right of brain centreline).
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Figure 7 A maximum intensity projection of a set of MR con-
trast-enhanced angiography images obtained from a 3D FISP se-
quence, following administration of a gadolinium contrast agent.
The image shows the renal arteries and descending aorta (bright
centre right with downward-angled renal arteries) and more faint-
ly the upward-angled renal veins and kidneys, draining into the in-
ferior venacava (centre left). The right kidney (to the left of the
image) is reduced in size owing to involvement of a renal carci-
noma (dark outline visible). At the top of the image the pulmonary
veins can be seen clearly.
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Figure 8 Figures showing quantitative measurements of permeability and blood volume in trans-axial images through the brain of
a patient with a recurrent glioma being treated with chemotherapy. (A–C) rapid T1-weighted images showing uptake of the contrast
agent (Gd-DTPA) in the tumour (pre-contrast, 0.8 min and 2.6 min). (D) A graph of the calculated concentration of Gd-DTPA in a
volume of interest (points) compared with a constrained fit to a multicompartment model used to derive physiological features. (E)
Pixel-by-pixel map of vascular permeability. (F) Pixel-by-pixel map of interstitial volume. (G–I) T2

∗ images obtained using the same
sequences as for images (A–C) (pre-contrast, 0.28 min, 2.79 min), showing loss of signal due to the passage of contrast agent
through the capillary bed; (J) Graph of signal intensity on T1-weighted images, and on T2

∗-weighted sequences, where the integral of
the signal drop on the latter curve is proportional to relative blood volume. (K) Pixel-by-pixel relative blood volume map. These
images and calculated maps were obtained using sequences and methods developed by Ms I. Baustert and Dr G. Parker at the
Royal Marsden Hospital/Institute of Cancer Research.
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Figure 9 ECG-gated images through the heart showing bright
blood and orientated to show left ventricle wall muscle. (A) Show-
ing anatomy. (B) Tagged in one direction at early systole, to
demonstrate myocardial wall motion.

Figure 10 A set of processed image planes through the head of a volunteer showing (black) areas of significant neural activation
following exposure to a pure audio tone. Activation data were obtained at The Royal Marsden Hospital by Mr D. Collins using a real-
time echo planar imaging (EPI) sequence, and processed at the Institute of Psychiatry by Dr J. Suckling.
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Figure 1 3D gadolinium-enhanced MR angiography of the
abdominal aorta (A) and pulmonary vessels (B).
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Figure 2 Brain axial spin-echo T2-weighted image (A) and sequential dynamic susceptibility-contrast in a patient with a right
infarct (B).
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Figure 3 Change in signal intensity during a rapid bolus con-
trast injection (T2* effect) comparing normal brain and ischaemic
regions. The lesion shows a less dynamic decrease in signal
intensity than the contralateral normal region.

Figure 4 Phase contrast image in a patient with a brain tumour
before (A) and after (B) surgery. Before surgery no flow is seen
in the third ventricle because of tumour compression. After sur-
gery flow can be seen in the floor of the third ventricle (arrow).
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Figure 5 Selected T1-weighted images, of a single short-axis section, illustrating myocardial transit of the contrast agent in the left
ventricle (top images). Myocardial perfusion is difficult to assess visually. However, postprocessing the image (factor image) demon-
strates myocardial enhancement (bottom image).
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See also: Contrast Mechanisms in MRI; MRI Applica-
tions, Clinical; MRI Instrumentation; MRI Theory.
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See Constrast Mechanisms in MRI.
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Figure 1 Schematic cross-section through a typical superconducting clinical MR scanner. Within the cryostat (light blue) are the
superconducting coils of the primary magnet (red) and active shield (green). In the bore of the magnet there are passive shim rods
(grey), active shim coils (orange), gradient set (blue), whole body RF coil (black) and patient bed. The tractable diameter is generally
half the magnet bore diameter. (See Colour Plate 37).

Figure 2 The essential components of a typical clinical MRI
system.



1374 MRI INSTRUMENTATION

�����

����

9��
�����������
������������0��	��1�
����������
�B���0��
����
����&��
���������
��0�
�'�		�1�������0��3�1���
&����
�B� ��0�����
�����#10	2��'�����������	�����
0��
&��'���� &���� 
�B�� ���� ������&	�� �������� ���3���� 
��
���	�����	�'0�	��&��2�
������
�0������� 3�&����
&#�� 
�����	�
�� 3�1���
� �;�
�� $��� �3�1��1� 	��1��
�������
 � -���� ��	2� 
������
� '�		� �2����		2� 0���� �
���3������$�)7 �3 �9���
3�		������3�	
�
#�0��
����

������&&��
������1���$�
3�		���&����3�1���
��;�
�
 

�
��	

�
�'��0� �����������	�0�10%��
�	#�����!����0�10��
$��	�� 
����1�0� ����#��
� 3���� 
�1��	 � -�'������ $��
�3�1��1� ���	�������
� �0�
� 3#
�� &�� ��3������ &2� �0�
���
���������� �0��� ��$$������
� ��� ��� ���� 1�����		2
1������� ��� 	�'� $��	�� 
����1�0
� ���� �0���$���� �3�1�

$��3� 	�'��� $��	�� 3�1���
� ������
���		2� 0���� 3���
������
� �9���3����%�3�1��1����	�������
�'0������;�	

�B�� �
� �������0��1� �0�� ��
������ '����� ���� ��$$#
�
�#���1��0�����	���������$��0���#	
��
�4#������������%
��	� �;����3���
� 1�����		2� ��4#���� $��	�� 
����1�0
� ��
�;��

��$�6 � �-�'����������0���	�����	����	3�
#���&
�3�1�
� 3�2� &�� ����#���� ��� 
2
��3
� '��0� 7 ? �
$��	�
 

����

�0���������0�����2��
��$�3�1���
�#
���$�����" 

�����������	�
 -�10��� $��	�� 3�1���
� ���� 
#���%
����#����1���	
�� �� ��0��3�1�������	�
��
���������	
�$� 	�4#��� 0�	�#3� ��� , 5 8 � "�� 3�
�� ���3�	� �3�1��1

2
��3
� �0�
� �
� 
#���#����� &2� �� 
�������2� 	�4#��
�����1��� ��3�����#��� ��'��� �66 8�� ��� ���#��� 0���
����
$�������0��	�4#���0�	�#3���'����	�4#���0�	�#3��

3#�0� 3���� �;���
���� �0��� 	�4#��� �����1��� � �2��%
��		2���0��	�4#���0�	�#3�'�#	����������&���������#�
��� �������	
� �$� *� ��� �5� 3���0
 � ��4#��� �����1��� �

#
#�		2� $�		��� '��:	2 � ������� �	�����	� 
2
��3

��
���
��'��0��0��
�������2���2�
���� ���$���#���$��
0�	�#3���$��1������ ��0�
��
2
��3
�
��		��������������
��$�		��1�'��0�	�4#���0�	�#3��1�����		2����2���	2������%
��	
 � �0�� 
#�������#����1� 3�1���� �$$��
� 0�10� $��	�

����1�0�� 
��&�	��2� ���� 0�3�1�����2A� 0�'������ �0�
������	���
���$��0��3�1��������&������������$�3�1��%
�#��� 3���� �0��� �0�� �	�����3�1���
� ���� ���3�����
3�1���
� ���� �0�� �;���
���� $���1�� $��	�� ���� 3�:�
$�����1������������������
��		������
������$$��#	� 

��������
��� ��
�
�����3�1���
� 0���� 	�

� �;���%

���� $���1�� $��	�
� �0���
#�������#����1�3�1���
�&#�

��4#����#�����)7 :���������#���$��	�
��$�7 * �����
���
#3��	��1��4#�������
��$����	��1�'�������	
�� �� 
�0�����������

���
�1������&������	�$����������������	
��"����	�������
 ��0����3�������'&��:���
����$��3
�0��	�3�����$��	��
����1�0�����	�&	����
�$��	����
��&�	��2
�#�� ��� $	#��#�����
� ��� �0�� ��'��� 
#��	2� ���� ��3%
�����#�� 

�������� ��
��� ��:�� �0�� �	�����3�1����� �0�
$��	��
����1�0��$��0���#������1�����������$����3�����
3�1���
��
���
�����������7 * � �9���3��2����	�������

�0�
� '�		� &�� 
#$$������� ����� 1����� �0�� ��
�1��$�����
$���1�� 3�1������ $��	�� ���� ����� ����

� ��
�1��� '�		
�������������	�
�	#�����$���
�3����
��		�����
��������%
#	��	2� '0���� �0�� ��'��� 
#��	2� ���C��� 
#��	2� �$
��2�1��
��
�#���	��&	� �-�'���������3������3�1���

��4#���� ���2� ����$#	� ��3�����#��� ��1#	������ ��� ���%
��������$�
����$��	�������0�2�����&���;���3�	2�0���2 

��
��	
��

�0�� 
���2� $��	�
� �3������1� $��3� 
#�������#����1
3�1���
� ���� ��
�� �� 0�B���� ��� �0�� 
#���#����1
�������3��� �D��#�0���B�������

�'��0����0��7 ? 3�
�?�1�#

��$��	��3#
��&���������������0����������2��$
���
��
�'��0�������������3�:��
 �"������������$��	�

�
� 	�'� �
� 7 � 3�� ���� �;���� ��	������#
� �$$���
� ��
��	�#����3�#����3������
��������	2����	��4#��3���

#�0� �
� 
������1� �	������� 3����
����
� ���� 3�



������3����
 ��0���
������
�	�3��������3�2�&������
%

��2����
0��	���0��3�1����������#�����
�3�1������$���%
����� �/�

����
0��	���1�����&����0������&2�����
��1
���0����0��3�1��������0��3�1�������3����$����3�1%
������3������	 ��0�
������
0��	������&��&��0�0���2����
�;���
��� � �	���������	2�� ��� ������� 
0��	�� ���� &�
������#���� &2� �	����1� �� 
������ 
#�������#����1
3�1�����#�
�����0�����3��2�3�1����������	���
�����
�0������
������������� ��0���3����������$��0�
�����%
������� ��� �0�� '0�	�� &��2� ��"� 3��:��� 0�
� &���
���
�����&	��� �		�'��1� 3�1���
� ��� &�� ��
��		��� ��

���
� �0��#10�#�� �0�� '��	�� ������#
	2� ���
������
#�
#���&	�����#������3������� �0���&2�������&#���1
1����	2�����0�������		�3��:���1��'�0 

��
�����

�
� ��� 0�10%��
�	#����� !��� 
������
���2�� ��� �
� ���

#$$������� @#
�� ��� 0���� �� 3�1������ $��	�� �$� �� �������
��	#������0����������$��0��3�1��� ��0��$��	���	
������

���&��0�3�1����#
�������0����	#3��&���1�
�3�	�� 
�0�� ��4#���3���
� $��� �3�1��1� ���� ���� ����	2� �


����1�����
� $���0�10%��
�	#����� 
������
���2�&#���

�0����	#3�
�&���1�
�3�	�������1�����		2�3#�0�	��1��
�0����3���
�����0��3�1������
�1�������4#�		2��;���%
��1 �<0�33��1� �
� �0�������

��$�����3�B�������$��0�



MRI INSTRUMENTATION 1375

3�1������$��	��0�3�1�����2������
����'�%
��1�������%
�#�� �"���0��$��
��
��1����0��0�3�1�����2��$��0�����3�%
�2� 3�1���� $��	�� �
� ����3�B��� ��� �0�� �&
����� �$� �

�3�	� � ��1���
� '�		� ���0��� 0���� 
�����	� ��2�
0�3
���	
� '��0� '�����1
� �$� ��$$������ ��
�1�
� ��
���� �0�
��2�
���� ��� �� 
����
� �$� ����� ���
��	����� ���#��� �0�
���3� ��3�����#��� &���� �$� �0�� 3�1���� ��� &�	����
�3���$������
� ��� �0�� $��	� � =�����		2�� �0�� ��2�
0�3
�#�����
������

���������
0�3
��������	2�&����@#
���
��� ��
��		�������������� �0����$����&�� 	�$��#�	�

� �0�

3�1������ �������3���� �0��1�
� �0��#10�� $��
�;�3�	���&#�	���1�'��: 

-�'��������"� 
#&@���
��	
�� ������#��� �0�����'�
��0�3�1�������
�������0��3�1������$��	���
���

#��0�

�� ��$$������ 3�1������ 
#
�����&�	��2� �0��� ��� � �0�
�

�3�	�%���#���� $��	�� ��
�#�&����
� ���� &�� ������		2
��3�����&2��0���������
0�3
 �<3�		�&���������	�����	
��
����0���
��#3���
�'�		��2����		2����	#������������

0�3� 
��� '��0� ���0��
� �� ��B��� 
0�3� '�����1
 
��@#
�3���� �$� �0�� �#������ ��� ���0� ���	� ��� ����3�B�

Figure 3 Actively shielded 2.0 T whole body superconducting magnet. Reproduced by permission of Oxford Magnet Technology,
Oxford, UK.
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Figure 4 Open access 0.24 T resistive electromagnet without cladding. Reproduced by permission of Oxford Magnet Technology,
Oxford, UK.
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Figure 5 Clinical receive only volume coil. Reproduced by per-
mission of Bruker Medical, Ettlingen, Germany.
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See also: Contrast Mechanisms in MRI; Magnetic
Field Gradients in High Resolution NMR; MRI Applica-
tions, Biological; MRI Applications, Clinical; MRI
Theory; NMR Spectrometers; NMR Microscopy; NMR
Relaxation Rates; Radio Frequency Field Gradients,
Theory.
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Figure 1 The two-dimensional Fourier-transform spin echo
NMR imaging sequence. A π/2 radiofrequency pulse flips the
magnetization into the transverse plane, where it is refocused
into a spin echo at the echo time te by a π refocusing pulse
applied te/2 after the first pulse. Spatial encoding is obtained
(1) by using a shaped π/2 pulse, and simultaneously applying a
selective gradient pulse Gsel to define a slice within the object;
(2) by applying two read gradient pulses so as to form a gradient
echo in coincidence with the spin echo, and by sampling Nread

data points within the time Tread in the presence of the gradient
Gread; (3) by repeating the acquisition for Ncod different gradient
values applied during the time Tcod with a maximum amplitude
Gcod. One then computes the two-dimensional Fourier transform
of the resulting Nread × Ncod data points in order to obtain a two-
dimensional image. The products Gread × Tread and Gcod × Tcod are
chosen to achieve the desired resolution within the image plane
(see text).
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Figure 2 Chemical-shift imaging (CSI) in laboratory MRI of oil/
water in rocks: time course CSI images of oil (upper line) dis-
placement by water (lower line) in a Baker dolomite core sample,
over 30 h, obtained at a 1.89 T magnetic field strength. The
absolute intensities are not normalized from one image to the
other, thus the change in the ratio of oil and water intensities with
time (from left to right) is the meaningful parameter. The oil signal
is initially (upper left) more intense, but a uniform decrease in the
oil signal and increase in the water signal with time is observed.
Reproduced with permission from Majors PD, Smith JL, Kovarik
FS and Fukushima E (1990) Journal of Magnetic Resonance 89:
470–478.



1384 MRI OF OIL/WATER IN ROCKS

����
����� 
����� !��� �����
�	�� ��
����� �
�����	��
&�	��� !*�� ��
����
� �	� ��"��� ����
����	� &!���

��������*��������������
���������������

�	����	�����
��	��� �	� ��� ��
����� !������������ �	�� ��������� ��
��	�
������	������
�����
���"����	�� ����/����	���
�������!������������������	������������
����������
������!���
���
��������
���"����	������
��������
���
��������
����	�� �����	�������
��
����	�������

�����
��� �����
�� �
������	��������
���	������!����������
�
���
������3������

�	����	��!���
�����������������
��� ��
����� ��� ����� ���	� ����
���� ��� �	����	��� ��
�
�	���
���
���"����	���
����!����	�������������������
������������������,��	���������!����	������������	�������
��	��������������������	��
������	������	��
�����!��
������
��������!������
����	�	!����	���������������
������������������������
�����	����	��	�������@�������	�
��
�����
�	���
��"���������/���
���"����	�!�����	����

��� ���� ������ ��� ���� ����
����	� ��� 
������ ���
�����	���	�� �
�� ����� �	� ����!���� �
����	�� �	�� ���

�	�����	��	��������

��	��	��
��������������
��	��
��
����
�������	��	��
���5���
�
���"����	���������
��	
��� �
���	��� ��� ��� ���� ��
�������� �!�	�� ��� ���

��
��� ��
����� �
����  ���� ��� ������	�� ��� ����
����	
����� ��� ���	� �����!��� ���	����������� �������� ��
!����������������
����	����������	�	���
���
�����

�	� ��	�� ���
� ����	����� ����������	� �������� ��
���
���	�����	���
������������
������
����
���
�
�
�	���
��� 
���"����	� ������������ ������
�������������
�	�������������	���������������� !����
����������	���
������ ����
����������"���	�������������
�����������>�
&'=@?= ��*����������
����
��������	���������
��
���
' ��������?���������
����	���	�����������������	��

��	�����!����������	��,���!��������������	������!�
������������	����������������	���	�����
���	����
������� 5�	� �� ��	�
� 
��������	� ��� 	������
��� ���

��������
�����������������	����������������
3�
���	���	�����
�	���
���
���"����	������������

���	� �����	��� ��� ��	��	���	��� ������������� ���
�����	�����	������
�	�����������3
�������������������
��	���	���������
����
�"�����	��������������
���	��
��������	����������	��	�����������������
�"��!����	�
���� ���	� ��
��
���� �	� ����
��� ��������� ���� ��
!���
@���"���!���
@	���	������	����
����
���
�@
����&����������
�����*�� 4�������
�� �
�� �	���

�"������ ��� �������� !��� ��	�� �	���� �?� �	�� ��

!��� ��	��	���	��� ���� ������ ���������� ��������
�	��
�����	,� ����
���	������������ �	� ������
��������
����
�� ��� �� ����������
� ���
��� ��� ��	�
���� &��

��
���	��	�� ��� ��������������� �������*�� !��� ��	
��������
�!�����
�	���
�����	���3�
�������	�������

�������������������	���	����	����	��������������	���
�����
����������������������
�	��
�������	���
��	�
�"��
���	��� ���� ���	� ��	���
��� ���	�����������
$�����
���� ����
��	�	����� ����	��������� ��� 
������
���	�������������������������	�������!���
����	����	�
���������	������	���
���"����	������&�	��� "*�
3�
� ���
� ��������� ��
�� ����������� �
� ��������

���	������ �������������������������� ��	��	�

�!�
�	�� ������� �
�� !���� �������� ��� ��� ����� ��� �����
������
��� ���� ��� �����	��	��� ����&����������
�
�����*� �	�� ������
������� 3���� �
����	�� �!����	�
������	������ ��������	��	������	���	��� ���������
!���
��
������	������
������	��	�>���������!��
���!��
�?�������
���	�' ����������
���	�������	������
����
��	�����������������
���������	��������
��������
���������� ��������� /��� �	��
���	�����	� ��

������
���
�����������
���	�����' ���
��������	���
���	��������	�� ����������	� �	� �
����� �	�� ��
��
�C
�����������	������
������
�������
����	����
�������	�
��� �	� �
�	� ��	��	�� &�� ��!� ��
� ��	�*� �
��������� ��

������� /��� !��� ��	��	���	��� ��������� #��� ��� ��
�
������� ���$ ��3�� ���	����� ����!���� ����!� ��
��	���� 
��������	� �	� ������� ��� ��� �������� �	�� ���
�
���	��� ��� ������ �������	��� ��
� ���
����	�
����������������
����	�	���	����
���	���������
�����

��� ���	�	
����
��

������  �� ��������� �	�� ����� ��
������
!�
�
��������
����!������	���	�������
��������
���������

Figure 3 Imaging of wettability contrast: images of water-satu-
rated Fontainebleau sandstone samples of similar porosity (15%)
and permeability, but with different surface treatments, obtained
at a 0.1 T magnetic field strength. The right-hand sample is with-
out treatment and naturally water-wet, and the left-hand sample
was rendered oil-wet by chemical grafting of a silane chain. The
image was acquired with a repetition time of 1 s, longer than the
T1 of the water-wet sample but shorter than the T1 of the oil-wet
sample; the resulting contrast due to different T1-weighting by a
factor 2 is much higher than the image signal-to-noise. Repro-
duced with permission from Guillot G, Chardaire-Rivière C,
Bobroff S, Le Roux A, Roussel JC and Cuiec L (1994) Magnetic
Resonance Imaging 12: 365.
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Figure 4 Thickening of a white cement paste monitored by
MRI: time evolution of 1D FT images of water in white cement ob-
tained at 0.1 T over 4 h (curve a, 1 h; b, 2 h; c, 2.5 h; d, 4 h). The
acquisition duration of each profile is a few seconds; the sharp
peak on the right corresponds to a water reference sample; dur-
ing cement thickening, this peak maintains the same intensity,
while the signal from the cement paste decreases, corresponding
to the progressive immobilization of water as solid hydrates and
to the shortening of the remaining liquid water T2. Reproduced
with permission from Guillot G and Dupas A (1994) In: Colombet
P and Grimmer AR (eds) Applications of NMR Spectroscopy to
Cement Science, p 313. Amsterdam: Gordon and Breach.

Figure 5 Sequences using stimulated echoes for flow velocity
imaging (A) and for the measurement of the displacement distri-
bution function without imaging (B). The use of stimulated echoes
often proves very convenient since the NMR signal can be ob-
served for longer delays �, limited only by the T1 value. The pair
of gradient pulses, when exactly matched, produce no phase
shift for nonmoving spins, and for moving spins they induce a
phase shift �� equal to the product of the wavevector q � �G�,
by the displacement (r(�) − r (0)). For a uniform velocity field �,
(r(�) − r (0)) � �� everywhere in space and � can be found from
the phase-shift measurement at a given value of q (A). In more
complex flow situations, the full displacement distribution can be
obtained from a Fourier transform analysis of data acquired with
incremented G, and thus q, values (B).
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Figure 6 Velocity probability distribution P(��	�
) as a function
of �/〈�〉, where 〈�〉 is the average velocity, for water flowing in a
glass bead pack. For short � (solid line), corresponding to a dis-
placement �	�
 = 0.08d, where d is the bead diameter, the distri-
bution can be described by an exponential decay, in agreement
with the expected Stokes behaviour; here d = 800 µm, and
� = 19 ms. For long � (dashed line), corresponding to a displace-
ment �〈�〉 = 7.3d, the distribution can be described by a Gaus-
sian law in agreement with the classical models of hydrodynamic
dispersion in a porous media: here d = 80 µm, and � = 103 ms.
Courtesy of Lebon L, Leblond J and Hulin J-P PMMH, CNRS
UMR 7636, ES-PCI, Paris, France.
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See also: Contrast Mechanisms in MRI; Diffusion
Studied Using NMR Spectroscopy; Geology and

Mineralogy, Applications of Atomic Spectroscopy;
MRI Applications, Clinical Flow Studies; MRI Instru-
mentation; MRI Theory; MRI Using Stray Fields; NMR
Microscopy; NMR of Solids; NMR Principles; NMR
Pulse Sequences; NMR Relaxation Rates; Relaxo-
meters; Solid State NMR, Methods.
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Figure 7 Example of a NMR logging tool sensor prototype working at 4 MHz. The main magnetic field is produced by permanent
magnets, plus V-shaped polar pieces to concentrate the magnet induction in the central plane, so as to define the measurement zone
in the central area, with a spatial resolution along the tool axis of 2 cm. As the tool moves along the bore wall, the spins are
prepolarized by the magnet induction before they arrive in the measurement zone; thus the standard logging speed can be as high as
15 cm s–1. One can see the V-shaped main polar pieces between two cobalt–samarium permanent magnets, the RF antenna in the V
space and the tuning capacitor. Courtesy of Locatelli M. LETI CEA-Technologies Avancées DSYS, Grenoble, France.
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Figure 1 Back-projection imaging. (A, B) Sequence form used for acquiring a back-projection data set for an image in the X-Y plane.
At this time the slice selection procedure is simply shown as a block. It will be described later in the text. The X and Y gradients are
constrained to define a series of vectors (given by θ = tan−1(Y/X) of constant magnitude R (= (x 2 + y 2)1/2): (A) shows the variant in the
sequence used when conjugate symmetry is to be applied; (B) is the form of gradients used when an echo is to be formed during the
flat regions of the gradients. (C) Coverage of k-space with back-projection. Workers reconstruct the data either using genuine back-
projection algorithms (as in CT–X-ray) or by interpolating onto a two-dimensional grid, followed by a two-dimensional Fourier
transformation.
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Figure 2 Spin warp imaging. (A) Sequence structure used in
spin-warp imaging (again the slice selection component is shown
as a block). The data acquisition gradient is fixed throughout the
procedure; the phase encoding gradient is stepped uniformly
from one extreme to the other, hence the difference from one
excitation to the next. (B) The k-space average resulting from the
spin-warp sequence.

Figure 3 Slice selection process. (A) Envelope of the RF pulse
(typical of the simpler pulses used). (B) Desirable burst of fre-
quencies. (C) More typically achieved burst of pulses. The fre-
quencies shown as negative are, of course, of opposite phase to
those in the main block of frequencies. (D) Applied gradient with
slice selected marked on it relative to the components of (A) to
(C). The slice is shown as perfect, but actual performance is
generally significantly poorer.
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	 ������	 � 
����	 #���

�� ���	 ��	 ����	 ��	 ��#�
	 ����!	 ��	  
�������	 ��	 ���
�/�
���	��	#���������	�����������	#��
�	�����	�
�
���	 ����	 ��������	 ����	 �
�	 ���	 ����	 ���
�����
������	 ���	 �����	 ��	  �
��
����	 �
�	 ���	 ��
�
�������!
$���	���������	���	��	���	���	�����������	������	��

������	�������	��������	��������	����	�
�	�� � �
���
	#���	 ��������	���	���������	��
	��� ������	���
�����#��	 �#�	 ��
�	 �����
���	 
�����!	 ��	 ���	 ��
���	 �
�����	 ���	 ����	 ��
	 ��	 ������
� ��	 ���	 ��
�����	��"����������	���
�	
� �������	����	�
�	����
#���	�	
������	��� �������	��������	�����	���	
��������
��� 	��
����	��	B
���	���	0���
���	����	
������	��� 
�����	�α��	)�	���	��	��
	���	� ���	���������������
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���
�������	 �����	 ���	 ����
����	 ��	 ���	 ����	 �  ����
��
�	������������!
)��	 ����
������	 ��
�������	 �� ���	 ��	 ��"��
���

���	�����	��	+�� ���	�����"����	� ��	�	������	�����
������!	 ���������	 ������ ��	 ����	  ����
	 ������
��
�	 ��
��	 ���	 ��	 ��"��
�	 #����	 �����	 ��	 �	 ������
��"���������	#����	����
	 � ���
	��
�	��	����	��"���
������	 ��	+�� ���	 ����	 ������	 �
�	�
�	�����	 ��
����
	��������!	0��	 ��	���	 
���	��	���������������

�����	 ���	 ���	 ����	 ����
	 ����	 ���	  �
������

�� ���������!
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�	���
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��	�
	 �	��������	� �����	������"���	��	���
���	���
����	 ��	 ������	 � �����	 ����	 ��
�	 "������!	 )��
�  
������	 �
�	 ���	 ��������
	 ��	 �����	 ��	 ������
����	 ���	 ���	 ������	 ��	 ���	 ������	 �
�	 �
�
���
���	 ���	 ���	 �� ��	 ���	 ������ ��	 �	 � ������%��
����������	�������	��	���	�#�!
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����������	���	��	��	�������
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���	�
�	�����"������	��
��
�	 ���	 �����	 ��	 ���	 ������	 ��	 ��
�#�
��	 ��	 ���
� ����������	 ���	 ��	 ���	 ���!	 ��	 ��	 ��
�	 ��

���
� ����%�	���	����	��
	���������	���	����
���	��
���	�"�� ���	�����	��
	��	����

���	���	�� ������
���	��������	��	���	�������	����	���	�
���	�
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�
��	 �������	 �����!	 (���
���������	  
�������	 ����	 �
�� ��	����������	��	�����	��	������	���	��� �	��	����
�
������	 ������	 ���
�	 ��	 �	�
���	 
���
����	 ��	 ���	 ��
������
	 �
�����	 ��	 ����
���	 ��������	 ��	 ���
�"!�!�!	0����	 ����
������	 ���� �	 ��	 ��
�	 ��#	 �������

������	 �
�	 #���������	 �� �
�����	 �
�	 �
�
����
����	��	�
������	 ����	 ����	�
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���
�"�������	 ���	  
������	 ��	 �
������	 ��	 ���������
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�����	���������	�����	��	�����!

(����������#���

%� = �	����
�	��	���	������	��	���	��/���	��	���	 ����
��	
�D	"5 = �  ����	�������	�����	��
�����D	"���� = �$
 ����	 
�����D	"��-� = �����	��	�� ��	���	��	����	��
�

���	 ��	 ����D	 � = ����
���D	 2=� = ����
������������

����D	� = ����#����D	���� = �
�"�����	� ���
�D	* =
�
������	 �����	� ������D	*
 = �
������	 �����	�����	

����	 � �
�����	 ��	 1	 ����	 ���	 ��	"5�D	 � = 1�����	 ����
�����&�πD	 � = � ��	 "�����	 ����
	+" = -���%���
��������D�2 =  
�����	
�������	�$	���������	���	� ���
�
��	 �������D	 � = 
������
	 ����	 #������	 ������D	 � =
����
	 ��	 ����
������	  �����D	 � = 0���
��
�
����
D	� = �����	�������D	!� =  
����	�������	��	 ��
������	 
�D	 
� =  �������	 �����	 
	 ����D	 �	=	 
������
	 ����
#������	 ��
����
����D	 ' = ������	 ��
�����D	 <=� =
���������������	 
����D	 � = ����
������	 ���D	 � = �$
 ����	 ��
�����D	 � = �� �
���
�D	 )B = ����	 ���D
)� = ���	���#���	����������	�����������D	�� =	� ���
�������	 
���������	 ��������D	 ���.+ = � ��6� ��	 
������
����	��������	��
	ρ�.+D	� = ��
�����	��	 �����������
���	 ����D	�� = ��
�����	��	 ����
���	�
������	 ����D
�� = ����	��
�����	��	��"��������	�
������	 ����D	) =
� ��	�����D	ω5 = γ"5D	3 = #����	��	�����D	α = ��� 
�����D	γ = ��
��������	
����D	µ = 
�������	 �
������
���D	µ5 =  �
��������	��	�
��	� ���D	ξ =  
������	����
��
D	 ρ = 
����������	 ��	 ����	 ���
���D	 ρ�.+ =  
����
�������	��	���	�.+	�����D	ω =������
	�
�"�����!

See also: Contrast Mechanisms in MRI; Fourier
Transformation and Sampling Theory; Magnetic Field
Gradients in High Resolution NMR; MRI Applications,
Biological; MRI Applications, Clinical; MRI Applica-
tions, Clinical Flow Studies; MRI Instrumentation;
NMR Principles; Two-Dimensional NMR Methods.
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Figure 1 Plots of the field strength BZ on the Z axis versus dis-
tance x from the magnet centre (solid line, left-hand abscissa)
and of the second derivative of BZ with respect to x (dotted line,
right-hand abscissa). The plots are for a typical superconducting
magnet (Magnex Scientific Ltd) of bore 89 mm and a centre field
of 9.4 T. Reproduced with permission from: McDonald PJ (1997)
Stray field magnetic resonance imaging. Progress in NMR Spec-
troscopy 30: 69–99.

Table 1 Typical values for the centre and stray fields and their
proton resonance frequencies

Centre 
field (T)

Centre 
frequency 
(MHz)

Bore 
(mm)

STRAFI 
(T)

Fringe 
frequency 
(MHz)

Gradient 
(T m−1)

4.7 200 400 1.86  79 9.0

4.7 200 300 2.61 111 12.0

7.05 300 89 2.94 125 37.5

9.4 400 89 5.52 235 58.5

14.1 600 89 9.66 411 52.9

14.1 600 54 8.9 380 90.0

19.6 834 32 11.2 477 75.7
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Figure 2 Plots of the calculated normalized echo intensity in
the absence of relaxation and diffusion for the ODD sequence
(top, circles) and the EVEN sequence (bottom, triangles) versus
echo number following a train of 90° pulses. The first echo inten-
sity is the same for each sequence and is governed only by T2 in
the absence of diffusion. Subsequent echoes have contributions
from T1. The EVEN repeating pattern has two points up and two
points down for 90°. Reproduced with permission from: Bain AD
and Randall EW (1996) Spin echoes in static gradients following
a series of 90 degree pulses. Journal of Magnetic Resonance
A123: 49–55.
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Figure 3 Experimental data of the EVEN sequence and a pulse angle of 45°, which gives a 4-up and 4-down repeating pattern, and
60°, which gives a 3-up and 3-down pattern. The signals were for 1H at 237.5 MHz in the 58 T m−1 gradient of the Chemical Magnetics
Infinity System at the University of Surrey for a silicone rubber sample. The τ value was 25 µs. Reproduced with permission from:
Randall EW (1997) A convenient method for calibration of the pulse length in high field gradients using Hahn echoes. Solid State NMR
8: 179–183.

Figure 4 The echo decay for every third echo of 9000 2H
echoes from a sample of heavy water in a gradient of 74.2 T m−1

and resonance frequency of 27.5 MHz. The tail of the decay is
governed mainly by self-diffusion. The pulse duration was 4 µs
(tip angle 90°). A total of 569 echo trains were accumulated with
a repetition time of 0.5 s. Courtesy of Drs Teresa Nunes,
Geneviève Guillot and the author.
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Figure 5 31P one-dimensional (semi-elliptical) profiles of a cy-
lindrical sample containing ammonium hexafluorophosphate. At
each position four summed echo trains are shown for long echo
train summation (LETS). The highest intensity is for n = 8192
echoes. The gain in the signal-to-noise ratio is proportional to n 0.5

where n is the number of echoes in the train. The variation in n
from the lowest to the highest intensity was 1024, 2048, 4096 and
8192. The odd sequence was used. Experimental details were
resonance frequency 91 MHz; gradient strength 58 T m−1; τ value
20 µs; pulse duration 3.6 µs; manual steps 0.35mm; 64 averages
of each echo train were used at 5.7min per slice. Courtesy of Drs
Duncan G. Gillies and Ben Newling.
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Figure 6 Profiles of a cylindrical phantom (5 mm thick, diame-
ter 10 mm) of a polymer consisting of a 2:1 mixture of poly(methyl
methacrylate) and poly(n-butyl methacrylate) following ingress of
hexafluorobenzene (from the right): (A) projection produced from
the first four echoes of 32 echoes; (B) projections from the last
four echoes. The 19F image is spatially separated at the right from
the 1H image at the left. The fluorine images exhibit spatially var-
iable relaxation behaviour. The gradient strength was 37.5 T m−1

and the resonance frequency was 123.4 MHz. Reproduced with
permission from: Randall EW, Samoilenko AA and Nunes T
(1996) Simultaneous 1H and 19F stray field imaging in solids and
liquids. Journal of Magnetic Resonance A117: 317–319.

Figure 7 Hydration and curing of a Portland (type I) cement
contained in a glass tube and covered with water without initial
mixing of the components. The 1H profiles were taken at various
intervals thereafter: the top profile after 15min; and the bottom
one after 48 h. The peak at the right is from a plastic reference
disc at the bottom of the vial, whereas the sharp peak at the left
is from a parafilm top-cover and from water that initially
condensed on it. The apparent loss of signal arises because of
the growth of components with very short relaxation times as
hardening occurs, which become invisible with the long echo
times used (τ = 30 µs). The resonance frequency was 123.4 MHz
and the gradient strength was 37.5 T m−1. The ODD sequence
was employed with trains of 64 echoes; 50 echo trains were ac-
cumulated for each point on each profile with a repetition time of
1 s. Courtesy of Dr Teresa Nunes.
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Table 2 STRAFI-frequencies of some nuclei in the 2.9 T stray
field of a Bruker MSL 300 and the proportion of the signal in the
central transition

a The intensity of the central transition expressed as a percent-
age of the whole signal.

Nucleus I
Frequency 
(MHz)

Intensity of central 
transition (%)a

1H � 123.4 100
19F � 116.1 100
7Li 47.8 40
11B 39.6 40
23Na 32.2 40
65Cu 32.2 40
27Al 32.3 40
51V 32.5 19
59Co 29.2 19
115In 27.0 15

Table 3 Some values of proton relaxation times in paramag-
netic compounds and values of the gram magnetic susceptibility
g

a fod is the 6,6-,7,7-,8,8,8-heptafluoro-2,2-dimethyl-3,5-octane-
dionato ligand.

Formulaa 106�g T1/ms T2 /�s

Eu(fod)3 3.91 277 25.3
Dy(fod)3 42.80 5.04 13.1
Ho(fod)3 35.06 5.40 14.0
Yb(fod)3 7.81 16.8 26.5
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See also: Magnetic Field Gradients in High Resolu-
tion NMR; MRI of Oil/Water in Rocks; MRI Theory;
NMR in Anisotropic Systems, Theory; NMR Micros-
copy; NMR of Solids; NMR Principles; NMR Pulse
Sequences; Solid State NMR, Methods.

����������
���

-���
�	 1�	 =����	 )	 ���	 �������	 B3	 ��@@I�	 <�
��������
������	 ��	 "���
� ���
	 ������	 ��	 ����	 ������
	 � ��	 ��
������!	'�����'���������	'C	�4I6�H8!

J����	 �	 ���	 $�����
	 B	 ��@@9�	 ,���	 ���	 �#�������
������	 ����	��"������	��
	���������	�� �
�����	��	���
�
����	 �����	 ��	 �� �
����������	 ������!	 ��	
���� ��
������������������	#�&1C	��@6�84!

��7�����	1E	��@@I�	<�
��	�����	�������	
��������	����
���!	!
��
�����������'����
�����	�&C	H@6@@!

��7�����	1E	���	=�#����	-	��@@G�	<�
��	�����	�������

��������	������!	����
������!
��
�������!�����	1�C
�99�6�9@8!

�������	B3	��@@I�	�.	���	�@$	���	��	�����	 �
��������
�� �����	 �����	 ��
��	 �������	 �������
�������	 ���
.���	������!	'�����'��������	'C	�I86�IG!

�������	B3	��@@I�	0	����������	�����	 ��
	 �����
�����
��	 ���	 ����	 ������	 ��	����	 �����	�
�������	�����	.���
������!	'�����'��������	'C	�I@6�G8!

Figure 8 One-dimensional 1H profiles for poly(vinyl chloride)
polymer exposed at the left to acetone vapour of different activi-
ties for 48 h at 20°C. In (A) the circles are for an activity of 0.13,
squares for 0.35, triangles for 0.60; and crosses for 0.82. The im-
age of the largely undisturbed solid polymer is to the right. At the
left the image has overlapping images of the ingressing acetone
and the softening polymer. Part (B) shows the points for an activ-
ity of 0.35 in more detail, and those for an activity of 0.13 are
shown in (C) The macroscopic diffusion in (C) is of case I type.
The onset of case II diffusion at the higher activities is shown
clearly in (B) and in (A) – the acetone in this case has a very
sharp front that is absent in the case 1 example. STRAFI-MRI
has the advantage that all components, solids as well as the liq-
uid, can be imaged simultaneously. It is then possible to employ
relaxation weighting to separate the components of the image.
Reproduced with permission from: Perry KL, McDonald PJ,
Randall EW and Zick K (1994) Stray-field magnetic resonance
imaging of the diffusion of acetone into poly(vinylchloride).
Polymer 35: 2744–2748.
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Figure 1 Schematic diagrams of some MS-MS instrumentation: (A) double-focusing BE sector instrument, (B) hybrid BE–qcoll–Q
instrument, (C) triple quadrupole Q–qcoll–Q instrument and (D) ion-trap instrument.
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Figure 2 Schematic diagram of the procedure of MS-MS with
post-source decay in a reflectron TOF instrument. Reproduced
with permission of Masson éditeur and John Wiley & Sons from
de Hoffmann E, Charette J and Stroobant V (1996) Mass Spec-
trometry, Principles and Applications. Paris: Masson éditeur.
Chichester: John Wiley & Sons.
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Figure 3 Neutral-loss 123 Da mass spectrum obtained from
the introduction of a sausage extract into a thermospray-MS-MS
system. The peaks detected at m/z 200 and 215 were also
present in the blank.
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See also: Ion Trap Mass Spectrometers; Metastable
Ions; Peptides and Proteins Studied Using Mass
Spectrometry; Sector Mass Spectrometers; Surface
Induced Dissociation in Mass Spectrometry; Time of
Flight Mass Spectrometers.
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Figure 1 Different multiphoton excitation schemes applicable to molecular systems in the gas phase in mass spectrometry.
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Figure 2 A hypothetical instrument that summarizes experimental arrangements where multiphoton excitation is involved.
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Figure 3 Two options for resonance enhanced multiphoton ionization concerning ion source or spectroscopy: UV-resonance
selected mass spectra (on the left) and mass selected molecular UV spectra (on the right) for p-xylene and its 13C1-isotopomers.
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Figure 4 On the left: the cold (supersonic beam cooled) UV spectrum of dibenzo-dioxin measured via multiphoton ionization. On the
right: The dichloro-congeners (with chlorine at the 3, 8, the 2, 8, and the 2, 3 positions) show similar well-structured spectra, giving
wavelengths for congener selective ionization.
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Figure 5 Multiphoton dissociation of benzene at different laser intensities, inducing different degrees of fragmentation (from
fragmentation-free at the top to dominating atomic fragment ions at the bottom of the figure). On the right of the spectra the model of
‘ladder switching’ is schematically displayed and explains the large variation of fragmentation by multiphoton absorption processes.
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Figure 6 Experimental demonstration (bottom) and schematic
explanation (top) of the high yield of metastable decay products
available with multiphoton dissociation.
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Figure 7 Primary and secondary mass spectra of benzene, illustrating the options of multiphoton excitation for tandem mass
spectrometry.



MULTIPHOTON EXCITATION IN MASS SPECTROMETRY 1419

����
 �8 = ?BB 	��
 /����������"
 DA$+
 ����
 	��
�������
�
���	����
DA

H+
������
��	
��
DA$?
H+
�	�

DA$8
+ ��������
 ��
 ����������
 ��
 899 	��
 �����

������
�������
�	�����
�
������
����������	
�����
��	�����	
����
����
�������
����
��		����
&�
��
	��
���
���'
��
����
������
��
��
�	��
����
������
��
����
������
������"
������
����
�������
������
����������
���
 ���������
 �����	�
 ��
����������	
 ��������	
 ���
��	���
����
������������

����������	
��������	
���
����


��������
��	
����������

�����
���
�������
�����	�
���
���
���
��
����������	
��������	
 ���
 ��	
 �����������
 �	�
 ��
 ����	�	�
�	��	��
 �����������	
 �����������
 &	
 �	�����
����
 �	��	���	��
 �����������	
 ����������"
�����
��	���
! !
�����	�
���
����"
�
	������
�����
��
 �	����������
 �����
 ��
 �	������
 ����
 ������
 ���
���������	
��
���
���
�	����
 !������	�
���������
����
�������
���	�
��
�����
�����
�	������"
���
��	�
����	�
�����
��
����
����	
�������
��
����
���	�����
���
 �	�������	�
 ��
 �������	�
 �����	�
 �	����������
������
 �������
 �	
 �
 ��������	
 ��
 ���
 �����������	
�������
 �	�
 ��
 �
 ��������
 ���	�
 ���
 �����	�	�
�������	��
 �	��������	
�����
 ���
�������
��
 ��	�
�	�
 ���	
 ��
 	������
 �	����������
 �������
 (���	�	�
�	��	��
 �����������	
 ����������
 �		��
 ��
���������
 �	
�
 �����
����
 ��������
����
2�����
 ���
	������
�����
�	�����
�	��
��
�	�
����
��
�������
�����
 �	
��
 ��'��
��
 ��	���	�����
�������	�
���
 �������
 ��������
 ��	��
 ��
 ��������	
 ������
������	
��	���	�
����������
��
����������
)��
���
 ��������������	
 ������	
 ��
 ����	�	�
 �	��	��
�����������	
 ����������"
 1232
 ����������"
�	
��
���������
�	
�
����
����
��������
�����
)���
�������
 ���
 ����	�
 ���
 ����
 ��
 ����
 ������
 ����
�������
�	��������	
���
���
/������
�����	�
�����	��
&	
�������	
��
���
�����
��
���
��	�
����	�
�����"

����	�	�
 �	��	��
 �����������	
 ����������
������
�	�
 ��
 ��������%�
����������	
 ��	
 ������
����
������
��
���
�	���	��
�	����
�����������	
��
���
�������
 ��	��
 /��
 ����������
 ����
 ��
 ���	
 ���
������
�	��������	
��
��
���
��
������
�����
�����
����
 ��	
��������	�
���
 �������
��
 ��������	%�	�
���
���	
����	
 �	
������ �
 ��
 ����������
 ����	�	�
�	��	��
 �����������	
 ����������
 ��
 ����
 ��
�������
 �����
 ��
 ��	
 ����������
 �	�����	�
 ������
�����	
��������	�
#�
 ���
 ������
��
������ �
 ���
 ����	�	�
 ��	�%��

���	
 �������
 ��
 ��������	%�	�
 ������
 �	
 �
�������	�
�����
��
����	"
��������	�
���
������	�
�����	
@@@
��
����
��
�����
�����	�
 ���	�����	�
 �����
��������	
 ��
 �	�
 ���	���
 ��
 ���
 B����������	��
 &	

���
 ������
 ��
 ������ �"
 ���
 �����������	
 ������
���
 �����	���
����
 �	�����
 �������	�
 	������
 �	����
�������
 �������
#
 ���	����	�
 �������	�
 ��
 ��������"

Figure 8 Multiphoton excitation and ion spectroscopy: Bottom
spectrum: cold, mass selected UV spectrum (S1 ← S0 transition)
of fluorobenzene, providing wavelengths for efficient and selec-
tive ionization. Middle spectra: photoelectron spectra induced by
UV-resonance enhanced two-photon absorption. Choosing dif-
ferent intermediate states [S1(0,0) or S1(6b1)] results in different
populations of the final fluorobenzene radical cations. Top spec-
trum: spectroscopy of the excited ionic state of the fluoroben-
zene radical cation measured by multiphoton dissociation
spectroscopy. The ions have been prepared via the neutral 00

0

transition. A special excitation scheme has been used to opti-
mize cation spectroscopy (for further details see text).
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Figure 9 Anion photoelectron spectroscopy. Its unique features are (i) intrinsic mass selectivity and (ii) neutrals as final states. Here,
as an example the results for compounds of iron, carbon and hydrogen are shown which exist in catalytic processes, high-temperature
terrestrial or low-temperature astrophysical chemistry. Bottom spectrum: a primary anion mass spectrum containing anions of the
complexes of interest. Top spectra: anion photoelectron spectra obtained by electron kinetic energy analysis after laser-induced
photodetachment. They reveal the change of molecular structure and electronic energies for increasing numbers of hydrogen atoms
in the complex.



1422 MULTIPHOTON EXCITATION IN MASS SPECTROMETRY

�������
������	
����������
�����
���
������
��
���	�
��
 ���
 ����
 ��
 ���
 �	����
 1	
 ����
 �	�
 1	��������
������	
�����	���
&�
�����
�
	�����
���	����
�������
������	
����	�
��
6?DK68D
�����������	�
��
���
�����
��������	�&L
��������
�����
�������
�
�	����
����"
�����
 ��������
 ��	
 ��
 ����	
 �	
 �	���
 )
 ��
������ ���

����������	
����
�����������
���


������
����
�	������

)���
���
����
������
����������
�	�
���
����
��	�%��
���	
��'�
 ����	�	�
 �	��	��
����������	
 ������
���	
 �	
 ������	�
 ��	
 �����
 ���
 ������
 ����
�	�������
 &	
 �������	"
 ���
 ���
 ��
 ������
 ������
����	��
����
��/
����
�����������
�����
�
������
���	�����
 �	�����
 ���
 ������	�
 ��
 ��	���
 ����
������
�����	
�
���
��������	��"
����	��	�
�	
���
���������	
������	�
��
���
�����
������
���������
?@
��
9@ $%��
���
�	�������	
��
����
�����"
����������
�	�
��	��������
�	�����
����
����������	
����
����

��������
����
�����
������
�����������
�	
���
������
������������
�	�������
 ���	�����
��
���
�������
 &	
������ ��"
���
�������
��
���������	�
��
�����������
��
��������
 ����
 �������	�
 ������"
 	�����
 ���
 ���
�	������
 ��
 �
�����
 �	�	������"
 �������
 ���
 ������
���"
��������	
�	��������
�	������
�	
���
����
�	����
���
�	�
�������
����
�	������
��
�����
����
&	
������ ���
��	�	�������"
�����
��
	��������	�

��������
��	���
�	
���
���
���
��
�
�����
�����
�	�	�
������
 ����
 ���	
 �������
 ����
 E@@ ��
 N���	�
 ����
����
 �
��,��
 �������
 ��
 ���
 ��������	
 ������
 ���
9@@ ��
����
����
����
��
�	
�	������
�	�	������	
��
�������
��������
��
��	�
������
��
���	�����
���
���	
��������
����
���	�
���
�������
��
�����
���
 ���	����	�
 ���������	�
 ��
 ���
 	�������	�
 �	�
�	������	"
����
����
�	��
���������
��
�
����"
���
	�����������
 ��������
 �	�
 ��	������"
�������
2�����
��'�
�����
����
��
����
�	
������
���
�	��	�
�	����
��
 �	�	������
 ���	���
 ����
 ����
 ����
 ��
 �������
�������	�
�������	
��
�����	�
�����
��������	
�����
��
���	
�����	�	�
����
�����
���
��������	
������
��
 ����	����
 ���	�	�
 ����������
 #	
 �������
 ��

Figure 10 The combination of neutral laser desorption and resonance enhanced multiphoton ionization. A TOF mass spectrum of
zinc mesoporphyrin-IX dimethyl ester is presented. Inset A: the isotropic pattern (zinc, carbon) of the molecular ion. Inset B: the
molecular ion of mesoporphyrin-IX dimethyl ester (TOF mass spectrum not shown) which displays the same isotope pattern as peak
(M−64) due to loss of a zinc atom.
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Figure 11 Several examples of applications of multiphoton ion-
ization mass spectrometry for chemical analysis. (A) Incinerator:
traces of naphthalene have been recorded in the raw gas of a
pilot waste incinerator. Here a major failure of the combustion and
preceding fluctuations of the naphthalene concentration were
studied. (B) Cigarette-smoker: the xylene concentration in the
mouth space of a cigarette-smoker. (C) Single coffee bean: a
single coffee bean has been heated to untypically high tempera-
tures. Single short ejection events of caffeine have been ob-
served due to distinct cracks of the plant skin of the coffee bean.
(D) Automobile exhaust: acetaldehyde due to incomplete com-
bustion and NO (complete combustion) during the starting of a
cold engine measured in the exhaust. Different behaviour is ob-
served when the ignition is starting (1), the fuel mixture becomes
rich (2) and lean (3) and the speed of idle running is reduced to
its regular frequency (4).
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See also: Environmental Applications of Electronic
Spectroscopy; Fragmentation in Mass Spectrometry;
Ion Dissociation Kinetics, Mass Spectrometry; Ion En-
ergetics in Mass Spectrometry; Laser Applications in
Electronic Spectroscopy; Metastable Ions; Multipho-
ton Spectroscopy, Applications; Negative Ion Mass
Spectrometry, Methods; Photoelectron–Photoion Co-
incidence Methods in Mass Spectrometry (PEPICO);
Photoionization and Photodissociation Methods in
Mass Spectrometry; Spectroscopy of Ions; Time of
Flight Mass Spectrometers.
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Figure 1 Illustration of (A) sequential and (B) simultaneous
two-photon excitation from state A to state B. Also shown in (B)
are three possible fates of the excited state B: fluorescence,
dissociation and further photon absorption that ionizes the
molecule. This latter process it termed 2+1 resonance-
enhanced multiphoton ionization (REMPI).
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Table 1 Allowed changes in some of the more important quantum numbers and symmetry descriptors for atoms and molecules un-
dergoing one-colour multiphoton transitions involving one (k = 1), two (k = 0 and 2) and three (k = 1 and 3) photons

Quantum number / property of interest

Rank of transition tensor, k (number of photons)

0
(2)

1
(1 or 3)

2
(2)

3
(3)

(a) Atoms:
Orbital angular momentum, l of electron being excited �l = 0 �l = ±1 �l = 0, ±2

(but s s)
�l = ±1, ±3
(but s p)

(b) Linear molecules (case (a)/(b)):
Axial projection of electronic
orbital angular momentum, �

�� = 0 �� = 0, ±1 �� = 0, ±1, �2 �� = 0,..., ±3

linear molecules (case (c)):
Axial projection of total electronic
angular momentum, �

�� = 0 �� = 0, ±1 �� = 0, ±1, ±2 �� = 0,..., ±3

(c) Centrosymmetric molecules:
Inversion symmetry, u/g u ↔ u

g ↔ g
u ↔ g u ↔ u

g ↔ g
u ↔ g

(d) Atoms and molecules:
Total angular momentum, J �J = 0 �J = 0, ±1

(but J = 0 J = 0)
�J = 0, ±1, ±2
(but J = 0 ↔ J = 0,1)

�J = 0,..., ±3
(but J = 0 J = 0,1,2;
and J = 1 J = 1)

Total parity, +/– + ↔ +
– ↔ –

+ ↔ – + ↔ +
– ↔ –

+ ↔ –

Electron spin, S �S = 0 �S = 0 �S = 0 �S = 0
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Table 2 Representations of the spherical tensor components  (Ô) of the one-colour, (n = 1–3) transition operator

a Assuming Hund’s case (a) or (b) coupling. Ignore u/g labels for non-centrosymmetric linear molecules.
b A  and A  reduced to A1, A  becomes A2, and E ′ and E″ both transform as E in C3v molecules.

Number of 
photons, n k q D∞h

a D6h D3h
b

1 1 0 Σ A2u
A

1 ±1 �u E1u E�

2 0 0 A1g A

2 0 A1g A

2 ±1 �g E1g E	

2 ±2 �g E2g E�

3 1 0 A2u A

1 ±1 �u E1u E′

3 0 A2u A

3 ±1 �u E1u E′

3 ±2 �u E2u E″

3 ±3 
u B1u + B2u A +A
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Figure 2 Two-photon resonant MPI spectrum of the origin band of the f1��← a1∆ (3p��←  1�) transition of the NH radical obtained
using the excitation scheme shown at the top left and monitoring the m/z 15 ion mass channel as a function of the laser wavelength.
Individual line assignments are indicated via the combs superimposed above the spectrum. The simulation of the S branch (top right)
highlights lines that appear in the experimental REMPI spectrum with reduced intensity because of competing predissociation.

Figure 3 A two-colour fluorescence depletion spectrum of one rovibronic line associated with the D3� ← A3� transition in SO. The
two-colour excitation scheme used (upper right) is required because of the very short lifetime (100 fs) of the D3P state. This results in
the linewidth of 50 cm–1 shown in the spectrum.
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Figure 4 Two-colour ionization spectrum exciting levels of a 3�g ion pair state of S2, using the scheme shown in the inset. Note that
a two step process is required, both to give a net g ← g excitation and to overcome the poor Franck–Condon factors for the transition.
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Figure 5 Illustration of two-colour two-photon ZEKE excitation
scheme, in which the first photon is fixed so as to be resonant with
a known M ← A transition and the frequency of the second pho-
ton is tuned. As shown in the inset, the peaks in a ZEKE spectrum
correspond to the onsets of new ionization thresholds.

Figure 6 Ion images of ground-state Br (2P3/2) atoms resulting from Br2 photolysis at the specified wavelengths. The double-headed
arrow indicates the plane of polarization of the photolysis laser radiation.



MULTIVARIATE STATISTICAL METHODS 1433

����	��	���	�������	�����	�������	��	955 ��
#��
���	 ��	 �����
	 ����������	 #���������	 ��!�!
9G5 ��	 ���	 �������	 �
����������	 ��	 ��	 ���
�
����������	 ��18&��	���	���	� ��6�
���	�������������
��1�&��	-
	 ����	 �����#���	�	 �
�����	 ����������	 
��
����!	0�������	��	�����	����	������	���	����
	�� ����
����	 ��	  ���������	 #����������	 ���	  
�����	 ���
�������	 ����	 ����	 ���	�������	 ���	 ���	 ��������
�� ���	������������	 
�����!

(����������#���

" = 
���������	 ��������D	 #� = ����%�����	 ����D
� =  �����	��������D	� = 
���������	"�����	����
D
� =  
���� ��	 "�����	 ����
D	 9 = ���� �����
�
��������	� �
���
D	� = �����
�	��������D	� �9� =
,��	�� �����	��	���	�����
	��	
���	+	
� 
��������
9D	 � = "�����	 ������D	 � = �����
��	 �����
D	 � =	 �
��
"�����D	� = ���
�������	"�����	����
D	 =	#����
����
!

See also: Ion Imaging Using Mass Spectrometry;
Laser Spectroscopy Theory; Multiphoton Excitation
in Mass Spectrometry; Multiphoton Spectroscopy,
Applications; Photoelectron Spectrometers; Photo-
electron Spectroscopy; Photoelectron-Photoion Co-
incidence Methods in Mass Spectrometry (PEPICO);

Photoionization and Photodissociation Methods in
Mass Spectrometry; Time of Flight Mass Spectro-
meters.
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Table 1 Properties of �+ and Mu

a�p = magnetic moment of the proton.
bH = hydrogen.

Property Symbol Valuea,b

�+ Mass m�
1.883 53 ×10–28 kg =

0.1126 mp = 206.7864 me

Life time �� 2.197 134 µ

Spin I �

Magnetic
moment

 µ� 3.183 344 �p

Gyromagnetic
ratio

γ� 135.54 MHz T–1

Mu Mass mMu 0.0113 15mH

Bohr radius a0 (Mu) 0.053 17 nm = 1.0043a0(H)
Ionization

potential
I (Mu) 13.539 eV = 0.9957I(H)
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4�  6���������� ���

:�����6�4��1�	�((����2��.���(��	�2���� '����
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4����	�������2���2�ν". = �,��7 "�= �*−� × ���*��
2$�� 2����2�������� ��	�4�2�	� ��� 2���)���2G�����	��<
����� (���".� ��������� �� �ν".1� � �	� ����$���*$�
(.�2�����  �$�	�2����2���������(�'��6������(��?.��46

Figure 1 Schematic drawing of the experimental apparatus used for muon spin resonance spectroscopy: (A) time-resolved
transverse-, longitudinal- and zero-field studies; (B) time-integrated longitudinal fields (ALC).
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Figure 2 Breit–Rabi diagram for muonium with transverse-field
transitions indicated by arrows. The zero-field splitting
corresponds to the muon hyperfine coupling constant
(A� = 4463 MHz for Mu). In high fields, the four eigenstates
become pure Zeeman states (|1 〉= |αµ αe 〉, |2 〉= |βµ αe 〉, |3 〉
= |βµ βe 〉, |4 〉= |αµ βe 〉).
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Figure 3 TF-�SR spectra for positive muons implanted into benzene: (A) the raw time-differential histogram recorded for the
experiment; (B) the Fourier transform of (A) showing the two transitions due to the C6H6Mu radical (218.18 and 295.85 MHz, giving a
hyperfine coupling constant of Aµ of 514.03 MHz) and the signal from muons in diamagnetic environments (27.1 MHz).
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Figure 5 Muon spin spectra from positive muons stopped in 6,6-dimethylfulvene: (A) FT-�SR spectrum showing the pairs of signals
for each radical (a,a′; b,b′) and that from muons stopped in diamagnetic environments (c); (B) ALC spectra: lower trace, experimental
data; upper trace, numerical simulation. Reproduced with permission of the Royal Society of Chemistry from Rhodes CJ, Roduner E,
Reid ID and Azuma T (1991) Journal of the Chemical Society, Chemical Communications 208–209.

Figure 4 The structure of 6,6-dimethylfulvene (A) and the four
radicals (B–E) that may be derived from it by Mu addition.
Reproduced with permission of the Royal Society of Chemistry
from Rhodes CJ, Roduner E, Reid ID and Azuma T (1991)
Journal of the Chemical Society, Chemical Communications
208–209.
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Figure 6 Coupling constants in mT and (spin populations) for
the two Mu adducts to 6,6-dimethylfulvene. Spin populations
were obtained using Q = −2.6 mT for α-protons and Q =
+2.925 mT for Me protons. Reproduced with permission of the
Royal Society of Chemistry from Rhodes CJ, Roduner E, Reid ID
and Azuma T (1991) Journal of the Chemical Society, Chemical
Communications 208–209.
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Figure 7 FT-�SR spectra obtained for positive muons implanted in naphthalene samples: (A) in saturated acetone solution; (B) in
a large single crystal. Reproduced with permission from Reid ID and Roduner E (1991) Structural Chemistry 2: 419–431.
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Table 2 Principal values of reduced hyperfine coupling tensors
for Mu-substituted radicals in single-crystal naphthalene (A′ii =
A′iso + B′ii ). Also given are the isotropic solution couplings and the
tensors obtained for the CH2 protons of analogous hydrogen rad-
icals by ENDOR spectroscopy.

Reproduced with permission from Reid ID and Roduner E (1991) 
Structural Chemistry 2: 419–431.

aThe subscripts indicate the various inequivalent addition posi-
tions; a prime indicates addition from the opposite side of the
molecular plane.

Nucleusa

A′iso

(MHz)
B′11

(MHz)
B′22

(MHz)
B′33

(MHz)

CHMu muon αa 115.68 –2.61 –1.09 3.70

CHMu muon α′a 108.75 –2.64 –1.06 3.70

CHMu muon αb 117.98 –2.94 –0.95 3.89

CHMu muon α′b 108.83 –2.85 –0.74 3.59

CHMu muon αsoln 112.17

CHMu muon βc 128.71 –2.82 –1.69 4.51

CHMu muon β′c 143.54 –3.11 –1.27 4.38

CHMu muon βd 138.90 –2.61 –1.75 4.36

CHMu muon β′d 136.56 –2.86 –1.73 4.59

CHMu muon βsoln 137.14

CH2 proton 1 101.78 –2.80 –1.28 4.10

CH2 proton 1′ 90.43 –3.03 –1.25 4.27

Figure 8 FR-�SR spectra for ethylene gas at various
pressures. D-muons in diamagnetic environments; R-muonated
ethyl radical. Reproduced with permission of Baltzer Science
Publishers from Roduner E and Garner DM (1986) Hyperfine
Interactions 32: 733–739.
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����� 5��2�4. �� 6� .�(. � �� 2��� ∆" = �� 3��<���
������4�1� $��4�� �� �� 6� ����'�� �� $���� 2����� �
����2���6� ��� 2��� �6���(���� 4�.� ����� 5����<
���� ���4�  6��2�4������2��.��2��(����44.������$���
2���  �$��� (��?.��46� ν�−� ��� &?.�2��� K7L� ���
2���.���=���1� ������� (�� 	�$�����νµ ∼ �µ� �&?� K;L��
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�6� 2��� �@2���� � (�� 	���	���6�����2���6� �� �����6
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������4������4��2����6���(����2�����������2����41
2���������4����. 	��������.� ��2�����	�4� ����
�������2�2���� �� (�2� �� 2�� �'������ �.2� 2��
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Table 3 Reaction rate coefficients, kinetic isotope effects, and
relative transmission coefficients for the reactions of H and Mu
with the halogen gases.

Reproduced with permission from Gonzalez AC, Reid ID, Garner
DM, Senba M, Fleming DG, Arseneau DJ and Kempton JR
(1989) Journal of Chemical Physics 91: 6164–6176.

F2 Cl2 Br2

k298(Mu) (10−11

cm3 molecule−1 s−1

2.62±0.06 8.50±0.14 56.0±0.9

k298(H) (10−11 cm3

molecule−1 s–1

0.16±0.01 2.10±0.1 8.2±3.8

KIE298(Mu/H) 16.4 4.0 6.8

�Mu/�H (298 K) 5.7 1.4 2.3

�Mu/�H (250 K) 8.0 2.1

Ea (Mu) (kJ mol−1) 3.1± 0.3 2.7±0.2 –0.4±0.8

Ea (H) (kJ mol−1) 9.2± 0.3 5.0±0.4
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������'�2���2�����.2�2���3����@�������2�$���� �
2�� 	�2������� 2��� ��@�� �� ����2���6� ��� �� ��$	��
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2���'���� (�� 	� �6� ��2�����2�2���� �(� ��(2� ��� 2��
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��6� ���4�� �2� 	�((����2� (��?.��4��� $���� �2� �2� �2
	�((����2��2���*����	'��2�����(�2����.�����2��2��2
4��� ��� ��� ��2�	� ��� ��6� ��2���� 1� ��4 .	���� 2���
2��2� 4��2���� ��� �2���� .�2�� �� !"�<�42�'�� �.4 ���
-���������4��.���2�	���	�4� 1�2���2��������2��4��
��� 	���'�	� $�2�� 4��(�	��4�� �6� ��� ��6� $�2�� 2��
���$�� 4����2�6� �(� �6	������ �2���� :�� ������4
� �	��2������������ ������2��2�2�� ��2� G 2�����6���
��������	����� �42����������(��@6���������2���������
�����2�� :�� ���4��	.42��1� ���� �.��� 4���� 2�
��2��2����	�4��2����2���*��������1���$�'��1����6
�@��� ���(���2���� �$�������(����	�2������2�����(
2���2��������2����	�((�4. 2�

:2��������2��2�2��4���	���2��$��2��@2��2�2����.��
�� � �� �����2.������������� :�� 4���������$�2�� 2��
��� ���.����2�������6	������	�(�421�2���	�((����4<
������4��2��� 6���  ��*���2�.42.�����	�������2����(
�.���2�	���	�4� �����'��6���� ���2��2�����(�2����
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�6	��������� ��.����	� 2����(����$�  �.�	��2��	�
J�� 2����2�������	1� �� ��	�4� � 4�. 	����'��$�	��� �
2���� 6����2.���	�	�������2�4����4.������ �4. �1
$��4��	����2��2����$��.4��2���������4���4�����
2���� �42����4�2�.42.����:��4�62�  ����� �	�2�������<
��2������.��	������(2�����2�2���������2�������2��
����4���(�2����������:2���4 ���1�(����@��� �1�2��2���
����2� �2������2�'��4�������(�2����.���4�.��4�����
�� ���=�2���� �(� 2��� .���.�	���1�  ��	���� 2�� ���
2�.42.�� ��� �@�2����
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)�2��2�������������� ���=�2�����(�2����.�����	�2��
��� �<�'��2�	�2�42����2�4���?.�� ��	�2������������<
2�'�26��(�2����.�������������4����2��	��*���2�2� 
�.������(��.������	�	�(�������.2���������@����<
���2����2���'����(�� 	����(�2�����	����(��0#1�$�� �
O<���	�&����2������2������2.������	����.2��0��

.������	� � �42���1� ��	� ��� �<4��� ���2��� !"�
���	����2�����	����(��0�#�����2���  �$�2�������'�<
2���� �(� �� �����$1� .�� �2� ���� �� *��� ���2�'�26� �
���2�4. �� 6� 4�.4�� � (��� 2��� ����'�2���� �(� .�(�4�<
�	����	�������4�(������	�4� �G��2���	�((�4. 2�2������<
2���� 2��� �����.�� 4��4��2��2���� (��� &5�� 	�2�42���
.�	���4��	�2����$�����2�����	�4� ��������� ����4�
2��6�	��������'������� �4. ���2������2�������42���1
$���������*-<���������������� ���.���2�	���	�4� 
�2���2�������2�����2������� ���*����  �$��	����	
��	�4� � 2�� ��� ����'�	� .�� 2�� 2������2.��� $����
2��6�	��������.�	�����4�2� 62�4����42�����*������<
2���� ���42���� � �� �������2� �� �'����  ���2�2���� 2�
����2�4�$������� �?.�	�� .2������	����2����������1
�� 2��� (�42� 2��2� 2������� 2�4���?.���.����2��� �	�� 
��.	�<(��2<��	�������2�4���4 ��� 6��	'��2����.�

*�����"��������

�+ = �.4 �����6���(����4�.� ����4��2��2A��� = �.��
�6���(���� 4�.� ���� 4��2��2A� �′� = ��	.4�	� �.��

�6���(���� 4�.� ���� 4��2��2A� �� = �.��� �6���(���
4�.� ����2����A �NN = 	�4�6��6���2�6A�� = �����2�4
(�� 	� 2����2�A� ��� = ����2����4� 4�������2� �(� 2��
�6���(���� 4�.� ���A� �+ = ���2���A� �� = �42�'�2���
�����6�(������42���A�+ = ���42������2��4��2��2A�+4� =
4����4� ����42������2��4��2��2A�+�@ = ���<�@4�����
���42���� ��2�� 4��2��2A� " = ���� ?.��2.�� �.����A
)� = B��4�$��	C� 	�4�6� ���2���� 4�.�2A� )( =� B(��<
$��	C�	�4�6����2����4�.�2A�'4 = 4��2�4� �2������2.��
(�������� 4�����A�'� = �� 2��������2A�∆" = 4�����
��� ����?.��2.���.����A	∆0 =� ���42������2�� �6A
γ� = �.��� �6�������2�4� ��2��A� κ = 2.���  ���� 2���<
������4��((�4���2A�� =��� �@�2������2�A��+ = ���2�'�
�.��A� �� = ���2��� �����2�4� �����2A� �� = �.��
�����2�4� �����2A� ν��� = � �42���� ��.2����A� ν��� =
�.�����.2����A� ��� = �.�����2���.2����A�νµ =��.��
���4�����(��?.��46A�ν". = �.���.�����4�����(��<
?.��46A�ν� = ��	�4� ����4�����(��?.��46A�τ� = �.��
 �(�2����

See also: Chemical Applications of EPR; EPR, Meth-
ods; EPR Spectroscopy, Theory; Spin Trapping and
Spin Labelling Studied Using EPR Spectroscopy.
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Figure 1 The near-infrared lies between the visible and mid-infrared regions, ranging from 780 to 2500 nm.
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Figure 2 Near-infrared instrumentation.
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Figure 3 Specific detectivities and wavelength ranges for near-infrared detectors.
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Figure 4 The fixed-grating array detector. The grating spreads
the spectrum across the array of detector elements, so that each
element senses a different wavelength.

Figure 5 The interference filter. The profile of the transmitted
intensity lt is an Airy function whose bandwidth is governed by
the reflectivity of the dielectric-coated reflective layers.
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Figure 6 A filter-based instrument operating in reflectance mode. The sample is probed with the mirror in the ‘sample’ position, and
the beam is directed to the internal surface of the integrating sphere to measure the background. Courtesy of Bran+Luebbe Analyzing
Technologies Ltd.

Figure 7 The Michelson interferometer. The beamsplitter splits
light from the broadband source S into two components that trav-
el separate paths to mirrors M1 and M2. The recombined beams
incident on the detector D move progressively further and further
out of phase as the moving mirror is scanned. The interferogram
is a plot of the AC component of the detector signal vs the path
difference.
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Figure 8 Comparison of the resolution of a FT-IR (Michelson) spectrometer to that of a grating spectrometer. The solid lines repre-
sent the resolution of a grating spectrometer with a bandpass of 10 nm and the resolution (in nm) for a FT-IR spectrometer operating
at a nominal resolution of either 4 cm−1 or 16 cm−1 (because noise levels rapidly increase for narrower slitwidths, a 10 nm bandpass
is typical of analytical rapid-scanning grating spectrometers). For example, a FT-IR spectrometer operating at 4 cm−1 resolution has
an effective bandpass of 2.5 nm at 2500 nm, falling to less than 0.5 nm at 800 nm.



1458 NEAR-IR SPECTROMETERS

����	���������������D������������	������������
������������������������������������������������	��

����� ���� 	������ ������	�� �� ����� �� �����	���� �*���
�	����� ����� ���� �	� ��	�� ����������	��� �	������	
�?J�"� ������� ��� ��� ���� �� �� ������	�����	
������� �"��������������������������������������	�

���������	�������	���������������?J����������������

�����������������	���������	����������	����������	�
����	���������������	�����������������������������
�	�������	����	���	���������������������������������
���	����������������A�	���������	���������%�������"�

��������������������	����������������	����������
�����������������������	��������������	����7	�����
����;� ��� ���� �	�
�������� ����������� �	� ��� ��
����������������������������������	��������������

��	�����	��������	������������� ����������������

�������� �� ����	������ ��� ����!C��	��������� �������
�	�%���� �����	����� ����<:�C������� �� �����������
����	������

	
�������������������������������������������

K����
����������������K/>"��	��������������������

�	���������������	������������. !�	�����������	�
���� �� ���� ���� ��� ���	
 !� ���	������ ����� ��
������� ��	��� ������� K/>� ���������� ����� ����

���������2- ����	���	��	�������������	��	����������	
�� 	����	��� ��� ������ ���� ���	��� ����	�� ����������
���������������<�����	��	����������������	���K/>
������������������������������������������	����
��� ����	���� ���� ���� ����	��� �����	��� ��� �������
��	����� ���� ��������������������� �����������	�
����� ���� ���	������ ��������������������	���������

����� ���� K/>� ��	��� �	�� ������ ��	� �������
8����	��������	�������	�������������	���������

���	� ����� ������� ��� ��� ����� ����� ���	
 !� ���

�	������� ����� �����
��� �����	������ ��� ����� ��	���
	���
���������������������

���������
����������

/��	�������	�����������	������������	�������������	

 !������������������������������������������������

���	�� ���� ����	������ �� �� ��		����� ����� �� ��	�
�	��%�	���	���������	��������������

 �� ��� ������� ��	�� ���� ����	������ 	����	�� �
���	
 !� ����	��� ���������� ��������� ����� �� ���
��

�����������������		����������	������������������
������������������$���������������������������

�	������� ������������ ��� 	�������� ��� ������ ����
��*��� ������� �����	� ��� �����	�� ������ ��� ���� �	
��	�� ���	���� ����������)� ���� 6���������� �����
����������� ������ ����������� ���� ������	� ��
�	����������	�����������������������������	��������	
������������������������

�������������������������	
 !�������������	�����
�� 	�������� ��� 	��������� ���� ��*��� ������� �����	
�������������	�����	������������������������	��

������������$���	���������������*��������C��	�D
?�	��� ����	��	�����	� �� �������� ��	� �������� ���	
����� ����������� 	����� ��� ����� 	���������� ���� �
���� �	���	���� ��	� ��	��������� ���	�������� ���
�������� ���� ��������� ���� ��	� �������� ��	�
����� ����	��� 	������ �	�� ���� ������
������ �������
�����	���������������
�	������������������	�������� ��
�����	���� ���� %���� ��� ����� ����� ���� ��� ����	��

Figure 9 Acousto-optical tunable filter. Courtesy of Brimrose Corporation.
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Figure 10 Near-infrared spectroscopic imaging. A series of N images is acquired using a CCD-array camera, using optical filtering
to step successively through the near infrared (800–1100 nm in this illustration). An N-point near-infrared spectrum may then be re-
constructed for each pixel in the image. Courtesy of Jim Mansfield.

Figure 11 Typical geometry used for diffuse-reflectance spec-
troscopy. The detectors may be the same materials, or two
different materials (e.g. Si and PbS) for wider wavelength
coverage.
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Figure 1 Collision-induced HO– negative-ion chemical ioniza-
tion tandem mass spectra (MS/MS) of (A) PhCH2CH2O– and
(B) PhCH(Me)O–. ZAB 2HF instrument. Argon collision gas: pres-
sure of gas in first collision cell adjusted so that the reduction in
the main beam is 10%.
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Figure 2 Collision-induced HO– negative-ion chemical ioniza-
tion tandem mass spectra (MS/MS) of deprotonated cyclohex-
anone. ZAB 2HF instrument. Details as for Figure 1.

Table 1 Characteristic negative-ion fragmentations of side
chains of amino acid residues from (M–H)– ions of peptides

Residue Loss ( or formation) Mass

Phe PhCH2
– 91

Tyr p-HOC6H4CH2
– 107

O=C6H4=CH2 106

Trp C9H7N 129

Ser CH2O 30

Thr MeCHO 44

Cys H2S 34

Met MeSH 48

MeSMe 62

•CH2CH2SMe 75

Asp H2O 18

Glu H2O 18

Asn NH3 17

Gln NH3 17
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Figure 3 Collision-induced negative-ion fast-atom bombardment tandem mass spectrum (MS/MS) of GLLEGLLGTLGL(NH2). ZAB
2HF instrument. Glycerol was used as matrix. Other details as for Figure 1. For the mechanisms of the backbone cleavages, see
Scheme 3.



NEGATIVE ION MASS SPECTROMETRY, METHODS 1465

&���������������������������������

%�������"����������������������������������

������������

���	�� �	������� 	��		��������� 	�������� ��� �����
��� ���� ��������� ����� ��������� ���� �	������ ���
	���� ��� 	�������� �	�� ���������� ��� ���� ������� ���
������	���� ����� ���� ��� ����� �� ���� ���� ���
������� ��	� ���� ������������� ��� ���� �����������
	���������� ��� ���� 	��		������� ������ ���� ���������

���� ��� ���� 	��		���������� 9���� ���� 	��		����

����� ����� ����� ������� ��������������
%����� #�4
�������� 	��		��������� ���� �� ���� �������� ������
��������� ��������
���� �������� ���� C���	%��
	��������

���� �������D����������� 	��		��������� �/��� R,S"
���	��������������������������������
���������	�

�		��������� ���� �������� �� ������ ������	�� #�4
����������������
��������������������������������
	��		����������	������ ������������ ���� 	��		����

�������������	� ��	����	���������β
����	����	���
C�	��*����������
���������	��		���������������
4

����	��������*����� ������ ��	����������������� ���

��������
������������	��		�����������������������
��� ���� ��� ����� �����9�:D� �� ���� �������� �	����
���� �� �����	����� ��	� ���� 	�������� ����� ���/���

����� R+S�����R#-S������ ������ ����	� �/���R+S"����
��������	���������������	��		���������� ����������
$.�������������������������*�����������	���
������
�����������������	����������������*
4
��
#
������
���������� ������	������������ ����	�����/���R#-S"
����	����������������	��		��������������������
�	���������������/��������R+S�����R#-S��	��������

����� �	��� �� �����	���� ��� ����	� ��������
���� ��
����	�� ����� ����� ��� �������������� ���������
������

���� ���
��������� 	��		��������� ����
����� %�

����� �	�� �������� �*������ ��� ���� 	�������� ��
��������� �������� ������ ��� ������������� �*����� ��
�������� ���� ���� 	�������� ����� ���/�������� R##S
����R#4S����	��������������������������������������

����������<��	���������������������	���	��������
�����*���������	��������������������������������	�

������� �	������ ��	����� ���� ��	������� ����	�� ��
������ ���� C���	%��� ������ �� ���� ��6�	� �	�����
�/�� R##S"��  �� ��	%��� ����	���� ���� C���	%��
	��		���������������������	�����������������(�	��

Figure 4 Collision-induced negative-ion fast-atom bombardment tandem mass spectrum (MS/MS) of AGLLDILGL(NH2). ZAB 2HF
mass spectrometer. Glycerol was used as matrix. Other details as for Figure 1. For the mechanisms of the backbone cleavages, see
Schemes 3 and 4.
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Figure 5 Schematic representation of the two collision cells in a reversed sector mass spectrometer. Reproduced with permission
of The American Chemical Society from Goldberg N and Schwarz H (1994) Accounts of Chemical Research 27: 347–352.

Figure 6 Charge-reversal (positive-ion) tandem mass spectra
of (A) CH3CO  and (B) –OCH2CHO. ZAB 2HF mass
spectrometer. Argon collision gas: pressure adjusted in the first
collision cell so that the reduction in the main beam is 10%.
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Figure 7 Neutralization–reionization mass spectra of (A)
HOS– and (B) HSO–. Modified ZAB four-sector mass
spectrometer of BEBE configuration (B = magnet sector;
E = electric sector). Oxygen used as collision gas used in each
collision cell (see Figure 5). The pressure of the gas in each cell
was adjusted so the reduction in the main beam is 20% for each
collision event. Reproduced with permission of ACS from
Goldberg N and Schwarz H (1994) Accounts of Chemical
Research 27: 347–352.

Figure 8 Neutralization–reionization mass spectrum of N≡C–
C≡C–O–. Details as in the legend to Figure 7. Reproduced with
permission of Elsevier from Muedas CA, Sülzle D and Schwarz
H (1992) International Journal of Mass Spectrometry and Ion
Processes 113: R17–R22.
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See also: Chemical Ionization in Mass Spectrometry;
Fragmentation in Mass Spectrometry.
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Figure 1 Basic components of a mass spectrometer for NRMS.
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Figure 2 Franck–Condon energies in vertical neutralization of
pyridinium ion. Reprinted with permission of John Wiley and
Sons from Turecek F (1998) Modelling nucleobase radicals in the
mass spectrometer. Journal of Mass Spectrometry 33: 779–795.
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Figure 3 (A) Neutralization–reionization (+NR+) and (B) colli-
sionally activated dissociation (CAD) spectra of Li2F+. Reprinted
with permission of Elsevier from Polce MJ and Wesdemiotis C
(1999) Hypermetallic dilithium fluoride, Li2F, and its cation and
anion: a combined dissociation and charge permutation study.
International Journal of Mass Spectrometry 182/183: 45–52.
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Figure 4 Neutralization–reionization (+NR+) spectra of (A)
•CH2CH2OCH  and (B) oxetane cation. Reprinted with permis-
sion of the American Chemical Society from Polce MJ and
Wesdemiotis C (1993) The unimolecular chemistry of the 1,4-
diradical •CH2CH2OCH  in the gas phase. Comparison to the dis-
tonic radical ions •CH2CH2OCH  and •CH2CH2OCH  Journal of
the American Chemical Society 115: 10849–10856.
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Figure 5 Partial CAD spectra (using He) of +NR+ survivor ions
(top) and CAD spectra of source-generated ions (bottom) of H2N-
CH(=O•+ (left), HN=C(H)OH•+ (centre), and H2N–C–OH•+ (right).
Reprinted with permission of Elsevier from McGibbon GA, Burg-
ers PC and Terlouw JK (1994) The imidic acids H–N=C(H)–OH
and CH3–N=C(H)–OH and their tautomeric carbenes H2N–C–
OH and CH3–N(H)–C–OH: stable species in the gas phase
formed by one-electron reduction of their cations. International
Journal of Mass Spectrometry and Ion Processes 136: 191–208.
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Figure 6 (A) Neutralization-reionization (+NR+) and (B) neutral-
ization–CAD–reionization (+NCR+) spectra of =+CH2CH2O•. Hg
was used for neutralization, O2 for reionization, and He for CAD.
Reprinted with permission of the American Chemical Society
from Wesdemiotis C, Leyh B, Fura A and McLafferty FW (1990)
The isomerization of oxirane. Stable •CH2OCH , •CH2CH2O•, and
:CHOCH3 and their counterpart ions. Journal of the American
Chemical Society 112: 8655–8660.

Figure 7 Neutralization–photodissociation/photoreionization
spectrum of ND . Top: total reionization, bottom: after back-
ground subtraction. ND  was formed by ND  neutralization with
dimethyl disulfide. Reprinted with permission of Elsevier from
Sadilek M and Turecek F (1996) Laser photolysis of ND  and tri-
methylamine formed by collisional neutralization of their cations
in the gas phase. Chemical Physics Letters 263: 203–308.
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Figure 8 Variable-time +NR+ spectra of (CH3)2SH+ formed by
chemical ionization of (CH3)2S with (CH3)2CH=OH+. Dimethyl di-
sulfide and oxygen served as the neutralization and reionization
targets, respectively. The observation times of the neutrals are
0.35 µs (left), 1.05 µs (centre), and 1.76 µs (right). The corre-
sponding observation times of the ions are 3.44 µs (left), 2.73 µs
(centre), and 2.02 µs (right). Reprinted with permission of Elsevi-
er from Sadilek M and Turecek F (1999) Metastable states of
dimethylsulfonium radical, (CH3)2SH•: a neutralization–reioniza-
tion mass spectrometric and ab initio computational study. Inter-
national Journal of Mass Spectrometry 185/186/187: 639–649.

Figure 9 Variable time +NR+ spectra of CH3SCH  using
(CH3)3N for neutralization and O2 for reionization. The observa-
tion times for CH3SCH  and reionized CH3SCH  are (A) 2.44 and
1.70 µs and (B) 0.36 and 3.78 µs, respectively. Reprinted with
permission of the American Chemical Society from Kuhns DW,
Tran TB, Shaffer SA and Turecek F (1994) Methylthiomethyl rad-
ical. A variable-time neutralization-reionization and ab initio
study. Journal of Physical Chemistry 98: 4845–4853.
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Table 1 Examples of elusive neutral intermediates that have been synthesized and characterized by NRMS.

Intermediate type Examples

Ylides H2N+=N–(iso-diazine), –HC=N+=NH (nitrileimine), –HC=N+=CH2 (N-methylide of HCN), 
C3H3NS (thiazole-2-ylide), C5H5N (pyridine-2-ylide)

Carbenes H−C−NH2 (aminocarbene), H−C−NO2 (nitrocarbene), H2N−C−NH2 (diaminocarbene),
HO−C−OH (dihydroxycarbene), :C=C=O (carbonyl carbene), CH3O−C−OCH3, H−C−OC2H5 
(ethoxycarbene), :C=C(H)CN (cyanovinylidene), C3H4N2 (imidazol-2-ylidene and imidazol-4-
ylidene), C3H5NO (2-oxazolidinylidene), H2CCCC:, CH3O−C−OCH2CF3

Cumulenes O=C=C=O (ethylenedione), NNCCN•, NCNCNQ, NCCOQ, CNCOQ, CCNOQ, OCCNQO, OCNQCO, 
NCCO , NCNCS, O=C=C=C=O (carbon suboxide), NCCCOQ, O=C=C=CH−CO2H

Radicals HOSO (bisulfite radical), HOCO  (bicarbonate radical), FCQ(OH)2, QCH2NHNH2, QCH2CH2Br, 
QCH2N(H)–COOH, H2NCH2CQ(OH)2, (CH)3)2NCH , CH3CH2CQ(OH)2, C4H6NQ (neutral form of C–2 
and C–3 protonated pyrrole), C4H6NQ (neutral form of N-3 protonated imidazole), C4H5N  (neutral 
form of protonated pyrimidine), C4H6N  (neutral form of protonated 2- or 4-pyrimidinamine)

Hypervalent radicals CH2=CH(OH) ; C2H5OH ; (C2H5)3OQ; n-C7H13O•H(CH3), CH3O(CH2)nOHQ(CH3) (n = 2,4), (CH3)2NQH2 
(several isotopomers), H3NQCH2CO2H, (CH3)3NQH, (CH3)4NQ, n–C6H11NQH3, C6H5CH2NQH3, (C2H5)4NQ, 
n–C6H11NQH(CH3)2, C6H5CH2NQH2(CH3), n–C7H15NQH(CH3)2, C6H5CH2NQH(CH3)2, C6H5NQ(CH3)3, 
C6H5CH2NQ(CH3)3, C6H5CH2NQ(C2H5)3, HN(CH2CH2)2NQH(CH3), N(CH2CH2)3NQH, 
CH3N(CH2CH2)2NQH(CH3), (CH3)2N(CH2)nNQH(CH3)2 (n = 2,3,4,6), (NO2)2C6H4CH2NQH(CH3)2, 
C6F5CH2N•H(CH3)2, (C2H5)2X• (X = Cl,Br,I), H3S• (various isotopomers)

Diradicals QCH2OSiQ, QCH2NHCH , QCH2COOQ (acetoxy), QCH2CH2OCH , QCH(CH3)OCH , QCH2CH2CH(OH)Q, 
QCH2CH2SCH , QCH2CH2CH2CH(OH)Q

Intermediates in atmospheric 
chemistry

NH2NO (nitrosamine), HSOQ, SOHQ, HSOH (hydrogen thioperoxide), SOH2 (thiooxonium ylide), 
O=SQOH (hydroxysulfinyl radical), O2SQH (hydrogensulfonyl radical), HOSOH (sulfinic acid), 
CH3SCHQ, (CH3)2SQOH

Clusters NSS, SNS (nitrogen disulfide), SSNS, O2SOSO (sulfur dioxide dimer), He@C60

Reactive closed-shell species HOSSOH (dihydroxy disulfide), FCO2H (fluoroformic acid), RCONO (R = H, CH3, CF3), HC≡NS 
(thiofulminic acid), CH3O–P=O, CH3S–P=O, CH3PS2, CH3S–P=S, CH3C≡NS, CH3H7NO (3-methyl-
2-aziridinone), CH3CH=CH–SH, C6H5C≡NS (benzonitrile–sulfide), C6H5PS2, C6H5S–P=S

Organometallic species Fe(O2) (peroxide), OFeO (dioxide), Fe(CO), Fe(C2H4),C5H5–Fe–R (R = halogen, O, OH, OCH3, C6H5, 
H), C5H5FeC5H4=X (X=O, CH2, CO), SiNH2

Q, Si2O2, Si3N, D2Si=CH2 (silaethene), SiCnHQ (n=4,6) (sil-
icon carbon hydrides), (CH3)3SiCQ=CH2, (CH3)3SiCH=CHQ, PrFn(n = 1-2), (C5H5)2Zr (zirconocene),
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See also:  Ion Dissociation Kinetics, Mass Spectro-
metry; Ion Energetics in Mass Spectrometry; Ion Im-
aging Using Mass Spectrometry; Ion Molecule Reac-
tions in Mass Spectrometry; Ion Structures in Mass
Spectrometry; Ion Trap Mass Spectrometers.

Figure 10 (A) Neutralization–reionization (−NR+) spectrum of
n-butoxide anions using O2 for neutralization and reionization. (B)
Charge reversal (−CR+) spectrum of n-butoxide anions using O2.
(C) −NIDD+ spectrum of n-butoxide anions. Reprinted with per-
mission of Wiley-VCH from Hornung G, Schalley CA, Dieterle M,
Schröder D and Schwarz H (1997) A study of the gas-phase re-
activity of neutral alkoxy radicals by mass spectrometry: �-cleav-
ages and Barton-type hydrogen migrations. Chemistry: a
European Journal 3: 1866–1883.
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Figure 1 The neutron flux distribution for three different mod-
erators at the ILL reactor and for the liquid hydrogen moderator
at the ISIS accelerator. The accelerator flux distribution is adjust-
ed by a factor 103 to represent the increased efficiency for time-
of-flight experiments due to the pulse structure. Modified with
permission from Price DL and Sköld K (1986) Introduction to
neutron scattering in: Neutron Scattering, Part A, Sköld K and
Price DL (eds). Orlando: Academic Press.
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Figure 2 The layout of the reactor and the neutron scattering instrumentation at the ILL reactor. Courtesy of H. Büttner.
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Figure 3 The layout of the neutron source and the neutron scattering instrumentation at the ISIS spallation neutron facility.
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Figure 4 Schematic of (A) a gas detector and (B) a scintillator
detector (modified with permission from Windsor CG (1981)
Pulsed Neutron Scattering. London: Taylor and Francis).
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Figure 5 The physical principles behind the operation of a
scintillator material. Reproduced with permission from
Bennington SM, Hannon AC and Forsyth JB (1993) Rutherford
Appleton Laboratory Report RAL-93-083.
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Figure 6 The geometry for a neutron diffraction experiment.
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Figure 7 Schematic of a neutron diffractometer for a steady-
state (reactor) source.

Figure 8 The D4 neutron diffractometer at the ILL reactor. Reproduced with permission from American Institute of Physics, Clare
AG, Etherington G, Wright AC, et al. (1989) A neutron-diffraction and molecular-dynamics investigation of the environment of Dy3+ ions
in a fluoroberyllate glass. Journal of Chemical Physics 91: 6380–6392.
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Figure 9 Schematic of a neutron diffractometer for a pulsed
(accelerator-based) source.

Figure 10 Time-of-flight spectra for (A) vanadium, (B) polycrystalline silicon and (C) vitreous germania. Also shown are the normal-
ized spectra for (D) polycrystalline silicon and (E) vitreous germania.
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Figure 11 The LAD diffractometer at the ISIS spallation neutron source.
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Figure 12 The new GEM diffractometer at the ISIS spallation neutron source.
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Figure 13 The measured experimental resolution (full width at
half maximum) of the D4 reactor diffractometer. Courtesy of
HE Fischer.

Figure 14 The measured experimental resolution of the LAD
pulsed neutron diffractometer at backward angle, 2� = 146°. The
total full width at half maximum (FWHM) and the FWHM for the
Gaussian contribution are shown in the form of ∆d/d. Also shown
is the decay constant τ for the exponential contribution to the res-
olution. The inset shows the peak shape measured for a typical
Bragg peak (the (331) reflection for polycrystalline silicon).
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���� �	� ������ � ����+)��� �-� )��� ����)� �-� 

)�,����,��������� ������&���� ��)����-- �)�+�)� ���
&����+�)� ���������)��, �0����-�������) ����-�)���� �*
��))�����-�)����+,�������,������)�)���� �&�����-
 ���, ���*�,����-� ��)� ��)����%�� �)���������� �

Figure 15 Schematic of a small angle neutron scattering (SANS) diffractometer for a steady-state (reactor) source.

Figure 16 Schematic of a single crystal diffractometer on a
pulsed (accelerator-based) source.



1492 NEUTRON DIFFRACTION, INSTRUMENTATION

��)��)� ���+%�������)�� )��������-�+��)��0����&)�
�)�, �0������)� ��*��+���������+,���&��-� ���,*
 ���*�,���)�)�+�����)������� �����-�� &&� �*
-���)������ 7���� ����� �+,���&� -� � � ,������ ��� ��
��-- �)�+�)� �����0�)&�����%�������)�+�� �0��
���C,��)��� � &&�  �-���)����� � � �)����)��� ��� ��
����� ��--���� ��))� ��&� %�)����� )��� � &&� ,����
7����N?���-- �)�+�)� �)� B�B�� ����, �+���C+,��
�-��,��������� ������&���� ��)����-- �)�+�)� �

"
�������!�����

�& = �����)�)J�� = �*�,���&J���)� = ��)� ��� ��,�*
��&� %�)����� � ��)�� ,����J� ���I�Ω�)�) = ��--� ��)��
� ���*���)���� -� � )�)�����) �����-- �)���J�! =����*
) ��� ��� &�J� !- = ���) ��� ��� &�� -)� � ��))� ��&
�-����J�!� = ���) ������ &��%�-� ����))� ��&�����)���J
� = ;����F�� ����)�)J�� = ;����F�� ����)�)���0����
%�� 5�J� )� = ���)'+��F�� ����)�)J� �- =� ���) ��
�0�0��)� � -)� � ��))� ��&� �-����J� �� = ���) ��
�0�0��)� �%�-� ����))� ��&�����)���J�% = )�)��-��&�)
,)���-����) ��J�%- = -��&�)�,)���-����) ���-)� ���)*
)� ��&��-����J�%� = -��&�)�,)���-����) ���%�-� ����)*
)� ��&� ����)���J� � = ���) ��� +��J� ' = ��+%� � �-
)�+�� ��� �+,��J� �0 = )�+��� ��+%� � �����)�J� ( =
+&��)���� �-� +�+��)�+� ) ��-� J�� = +�+��)�+
) ��-� �0��)� J��)�) =  )��)����������) ���� ����)*
)� �����)��)����,���-�����������&��J�
 = )�+�*�-*-��&�)
�-� ���) ��J� $ = )�+,� )� �J� � = ���) ��� �,���J
& = ��)��)� �)��������J��� = ��-- �)�+�)� �, +�)� J
∆� =  �����)���� ���� )��)�� -� � �*�,���&	� �J
∆( =  �����)�������� )��)��-� �+�+��)�+�) ��-� 	
(J ∆� =  �����)���� ���� )��)�� -� � ��+�*��))� ��&
�&��	� �J ∆� =  �����)���� ���� )��)�� -� � ���) ��
�0����&)�	��J�� = ��),�)�,�����- �)����-� ���)��)� J
5� = ��))� ��&� �&��J� � = ���) ��� �0����&)�J
�%���� = ���) ���%�� ,)����� ���*���)����)����) ��
�0����&)�	� �J� � = ���) ��� %�� ,)���� � ���*���*

)����)����) ����0����&)���-���E�&�) �+J�τ =� ���,*
 ���� �))����0��)� ��-�� ��)�J�� = �C,����)�������
)�+�J��: = ,� �����-�)���,��������� ��J�� = ,�� ���� *
���)�J�Φ = ���) ���-��CJ�Ω = �������&���

See also: Inelastic Neutron Scattering, Applications;
Inelastic Neutron Scattering, Instrumentation; Inor-
ganic Compounds and Minerals Studied Using X-Ray
Diffraction; Materials Science Applications of X-Ray
Diffraction; Neutron Diffraction, Theory; Powder X-
Ray Diffraction, Applications; Structure Refinement
(Solid State Diffraction).
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Table 1 The properties of the neutron–sample interaction and their consequences for diffraction

Property Consequences

No form factor for scattering Data can be measured to high momentum transfer, leading to high real-space resolution

Absolute normalization of results is relatively straightforward

Scattering length is different for 
different isotopes

Isotopic substitution can be used to extract element-specific information

Scattering length varies haphazardly 
across the periodic table

The positions of light atoms (especially hydrogen) can be determined in the presence of 
heavy atoms

The positions of atoms of elements which are close in the periodic table can be distinguished

Interaction is relatively weak Neutrons are highly penetrating and hence results are characteristic of the bulk of a sample, 
not the surface

Bulky equipment can be used to subject the sample to a wide range of environments

Magnetic interaction between 
neutron and magnetic ions

Magnetic structures can be determined
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Figure 1 Geometry for a neutron scattering experiment.
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Figure 2 The total diffraction pattern, I(Q), for GeO2 glass,
shown together with the self and incoherent contributions.
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Figure 3 The neutron correlation function, T(r ), for GeO2 glass,
obtained from the data in Figure 2. The dashed line indicates the
average density contribution, T 0(r ).

Figure 4 A simulated neutron correlation function, T(r ), togeth-
er with a fragment of an A2X3 network, showing how the peaks in
the correlation function arise from the interatomic distances.
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Figure 5 The structure factor, S(Q), calculated for a
homogeneous sphere of radius 20 Å and uniform density 0.05
atoms Å−3, surrounded by empty space.
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Figure 6 A single crystal diffraction pattern for KDCO3 (a = 15.2 Å, b = 5.6 Å, c = 3.7 Å, � = 104.8°). Reproduced courtesy of Fillaux
F, Cousson A and Keen DA.
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Table 2 The planar d-spacings for each crystal system

Crystal system d-spacing

Cubic

a = b = c

� = � = � = 90�

Tetragonal

a = b

� = � = � = 90�

Orthorhombic

� = � = � = 90�

Monoclinic

� = � = 90�

Hexagonal

a = b

� = � = 90���
� = 120��

Rhombohedral

a = b = c

� = � = �

Triclinic

a ≠ b ≠ c

� ≠ � ≠ �
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Figure 7 Bragg planes with spacing dhkl which give rise to the
hkl Bragg peak.

Figure 8 The neutron diffraction pattern for polycrystalline silicon together with a fit obtained by profile refinement. Also shown is
the residual divided by experimental error for the fit and vertical bars which indicate the positions of the allowed reflections under the
space group Fd3m.
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See also: Fourier Transformation and Sampling The-
ory; Inelastic Neutron Scattering, Applications; Ine-
lastic Neutron Scattering, Instrumentation; Inorganic
Compounds and Minerals Studied Using X-Ray Dif-
fraction; Material Science Applications of X-Ray
Diffraction; Neutron Diffraction, Instrumentation;
Powder X-Ray Diffraction, Applications; Structure Re-
finement (Solid State Diffraction).
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Table 1 Examples of the range of solvent effects on nitrogen
shieldings

Molecule

Range of solvent effects 
on nitrogen shielding 
(ppm)

Pyridine 38

Pyridazine (1,2-diazine) 49

Pyrimidine (1,3-diazine) 18

Pyrazine (1,4-diazine) 16

1,3,5-Triazine 11

Pyridine N-oxide 30

Indolizine and azaindolizine systems 

Bridgehead nitrogen 1–3

Pyridine-type nitrogen 26–32

Alkyl cyanides (nitriles) 22–26

Nitromethane 11

Methyl nitrate   5

t-Butyl nitrite 26

Methyl isothiocyanate 10

Azo bridge   2

Dinitrogen 1.3
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Figure 1 Continued
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Figure 1 Continued
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Figure 1 Continued
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Figure 1 Continued
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Figure 1 Characteristic nitrogen shielding ranges for various classes of molecules and ions (referred to external neat nitromethane)
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Figure 2 Effect on nitrogen chemical shifts caused by
replacing hydrogen atoms by alkyl groups in an aliphatic chain.

Figure 3 Effect on nitrogen shielding due to interactions of
protein fragments.
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See also: Chemical Shift and Relaxation Reagents in
NMR; NMR Relaxation Rates; Relaxometers; Solvent
Suppression Methods in NMR Spectroscopy; Spin
Trapping and Spin Labelling Studied Using EPR
Spectroscopy; Structural Chemistry using NMR
Spectroscopy, Inorganic Molecules; Structural Chem-
istry using NMR Spectroscopy, Organic Molecules.
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Figure 1 Spectra of a doublet with splitting 2 Hz, centred at –10
Hz, calculated for a 64 complex point FID with (A) no zero filling;
(B) one zero filling, to 128 complex points; and (C) four zero fill-
ings, to 1024 complex points. The splitting becomes visible after
one zero filling; further zero filling is equivalent to interpolation
between the data points with a sin(x)/x function.

Figure 2 75.4 MHz spectra of the 13C triplet of deuteriobenzene
in the ASTM (American Society for Testing and Materials) sensi-
tivity test sample (60% deuteriobenzene/40% dioxane), with and
without matched filtration. The unweighted spectrum (A) shows a
signal-to-noise ratio of 18:1; the same data given an exponential
multiplication with a time constant 1/(3�) s before Fourier trans-
formation, corresponding to a 3 Hz Lorentzian line broadening,
show (B) a signal-to-noise ratio of 92:1. An acquisition time of
5.462 s was used, with a spectral width of 12000 Hz and one zero
filling. The insets show expansions of the triplet signal, illustrating
the broadening of the lines and the smoothing of the noise caused
by the exponential multiplication.
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Figure 3 Expansions of the multiplet at 5.1 ppm in the
400 MHz proton spectrum of geraniol in deuteriomethanol: (A)
raw spectrum; and (B) spectrum after Lorentz–Gauss conversion
using rising exponential weighting with a time constant of 1/� s
and Gaussian weighting with a time constant of 1 s.
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Figure 4 75.4 MHz proton-decoupled 13C spectra of 30% menthol in deuteriochloroform, (A) recorded with all signals within the spec-
tral window, and (B)–(D) with the transmitter displaced to high field in 500 Hz steps. Spectra (C) and (D) show the aliasing of the high-
field signals to reappear at the low-field end of the spectrum.
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Figure 5 75.4 Mhz proton -decoupled 13c spectra of 30% menthol in deuteriochloroform, (A)b before and (B) after zero- and first-
order phase correction.
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��	 ������	 �����	 ��������	 ����#��
�	������������	 ��
���������	 �������������	 
�	 ������	 �"��������	 ���	 ��
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������	�
���	��	���	���������	���	���������	������#
�����	��	�
�	��
��	4<���������#�������	������������=5�
��	����	�������	�
�	�"��������	��	�
������	�
���	���
��������	��������	������	��	
�������	��	������#�����
�������	 4<������	 ��������=5.	 �
�	 ��������	 ��	 ��������
�������	�������	��	����	�����������	�������	���	�����
&������#���
������	�����������	 
��	���	��	�������#
��	 ���������	 ��	 ����������	 ������	 �
�	 �"����������
��������	�����	����	��	�	������	���	�����#�&�����	���#
����	��	
��
	�
�	��������	����������	���	�
�	�
���#
���	�
����	���	��������	���������	���
��	�
��	������
�
�	������	����������	����������	���	���
��	 
�	�"#
��������	��	0������	����������	����	�"�
����#�����#
����	 ����	 �
����	 4<����	 �
���	 ��������=5	 ���	 ��
���������	����������

'���	��	�(�����

�� � = ����#������	 ���������.	 ��  = ���&�����#
������	 ����������.	 �� � = ���&�����.	 .
# = ������	��	������"	������������.	�� � = ������
��	 ������"	 ������.	 � = �����������	 ������������.
�" = "�
	�����	��	����	���������	�����.	�
 = 
�
	�����
��	��������.	�4�5 = '
�����	�������������	�������.

��4�5 = �
����	��������.	�4�5 = ����	 ���������	�����.
�� = ���������	 ����.	 �2 = ����	 ����.� �� = �"���������
����	��������.	�� = K�������	����	��������.	�� = ����
�
���	 ��	 K�������.	 � = �����	 ���������.	 � = ����
���
.	�4�5 = ���
����	 ��������.	  �� = ��
	 ������"
���������.	 �� = ��
	 ������"	 �"���������.	 � = �����
����.	� = �
���	�
����

See also: Fourier Transformation and Sampling The-
ory; Laboratory Information Management Systems
(LIMS); NMR Principles; NMR Pulse Sequences; NMR
Spectrometers; Two-Dimensional NMR, Methods.
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@������	 �	 4�))>5	 ���
� $��	���	�����	 3"�����	 I8:
'��������

@������	 �	 4�)B>5	 �� %�
����"� �&� �����	� ���
���
����
�
��'()�* �	-�����	I8:	C�������

-��
	O%	���	'����	/'	4�))*5	����+����,	�����
��	��
P��0:	H����#C����

C�����	 O%	 ���	 @������	 /K	 4�)B$5	E�����������	 ���	 ����
����������	 ��	 @������	 ���������	 ����	 ,	��	���� �

��������	�����	��:	2>!**�

������	 K/�	 (��A��	 -	 ���	 -����	  O	 4�))>5	 ���������
�������������	 ���
����	 ,	��	���� �
� ���� ����	�-
����	�:	�)>!2�>�

��������	E�	4��5	4�))*5	'�����	���������	���	������	����#
����	 ��	����	.
:	D��	�B	��	+����%�
���
�� �
����
�
�
�����
����� �	/��������:	J��������

�
�	��	�����������	�(�����)	%����(
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Figure 1 Angles defining the orientation of the magnetic field,
B0, in axes (abc) fixed in a molecule.
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Figure 2 Spectra for a polycrystalline sample for nuclei with
different site symmetries and subject only to the Zeeman interac-
tion: (A) �aa = �bb = �cc; (B) �aa = �bb > �cc; (C) �aa = �bb < �cc;
(D) �aa ≠ �bb ≠ �cc.
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�� ��  = ��������#��"��	 ���������	 �"��.	 �$ = �������
��������	 ������	  $ = |�$ |. +�� = �������	 ����!����
��������.	 � = L����0	 ��������.	 � = -����������.
. = �������	 ����	 &������	������.	 �� = ����	 �������
��������	��������.	.5� = ���������	��	��	�����	5.
��� = ��������#��������	 ����!����	 ��������.	 "( =
(���1����	 ��������.	 �� = ��������	 4����	 ������	 ��
�����	 �5.	,C%4�,�5 = �����������	 �
��	��������	�����	 ��
��	�+���	�+��.	,4
5 = �����������	��	�������������	
.
1� = �������	 &���������	 ������.	 	� �� � = �������#
��"��	 ���������	 �"��.	 ��� = ������������	 ������.
�αα = '����	 �����	 ����������.	 � = �����������.
� �0 = ���������	 ��	 0�
	 �����������	 �����	 �$.
�0 = �����������	������.	����0 = ���������	��	0�
	��#
���������	��
	�������	��	��������	��"��	�"��	�	���	�;
4�"� = ���������	 ��	 ����	 ���&��.	 �� = ��������	 �����
��������	��	����	 �.	!� �� 3 = ���������	�"��.	γ� =	���#
���������	 �����	��	 ��
	�������.	θ� = �����	��	�$	��

�"��	 �.	 	 = �������	 ��������	 ������	 ������.
	$ = ������������	 ��	 ����	 �����.	 � = �
�������	 ���#
�����.	� = �����	��	��������	�����	����.	� = ��������
���������������

See also: Chiroptical Spectroscopy, Oriented Mole-
cules and Anisotropic Systems; Diffusion Studied
Using NMR Spectroscopy; Liquid Crystals and Liquid
Crystal Solutions Studied By NMR; Solid State NMR,
Methods; Solid State NMR Using Quadrupolar Nuclei;
Solid State NMR, Rotational Resonance.
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Figure 1 Radiofrequency probe, gradient coils set and RF coil inserts used in NMR microscopy. The probe assembly is placed in
the 89 mm diameter vertical bore of a superconducting magnet. The set of RF coils and resonators enable samples of different sizes
to be inserted, and have diameters ranging from 25 mm diameters down to 2 mm. Photograph courtesy of Bruker Analytische
Messtechnik, Karlsruhe, Germany.
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Figure 2 RF and magnetic field gradient pulse sequence used
in NMR microscopy along with the associated trajectory through
k-space. The frequency-selective 180° pulse is used to select a
layer of spins (the slice plane) to participate in the spin echo and
hence to contribute to the image. NT =acquisition time; TE= i echo
time.
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Figure 3 NMR image (A) and corresponding optical micro-
graph (B) of the epidermal cells of Alium cepa. The pixel size is
5 µm with a slice thickness of 70 µm. Reprinted with permission
of the International Society of Magnetic Resonance in Medicine.
From Glover PM, Bowtell RW, Brown GD and Mansfield P (1994)
Magnetic Resonance in Medicine 31: 423–428.
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Figure 5 Two images (2562 pixels of (10 µm)2, slice thickness 500 µm) obtained with the spin-echo pulse sequence of Figure 2
from a geranium stem in which different read gradients and echo times are employed: (A) 20 kHz with TE = 13.5 ms; (B) 100 kHz with
TE =  3.2 ms. Reprinted with permission from Rofe CJ, Van Noort J, Back PJ and Callaghan PT (1995) Journal of Magnetic Resonance
B 108: 125–136.

Figure 4 NMR micrograph obtained from water in a rectangu-
lar glass capillary whose walls are spaced by 100 µm. The pixel
dimension is 8 µm, comparable with the distance diffused by the
water molecules over the echo time TE, and hence the image
intensity is severely attenuated, except at the walls where the
molecular Brownian motion is restricted. Courtesy of S.L. Codd
and the author.
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Figure 6 (A) Pulsed gradient spin echo sequence used to
encode spin magnetization phase for molecular translational
motion. (B) Velocity and diffusion maps for a water molecule flow-
ing through a 2 mm diameter capillary. The images are shown as
stackplots. The velocity profile is Poiseuille while the diffusion
map is uniform. Courtesy of RW Mair, MM Britton and the author.
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Figure 7 Chemical shift-selective proton NMR images of castor bean stems along with the corresponding proton NMR spectra from
the whole stem. The region of the spectrum used to generate the corresponding image is shown by the vertical line. The upper image
corresponds to water distribution while the lower corresponds to fructose distribution. Note the confinement of the sugars to the site
of the phloem. Courtesy of W. Koeckenberger.

Figure 8 Velocity (●) and diffusion (■) profiles taken across a
diametral slice for a solution of 5% 1.6 MDa poly(ethylene oxide)
in laminar flow through a 700 mm diameter capillary. Courtesy of
Y Xia and the author.
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Figure 9 Stacked profile map (A) of the fluid velocity across the
gap of a 7° cone and plate system containing a semidilute worm-
like micelle solution, and shear rate image (B) obtained by taking
the derivation of the velocity across the gap. Dramatic shear
banding effects are apparent. Note the use of an expanded field
of view across the gap achieved by using different magnitudes of
spatial encoding gradients. Courtesy of MM Britton and the
author.
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���������.	 �� = �����	 ��������.	 �� = ����!�������
����"�����	 ����.� �2 = ����!����	 ����"�����	 ����.
� = �����	���������	��������.	� = ������������	�����.
� = ��������	�����	��������.	∆ = ��������	�����	����#
������.	 �4�5 = �������	 ��	 �����	 ��	 �.	 � = �����	 ����.
 = �������	 ���&�����	 ��	 �������	 ���������;�������
�����������	

See also: Contrast Mechanisms in MRI; Diffusion
Studied Using NMR Spectroscopy; EPR Imaging;
Fourier Transformation and Sampling Theory; Mag-
netic Field Gradients in High Resolution NMR; MRI
Applications, Biological; MRI Instrumentation; MRI of
Oil/Water in Rocks; MRI Theory; NMR Principles; NMR
Pulse Sequences; NMR Relaxation Rates.
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4L/'5	 ��	 �����	 ��������	 ���������	 �
�	 ������
�� ���������	��	�
���	���������	���������� � �� 	4�	=
�� 2� +5:

���	�
���	���������	��������	���
��	������	�
�	�"��
��	L/'	���	�
�	����������	������
 
�	 ��������	 �
�������	 ���������	 �33�	 ��	 �	 ������

�����������	��	�
�	���������	����������:	


���	 �	�	������	���	�
�	�����	��	�
�	�������	'����
�
�	�������	�����	��	���
	���2 
�	��	 �	�
�	�������	���#
��	��	�33	��	�
�	���	�������	��	��&����	4
���	�
���
��	������	���������	��������5	��	�
�	���������	�����:

��	 ������	 �
�	 �����#���������	 ������	 ����	 ��	 �
�
���
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�������	������������
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�	�������	�����������	������
�	����	��	������	�	���	�	���������	��	�
�	������������
������	�	��	�����	��


���	 � = � � � � �	� / �� 	+	 ��	 �
�	 �������	 ��������
���������	 �	 �
�	 �������	 ������������	 �����	 ���	,
�
�	�������	�����������	�������	��	�
�	L/'	��	�
�	���#
����	��
	 �
�	 ������������	 ������	 �������	 �����	 ���
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�� �
�	 ����������	 �"���	 �	 
���	 !� = �3 = 3! = $�
	2 = !2+�2+32	���	�
�	������	�������	

��	��	�������	���������	4 �	, = �−2+� = $5�
 
�	 ���������	 �������	 �����������	 -����������

���	��	������	��	�
�	����


���	
 ��	�
�	�����	������	�	���	�
�	�"������	���#
�����	�����	���	'����	�
�	�������	�����	 = �	�
�
���������	�������	��	�
�	-����������	��	 �	��
�
��	�
�	�������	�����������	����	���	������	�
�	���
��������	��	���������	��	�
�	�����	�
�	�����������	��#
������	�������	����������	�
�	��������	����	���
�

,���������	������������

'���	>�,	��	 ���	���#������	������	 
���	 . > �	 ��
�
���	 ��	��������	 ��	��������	�������	 �
��	�������
��	 ��������	 &���������	 ������	 �����
�	 �����	 ��
���#��
������	������������	��	�
�	�������	�
�����	 
�
&���������	 �����������	 ��������	 ���	 �
����	 �
�
���	������	���	����	�������	�
���	��������	������������
H
��	�
�	&����������	-����������	��	����������

��	�	������������	��	�
�	N�����	-�����������	�
���
��	��	�������	����������	 ��������	���	 �
�	�����������
��	�N	��	�
�	4����	����5	����	
��	�N	���	�U	���	��
����������	 ����������	H
��	�U >> �N�	 �
�	 �����#
����	 ��	 �
�	 �������	 ������	 ��	 ����	 �����	 ���	 <����
&���������	 ���������=	 4�U�5	 ��	 ��������	 ����	 ��
�
�	 �������	 ��	 �	��������	 ������	 ��	 �
�	 �����	 <
��

�����=	 �����	�N >> �U�	 �
�	 &���������	 -����������
��	�
�	L/'	��	�
�	��������	�����	��������	������	��	


���	�	��	�
�	���������	���������	
��
	���������
�
�	 ��������	 ��	 �
�	 ��������	 �����	 ���������	  
�
�����������	 ��	�	 ���	 ��	 �
�	 <&���������	 ���&�����=�

�U�	
��
	���������	�
�	���������	��	�
�	������������
���

L�����������	�
����	�����	��	��	���������	�
�	��#
����	������	� �	� 	���	� 	4������������	������	�
�
�����5�	(������	��	�
�	�����#	���	������#�����	�
����
��	 ������	 �������	 �������	 ��	 �	 ������	 4C�����5	 ����#
�����	 ���&�����	 �C = 6� − � 7�	 ��	 ��
	 ����#
�������	�
���	���	��	�������	���������	���&�������:	

E�������	������������	������	�
��:

4�5  
�	�����#�����	���&�����	�
���	��	1���	���	# = �
��	 �
��	 �
�	 �������	 ����������	 ���	 ���#�������
�����	4���
	��	2>/�	��
	. = 5	��	���	��������	��
&����������	������������	��	�����	������	��	��	�
��
������������	��	��0	��
	���
	�������	��������#
��	 �����	 �
�	 �������	 ����������	 ��	 ��������	 �
�
����	���	
��
	��	��������:	��
��	�����������	���
��	���������	���	�
�����	��	��	��	�������������
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���	 ���������	��
 � 	 ���	 ��

���������	 ������������	 ��	 �
�	 ��������	 �����
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�	 '����	 �
�	 ����������	 ��	 �
�	 �
������
�
����	
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�
���	�����������	��	���������	������	��	�	���	�����
��	 ���&�������	 ��0�	 �
��	 �������	 ����	 �������	 ����
������	 ���	 �
������	 ��������	 2-	 ���	 �"���������
��������	���	 ������	 ��������	 ���	�������	 �������#
����	 ��	�"�������	��	���������	�������	��������	��
���������	 ������������	 ��
	 �����	 ��������
������������


����$�����	��������
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�	����	��#
�����	����	��	�����#�����	����	 
�	���
��&��	������#
��	 �����������	 ������������	 ��	 ������	 ��	 �
�	 ������
4+ ���2 
 ! �5	��	�
�	-������������	
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�	 ������	 ��
�������	����	������	��	�"��	��������	��	�
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��	 �
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4+ ���2 � ! �5	 ������	 �
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��
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-���$��&��	���������

H
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�
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#
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�
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�	�������
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��
�����������	��	�������	������	�������	��	�
�	����	����
����������	��	�������	��������	�����	�����������
��	�����#�����	���:	4�5	�������	��	�	����	�����	����#
������	 ����������	 ��	 �
�	 ������1��	 �������	 ���
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Figure 1 13C NMR spectra of solid 4,4′-bis[(2,3-dihydroxypropyl)oxy]benzil. (A) Solution conditions using 60° 13C pulses and 10 s
recycle delays; (B) as in (A) but with 1H–13C cross-polarization, low-power proton decoupling and 1 s recycle delays; (C) as in (B) but
with high-power proton decoupling; (D) as in (C) but with the addition of magic-angle spinning; (E) high-resolution spectrum of a solu-
tion in CDCl3 with the same NMR parameters. Reproduced with permission of the American Chemical Society from Yannoni CS (1982)
Accounts of Chemical Research 15: 201–208. Copyright 1982 American Chemical Society.
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See also: 13C NMR, Parameter Survey; 13C NMR,
Methods; High Resolution Solid State NMR, 13C; High
Resolution Solid State NMR, 1H, 19F; Magnetic Field
Gradients in High Resolution NMR; NMR Principles;
NMR Pulse Sequences; Solid State NMR, Methods;
Solid State NMR, Rotational Resonance.
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Table 1 Nuclear spin quantum numbers of some popular NMR
nuclides

I Nuclide

0 12C 16O

� 1H 13C 15N 19F 29Si 31P

1 2H 14N
11B 23Na 35Cl 37Cl
17O 27Al

3 10B

Figure 1 Space quantization and energy levels of spin - � and
spin-1 nuclei. (A) and (C) spin-�; (B) and (D) spin-1. The energy
level splittings produced by an applied magnetic field depend on
the value of the gyromagnetic ratio, ��(here taken as positive).
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Table 2 Gyromagnetic ratios, NMR frequencies (in a 9.4 T
field), and natural isotopic abundances of selected nuclides

��(107 T �1 s�1) ��(MHz) Natural
abundance (%)

1H 26.75 400.0 99.985
2H 4.11 61.4 0.015
13C 6.73 100.6 1.108
14N 1.93 28.9 99.63
15N −2.71 40.5 0.37
17O −3.63 54.3 0.037
19F 25.18 376.5 100.0
29Si −5.32 79.6 4.70
31P 10.84 162.1 100
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Figure 2 Schematic 1H NMR spectrum of liquid ethanol,
C2H5OH. The three multiplets, at chemical shifts of 1.2, 3.6 and
5.1 ppm arise from the CH3, CH2, and OH protons. The multiplet
structure (quartet for the CH2, triplet for the CH3) arises from the
spin–spin coupling of the two sets of protons. Splittings are not
normally seen from the coupling of the OH and CH2 protons,
because the hydroxyl proton undergoes rapid intermolecular
exchange, catalysed by traces of acid or base.

Figure 3 Energy levels and NMR spectrum of a pair of spin-�
nuclei, A and X. mA and mX are the magnetic quantum numbers,
�A and �X are the two resonance frequencies, and E is the energy.
The spin–spin coupling JAX is zero.
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Figure 4 Energy levels and NMR spectrum of a pair of spin-�
nuclei, A and X. mA and mX are the magnetic quantum numbers,
�A and �X are the two resonance frequencies, JAX is the spin–spin
coupling constant, and E is the energy.
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Figure 5 Calculated NMR spectra of a pair of spin-� nuclei for
a range of �� = �A – �X values between 16JAX and zero.

Figure 6 The motion of a magnetization vector M in a magnetic
field B0. M precesses around the field direction rather like the axis
of a spinning gyroscope.
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Figure 7 The magnetic fields present in an NMR experiment in
(A) the laboratory frame and (B) the rotating frame. B0 is the
strong static field, B1 is the much weaker oscillating radiofrequen-
cy field, �B and Beff are respectively, the offset and effective fields
in the rotating frame, and B(k) is the resultant of B0 and B1 in the
laboratory frame.

Figure 8 The effect of radiofrequency pulses (in the rotating
frame). (A) At thermal equilibrium, the net magnetization of the
sample is parallel to the B0 direction. (B) A pulse along the x axis,
whose strength B1 is much greater than the offset field �B,
causes M to rotate in the yz plane at angular frequency �B1. (C)
A 90° pulse, of duration tp, �B1tp = ��2)	 rotates the magnetization
from the ‘north pole’ (z axis) to the ‘equator’ (y axis) (D) A 180°
pulse, of duration tp (�B1tp = �)	� rotates the magnetization from
the ‘north pole’ to the ‘south pole’ (–z axis). (E) Following a 90°
pulse, the magnetization precesses around the ‘equator’ in the
rotating frame at frequency � = ��B. Relaxation is ignored
throughout.
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Figure 9 Following a 90° pulse, the magnetization precesses
around the z axis and at the same time returns to its equilibrium
position at the ‘north pole’ (A). The transverse components of M
decay to zero with time constant T2, the spin–spin relaxation time
(B). The z component of M grows back to M0 with time constant
T1, the spin–lattice relaxation time (C).
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Figure 10 The dependence of T1 and T2 on the rotational corre-
lation time �c, using � 2〈B 〉 = 4.5 × 109 s–2 and ��/2� = 400 MHz.
The units for the vertical axis are seconds.
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Figure 11 Calculated NMR spectra for a pair of nuclei ex-
changing between two sites with equal populations. Spectra are
shown for a range of values of the exchange rate k. The differ-
ence in resonance frequencies of the two sites, ��	�is�50 Hz�
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Figure 1 (A) The precession of an individual magnetic moment � about the external magnetic field B0. (B) The precession of mag-
netic moments in the � (mI = +�) and � (mI = −�) spin states. (C) The resultant magnetic moment M of a large number of nuclei of the
same kind, reflecting the small excess population of nuclei in the � spin state.
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Figure 2 The rotating frame coordinate system. The coordi-
nate system is assumed to be rotating at the same frequency as
B1 and consequently B1 appears to be stationary along the x-ax-
is. The x,y magnetization M, generated after a pulse, will be sta-
tionary along the y-axis if the Larmor precession frequency is
equal to the pulse frequency or rotating at a frequency ∆�, corre-
sponding to the frequency difference.

Figure 3 (A) The basic pulse Fourier transform sequence; �
represents the pulse duration and � is a small delay, comparable
to �, to ensure that the pulse is not detected by the receiver. Note
that in this and subsequent pulse sequences, the duration of the
pulse is exaggerated. The actual pulse duration is ∼10 µs com-
pared with an acquisition time, t1, of ∼1 s. (B) (i) The time profile
of the pulse and (ii) the frequency excitation profile due to the
pulse. The frequency profile is the Fourier transform of the time
profile.
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Figure 4 The FID time signal (A) and resultant 1H frequency
spectrum (B) for a single off-resonance peak.
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Figure 5 The FID time signal (A) and 1H frequency spectrum (B) for the aliphatic region of kauradienoic acid [1]. The scale along
the bottom of the frequency spectrum is the δ scale [chemical shift in parts per million relative to (CH3)4Si].

Figure 6 Comparison of absorption (� mode) and dispersion (u
mode) signal shapes. Spectra are usually phase corrected to give
pure absorption mode peaks.

Figure 7 Comparison of z (Mz) and y (My) magnetization imme-
diately following (A) a 90  pulse and (B) a 45  pulse. The latter
generates 71% of the amount of My magnetization (and therefore
71% of the signal) while retaining 71% of equilibrium z magneti-
zation, compared with 0° z magnetization after a 90° pulse. This
allows most, if not all, of the equilibrium z magnetization to be re-
stored during the acquisition time, t1, after a 45° pulse while a 90°
pulse typically will require a lengthy delay after t1 to restore equi-
librium z magnetization. If T1 is very long compared with t1, an
even smaller pulse angle must be used (see Eqn [5]).
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Figure 8 (A) The inversion–recovery sequence used to meas-
ure T1. The experiment is repeated with a number of different val-
ues of t1. (B) The behaviour of a magnetization vector during the
inversion–recovery pulse sequence. (C) A plot of signal intensity
(s) versus t1, illustrating the exponential return to the equilibrium
value, S∞, as t1 increases.
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Table 1 Vector evolution for various CHn (n = 0–3) multiplets and resultant vectors at the end of t1 for the APT sequence with
various values of t1

a J ≡ 1JCH, the one-bond 13C–1H coupling constant for CHn.
b n = number of hydrogens directly bonded to carbon.
c Angles of rotation (relative to y-axis) of coupling vectors for the different peaks in each multiplet. These are calculated from the

frequencies in Figure 10 plus Equation [12].
d Vector average, relative to y-axis, of coupling vectors relative to an initial value of 1.00. Effects of T2 relaxation during t1 are not

included.

t1
0 1/4Ja 1/2J 3/4J 1/J

nb �(0)c 〈J〉d �(0) 〈J 〉 �(0) 〈J 〉 �(0) 〈J 〉 �(0) 〈J 〉

0 0 1.00 0 1.00 0 1.00 0 1.00 0 1.00

1 0, 0 1.00 ± �/4 0.71 ± �/2 0.00 
3 �/4 �0.71 
 � �1.00

2 0, 0, 0 1.00 0, ± �/2 0.50 0, ± � 0.00 0, ±3 �/2 0.50 0,± 2� 1.00

3 0, 0, 0, 0 1.00 ± �/4, 0.35 ± �/2, 0.00 ±3 �/4, �0.35 ± �, �1.00

±�3�/4 ± 3�/2 ±9 �/4 ± 3�

Figure 9 (A) The spin-echo or refocusing sequence for measuring T2. (B) Behaviour of a magnetization vector, corresponding to an
off resonance (	� ≠ 0) signal, during the spin-echo sequence. The vector returns to the initial position after t1, producing an ‘echo’.
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Figure 10 Multiplet patterns arising from to 1JCH (one-bond
13C–1H coupling constant) in the 13C spectra of CHn groups
(n = 0–3).

Figure 11 (A) The APT (attached proton test) pulse se-
quence. (B) Behaviour of the 13C magnetization due to a 13C–1H
spin pair during the APT sequence. The two components, corre-
sponding to 13C coupled to 1H in � or � spin states, precess at
frequencies 	� ± J/2 (where J = 1JCH). The spin-echo sequence
refocuses the chemical shift (	�) but not J (see Eqn [9]). This
figure illustrates the result when t1 = J/2 with vectors rotating
through � = ±�/2.
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Figure 12 (A) INEPT pulse sequence. (B) DEPT pulse se-
quence. The article on product operator formalism describes the
behaviour of the DEPT sequence while the texts by Harris and
Günther (see Further reading section) describe the behaviour of
INEPT in terms of vector diagrams and energy levels.
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Figure 13 A general two-dimensional NMR pulse sequence.
Data are acquired during t2 for a series of spectra in which t1 is
regularly incremented from 0 to some maximum value. Fourier
transformation with respect to t2 and then t1 generates a spectrum
with two difference frequency axes.

Table 2 Characteristics of several commonly used 2D NMR
pulse sequences

a D, OD: spectrum along diagonal with off-diagonal peaks
between correlated protons, e.g. see COSY spectrum
(Figure 14), f1, f2: different chemical shift scales along f1, f2, e.g.
see HSQC spectrum (Figure 15), DQ, SQ: double quantum
frequencies along f1 (sum of frequencies of coupled 13C peaks,
relative to transmitter), regular (single quantum) 13C spectrum
along f2.

b Chemical shift information appearing along each axis. {� scale
≡ chemical shift in parts per million relative to internal reference
[δ1(CH3)4 for 1H, 13C and 29Si]}. Note that the 1H-axis normally
also shows multiplet structure owing to JHH.

c Parameter by which information is transmitted to establish cor-
relations between the spectra on the two frequency axes:
JHH = 1H–1H coupling constant,  is chemical exchange
between different sites, JCH = one-bond 13C–1H coupling con-
stant, nJCH = n-bond (n = 2 or 3) 13C–1H coupling constant, 1JCC

= one-bond 13C–13C coupling constant.
d DQCOSY ≡ double quantum filtered COSY. This suppresses

strong singlets (e.g. solvent peaks) and gives well-resolved off-
diagonal peaks with up–down intensity patterns for coupled
protons, i.e. those giving rise to the off-diagonal peak.

e TOCSY (also called HOHAHA) relays information among
sequences of coupled protons. A cross section through the f2

frequency of a specific proton shows f1 peaks for all of the pro-
tons within the coupled sequence.

f ROESY ≡�NOESY in the rotating frame.
g The EXSY sequence is identical to the NOESY sequence but

detects cross peaks between chemically exchanging hydro-
gens. Both EXSY and NOESY peaks may appear in the same
spectrum.

h X nucleus (usually 13C) detected heteronuclear shift correlation
sequences.

i 1H detected heteronuclear shift correlation sequences. These
are more sensitive than the earlier X-nucleus detected se-
quences [by (�H / �X)3/2] but have more limited resolution along
the X(f1) axis.

Sequence Display modea f1, f2b Transmission c

COSY D, OD �H, �H JHH

DQCOSYd D, OD �H, �H JHH

TOCSYe D, OD �H, �H JHH → JHH

NOESY D, OD �H, �H H–H dipolar

ROESYf D, OD �H, �H relaxation

EXSYg D, OD �H, �H

HETCORh f1, f2 �H, �X
1JCH

COLOCh f1, f2 �H, �X
nJCH

FLOCKh f1, f2 �H, �X
nJCH

HMQCi f1, f2 �X, �H
1JCH

HSQCi f1, f2 �X, �H
1JCH

HMBCi f1, f2 �X, �H
nJCH

INADE-
QUATE

DQ, SQ �C(1)+�C(2)

, �C(1)

1JCC
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Figure 14  (A) The COSY pulse sequence. (B) The COSY spectrum for the aliphatic region of [1], showing the 1H spectrum along
the diagonal and symmetric off-diagonal peaks between coupled protons. The connections for one molecular fragment [C(5)H–
C(6)H2–C(7)H2)] are traced out.
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Figure 15 (A) The basic HSQC (heteronuclear single quantum
coherence) pulse sequence. (B) The HSQC spectrum of the ali-
phatic region of [1] with the 13C along f1 and the 1H spectrum
along f2. The 13C–1H connectivities are marked for the same
molecular fragment as in Figure 14. Other sequences of proto-
nated carbons can be determined from the same spectrum while
an n-bond (n = 2,3) 13C–1H shift correlation spectrum such as
HMBC, COLOC or FLOCK (see Table 2) can identify non-proto-
nated carbons and tie together the molecular fragments into a
complete structure.

Figure 16 Coherence level diagram for the COSY sequence.
The symbols N and P designate the N and P pathways.



NMR PULSE SEQUENCES 1565

'����	�������	��	��	�	�

����� ��� ���� �	��� ��&������� ���������� ������ ��!
��������������!����������������
�����������	�����'
������ �	���� ����� ���� ��� ����� ��� ��	���� ����
���	���%� ����� �		�!� ���� ��� ��&����� �� ������
� ��
�����	������������
�����)���!���������	������������'
�������%�"����,�
	�(��	������!����������	����	�����'
������ �	���� ������� ���� ������ ���� ����	� �1°� �	��� ��
+6@E� ��	����� ������ ������� ����!��	�� ���������
��������������%

����	��	��	�	��$�����	���	�

���!�	�����	�

#���
��������	���3����!�����4���������������	���
��� ��	���� ����	�� �	���� ��� �������� �����%� ������ ��'
�	����������		�!���%

(�������	��)*°�����	�

����&��	���������������������������!����
�����	��
��&������� ��� ������	�����������������������������
�A1;� �	���(� ������	��	�� ��� ���� ����� ��� �A1;� �����'
������	�����������������	���!����������������	�!��'
��!�%� B���	�
�� ���� ������ ���� ��� 
��'���� �	���(
����
��������� ����	��������� ���� ��
	����� ����
'
	���� �,��������� ��� 	����� ���&�������� ��	������ ��� ���
�����
�����%����������	�
���������
���
�-���������
���������
�������A1;��	���(��%�%����1 (��A1 (��1
��
�������	������	����������A1 ��	���������� ��%

+��&�,�����	����������!��	������!-�����	�

/0�8��	�������������	��������A1°��.��	��������������
�������������	�������������*+�������������������*+(
!��	�� ��
�	�������	�� ��������� �� �*+� �A1°� �	��
������� ���%�$��	�������������������	�������	�������'
���	��.7�.������	�������.$�+6���������
�-�����

Table 3 Alternative two-step phase cycles for N-type pathway selection and P-pathway suppression for a COSY spectrum plus a
four-step phase cycle which selects the N-pathway while suppressing both P and Z paths

The symbols N and P indicate the coherence level change from the first pulse and are respectively negative (–1) and positive (+1) for
the two paths. The third path, from an imperfect initial 90� pulse, has zero coherence level change in the initial pulse and is thus given
the symbol Z.
a Pulse and receiver phases x, y, −x and −y are, respectively, given as 0, 1, 2 and 3, corresponding to the number of �/2 phase incre-

ments relative to a 90�x pulse.
b 	p = –1 for the coherence level change in the N pathway while 	(P1) = 3. From Equation [10], 	p	 � (–1) (3) = –3. However,

since a –270��phase shift corresponds to a −90� phase shift, –3 ≡�1.
c �(R) ��receiver phase. When the sums of coherence phase changes in different scans match the receiver phase cycle, successive

scans add, while when the relative phases change 0, 2 successive scans cancel. Thus in each case, the signals from the N path
add while signals from the P path cancel.

d An alternative four-step phase cycle for N-path selection involves a �(P1) = 0, 1, 2, 3 and �(R) = 0, 3, 2, 1. For P-type selection
�(P1) and �(R) should either both be 0, 1, 2, 3 or both be 0, 3, 2, 1. Another alternative for N-pathway selection is to expand the first
two-step phase cycle to a four-step cycle with �(P2) = 0, 1, 2, 3 and �(R) = 0, 2, 0, 2.

e In this four-step phase cycle, the P-pathway is cancelled in steps 1 + 2 and in steps 3 + 4 while the Z pathway is cancelled in steps
1 + 3 and steps 2 + 4.

N P N P

Scan 1 2 1 2 Scan 1 2 1 2

�(P1) 0a 0 0 0 �(P1) 0 3 0 3

	(P1) 0 0 0 0 	(P1) 0 1b 0 3

�(P2) 0 1 0 0 �(P2) 0 0 0 0

	(P2) 0 2 0 0 	(P2) 0 0 0 0

	(P1 + P2) 0 2 0 0 	(P1 + P2) 0 1 0 3

�(R)c 0 2 0 2 �(R) 0 1 0 1

N P Z

Scan 1 2 3 4 1 2 3 4 1 2 3 4

�(P1)d, e 0 3 2 1 0 3 2 1 0 3 2 1

	(P1) 0 1 2 3 0 3 2 1 0 0 0 0

�(P2) 0 0 0 0 0 0 0 0 0 0 0 0

	(P2) 0 0 0 0 0 0 0 0 0 0 0 0

	(P1 + P2) 0 1 2 3 0 3 2 1e 0 0 0 0e

�(R)c 0 1 2 3 0 1 2 3 0 1 2 3



1566 NMR PULSE SEQUENCES

��� �����
����� ��� 	���'������ �*+'��������� �*+7�.
�����	��������&���������������+626+�����"26+G%
����
������

����������������������������������
�.7�5+�
������-����������.'������������'������*+7
�.������	��������&�����(��%�%�.�<+�����.@<+%�#	'
�������/0�8��	������������,	�������������������'
���
�� ������� ���(� �� ��		� �������������� ��� �����
�	������&��������&�����
�
��������	������
���%

��	��	�"��	�	���	�����	�

���� ���	���� ��� ��	������	�� �,����� �� �����!� ������	
�����������
������������������	������������������
�������� ��� ������ �		�!�� ���� ��� ��	���� �� ��		� 58
�,���
���������	�
�������
��������8��,���
����%�#
3����4� ��%�%� 	�!� �!��(� 	���� ���������� �	��� ���� ��
�����������	��������,�����������������������������������

Figure 17 (A) Vector diagram illustrating the effect when a
nominal 180° pulse is mis-set, resulting in only 170° rotation. (B)
Illustration of how a composite 90°x, 180°y, 90°x compensates for
the effect of a mis-set pulse. Compensation is less complete for
off-resonance signals.

Figure 18 (A) The BIRD pulse sequence and effects of different combinations of phases within the BIRD pulse. (B) Vector diagram
for a 12C–1H spin system, illustrating how 90 , 180 , 90  and 90 , 180 , 90  BIRD pulses, respectively, act as 180° and 0° 1H pulses.
Since the BIRD pulse corresponds to the APT sequence (with 1H and 13C pulses interchanged) up to the point of the final 90° pulse,
the effect of these two BIRD pulses on a 1H–13C pair can be deduced from the data in Table 1 for n = 1. With � = 1/JCH, the vectors
associated with the 1H–13C pair are refocused along the −y-axis and a 90  pulse will rotate them back to the z-axis (0° pulse) while a
90°−x pulse rotates them to the −z-axis (180° pulse).
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Figure 1 Energy level diagram for a deuteron spin (! = 0) and
for a pair of protons (I = 1 triplet; I = 0 is not shown) in an external
magnetic field. �0/2� is the Larmor frequency.
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Figure 2 Plot of the �c functions in Equation [31] (solid curve)
and Equation [32] (dotted curve) as a function of the correlation
time �c for �0 /2� = 100 MHz�
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Figure 1 A block diagram of the principal components of a modern NMR spectrometer.
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Figure 2 A superconducting NMR magnet operating at 18.8 T for 1H NMR observation at 800 MHz demonstrating the size of these
state-of-the-art magnets. Photograph courtesy of Bruker Instruments Inc., Billerica, MA, USA. (See Colour Plate 41a).
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Figure 3 A modern high-resolution NMR spectrometer. A superconducting magnet is shown at the rear, in this case providing a field
of 18.8 T corresponding to a 1H observation frequency of 800 MHz. Behind the operator is the single console containing the RF and
other electronics and the temperature-control unit. The whole instrument is computer controlled by the workstation shown at the right.
Photograph courtesy of Bruker Instruments Inc., Billerica, MA, USA. (See Colour Plate 41b).
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Table 1 Nuclear properties of the alkali metals

'�is the observing frequency in a magnetic field in which 1H is at 100 MHz.
Dc is the receptivity relative to 13C.
Quadrupole moments Q are the least well determined parameters in this Table.
Data taken from: NMR and the Periodic Table (1978) Harris RK and Mann BE (eds) London: Academic Press.

Isotope Spin, I
Natural abun-
dance (%)

Magnetogyric ratio, 
�/107 (rad T�1 s�1)

Quadrupole moment 
Q/10�28(m2)

NMR frequency, Ξ 
(MHz) Relative receptivity, Dc

6Li 1 7.42 3.937  �8 × 10�4 14.716 3.58
7Li 3/2 92.58 10.396 �4.5 × 10�2 38.864 1.54 × 103

23Na 3/2 100 7.076  0.12 26.451 5.25 × 102

39K 3/2 93.1 1.248  5.5 × 10�2 4.666 2.69
41K 3/2 6.88 0.685 6.7 × 10�2 2.561 3.28 × 10�2

85Rb 5/2 72.15 2.583 0.247 9.655 43.0
87Rb 3/2 27.85 8.753 0.12 32.721 2.77 × 102

133Cs 7/2 100 3.509 �3 × 10�3 13.117 2.69 × 102
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Figure 1 Changes in the energy levels for a spin  nucleus sub-
ject to a quadrupolar interaction. Note: The shifts in energy levels
shown are exaggerated for clarity
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Table 2 Shift reagents for alkali metal cations

Shift reagent Acid anion

[Dy(PPP)2]7− Tripolyphosphate

(P3O10)5−

[Dy(DPA)3]3− Dipicolinate

[Dy(NTA)3]3− Nitrilotriacetate

[N(CH2COO)3]3−

[Dy(CA)3]6− Chelidamate

[Dy(THHA)]3− Triethylenetetraminehexaacetate

TmDOTP5− Thulium 1,4,7,10-tetraazacyclodecane-
1,4,7,10-tetrakismethylenephosphonate

Figure 2 39K NMR spectra recorded at 16.8 MHz of (A) resus-
pension medium containing 60 mM K+, 6 mM Dy3+ and 15 mM
tripolyphosphate: (B) human erythrocytes in the same medium;
and (C) difference spectrum after the subtration of 0.3 of the in-
tensity of spectrum (A) from spectrum (B). For each spectrum
20 000 free induction decays were collected in approx. 20 min.
Reproduced with permission of the Biochemical Society from
Brophy PJ, Hayer MK and Riddell FG (1983) Biochemical Jour-
nal 210: 961.
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Figure 3 7Li NMR spectra of astrocytomas on microcarrier
beads in a buffer containing dysprosium tripolyphosphate shift
reagent. Each spectrum is the sum of 48 acquisitions recorded at
194 MHz, [Li+]out = 10 mM. Reprinted from Bramham J, Carter AN
and Riddell FG Journal of Inorganic Biochemistry 61: 273–284,
copyright 1996, with permission from Elsevier Science.
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Figure 4 Changes in the 23Na NMR spectra recorded at 21.16 MHz of LUV containing 120 mM NaCl on addition of increasing mi-
crolitre amounts of a dilute solution of monensin in methanol at 303 K. The surrounding solution contains 10 mM Na5P3O10, 70 mM
NaCl and 4.0 mM DyCl3. Reprinted from Riddell FG and Hayer MK Biochimica Biophysica Acta 817: 313–317, Copyright © 1985, with
kind permission of Elsevier Science-NL, Sara Burgerhartstraat 25, 1055 KV Amsterdam, The Netherlands.
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See also: Biofluids Studied By NMR; Cells Studied By
NMR; Halogen NMR Spectroscopy (excluding 19F); In
Vivo NMR, Applications, 31P; In Vivo NMR, Applica-
tions, Other Nuclei; Membranes Studied By NMR Spec-
troscopy; NMR Relaxation Rates; Perfused Organs
Studied Using NMR Spectroscopy; Relaxometers.
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Figure 5 Typical exchange-modified 7Li NMR spectra record-
ed at 116.59 MHz of a dimethylsulfoxide solution of solvated Li+

and [3]. Experimental temperatures and spectra appear on the
left of the figure and the best fit calculated line shape and lifetime
values on the right. Complexed 7Li+ appears as the left-hand side,
high frequency, peak. Reprinted with permission from Stephens
AKW, Dhillon RS, Madbak SE, Whitbread SL and Lincoln SF In-
organic Chemistry 35: 2019–2024, copyright 1996, American
Chemical Society.

Figure 6 23Na and 87Rb NMR spectra of solutions of sodium
and rubidium in 1,4,7,10-tetraoxacyclododecane (12-crown-4).
Negative chemical shift values correspond to a decrease in res-
onance frequency and an increase in nuclear shielding. Repro-
duced with permission of The Royal Society of Chemistry from
Holton DM, Edwards PP, Johnson DC, Page CJ, McFarlane W
and Wood B (1984) Journal of the Chemical Society, Chemical
Communications, 740–741.
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See Diffusion Studied Using NMR Spectroscopy; Drug Metabolism Studied Using NMR Spectroscopy;
Structural Chemistry Using NMR Spectroscopy, Pharmaceuticals; Biofluids Studied By NMR;
Carbo-hydrates Studied By NMR; Cells Studied By NMR; Structural Chemistry Using NMR Spectros-
copy, Peptides; Proteins Studied Using NMR Spectroscopy; Nucleic Acids Studied Using NMR;
Structural Chemistry Using NMR Spectroscopy, Inorganic Molecules; Structural Chemistry Using
NMR Spectroscopy, Organic Molecules.

�21

See Nuclear Overhauser Effect.
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Table 1 Overall classification of nonlinear optical effects

Frequency of 
incident 
radiation

Frequency of 
scattered 
radiation

Order 
of 
effect 
(n)

Rank 
of sus-
cepti-
bility 
tensor Name/description

� � 1 2 Rayleigh scat-
tering, ordinary 
refraction

�1, �2 �1 + �2

�1 − �2

2 3 Sum-frequency 
generation
Difference-
frequency 
generation

�1, �2, �3 �1 + �2 + �3 3 4 Four-wave 
mixing

�1 + �2 − �3

�1 − �2 + �3

�1 − �2 −  �3

�1, �2, �3, �4 �1 ± �2 ± �3 ± �4 4 5 Five-wave 
mixing

Table 2 Some important nonlinear optical effects

a Franken PA, Hill AE, Peters CW and Weinreich G (1961) Phys-
ical Review Letters 7: 118.

b Bass M, Franken PA, Ward JF and Weinreich G (1962)
Physical Review Letters 9: 446.

c Giordmaine JA and Miller RC, (1965) Physical Review Letters
14: 973.

d Terhune RW, Maker PD and Savage CM (1962) Physical Re-
view Letters 8: 404.

e Shkurinov AP, Dubrovskii AV and Koroteev NI (1993) Physical
Review Letters 70: 1085.

Frequencies of inter-
acting electric fields Effect

First 
experiment

� + � → 2� Second-harmonic genera-
tion (SHG)

a

� − �→ 0 Optical rectification (OR) b
2� − � → � Parametric amplification 

(PA)
c

� + � + 0 → 2� Electric field-induced sec-
ond- harmonic genera-
tion (EFISH)

d

� + � + � → 3� Third-harmonic genera-
tion (THG)

d

� + � + � − � → 2� Second-harmonic genera-
tion by five-wave mixing

e
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Figure 1 Ward graphs (at left) and ladder graphs (at right) for linear (S2.a), second-order nonlinear (S3.a, b), and third-order non-
linear (S4.a, b1, b2) elastic scattering processes. The broken horizontal lines in the ladder graphs represent virtual, nonstationary
states of the molecular system. Reproduced with permission from Wagnière GH (1993) Linear and Nonlinear Optical Properties of
Molecules. Basel: Verlag Helvetica Chimica Acta. 
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Table 3 Independent nonvanishing elements of �(2)(	�1	�2; �1, �2) for crystals of given symmetry classes

Reproduced with permission from Boyd RW (1992) Nonlinear Optics. Boston: Academic Press.

Crystal system Crystal class Nonvanishing tensor elements

Triclinic All elements are independent and nonzero
Each element vanishes

Monoclinic 2 xyz, xzy, xxy, xyx, yxx, yyy, yzz, yzx, yxz, zyz, zzy, zxy, zyx (twofold axis parallel to  )
m xxx, xyy, xzz, xzx, xxz, yyz, yzy, yxy, yyx, zxx, zyy, zzz, zzx, zxz (mirror plane perpendicular to )
2/m Each element vanishes

Orthorhombic 222 xyz, xzy, yzx, yxz, zxy, zyx
mm2 xzx, xxz, yyz, yzy, zxx, zyy, zzz
mmm Each element vanishes

Tetragonal 4 xyz =	yxz, xzy =	yzx, xzx = yzy, xxz = yyz, zxx = zyy, zzz, zxy =	zyx
xyz = yxz, xzy = yzx, xzx =	yzy, xxz =	yyz, zxx =	zyy, zxy = zyx

422 xyz =	yxz, xzy =	yzx, zxy =	zyx
4mm xzx = yzy, xxz = yyz, zxx = zyy, zzz

xyz = yxz, xzy = yzx, zxy = zyx
4/m, 4/mmm Each element vanishes

Cubic 432 xyz =	xzy = yzx =	yxz = zxy =	zyx
xyz = xzy = yzx = yxz = zxy = zyx

23 xyz = yzx = zxy, xzy = yxz = zyx
m3, m3m Each element vanishes

Trigonal 3 xxx = −xyy = −yyz = −yxy, xyz = −yxz, xzy = −yzx , xzx = yzy, xxz = yyz, yyy = −yxx
= −xxy = −xyx, zxx = zyy, zzz, zxy = −zyx

32 xxx = −xyy = −yyx = −yxy, xyz = −yxz, xzy = −yzx, zxy = −zyx
3m xzx = yzy, xxz = yyz, zxx = zyy, zzz, yyy = −yxx = −xxy = −xyx (mirror plane perpendicular to )

Each element vanishes
Hexagonal 6 xyz = −yxz, xzy = −yzx, xzx = yxy, xxz = yyz, zxx = zyy, zzz, zxy = −zyx

xxx = −xyy = −yxy = −yyx, yyy = −yxx = −xyx = −xxy
622 xyz = −yxz, xzy = −yxz, zxy = −zyx
6mm xzx = yzy, xxz = yyz, zxx = zyy, zzz

yyy = −yxx = −xxy = −xyx
6/m, 6/mmm Each element vanishes
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Table 4 Properties of para-disubstituted benzenes: 

a �max denotes the wavelength of the lowest electronic transition; b
 denotes the ground-state dipole moment; the other quantities are
explained in the text.

Data from Cheng L-T, Tam W, Stevenson SH, Meredith GR, Rikken G and Marder SR (1991) Journal of Physical Chemistry 95: 10631;
converted therefrom into SI units (see Table 9).

Table 5 Properties of 4,4′-disubstituted stilbenes:

For footnotes, see Table 4.

X Y Solvent
�max

(nm) a


�
(10– 30cm)b

�(1) 
(10 –40J m2V–2)

�(2) ≡ ��
(10 –50J m3V–3)

�(3) ≡ �
(10–60J m4V–4)

NO NMe2 p–Dioxane 407 20.7 23.3 4.44

NO2 Me p–Dioxane 272 14.0 17.8 0.78 0.99

NO2 Br p–Dioxane 274 10.0 20.0 1.22

NO2 OH p–Dioxane 304 16.7 16.7 1.11 0.99

NO2 OPh p–Dioxane 294 14.0 28.9 1.48 1.11

NO2 OMe p–Dioxane 302 15.3 16.7 1.89 1.23

NO2 SMe p–Dioxane 322 14.7 21.1 2.26 2.10

NO2 N2H3 p–Dioxane 366 21.0 20.0 2.81 1.11

NO2 NH2 Acetone 365 20.7 18.9 3.41 1.85

NO2 NMe2 Acetone 376 21.3 24.4 4.44 3.46

NO2 CN p–Dioxane 3.0 18.9 0.22 0.86

NO2 CHO p–Dioxane 376 8.3 18.9 0.07 0.86

CHC(CN)2 OMe p–Dioxane 345 18.3 26.7 3.63 3.70

CHC(CN)2 NMe2 CHCl3 420 26.0 31.1 11.85

X Y Solvent
�max

(nm)a 
(10–30 cm)b

�(1)

(10– 40J m2V–2)
�(2)�≡��
(10–50J m3V– 3)

�(3)�≡�
(10– 60J m4V–4)

CN OH p–Dioxane 344 15.0 35.6 4.81 6.42

CN OMe CHCl3 (340) 12.7 37.8 7.04 6.67

CN N(Me)2 CHCl3 382 19.0 43.3 13.33 15.43

NO2 H p–Dioxane 345 14.0 32.2 4.07 7.53

NO2 Me p–Dioxane 351 15.7 38.9 5.56 9.51

NO2 Br p–Dioxane 344 10.7 42.2 5.19 12.10

CHCl3 (356) 11.3 36.7 6.67 5.56

NO2 OH p–Dioxane 370 18.3 36.7 6.30 12.84

NO2 OPh p–Dioxane 350 15.3 46.7 6.67 9.88

NO2 OMe p–Dioxane 364 15.0 37.8 10.37 9.75

CHCl3 (370) 15.0 37.8 12.59 11.48

NO2 SMe p–Dioxane 374 14.3 43.3 9.63 13.95

CHCl3 (380) 14.3 42.2 12.59 12.35

NO2 NH2 CHCl3 402 17.0 35.6 14.81 18.15

NO2 N(Me)2 CHCl3 427 22.0 37.8 27.04 27.78
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Table 6 Surface susceptibility �(2)(−2�;�,�) and molecular
second-order nonlinear polarizability �(2)(−2�;�,�) for organic
monomolecular layers on water

Data from Rasing Th, Berkovic G, Shen YR, Grubb SG and Kim
MW (1986) Chemical Physics Letters 130: 1 and Berkovic G,
Rasing Th and Shen YR (1987) Journal of the Optical Society
of America B 4: 945.

Fundamental wavelength � = 532 nm.
a For surface density 3.0 × 1018 molecules m–2.
b For surface density 2.5 × 1018 molecules m–2.

Molecule (10–20mV–1) (10 –50J m3 V–3)

C8H17(C6H4)2CN 46a 9.2
C9H19(C6H4)2CN 46 9.2
C10H21(C6H4)2CN 46 9.2
C12H25(C6H4)2CN 46 9.2
C14H29COOH 0.21 0.030
C17H35COOH 0.17 0.026
C22H45COOH 0.17 0.026
C17H35CH2OH 0.25 0.041
C12H25(C10H6)SO3Na 0.75 0.28
C8H17(C6H4)2COOH 12b 2.2
C7H15(C4N2H2)C6H4CN 8 3.0
C5H11(C6H4)3CN 15 2.8

Figure 2 Sketch of second-harmonic generation from an inter-
face between two isotropic media. The interfacial layer of thick-
ness d is specified by a linear dielectric constant �2 and a second-
order surface nonlinear susceptibility � ��Reproduced with per-
mission of John Wiley and Sons from Shen YR (1984). The Prin-
ciples of Nonlinear Optics. New York: ©	1984	John Wiley and
Sons.
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Table 7 Experimental second-order nonlinear optical susceptibilities dil of organic crystals

Fundamental wavelength � = 1.064 µm. *Data for different frequencies available.
(I) For type I phase-matched SHG; (II) for type II phase-matched SHG.
a Kawamata  J, Inoue  K  and Inabe T (1995) Applied Physics Letters 66: 3102.
b Huang G-F, Lin JT, Su G, Jiang R and Xie S (1992) Optical Communications 89: 205.
c Puccetti G, Perigaud A, Badan J, Ledoux I and Zyss J (1993) Journal of the Optical Society of America B 10: 733.
d Zyss J, Chemla DS and Nicoud JF (1981) Journal of Chemical Physics 74: 4800.
e Levine BF, Bethea CG, Thurmond CD, Lynch RT and Bernstein JL (1979) Journal of Applied Physics 50: 2523.
f  Kitazawa M, Higuchi R, Takahashi M, Wada T and Sasabe H (1995) Journal of Applied Physics 78: 709.
g Oudar JL and Hierle R (1977) Journal of Applied Physics 48: 2699.
h Catella GC, Bohn JH and Luken JR (1988) IEEE Journal of Quantum Electronics 24: 1201.
i Halbout J-M, Blit S, Donaldson W and Tang CL (1979) IEEE Journal of Quantum Electronics QE-15: 1176.
j Nicoud JF and Twieg RJ (1987) In: Chemla DS and Zyss J (eds) Nonlinear Optical Properties of Organic Molecules and Crystals,

Vol.1, pp 227–296. London: Academic Press.

Crystal Symmetry
dil

(10 –12 m V –1) Reference

MBBCH (2,6-bis(p-methylbenzylidene)-4-t-butylcyclohexanone) Orthorhombic d31 15 a

mm2 = C2v d32 12

d33 4

deff 12 (I)

BBCP (2,5-bis(benzylidene)cyclopentanone) 222 = D2 d14 7 a

m-NA (m-nitroaniline) mm2 = C2v d31 13.05 b

d32 1.09

d33 13.72

deff 10.35 (I)

5NU (P 212121; 5-nitrouracil) 222 = D2 d14 8.7 c

POM (3-methyl-4-nitropyridine-1-oxide) 222 = D2 d14 9.6 d

MNA (2-methyl-4-nitroaniline) Monoclinic d11 167.6 e, j

m = Cs d12 25.1

d33,d13,d31 ~10–3 d11

deff 20.8 (I)

L-PCA (L-pyrrolidone-2-carboxylic acid) Orthorhombic d14 0.22 f

222 = D2 deff 0.20 (I)

MAP (methyl-(2,4-dinitrophenyl)amino-2-propanoate) Monoclinic d21 16.8 g, j

2 = C2 d22 18.4

d23 3.7

d25 −0.54

deff 16.3 (I)

deff 8.8 (II)

Urea (CO(NH2)2) Tetragonal d14 1.4 h, i
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Table 8 Experimental second-order nonlinear optical susceptibilities dil of inorganic crystals

Materials Symmetry
dil

(10 –12m V–1)
dil

�(µm) Reference

Quartz (�-SiO2) 32 = D3 d11 0.46 1.06 a

d14 0.009 1.0582 b

LilO3 6 = C6 d31 6.43 2.12 a

7.11 1.06

8.14 0.6943

d33 6.41 2.12

6.75 1.318

7.02 1.06

LiNbO3 3m = C3v d31 5.77 1.15 a

5.95 1.06

d33 29.1 2.12

31.8 1.318

34.4 1.06

d22 3.07 1.0582 b

KNbO3 mm2 = C2v d31 − 15.8 1.064 g

d32 − 18.3

d33 − 27.4

d24 − 17.1

d15 − 16.5

Ba2NaNb5O15 mm2 = C2v d31 − 14.55 1.0642 b

d32 − 14.55

d33 − 20

BaTiO3 4mm = C4v d15 −17.2 1.0582 b

d31 − 18

d33 − 6.6

NH4H2PO4(ADP) 2m = D2d d14 0.48 0.6943 b

d36 0.485

KH2PO4(KDP) 2m = D2d d14 0.49 1.0582 b

d36 0.599  1.318 a

0.630  1.06

0.712  0.6328

KD2PO4(KD*P) 2m = D2d d14 0.528 c

d36 0.528

GaP 3m = Td d14 35  3.39 b

d36 58.1  10.6 a

77.5  2.12

99.7  1.06

GaAs 3 m = Td d14 188.5  10.6 b

d36 151  10.6 a

173  2.12

AgGaSe2 2m = D2d d36 57.7  10.6 a

67.7  2.12

AgSbS3 3m = C3v d31 12.6 c

d22 13.4

Ag3AsS3 3m = C3v d31 15.1 c

d22 28.5

CdS 6mm = C6v d33 36.0 c

d31 37.7

d36 41.9

CdSe 6mm = C6v d15 31  10.6 b

d31 28.5

d33 55.3  10.6 a
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Table 8 Continued

a Absolute values: Choy MM and Byer RL (1976) Physical Review B14: 1693
b Shen YR (1984) The Principles of Nonlinear Optics. New York: Wiley
c Boyd RW (1992) Nonlinear Optics. Boston: Academic Press
d Eimerl D, Davis L, Velsko S, Graham EK and Zalkin A (1987) Journal of Applied Physics 62: 1968
e For type I phase-matched SHG; Capmany J and Garcia Sole J (1997) Applied Physics Letters 70: 2517
f Zumsteg FC, Bierlein JD and Gier TE (1976) Journal of Applied Physics 47: 4980
g Biaggio I, Kerkoc P, Wu L-S, Günter P and Zysset P (1992) Journal of the Optical Society of America B 9: 507
h Vanherzeele H and Bierlein JD (1992) Optics Letters 17: 982. 

Materials Symmetry
dil

(10–12m V–1)
dil

�(µm) Reference

65.4  2.12

Te 32 = D3 d11 5 × 103  10.6 b

�-BaB2O4(BBO) 3m = C3v d11 1.6  1.064 d

d22,d31 < 0.08

LaBGeO5Nd3+ deff 0.296  1.064 e

KTiOPO4 mm2 = C2v d15 1.91  1.064 h

(KTP) d24 3.64

d31 2.54

d32 4.35

d33 16.9

RbTiOPO4 mm2 = C2v d15 6.1 1.064 f

d24 7.6

d31 6.5

d32 5.0

d33 13.7

ZnO 6mm = C6v d31 2.1 1.0582 b

d15 4.3

d33 −7.0

Figure 3 Schematic representation of a singly-resonant optical
parametric oscillator. Pump wave of frequency �P, (reflected) sig-
nal wave of frequency �S, idler wave of frequency �I. The signal
wave �S becomes amplified. �P denotes the angle of orientation
of the direction of propagation with respect to the crystal optic
axis. Adapted with permission from Tang CL and Cheng LK
(1995) Fundamentals of Optical Parametric Processes and Oscil-
lators. Amsterdam: Harwood Academic Publishers.
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Figure 4 Phase-matching in an optical parametric process to
achieve photon momentum conservation is based on the use of
birefringence to compensate for normal material dispersion. In an
uniaxial crystal, the ordinary wave (o) is polarized perpendicularly
to the plane defined by the direction of propagation and the optic
axis. The corresponding value of k(o) (or n(o)) is independent of �P,
the angle of orientation of the direction of propagation with re-
spect to the optic axis. k  and k  therefore lie on a circle. The
extraordinary wave (e) is polarized in the plane defined by the di-
rection of propagation and the optic axis. The value of k  (or n )
in its dependence on �P is described by an ellipse. In a negative
uniaxial crystal, and for given values of �P = �S + �I, the ellipse for
k  may intersect the circle for k  + k . At the corresponding an-
gle �P there is phase matching. Rotation of the crystal relative to
the direction of propagation of the waves correspondingly leads
to tuning of the frequencies of the signal and idler waves. Adapted
with permission from Tang CL and Cheng LK (1995). Fundamen-
tals of Optical Parametric Processes and Oscillators. Amsterdam:
Harwood Academic Publishers.



NONLINEAR OPTICAL PROPERTIES 1605

�����������/

��	 ���������	 �����
��������	 ������	 ���	 ���	 ��
��
��������	 ��	 �	 9 × G	 �����.	 ����������	 !=	 ����
������	 *�	 ��	 �����
�����	�������	 ����	�������	��	���
���
����	������	���	���	������	��	��������	��	��
E�������	��������	����������	���	������	���	��
�������	�� �� �	���	��	������	
�������/	

���	���	������	���	���������	

*�	���	����	����	���	����	!"	 ����
������	��������
���	
���
����� �	 ����	 ���	 ��	 ������	 ���	 
��	 ���	 ����

����	�������	������	��	����������	���	���	 ��	 ��	���
�����������	 ��	 ��������	���	 ��	�����	 ������	 ���
���	����	��������	�����	��	��������	�

����������
��	
�����	����	����������	��	����	����������	���	��

�����������	 
��
�������	 ����	 ��	 �������	 ������
���������	��������	�������	����������	���
�������
���������	���	�����������	��������
&	 ��������	 �����	 ����	 ��	 ���������0�	 ��	 �
�����


��
������	��	���������	�
�����	���������	��	��	-�����
����./	

�+!,+)�,	 ��
�������	 ��	 ������	 �����
��������	 ���	 ��
�������	 ���������	 )��� �+!,+�,	 ���	 ���	 ��
�����������	 ���������	��	���	 �����	 ���	 ���	����
���������	 �� ��	 ���	 ���	 ����	 �	����	 �����	 ��	 �����
) × !"#) �) 7#!�	����������	���	��	�	�����	���������
���������	 ���	 ������	 �����
����������	 ���	 �������
��������
������������������	 ��������	 ���	 ����


��
������	 ��	 ��������	 ��	 ���������	 �����������	 ���
��������	��	������	���������
���	��	A��:���	������/	��
������	�����	��	 ��	 ����������	 ����.	 �������	��	��
�

����	 @7	 ��������	 ������	 (����������	 ��	 
����
����
�	 7�	 ���	 7��	 �����	 ���	 ��	 �.�������	 ��	 �

��������	 ��������	 ��
���	�������	 *������	 ��������

���	 ��	 %����9	 +79�,	 ���	 ?����9	 +7<�,	 ���	 �����
:����	 ���	 ����	 �������������	 
��
�������	 7�������
������������	 ���������	 ��	 
����	 ����
�	 ����������
����	����������	���	��	7��	@��	�	���	�	���	�����	���
��������	�
�������	�������	*�	����� �	��	����	�����0
��5��)+@9,��%�*�9+7G,�������+@9,�

�������	����������	��	�����	�������

������������	����������	���	��	
�����
��	�����	��
���	�������	��	 ��	 ��	���	����	��	��	���������	��	����
���������������	4���	 ��	 ������	 ��	 ����	 ��������
�����	 ��	 �������	 ���	 �������	 ��	 ���	 ��	 ������	 ��

���������	��:���	�����	��
�����	��	
�����	
�������
�����	������������	*�	�
���	��	��	����������	���	�������
��	 ������	 ��	 ������������	 ����������	 ����������
���	������	�����	���	�
	��	!"H�	��	��������	�����
���������	��	�����	��	������	��	���������	����	���
��	���������	�������	(����������	��	���
��	�����
�������	��	�����	�����	������	����������	��	�+9,	����
���������� �	 ��
�������	 �����
����	 �����������
���	���	��������	��
�����������	���	���
���	��	��
������	 ������	 ������	 *�	 ������	 ��
���	 ���	 ������
�
����	 ��	 �����������	 9� → 9
�	 9� → <
�	 ����	 >��
��������	 ���	 ��	 
�����
��	 ����	 �����	 ���
������������	 ����
����	 �����������	 ��	 ����	 ����
�����	��	�����
����	�����������	��	��	����
����
����������	��	�����������	��	��������	9� → ���	9� →
$��	��	9� → 9��	����	��	���������	����������	��
�+9,+9�,	����	 ���������	 ��	 ���������	 ��	 ����������
�����
����	+��	�������
����,	�����
�����	*�	������
����	���
������	����	��	������	������	��	�����
�����	���
������	��	�+9,	 ��	��.���0��	 ��	���
������
��	������	�����
�����	�����	�����
�����
��	 ���������	 ���
������	 ��	 �+9,+9�,	 ����

����������	 ���	 ����	 ��	 ����	 ��	 ������	 
���
��������	

���	 ��	 �	 ��������	 ���
������	 ������
��	 ������
�����	��	��
��������	7����������	��	��:���	����	&�
���	��������	����	��	������	���	9����	��	�����	�
������	�	→�
	�����������	��	����

A���	�������	���	��	�������	��	����.����	��	�
������	���	?�	5��	��	�����	���	����	��	�����
�����
��	���������	9�����	������	���	



1606 NONLINEAR OPTICAL PROPERTIES

��	 ��������	 �������������	 ��	 ��	 �����	 ���	 ��
��8������	��	��	��	���	���	��	��.����	-�	

1��	����������	������������	����	���	���������	����
�������	 ���	 ��	 ��.�����	 '�/I�	 +!"H,	 ���
��/-�	+9�=H,�

����� ���	��!���

?�����	 ������������	 �����������	 ����	 �.����	 �
�����	�������	��	���������	��.���	��������	@�
������
��	��	�����������	��	������������	��	��	����������
��	 ������������	 ����������	 ���	 ��	 ��	 
�����0�����
��	 ��	 ����	 �����	 ���������	 ��	 �������������	 ��
����	
�������	���	��	����	����������	4�	�����	���
��������������	��	�	���	��������	�.��
����

��������	"����	����������

*�	�������	�����5��:��	'����	�
��������
�	+7&'5,
���	�����	��	���������	�!	���	�)	���	��.��	��	��
���
��	��	��������	�	���	���������	�� = )�! − �)�	*�
����	��	�	'����	���������	��	�! # �) = �����	��
���
����	 ������	 ��	 ��������	 ��	 ��	 �����5��:��	 ���������
�! + ��+���		
��� �,�	��	������
������	�����
������
���	�+9,+−�<�	�!�	�)�	�9,	���	��	�������	�+9,+−�! −��
�!� − �! + �� �!,�	��	��8��	�.
���������	���������
��	7&'5	���	��	����	�������	'����	���������	��
��	 ������	����	�����������	������	
��������	��	 ��
�����	��	!"<	 �����	����	 �������	 ���	�����	��	���
������	���	������������	�
���������	'����	��������
����	��������	7&'5	�.
��������	���	
��������	���

�����	������	����������	�	
��:	
����	��	��	�����	��
!" # !"" :4�	 1��	 ��������������������	 ��������
�����	���	74	������	���	����	
��������	7&'5	�.
���
������	 ���	 ����	 
��������	 ��	 ������	 �������	 ���
������	���	��	�	�������	��	�����������	�������	����

�������	 ��	�������	 ���������	��	����������	������
����������	��	
���������	��������	��	��	���	��	7&'5
���	����������	������������	��	�������	'����	����
����	 ���	 ������	 ��	 ��
������	 ����	 ��	 �����������
���:������	��	�������
�����	 �������	 �������	 '����	 �������	 ���	 ����

��
��������	��		
��� ��	���	��	��	����	+7,	����
��	������	����	��	��������	��	��	5��:��	����������
��	'������������	E���	������	+?,	���	��	�����
����
��	 ��	 ��	 ���������	 ���������	 ��	 ��	 ��������	 �����	 ��
���������	�)	��	��	�������	����������	��	���������	��
�	���������	�!�	��	����	������	*�	���	����	��	
����
�������	 +��	 �������������������,	 ���������	 ��
���������	���	���	�����	�������	�����	!	���	)�	����
��	�����	 +&,	���	+7,	 ��	���	����	��	���	 ���	�������
������	��	��	�����	���	���
���	��	���	�����

#���������	����� ���	��!���

��	
������	��������	��	��	����������	�����
�������
��	�+9,+# �� �� # �� �,� ��	 ������	 ����������	 ���������
��.����	*�	���	����	��	�	�������	��	����	�����������
��������	���	��	���	�����	���	��	����.	��	����������
�+�,	 �������	 ��
������	 ��	 ��	 ��������	 ����
���������	�����

(��	�	�����������	�����	����	���	�	6�������	������
�����	���������	�������������	��	����.	��	����������	��
��	������	��	��	����	����	���	��	������	���	��	���

���
����	 
�������	 �)+�,	 ��	 
��������	 ������	 ��
������	����	���	��	�	
�������	�����	�������	��	�����
��	 ��������	 ����	 ��	 �	 �����	 ��	 ��	 ������	 ��	 ��
�����	 1�������	 ����	 ��	 ��	 ���������	 ��	 ��	 �����
����	��	������������	�����	����	���	�������������	������
��	����	 ��	����������	 ��	����	�
����	���	 ��	�����
����	������������
&�	������	���	���	����	�����	���	����	���������

�
�����	 
��������	 ���	 ���	 ��	 ����	 �.���������

Table 9 Conversion from CGS-esu to SI units for nth order optical quantities

Conversion factor for n�≥ 1 [SI] ← [CGS-esu] Dimension in SI units

* The case n = 0 corresponds to the conversion 
factor for a permanent electric dipole moment:
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Figure 5 Ladder graphs for four-wave mixing effects containing Raman processes. In all cases there is assumed an intermediate
Raman-type resonance at the frequency ���(A) The coherent anti-Stokes Raman (CARS) process. (B) The process responsible for
stimulated Raman spectroscopy (SRS) as well as the Raman-induced Kerr effect (TRIKE). (C) The coherent Stokes Raman spectroscopy
(CSRS). Adapted with permission from Levenson MD (1982), Introduction to Nonlinear Laser Spectroscopy. New York: Academic Press.
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Figure 1 Schematic level diagram for Stokes and hyper
Raman scattering.

Figure 2 Schematic diagram for stimulated Raman scattering
as a quantum process.
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Figure 3 Schematic diagram for a few techniques in nonlinear (coherent) Raman spectroscopy (CSRS: Coherent Stokes Raman
Spectroscopy; SRGS: Stimulated Raman Gain Spectroscopy; IRS: Inverse Raman Spectroscopy (= SRLS: Stimulated Raman Loss
Spectroscopy); CARS: Coherent anti-Stokes Raman Spectroscopy; PARS: Photoacoustic Raman Spectroscopy).

Figure 4 Momentum conservation for CARS (representation of
Equation 4).
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Figure 5 Energy-level diagram illustrating the two excitation
steps of Ionization Detected Stimulated Raman Spectroscopy
(IDSRS).

Figure 6 Schematic diagram representing the four-wave
mixing process: a polarization is generated at the frequency
� � �1 − �2 + �3�
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Figure 7 Hyper-Raman spectra of C6H6 excited with a Nd:YAG
laser (�0 = 1.064 nm) Q-switched at 1 kHz (A) and of C6D6 in the
lower spectrum with the laser Q-switched at 6 kHz (B). Repro-
duced by permission of Elsevier Science from Acker WP, Leach
DH and Chang RK (1989) Stokes and anti-Stokes hyper Raman
scattering from benzene, deuterated benzene, and carbon tetra-
chloride. Chemical Physics Letters 155: 491–495.

Figure 8 Vibrational energy levels of C6D6 (energy
< 1600 cm–1) grouped by their activity from the ground state, i.e.
Raman, IR, or hyper-Raman (HR). Modes which are not active in
Raman, IR, or hyper-Raman are grouped. Reproduced by per-
mission of Elsevier Science from Acker WP, Leach DH and
Chang RK (1989) Stokes and anti-Stokes hyper Raman scatter-
ing from benzene, deuterated benzene, and carbon tetrachlo-
ride. Chemical Physics Letters 155: 491–495.
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Figure 9 Resonance hyper Raman spectrum of CH3I vapour excited at 365.95 nm. Reproduced by permission of Elsevier Science
from Campbell DJ and Ziegler LD (1993) Resonance hyper-Raman scattering in the VUV. Femtosecond dynamics of the predissoci-
ated C state of methyl iodide. Chemical Physics Letters 201: 159–165.
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Figure 10 High-resolution CARS spectrum of �1 band of methane. Reproduced by permission of VCH Verlag from Schrötter HW
(1995) Raman spectra of gases. In: Schrader B (ed.) Infrared and Raman Spectroscopy, pp 277–297. Weinheim: VCH Verlag.
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Figure 11 Temperature dependence of N2 CARS spectrum from 300 to 2400 K in 300 K increments (Hall and Eckbreth, 1984).
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Figure 12 CARS spectrum of rhodamine 6G in solution (Carreira and Horovitz, 1982).



1618 NONLINEAR RAMAN SPECTROSCOPY, APPLICATIONS

�����������������	 ���������	 7&'5	 �
�����	 ���	 ��
���������	��	����	 ��		
��� ��	 ���	 ��	����	��	��
(?5	@&	�������	��	!" E	+(?5 = )�<��.��������������

����������0���	 ����������	 @& � �����������,�	 ��
��	����	���	����	
�����	��		
��� ��	7&'5	�
�����
���	 ���
�����	 ���	 ��	 ������	 ��	 ��	 7=7	 ���	7≡7
���������	������	������	!$"" ��#!	���	)!"" ��#!�

���
���������	 5
�����	 +&,	���	 +?,	 ���	 ����	��	 ��	A
������	0���	+A = 
�����
��,	���	+7, # +%,	����	��	��
K�������	0���	 +K = ������,�	����	 ��	����	���������
7&'5	 �����������	 ��	 ����	 ��	 ����	 ��
��	 ���	 ��
�������	�.��������	����������	��	��	
��
	�����	+�
�
���	 ������
����	 ��	 �%	 ��	 ��	 7&'5	 
������	 ��
��������	�����,	���	���	���	��	���������	��������

Figure 13 Resonance CARS spectra of a substituted diacetylene single crystal (FBS-DA) at 10 K. The pump wavelength �p used is
labelled for each spectrum. (A) and (B) show CARS spectra of the P-colour zone, and (C)–(L) those for the Y-colour zone. Spectra on
the left side correspond to the C=C stretching region, and those on the right side to the C≡C stretching region. For further details, see
text. Reproduced by permission of John Wiley & Sons from Materny A and Kiefer W (1992) Resonance CARS spectroscopy on diacety-
lene single crystals. Journal of Raman Spectroscopy 23: 99–106.
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Figure 14 High resolution multi-pass stimulated Raman gain spectrum (SRGS) of the Q-branch of the lower component of the Fermi
resonance diad of 12C16O2 at a pressure of 200 Pa (1.5 torr). Reproduced by permission of John Wiley & Sons from Saint-Loup R,
Lavorel B, Millot G, Wenger C and Berger H (1990) Enhancement of sensitivity in high-resolution stimulated Raman spectroscopy of
gases. Journal of Raman Spectroscopy 21: 77–83.
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Figure 15 High resolution inverse Raman Spectrum of the �2 Q-branch of CH3D between 2194 and 2200 cm–1. Upper traces : Ob-
served, lower traces: calculated spectra. Reproduced by permission of John Wiley & Sons from Bermejo D, Santos J, Cancio P et al
(1990) High-resolution quasicontinuous wave inverse Raman spectrometer. Spectrum of CH3D in the C-D stretching region. Journal
of Raman Spectroscopy 21: 197–201.
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Figure 16 The pure rotational photoacoustic Raman (PARS) spectrum of CO2 gas at a pressure of 80 kPa (600 torr); pump laser
wave length at 532 nm. Note the complete absence of any acoustical signal due to Rayleigh scattering (at 532 nm). Reproduced by
permission of Academic Press from Barrett JJ (1981) Photoacoustic Raman Spectroscopy. In: Harvey AB (ed) Chemical Applications
of Nonlinear Raman Spectroscopy, pp 89–169. New York: Academic Press.
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See also: Matrix Isolation Studies By IR and Raman
Spectroscopies; Nonlinear Optical Properties; Nonlin-
ear Raman Spectroscopy, Instruments; Nonlinear
Raman Spectroscopy, Theory; Photoacoustic Spec-
troscopy, Theory; Raman Optical Activity, Applica-
tions; Raman Optical Activity, Theory; Rayleigh
Scattering and Raman Spectroscopy, Theory;
Surface-Enhanced Raman Scattering (SERS),
Applications.

Figure 17 Ionization detected stimulated (IDSRS) spectra of benzene in the region of overlap between O-branch transitions of �16

and the S-branch transitions of �2 + �18. (A) UV laser tuned to 36 467 cm–1; (B) UV laser tuned to 36 496 cm–1. Reproduced with the
permission of the American Institute of Physics from Esherick P, Owyoung A and Pliva J (1985) Ionization-detected Raman studies of
the 1600 cm–1 Fermi diad of benzene. Journal of Chemical Physics 83: 3311–3317.
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Table 1 Comparison of some nonlinear Raman techniques

Technique Comment Variable Output Advantages Disadvantages

CARS Most popular 
form of non-
linear Raman

�1 or �2 Intensity of newly 
generated light at 
�4 = �1 – �2 + �3

Fluorescence-free, intense 
signal at new wavelength

Phase matching required 
owing to dispersion, non-
resonant background, 
complex line shape

CSRS Nonparametric 
version of 
CARS

�1 or �2 Intensity of newly 
generated light at 
�4 = �1 – �2 + �3

Intense signal at new wave-
length, can be used to 
observe dephasing effects

Susceptible to fluores-
cence, phase matching 
required due to disper-
sion, nonresonant back-
ground, complex line 
shape

SRG Induced amplifi-
cation of �2

Modulation of 
�1

Increase in inten-
sity of �2 when 
�1 – �2 = �Raman

No phase matching, no non-
resonant background, lin-
ear with concentration

Sensitivity limited by stabil-
ity of probe laser, difficult 
to multiplex

SRL Induced reduc-
tion in intensity 
of �1 

Modulation of 
�2

Decrease in inten-
sity of �1 when 
�1 – �2 = �Raman

No phase matching, no non-
resonant background, lin-
ear with concentration

Sensitivity limited by stabil-
ity of probe laser, difficult 
to multiplex

RIKES Raman-induced 
birefringence

Modulation of 
�2, �1 is CW

Induced change in 
�1 polarization for 
�1 – �2 = �Raman

Nonresonant background 
can be suppressed, no 
phase matching

Limited sensitivity, suscepti-
ble to turbulence and bire-
fringence from windows, 
optics, sample

DFWM Laser-induced 
grating

Beam of light at 
�4 = �1 = �2 = �3

Very sensitive, no phase 
matching

Multiple mechanisms (local 
and nonlocal), not a 
Raman technique

IRSFG �(2) process, IR 
and Raman 
active

Intensity of newly 
generated light at 
�3 = �1 + �2

Surface-specific Requires tunable coherent 
IR source, relatively low 
signal intensity
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Figure 1 Energy level diagram for CARS, Raman, CSRS,
DFWM, RIKES/SRG, and IRSFG. The dotted horizontal lines
represent virtual levels and the solid horizontal lines represent
ground, rotational, or vibrational levels. The output frequency cor-
responds to the downward arrow furthest to the right in each dia-
gram. Electronic enhancement may be achieved if the virtual
levels are replaced by real levels.
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Figure 2 The refractive index in a sample with normal disper-
sion increases with decreasing wavelength. The phase matching
diagrams are as follows: (A) collinear phase matching in the gas
phase where dispersion is negligible (e.g. gas phase); (B) phase
mismatch �k encountered when using collinear geometry in a
sample with normal dispersion; (C) possible arrangement in
RIKES, SRG, and SRL where the angle � between beams is not
critical and phase matching calculations are not needed; (D) con-
ventional phase matching in condensed phase (�k = 0); (E)
BOXCARS phase matching; and (F) folded BOXCARS phase
matching.

Figure 3 Effect of the phase matching �k on the intensity (I ) of
the CARS output beam.
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Figure 4 Experimental setups, illustrating two possible CARS spectrometers using (A) a single dye laser where �1 = �3, and (B) an
optical parametric oscillator for single-wavelength detection.

Figure 5 A CARS vibrational spectrum produced by monitoring the output beam intensity (at �4) while wavelength scanning an OPO
(see Figure 4(B)). This spectrum shows Raman-active peaks from benzene (b), oxygen (o), nitrogen (n), and cyclohexane (c) covering
a range from 681 cm–1 (	OPO = 552 nm) to 3098 cm–1 (	OPO = 637 nm). Zero frequency shift corresponds to 	OPO = 532 nm.
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Figure 1 Energy level diagrams for nonlinear Raman spectroscopic techniques. The input fields are shown as arrows pointing up-
wards for positive frequency (downwards for negative) in the arguments of the nonlinear susceptibility, and the output field as a dashed
arrow, which must close the diagram. Schematic molecular energy levels are represented to show the main Raman resonance and
additional one-photon resonances. Horizontal position does not imply time ordering. The energy balance involves the field and the
material excitation in different ways for different techniques. In pure nonresonant processes, the energy of created photons balances
that of those destroyed. In SRL and SRG, each scattering event leads to an excited molecule. In Raman-resonant FWM and CARS,
the energy of destroyed photons is shared among material excitation and created photons depending on the relative magnitude of the
imaginary and real parts of the nonlinear susceptibility.
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Table 1 Nonlinear Raman spectroscopic techniques

a Signal expression for plane monochromatic input waves. L is the interaction length.

FWM CARS RIKES

Name Four-wave mixing Coherent anti-Stokes
Raman spectroscopy

Raman-induced
Kerr effect

Monitored effect Intensity at � = �0 + �R Intensity at �anti-Stokes = �P + �R Intensity at �S polarized �

Input/output field �0, �P, �S / �0 + �R �P, �S / �A �P, �S / �S

Input/output 
polarization

All possibilities with paired Cartesian index E x, E x / E x

E x, E y / E y

E  circular, E x / E y

Effective
susceptibility

Signala

OHD-RIKES SRL SRG

Name Optically heterodyne detected RIKES Stimulated Raman loss or inverse Raman spectroscopy Stimulated Raman gain

Monitored effect Intensity at �S polarized � Intensity decrease at �P Intensity at �S

Input/output 
fields

�P, �S / �S �P, �S / �P �P, �S / �S 

Input/output
polarization

E  circular, E x / E y E x, E x /E x E x, E x / E x

Effective 
susceptibilty

Signala
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Table 2 Some terms in the microscopic expression of the
third-order non-linear susceptibility for Raman resonance

a For �P – �S ≈ �R as the only frequency combination resonant
with a molecular transition, Raman resonant terms dominate
the nonlinear response and its change across the resonance
defines the spectral shape. Additional one-photon resonance is
possible through the denominators such as (�kg � �P) whenev-
er input frequencies approach electronic transitions. The spec-
tral behaviour in this case is dominated by a few terms in the
summation.

b The sum of all nonresonant terms constitutes a weakly disper-
sive background. Some terms are nonresonant for a Raman
transition but can give rise to two- or three-photon absorption
for a different set of input frequencies.

+ other resonant termsa

�ab = (Ea–Eb)/�–i Γab

(Rab)� = component along � of the transition dipole matrix ele-
ment 〈b|er |a〉
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�	��	� ������
�� ������ ��� � �	��� ���	��9
Φ ��%� �&� �'� = ����
���
��� ��������� ��"��
�������	���	����������9�χ����−�9 �%�&�'� = ������
��
��������� 	�	������������ ���	��9� χ �−�9
�%�&�'� = ���������� ��� χ�'�� ����� -���	��� ��
��
����9� χ�'�*) = �����	����� ���� ��� ���� ����
���
��
��������� 	�	�����������9� χ′�'�) = ���� ��	����� ���
�� ���� ����
���
��� ��������� 	�	�����������9�χ″�'�) =
����������	��������������������
���
�����������
	�	�����������9� � = ���#������ ��� ���� �
������
� = ��9� �) = ���#������ �����	���
���� ��� � )��
���	�����9���& = ��� − �&�@� = ���#�����������	���
���
��� ���� ������� ��� ���� ��"��	� �� �
� &9� ��� = ��� −
�Γ�� = ������� �������� �������� ���� 
�������� �

��������9�� = ,���+����	���@&�.

See also: Nonlinear Optical Properties; Nonlinear
Raman Spectroscopy, Applications; Nonlinear Ram-
an Spectroscopy, Instruments; Raman Optical Activi-
ty, Applications; Raman Optical Activity, Theory;
Raman Spectrometers.
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�-
�	����������

See Nuclear Quadrupole Resonance, Applications�

�-
�	������������

See Nuclear Quadrupole Resonance, Instrumentation.

�-
�	&�����

See Nuclear Quadrupole Resonance, Theory.
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Figure 1 Energy-level diagram of a two spin-� system, showing
the transition probabilities and the spin states. The designation
αα  means both the spins are in the +�  state, while �� means the
first spin (I) is in the +� state and the second spin (S) is in −� state.
W1I gives the single quantum transition probability for the I spin
when it changes its spin state. W0 and W2 are the zero and dou-
ble-quantum transition probabilities, respectively, by which both
the I and S spins simultaneously change their spin states.
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Figure 2 Spectral density J(�) for three values of correlation
time, plotted as a function of frequency �. The spectral density
has a cutoff frequency �c = 1/�c, where �c is the correlation time
of molecular reorientations. As molecular reorientations become
faster, τc decreases and the spectral density dispersion becomes
flatter. The terms T1, T2 and NOE depend on the value of the
spectral densities at 0, �0 and 2�0, where �0 is the Larmor fre-
quency. (A) Spectral density for slowly reorienting molecules
which have long correlation times (�c >> 1/�0). In such cases the
spectral density has a negligible value at �0 and 2�0, but large
values at low frequencies. (B) Spectral density for intermediate
values of correlation times, for which τc ≈ 1/�0. (C) Spectral den-
sity for small molecules undergoing fast reorientation, which
have short correlation times (�c << 1/�0) and the spectral density
has nearly equal values from 0 to 2�0. Since the area under the
curves is constant, the spectral density has different magnitudes
at each frequency in the above three cases.
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Figure 3 Variation of homonuclear NOE enhancement,
Equation [8], plotted as a function of ��c. Note the logarithmic
scale of ��c. For small molecules with short �c, the limiting value
for 
max is +0.5. In practice, since relaxation mechanisms other
than dipolar are also efficient in this extreme narrowing limit,
positive enhancements as large as this are rarely observed. For
large molecules with long �c, the limiting value of 
max is −1.
Biomolecules and small molecules in viscous solvents come into
this category and generally give significant NOEs. In the central
region where 
max varies rapidly with ��c, the NOE enhancements
depend on the spectrometer frequency and the molecular
tumbling rate.The value of 
max passes through a null for ��c ≈ 1.
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Figure 4 (A) The 2D NOESY pulse sequence, which uses
three 90° pulses. The times t1 and t2 are the evolution and detec-
tion periods, respectively; �m is the mixing time during which only
longitudinal magnetization is retained, either by gradients or by
cycling the phases (�1, �2, �3) of the pulses. (B) Schematic
NOESY spectrum, showing that in such spectra the NOEs are
manifested as cross-peaks between the various spins, the reso-
nances of which lie on the diagonal.
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Figure 5 Contour plot of the 1H NOESY spectrum at 360 MHz of the basic pancreatic trypsin inhibitor. The protein concentration
was 0.02 M, solvent D2O, pD = 3.8, T = 18°C. The spectral width was 4000 Hz; 512 data points were used in each dimension; 56 tran-
sients were accumulated for each value of t1. The mixing time �m was 100 ms. The absolute value spectrum, obtained after digital
filtering in both dimensions with a shifted sine bell, is shown. NOE connectivities for selected amino acid residues are indicated by the
broken lines. Reproduced with permission of Academic Press from Kumar A, Ernst RR and Wüthrich K (1980) Biochemistry and Bio-
physics Research Communications 95: 1.
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Figure 6 Rotating frame NOE pulse sequences. The 1D exper-
iment requires two sequences, represented by (A) and (B). (A) is
the reference experiment in which a 90  non-selective pulse is ap-
plied on all the spins, followed by a spin-lock along the y-direction
for a time τm and the state of the spin system is detected. (B) The
control experiment in which a selective 180° pulse, inverts the
magnetization of the spin from which the NOE is to be observed
before the 90  pulse and the experiment is continued as (A). The
1D NOE spectrum is the difference between the spectra obtained
with the sequence (A) and (B). (C) The 2D ROESY sequence. The
times t1 and t2 are the evolution and detection periods and �m is
the mixing time. SL refers to the low power spin-locking RF field.
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Figure 7 Plot of maximum rotating frame NOE (from Equation
(18)) for a homonuclear two spin-� system as a function of ��c.
The rotating frame NOE is positive for all values of correlation
time.

Figure 8 Contour plot of the 2D 1H ROESY spectrum of a
0.5 M solution of Boc-Val-Ala-Phe-Aib-Val-Ala-Phe-Aib-OMe in
CDCl3, recorded at 400 MHz. A 2.25 kHz spin-lock field has been
used during the 300 ms mixing period. 64 scans were performed
for every t1 value and 512 × 1k data were acquired. Zero filling
was used to give a 1k × 1k size of the displayed absorptive part
of the spectrum. The diagonal drawn is negative and the cross-
peaks are positive. Unpublished results by Das C, Grace RCR
and Balaram P.

Table 1 Comparison of the salient features of ROESY, TOCSY and NOESY

Feature ROESY TOCSY NOESY

Net transfer Yes Yes Yes

Pure absorptive Yes Yes (almost) Yes

Sign with respect to the 
diagonal

Opposite (+ve NOE) Same Opposite for ��c << 1
Same for ��c >>  1

Mixing time Large (> 100 ms) Small (<100 ms) <500 ms

RF field amplitude needed Small Large Not applicable
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See also:  Chemical Exchange Effects in NMR; Mac-
romolecule–Ligand Interactions Studied By NMR;
Magnetic Resonance, Historical Perspective; NMR
Pulse Sequences; NMR Relaxation Rates; Nucleic
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Acids Studied Using NMR; Proteins Studied Using
NMR Spectroscopy; Structural Chemistry Using NMR
Spectroscopy, Organic Molecules; Structural Chem-
istry Using NMR Spectroscopy, Peptides; Structural
Chemistry Using NMR Spectroscopy, Pharmaceuti-
cals; Two-Dimensional NMR Methods. 
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Table 1 The angles (°) between the directions of the C–Cl
bonds and the crystal axes in 1,3,5-trichlorobenzene according
to NQR and X-ray results

Chlo-
rine 
position

Crystal axes

a b c

NQR X-ray NQR X-ray NQR X-ray

Cl-1 119.1 118.8 149.5 150 81.7 80.9

Cl-3 64.1 65.0 31.3 30.2 73.7 74.3

Cl-5 24.8 24.0 90.4 90.5 114.8 114.0
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Table 2 35Cl and 209Bi NQR spectra of BiCl3

Isotope
T

(K)

Transition frequencies (MHz)
e2Qqh−1

(MHz) 
 (%) Assignment
35Cl 291 15.952(2) – – – 30.960 43.1 Cl(1)

19.173(1) 38.145 17.8 Cl(2)

209B 294 31.865 25.132 37.362 51.776 318.900 55.5

Table 3 35Cl quadrupole resonance frequencies for phospho-
rus and antimony pentachlorides

Compound �35Cl (MHz) Assignment

(PCl4)+(PCl6)– 28.395, 28.711, 29.027, (PCl6)–

30.060, 30.457, 30.572 (PCl6)−

32.279, 32.384, 32.420 (PCl4)+

32.602 (PCl4)+

PCl5 29.242, 29.274 Axial

33.751 Equatorial

SbCl5 30.18 Equatorial

27.85 Axial

Sb2Cl10 27.76 Equatorial

30.18 Axial

18.76 Bridging
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Table 4 35Cl Quadrupole resonance frequencies and asymme-
try parameters of some [SnCl4⋅2L] and [SbCl5⋅L] complexes

Complex � 35Cl (MHz) 
�(%) Assignment

[SnCl4⋅(NC5H5)2] 17.644 15.4 –

17.760 15.4 –

[SnCl4⋅(OPCl3)2] 19.030 11.7 Equatorial

19.794 11.1 Equatorial

21.132 2.3 Axial

[SbCl5⋅OPCl3] 24.399 11.3 Cis

25.821 2.5 Trans

26.119 4.7 Cis

27.314 4.9 Cis

[SbCl5⋅NCCCl3] 26.008 6.2 Cis

26.313 10.3 Cis

26.409 2.2 Trans

27.297 11.2 Cis
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Figure 1 (A) Spatial structure of MeX3 type halides with two
bridging bonds. (B) The same structure projected onto the plane
of bridging bonds. The directions of the main axes of the EFG
tensor on the bridging halogen atoms are marked, in the case
when �<109°28′.
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Table 5 NQR spectral parameters of some non-transition and
transition metal dimer halogenides

Com-
pound

�(Xb)
(MHz)


b

(%)
�(Xt)

(MHz)

t

(%) �(°)
GaCl3 14.667 47.3 19.084 8.9 86.0

20.225 3.4

GaI3 133.687 23.7 173.650 0.9 94.5

174.589 2.8

AlBr3 97.945 – 113.790 – 82.0

115.450

AlI3 111.017 18.1 129.327 0 93.5

129.763

InI3 122.728 29.7 173.177 1.1 94.5

173.633

NbCl5 13.290 58.8 7.330 – 101.3

NbBr5 105.850 58.8 59.500 – 101.3

WBr5 114.580 44.9 81.660 – 98.6

Figure 2 U  versus U  for halogen atoms in halides of
transition (o) and non-transition (• ) metal elements.

Table 6 Chemical names and substituents of the compounds studied

No. Compound R1 R2 R3 R4

[1] Imidazole H H H H

[2] 2-Nitro–5-methylimidazole H NO2 H CH3

[3] 1-(2-Hydroxyethyl)-2-nitro-5methylimidazole (metronidazole) CH2CH2OH NO2 H CH3

[4] 1-(2-Carboxymethyl)ethyl-2-nitro-5-[2-(P-ethoxy-phenyl)ethenyl] 
imidazole

CH2CH2OCOCH3 NO2 H CH�CHPhCH3O
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Table 7 Quadrupole coupling constants and asymmetry
parameters for imidazole derivatives 

Nitrogen Nucleus

No. T (K)

�N� �NR �NO2

e2Qqzzh�1 

(MHz) 


e2Qqzzh�1 

(MHz) 


e2Qqzzh�1 
(MHz) 


[1] 291 3.222 0.119 1.391 0.930 – –

77 3.253 0.135 1.418 0.997 – –

[2] 296 3.243 0.250 1.569 0.821 1.225 0.356

193 3.249 0.249 1.546 0.878 1.244 0.360

[3] 296 3.299 0.150 2.467 0.317 0.936 0.381

193 3.320 0.156 2.479 0.320 0.950 0.381

[4] 296 3.755 0.038 2.566 0.238 0.921 0.239

193 3.779 0.039 2.565 0.238 0.931 0.230

Table 8 Population of the �NH–, �N�,�NO2 bonds for imi-
dazole and its derivatives

No.

�NH� �N� �NO2

na nNC nNR p nNC p nNC T(K)

[1] 1.330 1.120 1.330 1.640 1.260 – – 77

1.340 1.140 1.330 1.640 1.270 – – 293

[2] 1.350 1.129 1.330 1.657 1.556 1.072 1.182 193

1.361 1.139 1.330 1.652 1.556 1.070 1.178 296

[3] 1.672 1.250 1.368 1.449 1.390 1.042 1.128 193

1.669 1.250 1.366 1.452 1.394 1.041 1.126 296

[4] 1.648 1.250 1.340 1.430 1.384 1.045 1.117 193

1.648 1.250 1.340 1.430 1.384 1.044 1.116 296
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See also: Mossbauer Spectrometers; Mossbauer
Spectroscopy, Applications; Mossbauer Spectros-
copy, Theory; NQR, Theory; Nuclear Quadrupole
Resonance, Instrumentation. 
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Figure 1 Main categories of NQR experimental techniques.
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Figure 2 Simplified block diagram of a CW NQR spectrometer.

Figure 3 Simplified block diagram of the frequency and phase-locked NQR spectrometer based on a SRO-type oscillator-detector.
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Figure 4 The response from nitrogen-14 in a sample of HMX to the SSFP pulse sequence with offset −5 kHz. The resonance fre-
quency is 5.301 MHz at 295 K.

Figure 5 A typical nitrogen-14 NQR spectrum of powder RDX
at 297 K, obtained from a FID. The resonance frequency is
~5.193 MHz.
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Figure 6 An RF pulse in the NQR spectrometer coil: (A) without ring damping, (B) after ring damping.
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Figure 7 Block diagram of a pulsed NQR instrument.
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Figure 8 Simplified block diagram of the double resonance (NQR/NMR) spectrometer.

Figure 9 Simplified block diagram of a cross-relaxation NQR spectrometer.
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Isotope

Natural 
abundance
(%) Spin

Magnetic 
dipole 
moment 
(	n)

NMR Fre-
quency in 
B = 1 T 
(MHz)

Electrical 
quadrupole 
moment Q 
(10�28m2)

2H 0.0156 1 �0.8574 6.54 0.00286
6Li 7.43 1 �0.8220 6.27 �0.00083
7Li 92.57 3/2 �3.2564 16.55 �0.0406
9Be 100 3/2 �1.1778 5.98 �0.053
10B 18.83 3 �1.8006 4.58 �0.08472
11B 81.17 3/2 �2.6886 13.66 �0.04065
14N 99.64 1 �0.4038 3.08 �0.0193
17O 0.037 5/2 �1.8938 5.77 �0.02578
21Ne 0.257 3/2 �0.6618 3.36 �0.103
23Na 100 3/2 �2.2175 11.26 �0.1006
25Mg 10.05 5/2 �0.8555 2.61 �0.201
27Al 100 5/2 �3.6415 11.09 �0.150
33S 0.74 3/2 �0.6438 3.27 �0.076
35Cl 75.4 3/2 �0.8219 4.17 �0.08249
37Cl 24.6 3/2 �0.6841 3.47 �0.06493
39K 93.08 3/2 �0.3915 1.99 �0.049
41K 6.91 3/2 �0.2149 1.09 �0.060
43Ca 0.13 7/2 �1.3176 2.87 �0.049
45Sc 100 7/2 �4.7565 10.33 �0.22
47Ti 7.75 5/2 �0.7885 2.40 �0.29
49Ti 5.51 7/2 �1.1042 2.40 �0.24
50V 0.24 6 �3.3457 4.25 �0.209
51V 99.76 7/2 �5.1487 11.19 �0.052
53Cr 9.54 3/2 �0.4754 2.41 �0.15
55Mn 100 5/2 �3.4532 10.55 �0.33
59Co 100 7/2 �4.627 10.10 �0.404
61Ni 1.25 3/2 �0.7500 3.81 �0.162
63Cu 69.09 3/2 �2.2233 11.29 �0.211
65Cu 30.91 3/2 �2.3817 12.09 �0.195
67Zn 4.12 5/2 �0.8755 2.66 �0.150
69Ga 60.2 3/2 �2.0166 10.22 �0.168
71Ga 39.8 3/2 �2.5623 12.98 �0.106
73Ge 7.61 9/2 �0.8795 1.49 �0.173
75As 100 3/2 �1.4395 7.29 �0.314
79Br 50.57 3/2 �2.1064 10.67 �0.331
81Br 49.43 3/2 �2.2706 11.50 �0.276
83Kr 11.55 9/2 �0.9707 1.64 �0.253
85Rb 72.8 5/2 �1.3534 4.11 �0.23
87Rb 27.2 3/2 �2.7518 13.39 �0.127
87Sr 7.02 9/2 �1.0936 1.85 �0.335
91Zr 11.23 5/2 �1.3036 3.96 �0.206
93Nb 100 9/2 �6.1705 10.41 �0.32
95Mo 15.78 5/2 �0.9142 2.77 �0.022

Table 1 Nuclear constants and natural abundance of naturally
occurring quadrupolar nuclei

Table 1 Continued

Isotope

Natural 
abundance
(%) Spin

Magnetic 
dipole 
moment 
(	n)

NMR Fre-
quency in 

B = 1 T 
(MHz)

Electrical 
quadrupole 
moment Q 
(10�28m2)

97Mo 9.60 5/2 �0.9335 2.83 �0.255
99Ru 12.81 5/2 �0.641 1.95 �0.079
101Ru 16.98 5/2 �0.7188 2.19 �0.457
105Pd 22.23 5/2 �0.642 1.96 �0.660
113In 4.16 9/2 �5.5289 9.31 �0.799
115In 95.84 9/2 �5.5408 9.33 �0.86
121Sb 57.25 5/2 �3.3634 10.25 �0.36
123Sb 42.75 7/2 �2.5498 5.52 �0.49
127I 100 5/2 �2.8133 8.52 �0.79
131Xe 21.24 3/2 �0.6919 3.49 �0.120
133Cs 100 7/2 �2.5820 5.59 �0.00371
135Ba 6.59 3/2 �0.8379 4.23 �0.160
137Ba 11.32 3/2 �0.9374 4.73 �0.245
138La 0.089 5 �3.7136 5.62 �0.45
139La 99.911 7/2 �2.7830 6.01 �0.20
141Pr 100 5/2 �4.2754 13.04 �0.0589
143Nd 12.20 7/2 �1.065 2.32 �0.63
145Nd 8.30 7/2 �0.656 1.43 �0.33
147Sm 15.07 7/2 �0.8148 1.77 �0.26
149Sm 13.84 7/2 �0.6717 1.46 �0.075
151Eu 47.77 5/2 �3.4717 10.59 �0.903
153Eu 52.23 5/2 �1.5330 4.64 �2.412
155Gd 14.68 3/2 �0.2591 1.32 �1.30
157Gd 15.64 3/2 �0.3398 1.73 �1.36
159Tb 100 3/2 �2.014 10.23 �1.432
161Dy 18.73 5/2 �0.4803 1.46 �2.507
163Dy 24.97 5/2 �0.6726 2.05 �2.648
165Ho 100 7/2 �4.132 9.00 �3.58
167Er 22.82 7/2 �0.5639 1.23 �3.565
173Yb 16.08 5/2 �0.6799 2.07 �2.80
175Lu 97.40 7/2 �2.2327 4.86 �3.49
176Lu 2.60 7 �3.1692 3.45 �4.92
177Hf 18.39 7/2 �0.7935 1.73 �3.365
179Hf 13.78 9/2 �0.6409 1.09 �3.79
181Ta 99.99 7/2 �2.3705 5.16 �3.28
185Re 37.07 5/2 �3.1871 9.59 �2.18
187Re 62.93 5/2 �3.2197 9.68 �2.07
189Os 16.1 3/2 �0.6599 3.31 �0.856
191Ir 38.5 3/2 �0.1507 0.81 �0.816
193Ir 61.5 3/2 �0.1637 0.83 �0.751
197Au 100 3/2 �0.1457 0.73 �0.547
201Hg 13.24 3/2 �0.5602 2.85 �0.385
209Bi 100 9/2 �4.1106 6.84 �0.37
235U 0.71 7/2 �0.38 0.83 �4.55
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Table 2 Energies E in units of e2qQ/ 4 and the expansion co-
efficients cm of the eigenstates of HQ for a nucleus with I = 1 in
the representation of the eigenstates of IZ

E c1 c 0 c–1

1 + 
 0

1 − 
 0

−2 0 1 0



1676 NUCLEAR QUADRUPOLE RESONANCE, THEORY

�������
�� = �� ��
���

	�!�����������	������;2�	
���

����������Q���
�2�������2���

�� ���
��!� ��� ���� �	��� ���� 2�	!
������ ��������
����	��� �402?$� 	�!� ���� 	�����
�� �	
	����
� 

�	��������!���
����!���	
	������
��������Q���
�#
2������������
����������	��������!��������	����#
�	��������	� �	���	�����������!��
��������	�����	����
���� �#!�������	���Q��������2���

�*���

���� ���
���� � ��� ���� ��
��� �����	
� 2�	!
�����
���
���������	
�����	���!��
�����������	
��2�	����

0�
�����
������������	� = ��402�8431�� ��
��1��
	������������ ��������	
��2�	�������������
����	
�
��	���� �	�����!� 	� ���  ��
�� �� �� ���� �	������
2�	����������
� ������	�����	����!� ���	������
���
��������� ����
 = 3��������
����Q���
�2������
	
� �	�����! 	 �&84,$84� �&84,'84� 	�!� �'84,$84 ��&84,$84 >
�&84,'84≥ �'84,$84����������
�������	�!������Q���
�#
2�������	
���� ����������� ��
���� �Q�� ����� 	�� ���� �
�2������ �&84,$84� �&84,$84 =

�&84,'84 + �'84,$84� �� ����
	����  �	��
� ��	�� ���� ����

� ���Q�������	�!��	�����������
��!� ����
 = 3�
����	�����
���	
	����
�
�������
	�������	����	��!
�
��� ���� 
	����� = �'84,$848�&84,'84� ����� 
	���� �
��
� = 3�&� ��
� 
 = 3� ��� � = $� ��
� 
 = $�� 1���� 
� �
��� ��� ���� 2�	!
������ ��������� ����	��� �	�� ��
�	����	��!��
���	����Q���
�2������������
������
�
���������������Q���
�2�������&84,$84�

Figure 1 Energy levels and NQR frequencies for I = 1.

Table 3 Energies of the nuclear quadrupole energy levels in
units of e2qQ/8 and the expansion coefficients c m for I = 2

E c2 c1 c0 c–1 c−2

2z 0 0

2 0 0 0

−(1− 
) 0 0 0

−(1 + 
) 0 0 0

−2z 0 0
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Figure 2 Energy levels and NQR frequencies for I = .

Table 4 Energies of the eigenstates of HQ in units of e2qQ/20 and the expansion coefficients cm for I = 3

E c3 c2 c1 c0 c–1 c–2 c–3

1�
�4x 0 0 0

1�
�4y 0 0 0

2z�2 0 0 0 0

0 0 0 0 0 0

1�
�4x 0 0 0

1�
�4y 0 0 0

�2�2z 0 0 0 0
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Figure 3 Energy levels and NQR frequencies �m–(m –1) for I = .
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Figure 4 Energy levels and NQR frequencies �m–(m–1) for I = .
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Figure 1 Subunit structures of the major nucleotides from deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). T, C and U
nucleobases are pyrimidine derivatives, and A and G nucleobases are purine derivatives.

Figure 2 Shorthand notations of oligonucleotides: (A) line no-
tation of oligonucleotides, and (B) one-letter sequence notation.
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Figure 3 Positive ion mode FAB mass spectrum using a double focusing sector mass analyser. The sample is dpC with piperidine
in nitrobenzyl alcohol matrix. The parent ion mass, (M + H)+, is 307.3 Da.
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Figure 4 Negative ion mode ESI spectrum of Escherichia coli 5S rRNA treated with trans-1,2-diaminocylohexane-N,N,N ′,N ′-
tetraacetic acid (CDTA) and triethylamine (TEA) additives.

Figure 5 MALDI-TOF mass spectrum, in negative ion mode, of dA10 in 2,4,6-trihydroxyacetophenone matrix. The parent mass is
seen as both singly and doubly charged ions.
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Figure 6 Representative fragmentation pattern of oligonucleo-
tides.

Figure 7 MALDI mass spectrum of d(CATCG) with 2,4,6-trihy-
droxyacetophenone as the matrix. The laser-induced fragment
ions are labelled corresponding to the fragmentation nomencla-
ture shown in Figure 6.
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See also: Biochemical Applications of Mass
Spectrometry; Fast Atom Bombardment Ionization in
Mass Spectrometry; Fragmentation in Mass Spectro-
metry; Metastable Ions; Quadrupoles, Use of in Mass
Spectrometry; Sector Mass Spectrometers; Time of
Flight Mass Spectrometers.
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See also: Carbohydrates Studied By NMR; Macro-
molecule–Ligand Interactions Studied By NMR; Nu-
cleic Acids and Nucleotides Studied Using Mass
Spectrometry; Peptides and Proteins Studied Using
Mass Spectrometry; Proteins Studied Using NMR
Spectroscopy; Solvent Suppression Methods in NMR
Spectroscopy; Two-Dimensional NMR, Methods.
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Figure 1 Main nonlinear frequency conversion schemes. (A)
Second harmonic, (B) sum frequency, (C) parametric emission
and (D) third harmonic generation.
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Figure 2 Phase-matching in a birefringent crystal by dispersion
compensation, showing the two types of phase-matching for
second order processes.
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Figure 3 Wave vector compensation by quasi-phase matching
(a) non-phase matched, (b) quasi-phase matched and (c) phase
matched.
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Table 1 Second-order nonlinear coefficients of some crystals

 a Divide each value by 4.2 ×10−4 to convert into esu.
 b Optical breakdown.
 c Transmission range.

Crystal Symmetry n0 d21

d14 d33

deff 6

Iob Transm.

(10−12 m V−1) a (GW cm−2) b (µ)c

LiNbO3 3m 2.232 –2.1 0 –27 5.1 70  10 0.35–5

BaBO4 3m 1.655 –2.3 0 0 1.9 16  14 0.2–2.6

LiIO3 6m 1.857  0 0 4.5 1.8 13  2 0.34–4

KDP 1.493  0 0.37 0 0.35 1  5 0.18–1.8

ADP 1.509  0 0.47 0 0.39 1.2  6 0.18–1.5

AgGaGe2 2.594  0 33 0 28 81  0.3 0.78–18

ZnGeP2 3.073  0 69 0 70 292  0.05 0.74–12

KTP mm2 1.737  0 0 8.3 3.2 47  15 0.35–4.5

KNbO3 m2 2.119  0 0 –19.5 –11 312  7 0.4–5.5

d11

Urea 12  5 0.2–1.4

MAP 1.508  16.8  3 0.5–2.5

POM 1.663 9.2  2 0.5–1.7

MNA 2.0 168 1000 0.48–2.0

NPP 85  0.05 0.48–2.0



1698 OPTICAL FREQUENCY CONVERSION


�����������������������
����������
��������"�������
��	�#�	��������������	��������������	����=�����������
����������������	������
���
�����	���
�	����������
�	������	�����
���������������������
������	������	�
����H� ���������
� �������������	���������
�����	�����
��	�� ������� ��	�������� ������ �� ��	��� �	��
����������������	��������	����/����������������������
	�������������	����������������������������������	����
�������	����������������������������	��	�������	�������
������������	����������	���������
�����	�������	� ���
�����	����� 
�������
� ��������� �	������	�� �������
����������������	��������
����
�����	��������������
��	��
�����������������������������������������������
���
��������������������	����	�����	�����	���������

���� ��� �����
� ��� �������� �
� ������� ��	������� ����
����	����������	�	������������������

"���������)����� 
���������� ��


�����������������������
��	������
��������	�������
����
��������������	���������������������
�����������
���������������	������
����	�����������
������������
���������������
�������������	�	����������"�� − ��#
= ±��F�����������������"=�	�����	��	����#�	������
����
�"�����=�	�����	��	����#���������	����������
��
���� ������ ��
���	��� �� ��������	�� �������� ��	
������� ���������� ��
���� ����� ������F =  ��−�� / ��
&���	��� ������ 	� ����� ��������	��� ���� ��� ���	���
�
����� ��� ������	���� 	����� �������	���� �	����	��� �����
����������������	��������������������	���	�����	��
������ ������������ ���� �������� ����� ������ ����� 	
!����	������
�F�������� ���������������������������	�
�	����������������/��������������	�����	�����	����
��	��
�������B���
������	�	��C��	������������������
����
� ��	����� ����
�� ���� ���� �������
�� 	� ���
��������
��������
����������������������	������������
���� ��� 
�����
� �	�� 8�����	� 9@:� ����� �������	�
	 ���� ����	������� �	�������� �	���� ���	�� �	�����

� "5# = χ �;� ���������χ �������� �� − �� − �F− ����
	����������	�χ"5#"�;��− �;����#�	��χ = �χ″ ��
 χ″���
�	������1��������� 	�� ���� =�	���1�����=�	���� �	��	�
������������	������������������	�����������
A����
��	
������� ���� ������ ��������� �	�
���	��� M������� ���
=�	���� �	��	����� ���� �� ����� ��
� ��	��� ���	����
���������������� ���������	��
����������� ������������	
�����������	��

����������������
�F�����=�	�����������������	����
�������������������F��������������������	������������
�����
�������
�������������������
���������	����
���� �	����������� 
������� 
	��������
� ����������
�������	������
���������	������	���	�����=�	��������
��� ������������� ��������	��	���������� =�	���������
�−�F��������������������������
������	��������������
	����������������������	�����������	�����
��	�	��
/���	��������F�����A���������
��������������������
�������������������	�����	����������������������	���
���� �������� 	��� �����
� ��� ��	�� ��� ����F����� ���
�������� �	��� ����� �������� ���� ��	����� ���	����� �
�����������������	��"��������	�#�����
�������������	��

���	��
�����������������	������������	����	���
����
��	����������������	���������������	�����������������
��������������������������������������������������������
	�����������������	�������	��������������������������
����������������
������������	�����	������	�����
��������� ��
� 	����� �	��������	���� ����� ���������� ���
����	����������
�F���������������	������	�������
�������	�������������������������������

/���	��������
�����������=�	������	�������	����	
������	������	�������������������
�=�	�������
�����
��������������������������������
��������������������
=�	���� ���
� ���	���� �� ������ ������
� 	�������
������� ��	������ )���� ������ 	��� ���� ����� ��������
�����=�	���� �	������� ��������	�� ���	���� �����
���
��	�������� !������� ���� ��������������� �	�
���	�
���������������
�����������������������=�	����	��������
��������
��������	���	��	������	��
�����
������	��	
����=�	����	��������������	����
������������
������	�
	��������������	��������������������	���������������
����	��
�����������������������
�=�	�����/�������
��������
����	����������=�	�������
����������������	
���� =�	���� ���� �� 	�������� ���������	����	����� ����
�����������������������������	�����������
������������
�����������	����B	��������������C��������B	�����������
����C� ������� �	��������	�� 	� ��	� �	�������� 	������
��	������� �������� ���� ����� �������	�	�� ���	�����
���� ��� �������
� ��� ���� �������� 	� ���� 	����� ��
����	������ �� ��������������� �	�
���	�H� ����� ��� ����
����������������	�����=�	���1�����=�	������������	��

/���	���� ���� ���������
�F������	������	�� �����
������������������������
�
����	��������������������
������ ��� ����� ����������� ��� ����������� �������� 	
������ ����� ��
� ��	�	������ ������������	��� 6��
���������� �������� 4%D� �	������	�� ������������ 	�

Figure 4 Main schemes of nonlinear stimulated processes for
frequency conversion. (A) Stimulated Raman and (B) up-conver-
sion lasing schemes.
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See also: Laser Applications in Electronic Spectros-
copy; Laser Magnetic Resonance; Laser Microprobe
Mass Spectrometers; Laser Spectroscopy Theory;
Nonlinear Optical Properties; Nonlinear Raman Spec-
troscopy, Theory; X-Ray Spectroscopy, Theory.
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Table 3 Definition of transition moment vectors and tensorsa

a For transitions from an initial vibronic state 0 to the final state f.
Zk is the atomic number of nucleus k, e is the charge of the
electron, n is the number of electrons, N is the number of nu-
clei, rl is the position vector of the l th electron, and Rk is the
position vector of the k th nucleus.

b In vibrational transitions, 0 and f belong to the same electronic
state and differ in the vibrational part, whereas in electronic
transitions, they describe different electronic states.

c The sum is over all electronic states of the molecule j;
, where  is the wavenumber of excitation to the

final state f.
d Here, 0 and f on the outside refer to the initial and final vibra-

tional wavefunctions,  is the excitation wavenumber, vj is the
wavenumber of excitation to state j, the integration in the eval-
uation of M(0j ) is only over the electronic degrees of freedom,
and the summation is over all electronic states of the molecule j.

Electric dipole transition moment vectorb

Two-photon absorption tensorc

Raman scattering tensord

Table 1 Amplitudes of molecular optical eventsa

a M is the electric dipole transition moment vector; � is the two-
photon absorption tensor; α′ is the Raman scattering tensor;
and εU is a unit vector in the direction of light polarization U.

Table 2 Probabilities of molecular optical events

1. One-photon events (photon polarization: U)

Annihilation Creation

εU*⋅M(0f ) εU⋅M(f 0)

2. Successive two-photon events (photon polarizations: U, V )

Annihilation + annihilation Annihilation + creation

εU*⋅M(0j )M( j′  f )⋅εεV* εU*⋅M(0j )M( j′  f )⋅εV

3. Simultaneous two-photon events (photon polarizations: U, V )

Annihilation + annihilation Annihilation + creation

εU*⋅�( j,f )⋅εV* εU*⋅�′(j,f )⋅εV

1. One-photon events (tensor �, photon polarization: U )

Absorption Emission

[M(0f )]U*[M(0f )]U [M(0f )]U [M(0f )]U*

2. Successive two-photon events (tensor (4)�, photon polariza-
tions: U, V )

Photoinduced dichroism Photoluminescence

[M(0j )]U*[M( j′  f )]V* 
[M(0j )]U [M( j′  f )]V*

[M(0j )]U*[M( j′  f )]V

[M(0j )]U [M(j′ f )]V*

3. Simultaneous two-photon events (photon polarizations: U, V )

Two-photon absorption Raman
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Table 4 Orientation factors for some uniaxial orientation distributions

For these orientation distributions, other orientation factors K and L vanish. (A) perfect alignment of z axis; (B ) rod like; (C ) photo-
selected with Z-polarized light (absorption z-polarized); (D) photoselected with natural light propagating along Z (absorption xy-polar-
ized); (E ) random; (F ) x,y,z axes all at magic angle (54.7�) to Z; (G ) any one of x,y,z  axes aligned with Z, with equal probabilities;
(H ) photoselected with natural light propagating along Z (absorption x-polarized), or photoselected with Z-polarized light (absorption
yz-polarized); (I ) disc-like; (J ) perfect alignment of yz  plane, y and z equivalent.

A B C D E F G H I J

Kx 0 (1–Kz)/2 1/5 3/10 1/3 1/3 1/3 1/5 Kx 0

Ky 0 (1–Kz)/2 1/5 3/10 1/3 1/3 1/3 2/5 (1–Kx)/2 1/2

Kz 1 Kz 3/5 2/5 1/3 1/3 1/3 2/5 (1–Kx)/2 1/2

Lx 0 3(1–2Kz + Lz)/8 3/35 6/35 1/5 1/9 1/3 3/35 Lx 0

Ly 0 3(1–2Kz + Lz)/8 3/35 6/35 1/5 1/9 1/3 9/35 3(1–2Kx + Lx)/8 3/8

Lz 1 Lz 3/7 9/35 1/5 1/9 1/3 9/35 3(1–2Kx + Lx)/8 3/8

Lxy 0 (1–2Kz + Lz)/8) 1/35 2/35 1/15 1/9 0 2/35 (Kx�Lx)/2 0

Lxz 0 (Kz�Lz)/2 3/35 1/14 1/15 1/9 0 2/35 (Kx�Lx)/2 0

Lyz 0 (Kz�Lz)/2 3/35 1/14 1/15 1/9 0 3/35 (1–2Kx + Lx)/8 1/8
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���������
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513� 	�� α′ = αα′"�#�� ��� �	���� 	���������� ��
� �������
 ��	���α′ = αα′"%#�"�	�����������������������	�#���������
	�����F������γ ��������
��������	�� ��	����
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� 513� "B��	���	��
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.����� ��������

��5 = 	�
��� ����������*�� = 
���	���� ��������� 	
����
����	������	�*�� = �����4�	��������	�������	��
����	�� ����	�*� � = G������ �	������14π*� � = �����
���������*� � = 	��������	�� ����	��� ����� 4*
3� = 	��������	�� ���	��� ����� 4*� ���� = 	��������	�
���	��� ����� 3*� � = 	��������	�� ����	��� ����� 3*
� = ��������� 
��	��� �	����� 	�����	�*� � = ����	�
	�����	� = ��*� � = 	�����	�	�� ������ ����	�*
"3#� = ��	���	�	�� ������ ����	�*� �4 = ���	�
� ;�����

����	���	����*�"3#� = �����3�	��������	�������	����
��	�� ����	�*� �	" 4# = �����	�� 	� ���	����	�� 	�
������	����� 4�
����	�����	 �����������	�*�
 = �����	�
	����	����	���	���� �
���	���*�� = 
������	�����	�
��	��*� 
 = ��������
� 	��� 	� 	��������	�
�����	�����	�� ����	�� 	�� F����� ��
� ��	���	�	�
���	����	��������	��	��*�
-" 7# = �����	��	����	���
��	�� 7� 
��� �	� ���� -��� ��������	�*� ��� ������ = ��
����
������� ������� �8� �8� �� 	�� �′�� �′�� �′*� 	 = ��������

	�� 	 	��������	�� �����	�����	�� ����	�� 	�
��	�������� ��
� ���������� 
����	���� ������	��	��*
"��� =��� = =����� ������� ��������*� � = ��	���	�	�
���	����	������	�*�1 2 = ��	�	��������������
�����	�

������	��"�	���� ���	�#*�������� = �	��������	�������
��	������*��′���′���′ = �����������	������������*�.��/�
0 = ���	���	��� ����*� α′ � β′�� γ′ = 8����� ������*

4 = ��	��	���������	�α′*�α′ = F��������������������
�	�*� γ = ���������� ����	��	��*� γ = �������������
����	��	��*�δ(��δ,��δ6 = ��	����	���������������	����
��	���	�	�����	����	������	�* δ�- = 7�	�������
����*
ε1 = ����� ����� ����	�� ��	��� 1*� ε+�� ε− = �	���� ���	�
����	��	�����������������
�
������*�η�′��η�′��η�′ = ������
	��′���′���′������0*� = ����������*�τ = �������������
������ ��������	�� �����*� τ% = ������
������� �������*
τF = �	����	���� ��������	�� ����*� φ =������ �������
�"%-#���
��"- ′	 #*�φ	 = 
������	���	������	��"%	 #���
�′���′���′*�Ω′ = α′ � β′��γ′�

See also: Chiroptical Spectroscopy, General Theory;
Electromagnetic Radiation; Fluorescence Polariza-
tion and Anisotropy; IR Spectroscopy, Theory; Linear
Dichroism, Applications; Rayleigh Scattering and
Raman Spectroscopy, Theory; Symmetry in
Spectroscopy, Effects of.
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Figure 1 Behaviour of the right-circularly polarized (RCP) and
left-circularly polarized (LCP) components of linearly polarized
light as they pass through an optically inactive medium (upper di-
agram) or thorough an optically active medium (lower diagram).

Figure 2 Phase relations associated with the electric vectors of
linearly polarized light as it is passed through various media. For
optically inactive media, recombination of left-circularly polarized
(EL) and right-circularly polarized (ER) components yields linearly
polarized light whose resultant electric vector (EO) is unchanged
with respect to the incident axis. For optically active media, re-
combination of the EL and ER components yields a resultant EO

vector rotated from this incident axis by the angle α.
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Figure 3 Block diagram of a simple polarimeter. Monochro-
matic light from the source is linearly polarized by the initial polar-
izer, and then allowed to pass through the sample medium. The
angle of polarization associated with the light leaving the medium
is determined by rotating the analyzer polarizer to the new null
position. In automatic operation, the observed angle of rotation is
determined using a photoelectric determination of the null points.
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Figure 4 Optical rotatory curves, as would be obtained for sim-
ple dispersion (both positive and negative curves are shown) and
anomalous dispersion (illustrating a positive Cotton effect).

Figure 5 Schematic diagram of the Cotton effect, illustrating
the effects of circular birefringence and circular dichroism within
an isolated absorption band.
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See also: Biomacromolecular Applications of Circu-
lar Dichroism and ORD; Chiroptical Spectroscopy,
Emission Theory; Chiroptical Spectroscopy, General
Theory; Chiroptical Spectroscopy, Oriented Mole-
cules and Anisotropic Systems; Circularly Polarized
Luminescence and Fluorescence Detected Circular
Dichroism; Light Sources and Optics; Luminescence,
Theory; Nonlinear Optical Properties; Vibrational CD
Spectrometers; Vibrational CD, Applications; Vibra-
tional CD, Theory.
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�	�������� 	�� ���1������ ����������� �	���� �
� �����*

Figure 7 Application of the octant rule, applied to the enanti-
omers of 3-hydroxy-3-alkyl-cyclohexanone.

Figure 6 Block diagram of a servo-driven ORD spectropolarimeter. Monochromatic light from the source is linearly polarized by the
initial polarizer, and then allowed to pass through the sample medium. Further modulation is effected by the Faraday cell, and then the
angle of polarization associated with the light leaving the medium is determined by rotating the analyzer polarizer to the new null
position. The observed angle of rotation is determined using a photoelectric determination of the null points.
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Table 1 Relative intensities (relative to the molecular ion, P) of
some ions in the mass spectra of exo-[1] and endo-[1]

Isomer [P-C5H5]+ C5H5FeOH+ [P-OH]+

Exo: R1=H R2=OH 0.1 0.1 1.6

Endo: R1=OH R2=H 0.6 0.33 1.7
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Scheme 1 Comparative fragmentation pathways of the Al(III) and Fe(III) acetylacetonates. Reproduced with permission of John
Wiley & Sons Limited from Lacey MJ and Shannon JS (1972) Valence-change in the mass spectra of metal complexes. Organic Mass
Spectrometry 6: 931–937.

Scheme 2 Comparative ion fragmentations of Fe2Cl6 and Au2Cl6. Reproduced with permission of John Wiley & Sons Limited from
Lacey MJ and Shannon JS (1972) Valence-change in the mass spectra of metal complexes. Organic Mass Spectrometry, 6: 931–937.
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Scheme 3 Mechanisms of the loss of ketene from a metal-free
and coordinated phenylacetamide.
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Figure 1 Electron transfer equilibrium ladders showing free energies of ionization (A) and electron attachment (B). Cp* denotes the
pentamethylcyclopentadienyl ligand. Reproduced with permission of the American Chemical Society from Richardson DE, Ryan MF,
Khan MDNI and Maxwell KA (1992) Alkyl substituent effects in cyclopentadienyl metal complexes; trends in gas-phase ionization and
electron attachment energetics of alkylnickelocenes. Journal of the American Chemical Society, 114: 10482–10485.
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Scheme 4 Generalized mechanism for the ‘remote funtionalization’ of a C–H bond. Reproduced with permission of the American
Chemical Society from Eller K and Schwartz H (1991) Organometallic chemistry in the gas phase. Chemical Reviews 91: 1121–1127.
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Mass Spectrometry (PEPICO); Photoionization and
Photodissociation Methods in Mass Spectrometry;
Proton Affinities.
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Figure 1 Typical 31P chemical shift ranges for phosphorus bonded to various substituents in different oxidation states. (P– indicates
the P4 molecule.)
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Figure 2 Pure absorption phase 31P–1H heteronuclear correlation spectrum of tetradecamer duplex d(TGTGAGCGCTCACA)2 at
200 MHz (1H). 31P chemical shifts are reported relative to trimethyl phosphate which is 3.456 ppm downfield from the 85% phosphoric
acid. Reproduced with permission.

Table 1 One-bond phosphorus spin–spin coupling constants
1JPX

aFor structural classes, only absolute value for J is given.

Structural 
class ( or 
structure) 1J (HZ)a

Structural class 
(or structure) 1J (Hz)a

P(II) P(IV) (continued)

139 460–1030

180–225 1000–1400

0–45 (M=O, S)

820–1450 490–650

100–400 P(V)

P(IV) 700–1000

490–600 530–1100

50–305 PF5 938

+56 P(VI)

706
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Table 3 Three-bond phosphorus spin–spin coupling constants
3J PX

aFor structural classes, only the absolute value for J is given.

Structural class 
( or structure) 3J (HZ)a

Structural 
class (or 
structure) 3J (HZ)a

P(III) P(IV) 
(Continued)

0–15 0–13

10.8–11.8 10.2–11.4

10–16 14–25

3–14 (M=O, S)

8.8–9.0

P(IV) P(V)

7–11 20–27

15–22 12–17

16–20

Table 2 Two-bond phosphorus spin–spin coupling constants
2J PX

aFor structural classes, only the absolute value for J  is given.

Structural class 
( or structure) 3J (HZ)a

Structural 
class (or 
structure) 3J (HZ)a

P(III) P(IV) 
(Continued)

0–18 12–18

+2.7 0–40

40–149 –4.3

85.5 –6

13–28 P(V)

12–20 10–18

+14.1 124−193

10−12 P(VI)

70−90 130−160

(X=S, C) 
P(IV)

7−30

−12.8, 
−13.4
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Figure 3 Plot of 31P chemical shifts for duplex oligonucleotide sequences (O) and an actinomycin D bound d(CGCG)2 tetramer com-
plex (�) with measured JH3′–P coupling constants (�, phosphates in a tandem GA mismatch decamer duplex which shows unusual,
slowly exchanging signals). Also shown are the theoretical � and � torsion angles (solid curve) as a function of the coupling constant
derived from the Karplus relationship (�) and the relationship � = –317 – 1.23ε. 31P chemical shifts are reported relative to trimethyl
phosphate. Reproduced with permission.
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Table 4 Chemical shifts and pH titration data for representative
model compounds

a All chemical shifts are reported with respect to an external
85% H3PO4 standard; upfield shifts are given a negative sign.

b Titrability: + indicates that changes are observed in the chem-
ical shift on changes in pH: for phosphomonoesters
this change is 4 ppm; for phosphoramidates 2.5 ppm; for acyl
phosphates 5.1 ppm; − indicates no change observed. 

Compound
Chemical 
shift (ppm)a

Titrat-
ableb pKa

Phosphomonoesters

Phosphoserine 4.6 + 5.8

Phosphothreonine 4.0 + 5.9

Pyridoxal phosphate 3.7 + 6.2

Pyridoxamine phosphate 3.7 + 5.7

Flavin mononucleotide 4.7 + ∼ 6.0

Phosphodiesters

RNA, DNA, phospho-
lipids

0 to −1.5 −

Diphosphodiesters

Flavin adenine 
dinucleotide

−10.8 to 
−11.3

−

Phosphotriesters

Dialkyl phosphoserine 0 to −3.0 −
Phosphoramidates

N 3-Phosphohistidine −4.5 −
N1-Phosphohistidine −5.5 −
Phosphoarginine −3.0 + 4.3

Phosphocreatine −2.5 + 4.2

Acyl phosphates

Acetyl phosphate −1.5 + 4.8

Carbamyl phosphate −1.1 + 4.9
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( = �����!����� �� ���������7� � = ������!�� ��!���!�7

� = �������� �!������7� �
 = ������ ����7� �( = �������
����� �!�(*���7��
 = ���!'������������3����!�����7

�(
O = �������!���!����������0<*7�∆� = ��������������

�������!��7� ∆� = ���!��� �!� ���� � ��!�� �!���7

∆χF = �������!���������� �������!��� �!� ���� �'F� ��!�7

� = �������!����!���!�7����� = �����������������!����! 
���!�7 �|| = ��������������!�!������������!����!���!�7

�⊥ = �����!�������������!�!������������!����!���!�7

�

� �((� �		 = �����!�!��� ��� �������!�� ��!���7

� = ����������!���"

See also: Cells Studied By NMR; In vivo NMR, Appli-
cations, 31P; NMR Pulse Sequences; Nuclear Over-
hauser Effect; Nucleic Acids Studied Using NMR;
Nucleic Acids and Nucleotides Studied Using Mass
Spectrometry; Parameters in NMR Spectroscopy,
Theory of; Perfused Organs Studied Using NMR Spec-
troscopy; Proteins Studied Using NMR Spectroscopy;
Two-Dimensional NMR Methods.
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See Heteronuclear NMR Applications (Y–Cd).
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Table 1 Comparison of some 13C shieldings and their an-
isotropies �� (in ppm) produced by IGLO and GIAO calculations
and experimental values

Molecule 
and �� IGLO LORG GIAO Experimental

CH4 196.7 196.0 193.0 195.1

HCN 72.9 77.3 74.8 82.1

�� 306 301 304.8 316.3 ± 1.2

C2H2 116.4 122.3 118.3 117.2

�� 243.3 235.0 241.0  240 ± 5 

CO �6.0 � �21.3 1.0

�� 420.0 � 439.0 405.5 ±1.4

C2H6 183.5 184.7 181.2 180.0

�� 13.5 8.0 11.3 –

CH3OH 157.2 145.7 134.6 136.6

�� – 60.5 77.3 63.0

H2CO �3.8 4.0 2.6 �8.0

�� 183.8 183.0 196.5 –
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Table 2 Calculated and observed isotropic 13C chemical shifts (in ppm from CH4) of the resonant nuclei (*C) using NOOPT/4-31G,
4-31G/4-31G, NOOPT/3-21G, NOOPT/4-31G** and 4-31G**/4-31G** basis sets

Molecule NOOPT/4-31G 4-31G/4-31G NOOPT/3-21G NOOPT/4-31G** 4-31G**/4-31G** Experimental

CH4 0.0 0.0 0.0 0.0 0.0 0.0

C2H6 4.2 4.8 2.9 5.0 5.5 8.0

C2H4 131.2 127.4 119.2 125.4 121.5 125.4

*CH3CH2CH3 16.1 15.4 13.5 16.6 16.3 17.7

CH3*CH2CH3 16.7 13.8 13.7 18.6 16.4 18.2

cis-*CH3CH=CHCH3 12.4 12.9 10.6 12.3 12.6 12.7

cis-CH3*CH=CHCH3 130.8 130.1 119.0 126.3 124.9 125.9

trans-*CH3CH=CHCH3 19.9 18.6 17.4 19.5 18.4 19.4

trans-CH3*CH=CHCH3 134.2 129.6 121.2 129.3 124.5 127.2

cyclo-C3H6 �2.0 �2.6 �2.6 �1.4 �2.2 0.1

cyclo-C6H12 29.5 25.5 24.9 30.3 26.2 29.9

C6H6 133.2 132.1 119.7 129.2 127.3 130.0

*CH2=CHCH3 123.7 128.3 112.8 118.2 115.1 117.5

CH2=*CHCH3 138.7 138.0 124.9 133.7 131.2 137.8

CH2=CH*CH3 17.5 22.9 15.2 17.1 19.3 20.8

*CH≡CCH3 74.5 74.6 69.2 69.6 69.0 69.0

CH≡*CCH3 79.2 80.4 71.7 74.1 74.5 82.0

CH≡C*CH3 5.0 4.0 4.3 4.9 3.9 4.0

Toluene (C-1) 141.3 140.2 126.3 137.7 136.4 140.8

Toluene (C-2) 133.3 132.5 119.9 128.9 128.1 131.4

Toluene (C-3) 134.5 133.6 120.6 130.6 129.6 132.2

Toluene (C-4) 130.2 129.3 117.1 126.1 125.1 128.5

Toluene (CH3) 21.9 22.1 19.6 21.1 21.5 24.3

*CH≡C–C≡CH 68.4 69.8 63.6 65.1 66.0 69.3

CH≡*C–C≡CH 71.9 73.0 65.4 66.5 66.8 71.0

cyclo-C3H4(CH2� – �3.7 – – – 3.0

cyclo-C3H4(=C) – 117.1 – – – 108.0

Averaged least-
squares error (ppm)

3.16 3.24 (without 
cyclo-C3H4)

7.34 2.72 3.20 –

Correlation coefficient 0.998 0.995 0.997 0.998 0.999

Slope 0.96 0.97 1.06 1.00 1.02
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Table 3 Comparison of absolute 13C shieldings in (ppm) calcu-
lated by the IGAIM method and the CHF procedure, using the
same 6-31G**(2d, 2p) basis set, with experimental values taken
as thermal averages at 300 K in the limit of zero gas density

Table 4 Comparison of some 17O  shieldings (in ppm) pro-
duced by GIAO and GIAO-MBPT calculations and experimental
values

Table 5 Comparison of some 1H, 13C, 17O, 19F and 31P shield-
ings (in ppm) produced by SCF-IGLO and MC-IGLO calculations
and experimental values

Molecule IGAIM CHF Experimental

CH4 197.4 198.5 195.1

HCN  79.9 89.5 82.1

C2H2 119.3 127.0 117.2

C2H4 66.4 73.4 64.5

C2H6 186.3 192.3 180.9

C3H4 (C-1) 119.5 130.2 115.2

C3H4 (C-2) –34.8 –22.4 –29.3

C6H6 61.5 82.1 57.9

CO –7.4 –11.9 1.0

CO2 57.9 78.9 58.8

CS2 –41.1 51.9 –8.0

CSO 21.9 78.2 30.0

CH3NH2 167.0 173.9 158.3

CH3OH 148.0 155.8 136.6

CH3F 130.2 140.0 116.8

CF4 86.0 122.3 64.5

HCOOH 32.2 50.2 23.7

Molecule GIAO GIAO-MBPT Experimental

H2O 323.18 339.79 357

H2O2 139.01 150.88 134

CO –113.47 –54.06 –40.1 ± 17.2

H2CO –471.40 –345.02 –312.1

CH3OH 341.55 354.41 344.9

CO2 200.37 236.37 243.4

OF2 –471.13 –465.53 –473.1

NNO 107.54 192.12 200.5

Molecule Nucleus SCF-IGLO MC-IGLO Experimental

CH4 C 193.8 198.4 198.7

H 31.22 31.13 30.61

PH3 P 583.4 598.2 594.4

H 29.43 29.65 29.28

F2 F –165.3 –204.3 –192.8

CO C –23.4 13.4 3.0

O –83.9 –36.7 –42.3

O3 O (central) –2730.1 –657.7 –724.0

O (terminal) –2816.7 –1151.8 –1290.0
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Table 6 Comparison of some 15N shieldings (in ppm) pro-
duced by IGLO, LORG, and SOLO calculations on some conju-
gated heterocycles and experimental values

Molecule IGLO LORG SOLO
Experimental 
values

Sym-Triazine �41 –33 –28 –39

Pyrimidine –71 –58 –45 –51

Pyridine –104 –94 –72 –73

Pyrazine –121 –136 –102 –90

Sym-Tetrazine –221 –213 –159 –141

Pyridazine –240 –235 –197 –156

1,2,4-Triazine

N-3 –76 –42 –54

N-2 –171 –151 –134

N-1 –255 –207 –178

Table 7 Comparison of some 15C, 15N, 17O, 19F and 31P shield-
ings in (ppm) produced by GIAO and CDFT calculations and ex-
perimental values

Molecule Nucleus GIAO CDFT Experimental

PN P –15.8 42.1 53

N –409.4 –347.3 –349

P2H2 P –294.2 –190.9 –166

CO C –8.0 –0.3 1

O –61.3 –63.4 –42.3

NNO N (terminal) 89.0 97.0 99.5

N(central) –2.0 5.9 11.3

O 219.4 185.4 200.5

H2O2 O 191.5 157.2 133.9

N2 N –80.0 –69.3 –61.0

N2CO C 14.2 –12.3 –1

O –406.2 –362.6 –312.1

F2 F –181.4 –197.8 –193.8
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Figure 1 Dependence of the contact contribution to 1J(C–H) on
the symmetric stretching coordinate S1 of methane. Results are
given at the RPA, SOPPA and CCSDPPA levels of theory.

Figure 2 Dependence of the contact contribution of 2J(H–H) on
the symmetric stretching coordinate S1 of methane. Results are
given at the RPA, SOPPA and CCSDPPA levels of theory.
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Figure 3 Schematic representation of the nuclear relaxation
times T1 and T2 as  functions of the correlation time 0.
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See also: 13C NMR, Parameter Survey; Chemical
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Applications of NMR Spectroscopy; NMR in Aniso-
tropic Systems, Theory; NMR Principles; NMR Relax-
ation Rates; Nuclear Overhauser Effect.
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Figure 1 (A) ESI-FTICR spectrum of bovine serum albumin recorded using an 11.5 T magnet; (B) An expansion of the 49+ and 48+
charge states; (C) A further expansion of the 49+ charge state recorded at 370 000 resolving power showing isotopic separation. Re-
produced with permission of Elsevier Science from Gorshkov MV, Toli  LP, Udseth HR, et al. (1998) Electrospray ionization – Fourier
transform ion cyclotron resonance mass spectrometry at 11.5 Tesla: instrumental design and initial results. Journal of the American
Society for Mass Spectrometry 9: 692–700.
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Figure 2 Collision induced fragmentation scheme for peptides and proteins. The initial ionizing proton is not shown and proton trans-
fers are not shown for backbone cleavages (see text).
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Figure 3 Partial CID-MS/MS spectrum obtained on a tandem 4-sector mass spectrometer for a 14-residue synthetic peptide.
(A) without 13C labels; (B) and (C) with 13C labels as indicated by asterisks.
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Figure 4 (A) ESI-MS spectrum of a 75-residue glycopeptide from the prion protein showing multiple peaks due to oligosaccharide
heterogeneity. (B) Deconvolution of the spectrum in (A) showing molecular masses rather than m/z.
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Figure 5 A metal transfer reaction between metallothionen-
Zn7 and carbonic anhydrase at pH 7.5 monitored by ESI-MS
showing the major peaks for carbonic anhydrase, (A) after
3.5 min, and (B) after 43.5 min. Reproduced with permission of
Cambridge University Press from Zaia Z, Fabris D, Wei D, Karpel
RL and Fenselau C (1998) Monitoring metal ion flux in reactions
of metallothionen and drug-modified metallothionen by electro-
spray mass spectrometry. Protein Science 7: 2398–2404.
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Figure 6 Deuterium incorporation into specific segments of cy-
tochrome C as a function of temperature, showing thermal melt-
ing at 58–64°C of 	-helical regions. Reproduced with permission
of Cambridge University Press from Zhang Z and Smith DL
(1993) Determination of amide hydrogen exchange by mass
spectrometry: A new tool for protein structure elucidation. Protein
Science 2: 522–531.
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See also: Atmospheric Pressure Ionization in Mass
Spectrometry; Biochemical Applications of Mass
Spectrometry; Chromatography-MS, Methods; Labo-
ratory Information Management Systems (LIMS); Nu-
cleic Acids and Nucleotides Studied Using Mass
Spectrometry; Proteins Studied Using NMR Spectros-
copy; Time of Flight Mass Spectrometers.
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Table 1 NMR-visible nuclei relevant to the study of perfused
organs

aPi = inorganic phosphate.

Nucleus Information obtained

1H Levels of lactate and creatine. Changes in lipid
7Li Congener of Na+. Measure Na+ fluxes
13C Substrate selection. Citric acid cycle activity
19F Measure intracellular Ca2+ using fluorinated Ca2+ 

probes
23Na Measure intracellular Na+ levels
31P Assess energy status

Measure intracellular pH (from chemical 
shift of Pi)a 
Measure enzyme kinetics – saturation transfer for 
creatine kinase reaction

87Rb K+ congener. Measure K+ fluxes
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Figure 1 31P NMR spectrum of a guinea-pig heart perfused
with Krebs–Henseleit solution. The spectrum was acquired at
8.7 T using a broad-band probe tuned to 145.8 MHz. Peak as-
signments are: 1, phenylphosphonic acid (external reference); 2,
phosphomonoesters; 3, inorganic phosphate (Pi); 4, phosphocre-
atine (PCr); 5, γ-phosphorus of adenosine triphosphate (ATP); 6,
	-phosphorus of ATP; 7, 
-phosphorus of ATP. The spectrum
was acquired in 2.5 min by summing 72 free induction decays
(FIDs) with a 35 µs pulse and a repetition time of 2 s. Prior to
Fourier transformation the FID was subjected to exponential mul-
tiplication with a 20 Hz line broadening factor.
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Figure 2 Time course of changes in intracellular pH (♦ ), ATP(�) and PCr (• ) in a rat heart subjected to 25 min of total global ischae-
mia followed by 30 min of reperfusion. pH was determined from the chemical shift of Pi. Changes in ATP and PCr are expressed as
percentage change from the basal levels measured prior to ischaemia. Total global ischaemia was achieved by stopping all flow of
perfusate to the heart.
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Figure 3 23Na NMR spectra of a rat heart in the presence of
5 mM Dy(TTHA)3−. Spectra were acquired at 8.7 T using a broad-
band probe tuned to 95.25 MHz. The lower trace is a spectrum
acquired during normal perfusion. The addition of shift reagent to
the perfusate has shifted the large extracellular Na+ peak 2 ppm
downfield and has also caused a 0.2 ppm shift in the smaller
intracellular Na+ peak. The upper trace is a spectrum acquired
following 25 min of total global ischaemia. The intracellular Na+

peak has grown substantially, reflecting the intracellular Na+

accumulation that occurs during ischaemia. Resolution of the
peaks was enhanced using Gaussian multiplication with line
broadening of −25 Hz and GB parameter of 0.15.

Figure 4 Tm(DOTP)5−.
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Figure 5 5F-BAPTA.
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Figure 6 TF-BAPTA�
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See also: Cells Studied By NMR; Chemical Shift and
Relaxation Reagents in NMR; 13C NMR, Methods; In
Vivo NMR, Applications, Other Nuclei; In Vivo NMR,
Applications, 31P; 31P NMR.

"�����������	
�

%�
���� �3� 0".?.2� ��3� 	�� ���� &������ ��$��	���	�$�
�� �
�
����	8�.??!..#�

%������ �A�� 4������ KK� ��� ���
	���	���	� 3=
0"..B2������	
��	�������������	����������	��	����
���� ���������� 	�� &����� �����
����� ��� ���$���
�
������
��.�
�
����� ������
�
�����8�@?B!@.#�

=��
�����������K������	��GG������9��	����0"..72������
����������	8� �������� ���	���� �������� 	�� �������
��������������	��	��	��������)8�=��

���3��%������
�>����&�������������	���0���2�����(�������/���	�
���@76!@?B��;��
���
����8�A�����	��������

>
������� 95� 0"..62� 3����� ������������� #6��� ��
���
�������� ���	���� ������	��	���� )8�;	�	���9��0��2
"�� �
$�������� �������	�
��� 
�� �����	��� ���
������
���6B"!6."���	���K���	���Q8�'������

>��	��&	�I�����;	�	���9��0"..62� "�������������
	�� ���� �����	�����
��� �������� )8� 3�������� 3� ��
%�
�����3� 0���2�"�� �
$�������������	������
�����
���	�
��
���� ��� "?/!".6�� �	���

�� �58� K
����
5��������

)���

�J3�0"..62�����������	������	���������	������
��	������
���

���

������#6�������������	��	�����
������ ��������� )8� 3�������� 3� ��� %�
���� �3� 0���2
"�� �
$�������������	��� ���
������ ���	�
��
���� ��
"./!#"6���	���

���58�K
�����5��������

K���	&�� ��� 4���&	� G;� ��� ������ >� 0"..62
����������� 	�� ������

�
��� 4�#F� �� ������ ��������
������� ��� ".'� ��
���� �������� ���	����� )8� ;	�	��
9�� 0��2� "�� �
$�������� �������	�
��� 
�� �����	��
���
����������6.6!@("���	���K���	���Q8�'������

��

	�� 4��� 3������ 5=� ��� J������� '��� 0"..62� "64
��
���������������	��������	����	��������
�����	�
������� ����� ���
�� �����	
���� �� ������� )8� ;	�	��� 9�
0��2� "�� �
$�������� �������	�
��� 
�� �����	��
���
����������#7"!#B(���	���K���	���Q8�'������

<�����
� K� ��� '�	�� 5�A� 0"..62� ���
���� �������
���	���� �������� 	�� &������� ��� ����
���	� 	�
	$�������� 5�;� ��������� �� ���� ��	��������� )8
3�������� 3� ��� %�
���� �3� 0���2� "�� �
$�������
�����	������
���������	�
��
�������76!.#���	���

�
�58�K
�����5��������



PET, METHODS AND INSTRUMENTATION 1771

��������	
������������������
�

TJ Spinks, Hammersmith Hospital, London, UK

Copyright © 1999 Academic Press

����
�����
�

���������	
�����	��������������������	���������������
��������������� ���� ��������� ��������� ����������
�������������
�������������������������������������
�		��	�� ���� ���	������� ����� ������ �� ���� ���	��
���������������	�

��	����
�������������������
������
	���	����	����	�
�����������
���	�
������������������
������
���
��������������������������	������������������
�������������	�����
������������� ��������������
���� ��� ��	������ ���� ������ ��� ��	�������� �������
����	����� �� ���� ��!���� ��� ��� ���� ������ ��
���	������������������
����������������������������
��
��������������		��	�� �����������������������"�	���
�
��������� ���� ��� ��� ���	�� ��������	�
� ������ ��� ���
������#����������������
�������������������������
������	�����������
�������������������"�	�����
�	���
�����������������	��������������������	����������
������	�����������������������������
��
�������������
������ �������������������������������$�����������
����	
�������������	��������

�����������������������
��������������������
���	�
�����	����	�
����������
��	�
���	�
������������������������������������	�

����
������������
���	�
���������������������������

������
����������������������
���

���������

����������������	��������������	����������
��!���%�� ������� ��������� ������ �����	���	��� ���
���������
������������������������%����������������
���� 
������ ��������� ��� �������� ��� 	�� ����� 
�����
�������������������������������������	����������	�
���������������&���'����
�������������������	��������
���������������������� ������������		�����������	�

�����	������	���������������������������������������
��������������
��� ��� ����� ����	����� ����� ������

�
������������������	�����������
��������������������
������ ����	���� �������
� ��� ���� ������ ��� ������
�����������(�)*�+,-.�����(*,��������������
�����
������ ������� �/�#��
��� �	������������� ���

���� ��
���

����������
�������"�	���������������������	���

��������������������������	�������������������������
���� �����������
� ����� ��� ������ ����
����� �
�����
�������
�	�����$0,������������������� ���$0,��������
�����	�������	�����������������
��������������(*,���
�
��� ���� ����� ����� ������ ���� �	����

������ ����	���	�
������������	�����������	����

��������	���������#�

	�������	������������������
��������������������
�
����������������
�����������������	������������������������	������

��	�������������
����������&������'��������������
������
�����
��������������������������������

������
������1���� ���� ����������� ��� �������� ��
�%�� ���
(*,��
�	 �����	�����������	��������	��������������
-234��� ����� ���� ����
�������� ��� ���� ������ ����� ��
����
������
���
���������������������������	�����
����������
��	��������
������������������
�%����������
����	��
�������	�����
�����������
���
������1���
��� ���� �
���
�	���� ��� 	���	����	�� 	��	���� ���� ���
����	����	�����	��
��	��������������������������	���
������� 5�������������	������� ����������� ��� ���	�
����	���� ��%��� ���� ����������� ��� �����
�� ����
��
�
�1��� ����� ����������� 	��
���� �����	��	�
�� ���
�	������	�� ��� ���� �
�	 � ����	���� ���� ������ ��
��	
�� ��
"� (*,� 	�����
� ��� �������� ����� �� ������ ��� �
��

������ ���� ������� �	������� 3 × 3� ����� ����������
) × ) ��.���	� × +4 �������������	���������������
���� ��
�����
�� 
������ ��������� �1���� ���� 	��� ���
������ ���� �
������� 	������� 
��������
�	������������

����������������������������������	���������	�����
�
�����������
������������	�����
����������������	���
��

������
��������	����������1�������
���������������
��� �����
�� 	����	�������	� ��� ��	�� ����	���� �
������
������������	������������������������	���������	�
	�

����� ��� ���� ����
��� ������ �����	
�� ���"� ����� ��
�	���
�	 �����	�������
��	�����������������������
	
���
����	 �������	�����
������������
���
�������

����������	
����
�

��
��	����������������

�������������������������

Table 1 Characteristics of some scintillation detectors used in
PET

Property

Sodium
iodide

(NaI(Tl))

Bismuth 
germanate 

(BGO)

Lutetium
orthosilicate 

(LSO)

Density (g cm–3) 3.7 7.1 7.4

Effective atomic 
number

51 75 66

Scintillation
efficiency (% of 
NaI(Tl))

100 15 75

Scintillation decay 
time (ns)

230 300 40

Hygroscopic? Yes No No
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Figure 1 Principle of the block detector.
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Figure 2 Shape of energy spectrum from a BGO detector for
monoenergetic 511 keV photons (––––) and those from a
scattering medium (– – –).

Figure 3 (A) Arrangement of inter-ring septa in multi-ring
scanners. (B) Axial cross section of a multiple-ring tomograph
illustrating inter-ring coincidence combinations for 2D and 3D
modes.
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Figure 4 (A) Variation of point response function (PRF) in a multiple-ring tomograph. (B) Creation of ‘missing’ projections for the
reprojection reconstruction algorithm.

Figure 5 A commercial PET scanner.
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Figure 6 Mechanism for attenuation correction using a rotating 68Ge rod with ‘windowing’.

Figure 7 Scatter distributions for a line source in the centre of
a cylinder (2D and 3D); peaks are normalized to the same height.
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Figure 8 (A) The variation of measured trues and randoms
with activity in the FOV. (B) The correspondence between ‘ideal’
trues rates (extrapolated from low activities) and dead time-
corrected trues.
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Figure 9 The change in FOV for single events for different detector ring diameters and axial lengths.
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Figure 10 Variation of spatial resolution in radial and tangential
(at right angles) directions with distance from the centre of the
tomograph FOV.

Figure 11 Three-compartment tracer model.
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Figure 12 PET functional images of glucose metabolic rate (MRGl) (right), MRI images (magnetic resonance images, left) showing anatomical detail, and coregistered (overlaid) PET/MRI
(centre). (See Colour Plate 42).
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See also: MRI Applications, Biological; MRI Applica-
tions, Clinical; MRI Instrumentation; PET, Theory;
SPECT, Methods and Instrumentation; Structural
Chemistry Using NMR Spectroscopy, Inorganic Mole-
cules; Scattering Theory; SPECT, Methods and In-
strumentation; Two-Dimensional NMR, Methods.
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Table 2 Positron ranges in soft tissue for the principal positron emitters

Positron energy
(MeV)

Positron range in soft tissue
(mm)

Contribution to 
resolution

(mm FWHM)
Positron emitter Maximum (Emax) Mean  Maximum Mean

18F 0.635 0.250 2.6 0.61 0.2

11C 0.970 0.386 4.2 1.23 0.3

13N 1.200 0.491 5.4 1.73 0.4

15O 1.740 0.735 8.4 2.97 1.2

Table 1 Production and characteristics of principal isotopes used in PET

Positron emitting 
product Stable element Nuclear reaction

Number of protons (p) 
and neutrons (n) in 
the product nucleus

Half-life of product 
(min)

Stable nucleus after 
positron emission

11C Nitrogen(14N) 14N(p,α)11C 6p, 5n  20.4 11B

18F Oxygen(18O) 18O(p,n)18F 9p, 9n 109.8 18O

15O Nitrogen(14N) 14N(d,n)15O 8p, 7n  2.03 15N

13N Carbon (12C) 12C(d,n)13N 7p, 6n 10.0 13C

Figure 1 (A) Annihilation coincidence and (B) single-photon detection.
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Figure 2 Photon attenuation in a given LOR due to Compton
scattering.
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Figure 3 Mechanism of photon (Compton) scattering.

Table 3 Examples of scattering angles and energies in Comp-
ton scatter of annihilation photons

Scattering angle � (°)
(see Figure 3)

Energy of 
scattered photon 
(keV)

Probability of 
scatter (%)
(0° = 100%)

30 451 68.7

60 341 31.5
90 256 18.8

180 (Back-scattering) 170 18.5
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Figure 4 Geometrical relation between LORs and the sinogram data matrix.
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Figure 5 (A) Formation of an image by filtered back-projection. (B) Shape of ramp filter in frequency space and real space.
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See also: Fourier Transformation and Sampling
Theory; PET, Methods and Instrumentation; Scatter-
ing Theory; Statistical Theory of Mass Spectra.
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Table 1 Examples of metals that are determined in pharmaceutical analyses

Element Reason for assay/therapeutic area of use Suggested analytical technique

Ag 1. Determination of geographical origin of illicit drugs 1. Graphite furnace AA
2. Complex formation with drug for indirect determination (e.g. tetracycline) 2. ICP-AES
3. Monitor Ag content of material (e.g. antiseptic creams, ophthalmic solutions) 3. ICP-AES, graphite furnace AA

Al 1. Monitor Al in antihaemophilia preparations, which are sometimes precipitated 
with aluminium hydroxide.

1. Graphite furnace AA

2. Determine geographical origin of illicit drugs 2. Graphite furnace AA
3. Monitor Al concentratiosns in dialysis solutions. 3. ICP-AES

Au 1. Monitor Au concentration in arthritis drugs 1. ICP-AES
B 1. Monitor for presence of B in regrents used in synthesis 1. ICP-AES, ICP-MS

2. Monitor for leaching of B from glass vials, containers 2. ICP-AES, ICP-MS
Ba 1. Determination of geographical origin of material (e.g. illicit drugs) 1. ICP-MS

2. Monitor Ba content in materials (e.g. used for diagnostic imaging) 2. Flame AA, ICP-AES
Bi 1. Indirect determination of cocaine 1. ICP-AES

2. Monitor Bi content in materials (e.g. antacid products) 2. ICP-AES
Br 1. Determination of geographical origin of material (e.g. illicit drugs) 1. ICP-MS

2. Monitor for presence of reagents used in synthesis, or as part of the compound 2. ICP-MS
Ca 1. Determination of Ca in calcium supplements and vitamins 1. ICP-AES, graphite furnace AA

2. Monitor Ca impurities in magnesium oxide (often used as an excipient 
in pharmaceutical preparations)

2. Flame AA

3. Determination of geographical origin of material (e.g. illicit drugs) 3. ICP-MS
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Cd 1. Monitor Cd in dialysis solutions 1. Graphite furnace AA
2. Monitor heavy metals content of medicinal plants or herbal drugs 2. Graphite furnace AA, flame 

AA
3. Determination of geographical origin of material (e.g. illicit drugs) 3. ICP-MS.
4. Monitor trace metals content in materials (e.g. penicillin G) 4. ICP-AES

Co 1. Complexing agent for indirect determination of drug (e.g. salicylic acid, lidocaine) 1. Flame AA
2. Monitor Co in dialysis solutions 2. Graphite furnace AA
3. Monitoring trace metals content in materials (e.g. penicillin G) 3. ICP-AES
4. Determination of B-vitamins 4. HPLC-FAAS

Cr 1. Complexing agent for indirect determination of drug (e.g. thioridazine, amitriptyl-
ine, imipramine, orphenadrine)

1. Flame AA

2. Determine geographic area of origin of illicit drugs 2. Graphite furnace AA
3. Monitor trace metals content in materials (e.g. penicillin G) 3. ICP-AES
4. Monitor Cr content in vitamins 4. Graphite furnace AA

Cs 1. Monitor for presence of reagents used in synthesis 1. Flame AA
Cu 1. Complexing agent for indirect determination of drug (e.g. lincomycin, isonicotinic 

acid hydrazid, ethambutol hydrochloride, neomycin, 
streptomycin)

1. Flame AA

2. Monitor Cu in dialysis solutions 2. Flame AA, graphite furnace 
AA

3. Moinitor heavy metals content in medicinal plants 3. Graphite furnace AA
4. Determine Cu concentrations in vitamins 4. ICP-AES
5. Monitor Cu in herbal drugs 5. Flame AA
6. Monitor trace metals content in materials (e.g. penicillin G) 6. ICP-AES
7. Determination of synthetic route and geographical origin of material 

(e.g. illicit drugs or to prevent patent infringement)
7. ICP-MS

Fe 1. Monitor Fe in dialysis solutions 1. Flame AA
2. Monitor Fe contamination in magnesium oxide (often used as excipient 

in pharmaceutical preparations)
2. Flame AA

3. Monitor Fe concentrations in vitamins 3. ICP-AES
4. Determination of geographical origin of illicit drugs 4. ICP-MS
5. Determination of trace metals content of materials (e.g. penicillin G) 5. ICP-AES
6. Monitor Fe concentrations in imaging agents. 6. ICP-AES, flame AA

Gd 1. Monitor Gd content in imaging agents (e.g. Prohance ) 1. ICP-AES
Hg 1. Monitor Hg content of materials (e.g. antiseptic solutions and creams, 

ophthalmic solutions)
1. Flame AA

2. Monitor heavy metals content of materials 2. ICP-MS

I 1. Determination of geographical origin of illicit drugs 1. ICP-MS
In 1. Monitor trace metals concentration in final drug substance 1. ICP-MS
K 1. Monitor for presence of reagents used in synthesis 1. Flame AA

2. Monitor salt counter-ion concentration 2. Flame AA, ICP
Li 1. Monitor for presence of reagents used in synthesis 1. Flame AA, ICP-MS

2. Monitor Li concentration in drug (e.g. lithium-based psychotropic drugs for treat-
ment of manic/depressive disorder)

2. Flame AA

Mg 1. Determine Mg concentrations in vitamins 1. ICP-AES
2. Determination of geographical origin of illicit drugs 2. ICP-MS
3. Monitoring magnesium stearate content or magnesium oxide (used as lubricant, 

sorbent, respectively, in pharmaceuticals)
3. ICP-AES, flame AA

Mn 1. Detemination of geographical origin of illicit drugs. 1. Graphite furnace AA
2. Monitor trace metals content of materials (e.g. penicillin G) 2. ICP-AES, ICP-MS

Mo 1. Monitor trace metals content of materials (e.g. penicillin G) 1. ICP-AES
Na 1. Determination of synthetic route and geographical origin of material 

(e.g. to prevent patent infringement; illicit drugs)
1. Flame AA, ICP-MS

2. Monitor salt counter-ion concentration of salt content (e.g. in diagnostic agents, 
in electrolyte replenishing solutions, in cathartics)

2. Flame AA, ICP-AES

Ni 1. Monitor Ni in dialysis solutions 1. Graphite furnace AA
2. Determination of geographical origin of illicit drugs 2. Graphite furnace AA

Element Reason for assay/therapeutic area of use Suggested analytical technique

Table 1 Contd.
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3. Monitor trace metals content of materials (e.g. penicillin G) 3. ICP-AES, ICP-MS, graphite 
furnace AA

P 1. Determine P concentration of vitamins 1. ICP-AES
2. Determination of geographical origin of illicit drugs 2. ICP-MS
3. Determination of constituents of materials (e.g. alendronate sodium) 3. ICP-AES

Pb 1. Determination of Pb in calcium supplements 1. ICP-AES, graphite furnace AA
2. Monitor Pb in dialysis solutions 2. Flame AA
3. Monitor heavy metals content in medicinal plants. 3. Graphite furnace AA
4. Determination of geographical origin of illicit drugs 4. ICP-MS
5. Monitor trace metals content of materials (e.g. penicillin G) 5. ICP-AES

Pd 1. Determination of residual catalyst in pharmaceuticals (e.g. fosinopril, 
semisynthetic penicillin)

1. ICP-MS, graphite furnace AA

2. Determination of geographical origin of illicit drugs 2. ICP-MS
Pt 1. Speciation of Pt-containing compounds (cisplatin, transplatin, carboplatin, 

JM-216)
1. HPLC-ICP-MS, graphite fur-

nace AA
2. Monitor for residual catalysts 2. ICP-MS, graphite furnace AA

Rh 1. Monitor for residual catalysts used in synthesis of pharmaceuticals 1. ICP-MS
Sb 1. Determination of synthetic route or geographical origin of material 

(e.g. for illicit drugs, or to prevent patent infringement)
1. ICP-MS

2. Monitor Sb content in materials (e.g. final drug substances) 2. ICP-MS
Se 1. Monitor for presence of reagents used in synthesis 1. Graphite furnace AA, ICP-MS

2. Monitor Se concentration in vitamins 2. Graphite furnace AA, ICP-MS
3. Monitor Se concentration in anti-fungal and anti-seborrhoeic products 3. Graphite furnace AA, ICP-MS

Si 1. Determination of geographical origin of illicit drugs 1. ICP-MS
2. Monitor for Si contamination from silicone-based compounds used in packaging 

processes
2. ICP-MS, ICP-AES

3. Monitor for silica gel (used to prevent caking or as a suspending agent) 3. ICP-AES
Sn 1. Monitor for presence of reagents used in synthesis 1. Graphite furnace AA, ICP-MS

2. Monitor heavy metals content of materials 2. Graphite furnace AA, ICP-MS
Sr 1. Determination of geographical origin of illicit drugs 1. Graphite furnace AA, ICP-MS
Ti 1. Determine Ti concentration in sunscreens (titanium dioxide is often used in 

sunscreens)
1. Flame AA

2. Monitor trace metals content of materials (e.g. penicillin G) 2. ICP-AES
Zn 1. Monitor heavy metals content in medicinal plants 1. Graphite furnace AA

2. Determine Zn concentration in vitamins 2. ICP-AES
3. Determination of geographical origin and synthetic route of material 

(e.g. illicit drugs or to prevent patent infringement)
3. ICP-MS

4. Monitor trace metals of content of materials (e.g. penicillin G) 4. ICP-AES
5. Monitor Zn content of materials (e.g. insulin, antibiotics, sunscreens) 5. ICP-AES, flame AA

Element Reason for assay/therapeutic area of use Suggested analytical technique

Table 1 Contd.
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Table 2 The phases of the drug development process

Step in the drug development process Goal/objective of the step in the process

Preclinical (discovery) phase Assess the drug’s safety and biological activity in the laboratory and animal studies

Phase I clinical trials (IND phase ) Establish the safety and bioavailability of the compound in humans. This is typically 
done in studies using healthy volunteers

Phase II clinical trials (IND phase) Determine proof-of-principle for the drug’s mode of action. Monitor for any possible side 
effects and evaluate the drug’s effectiveness. This study uses patient volunteers who 
have the disease / condition for which the drug is targeted

Phase III clinical trials (IND phase) Establish dose form and dosage strength for registrational filing. Continue to monitor 
possible side effects and adverse reactions. Verify the effectiveness of the drug in the 
targeted patient population. This study involves many more patient volunteers than the 
Phase II study

FDA review/approval process The FDA reviews the new drug application (NDA). If it is fully approved, the drug may 
proceed to market. If the NDA is not fully approved, the FDA may require additional 
testing, answers to questions or it may reject the application
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Figure 1 Flow chart of method development decision-making process. Reproduced with permission of the editor from Atomic Spec-
troscopy: Pharmaceutical Applications of Atomic Spectroscopy 12(9): 14–23 (1997) published by Advanstar Communications.
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Table 3 Examples of pharmaceutical compounds which con-
tain metals

Metal Examples of uses in pharmaceutical compounds

Na, 
Mg, 
Ca, K

Used in various excipients, in vitamins, in dialysis 
solutions and Eye Stream , a liquid used for 
irrigating eyes, contains Na, Mg and K

Pt Used in several oncology drugs: Paraplatin , Platinol  
and Cisplatin

Zn Used in Insulin and in Cortisporin  ointment 
(a steroid–antibiotic ointment)

Li Used in Lithobid  and Cibalith-S , both of which are 
used for the treatment of manic-depressive 
psychosis

Al Often used in antacid preparations, such as 
AlternaGelTM or Mylanta

Ag Used as a topical antimicrobial for the treatment of 
burns in Silvadene  cream, 1%

Au and 
Na

Used in Myochrysine  injection, for the treatment of 
rheumatoid arthritis

Fe Active ingredient in Chromagen , a drug used in the 
treatment of anaemia. Also, sometimes used in 
pigments for printing tablets or capsules

Se Selsun Blue , a dandruff shampoo
Mn Active ingredient in LumenHance , an imaging agent
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Figure 1 (A) Normalized PA spectrum of Cr2O3 powder, (B) op-
tical transmission spectrum of a 4.4 µm thick Cr2O3 crystal, (C)
diffuse reflectance spectrum of Cr2O3 powder. All spectra were
taken at 300 K. Reproduced with permission of Academic Press
from Rosencwaig A (1977). In: Pao Y-H (ed) Optoacoustic
Spectroscopy and Detection. New York: Academic Press. 
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Figure 2 Photothermal signal and microbalance record versus
exposure time as ammonia molecules are slowly adsorbed on a
silver substrate. The maximum coverage is 0.8 monolayers, the
ammonia partial pressure in the system is 8 × 10−9 torr. The noise
level (left) indicates the signal from the clean substrate. Repro-
duced with permission of Elsevier from Coufal H, Trager F,
Chuang T and Tam A (1984) Surface Science 145: L504.
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Figure 3 X-ray PA spectra normalized with optical transmission spectra (PAS : logI0/It), where I0 and  It denote the incident and
transmitted intensity, respectively, at the K-edge region for different copper compounds. (A) Pure Cu, (B) Cu2O and (C) CuInSe2. Re-
produced with permission of IGP AS, Trondheim, Norway from Toyoda T, Masujima T, Shiwaku H and Ando M (1995) Proceedings
of the 15th International Congress on Acoustics, Vol I, 443.
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Figure 4 PA spectra of the 6th harmonic absorption of the
C–H bond of benzene dissolved in carbon tetrachloride (CCl4)
in arbitrary linear units, as the volume dilution ratios indicate.
The positions of the absorption peaks are given. Reproduced
with permission of the Optical Society of America (OSA) from
Tam AC, Patel C and Kerl R (1979) Optics Letters 4: 81.

Figure 5 Calibration curves for the dinitrophenol herbicide
DNOC in aqueous solution when using different techniques: (A)
PDS: Photothermal deflection spectroscopy, (B) TL: thermal
lensing, (C) PIS: Photothermal interferometric spectroscopy, (D)
PAS: a photoacoustic spectroscopy, (E) a conventional spectro-
photometer Cary 2400. Reproduced with permission of SPIE
from Faubel W (1997) Detection of pollutants in liquids and
gases. In: Mandelis A and Hess P (eds) Life and Earth Sciences.
Progress in Photothermal and Photoacoustic Science and Tech-
nology, Vol III, Chapter 8. Bellingham: SPIE.
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Table 1 List and detection limits of selected gas species
monitored by laser PAS under interference-free conditions

a In nm.

Species Type of laser
Spectral region 
(µM)

Detection limit 
[ppb]

Formic acid Dye 220a 140

Sulfur dioxide Dye 290−310a 0.12

Formaldehyde Dye 303.6a 50

Nitrogen dioxide Kr+ 406.8a 2

Methane DF 3.8 Few

Nitrous oxide DF 3.8 Few

Carbon monoxide PbS1−xSex 4.6 40

Nitric oxide CO−SFR 5.3 <0.1

Phosgene CO 5.45 Few

Acetaldehyde CO 5.66 3

Carbon disulfide CO 6.48 0.01

Ethane CO 6.7 1

Pentane CO 6.8 0.1

Trimethyl amine CO 6.93 10

Dimethyl sulfide CO 6.95 3

Acetylene CO 7.2 1

Hydrazines CO2 9–11 <10

Freons CO2 9−11 < 4

Explosives CO2 9−11 0.2−25

Ammonia CO2 9.22 0.4

Ethanol CO2 9.46 17

Ozone CO2 9.50 13

Methanol CO2 9.68 5

Ethylene CO2 10.53 0.3

Sulfur 
hexafluoride

CO2

10.59 0.01

Vinyl chloride CO2 10.61 20
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Figure 6 Temporal concentration profiles of four air pollutants during 5 days taken at the exit of a freeway tunnel. The NH3, C2H4

and CO2 were measured photoacoustically, CO was recorded with a commercial IR gas analyser. Total traffic density and fraction of
long vehicles are recorded at the bottom. Reproduced with permission of the American Chemical Society from Moeckli M, Fierz M and
Sigrist M (1996) Environmental Science and Technology 30: 2864.
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Figure 7 Spectrum of a gas mixture containing methane, methanol, ethanol, isopentane, benzene and toluene, all at ppm concen-
trations, buffered to 960 mbar total pressure with synthetic air (80% N2, 20% O2). The measured spectrum (+) was taken photoacous-
tically with a difference frequency laser spectrometer based on an optical parametric oscillator (OPO) with a line width of 0.2 cm−1.
Excellent agreement is obtained with the superimposed fitted spectrum ( ) using the HITRAN database for methane and the pre-
viously recorded reference spectra for the other substances. Reproduced with permission of Elsevier from Bohren A and Sigrist M
(1997) Infrared Physics and Technology 38: 423.
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Figure 8 Photoacoustic spectra of haemoglobin and of the
blood from anaemia, leukaemia and methaemoglobin patients.
Reproduced with permission of Springer from Pan Q, Qui S,
Zhang S, Zhang J and Zhu S (1987) Springer Series in Optical
Sciences, Vol 58, 542.

Figure 9 Temporal evolution of the emission of different
gases (ethylene, acetaldehyde, ethanol and CO2) from a cherry
tomato subjected to a change from anaerobic to aerobic condi-
tions at t = 10.2 h (indicated by the arrow). The emission of a
reference fruit kept under aerobic conditions was subtracted to
obtain the data in this figure. Reproduced with permission of
SPIE from Harren F and Reuss J (1997). Applications in plant
physiology, entomology, and microbiology; gas exchange meas-
urements based upon spectral selectivity. In: Mandelis A and
Hess P Life and Earth Sciences. Progress in Photothermal and
Photoacoustic Science and Technology, Vol III, Chapter 4.
Bellingham: SPIE.



PHOTOACOUSTIC SPECTROSCOPY, APPLICATIONS 1809

�
��� ���� ���������� 
�������
�������������������	��	�
�������������
����������������
��	�����������������

������� ����� ����� ������������� ��� ������� ������	�
������� "�� �!���
��� �� �"� ��������� ���� ����
����
��������������������!��������
�������������
��	�
�����������
��
���������
�������
�����������������

��	����� �	����� ��������	������������ �������� ��������
�����!����������������
������
!��������������

��
����� ����� ������� ��� �����
��� "� ����� ��� �
���
������
���� ��� ���������� ��� ��	
��� ��� ���� �������
������ ����� ��������������� �� <,�
����� �����	�����
�"����������������������	����������	��������	���	��
��� ��
�	����� ����������������
������� 
������� ���� ���
	���������� ���������������������� ����������� 
���
�
�����	�
��������#�������!����������������	�����������
���������� ���������������������������	���������
-4��������������	�������	 ����������� �
������������
�!������������
��	������������	����	�������������
����	����� ������ ��� ���� ���������� 	��������� ����
�!���
�������������������������"���	�����������


�����������������������������������������
����������
���	����������������	����������
"�������������������������������"����	����	������

����
��
�����
�	��	�����������	���	����!���
������
	
��� ��������������������� ���� �����	������� �����
 
������� 	��	����������������� ��� �������� � �����
 
�������� ����� ������������������� ��������	�������
��
�����������������	�������"���!���
���������
���
��������
���������������	���	��	���������	���������
����������������������� �����	���������
�������+,)�
���	�������	�������	�
����������� ������
�������
��� ���� ����
����������"��������������������������
����� �� ����� ������������� ����� �"� ���	����	���
	��� ��� ��	��������� ��� �� ������� ���� ������ ���
������ �	�������� ���� ��+,)� ��
�������� ���� 	�����

������������	��������.G��A�������������������������
������������

�� ����������!���� ���������
�� 
���

���� ��������� ��� ����� ��� �����
������ ��	������� 
� �
�����	���������������	����	�����""0��������	�����

��	��
����
��������	����	�����#<�0��

See also: Environmental Applications of Electronic
Spectroscopy; IR Spectrometers; Laser Applications
in Electronic Spectroscopy; Photoacoustic Spectros-
copy, Theory; Photoacoustic Spectroscopy, Applica-
tions; Photoacoustic Spectroscopy, Methods and
Instrumentation; Surface Studies By IR Spectros-
copy; Zeeman and Stark Methods in Spectroscopy,
Applications.
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Figure 1 Typical experimental arrangements used for photoa-
coustic (PA) and photothermal (PT) studies on solids. As indicat-
ed one differentiates between modulated ( ) or pulsed
( ) incident radiation. (A) Indirect PA detection by micro-
phone in the gas phase. (B) Direct PA detection with PZT trans-
ducer or PVDF foil attached to solid. (C) PT sensing of the
gradient of the refractive index with probe beam deflection in the
(transparent) sample (probe beam 1), or above the sample sur-
face (Mirage effect, probe beam 2). Monitoring of the generated
surface displacement (probe beam 3) or of the change of surface
reflectivity (probe beam 4). (D) PT radiometry senses the induced
change of the IR radiation that is radiated off the sample surface.

Figure 2 Typical experimental arrangements used for PA de-
tection in liquids. (A) PZT detection of acoustic wave generated
by pulsed radiation in weakly absorbing liquid. (B) Optothermal
window setup applied for studies on strongly absorbing or
opaque liquids with modulated or pulsed radiation.
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Figure 3 Typical experimental PA and PT arrangements used for gas monitoring with tunable laser sources. (A) PA detection with
conventional microphone in resonant gas cell for modulated cw radiation or in nonresonant cell for pulsed radiation. (B) Noncontact
refractive index sensing schemes with displaced colinear or transverse probe beam (PA deflection, 1), thermal lensing (2), or colinear
probe beam (PT deflection, 3).
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Figure 1 Elementary processes occurring during PA signal
generation. The absorbed photon energy is partly transformed
into heat and acoustic energy.
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Figure 2 Timescales for the radiative emission and relaxation
processes. The shaded area indicates the typical response time
of a PA resonator equipped with a microphone. The thick line rep-
resents the acoustic transit time. The wavy lines depict the radia-
tive emission and the horizontal lines the range of relaxation
processes characterized by the relaxation time �.
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Figure 3 Modelling of the gas temperature distribution as a
function of the radial distance from the light excitation source.
The diameter of the light beam was 6 mm and the pulse duration
20 ns. The three curves represent three different time delays
after illumination.
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Figure 4 PA setups for monitoring the PA signal with a microphone in a resonator: (A) gas or liquid, (B) solid sample in a gas
microphone cell.
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Figure 5 Schematic representation of the longitudinal, azimuthal and radial acoustic modes in a cylindrical resonator.

Figure 6 Modelling of the frequency-dependent PA signal. The
excited modes are the first (001), third (003) and fifth (005)
longitudinal modes of the cavity. The dotted line shows the
nonresonant contribution.
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Figure 7 Time-dependent PA signal recorded by a microphone
(inset) and corresponding frequency spectrum of a cylindrical res-
onator. In the displayed frequency range, the second longitudinal
(002), first radial (100), combination (102), fourth longitudinal
(004) and second radial (200) modes of the resonator are
detected.
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See also: Laser Spectroscopy Theory; Light Sources
and Optics; Photoacoustic Spectroscopy, Applica-
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Figure 1 Block diagram of a photoelectron spectrometer. Figure 2 A dual anode X-ray tube.



1824 PHOTOELECTRON SPECTROMETERS

����� ��������������	�����1�����"
��������������
�������������
�����������8��������������������	����
������������������
�������
���������������

����
�������
��

��������	�����������������������(���������
���
���������	����������
������
����������������4�. �7�
D
������
��� �������	�� ���������������������	��

��� ���� �� ����	�� 	������ ���	��� ��� ��	������A�����
������	�� ���	������ ������� �� ����� ����� ���� ����
	������������������������
�������������
�����	�
���	������
�������	
�� ����������	������������������
��� ���
����� �� ����� ��
����� �[;  7�� �	����� ���� ����
	������	���

�����"�������������������������������
����
��

�����:449@44 7���������������������	�����������
��%��� ���� ���� ����������� ��� =��#�� �.-�.- �7��� ��
=��##�� ���������� �)4�3- �7��� �����?����� �����
�
������� ���� ��������� ���	�������	�� 	������ �� �����

������#�����������
���##��������
���###������%���������
0��	����������������������������������
���������������
��������������������������������������	�����������
���������	�

������	����������������������
����	�
�

��������	���

������������������
�������������������
 �����������������������������	�������������������

������� ��� ���� 
���� ��� ��	�������� ���� 
���� ��
�
��������������������������������- ��7�
(���������
�����������������
�����������	�������

	����
������������������������	������������������
����%����������� ��

5�����������	��
����������������%����������������
	����������	����������������
��������������
�����	��
���������������������
�������������
��������	��������
�!����������� ���� ����
�������� ��� ��������� ����
�
���������� ��� �����������������
���������	�������
���������� ���	�� ����� �� ����	���������� "� �����

�������	�������

����
��������������������
���
���
������������	������	����������
���������	����
����������������0��	�������������������������	�����
�
�	����� �		�
�������� ��� �������� ������ ��� �� 	�����
���	�� ��� �����
� �		�
�������� ��� ���� �
�	������ ��� �
�������	� ���
������������������������� ���	�������
����������������������������������������������������
��
����

%������������(�����

"
������ ����� E�0� ���� D�0� ��	������� 	��� ��
����������������������������������������	�����������
���������� ����
���� ���� ������� ��	������ ��� �
����
�!	
����
�����
������������	�����
��������
��D�0���
	��������������
������������������
�	��������	���
�
	���������������
���� ����
� ��
��� ����
�� ��� �����!�����
�� - 	�

����������� ���������������� ����	��� $���� ����
�
���	����
������������������	�
�����
����������	��
�����	 ���������
����	��������������������������

���
?�����
����������������	�
���������	�����������
��

����
��� ��� ��� ��

�� ���������������� ����
���� ������
����� ����������� ���� ����	������� ������	� ��
������
���������������	 ����������������������������	���
��������������������	������	����������������������
����F��������������������������������������������
�������������	��
�������������������������������
�����
��� ����� �
������
� 	�������������������������� ���
����	�����������
���������������������������������
���� ���������� 	������ �������� ��� ���� ������������
�� ���� ���� ����
�� ��� 
�������� ��	�� 	����������
���� ����� ��������	����� ����	�� 	
������� ������� ��
�
�	�������� ��������������������� 
�����������%��
�����	����
�������������������	������������
������
���������� ���� ���� ��	����� ��� ���� ����	�� 
��������

���������������������������
�����������������
�����

Table 1 Some X-ray lines used in X-ray photoelectron
spectroscopy

Table 2 Resonance energies of some discharge lamps

Anode Transition Energy (eV)
Line width 

(eV)

Be K 108.9 5.0

Ni L� 851.5 2.5

Cu L� 929.7 3.8

Mg K� 1253.6 0.7

Al K� 1486.6 0.85

Zr L� 2042 1.7

Ti K� 4510 2.0

Cr K� 5417 2.1

Cu K� 8048 2.6

Gas Line Energy (eV)

He He(I)� 21.2175

He(I)� 23.0865

He(II)� 40.8136

Ne Ne(I)� 16.6704, 16.8476 

Ar Ar(I)� 11.6233, 11.8278

Xe Xe(I) 8.4363, 9.5695

H Lyman� 10.1986

Lyman� 12.0872

Lyman� 12.7482

Figure 3 Low-pressure helium d.c. discharge lamp.
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Figure 4 The 127° radial cylindrical analyser R1, R, R2 are the
radius of the inner electrode, the midradius, and the radius of the
outer electrode, respectively, S1 and S2 are the entrance and exit
slits, respectively.

Figure 5 The hemispherical analyser. R1, R, R2 are the radius
of the inner electrode, the midradius, and the radius of the outer
electrode, respectively. S1 and S2 are the entrance and exit slits,
respectively.
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Figure 6 The axial focusing cylindrical mirror analyser. R1 and
R2 are the radius of the inner and the outer cylinder, respectively;
w is the axial extent of the source, L is the source–detector dis-
tance.
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Figure 7 Schematic illustration of an experimental setup capable of performing REMPI, ZEKE and MATI measurements.
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Figure 1 Schematic diagram of a threshold photoelectron photoion coincidence experiment. The electron resolution is determined
primarily by the length of the electron drift tube and the size of the apertures.
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Figure 2 A breakdown diagram of chromium hexacarbonyl
ions obtained by PEPICO. This ion dissociates by a sequential
mechanism. The heats of formation of the various ions can be de-
termined from the energy onsets of their formation. Reproduced
with permission from Das PR, Nishimura T and Meisels GG
(1985) Fragmentation of energy selected hexacarbonylchromium
ion. Journal of Physical Chemistry 89: 2808–2812.
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Figure 3 The PEPICO TOF distribution of C2H  ions from energy selected C2H5I•+ ions at various energies above the dissociation
limit for I• loss. The solid lines that fit the experimental points are single energy release distributions. From these data, the whole
distribution of product translational energies could be determined. Reproduced with permission from Baer T, Büchler U and Klots
TCE (1980) Kinetic energy release distributions for the dissociation of internal energy selected C2H5I•+ ions. Journal de Chimie
Physique 77: 739–743.
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Figure 4 The PEPICO TOF distribution of ArCO•+ ions from
various precursor cluster ions. The sharp peak is due to the direct
ionization of ArCO dimers, whereas the broad peak with a width
of 160 ns is due to dissociative ionization of Ar2CO trimers. Re-
produced with permission from Mahnert J, Baumgartel H and
Weitzel KM (1997) The formation of ArCO+ ions by dissociative
ionization of argon/carbon monoxide clusters. Journal of Physical
Chemistry 107: 6667–6676.

Figure 5 The derived kinetic energy release from the energy-
selected Ar2CO•+ ions as a function of the trimer ion internal
energy. The solid line is a calculated kinetic energy release
based on the statistical theory of dissociation: phase space theo-
ry (PST) or the version of PST due to C.E. Klots. AP is the thresh-
old energy for ArCO+ formation. The onset leads to a heat of
formation of the trimer ion. Reproduced with permission from
Mahnert J, Baumgartel H and Weitzel KM (1997) The formation
of ArCO+ ions by dissociative ionization of argon/carbon monox-
ide clusters. Journal of Physical Chemistry 107: 6667–6676.



1838 PHOTOELECTRON–PHOTOION COINCIDENCE METHODS IN MASS SPECTROMETRY (PEPICO)

0	�� ����� 	�

�	���� ��� �� ������ ��� ���� ��������

����� �������%�� ���%� 	���� ������ �����	
�� ������
��
���
������������������������������
����������������	�

������� 	�
	
����������� ����?�	�9?���������9I���
��
91��	�� �??I1�� ����
������� 0������ �	�� ��
����� ���� ��� ����� ��
�	
��� ����� ������ ����� ���
??I1� ������� ��� �!�����
�� ���
� ���� �		����� ��
�����	��������������	������������	����������������	����
�	�������#������
�����������
������������������������
���� ��� �����	�������� ����� ��� ��� ��������� ����� ���
���������
� �������������

� ��� ��������������	��	�

�����>����	����������������������������������������
������	����	�
���������������������������������	�
��
<���������������	�����

������	����������
����
�	
����������	������
������%��
�����������"+����������������	�
��(\��(���������	������
�����������������������������������������������	������
��������B..C�������
����������������������������

�����	��������>������

���������������������������������������������������
 ������ ���� ������ 	������ 	�
	
����� ����� ���������
���������	���������������>���1�������������������
�����������������������������	���������������������
=��������������
����������������������������������
�����������	����������������
�	
��������8��������	�
��

�������������������������	����������"���������
����	����������	������
������������������>���#���
��������� 6��������� �����������	������� �������
�����
�������������������
��
���������<-4) �9-������������
"+� �������

������������� ���	�� ��������� 	�

�	���� ��
6��� �� ������	����	����� ������ ������ ����������� #�� ��
�������
�������������������	������
���
�������	�����
�����	������������	�������������!	�����-4)�9-������"+

����� ���� ���������� "�� ����	����� ������ ���� 	��	��
�������� ���������
��� ��� ���������� ���������	������

Figure 6 (k = rate constant; ET = total ion energy) The PEPICO
TOF distribution of C3H  and C4H  ions from energy-selected
C6H  ions. The asymmetric TOF distributions are a result of the
slow reaction of the metastable ions. The solid lines are calculat-
ed distributions using the mean ion dissociation rate as an adjust-
able parameter. Reproduced with permission from Baer T, Willet
GD, Smith D and Phillips JS (1979) The dissociation dynamics of
internal energy selected C6H . Journal of Chemical Physics 70:
4076–4085.

Figure 7 The dissociation rate constants of C6H6
•+ ions as a

function of the ion internal energy. The solid lines are calculated
rate constants using the statistical theory of unimolecular decay
(RRKM). Reproduced with permission from Baer T, Willet GD,
Smith D and Phillips JS (1979) The dissociation dynamics of in-
ternal energy selected C6H6

+. Journal of Chemical Physics 70:
4076–4085.
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See also: Ion Dissociation Kinetics, Mass Spectro-
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tion Theory; Metastable Ions;  Photoionization and
Photodissociation Methods in Mass Spectrometry;
Statistical Theory of Mass Spectra.
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Figure 1 Photoionization efficiency curve with (inset) an expanded threshold region for the molecular ion from cyclopentanone. The
photoions detected below the adiabatic ionization energy IEad (indicated by the arrow) are due to hot bands.
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Figure 2 The many-lined molecular hydrogen pseudocontinuum.
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Figure 3 Vacuum ultraviolet reflectance curves for different
grating surfaces.
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Figure 4 Schematic representation of a Daly scintillator/photo-
multiplier ion detector.

Figure 5 Single ionization of a molecule AB, showing the
adiabatic, the vertical and a hot band transition.
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Figure 6  Photoionization efficiency curve for Xe+ showing the
extensive autoionization structure above the ionization energy of
12.13 eV.

Figure 7 A unimolecular reaction involving both a reverse
activation energy and a kinetic shift.
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Figure 8 Schematic diagram of a triple-quadrupole laser-induced photodissociation mass spectrometer operated in a coaxial
configuration. IS is the ion source; Q1 is the precursor ion mass filter; Q2 is the ion photodissociation region; Q3 is the photofragment
ion mass filter; ID is the off-axis ion detector; PD is a photon detector; BS is a beam splitter; and IA is an iodine absorption cell.
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Figure 1 Time evolution of a fission track in an insulator and conductor. A typical PD MS experiment will have an insulator as the
energy deposition medium. Protonated molecules from a biological matrix are probably formed during the last stage when material
ablation from the surface takes place. The craters depicted here have been observed using scanning tunnelling microscopy.
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Figure 2 Depiction of the surface of a nascent fission track showing the various modes of ionization processes taking place based
on the nature of the gas phase ions observed using different matrices.
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Figure 3 The steps involved in the preparation of a sample for
PD MS analysis. A matrix with a high adsorption affinity for the
analyte is first deposited on the surface of a thin support film. A
solution containing the analyte is deposited on the matrix layer
and analyte molecules are adsorbed on the surface. The solution
is then removed and the matrix–analyte layer washed to remove
impurities. Reproduced from Macfarlane, R.D. (1988) Trends in
Analytical Chemistry, 7(5), 179–183 with permission from
Elsevier Science.
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Figure 4 The geometrical arrangement of the essential components of a PD MS system. In the event portrayed here, five ions were
ejected from the fission track. Subsequent measurement and processing of the data for these five ions are illustrated in Figures 5, 6
and 7.
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Figure 5 Conversion of ion detection into electronic pulses that are transmitted to a fast clock. The measured time-of-flight for the
five ions displayed at the digitizer output is then transferred to a computer for processing.

Figure 6 Features of event-by-event analysis. The data from the digitizer are sorted according to the objective of the experiment. A
standard PD MS analysis involves identifying the calibration ions and storing the data with 78 ps resolution. The data for other ions
are truncated to 1 ns resolution and stored. Examples of other software-controlled options are also listed.
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Figure 7 Example of the ion sorting process. The software has identified ions 1 and 2 in the event depicted in Figure 4 as H+ and
Na+ calibration ions and has stored these data in separate files. It then truncates the TOF values for all five ions and stores these data
in a separate file that will be used to generate the full mass spectrum. This process is repeated 2000 times per second over a period
of a few hours. The mass spectrum is a composite of the accumulation of the ions emitted from 106 to 10 × 106 fission tracks.
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See also: Fast Atom Bombardment Ionization in
Mass Spectrometry; Proton Microprobe (Method and
Background); Time of Flight Mass Spectrometers.

Figure 8 Example of a correlation measurement. The experiment was to determine how many ions are emitted from a fission track
that produces a protonated insulin molecule. The interrogation module was programmed to count the number of ions detected for
each event where an insulin molecular ion was detected, and store that sum in a separate file. The ion multiplicity for all other events
was then stored in a separate file. The conclusion of this study was that tracks that desorb large molecular ions also desorb a much
larger number of other ions than average. Other types of correlation measurements include sorting events where one or two ions of a
particular type are emitted from the same track.
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Figure 1 Infrared spectra of the pure stereoisomers of polystyrene.
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Figure 2 Infrared spectra of polystyrene with (curve a) a mix-
ture of crystalline and amorphous forms, (curve b) a mixture of
crystalline forms only, (curve c) one ‘pure’ crystalline form ob-
tained by spectral subtraction, (curve d) another ‘pure’ crystalline
form obtained by spectral subtraction and (curve e) subtraction
result of curves b – c – d. Reproduced with permission of John
Wiley & Sons Limited from Musto P, Tavone S, Guerra G and De-
Rosa C (1997) Evaluation by Fourier transform infrared spectros-
copy of the different forms of syndiotactic polystyrene samples.
Journal of Polymer Science B 35: 1055–1066.
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Figure 3 In situ infrared spectra measured during the progress of a copolymerization reaction using a fibreoptic probe. Reproduced
with permission of John Wiley & Sons Limited from Chatzi EG, Kammona O and Kipanssides (1997) Use of a midrange infrared
optical-fiber probe for the on-line monitoring of 2-ethylhexyl acrylate/styrene emulsion copolymerization. Journal of Applied Polymer
Science 63: 799.

Figure 4 Diffusion profile obtained from an infrared image
along with the fit to the diffusion equation. D = diffusion
coefficient.
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See also: ATR and Reflectance IR Spectroscopy,
Applications; IR Spectral Group Frequencies of Or-
ganic Compounds; Nuclear Quadrupole Resonance,
Instrumentation; Photoacoustic Spectroscopy, Appli-
cations; Rayleigh Scattering and Raman Spectros-
copy, Theory.
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Figure 5 Raman spectra taken at 10 µm increments from a
multilayer polymer laminate film. Reproduced with permission of
Elsevier Science Limited from Xue G (1997) Fourier transform
Raman spectroscopy and its application for the analysis of poly-
meric materials. Progress in Polymer Science 22: 313–406.
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See MRI of Oil/Water in Rocks.
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See PET, Methods and Instrumentation.
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See PET, Theory.
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See NMR Spectroscopy of Alkali Metal Nuclei in Solution.
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Table 1 Some flexible line-profile functions �(x) used to model powder diffraction line profiles (L and G denote the Lorentzian and
Gaussian functions, respectively)

Name Function Shape factor

Pseudo-Voigt (p-V) C1[�L + (1–��G] Mixing factor �

(�,C1: adjustable parameters) � = 1 Lorentzian shape

� = 0: Gaussian shape

� > 1: super-Lorentzian shape

Pearson VII (PVII) C2(1+Cx2)�m Exponent m

(m, C, C2: adjustable parameters) m = 1: Lorentzian shape

m = ∞: Gaussian shape

m < 1: super-Lorentzian shape

Voigt (V) � = FWHM/�

(C3: adjustable parameter) � = 0.636 6: Lorentzian shape

� = 0.939 4: Gaussian shape
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Table 2 Main applications of X-ray powder diffraction

Diffraction line parameter Applications

Peak position Unit-cell parameter refinement

Pattern indexing

Anisotropic thermal expansion

Homogeneous stress

Phase identification

Line intensity Phase abundance

Chemical reaction kinetics

Crystal-structure determination 
and refinement (whole pattern)

Search/match (d–I )

Space-group determination (2�0–
absent Ihkl)

Preferred orientation

Line width and shape Instrumental resolution function

Microstructure

Line-profile broadening Microstructure (crystallite size, 
size distribution, lattice distor-
tion, structure mistakes, dislo-
cations, composition gradient), 
crystallite growth kinetics

Figure 1 Optics of a conventional focusing powder diffractometer with monochromatic X-rays (Bragg–Brentano geometry with
reflection specimen): F line focus of X-ray tube, M incident-beam monochromator, a short focal distance, b long focal distance, FS
focal slit, S flat specimen, GC goniometer circle, O goniometer axis, R goniometer radius, FC focusing circle, � Bragg angle, 2�
reflection angle, RS receiving slit, D detector.
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Figure 2 The quartz cluster of reflections 212, 203 and 301 collected with CuKα1 radiation (continuous line) and with the
CuKα1–Kα2 doublet (circles).
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Figure 3 Fitting of a part of the pattern of a sample of nanocrystalline ZnO, using pseudo-Voigt functions for modelling individual
diffraction lines, CuKα1 radiation, Rwp = 1.2%. The observed intensity data are plotted as circles and the calculated pattern is shown
as a continuous line. The lower trace is the difference curve. The ×10 scale expansion shows the fit in the line-profile tails.

Table 3 Some numerical criteria of fit used in pattern-fitting
methods.

R-profile

R-weighted profile

R-structure factor

R-Bragg factor



1870 POWDER X-RAY DIFFRACTION, APPLICATIONS


��������� ��� ����� ���� ��������� ����������� ��	���� �
��������������������
�������������������������
��
�������*���� ��������� ������ ���� ���������
� 
����
������ ��� ���� ����������� �������� �� ������������
����������������������������������������������������
���������������������������������������
������������
����������	��$�������������������%�������������������
����� �� F!FE&"!0E;"&� ���� ������ ��	
��� 
���� ���

�������
��������F���������������������������������
���������F����E��������������������88�:��	�����	���
���������������� ����� ����������� �������������������

������������������������������������������������������
8�;:������� ��������� ��������� ������3��� ����� �����


��� �������� ��	
��� 
��������� ��� 
����������� ����
��������������
���������� ��������"����������� ��� ���
�������������������������������(���+��������
�(��

%
�"�����$������&
��������$�����"����

������������ �������

G������������������
������������������
��������������

�������������������������
�
����	���� �����������
��������� 
� ��
� ��������� ������������ �'� �������
� ��
������������ ����������� ���� 0�	
��� 6��������� %���
!06%"�� �
���
� ��� ���� �������������� 9������ ��

Figure 4 Example of a typical Rietveld plot. The powder data of LiB2O3(OH).H2O were collected with the Debye–Scherrer (capillary)
geometry using monochromatic CuKα1 radiation and a curved position-sensitive detector. The observed data are plotted as points
and the calculated pattern as a continuous line. The lower trace is a plot of the difference of observed minus calculated. The vertical
markers indicate the positions of calculated Bragg reflections. The intensity scale is magnified for the high-angle part, where the
intensity of observed diffraction lines is low. Reprinted with permission of the International Union of Crystallography from Louër D,
Louër M and Touboul M (1992) Crystal structure determination of lithium diborate hydrate, LiB2O3(OH)·H2O, from X-ray powder
diffraction data collected with a curved position-sensitive detector. Journal of Applied Crystallography 25: 617–623.
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Figure 5 View of the crystal structure of a metastable phase of
piracetam, C6H10N2O2, solved from the atom–atom potential
method and refined with the Rietveld method. The crystal sym-
metry is monoclinic, space group P21/n (the unit cell is shown
with the a axis horizontal and b axis vertical) (crystal data are re-
ported in Acta Crystallographica B51: 182, 1995). Powder diffrac-
tion data were collected from a conventional X-ray source.



1874 POWDER X-RAY DIFFRACTION, APPLICATIONS

������ ��� �������� ����������������� 
����������� >�����
���������� ��������� �� �������� ���������� ��

�����
��������������������������������
����9�E&���

D�E���������	
����
�����������
���������������
���������
��������

������ 	���� �������������� ����������� ���� �������
�
�����
�
������������
�
��������������������
����
��7
�����
������
� !������
����������"� ����������������
�� ������������������� ���� ����� ��� �������
�� ��� ���
%��������������������������������������������������

�����������������������������������������������������
�
� ������������
������������� ������������������ ��
�����������������������������*���������������������
��
�����
������������#�����������������������
������
���������
�����
��������������*�������������������
��
����������
��������� ������ ���� �������������
�����
������������������������������������������
��������
�
*�������� ���� 
������������������
������ ��������
�������
���������������������������������������������
��������������������!*���������4+���"����������������
���������� � ��� !��������
� ��� ����������� �����"� ��� �
�������� �� 
I�� 7�������� ����� ����� ��� ���� ���
� ��
��������������������������������������������������	��
���������������������
������
���������������������
������ ��
� �������� ���� ����������� �����������	
��� �
���	�� ���� ���
����
����� �� ���� ��������� ����
���
������������������������������D�E�����������������
��������
������
�������������������������������������
����
������ ��
� ��� ������ ������������ �������� /����
���������
���������������������������������
�������
>������
������
���������������������������������������
������
����������������������������������������+�	�
������ ������� ����� ����
������ ��� ����������� ��� ������

������������������������������
����������������
������
��������������������������������������
�����
���������������������������������������������������������
����$�����������
�����������
����������
���������
���
�������������
��������������������
��������
���������
�������
��������������������
�

������������������'�������  ��������

����� ��
� ������������ 
����
���������� 
��������
�����
��� ���������������� �� �� ������� �� 
��������
��������������������������������������������������
�������������������������������������
��������������

����
��������� �����
�������	���� ���� ��������������
����
������������������0/6�����
���������������������
������ �������� ��� ����������� ������������ ����������
���������������
�������������������
�����������
���
����������� !���$� ��������� ��
� ���������
� ���������"
��
�����������������!����
������
������������"�������
9������������� ���� ����������� ��
� ���������������
�������� ��$���� ������ ��� �� �������� �� ���� ��������
����������� !������������� ������������ ���������
������������
������"�����
�������
�������������������
���������� ���� �����
� ���
�� ���� ������������ �
���������������������	����
�������������������
������
����������� �������������� �������������
� ��������
��
���������������
����
�������������$���������������
������������������������������������������������������
�
��������� ����������������0�������� ������� ��������

���������������������	���������	�������������������
���������������������������������������������
������
��$��������������������������
���������
�����������
����������������
���7����������������������������������
����������������������
���������������������
�����
�������������������������������
��������������������
��	
���
����������������������������
�	���������
�������������� ����������� ������
� ���������������
����� ��� J�7%/� !�����
�
� ������ ����������� ���
���������"�� ���� �	�� ����������� ������� ���� �����
�
����������� ��
��� ����������� !��	
��� 
��������"
��
���������������
���
�������!J�7%/"��%������������
���������������
�������
�����������
�J�7%/�����
��������
�����������
��������������������������
������������������

#����� ����'�"�

������ = %������� ����������H��6 = 
���������� �����
�����H��/ = ��������������H�� = �����������������
���
���������H� 
 = ����������� �������H ) = �����������

�������H� � = �����������H� � = ������� ����������
�����H� � = ���������� �����H� �+�+ =,������ ��
����H
� = ���������H� �� = ������
����
���� �����H� � =
0������� ��������H�%&' = 
��*��� ������ �� �����H

Figure 6 Example of a Williamson–Hall plot for a sample of
nanocrystalline ZnO powder exhibiting size and stacking-fault dif-
fraction line broadening according to the hkl values. (O) reflec-
tions unaffected by mistakes (hk0 and hkl with l even, h − k = 3n),
(▲) first reflection set affected by stacking faults (hkl with l odd,
h − k = 3n ± 1), (■) second reflection set affected by stacking
faults (hkl with l even, h − k = 3n ± 1).
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�� = ���������� ������������H� � = ����� ����������
�����H� � = ����������� ������� ��
���H� �� = ������
�����H� � = ������ �����H� # = 	������ �������H
$ = ������� �� ���������� ���� ����� ����H� � = ��������
����
��H� � = ��������� 
�����������H� � = ��������
������������ ����H� � = ����
��#����� ������� �����H
� = 
��������� �����H� 	 =	���������H� � = �����
�����H�Φ = ��������������������

See also: Inorganic Compounds and Minerals Stud-
ied Using X-Ray Diffraction; Materials Science Appli-
cations of X-Ray Diffraction; Neutron Diffraction,
Theory; Small Molecule Applications of X-Ray Diffrac-
tion; X-Ray Absorption Spectrometers.
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Figure 1 Vector model representations of one-spin and two-spin product operators arising from a spin k scalar coupled to a spin l.
In the case of 2IkzIlz the l-spin vectors will be similarly arranged.
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Table 1 Product operators for two spin-� nuclei

Product operator Description

�E E = unity operator

Ikx, Iky
In-phase x magnetization and y magnetiza-

tion, respectively, of spin k

Ilx,Ily In-phase x magnetization and y magnetiza-
tion, respectively, of spin l

Ikz,Ilz Longitudinal magnetization of spins k and l, 
respectively

2IkxIlz, 2IkyIlz x and y components, respectively, of k-spin 
magnetization antiphase with respect to l

2IkxIlx, 2IkxIly, 2IkyIlx, 
2IkyIly

Components of two-spin coherence between 
spins k and l

2IkzIlz Longitudinal two-spin order between k and l
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Figure 2 Sign conventions for product operator evolution under radiofrequency pulse, chemical shift and scalar coupling evolution.



PRODUCT OPERATOR FORMALISM IN NMR 1879

����������������+���
���−���������������������������
������ ���������
���� ���+8� ��
�−8� �������� ������
������������������H����������������������������������
��+ω����
����������������������������−ω���>��	������
&���������������������������
���	����������������	�
��
�����

9��������&����������������������������������������+&�
'��'���
�−&���������������������������������������
�������� ������� ���	������� ��� �� �������� �������� 0���
������������� ���������� !DG9"� ��
� 
�����������
��������������!6G9"���������������
������$����������
����������������������������
�������������2 �����������������
����������������������������������


�����������������
�����������������������������������
�����������������
������������������������������
�������������������������������
�������������������
����������������������������!������
����"�	�����������
������������������2

Figure 3 Vector model representations of the evolution of k-spin magnetization. (A) The effect of a  βx° pulse on z magnetization.
(B) The effect of chemical shift evolution for a time τ on y magnetization. (C) The effect of scalar coupling evolution for a time τ on y
magnetization.
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See also: Two-Dimensional NMR Methods; 13C NMR,
Methods; NMR Principles; NMR Pulse Sequences;
Proteins Studied Using NMR Spectroscopy.
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Table 1 Properties of isotopes most commonly encountered in
protein NMR

Isotope
Natural abundance 
 (%)

Resonance 
frequency at 
14.0926 T (MHz)

Relative
sensitivity

1H 99.98 600.00 1.0000
2H 0.015 92.10 0.00965
13C 1.108 150.86 0.0159
15N 0.37 60.80 0.00104
31P 100 242.88 0.0663

Figure 1 Stylized representation of a portion of a polypeptide
chain, indicating the nomenclature of the backbone torsion
angles (� and �) and the side-chain torsion angle (�1) for the
bonds emanating from the α carbon of an amino acid residue(i ).
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Figure 2 One-dimensional 1H NMR spectrum of lysozyme in aqueous solution obtained with presaturation of the water signal,
illustrating the range of proton chemical shifts expected for a random coil, or denatured, protein. The positions of upfield shifted
methyl signals and downfield shifted alpha and amide proton signals that are indicative of a non-random, ordered protein structure
are also shown.
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Figure 3 Schematic representation of the peptide backbone,
showing the magnitudes of the one-bond coupling constants that
are utilized in multidimensional heteronuclear correlation
experiments to provide sequential connectivities.
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Table 2 NMR parameters that define conformations about the
Cα–Cβ bond in amino acids

Parameter

Conformation g– t g+

�1 60° 180° –60°

dNH,Hβ2 3.5–4.0 Å 2.5–3.4 Å 2.2–3.1 Å

NH–Hβ2 NOE Weak Strong/medium Strong

dNH,Hβ3 2.5–3.4 Å 2.2–3.1 Å 3.5–4.0 Å

NH–Hβ3 NOE Strong/medium Strong Weak

Hα–Hβ2 NOE Strong Strong Weak

Hα–H β3 NOE Strong Weak Strong

3JHα�H β2 < 5 Hz < 5 Hz > 10 Hz

3JH α�H β3 < 5 Hz > 10 Hz < 5 Hz

3JN,H β 2 ∼ 5 Hz ∼ 1 Hz ∼ 1 Hz

3JN,Hβ 3 ∼ 1 Hz ∼ 1 Hz ∼ 5 Hz
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Table 3 Characterization of protein secondary structure from
NMR data

a dxy(i, i+n) refers to the distance between proton x in residue i
and proton y in the residue n positions from the C-terminus of
residue i. In the case of the β sheet j refers to the cross-strand
partner.

b A 310 helix differs from an α helix in that the NH of residue i is
hydrogen bonded to the carbonyl of residue i–4 in the α helix
and of residue i– 3 in the 310 helix. The consequences of this
for differences in NMR data are small but are, most notably, a
small decrease in dαN(i, i+2), an increase in dαN(i, i+4) to the
point where a NOE is not observed and a small decrease in
3JNH,αH for the 310 helix.

c The values given above for a β sheet are for an antiparallel β
sheet. Equivalent values for a parallel β sheet are essentially
the same except for the interstrand distances, in particular
dαα (i, j) is much larger (4.8 Å).

d 1Hα and 13Cα chemical shift changes are relative to random
coil values.

Parametera α Helixb β Sheetc

��[C(O)i–1–Ni–Cα i –C(O)i] –57° –139°

3JNH,αH < 4 Hz > 9 Hz

dαN(i,i) (NOE intensity) 2.6 Å (strong) 2.8 Å
(strong)

d α N(i,i+1) (NOE intensity) 3.5 Å (weak) 2.2 Å
(very strong)

dαN(i,i +2) (NOE intensity) 4.4 Å (weak) –

d αN(i,i +3) (NOE intensity) 3.4 Å 
(medium)

–

dα β(i,i+3) (NOE intensity) 2.5–4.4 Å 
(medium)

–

d αN(i,i+4) (NOE intensity) 4.2 Å (weak) –

dNN(i,i+1) (NOE intensity) 2.8 Å (strong) 4.3 Å (weak)

dNN(i,i+2) (NOE intensity) 4.2 Å (weak) –

d αα (i,j ) (NOE intensity) – 2.3 Å
(very strong)

d αN(i,j) (NOE intensity) – 3.2 Å (medium)

dNN(i,j) (NOE intensity) – 3.3 Å (medium)

NH exchange rate Slow Slow

1Hα Chemical shift 
changed 

~ –0.3 ppm ~ +0.3 ppm

13Cα Chemical shift 
changed

~ +3 ppm ~ –1.5 ppm
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See also: Labelling Studies in Biochemistry Using
NMR; Laboratory Information Management Systems
(LIMS); Macromolecule–ligand Interactions Studied
By NMR; Magnetic Field Gradients in High Resolution

NMR; NMR Data Processing; NMR Pulse Sequences;
NMR Relaxation Rates; Nuclear Overhauser Effect;
Parameters in NMR Spectroscopy, Theory of; Solvent
Suppression Methods in NMR Spectroscopy;
Structural Chemistry Using NMR Spectroscopy,
Peptides; Two-Dimensional NMR, Methods.
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Table 1 ‘Backbone’ scale of proton affinities and gas-phase basicities

a Smith and Radom (1993).
b Kormornicki and Dixon (1992).
c ∆fH(CH3CO+) from appearance energies in methyl ketones.
d ∆fH((CH3)3C+) from appearance energy determinations (Keister et al 1993).
e ∆fH(CH3CHOH+) from appearance energy in C2H5OH.
f ∆fH(CH3)2CH+) from appearance energies in 2-halopropanes.
g ∆fH(CH2OH+) from appearance energy in CH3OH.
h ∆fH(H3S+) from appearance energy in Van der Waals dimer (H2S)2.
i ∆fH(H3O+) from appearance energy in Van der Waals dimer (H2O)2.
j ∆fH(C2H5

+) from adiabatic ionization energy of the ethyl radical, and from appearance energy in C2H5I.
k ∆fH(HCO+) from appearance energy in HCOOH.
l ∆fH(CO2H+) from appearance energy in HCOOH and other carboxylic acids.

Molecule

1998 scale Ab initio 1984 scale

GB298 PA298 ∆Sp,298 PA298 GB298 PA298

(CH3)3N 918.1±6.0 948.9±6.0 5.6 951.6a 909 942

Pyridine 898.1±6.0 930±6.0 2.0 929.8a 892 924

(CH3)2NH 896.5±6.0 929.5±6.0 −2.0 931.7a 890 923

C2H5NH2 878±6.0 912±6.0 −5.1 941.0a 872 908

CH3NH2 864.5±6.0 899±6.0 −7.0 901.0a 861 896

NH3 819 853.6 −6.4 853.6a 818 853.5

CH2=C=Oc 793.6±3.0 825.3±3.0 2.4 825.0a 793 828

CH3COCH3 782.1±6.0 812±6.0 8.7 811.9a 790 823

(CH3)2C=CH2
d 775.6±1.2 802.1±1.4 20 802.1a 784 820

(CH3)2O 764.2±6.0 792±6.0 16.5 792.0a 771 804

C2H5CN 763±6.0 794.1±6.0 4.7 794.3a 770 806

C6H5CH3 756.3±6.0 784±6.0 16 – 761 794

CH2=CHCN 753.7±6.0 784.7±6.0 4.9 784.7a 761 794

HCOOCH3 751.5±6.0 782.5±6.0 5 782.2a 757 790

CH3CN 748±6.0 779.2±6 4.3 780.0a 756 788

CH3CHOe 736.5±1.6 768.5±1.6 1.5 770.2a 747 781

CH3OH 724.5±6.0 754.3±6.0 9 754.3a 728 761

CH3CH=CH2
f 722.7±3.0 751.6±3.0 12 744.3a 718 751

CH2=Og 683.3±1.1 712.9±1.1 9.5 711.8a 687 718

H2Sh 673.8±5.3 705.0±5.3 4.3 707.7a 681 712

H2Oi 660.0±3.0 691.0±3.0 5 688.4a 665 697

CS2 657.7±6.0 681.9±6.0 28 681.9a 672 699

CH2=CH2
j 651.5 680.5±1.7 11.5 681.9a 651 680

COk 562.8±3.0 594.0±3.0 4.2 539.0a,
593.1b

562 594

CO2
l 515.8±2.0 540±2.0 26 539.3a,

541.0b

520 548
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See also: Chemical Ionization in Mass Spectrome-
try; Ion Dissociation Kinetics, Mass Spectrometry;
Ion Molecule Reactions in Mass Spectrometry.
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7�0����������������������������0��������������0�0�<
7������+���� �������� 	 µ0�� ���� ������7������ 0���
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=�"� ���� ����0�0� �������;��+#� ���� ��� ����� ���0� ���
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��7�����0�7��������
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0���� ��� ���,���� =��+� ���������� �����,�0����� ��
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��������,���� ���� �+������ ������0������ �����������
!��0���������7�����������������������������������������<
������� (�� 0���� �77���� �� ��(� 7����� ����� (���� �
��,�<+����� ���7���������,������0�(���� �0���� ����,+
������� ���� ��,�� ���,������� ���� �� ����7���� (���� �
���,����������,���� ������7��7�#� ������ ��� ������� �����7��
������������0���;������������0�������2�(�;��#����
�����������7�����7������������������7������0���0�8��
�����7��������B������+�����7����,���������������7�����
���7������7������������,�0����������������
:����� ���0� ���� ��������7� 7���0���7� ���� ������7��

����������� �������� �;��� ��� �� �����7�� ����������
�����#� ��0���7��� ��+<���7��,� �������� ��� ����������
�����<���0��,� �+���0�� ���(� ����� ����0�E��� 7�����<
�������� ��� ���� ���0� ���������,� ���� ���0� �0���
�0�����7������ ��� ���� 7������7����� ���� ���,�0���� ��

���� ������#� ����7����+� ����������� ���0� �B�7�� ����<
������+00���+� ��� ������������� ���������������0�,<
����������������������������;����������������,�0������
���� �������� ���� ������� ����� ��� ���� 0���� ��77������
����,�� ���� 7��� ���0� �� ���,��� ���7�� ��� ��,�<������+
0�,������������0���0�8������������������������0��+
��� ����;������ 7�0�������� ���� ���� 0������� ��
������� ���0�����,� ���7���� 0�7����7��� ���,�0���� ��
0�7��0����� �77���7+� �	
��� ��� >���,� ����� �+���0#
�� �������� ����������� ��� 	 µ0� 7��� ��� �7���;��� ���<
�����+� (���� �� ���0� 7������� ��� ������� 	�9 �:� ��
$ =�"��������#� �����7����� ����5�? �����+����������
������� ���� �;�������� 7�00��7����+� ���� ���� ��(
�����������������0���������7��������(����<(�����F����
��7������������������+�����7������������������������+���#
��������,�����������7��������0����������0��
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 ��������G	H�����7������������������0�0�������������<
������#� ��,�<+����� ����+��7��� ���7������ ���� ���������
���� ���0� ����+���� �4:� ��7�������� ���� ���7�����
����(����� ��� ����� ;���0�� ��������� ��� ��� ���(�� ����
���� ��,����� 7����<��7����� ���7������ ���� 5�? � ���
����������� ��7*�7�������,� ��4A#� (��7�� ��,�����
7�;�����0��������(�������������������7��������'�7����
���7����� ����+���� ���� ��� ,������� �� 0�7�� ��(��
7����<��7����� ���� ��� ���� ��������+� ����� ���� ��,�<
�����������0�7�����0������7�������

Figure 1 (A) Cross-section of a quadrupole magnet used as a
focusing lens for charged particles. Particles travelling in the ver-
tical plane experience a force directed toward the axis; in the hor-
izontal plane the force is directed away from the axis. (B)
Combinations of quadrupoles which have been used for micro-
beam applications. In the triplet configuration of quadrupole
lenses used in the Oxford nuclear microprobe the quadrupoles
are excited alternately converging–diverging–converging and the
first two magnets have the same excitation (for ease of align-
ment). Also shown is the object aperture (typically 50 � 10 µm)
and the collimator aperture used to control the divergence of the
beam (and hence the aberrations).

Figure 2 Photograph of the end-stage of a commercially avail-
able microbeam focusing system using a triplet of magnetic quad-
rupoles. The beam enters the system from the right and passes
through the collimator aperture, magnetic deflection coils to
sweep the beam across the sample and the three quadrupole
magnets before entering the target chamber where the sample is
mounted on a micrometer controlled positioning stage. Courtesy
Oxford Microbeams Ltd.
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����������������	�������

F����� ���<����+��7��� ��7�������� ���� ����� �;�������
����,�=�"������(��7��7��������������,�;�� �0�,��,
7����������������0�����

��������� �������� 
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�� =�"� ����� �0���,��,
����������7�����������7������������������������7�����#
����������0�+����0������������,�������7������7����
�� 7������� ���7�����0���������� ��� ,�������� �0�,��� ��
������0�������������,+���������0���������7������������<
���;��+���(���+��7���+�� 	 *�"�����������+����������+
������7���� �+� �����7�� ����,����������� 1���7���,� ���
���7������ ��� �� ��(� �,��8��,� ��,��� ��� ���� �����7�
�����7��� ����� ����7�� ���� ����(�� 7����� ����,�����7
�0�,������������������
A�7�����+� ���7������ ��������,� ���0� ������

��0����0�����������7���+���+�7�0����������������<
0������������������0���#���������������������������
��� ��0������+��������0����0������������ �������0���
	 µ0� ��� ,������#� (��7�� ��� ��,����7����+� (����� ����
���� ��0�� ��7������� ����� ��� ���� �7�����,� ���7����
0�7���7���#� ���� ���� ��7������� 7��� ��� ;�������� ��
������,��������������0�����������������������������+��<
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 ��!"# =�"� ����� ���0������ ���������,+�,�������+
�+�7����������(�������0�7����7�����#�����+�0�������,
��������,+���������7����������,������,���������+��7���+
�$9 µ0���0����#���0�����������������7�����������+
����,��������������7���������������������7����������
��� �� ��7������� ���� 0�����,� ������+� ���7�������� ��
��0��������������,����������0����������0��A��=�7��
���7���������������(��0������(������������7��������7��+
��� �������0��������������0���� ����,��<������A��=#
����7���������77���������+�������������������,+��������
������,� �����,�� ���� ��0���D� (���� ���� ����7���
0������� ���<�B��� ������� ���� ��0���� ����*<�����
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������ ����� ���0��� ���� ��0���� ��� ��7���� ��,����� ��
����������������������+���#����������������0���+�7������
������0����������+�(��������5�? ������4A�0�����,�
:�A��=��0�,������(��0���������������7���������7���
(����0���������������������������������7����0�������(�
���	
��� $�

!��������
��������%���� !�!&# ����,��������7���
������,������,������E��7����������7��;����0�7����7<
������;�7��� 7������ ���7����%�����������(��7�� 7�����

Table 1 Comparison between microPIXE and electron probe
microanalysis

RBS = Rutherford back scattering.
NRA = Nuclear reaction analysis.

MicroPIXE Electron probe 
microanalysis

Primary particle 
beam

1–3 MeV protons 
from a nuclear 
accelerator 
focused to 
1–10 µm with 
beam current
0.1–10 nA

10–100 keV electrons
focused to 
10–100nm with 
beam current 
1 nA–1 µA

Minimum detection 
limit

1–100 ppm 
depending on 
beam energy, 
sample matrix, 
elemental overlaps, 
etc. Limited by 
count rate

100 ppm–1%
depending on beam 
energy, sample 
matrix, elemental 
overlaps, etc. 
Limited by 
background

Beam penetration 
depth

50–100 µm 1–3 µm

Analysis depth Depends on 
absorption of 
emerging X-rays; 
can be �50 µm

Similar to penetration 
depth

Spatial resolution Equal to beam 
diameter

Determined by 
spreading in sample
(typically 0.5–2 µm
depending on 
sample thickness)

Quantitative 
accuracy

Moderate (depends 
on sample 
homogeneity).
Standardless
analysis possible

Good

Other options 
available

Light elements using 
RBS and NRA. In-
air analysis using 
external beam 
facility

High-resolution
imaging with Z 
contrast

Scale of equipment Medium to large 
facility (possible 
shared access to 
accelerator)

Compact instrument

Availability � 50 world-wide Common
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Figure 3 STlM images of mouse red blood cells (5 µm in diam-
eter), both infected with malaria parasites. The bottom one is well
developed and shows the parasite coiled around the inside wall
of the cell. Denser or thicker regions of the sample are indicted
by lighter colours. Courtesy Professor F. Watt, National
University of Singapore.

Table 2 Sample preparation techniques for nuclear microbeam analysis a

a Because IBA is predominantly an inner shell/nuclear technique with most of the signal coming from many atomic layers beneath the
surface, there is no strong dependence on surface condition (although ideally the surface to be analysed should be flat). Because
of this, many samples can be analysed with no further preparation (especially in the external beam). Other types of sample require
some preparation, as summarized in this table�

Type of sample Preparation technique

Biological cells Cryo-fixation on to thin (<1 µm) plastic films

Biological tissue sections Cryo-fixation followed by cryo-sectioning to a thickness of 5–10 µm and freeze-
drying on thin (<1 µm) plastic films

Environmental particles, other particulates and 
powders

Small particles on filters: analysis in situ on filter membrane.
Small particles in bulk: dispersion in dilute resin solution which can be cast into a 
thin film
Large particles: adhesion to conducting adhesive pad

Mineralogical samples, metals, bone, etc. Resin embedding and polishing as for electron probe analysis. Insulating samples 
may need carbon coating

Figure 4 Optical (top left) and IBIC images of a gallium arse-
nide transistor at three different magnifications (length of side of
image area indicated on each area). The IBIC images show the
intensity of charge collected between the p-type and n-type con-
tacts, with the highest charge shown as darker. In the highest
magnification image, the arrows indicate a 0.8 µm depletion
region, showing the resolution that can be achieved using this
technique. Reproduced from Breese MBH, Grime GW, Watt F
and Blaikie RJ (1993) Vacuum 44: 175, with permission.
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See also: High Energy Ion Beam Analysis; NMR
Microscopy; X-Ray Emission Spectroscopy, Applica-
tions; X-Ray Emission Spectroscopy, Methods. 
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Figure 5 Schematic plan view of the external beam analysis fa-
cility at Oxford. The beam emerges from the vacuum of the beam-
line through a 300 µm diameter hole sealed with a thin (8 µm)
plastic foil. X-rays emitted from the sample are detected by two
detectors mounted at 45° on either side of the beam. One detec-
tor is fitted with an X-ray absorber to kill intense low-energy X-ray
lines from elements in the sample matrix to ensure good detec-
tion limits for the trace elements while the other detector has no
absorber and is fitted with a magnetic deflector to ensure that re-
coiling high-energy protons do not reach the detector. A detector
for gamma rays is mounted at 90° to the beam. Below the beam-
line, a detector for recoiling protons allows the total amount of
charge falling on the sample to be monitored. Not shown in this
diagram are a video microscope which uses a mirror to view the
front surface of the sample during analysis and a low power align-
ment laser to assist in positioning the sample for analysis.
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Figure 1 Basic approach options to computerized pyrolysis mass spectrometry.
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Figure 2 Schematic representation of the parameters that
determine the heating profile in filament pyrolysis, namely
temperature rise time (TRT), equilibrium temperature (Teq) and
total heating time (THT).

Figure 3 Third dimension in pyrolysis mass spectrometry
approaches: (A) linear programmed thermal degradation mass
spectrometry [LPTDMS – third dimension = temperature]; (B)
collisionally activated dissociation of ‘parent’ ions coupled with
scanning of product ions using tandem mass spectrometry [MS/
MS – third dimension = spectrum of product ions]; (C) laser
microprobe mass analyser [LAMMA – third dimension = spatial
resolution].
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Figure 4 Typical instrumental configurations for pyrolysis
electron-impact ionization mass spectrometry: direct insertion
probe pyrolysis mode (upper) and Curie-point pyrolysis mode
(lower). Reproduced by permission of Elsevier Science from
Meuzelaar HLC, Windig W, Huff SM and Richards JM (1986).
Analytica Chimica Acta 190: 119–132.

Figure 5 Schematic drawing of the experimental setup for pyrolysis field ionization mass spectrometry. Reproduced by permission
of the American Chemical Society from Schulten H-R, Simmleit N and Muller R (1987). Analytical Chemistry 59: 2903–2908.
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Table 1 Temperature rise time (TRT) and Curie-point versus
alloy composition

Reproduced by permission of John Wiley & Sons from Grob RL
(ed) (1995) Modern Practice of Gas Chromatography, 3rd edn.
New York: John Wiley & Sons.

Alloy composition (%) Quoted TRTs (ms)

Fe Ni Co
Curie-
point (°C)

Fisher-Varian
(1500 W)

Phillips
(30 W)

0 100 0 358 300 1300

61.7 0 38.3 400  40 500

50.6 49.4 0 510 150 700

42.0 41.0 16.0 600  70 500

29.2 70.8 0 610 130 1150

33.0 33.0 33.0 700  90 1350

100 0 0 770 110 2100

Figure 6 Temperature/time profiles and Curie-point tempera-
tures for pure Ni, Fe, and Co wires (diameter 0.5 mm) when
using a 1.5 kW, 1.1 MHz high frequency power supply for pyroly-
sis/mass spectrometry studies. Reproduced by permission of
Elsevier Science from Meuzelaar HLC, Haverkamp J and Hile-
man FD (1982), Pyrolysis Mass Spectrometry of Recent and
Fossil Biomaterials; Compendium and Atlas. Amsterdam:
Elsevier Science.
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Figure 7 Scheme of an automated Curie-point Py-MS system with a dedicated minicomputer. Samples are selected by a pickup
arm from the turntable and positioned inside the high frequency coil. The pyrolysate diffuses via a buffer volume into the mass
spectrometer where the molecules are ionized and mass-analysed. Reproduced by permission of Plenum Press from Wieten G,
Meuzelaar HLC and Haverkamp J (1984). Analytical pyrolysis in clinical and pharmaceutical microbiology. In: Odham G, Larsson L
and Mardh P-A (eds) Gas Chromatography/Mass Spectrometry Applications in Microbiology. New York: Plenum Press.
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Figure 8 Curie-point pyrolysis MS-MS system: pyrolysis products diffuses into the ion source where the ions are formed by electron-
impact (EI) ionization and analysed by a triple quadrupole mass analyser (Q1–Q3). Different modes of ion analysis: (a) EI spectrum
of a pyrolysate; (b) neutral loss spectrum; (c) single ion spectrum; and (d) collisionally induced dissociation spectrum of a ‘parent’ ion
{P+}.
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Figure 9 Schematic representation of six on-line pyrolysis-
mass spectrometry configurations. (*) Ionization zone; (�)
pyrolysis zone.

Figure 10 Field desorption (FD) pyrolysis in the ion source of a
mass spectrometer. The place of pyrolysis and ionization is
identical. Reproduced by permission of Elsevier Science from
Schulten H-R (1977) Pyrolysis field ionization and field desorp-
tion mass spectrometry of biomacromolecules, microorganisms,
and tissue material. In: Jones CER and Cramers CA (eds) Ana-
lytical Pyrolysis. Amsterdam: Elsevier Science.

Figure 11 Instrumental configuration for laser pyrolysis EI
ionization mass spectrometry. Reproduced by permission of
Elsevier Science from Meuzelaar HLC, Windig W, Huff SM and
Richards JM (1986). Analytica Chimica Acta 190: 119–132.



PYROLYSIS MASS SPECTROMETRY, METHODS 1913

����������	� ������� �
� ���� ����	���� 
�� �
�����
�������� 

'��������������
����
�������
������
���
������
����	� ����� ��� ������� �����
����� ��������� �	����
������������������������
����
���: $��������
�����
��
��	� ����� ����� ���� ������ 
�� �
���� ���� ���� ��
�
��	
�����������������������
��������
����5���6�����
�����	��
����������
������������)�C+ �������
�
����������������(����	���������
�����
��������������
�������� ����	� )
����
���� ���� ������
���+� �

����
������� �	� �����
���� ���� ���������� �������
�� 
�� �
����������
�������������������
������#��������*& �8
�	�������
����������������������
�����)�C�B+
����������	������
�������
����	
�	�������
������
���
������
������������ �� �'���
�������
�����
������
���������� ��������� �
���� �� �,����� �
� �
�������
�����
�����������������������
���������C����������

�����
���
����
����������������
���� �'
����
���
�	� .'� �
��(���
�� ��� ������	� ����� ����	���� <� 

������
����	� �������������� �
�����
����	� ������������
�
�����
�� <� ����� ������
��� ����� ������� 
� 
���
����������
����������	��� 

���� ��������� ��
� �
��������
��� )������! �+
������+������������(����	���������	��
����
����
���� �
����������� ���� ��� ������	� ������ �
� ��
�	
�	���� K4��B� 
� �������� �� �
�� 
�� ����

�����
�������
���
����
�������������� ����
��
������������������������������� 

��������������� ���	����	��������	

����������

B�
��������
���������	�
���	
�	���������������
��
����������/	��B��������� ���������	��

�����
������
��� 
�� ���,� ������������ �
� ������� $A� ��
�����	� �������� � "
������ �������
��
	� ���
�
������� ��
������������� ��� �
�� ����� ��������� 
B
���
�� ���� ����
�� ����� ���������� �
���������
�
���������	� ���� ������ ��
���� ��� �������	� ���������
��� �������
��
	� �
�����
��� ��� ��������� ��
	
��� � 

/
����� ��� �����������
������� �����
���������
���� �����������	� 
�� 
������ �
������ �	������ ���
���
���� ���� ��������
�� 
�� /	��B� ����� ���������
�
����� ������������ ������������� ����� ������
�
����
��� ���
� �� ������� ����	���� ��������� � B���� ��
���
���� �
������� ����� ����	���� ���������	� ����
������ �	����� 
� ������� ��
�����
�� ������ ����
��������
��)������ ��+ �

������������	��	��$�
	#������

�������	��������

������� �
������ ��� �������� ���� 
������ ������
�
������ ��� ���������� ��� ��������(��� �	� �� ����
������
�� �
�������	�� ����� �������������	� ��������
�(��� ����	������ ����
��� ������ ����� �
� ��� ���
�
����������� ������	� ���� ��������� � "
������ ��� ���
���	� !#D*�� ���� ������ �
� ������������� ������ ��
����
�����������������
����
���������
�����
���������
�������������������
��
���	
�	���������

��� �
� �
������ ��
��������� ���� ���

������� 
���� �
�������
�� 
�� �	
�	���� ���� ����� �����
�
���	� ���� �
���� �
� ��� ��� ���������	� �
������ �

�

Figure 12 Schematic of a pyrolysis vapour generator coupled
to a molecular-beam mass spectrometer sampling system. Re-
produced by permission of the American Chemical Society from
Evans RJ and Milne TA (1987) Energy and Fuels 1: 123–137.

Table 2 Factors that possibly influence long-term reproduci-
bility

Reproduced by permission of Elsevier Science from Meuzelaar
HLC, Haverkamp J and Hileman FD (1982). Pyrolysis Mass
Spectrometry of Recent and Fossil Biomaterials; Compendium
and Atlas, Amsterdam: Elsevier Science
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Figure 13 Time-resolved Curie-point pyrolysis MS total ion signal profile of a coal sample obtained at a heating rate of 100 K s–1

(A) and the ‘deconvolution’ of the second maximum (at 510°C) into at least three components (b–d) by means of factor analysis (B).
Tentative interpretation of components a–d was based on comparison of numerically extracted spectra with the actual spectra of
maceral concentrates. Numbers in parentheses show the percent of the total variance for each component. Reproduced by
permission of Plenum Press from Meuzelaar HLC, Yun Y, Chakravarty T and Metcalf GS (1992) Computer-enhanced pyrolysis mass
spectrometry: a new window on coal structure and reactivity. In: Meuzelaar HLC (ed) Advances in Coal Spectroscopy. New York:
Plenum Press.
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Figure 14 In-source pyrolysis ammonia chemical ionization mass spectrum of cellulose, showing pseudomolecular ions [MNH4]+ of
a series of 1,6-anhydro-oligosaccharides, ranging from the monomer (m/z 180) to the dodecamer (m/z 1962). The spectrum was
obtained using a Pt–Rh filament probe and an E–B-type sector instrument. Reproduced by permission of Elsevier Science from
Boon JJ (1992) Analytical pyrolysis mass spectrometry: new vistas opened by temperature-resolved in-source PYMS. International
Journal of Mass Spectrometry and Ion Processes 118/119: 755–787.
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Figure 15 Pyrolysis mass spectrum of product ions of m/z 260 of phenylalanyl-leucine [Phe-Leu] (A) and a general fragmentation
pathway of Phe-Leu and leucyl-phenylalanine [Leu-Phe] (B). Reproduced by permission of the American Society for Mass
Spectrometry from Noguerola AS, Murugaveri B, Voorhees KJ (1992), Journal of the American Society for Mass Spectrometry 3:
750–756.
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Figure 16 Curie-point pyrolysis EI mass spectrum of B. anthracis showing (A) fragment ions of a series [R–C=O + 74]+,
representing the contribution of particular types of fatty acid residues to the overall profile of bacterial fatty acids, and (B) molecular
ions of dehydrated diacylgycerols (diacylpropenodiols) originating from cellular phospholipids.
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See also: Atmospheric Pressure Ionization in Mass
Spectrometry; Biochemical Applications of Mass

Spectrometry; Chemical Ionization in Mass Spec-
trometry; Chemical Structure Information from Mass
Spectrometry; Forensic Science, Applications of
Mass Spectrometry; Hyphenated Techniques, Appli-
cations of in Mass Spectrometry; Laser Microprobe
Mass Spectrometers; MS–MS and MSn; Peptides and
Proteins Studied Using Mass Spectrometry; Quadru-
poles, Use of in Mass Spectrometry.
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Figure 17 Temperature-programmed pyrolysis-mass spectrometry analysis of the sheen on anti-static matting: (A) temperature-
resolved total ion current signal profile of pyrolysis products obtained; (B) mass spectrum of component a; (C) component b; (D)
component c. Reproduced by permission of Elsevier Science from Mundy SAJ (1993), Journal of Analytical and Applied Pyrolysis 25:
317–324.
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Figure 1 A schematic illustration of a quadrupole mass
spectrometer. Ions that are to be filtered to identify the presence
of a particular mass are injected in the direction of the axis of the
instrument. If the combination of radiofrequency and direct
voltages applied to the rods is correctly chosen, only ions of one
particular mass to charge ratio (m/z) will be successfully
transmitted to the detector.
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Figure 2 Zones for stable trajectories in both x and y trans-
verse directions expressed in terms of the parameters a and q
which are related to the m/z ratios of the ions. (A) General zones
of stability, (B) a detail of the zone commonly used. The iso-beta
lines are related to frequencies of ion oscillation.
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Figure 3 Phase space acceptance diagrams showing the ini-
tial conditions of transverse displacement and velocities that
lead to ion transmission at 100% and 50% of the initial phases of
the RF field. (A) x-direction, (b) y-direction. This is for the centre
of a peak and for ions spending two RF cycles passing through
the fringing fields. The displacement from the axis is measured
in units of r0 and the velocity in terms of r0 /ξ.
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Figure 4 Combined phase space acceptance areas for x and
y directions as function of the length of the fringing field (ex-
pressed as the number of RF cycles that the ions spend within
the fringing field). This illustrates how sensitivity may vary de-
pending on ion velocity.

Figure 5 A typical example of transmission efficiency versus
resolution for an instrument with a well-defined source emittance.
There are three regions of transmittance as resolution is
increased. (I) Sensitivity is source limited, (II) sensitivity is filter
acceptance limited, (III) resolution is length limited (number of
cycles in the field) and (IV) resolution is limited by field
imperfection.
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Figure 6 Some examples of performance measurement for a
particular quadrupole mass filter showing how the limiting resolu-
tion varied with the number of RF cycles in the field. The ultimate
resolution reached was dependent on frequency and mass
number.
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Figure 7 The mass spectrum of the protein cytochrome c (Mr
12 200) obtained with an ESI ion source and quadrupole mass
filter. The isotopic structure of the peaks is not resolved. Each
peak is identified by the number of protons attached to the
protein.
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Figure 8 A triple quadrupole mass spectrometer system with an electrospray ion source. S, electrospray source; N2, nitrogen cur-
tain gas; O, ion sampling orifice; SK, skimmer; Q0, RF-only quadrupole ion guide; PF, delayed DC ramp ‘prefilters’; Q1 mass analysing
quadrupole; Q2, RF quadrupole enclosed in a collision cell; Q3 mass analysing quadrupole; D, ion detector.
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Figure 9 Mass spectra of multiply charged fragment ions of the peptide renin substrate tetradecapeptide. The precursor was the
(M+4H+)4+ ion at m/z 440. The insets show the resolution of the isotopic peaks for the +1 to +4 ions. Reproduced with permission of
The American Chemical Society from Thomson BA, Douglas DJ, Corr JJ, Hager JW, Jolliffe CL (1995) Analytical Chemistry 67: 1696–
1704.
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Figure 11 A quadrupole ICP-MS system. T, torch; S, sampler;
SK, skimmer; L, ion lenses; A, differential pumping aperture and
lens; PF, delayed DC ramp ‘prefilter’; Q, quadrupole mass filter;
D, ion detector.

Figure 10 (A) Mass spectrum of the peptides obtained from digesting the 123 kDa subunit of telomerase. Peptides were not sepa-
rated by chromatography. Peptides that were sequenced fully or partially are marked by T or t, respectively. (B) Tandem mass spec-
trum of the peptide at m/z 830.4. Reproduced with permission of The American Association for the Advancement of Science from
Lingner J, Hughes TR, Shevchenko A, Mann M, Lundbald V, and Cech TR (1997) Science 276: 561–567.
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Figure 12 Mass spectrum of transition metals each present at
100 ng ml–1 in solution. The peak at m/z 56 also includes a con-
tribution from 40Ar16O+. Small peaks at m/z 63–68 indicate con-
tamination by Cu and Zn at concentrations of few ng mL–1.
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Figure 1 Left: A typical absorption band; Centre: The first de-
rivative of the absorption band; Right: The second derivative of
the absorption band.
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See also: Dyes and Indicators, Use of UV-Visible
Absorption Spectroscopy; Fourier Transformation
and Sampling Theory; Multivariate Statistical
Methods; UV-Visible Absorption and Fluorescence
Spectrometers.
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Figure 2 Sketch of a probe possessing B1 gradient capabili-
ties. The single-turn coil serves for generating a RF gradient in
the X spatial direction. The saddle coil (in principle electrically
orthogonal to the latter) is used essentially for detection pur-
poses. Possibly it can produce a RF gradient in the Z direction.

Figure 1 Three-dimensional diagram demonstrating the excellent uniformity of a RF gradient created by a two-turn flat coil
(respective diameters: 15 and 11 mm).

Table 1 Properties of B1 vs. B0 gradients

B1 gradients B0 gradients

Rise and fall times < 1 µs ≥ 100 µs

Eddy currents None Important, can be 
greatly attenu-
ated by self shield

Perturbation of the 
static magnetic field 
and lock system

None Strong

Effects of magnetic sus-
ceptibility variations 
across the sample

None Important, must be 
compensated for

Effects of short T2 Reduced by a 
factor of two

Full

Maximum strength 
(1997)

800 mT m–1 10 T m–1

Spatial directions 
available

1–2 3

RF deposition High (improper 
for medical 
applications)

Low (limited to 
short RF pulses)
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Figure 3 The simplest experiment for measuring self-diffusion
coefficients by RF gradient pulses (shaded rectangles). +x and
–x denote the RF phases. The simple phase cycling (±x),
corresponding to two successive experiments whose results are
coherently added, eliminates any transverse component of
magnetization. The (�/2) pulse is a standard read pulse.
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Figure 4 (A) Left: Different elementary slices subjected to the
decreasing RF field produced by the gradient coil. Right: corre-
sponding nutations assuming that nuclear magnetization was in-
itially at thermal equilibrium. (B) Left: The RF gradient pulse train
with interleaved detection windows leading to the acquisition of a
pseudo-FID. Right: the Fourier transform of this pseudo-FID
yields a profile representative of the object shape (see A).

Figure 5 (A) Full image of a polymer rod that has been im-
mersed in a solvent mixture (isooctane, ethanol, toluene). (B,C)
Chemical shift selected images of isooctane and toluene, respec-
tively, showing the different degrees of penetration.
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Figure 6 Suppression profile resulting from the sequence shown at the top of the Figure and obtained by repeating the experiment
for a series of transmitter frequencies. When the signal is on-resonance, it is selectively defocused by the train of RF gradient pulses
(g1).�� is chosen so that the first sideband (2� precession) is outside the spectrum of interest.
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NMR; MRI Theory; NMR Microscopy; NMR Principles;

NMR Pulse Sequences; NMR Spectrometers; Product
Operator Formalism in NMR; Two-Dimensional NMR
Methods.
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Figure 7 Reference (top) and 3 spin-filtered (bottom) spectra. The latter has been obtained with the sequence shown at the top of
the Figure (r 3/2; see text). The time � is chosen so that antiphase coherences can develop; the last �/2 pulse is for purging purposes.



RAMAN AND INFRARED MICROSPECTROSCOPY 1945

��������	
�����������������������������

See Microwave and Radiowave Spectroscopy, Applications.

�����������������������������������

Pina Colarusso, Linda H Kidder, Ira W Levin and 
E Neil Lewis, National Institutes of Health, Bethesda, 
MD, USA

Copyright © 1999 Academic Press

������
�����

����������	
�����
��
 �������
�����������������
���
���	�����	
���	�
����
������������
����
���
�����
�����
 ��
 ���
 �������	
 ���������
 ��
�������	��
 �����
������
 �������
 ���
 ��������
 �����������
 ������
�����	
������������
��
 	����
�����������
 ���
�	����
�����
 �������	
 �������
 ��
 ���
 ������
 ��
 ���
���������
	���	��

�������
����������	
������������
������
 ���
 ����	�
 ��
 ��	���	��
 ������������
 	����
����������
�����	�
����	�
������	���
����
��
���
����������
 ��
 ������	
 �����������
 ����������	
 ������
����
 ���	�
 ��
 ����
 ��
 �����
 �����������
 ��
 ����
�������
�������		�
��	������
�����	��������
��
������
������
 ����	���
  ������
 ������
 ����	�!
 ����	���
�������
����
�����
���	������
��
�
������	
��
���
	������
 ��		�
 ��
 �
 ������
 �������
 ���
 ��
 �!�����
����
 �����
 ��
 �������
 �����������
 ���
 ��������
��
 �	�!���	���
 ��
 ����������	
 �����������������
 ��
����	�����
 ��
 ���
 ���
 �������
 ��
 ������
 �����
����
��
���	����
��������
 ��������
 ��������
��
 ���
������	
�������
������	�
"����
���
����������	
���#�����
��
��������	
���

�	����������
 ��
 ����������	
 ������������
 ���
 ��
������
�	�������
��
����
�����	������
���
��������
����
��		
��
��
���
�!�������
��
�����
��
�������
������������
��
���
�����������
���	��
$�
����	
��
����
 ����
����
��
 ���
������
�������
����
���
���	����	�
��
�����
������������������
�������
���
�����		�
 �����
����
��
������	
 ���������
 ����
��
�	�����������
���
��	����
�������
������������
��
����������

������������
���
 ����������	
�����������
 ���������
����
��������
%�
���
�!������
�������������
��
���
���������
 ���	����
 ���
 ������
 ���
 ��������	��
 $�
 �
������	
������������
���
����	�
��
�!�����
�������
�
 ����������
 ����
 ������	����
 �		����������
 ��

����
������
�����
��
�������
�������
���
������
��
���
��
����
��	����
�������
%���������
 ����
����
��		�
���������
���
�����������
��
������	�����	
��
�������������
���
����
�	��
����
���	����
&���
����
����������
�����
�������
��
����������
������
��
	����
������
���
����	�'
���
�������
���
�������
��
������
�
����
��
 ���
����	�
��
��������
����������	
������������
$������
�����������
��
���������
�����
�������
����	�������	�
���
����������
������
������
�
�����
����	�
�����
&������
��
 �������
������
 �		��
 ���
 ����	�

�����	��������
 ����
 ���������	
 ����	�����
 �������	��
���
���
����
���
����������
��
�
���������������	
(�����
����)
������
���
������	
��
���
�������	
��
�������
 *���
������ �+�
  �������
 ��
 ���
 ��������
�����
 �������������	
 �	����
 �	���
 �
�������	��
 �!��
���	
������
�
���
��
�����
�	����
����#�
��
�
�����
����
��
����	�����
��
�
�����
��
 ������		�
 ����	��
��������
����������	
�������������
�������
��
���
�����
�������
���
������	�����	
��
�������	
���	�
����
 ��
�����������
 �������
 ��
 �����	
 �����
 ����
���
 �����
 ������	�
 ��
 �!�����
 ����
 ��	#
 ��
 ���	���
����	�������
�������������

�����
���������

%
 ������
 �����
 ��
 �������
 �����������������
��������
��
��
�!��������
�������
�
�������
������
������
 �
 �������������
 ��
 �
 ��������
 %�
 ��
 ��	#
�����������
 ���
 �����
 ��
 ������������������
�!���������
��
����
��
���
����	�
�����������
��
��		
��
�����
���
���������
���������
������������
���
�����������
 ������
 ��
 �������	
 ����	������
,���
����
��������
��
����������	
�����������������
���	��
���
������	
����	�����
��
���
������	
����������
���
�����
���
����������
��
���
�������������

����������	
����������	���

�������������������

������������������������



1946 RAMAN AND INFRARED MICROSPECTROSCOPY

��
����

�����
 �����������������
 ��
 ����		�
 ���	������
����
���
�	������	��
 ��
������������
����	�����
���
������
 ����
 �����
 -�.
 ��
 /�0 µ��
 1!��������
 ����
�������
 ����
��
%�+�
2�3��
��
��	�������
 	�����
 ��
�������
$������
������������������
��
���������
��
����		�
 ������
 ���
 �������
 -�45
 ��
 60 µ�
 ����
�������
�������
����
��
������
	����
��
�������
�	������
&���
������	��
�!��������
����
�����������
��������
 ���
 �	��
 ����
 ����������
 ���
 �������
�������������

���������
�������������

���
�������
����������
 ��
 ������	
 ��
����������	
������������������
 ���
 ������	
 ����������
 ��
	����
�����
 ���
����
 ����������
��
 ���	������
������
������
���
�����
��
������ ��
%�
�		��������
�
����
����
 ����������
 ��������
 �
 	����
 �������
 �
���������
 ��
 ��7�������
 �������
 ����������
 ��
 ��
���	���
 ���
 ����	�
 ��
 �����
 �����	���
 ����
 �����
	����
��
��
��
�����������
��
�	��������
���
����
�����
 �		��������
 ���
 ����	��
 ��
 ���
 ����������
	����
 ��
��		����
��
���
��7�������
8����
�	��
���
��
���	����
*��
��������+
����
���
����	�'
��
����
����
�����������
�����
 ��
 #����
 ��
 �����		����������
 ���
��7������
�	��
������
��
���
���������
$�
������
�����

��
�������
��
����		�
��	����
�����
��
���
����	�
��
 �����
 ��
 ���
 ���#
 ����	
 �	���
 ��
 ���
 ��7�������
����
 �����������
 �����
 ��
 ������
 ��	���
 �������
��		������
 ������
 ��
 �
 ����
 ������
 ��
 �������
 ���
���	���
�����
�������
���������
���
�����
���
�����
����
&����������
���	���
���
���������
��
�	������	��
��
�������
����	������
����		�
�������
�
�������	
������	����
����
���
����	�
������������
,�		�����
 ���
 ���	�������
 �����������
 �!������

�����
���
�������������
������
��
��������
��
��
���
����	��
$�
�����
������������������
���
�����
���
����
 ��
 �����
 ��
 ���
 ����
 ��
 ���
 ���������
 	����
�����
,��
�������
���	���������
���
��������
��
 	��
��	���
������
�
�����
����
��
����
��
�	�����
��
���
������
�������
���
������
��
���
����	��
%�
�����
��
 ���
 ��������
�����
������������
��
 ���
�����
��
 �������
 �����	�
 ��
 �����
 �����
 ���
 ��7�������
��
��
������
��
���
������������
���
���	�����
���
������	
 ����
 ��
 ���
 ����������	
 �����	
 ��
 ���������
����
����
 ��
 �������
 ��
���
����
�	���
��
���
������
	����
 �����'
 ���
 �������	
 	����
 �����
 ������
 ����
�������	
����	�
�������
���
�!�����
��
����
������
�����
���	�
��!�������
���
������	
�����������

	�
���
��� ������ &���������
 	�����
 ���
 ����	�!
������	���
����
���
������
��
��	����
���
��������
�����
 ���
 ��������������
 ����	
 	������
 ��
 	����
��		������
 ����
 �������
 �������
 ����
 �����
 �����
���	���
 *����
 ����
 ���
 ������
 ��
 ������ �
 ���

Figure 1 Mapping and imaging data can be depicted as an ‘im-
age cube’ having two spatial and one spectral dimensions.

Figure 2 Schematics of (A) refractive and (B) reflective micro-
scopes.
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Figure 3 The numerical aperture is defined as n sin �, where n
is the refractive index of the surrounding medium and � is the
half-angle of the cone of light collected by the optic.
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Table 1 Properties of various array detectors

CCD InGaAs Pt:Si InSb HgCdTe (MCT) Si:As Microbolometer

Wavelength range (µm) 300–1.1 0.9–1.7 1–5.7 0.5–5.4 0.8–12.5 1–25 8–14

Operating temperature(K) 77 300 77 77 77 <10 300
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Figure 4 Several different approaches employed in vibrational microspectroscopy. (A) point measurements: vibrational spectra are
obtained at individual, selected points within the sample. (B) Point mapping: spectra are recorded at successive spots along within the
sample. (C) Mapping is also carried out with line excitation. (D) Spatial encoding methods such as Hadamard transform imaging: a
physical mask blocks part of the signal from reaching the detector. A series of images is obtained with the mask in different positions,
and then the data are converted to wavelength-dependent images through a Hadamard transform. (E) Direct imaging: the spectro-
scopic image is obtained by recording the signal from all points on the sample simultaneously over a narrow spectral interval. A series
of images at discrete wavelengths is recorded to provide spectrscopic information for each pixel.
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Figure 4 (Continued)
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Figure 5 Confocal microscopy: pinhole apertures placed in the optical train of the microspectrometer lead to rejection of out-of-focus
light.

Figure 6 A Raman spectroscopic image of 1 µm diameter polystyrene beads. The spectroscopic image on the left exhibits bright
regions that correspond to the Raman signal at 1000 cm–1 shift, a symmetric aromatic ring vibration. A series of images was recorded
between 747 and 1363 cm–1 shift; a spectrum is then available for every spatial resolution element in the image. The trace on the right
corresponds to the spectrum of a single pixel from the centre of a single polystyrene bead.
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Figure 7 Infrared microspectra of cotton fibres collected in a forensic application. The spectrum of a fibre retrieved from a bullet (top
trace) is seen to match the spectrum of a fibre from the police officer’s vest (bottom trace). Data courtesy of John A. Reffner, Spectra-
Tech, Inc. and Ronald P. Kaufman, Maine State Police Crime Laboratory.

Figure 8 An infrared spectroscopic image of human breast cells. The spectroscopic image on the left exhibits contrast based on the
intensity of the absorption band centred at 2927cm–1 (antisymmetric CH2 stretch), which contains contributions from both the lipid and
protein fractions within the cell. Since images are obtained over a contiguous wavenumber interval, it is possible to construct a
spectrum for every image pixel. The spectrum extracted from one of the cells is shown on the right.
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See also: IR Spectrometers; Raman Spectrometers;
Scanning Probe Microscopes.
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Figure 1 Depolarized Raman (upper curve) and ROA (lower
curve) spectra of (−)-CHFClBr together with the calculated spec-
tra (middle curves) for the (R)-isomer. Reproduced with permis-
sion of Wiley-VCH from Costante J, Hecht L, Polavarapu PL,
Collet A and Barron LD (1997) Angewandte Chemie International
Edition in English 36: 885–887. Copyright 1997 Wiley-VCH
Verlag GmbH.
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Figure 2 Depolarized right-angle scattering Raman and ROA spectra for the lattice vibrations of (+)-NaBrO4 (—) and (−)-NaBrO4

(· · · ·), both 1.8 cm–1 resolution. Reproduced with permission of John Wiley & Sons from Lindner M, Schrader B and Hecht L (1995)
Journal of Raman Spectroscopy 26: 877. Copyright 1995 John Wiley & Sons.
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Figure 3 Bovine seminal ribonuclease, disulfide bridges shown in black. Structure drawn with HyperChem 5.0 from PDB entry 1BSR
of Mazzarella L, Capasso S, Demasi D, Di Lorenzo G, Mattia CA and Zagari A (1993) Acta Crystallographica Section D 49: 389; The
Protein Data Bank: Bernstein FC et al (1977) Journal of Molecular Biology 112: 535–542.
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Figure 4 Backscattered Raman and ROA spectra of native
hen egg-white lysozyme (top pair) and of native bovine ribonucle-
ase A (bottom pair), both in acetate buffer at pH 5.4. Reprinted
with permission from Wilson G, Hecht L and Barron LD (1996) Bi-
ochemistry 35: 12 518–12 525. Copyright 1996 American Chem-
ical Society.
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Figure 5 Backscattered Raman (I R+I L) and ROA (IR−I L) spectra of poly(rA) in H2O (bottom) and D2O (top). Reprinted with permis-
sion from Bell AF, Hecht L and Barron LD (1997) Journal of the American Chemical Society 119: 6006–6013. Copyright 1997 American
Chemical Society.
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See also: Biochemical Applications of Raman Spec-
troscopy; Carbohydrates Studied By NMR; Chiroptical
Spectroscopy, Emission Theory; Chiroptical Spec-
troscopy, General Theory; FT-Raman Spectroscopy,
Applications; Hydrogen Bonding and other Physico-
chemical Interactions Studied By IR and Raman Spec-
troscopy; IR and Raman Spectroscopy of Inorganic,
Coordination and Organometallic Compounds; IR
Spectral Group Frequencies of Organic Compounds;
Matrix Isolation Studies By IR and Raman Spectro-
scopies; Non-linear Raman Spectroscopy, Applica-
tions; Non-linear Raman Spectroscopy, Instruments;
Non-linear Raman Spectroscopy, Theory; Nucleic
Acids and Nucleotides Studied Using Mass Spectro-
metry; Nucleic Acids Studied Using NMR; Polymer
Applications of IR and Raman Spectroscopy; Proteins
Studied Using NMR Spectroscopy; Raman and IR
Microspectroscopy; Raman Optical Activity, Spec-
trometers; Raman Optical Activity, Theory; Raman
Spectrometers; Stereochemistry Studied Using Mass
Spectrometry; Vibrational, Rotational and Raman
Spectroscopy, Historical Perspective.
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Table 1 ROA variants most likely to play a role in future ROA instrumentation

All formulae are for the far from resonance limit only. : circularly polarized. ��, ⊥: linearly polarized parallel and perpendicular to the 
scattering plane respectively. Other symbols explained in the text.

Scattering
angle (°) Type

Polarization of exciting 
light

Polarization analyser 
detected light Average quantity

Difference (right minus 
left) quantity

90 ICP �� K 6 � 2 [1] 4 (K/c)  [6�2-2�2] [6]

� K [45 �2�7�2] [2] 4 (K/c) [45�G ′+7�2+�2] [7]

180 ICP None K [90 �2�14 �2] [3] 4 (K/c) [24�2+8�2] [8]

SCP Unpolarized

DCPI K 12 �2 [4]

0 ICP None K [90 �2�14 �2] [3] 4K/c [180�G ′+4�2	4�2] [9]

SCP Unpolarized

DCPI K [90 �2�2 �2] [5]
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Figure 1 Building blocks of Raman optical activity spectrometers. Either a circular polarizer (in ICP), analyser (in SCP) or both (in
DCP) may be present. 
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Figure 2 (A) Concave aberration corrected holographic grat-
ing spectrograph. S: entrance slit. M: folding mirror. G: concave
grating 1500 mm−1, 110 mm diameter, fin = 658 mm, average
fout = 356 mm. FP: output focal plane 9 × 50 mm. (B) Holographic
transmission grating spectrograph. S: entrance slit. L1: input
lens, f = 85 mm, f /1.8. G: grating 53 mm × 64 mm, 2400 mm−1.
L2: output lens, f = 85 mm, f /1.4. FP: output focal plane 6.6 × 27
mm (limited by vignetting and detector size; radius of curvature
39 mm of image of straight slit). NF: holographic notch filter as-
sembly (in ROA integrated in light collection optics).
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Figure 3 (A) Basic circular polarizer. (B) Practical implementa-
tion most often used in ROA.
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Figure 4 (A) Basic circular polarization analyser. (B) Practical
implementation currently used in ROA; future instruments may
use LC retarders and thin film polarizers.

Figure 5 DCPI backscattering arrangement. A single quarter-wave plate can function in a circular polarizer and analyser configura-
tion. True zero-order retarders may be placed ahead of the light collection lens, albeit with loss of precision. The plate is rotated within
200 ms in the appropriate orientation and stopped during the data acquisition half-cycle.
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Figure 6 Dual lens light collection system for right-angle scat-
tering. The two light collection lenses L1 and L2 form a joint inter-
mediate image I1. Their optical axes intersect at 90° at the
sample. M1, M2: 22.5° mirrors. L3: field lens. L4: lens which
projects I1 onto the entrance slit S of the spectrograph.

Figure 7 Conventional ICP backscattering arrangement with a Lyot depolarizer in divergent light. Filling the étendue of a spec-
trograph requires a fibre optics cross-section transformer as used in the original design.
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Figure 8 A new generation SCP backscattering instrument. The right and left circular components are measured simultaneously,
with the two channels being interchanged by switching the liquid crystal retarder. Sample illumination during read-out is suppressed
by the KDP switch. The curved fibre optics output forms the entrance slit of the spectrograph and yields a straight line image on the
detector. The notch filter is incorporated in the light collection/transfer optics.

Table 2 Comparison of luminosity of current backscattering instruments as measured by the number of detected electrons per
CCD column per joule of exciting energy at the sample; the values refer to the height of the depolarized 1436 cm 	1 band of α�pinene.
Dispersion and CCD efficiency is similar for all instruments

a L Hecht, private communication.
b DCPI value multiplied by 7/6 for comparison.
c Slit width of the SCP instrument is the equivalent value calculated for the standard 85 mm focal length input lens of the spectrographs 

used in the other instruments.
d Limited by the sample cell.

Instrument
Simultaneous R/L 
detection

Path length 
cell (mm)

CCD column
size (mm2)

Exciting wave-
length (nm) Slit width (µm)

Detected charge
(electrons J	1)

ICP (Glasgow) No 5 0.027 � 6.9 514.5 83 5.6 � 106 a

DCPI (Syracuse) No 10 0.024 � 7.9 514.5 83 10 � 106 b

SCP (Zürich) Yes 6 0.026 � 6.65 532 71c 44 � 106 d



RAMAN OPTICAL ACTIVITY, SPECTROMETERS 1975

��� �������������������������	������
���	����#���
�������!������
����%���
�����	���� �������� ��	�������
������	���� ����������	����������������
�����	���$���
� ������'
	�	�������� �
�����	���������������
����	����
�	����������#������ ������������������	�����
���	��
� � ���� ���
���!� ���	���	��� ��
�� 
���	�	���� #����
������������	����	�����������������������������
�����������  �����#����	���������������	�������#��	��
�	�	���������
����� �����	���������!�E�������������
�	��� ���� ������ �  ����� ���� ���� �
��� ������	���

��
�������'
�������������#�#������������	 ��!�"��
����
���� ���� ���
����	
��#���� �������� ��������	�
����������� ��� ������#������������ ���� ����������
�
���������	����������������������
����
���� �������
%����$�#	���#��� ������������
�����#�	
��	��������
���	�	$��� ��������#�������	����������	�����#���� 
��������	���	������	
��� �����	���������!�"����������
�������������������������	��� ��#���������	���!

"������
�����	��	
����+�	��
���������������� �
�
���� 	�� 	�� � � �

�������� %���	��� ����	
������ 	 � ���
������	����	���	����	����C++ ���������#���������#��
�3+ �1�������������������������������	�����

����!
"��������#	�������������
	����-�.�������.-������	�
������ ������� �������� ��� ���� �	�#� ��������� 	������
������	������� 	�������������������������	���#����
��	����#�� ���
�	����	
����������#	�����
����������
��������� ��������	
�������!

$	���������"���

� = ������� ��	���K����+� = ���
��	
� 	������������
�����	��
����
���K�
 =  ��%���
���� �
���������K�� = �I������K

� = �
���������	����	�����	�K�� = �� 	������;%���	��
<((=K� � = ������� � � ������K� @� = �����	
��� �����
����K� � = �	����
�� ���#���� �
�����	��� ����
���� ���
��������K�� = ��� �
������K��>� = �	����������	������	�;
� = ��� �������� ��	����
���; �9 = 	������	
�������	��
���	���; α�′ = 	������	
� ���� 	����	���� ���� ��� ���
���	
����
�	�	��������K��9 = ��	������	
�������	�����
	���K��9 = ���′�9 = ��	������	
�����	����	����������
���� ���	
��� �
�	�	�� ������K� �9 = ����9 = ��	������	

���� 	����	���� ���� ��� ���� %���������� ������K
�+ = �������	�	�� � � ���� ��
���K� � = �������
 ��%���
!�

See also: Fibre Optic Probes in Optical Spectrosco-
py, Clinical Applications; Light Sources and Optics;
Raman Optical Activity, Applications; Raman Optical
Activity, Theory; Raman Spectrometers; Vibrational
CD Spectrometers.

%�����������	��

?������:������0�
���:��())D���	����	��������������	
��
�
�	�	�2�  ����  ������������ ��� �	�
���	
��� ����	
��
�	���!� -�2� @����	��	� L�� ?������ @�� ���� 1���� �1
�����������	������������������������	���������	������
���(3)49(B!�@�#�E���2���0!

?������ :�� ����0�
��� :� �())D�� ��
���� ������������� 	�
������ ���	
��� �
�	�	�� 	�����������	��!��	�	�	�� ��� 
���������++2�CB4D3!

?������ :�� ����0�
��� :� �())A�� ��
���� ������������� 	�
������ ���	
��� �
�	�	�� � � �	��������!��������� ���� 
���������$,2�A()4A9)!

Figure 9 ROA spectra of (−)-α-pinene recorded with the SCP instrument of Figure 8. The exciting energy was 21 J at the sample,
yielding approximately 109 electrons ( = detected photons) for the peak height of the 1436 cm−1 band (see S/N discussion).
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Figure 1 Energy level diagram showing the transitions and po-
larization states associated with the definition of VCD and the
various forms of ROA.
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Figure 2 DCPI Raman (A) and ROA (B) spectra for (−)-�-pinene.
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Table 1 Values of Raman and ROA invariant coefficients for
the far-from-resonance ROA and Raman intensity expressions in
Equations [41]

�( �) Form

Raman (4K) ROA (8K/ c)

�2 ����2 �G� �(G�)2 �(A)2

0 ICPu 45 7 90 2 �2

SCPu 45 7 90 2 �2

DCPI 45 1 90 2 �2

DCPII 6

90 ICPp + + +
ICPd +3 −1

ICP* + +

SCPp + + +

SCPd 3 +3 −1

SCP* + +

DCPI + + −

DCPII

100 ICPu 45 7 +12 +4

SCPu 45 7 +12 +4

DCPI 6 +12 +4

DCPII 45 1
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Figure 3 Depolarized Raman and ROA spectra of (+)-trans-
pinane, showing the decomposition of right-angle depolarized
ICP and DCPI ROA into their magnetic-dipole and electric-quad-
rupole anisotropic ROA invariants.
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Figure 4 Comparison of the experimentally measured and the ab initio calculated DCPI Raman and ROA spectra of L-alanine in
aqueous solution.



RAMAN OPTICAL ACTIVITY, THEORY 1985

���� -������������������������������������
��������"
������%� 9������ ���� ����"���������� ����� ��� ���� $$�
�

��	�����������������������������������������
���������������������������������������������������
��������������������������������������������������%
��������������������������������������������������
����� �� ������� ����������� ������ ��� �������� ��� ����� ���
�<�� �
������ ��� ��
������� 
��������� ���� ���
����������������
�������������������������.D���
������������������������������%

)��� 
������ ��� �	�������� �<�� ������������� ��
������������ ����������� ��
��	��������� ����
���
���� ������� ��������� ��� ���� 
����� ��� ��
���������
�����������������
����������������������������
���
�����������
�����������
�����%

(���� ���� ������������ ��� �
��������� ��� ���
����������� ���� ������������ ������������ ��
������������� �<�� ����� ������ �� 
����� ��� �
�����
�
�������� ��������� �
��������
��� 
������ ��� ���
���������� ���� �������� ��� ��������� ��� ����������
��������%

#��������!"���

9αβ = �������� ����������� ������5� D#*D8 = ���������5
= 
������������ ������� ���� ��������� �����5
= 
������������ ������� ���� ���������� �����5

 �! = ��������� ������ ��������� ��� ��������� ���������5
	�	 = ��������
�� �����5� � = =����3B�� ��������4'π5
� = ���������� ��� ������ ����������5� 6 = �� ��������5
� = �������� ����������� �����5� �� = 
��
�������
���������������������������������������������
��������5
# = ������ ����������� �����5�  ! = �������� ��
���
���������������5�� = ���������������������������
��� ���� ��������5� ���α = ��������� ��� ���� ���

������������������������������������5��' = ����������
��
���������5� ���=������
��������������������5��� �!

' =
������������ ��������
�5� �� �!

' = �������
��������
�5� ���� = ���� ����� ������������ ������5
� = ����������� �����5� �� = �������� 
����������5
 !  = �����������
�������������������5���= �������
���������%

See also: Biochemical Applications of Raman Spec-
troscopy; Chiroptical Spectroscopy, Emission Theo-
ry; Chiroptical Spectroscopy, General Theory;
Chiroptical Spectroscopy,  Oriented Molecules and
Anisotropic Systems; Electromagnetic Radiation;
ORD and Polarimetry Instruments; Raman Optical Ac-
tivity, Applications; Raman Optical Activity, Spec-
trometers; Raman Spectrometers; Scattering Theory;
Vibrational CD Spectrometers; Vibrational CD, Appli-
cations; Vibrational CD, Theory.
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Figure 1 Observation of the excitation of a vibrational state in the electronic ground state S0 by (A) infrared absorption; (B) Raman
scattering; excitation in the visible range (λ = 488 nm); (C) absorption of the exciting radiation with subsequent fluorescence,
(D) Raman scattering, excitation in the near-infrared range, (λ = 1064 nm), the energy of the exciting light quanta is only 46% of that
of (B), V = potential energy, QY = order of magnitude of the quantum yield, q = normal coordinate (describing the vibrational motion),
S0 = electronic ground level, S1 = electronic excited level. Reproduced from Schrader B (ed) (1995) Infrared and Raman Spectros-
copy. Weinheim: VCH Publishers, with permission of VCH.
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Figure 2 Raman spectrum of coumarin, excited with the radiation of the Ar+ laser at � = 514.53 nm equivalent to � = 19 430 cm-1.
Reproduced from Schrader B (ed) (1995) Infrared and Raman Spectroscopy. Weinheim: VCH Publishers, with permission of VCH.
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Figure 3 The main components of a grating spectrometer: N is
the number of interfering rays, given by the number of rules; S0 is
the halfwidth of the diffraction pattern of the collimator lens with
diameter D ′ and focal length f, which determines the ‘optimal’ slit
width, h is the slit length. Reproduced from Schrader B (ed)
(1995) Infrared and Raman Spectroscopy. Weinheim: VCH Pub-
lishers, with permission of VCH.

Figure 4 The significant features of an interferometer: ∆l dis-
placement of the moving mirror, 2r diameter of the Jacquinot
stop. Reproduced from Schrader B (ed) (1995) Infrared and
Raman Spectroscopy. Weinheim: VCH Publishers, with permis-
sion of VCH.
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Figure 5 Sample arrangements for Raman spectroscopy: (A) rectangular cell; (B) spherical cell for liquids and powders which are
in a melting point capillary at the centre of the sphere with a reflecting surface; (C) liquid in an NMR tube, the axis of which has angle
of 45° relative to the axis of the entrance optics. The cuvettes (A)–(C) may be used in a 90° or a 180° arrangement; (D) light pipe
cuvette; (E) arrangement for solids or surface layers: the sample is placed upon a block of aluminium or stainless steel with a polished
conical indentation, providing a multiple reflection arrangement; (F) tablet with a cone-shaped bore; (G) arrangement for Raman spec-
troscopy of powders in 0° and 180° arrangement, the half-spheres have a reflecting surface which reflects the exciting and Raman
radiation back to the sample increasing the usable Raman intensity; (H) same as (G), but one half-sphere is exchanged against a
Weierstrass lens (Weierstrass 1856), which collects the radiation emitted into a solid angle of ~2π; (I) sample head for a two-way
bundle of optical fibres for spectroscopy of liquids or powders. The head can be introduced directly into the sample, it is protected by
a cover in order to prevent sticking and pyrolysis of the sample at the central fibre which transports the exciting radiation from the laser
to the sample. Reproduced from Schrader B (ed) (1995) Infrared and Raman Spectroscopy. Weinheim: VCH Publishers, with permis-
sion of VCH.



RAMAN SPECTROMETERS 1991

������� ������ ��� 
��� ������ �����
���!� ���	�� 
�������

�����������
�
����������

������������
��

"����	
����
�����
� 
������������
������������
�	����
��������
�������������������������������
�����
���
�����
��������
������������
���� �������������������
�
����������.,8-.,.1�
����
������������������������
��������	
����
����
�������������	�

�����������	��
�
���������
���!����	��	��	�����
������������	
���
	�����
����� ��������!�
�����������������
��������
�
����������
������������
����	������������������
���
�������� ������3��	�������� ��
���� F�������
� �����
	�����������������������
�����������5
"�����
���� ���
���� 	�������� ��� ����
����� ��
�

���������
��������
����������������������
������
�����
����
�������������������
���������
������	
�����������

��� ��������� �����
����� '���	������ ��
����
���� ��� 
��
�������
�������
�����	�
�������������
���	�������
���
��� 
��� ����� ������
!� ���	�� �����	��� 
��� ��	�
���
�����
����� ����

�!� ��� .4?,!� ����� 
��� ������������
���	���� ��	� 
�� ��	�
�� ��
�
������ ������ ���	
��� ��
��������
��
������	�����������	��������
�10?�8 ���
+�
���������������	�������
������	
�����������	����
	�����
���� ������� 
��� ��������� �����
����� &������
���	�����������
����������	��������
���������������
����	�������
��
�������	����������
���������	
�
������������	
���

��
�� �� ����� �����	
���
�� ��	��
� ���� 
��� ���	
���� ����
������ 
��� ���
��� ���� 
��� ������
� 
������

��	���  ��
����������������
����
��	���
�����������	�����������	�

������� 
��� ���
����A������
�������� ��	�� ���
���� ����
�����������������������	���
�������������
���
 �����������
�������������������
����	
������
�����

��	��
��������
�������������������
��������������
���
����
�����	�
�
�������
������������	
��!�����!������
������ ��� 
��� ��
�	��� ������� 
�������
���� 
��� ��	�
���
�����
���� 
�� 
��� ������� 	��� ��� �������
��� �����
��
�������	��
���������������
����
G������ ����������	� ��
�	��� ������
�� ���������

��������
��������!�������		��������������������������
���	
���	���5������	��������
	�����
��������	
���� �����
����� ���
������ 	�����
���!� �
�� ��
����
�� ��� ����	�����
>8����������������
���!���
����
�������������������

@,D��
�
����
������������
���
2���������	�������������������
���������	
�
��������

�����
�������>4,D��
����������������	
���4,B������
����	���� 
��� ��
����
�� ��� ���� �����
��� ������� ��
������������$��������
�	��������%�	������������
"���������	���
��	
���!������	������2��������
�����

�������� ���
���!� ���������� 
��� ������ ���	
���� ���
��	������������AAF�$	������	�����������	��%!����	�
���� ����� �����
���� ��
�	
��� ��������  ���� 	��� ��

�����	�
��� ��
�� 1������������� ����������� ��������

������
��
���������	���������������������	
����	����
����� ��� �� 1������������� AAF� ��
�	
��� ��� ���� ��
�	���������	
��������

�����������������������	�����
���

��
��������
��

+���� ��������
�����
������	�����
�	� �����
���� �
������� ����	�����
��� �������� ������ 	��
������
�
��������
����
������������.,−0����
�����
����
�����
��
����	�����
�	������
����� ��������!�1����?������
	�����
���� ��� ������� 	�������� ��
�� ����
���
���������������	��
����
���������
�����������
�.,−.,

���.,−.0!������	
�������2������!� 
��� ��
����
�����
��
������������ ������������	�����������������������
	�����
��5�&��	������������	�����
���������
�����
��

��	��������������
�?,D!�
����������
��
���������
����	�����
�������������� 
������

��	�����4D!��

����������	�����
������1�@D��&�	������	������

���� ���� �������� ����� ����������� ���� ����������
2������!�
��������������������������	��������������
������	
�����
�����������
�	
����$���
����
�������%�
+������������
�	
�������������
����	���������
����

������
������������	
���!�������
������
!�
����������
	�����
���� ���� ����� ��� �� ���	���� ����������
�� ��
����
� 
�������	�����
���� ���� 	�������� ��� �� ����

��	
��������������
��"������������
�
�������������

���	�����
�
������������������ ���
��������
�������
���
���
���	
�� ��� ������	�����
��!� �
������	��� �� ���	�

��������	
��������
���������
��$������%������AAF�
��
��������
���� ��	���� ��� ��
����������� ��� �

���	
����� )�� ��������� 
��� 7������� 
���������
���!

��� ��������� ���	
���� ��� 	��	���
���� >�	����
� ���
����
��� ��
� ��� .40=!� 
��
� ��
��������
���� ����� �
	���������������������
�	���	����	
��	�!��������	
��
��� .,,-0,,!� 	�������� 
�� ������ ��� ���
���
���	
����
����� ��
��������
���� ����� ���� ��� ���
��������	 ���������� ����� 	�������� 
�� ����������
���	
����
����� )�� ��	������� ���� 	�������� ������

�����������
��
�����������������
�	
��!�
�����
�	
��
������ ��� 
��������� ���
����
��� ����� ���� ���	
���
	����������
������
���	�������
����������	
����	������
������
�����������������������
�������	
����
����� ���
��	�������
����3��	������������
7�����	�������
�����������������	
������	�
�����


���:�5;"<� ������ ������
�.,8= ��!� ��
��������
���
������		��������������� ���������
�����	����������
�
��������������������������
����� ������
�����������
�������
����������������
����
��������
�����������
���
����������)��7�������
���������
�����
�������
����
��
������
�������������
������������	
����� ��������
���
��������	������������������
����������������
��������
�����������
������	
����
��������������



1992 RAMAN SPECTROMETERS

��
�	
��

 ��� ����
� ������
������������� ���	
���	����
������
���
����
��� ���� 
��� ��	������� ��� ������ ���	
���
H�
��!����
����
����������������������������������
������� 	������� ��
�	
���� �
� 
��� ���
� ���
� ��� �
����	�����
��� ��	������� 
��� ������ ���	
���
�����
������
 �����������������������	��������
��������������

	����	
����������	�����������	����������
����
����
�
��������������������!����������"������	����������
����� ����������
� ������� �
���� 
��� 	������ ��

���
	������������� 
�� 
��� �������
���� ��

�����  ����� ���
���������	������	�����������	���!�AAF�!�	������������
��� 
��������������!� 
���� �
������ ���	
��� ��� ������
���
�����������&��	��
���������������������������
��
$��������
������
�.,1=���������%����	
���	���������
	������ ��
���� ����������	 ��	 �� 	 
���������!� ��� ��
����	 
���������	 ��!����������� A�������� ��
�� ��
�	������ ���	
�������� �������� 	�������� ��������
���
��������
� ���	
�����������������
���� 	������ ��	�����
�����
�����������������������
����
&��	�� 
��� ���	
���� �������
���� ������� ��� 
��� �����

������� ������ ��� ��	������ �����
��������!� ��� �����
��
����������������������
�
�������	
����
���������
����������
��������������	
����
�������������
�����
&����
���������	����������������������������
�������
���������	����������
A�����������	��� 
����������������AAF���
�	
���!

��� 
��
� ��
����
���� 
��������� ��� ����!� ��� 
�� �����
 ���!����������
�������������	��������	������
��
��������
�����������
�����������
�	
�����7���
��

:��� ������ ��<�"�� ��� <�� ����	����	
��� ��
�	
���
���������� ���������
�������
������������
���!����	�

��� ��
����
����� 
��������� ��������	���������
�� 
��
����
������������
��������
��������	��$
���ν=���	
��%�
���������
������	��
�����
�������������
��������	�����
���9��
����������
�������������
������

������
����������	
����
��

A�����
�� ������ ���	
����
���� ���� �����	��� ��
��������	����������F��� 
�� ����
��� ���	������ 
�� 
��
��	
� 
��
� 
��������
� ��� 	��������	��
��������!�����

������������
�������������	����	����������������5
"����!� )������!� )�����I!� F����!� ���
�����
�� &�"!
>�����;���!� J������ #�
�	��� &��
���!� :�	���
I!
#	����#�
�	�!�9������'����I!���������!�&��
�����!
&�����  ��� 	��������� ������� ��
�� �� I� ������
������ ���	
����
���� ��
�� ��	�
�
���� �
� .,8= ��

����� 
�� ��	���� ��������	��	�������� ������ ���	
���
K��
�	������������������������	���	�����

��
���������

� = ���
��	�(� � = 	������
��� ��	��� ����
�(� � = ����(
� = ��
�	��� 	����	
��	�(��� = ���	
���� ��
�	��� 	���
��	
��	�(� � = ���
� �����
(� ��, = ���
��� ��� ������(
� = ������	�(��� = ���	
����������	�(�� = ���������
������(�! = �������	�������
�(�L; = ���
��������(
1
 = �����
������>�	����
��
��(��, = 
�����
�	������
�������� �����(� ��� = ���������� ������ $��������
�����%(� ��" = ���������� ������ $������ �����%(
� = ���	
��	� ������(� �3� = �������
�������� ��
��(
�� = ����� ���
�� $�������
�%(� �� = ������	����
� ��
�������(� �, = ������	�(� �� = ������	�� ���� ������
�	
�	�

�����(� � = �������� �����	
���
�(� � = 
�����������(
Φ = ������
������(�Φ� = ������

See also: Biochemical Applications of Raman Spec-
troscopy; FT-Raman Spectroscopy Applications;
Hydrogen Bonding and other Physicochemical Inter-
actions Studied By IR and Raman Spectroscopy; IR
Spectral Group Frequencies of Organic Compounds;
IR and Raman Spectroscopy of Inorganic, Coordina-
tion and Organometallic Compounds; Matrix Isolation
Studied By IR and Raman Spectroscopies; Nonlinear
Raman Spectroscopy, Applications; Nonlinear
Raman Spectroscopy, Instruments; Nonlinear Raman
Spectroscopy, Theory; Raman and IR Microspectros-
copy; Rayleigh Scattering and Raman Spectroscopy,
Theory; Surface-Enhanced Raman Scattering (SERS),
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Figure 1 Energy level diagrams illustrating Raman and
Rayleigh scattering, with incoming radiation on the left, scattered
radiation emergent on the right. Only energy levels directly in-
volved are depicted: (A) Stokes Raman transition, (B) anti-Stokes
Raman transition; (C) and (D) Rayleigh scattering.
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Figure 2 Time-ordered diagrams for light scattering, with time
progressing upwards. Taken together, each applies to both
Rayleigh and Raman processes; in the Rayleigh case the initial
state m and the final state n of the molecule become the same,
and �′ = �.
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Figure 3 Scattering geometry for the usual measurement of
depolarization ratios; incident radiation is z-polarized and light
scattered at right-angles is resolved for its y- and z-polarization
components.
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Figure 4 Variation of polarizability in the course of three normal
modes of vibration of carbon dioxide: (A) symmetric stretch, (B)
bending mode and (C) antisymmetric stretch. The slope�%�/%Q�

on crossing the vertical axis is non-zero only for the symmetric
stretch, and hence only this vibration gives a Raman signal.
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Figure 5 Fourier-transform spectra of paracetamol: (A) Raman, and (B) infrared. Stretch vibrations of the non-polar C–H groups,
close to 3000 cm–1, show up well in the Raman spectrum. In the infrared spectrum this whole region is dominated by stretching
vibrations of the highly polar O–H and N–H groups, much broadened through association with hydrogen bonding. Reproduced with
permission of Nicolet Instruments.
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See also: Biochemical Applications of Raman Spec-
troscopy; Nonlinear Optical Properties; Raman Opti-
cal Activity, Applications; Raman Optical Activity,
Spectrometers; Raman Optical Activity, Theory;
Raman Spectrometers.
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See Calibration and Reference Systems (Regulatory Authorities).
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Figure 1 Typical cycle of a field-cycling NMR relaxometer serv-
ing for spin–lattice relaxation experiments: (A) External magnetic
flux density B0 = B0(t), (B) longitudinal magnetization M = M(t) in
the sample, (C) RF pulse with free-induction decay (FID) during
the detection period. Note that the field level in the (short) detec-
tion period is much higher than in the (long) polarization interval.
This ensures equivalent heat production in both intervals.
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Figure 2 Precision of the initial stabilization of the evolution field. The plot represents the voltage transient recorded with a Hall probe
(6 µT/mV) and a 16 bit analogue-to-digital converter. The field level corresponds to a proton Larmor frequency of 3.5 kHz. The field-
cycling relaxometer is described below. This plot demonstrates that the evolution field can be stabilized within ±1 digital unit in a ring-
down time less than 1 ms.



2004 RELAXOMETERS

��� ��� �������%� )��� ������ ������ ���������� ���������
�������
��������������������������������
���������	�"
���������������������%� �!�)�������������������������
��� ��
���������� ������� #�−8� ������ �� �������������

������ ��� ���� ����� ����� ���� ����"������ ����	�����
���%�)���������������������
���������
����"���������
�������������������������������������������������%
 �!�)�����������������������������
�������������"
���
�������������
������������������������������������
�%�%�����������������������������������������������#�−8%

����������
������������ ������

����0�!����

-������������ ���� ������ �����"�������� ����������� ���"
�����������������������������������	����������%�)��
��
��� ���� A��������B� �������� �� ��������� �����
������������
�������������������������������������%
(���������� ����	������� ���� ������ �������������
���������������������������������������������������
�������������������%�)�������������������
���������������
�����������������������	������%�)����������������
���� ���������� ��� ����� ��
������������� ������ �����
�������������"��3�����������%

)�����������������������������������������������
�������"����"�������������� >)<�!������"�	�������"
���������� �����"������� ������������  �<?$/)�!���� ��"
�������� ����� ��
����� ������������  &>9)�!%� )��� ������
��������
����������������
��������	����������

���� ����3�������� �������%� �� ������
������� �����"
�������� ����
� ��� ���������� ��� ���� ���������� ����3
������������� %

����� �������!�����

&�������� ��� ����������� ����� ������ ������������� ���� �����
������������������������������������������������������
������������� ��������
�������%�)���� ���� ���������
�����������������
���%�&�������������������������������
�����	������������������������������������������
�����%�)���������������������������������������%

)�����������������������������������������

��
��� ������������3%� &�� ���������� �� ���������������
������������� ���� �
��������������� ���� ��� 
��"
�����%�����������������������������������
���������
������������� ��� ��� ����� ���� ������ ���� ��������
��

��� �����%� )��� ������ ����� ��� ���� ������ ��"
���������������������������������
����������	�������"
�������� ������ �
���� ����������� ��� ����� ������������
������������ �������
������� �������� ���� # � �
��"
����� �������� ���� �������� ������%� )��� ��

��� ����
����� ���� �� ������ �������� ��� '%2F × #%28 '%� )��
�����������������������������' × '#���������5��������
������������������' × #7�����������������#�����

��� ���������%�)��� ����������� ���2%' -5��������
��
�������� ����� ����������� ��� �%FH)%� )��� ���
��
����������������'7 �������������������������
I� %�)����	��������������67 %�������������������
��������������� �%�)��������������������������
��

Figure 3 Block diagram of a typical field-cycling NMR relaxometer.
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Figure 4 Cross section of an easy-to-make and efficiently
cooled field-cycling magnet. The solid vertical lines represent the
six double-layers of windings of the magnet. The cooling medium
is pressed through between these double layers.
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Figure 5 Simplified scheme of the magnet current switching circuit for field-cycling purposes.
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Figure 6 Cross section through a probehead for field-cycling
NMR relaxometry.

Figure 7 Typical 1H and 2H spin–lattice relaxation curves. The
power laws in (A) are discussed in Kimmich, Fatkullin, Weber and
Stapf (1994) (see Further reading). The solid lines in (B) corre-
spond to a fit of ‘recorientations mediated by translational dis-
placements (RMTD) model described in Kimmich (1997) (see
Further reading).
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See also: Liquid Crystals and Liquid Crystal Solu-
tions Studied By NMR; Magnetic Field Gradients, in
High Resolution NMR; NMR Relaxation Rates; NMR
Spectrometers; Proteins Studied Using NMR
Spectroscopy.
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See Heteronuclear NMR Applications (La–Hg).

Table 1 Field values of the home-built relaxometer, expressed by the current and the Larmor frequencies of protons and deuterons.

a Depending on the state of charge of the batteries.
b Accuracy of the earth field compensation.

Field Current (A) νL(1H) (Hz) νL(2H) (Hz) Rel. deviation

Polarization 55 12.4 × 106 1.904 × 106 2 × 10−4

Evolution (max.) 28.8 6.51 × 106 1.0 × 106 3 × 10−4

Evolution (min.) 0.009 2.0 × 103 300 0.2b

Detectiona  267–273 60–61.5 (× 106) 9.2–9.5 (× 106) 1.5 × 10−5
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Figure 1 A schematic representation of a one-dimensional imaging measurement and the corresponding magnetization grating.
Notice that the pitch of the spatial helix becomes finer over time resulting in measurements of progressively higher wavenumbers, or
Fourier components of the spin density. In a multidimensional imaging measurement wave vectors in 2 or 3 dimensions are inde-
pentlymodulated.
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Figure 2 A comparison of a series of 1D images as a function
of the NMR line width with a constant gradient. The NMR line
width is varied from 0.1% to 100% of the separation between the
two bands in the image. As the resolution degrades so also does
the sensitivity. Coherent averaging recovers both by artificially
narrowing the NMR resonance. The solid state and coherent av-
eraging line widths can differ by a factor of 104.
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Figure 3 The pulse sequence and k-vectors for constant-time
imaging. Notice that all of the data are collected at a constant
time following the excitation pulse and yet the k-vector is still
modulated from point-to-point by systematically varying the
strength of the gradient.
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Figure 5 The pulse sequence for a representative multiple-pulse, coherent averaging imaging measurement. The series of RF puls-
es lead to a refocusing of the dipolar and chemical shift interactions over the full cycle, and the gradients are added in selected win-
dows. Even though the gradient and internal Hamiltonians do not commute, by restricting the gradients to selected windows an image
which is substantially free of distortions can be collected. By placing the gradient pulses between each dipolar decoupled π pulse a
larger effective gradient is achieved, but at a cost of some distortions, these are avoided by placing the gradients more sparsely where
the gradient RF interaction is avoided, to second order.

Figure 4 The experimental setup for MAS imaging. The sample rotates about the magic angle at a frequency of about 10 kHz, and
the current through the gradient coils is modulated so that the gradient fields move with the sample. �m is the magic angle, 54.7°.
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See also: High Resolution Solid State NMR, 1H, 19F;
MRI Instrumentation; MRI of Oil/Water in Rocks; MRI
Theory; MRI Using Stray Fields; NMR Microscopy;
NMR of Solids; NMR Principles.
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Figure 6 MAS image of the polybutadiene fraction of a poly-
butadiene/polystyrene blend cast as a film from toluene. MAS
alone at 5 kHz spinning is not sufficient to narrow the polystyrene
NMR resonance. The in-plane resolution is 50 × 50 µm2. Figure
reproduced with permission from Cory DG, de Boer JC and Vee-
man WS (1989) Magic angle spinning 1H NMR imaging of poly-
butadiene/polystyrene blends. Macromolecules 22: 1618.

Figure 7 (A)T2e- magic-echo image of a piece of polycarbonate
(see schematic) in which a crossed shearband has been created.
(B) An image of a sample that has been stretched nearly to the
breaking point: The regions with high intensity correspond to ar-
eas of low molecular mobility. Figure reproduced with permission
from Traub B, Hafner S, Maring D and Spiess HW (1998) In:
Blümler P, Blümich B, Botto B and Fukushima E, Spatially Re-
solved Magnetic Resonance, Weinheim: Wiley-VCH, p 191.

Figure 8  Three-dimensional constant-time image of a bovine
femur showing both the compact bone and the interior bone mar-
row. The image resolution is 1.1 × 1.1 × 4.4 mm3 and the image
was acquired over a period of 5 h. Figure reproduced with per-
mission from Balcon BJ (1998) In: Blümler P, Blümich B, Botto B,
and Fukushima E (eds) Spatially Resolved Magnetic Resonance.
Weinheim: Wiley-VCH, p. 84.
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See Solid State NMR, Rotational Resonance.
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Table 2 Useful relationships for the use of spherical tensors in the calculation of matrix elements of angular momentum operators
(courtesy of Prof. JM Brown, PTCL, Oxford University)

Table 1 Useful results from the quantum theory of angular momentum

J 2 JKM 〉 = J(J +1) JKM 〉 �2

Jc JKM 〉 = K  JKM 〉 �
Jz JKM 〉 = M  JKM 〉 �
J± JKM 〉 = Jx± iJy) JKM 〉 = [J  M)(J ± M+1)]1/2 JKM ± 1〉�
The lower result shows the operation of the shift (or ladder) operator in the space fixed axis system using the normal phase 
convention.

Angular momentum relationships are based on the commutation relationships
[Jx, Jy] = i �Jz
[J2, Jz] = 0

Addition of two angular momenta:
J = J1 + J2

and the allowed values of the quantum number J are given by
J = J1  + J2, J1 + J2  – 1,... J1 – J2  [1]

Molecule fixed angular momenta are problematic, because the commutation relationships between different components are re-
versed. There are many ways of taking account of this, but the easiest is to calculate everything in space fixed axes and convert 
(where necessary) to molecule fixed axes by using Equations [13] and [14].

The three components of a first rank spherical tensor are defined as a linear combination of Cartesian components: 

where the superscript ‘k’ is the rank and the subscript ‘p’ is the component which can have any of 2k + 1 values, k, k – 1, k– 2,...–k .
Note that this transformation essentially corresponds to using Jz, J + and J – in place of Jz, Jx and Jy.
The scalar product of 2 irreducible spherical tensor operators of rank k is defined by 

The Wigner–Eckart theorem enables the MJ dependence of a matrix element to be factored out as follows:

where   is defined by the equation and is known as a reduced matrix element (it has no M dependence). 
The Wigner 3-j symbol   which appears in the definition is itself defined by the coupling equation 

J1 and J2 (with component quantum numbers M1 and M2, respectively) are coupled together to yield the resultant angular momentum 
J with component M. The 3-j symbol is zero unless the bottom row sum equals zero and the three arguments in the top row must 
add together according to Equation [1] in Table 1.

Continued 
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Table 2 (Continued )

Computation of reduced matrix elements   is accomplished by choosing values of components which give a sim-
ple value for the matrix element  and dividing the matrix element by 

Two common examples are (a) 
hence 
(b) similarly, 

Matrix elements of the tensor product of two tensor operators: Let  ( , ) be the tensor product of rank k of  ( ) and   ( ): 

Then the reduced matrix element of  ( , ) is related to those of  ( ) and  d  ( ) by the general expression  

where   is a Wigner 6-j symbol.

The general formula can be simplified if the two operators commute, i.e. if  ( ) operates only on one part of a coupled system 
(J1 ) and  ( ) on another (J2) then the reduced matrix elements of  ( , ) are given by: 

   is a Wigner 9-j symbol.
A simplification of the above expression which is often encountered is for the scalar product (Xk = X0) of two commuting tensor 
operators: 

If a single operator in a coupled scheme of angular momenta acts on only one part (J1 or J2) then we have the reduced matrix ele-
ment expressions:
(a) for operator  ( ) operating only on J1: 

(b) for operator  ( ) operating only on J2: 

Continued 
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Note that the Wigner 3-j, 6-j and 9-j symbols are simply numbers when evaluated for particular values of the angular momentum sym-
bols. There are numerous tabulations and programs available which allow their evaluation and the program Mathematica can handle
3-j and 6-j symbols analytically.
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Table 2 (Continued )

For the scalar product of two operators which both act on part one (J1) of a coupled scheme, we have 

For the relation between operators in space-fixed and molecule fixed co-ordinate systems, we use the notation that p gives the
sPace fixed coordinate and q gives the moleQule fixed coordinate of a tensor operator. The relationship between the same tensor in
the two coordinate systems is given by:

where  (α, β, γ)* =  (ω)* is the complex conjugate of the kth rank rotation matrix Dk(ω). α, β, γ are the three Euler rotation
angles that specify the relationship of the molecule fixed coordinate system to the space fixed coordinate system. The phase
convention used here is opposite to that of Edmonds. The inverse relationship is 

The  (ω)* are simply related to the eigenfunctions of the symmetric top: 

We now quote two additional useful relationships for tensor operators which can be quantized in both molecule- and space-fixed
coordinate systems: 
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Table 3 Rigid rotor classifications.
We classify rigid rotors according to their moments of inertia about three perpendicular axes. There is a convention (due to Mulliken)
that the three moments of inertia are labelled ordered according to size by IA ≤ IB ≤ IC and hence C ≤B ≤A

Moments of inertia Hamiltonian and energy levels

Spherical tops: IA = IB = IC Hr = BJ 2

Er = BJ (J + 1)

Linear molecules: IA = 0 IB = IC Hr = B (J + J ) = BJ2

Er = BJ (J + 1)

Symmetric tops:

Prolate

Er = BJ(J+1) + (A−B)K2

Oblate

Er = BJ (J +1) + (C − B)K 2

Asymmetric top IA ≠ IB ≠ IC Hrotation = AJ + BJ + C J

analytic solutions exist for only the first few levels, these solutions 
are given in Table 4.
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Figure 1 A simulated spectrum of BrF at 300 K. All simulated spectra were generated using Pgopher, courtesy of Dr. CM Western,
University of Bristol.

Figure 2 Energy levels of the linear molecule and prolate and oblate symmetric tops. Modified from Figures 3.1 and 3.2 of Kroto
HW (1992) Molecular Roatation Spectra, pp 32–33, Canada: Dover Books.
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Table 4 Energies of the rigid asymmetric rotor. Analytic ex-
pressions for the total rotational energy in terms of the rotational
constants A, B and C. As the rotational transitions involving low
J can often be observed, these relationships can be of consider-
able use in making a preliminary determination of molecular
constants

JKprolate,Koblate E(A, B, C)

00,0 0

11,0 A�B

11,1 A�C

10,1 B�C

22,0 2A�2B�2C�2[(B�C)2�(A�C)(A�B)]1/2

22,1 4A�B�C

21,1 A�4B�C

21,2 A�B�4C

20,2 2A�2B�2C�2[(B�C)2�(A�C)(A�B)]1/2

33,0 5A�5B�2C�2[4(A�B)2�(A�C)(B�C)]1/2

33,1 5A�2B�5C�2[4(A�C)2�(A�B)(B�C)]1/2

32,1 2A�5B�5C�2[4(B�C)2�(A�B)(A�C)]1/2

32,2 4(A�B�C)

31,2 5A�5B�2C�2[4(A�B)2�(A�C)(B�C)]1/2

31,3 5A�2B�5C�2[4(A�C)2�(A�B)(B�C)]1/2

30,3 2A�5B�5C�2[4(B�C)2�(A�B)(A�C)]1/2

44,0 no analytic solution

44,1 10A�5B�5C�2[4(B�C)2�9(A�C)(A�B)]1/2

43,1 5A�10B�5C�2[4(A�C)2�9(A�B)(B�C)]1/2

43,2 5A�5B�10C�2[4(A�B)2�9(A�C)(B�C)]1/2

42,2 no analytic solution

42,3 10A�5B�5C�2[4(B�C)2�9(A�C)(A�B)]1/2

41,3 5A�10B�5C�2[4(A�C)2�9(A�B)(B�C)]1/2

41,4 5A�5B�10C�2[4(A�B)2�9(A�C)(B�C)]1/2

40,4 no analytic solution

54,2 10A�10B�10C�6[(B�C)2�(A�B)(A�C)]1/2

52,4 10A�10B�10C�6[(B�C)2�(A�B)(A�C)]1/2
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Figure 3 Correlation between the energy levels of prolate, oblate and asymmetric tops. Reproduced from Figure 2.11 of Gordy W,
Smith WV and Trambarulo RF (1953) Microwave Spectroscopy, p. 110. New York: Wiley.
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Figure 4 Simulated rotational spectrum of the NO ground state (X2Π) – note that the first rotational line is ‘missing’ due to the elec-
tronic angular momentum � = 1 (Π-state); such missing lines aid the assignment of electronic states.



2026 ROTATIONAL SPECTROSCOPY, THEORY

�������3�  �!� ��� ����� ���� ���������� ������ �������
������ �	�����������������
���!�����%�&����������
��� ���� �������� ��������� ���� 
��:������� ������
������6�����������Ω����-���B��� ��� ��������������"
�������������� ������������ |'Ω�〉� ������� ����� |'6�〉%
)��� ����� �������������� ��������� ���� ��
�������� ��
����������
�������������������������������
���
������
��������� |�Σ〉 | 'Ω�〉 = |�Σ5 'Ω�〉+� )��� ����� �������
������
�������
�������������������������������������
���� ������������������
�����������������������������
�����!� �3��� ������������ ��� ���� ����	
�������� �	������� ��
��%�)��� ������ ��������������
�������������������������������������������������������
����������� �������Σ5�'6�〉%

/0�������!���������7�!��������

)��� ������������� ��������� �
��� ����� ����
������ ��"
�������� ���� ��
��	���� ��� ���� -���������� �����
�����������������%�&�����������������������������
���������������������������������-��������������
�������������������������
����������
�����

7��������������������

&�� ���� ������� ��� �� �������� ����� �������� �����
��>#��������
������������������
������������������
��� ���� ��������� ������
���� ������ ��� ���� ������%� ?���
����������� ���������� ��� ������� ��������� ���
������� �������� ������ ��� ��� ������������ �������� ���
������������������������������������������������	��� ���
����������������!���������������������
�����������
���� ��������� ���� ���� �������� ������ ��� ���
�������%�)����������������������������������
���
�������������������+�

������ *�0?� ��� ���� �������� ������
���� ����
����
�������� ���� ������������������� ��  ���'��4!� �����
�������� ������ ���
����� ������������ ������
.�����B����������%�)�����������������������
������"
����������������
��������������������������������%

&�� �� �������� ���� �������� �
��� �������� ���"
���� ����� �������� ��
������� ������������� ��� ��
������������������������������������������
������
�������� ����� ������� ���� ���� ��������� �
���%� ?���
���������������������������"�������
���������������%

)����������������������������������������������
�������������
����������������������������������+�

������ ���� ������ 
�������� ������ ���� ����� ����� ���
������������������������������
������������
�����
������������������������%�)�
����������
������������"
����������������������������� ����� ��� �
��������� ��
�
��������������#*#�����-�%

Figure 5 Vector diagrams for Hund’s coupling cases a and b.
Reproduced from Figures iii.17 and iii.18 of Carrington A (1973)
Microwave Spectroscopy of Free Radicals, pp 129–130. New
York: Academic.
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Figure 6 Additional structure in a single rotational line (J = 3–2) of BrF due to the quadrupolar constant eqQ = 909.2 MHz of the
bromine nucleus (I = 3/2).
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Table 1 Comparison of carbon and silicon isotopes.

a Gyromagnetic ratio.
b In a magnetic field, where the nuclei of TMS resonate at

100 MHz.

Natural 
abundance 
(%) Spin γa vb (MHz)

Other
isotopes

13C 1.108 1/2 6.7263 25.145004 12C (98.89%)
29Si 4.70 1/2 –5.3141 19.867184 28Si (92.21%)

30Si (3.09%)
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Table 2 Common reference compounds for silicon NMR.

a In solution.
b In the solid state.

Formula Abbreviation
Shift relative to TMS
(ppm)

(CH3)4Si TMS 0.00
[(CH3)3Si]4C 3.6
[(CH3)3Si]2 HMDS –19.79
[(CH3)3Si]2O M2 7.22
[(CH3)2SiO]4 D4 –19.86
(CH3O)4Si TMOS –78.22
(C2H5O)4Si TEOS –81.65
[(CH3)3SiO]4Si M4Q 8.62, −104.08
[(CH3)3SiOSiO3/2]8 M8Q8 12.4,a − 108.6a

11.77,b 11.72,b 11.51b

–108.36,b –108.64,b

–109.36,b –109.71b
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Figure 1 29Si NMR spectrum of (3-mercaptopropyl)hepta(propyl)octasilsesquioxane. The small signals are due to 29Si–29Si
coupling.
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Figure 2 Ranges of chemical shift of selected classes of silicon
compounds. (R is an arbitrary organic ligand, Y = F or OR). See
also Figures 5, 6 and 8.
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Figure 3 The effect of successive substitution on 29Si NMR
chemical shifts. (● ) (CH3)4−nSi(OCH3)n; (◆ ) H4−nSiFn.

Figure 4 Building units of a hypothetical polysiloxane.

Figure 5 Shift ranges of building units in polysiloxanes. Repro-
duced with permission of John Wiley & Sons from Williams EA
(1989) NMR spectroscopy of organosilicon compounds. In: Patai
S and Rappoport Z (eds) The Chemistry of Organic Silicon Com-
pounds. New York: John Wiley & Sons.

Table 3 29Si chemical shifts of dimethylsiloxanes.

n in [(CH3)2SiO]n � (ppm relative to TMS)

3 –9.12

4 –19.51

5 –21.93

6 –22.48

29Si29Si NMR
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Table 4 Shift ranges (ppm) of some classes oligomeric si-
lanes.

X X4Si

H −95.6 −107 to −67 −124 to −79 −161 to −53 −165

CH3 0.0 −2 to +28 −49 to −20 −88 to −78 −118 to −136

Cl −18.5 −10 to +20 −10 to +15 −46 to −15 −79 to −81

Figure 6 Chemical shifts of the building units in aluminosili-
cates. Reproduced with permission of John Wiley & Sons from
Engelhardt G and Michel D (1987) High Resolution Solid-State
NMR of Solids and Zeolites. New York: John Wiley & Sons.
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Figure 8 Regions of chemical shifts for trimethylsilylated com-
pounds (R1 = aliphatic R2 = unsaturated organic residue).

Figure 7 29Si MAS CP spectrum of a surface modified silica-gel. The signal strength is no indication of the concentration of the
corresponding building group. Peak 1: (CH3SiO–; peaks 2,3: T2,T3 of the functional group RSi(O–)3; peaks 4,5: Q3,Q4 of the silica-gel
skeleton.
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Figure 9 29Si Spin–lattice relaxation in TMS. (● )T ; (▲)T ;
assuming T >>T . Reproduced with permission of the
American Chemical Society from Levy GC, Cargioli JD, Juliano
PC, and Mitchell TD (1973) Journal of the American Chemical
Society: 95: 3445. 
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See also: Chemical Shift and Relaxation Reagents in
NMR; NMR of Solids; NMR Pulse Sequences; NMR
Relaxation Rates; Nuclear Overhauser Effect; Param-
eters in NMR Spectroscopy, Theory of; Solid State
NMR, Methods; Structural Chemistry Using NMR
Spectroscopy, Inorganic Molecules.
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See Heteronuclear NMR Applications (Sc–Zn).
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Figure 1 Energy level diagram for the tip–sample tunnelling
gap, depicting electrons tunnelling from tip to sample. The local
density of states for both the tip and sample as a function of
energy is represented graphically.
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Figure 2 A composite of two images of the GaAs(110) surface.
The orange features obtained at positive sample bias are the Ga
atoms, while green features obtained at a negative sample bias
are the As atoms. Feenstra RM, unpublished results. (See Colour
Plate 56).

Figure 3 Three STM images of a Ni3 cluster adsorbed on a
MoS2 basal plane at 4 K. All three images show a 60Å � 60Å
area and are plotted as three-dimensional representations with
the same aspect ratio and with the same angle of view. The im-
ages were acquired with sample biases of: +2 V (upper), +1.4 V
(middle), and –2 V (lower). Reproduced with the permission of
the American Chemical Society from Kushmerick JG and Weiss
PS (1998) Journal of Physical Chemistry B 102: 10094–10097.
(See Colour Plate 57).
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Figure 4 Atom-resolved spectra of the Si(111)-(7 � 7) surface
obtained at positions indicated in schematic. Reproduced with
permission of the American Institute of Physics from Wolkow R
and Avouris PH (1988) Physical Review Letters 60: 1049–1052.
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Figure 5 Tunnelling current (It), and bias voltage (Vt) during tip
approach on Au(110). Reproduced with permission of the Amer-
ican Institute of Physics from Olesen L et al. (1996) Physics
Review Letters 76: 1485–1488.

Figure 6 Energy level diagram for tip–sample tunnelling gap
depicting both elastic (Iel) and inelastic (I inel) tunnelling. Above the
threshold voltage ⎪V⎪ = �� /e tunnelling electrons can excite a vi-
brational transition, for molecules in the tunnel junction. The den-
sities of states of both tip and sample have been neglected for
clarity.
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Figure 7 Inelastic electron tunnelling spectra of C2H2 (1) C2D2

(2) taken with the same STM tip and the difference spectra (1�
2). Reproduced with the permission of the American Association
for the Advancement of Science from Stipe BC et al. (1998)
Science 280: 1732–1735.

Figure 8 Vibrational spectroscopic imaging of C2H2 and C2D2. (A) Constant current STM image of a C2H2 molecule (left) and C2D2

molecule (right). The d2I/dV 2 images of the same area recorded with a bias voltage of (B) 358 mV, (C) 266 mV, and (D) 311 mV, with
a 10 mV modulation. All images are 48 Å × 48 Å with 1 nA DC tunnelling current. Reproduced with the permission of the American
Association for the Advancement of Science from Stipe BC et al. (1998) Science 280: 1732–1735. (See Colour Plate 58).



2048 SCANNING PROBE MICROSCOPES

�������	������	���	�����	��������	����	��	�������	��������
���	����	��	����������	����������	���	����	�������

 ������ �������� /��������	 ����������	 ���������
�����	 !������	 ���	 ���	 �������	 ���	 ������	 ������
��������	 ����	 ���	 ������	 8��������	 B�	 ����	 ����
������	���	���������	����������	��	��������	!�	�3������
�������	���������	�����	�����	!�	��������	�	�������
&��������	�������	�������	��	�	��������	��	�������
!���	������	������	�����������	���������	��	������
������	 ������	 ������	 ��������	 �3����������	=���2�
�����������	 ������	 ������	 ��������	 �3���������
��������	 ���	 ����������	 ����������	 ������	 ���	 !�
���!��	 ����	 ���������������	 ' &	 !�	 ��������
�������	 ��	 �������	 !���	 ��������	 ������������
7���������	 ���	��������	����	�	 ������������	������
���	��������	�����������	��	�	�������	��	!�	���������
 ��	�������	 ����������	��	 ���	' &	������	 ���	�����
����	��������	��	��������	���������	��	!�	���������

����������	�
��

!��������� 7�����	 ��������������	 ���	 ��������
�����	����	���	' &	���	���	����	��	���	���	' &	��
��������	7��	��	���	�3���������	����������	��	����
�������	 �������	 ��	 ���,������	 �����������	 �!������
���������	��	��	��������	�����������	 ��	����	�������
���	��	���	������0���	���������	�!���	���������	�����
����	 ����������	 �������������	 ��0�����	 �������
�!������	 ���������	 ����	 ��	 ���	 ����	 ��	 ∼ ����� -
���	�	�������	!��������	���	���������	��	�3�������
���	 ������������	 ����	 ) *��	 #������	 �������	 ���
�!������	 ���������	 ���	 !���	 ������������	 ����
�������	���	' &	��	���	��	�	#����	����2�	��	������
���	 ���	 ����������	 ��	 �	 �������������	 ���������
�����	��!��	��������	��	��	��������	���������	����!���
 ��	' &	������	������	!�	�����������	�������	��	��	��
�����	 ���	 �������	 �����!��	 ���������	 ���0��������
'��������	����	����������	�����	��	����	����������	!��
��	����������	���������	!�	���	������	��	���	�������
�����������	��	����	!�	���������	!�����
B����	 �������	 ��	 ���	 ����������	 ������	 ������

����	 ���	 ��������	�3����������	 �,�	 �������	 ���	!�
�!������	��	����	��	���	������	��	!�	�������	��	���	����
���������	 1�����������	 ��	 ��������	 �����!����	 ��
�����	 ������	 ��������	 ��0�����	 ���������	 ������	 ��
���!��	������	������������	���	�����	���������	����
����������	��	�����	���������	��������	����������	6���
������	�������	����	�������	�������	�����	��������	��
����	��	!�	�������	�����������

"���������� :��������	�����������	���	���������	��
��������	���	���!�����	��	���	���!�	���	���	��	����
��������	 ��	 ���	 �������	 �����������	 ��	 �6	 �������
��������	 ���	 �����������	 ��	 ��	 ����!�	 �0��������

;�����	 ���������	 ���	 ��������	 ���	 ������	 ���
����������	�����	��	������������	���	�����	����	����	��
������	�	��������	�������
9���2���	���	����!��2	�����	�����	��	��0�����	���

����	 ��	 ���	 �������������	 ������0���	 ����������	 ��
���������	������������	�������	���	���	��	�	�������
��������	 ��������	 1�	 ������	 ����������	 ���	 ' &
���������	 �	 ��������	 ����������	 �������	 !�	 ������
���	 �����"���������	 ����������	 ����	 ���	 �����	 ������
���������	����	���	����������	��	���	����������	����
����	���������	��	�	������	!�	���	�������������	���
�	���������	�������	�	���������������	�������	������
�����	���	�����	��	���	����!��2	�������	����	���	����
���������	 �	 ��������	 ������	 ��	 ���	 ���"���������
����������	 �����������	 ���,������	 �����������	  ��
�������	�����"���������	������	���	!�	����	��������
���	��	��	������	�������	����	����	�	��������	1�	������
!���2���	�����	���	��0������	���	���	��	�	�������	�����
!��2	!���2���	�������	���	����	���	������	��������
�������������	1�	���������	������	��������	�����	���	!�
���������	��	�����������	�����	����	�����	���	����
��������	��	�����	������

!���������� ���#�� ��� '����	 ���	 �!�����	 ��������
��������	 ���	 �	 ����������	 ��	 !���	 ���	 ���	 ���	 ���
������	 ����������	 �������	 ��	 �������	 �������������
���	����	��	���	����������	���!�	���	��	�����������
���	 �!�����	 �������	 ��	 ��������	 ��	 ��������
��������������	 ��	 ��������	 ���������	 �	 ���	 ����	 �
���������	�������!��	�����	�������	��	������	��	���������
������!��	 ��	 ����	 ���	 ������+�	 ����������	 ���������
���������	 ���	 ��������	 ��������	 �!������
������������	�	���!�	���	����	�	������	�����	��������
�������	���	!�	������	��	�!�������	��������
'�������������	 ���	 �������	 ������	 ���������	 ��

������	���	����	������!������	����	�����	���!�	����
���	����	����������	&����	�������	�����	���������	���
��	�	����	�������	������	���	���	����	�������!��	��
�����	 ��	 ���	 ���	 �������	 ��2���	 ����������	 ��������
�����	��	������	����	������������	 �	���!��	����
�������	!������	�������	�!������	��	������	�������
���������	 ��	 ��	 ���������	 ����	 ���	 ���	 ����������	 ���
����	 �������	 ��	 ������	 �������	 ��������	 !������
�������������	 C������������	 ��	 ���	 ���	 ���3	 ���
�������	������	 ���	�!�����	�������	���	����	 ����	��
��������	����	���������������
>����������	�����!��	 ��	 ���	 ���	 ���	����	����	 �

�����	����	��	�����������	���	�!�����	��������	&���
�������	���	�����	����	���	��������	��	��	������	��
��������	 ��	 ���	 ' &	 ���	 ���	 ������	 ���	 �!�����
�����������	 ����	 ��������	 ������	 ����������	 ��	 ��
��������������	����	���������2��	�����	��!�������	 ��
�������������	�������	���	!�	���	�������	'������	����
����	 !�	 ��2��	 ����	 ���!���	 �������������
���������	  ��,������	 �������	 ���������	 ��	 ����



SCANNING PROBE MICROSCOPES 2049

�������������	 ��������	 ��	 ���	 ���!�	 ���	 ���3	 ���
���	����	��	���	��������	����	��	�������	������������
����������	 �$7C��	  ��	 ����������	 �������	 !������
���	 ���	 ������	 ��������	 ���������	 ����	 ����������
!���	�������	1��	�������	�����	��	�	!���	���	��	!���
���	 ���	 ���	 �������	 ���	 ����������	 �������	 ���	 ���
������	 ����	 ����������	 !���	 �������	 ���	 ��	 ���	 ���
������	 ��	 ������	 ��	 ���	 �������	 ��	 ������	����	 ���
���	!���	����	 ���	���	 ��������	������ $	 ��	 ��	 �,�
����	�3��!�����	$7C	��	&�'(�	����	�	��������	���
����	 ����	 ��	 �������	 ����	 ���	 ��������	 9�	 !��2���
����	����	���	�������	���	�����	��������	���	����	�,�
�����	�������	$7C	���	�����	�!�������
$������	 ������������	 ����������	 ���	 ����	 !�	 �!�

�����	���	��������	����	������"��	����	�������	�	����
�������	��������	���	!�����	������"��	���	����	�����
��	 �����	 �������	 �������	����	 ����	 ���	 ��	 ���������
����	���	<����	����	��	���	����	/��������	��	������"��
�����������������	 �����	 �����	 ���������	 �������	 �	 ���
������	��	����������	��������	��������	��	��	�	������!
!���2����	 ��	������	��	�����	���	$7C	������	��	�
�������	��	���	������	��	���	������"��	����	������

�������	��
����������
���������

����
���������
��������

1�	��	�����!��	��	�������	������������	����	';&�	����
��	����	���	' &�	 ��	���	��	������������	����������
������	 �������������	������������	 ����	 ���	 �<&�
 ��	�<&	����	 �������	 ����������	 !�	����������
���	���������	���4��	��������	���!�,�������	��������
�����	��	�	�������	��	�������	!�	�	����������	
���	�
������������	����������	���	�����	���	!�	�!������

���	 ��������	 ���������!��	 ���	 ' &	 ������	 ����	 ��
�����	 ����������	 ������	 ����	 ��	 ����������	 �3���
������	 ��	����������	����	����	��	�	����������	!������
��	 ��������	������	 ��������	 �������������	��������
�����	���������	��	�������������������	���	������
<����������"�����	��	�	���������	!�	����������	��	�

���������	 ����	 ������	 ���	 ��������	 ������	 !������
���������	 ��	 !�	 ���!���	  ��	 ��������	 �����
�!�������	 !������	 �	 �����������"��	 ���������	 ���
�������	 ��	 ��������	 !�	 ����������	 ���������
����������	 �����	 ���	 ������	 �����������	 ��2��
�������	�����	����	��	�����	!��2	����	���	���!��	 ��
����������	 ��	 ���	 ���������	 ��	 ����	 ��������	 ��	 �
�����	����	���	���������	������	���������	������ %&
��	 �	 ����	 ��	 �����	 �����	 ���������	 ������������
�����	 ���	 �����	 ���!��������	 ��	 ���	 ���	 ������
�����������"������	  ��	 ����������	 ��	 ���	 �����	 ��	 �
�������	��	���	�������	������������	!������	���!�Figure 9 I–V scan of MoS2 with a tungsten tip demonstrating

negative differential resistance caused by the presence of MoS2

on the tip. Kushmerick JG and Weiss PS unpublished results.

Figure 10 Force versus displacement curves recorded
between functionalized atomic force microscope cantilever
probes and surfaces. The adhesive interactions are strong for
like–like interactions (COOH–COOH and CH3–CH3) but weak for
interaction between unlike functional groups (COOH–CH3). Noy
A, Frisbie CD and Lieber CM, unpublished results.
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Figure 11 Fluorescence emission near-field scanning optical
microscope image (1.3 µm � 1.3 µm) of a photosynthetic mem-
brane fragment. Reproduced with permission of the American
Chemical Society from Dunn RC et al. (1994) Journal of Physical
Chemistry 98: 3094–3098. (See Colour Plate 59).

Figure 12 (A) A 3.1 � 3.1 µm shear force image of a thin pol-
ystyrene film deposited on a glass cover slip. The full-scale z-
range is 62 nm. (B) Near-field IR transmission spectrum of a thin
polystyrene film in the aromatic C–H stretching region. The inset
is the laser output over the same spectral range in the absence
of polystyrene absorption. Reproduced with permission of Stran-
ick SJ, Richter LJ, Cavanagh RR and Michaels C, unpublished
results.
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Figure 1 Schematic representation of the key components of a scanning tunnelling microscope (STM), a near-field scanning optical
microscope (NSOM) and an atomic force microscope (AFM). In a STM, a sharp metallic probe is brought into close proximity with a
conducting sample. A small bias voltage between probe and sample causes a tunnelling current to flow. This current is recorded as
the sample is scanned beneath the probe. In NSOM, the sample is placed in the near-field region of a subwavelength-sized light
source. The transmitted or reflected optical signal is used to form an image of the scanning sample. AFM microscopy relies upon the
effect of repulsive and attractive forces between the probe and sample to bend a supporting cantilever. The bending of the cantilever,
and hence the force, is extracted by monitoring the path of a laser beam reflected from the back of the cantilever.
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Figure 2 (A) Topography image recorded using NSOM show-
ing a scratch on a silicon wafer surface. Inset is an enlargement
of the area that was Raman mapped. The scale bar is 1 μm.
An array of 26 by 21 spectra were recorded with step sizes of
154 nm and 190 nm in the X and Y directions, respectively. Each
spectrum took 60 s to acquire giving a total image acquisition
time of just over 9 h. In (B) the value of centre frequency of the
silicon band was extracted and is shown as a function of distance
across the scratch; the lateral position of the data points is shown
on the topographic cross section (C). Reprinted with permission
from Webster S, Batcheldes DN and Smith DA (1998) Submicron
resolution measurement of stress in silicon by near-field Raman
spectroscopy. Applied Physics Letters 72, 1478–1480.
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Figure 3 Perspective views of a 60 atom Fe ring recorded at tunnelling current of 1 nA and tip bias voltages of (A) 10 mV and
(B) –10 mV. The quantum interference patterns inside the ring change with energy. The energy dependence of the lowest density of
states at the centre of the ring is illustrated by the dI/dV spectra in (C). The sharp peaks in the spectra indicate sharp resonances in
the lowest density of states. These data match theoretical results based upon the particle-in-a-box model very closely. Reprinted from
Physica D 83: Crommie MF, Lutz CP, Eigler DM and Heller EJ, Quantum corrals, pp 98–108, 1993 with kind permission of Elsevier
Science – NL, Sara Burgerhartstraat 25, 1055 KV Amsterdam, The Netherlands.
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Figure 4 (A) A pre-resonant near-field Raman spectrum of a
polydiacetylene microcrystal taken using 633 nm excitation,
approximately 150 nm aperture and a 60 s exposure. (B) A
3 μm × 2 μm near-field Raman image of the polydiacetylene
microcrystallites. A Raman spectra as in (A) is obtained at every
point in the image, and the intensity of any peak may be chosen
to produce a grey scale image, in this case the 1485 cm–1

feature. The vibration mode responsible for this line is shown.
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Figure 5 A spatially resolved force adhesion map recorded
using an AFM probe coated in biotin on a 90% biotin-blocked
streptavidin surface. Biotin–streptavidin are a ligand–receptor
pair with very high affinity (1015 M–1) often employed as a model
system for molecular recognition studies. The contrast on the
image corresponds to the amount of adhesion felt by the probe
at the surface. Light areas represent high levels. If the biotin-
coated probe contacts the surface in a region where free binding
sites exist (i.e. streptavidin unblocked by free biotin) then adhe-
sion based on the biotin–streptavidin specific molecular interac-
tion would be expected. Position X in the image corresponds to
an area of adhesion and Y a typical area of no interaction.
Hence, X marks the spot of an open streptavidin binding pocket.
Reproduced with permission of Gordon and Breach Publishers
from Roberts CJ, Allen S, Chen X, Davies MC, Tendler SJB and
Williams PM (1998). Measurement of intermolecular forces
using force microscopy: Breaking individual molecular bonds.
Nanobiology 4: 163–175.
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Figure 6 Three typical force extension curves obtained by stretching titin molecules. The curves show periodic structure on the
retract portion of the data consistent with the unfolding of individual titin domains. Reproduced with permission from Rief M, Gautel M,
Oesterhelt F, Fernandez JM, Gaub HE (1997) Reversible unfolding of individual titin immunoglobulin domains by AFM. Science 276,
1109–1112.
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Figure 1 Schematic diagram of an STM junction at zero bias,
illustrating the meaning of the symbols defined in the text.
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Figure 2 Schematic diagram of an STM junction at finite bias.
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Figure 3 The important quantities in the Tersoff–Hamann
model of STM. The matrix element is evaluated on the surface S;
the conductance is proportional to the sample density of states at
the tip centre of curvature r0.
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Beyond perturbation theory
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Figure 4 Two physical phenomena which alter STM images
from those predicted by simple theory: (A) Tip–sample forces
distort the actual change in separation from that measured by the
piezoelectric transducers. (B) Electric fields from the tip cause
motion of surface atoms and distortion of surface electron states.
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Figure 5 Schematic force–distance curve for an SFM experi-
ment. On approach, the tip jumps from point A to point B; on re-
traction, it jumps from C to D. The dotted lines have a slope equal
to the cantilever force constant kcant.
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See also: Scanning Probe Microscopes; Scanning
Probe Microscopy, Applications; Surface Plasmon
Resonance, Applications; Surface Plasmon Reso-
nance, Instrumentation; Surface Plasmon Reso-
nance, Theory.
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See Scanning Probe Microscopes.
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Figure 1 The scattering geometry.

Figure 2 Particle sizing ranges for different scattering
instruments. DLS: dynamic light scattering, SANS: Small-angle
neutron scattering, SLS: static light scattering, SAXS: small-
angle X-ray scattering, FS: Fraunhofer scattering.
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Figure 3 A normalized intensity autocorrelation function.
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Figure 4 Intensity and number distributions obtained from the
same DLS data from dioleoylphosphatidylglycerol vesicles pre-
pared by extrusion through filters of 50 nm radius pore size.
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See also: Diffusion Studied Using NMR Spectros-
copy; Electromagnetic Radiation; Fourier Transfor-
mation and Sampling Theory; Laser Applications
in Electronic Spectroscopy; Laser Spectroscopy
Theory; Light Sources and Optics; Neutron Diffrac-
tion, Instrumentation; Scattering Theory.

Figure 5 Experimental SAXS data from a composite latex with
a polystyrene core and a poly(methyl methacrylate) shell. The
number average diameter is 92.8 nm. The inset displays the
electron density cross-section of the particle derived from con-
trast variation studies. Reproduced with permission of Hüthig &
Wepf Verlag from Ballauff MB, Bolze J, Dingenouts N, Hickl P.
and Pötschke D (1996) Small-angle X-ray scattering on latexes.
Macromolecular Chemistry and Physics 197: 3043–3066.

Figure 6 Number distribution of particle sizes from a sample of
microfluidized milk obtained by the inversion of I (Q) data from
SLS.
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Figure 1 Standard scattering geometry for measuring differen-
tial scattering cross-section.
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Figure 2 Setup for deriving a double-differential scattering
cross-section
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Figure 3 Feynman diagrams for the two types of virtual transi-
tions associated with the scattering of a photon by an atom
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Table 1 Accessible regions of (Q,�)-space and corresponding resolutions in real space and time for various types of spectroscopiesa

a Ranges are approximate and to nearest order of magnitude.

Type of spectroscopy
Q 

(�m–1)
��
(eV)

Spatial resolution 
(�m)

Temporal resolution
(s)

Optical mixing 10–1 – 101 10–9  – 10–6 10 –1 – 101 10–10 – 10–6

Photon correlation 10–1 – 101 10–15 – 10–9 10 –1 – 101 10–6 – 100

X-ray 101 – 105 101  – 102 10–5 – 10–1 10–17 – 10–16

Thermal neutron 10 2 – 105 10–8 – 101 10–5 – 10–2 10–16 – 10–6

Neutron spin-echo 101 – 102 10– 9 – 10–2 10–2 – 10–1 10–14 – 10–7
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Figure 4 Mean-square displacement function for a particle in
an ideal gas, a diffusing particle, and a particle moving through a
typical liquid.
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See also: Electromagnetic Radiation; Inelastic
Neutron Scattering, Applications; Inelastic Neutron
Scattering, Instrumentation; Light Sources and
Optics; Neutron Diffraction, Theory; Rayleigh
Scattering and Raman Spectroscopy, Theory;
Scattering and Particle Sizing, Applications; X-Ray
Spectroscopy, Theory.
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Figure 1 Single-focusing magnetic sector, with focusing in ‘Y ’
direction only.

Figure 2 Single-focusing magnetic sector, with stigmatic
focusing in ‘Y ’ and ‘Z ’ directions.
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Figure 3 Modified ‘Nier–Johnson’-type double-focusing mag-
netic sector mass spectrometer (A) with ‘forward’ geometry, (B)
with ‘reverse’ geometry, (C) with split ‘forward’ and ‘reverse’
geometry.

Figure 4 Modified ‘Mattauch–Herzog’-type double-focusing
magnetic sector with flat focal plane.



SECTOR MASS SPECTROMETERS 2089

&���
������	���

!���������������������������������������������
������� ��������������� ���������� �������� ������
������������� ������ ��� ��� ��������� ������ ��
����������������������������������� ����������
��������������#�������=����������15�"�����������
�����1F[������������������?F[��������������"����
������ �+��������� ��� �� 	������� ������"� ���
���������#�������/������������ ����������������
��������� ���� ����������� ����������� ���������
����� ������ ������� ��� ��������������� �������
����"� ��� ������ ���� ����������� ������������ ���
���������������������������-����������-��"���
���������� ����������������D#��
/������E��������
	���������������������������������������������
���� ����� �������������:��������5F FFF������
�FY� ��������������� 0����������(����������5Y
�����2� ��� ��� :���� ��� 75F FFF� ��� ��� <A��
����������0����������(����������5FY������2��!��
��������������������� ��������������������������
���������-��������������:�������:�����0�	
�� �2�

������	�
����
����������	

!�� ��������� ���� ����� ���������� ������ ������
��������� �������������� ����� ����������� ��� �
�������������������������������������������
��� ������� �������� ��� ������ ��� ��� ��� ���
(����� ������ �������������� ���������� ����� ��
����� ���������"� ���� ���� ��� ���� �������
��������������������

���"
��	�����

!���� ��� ��� �������� ���� �������� ����� �������
���������������������������������������(����
������������������������ ����������������������
������� ������ ����� ���� ���� �����  ������� ��
�������� ������� ����� ��� ��� ��������� ��� ����� ��
(�����������(������������(���!������������
���� ��� ���� �����"� ������"� ��� ������� �� ������
 ������ ����� ��� ������� ��� ��������� ��� ������ ��
�������� ��� ��(� ������"� ���� ���  ������� ��
��B����� ������ ��� ���� ��(� �������� ��� :�����
������������!����(���������������������������
������������������� ���������������������(����
������������������������� �����������������
��� ��� ��� ���� (����� �����������"� ��������
D����(����E� ��� ��(����� ����"� ���� ��B������� ��
��������  ������� ������ ���� ���� ��(� �������� ��
:������ ������������ !���� ������� ���������� ���
�������������������������"�����������������������
�������������������������������� ����

�������� ���  ������ ��������� �������� ���� ��
�� ���� ����� ��(�� ����� ��������� ��� ��(
���������������������������������������������������
��� ���"������������������D���� ������E�������
��(�������"����������������������������������
���������

�����	��
��������

!��D��(���������E������������������������������
��� �+����� ��� +���(��������� �������� ��� �� ����
�����������(��� ���������������������������
����������������������������������������������
��� �"� ��� �������� ����� �������� ����� ��
���������� ������ ��� ���������� ��� ����� ��������
	���+�����"�����������:��������������������
����������������������������������������� �������
������ ��� (����� ����������� ��(�� ��� ������
���� ���������������������������������������C����
���������� ����� ���� ����� ��(�� ��� ���� D������E
����� ���� ����� ����� ��(�� ��� ��� ��������� !�

Figure 5 Doublet from PFTBA and FOMBLIN showing a re-
solving power of 200 000 (10% valley definition), or 450 000 (full
width at half height definition).
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Figure 6 Detection of 5 femtogram of 2,3,7,8-TCDD with S/N
greater than 10:1 from an injection of 1 µL onto a GC capillary
column and ‘selective ion recording’ of four masses plus a ‘lock
mass’ at 10 000 resolving power (10% valley definition).
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' = ������������&�,� = ���������������0���������
���2&� ,* = ����� ���������� 0������ �����2&
6� = ����� ���������� ���������&�� = ������� �����
����&� ! = H����-� ����&� '. = (������ ����&
# = ����&�#� = ���������������� ���&�#� = �������
������ ���&�#\= ������������&�� = �������������&
�� = ������&� * =  ������&� 9 = ��������� �������&
+� = ���� ���� �����&� +� = ��������� ����� �����&
+� = ����������������&��� = �����&�� = ������������
����������������& � = ��������

See also: Ion Dissociation Kinetics, Mass Spectro-
metry; Ion Imaging Using Mass Spectrometry; Ion
Molecule Reactions in Mass Spectrometry; Isotope
Ratio Studies Using Mass Spectrometry; Mass Spec-
trometry, Historical Perspective; Metastable Ions;
MS–MS and MSn; Neutralization-Reionization in Mass
Spectrometry.

Table 1 Linked magnetic field (B) and electric field (E) scans
for the study of metastable ion decompositions on double-focus-
ing magnetic sector mass spectrometers

E ′ = E/Eo, where Eo is the electric field for transmission of
undissociated parent ions.

Type of analysis

‘Field-free region’ in which
decomposition takes place

First

Penultimate
(Final sector is 
electric)

Daughter ions
(md = constant)

B/E = constant B = constant
(E scan only)

Parent ions
(mp = constant)

B2/E = constant B2E = constant

Constant neutral loss 
(mp − md =  constant)

(B/E)2(1−E ′)
= constant B2(1−E ′) = constant
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Figure 1 Schematic representation of a SIFT apparatus. One form of Venturi-type inlet is shown in the upper-left part of the diagram.
The vacuum jacket facilitates operation at high and low temperatures.
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Figure 2 Dependence of the ion count rate on the H2 number
density for the reaction of CH+ with H2. The rate coefficient, k, is
obtained from the slope of the linear decay plot following
Equation [1]. The primary product ion is CH . The CH  ion is
produced in the secondary reaction of CH  with H2.

Figure 3 A typical SIFT decay (c/s = counts per second) ob-
tained when two differently reacting species are present at the
same mass. In this example, the excited ion Xe+(2P1/2) reacts
more slowly with Cl2 than the ground state Xe+(2P3/2) ion.
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Figure 4 The ion chemistry of the upper terrestrial atmos-
phere. Only biomolecular ion–neutral reactions occur, and ion–
electron reactions (dissociative recombination) maintain the
ionization equilibrium.
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Figure 5 The ion chemistry of the lower atmosphere. The positive ion chemistry (left column) and the negative ion chemistry (right
column) are dominated by termolecular reactions, finally producing the cluster ions in the lower boxes.
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Figure 6 The initial steps in the ion chemistry of interstellar clouds leading to H2O, NH3 and CH4 (see also Figure 7).
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Figure 7 The production of polyatomic ions and neutral molecules in dense ISC following the radiative association reactions (thick
arrows) of CH  with several known interstellar molecules and the subsequent dissociative recombination.
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Figure 8 A SIFT apparatus configured for trace gas analysis, with the stable discharge ion-source for H3O+, NO+ and O  ions, and
a single air/breath sample inlet port.
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Figure 9 Concentration time profiles of the trace gases acetone
and isoprene in single exhalations of breath obtained with the
SIFT using H3O+, NO+ and O  precursor ions. Concentrations are
given in parts per million (ppm) of the breath. 
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Figure 10 A mass spectrum obtained using H3O+, precursor ions following the introduction of laboratory air into the SIFT. Concen-
trations of the detected species (released from an adjacent laboratory) are given in parts per billion (ppb) in parentheses. u = ion mass-
to-charge ratio, c/s = counts per second.
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Figure 11 The SIFT analyses of an air–acetone mixture using H3O+, NO+ and O2
+ precursor ions injected sequentially into the carrier

gas by switching the upstream mass filter (see Figure 8).
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Figure 12 Mass spectra obtained in the SIFT for an air–gasoline vapour mixture using H3O+ and O  precursor ions. The component
hydrocarbon molecules M, are protonated by H3O+ producing MH+ ions, whereas charge transfer between O  and the M produces
ions like M+ and (M–H)+. u = ion mass-to-change ratio, c/s = counts per second.
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Figure 13 The mean concentrations of acetone and ammonia (ppb) obtained by the SIFT in single exhalations of breath from six
volunteers following a protein meal taken at time 0 (see the text). The vertical bars represent the standard deviations of the six con-
centrations at each time.

Figure 14 The SIFT spectrum obtained following the introduction of breath from a diabetic patient with end-stage renal failure who
smokes cigarettes (see the text). The concentrations of the major breath gases are given in ppb in parentheses. u = mass. c/s = counts
per second.
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See also: Biochemical Applications of Mass Spec-
trometry; Chemical Ionization in Mass Spectrometry;
Cluster Ions Measured Using Mass Spectrometry;
Food Science, Applications of Mass Spectrometry;
Ion Collision, Theory; Ion Molecule Reactions in Mass
Spectrometry; Isotope Ratio Studies Using Mass
Spectrometry; Isotopic Labelling in Mass Spectro-
metry; NQR, Applications; Proton Affinities; Quadru-
poles, Use of in Mass Spectrometry.

���	���
�������

�������� 9I� 0�1172� . ������� ����������� ���
������
���������(���������������� � ������������ ����������
������������������"�������������"�������������
������������-������� �%����
��.��#���������)� ����
�
,����3��>?1
�5?1�

6����AA�����A��������6��0�14>2� ������������.��#���
�����H�����3��������������

<������/��������������A��/��0��2�0�1442"���
�������
 ��� ���� 	����� � � ���%���� ���4����
���� )�
�����"
#��8��(3�A����

<�������.."�<�������<	���������������6H�0�1@12�C��
��������� ��� ��� .����E�� ���������� C�3� ,������!"
0�2����%���� ����.��#�����"����>5
4���#��8��(3
�������������

<����B��������	��������0��2�0�1472�)�
������� �	#��
���������	��
�����H�����3��������������

������.�����H����	��0�1412�I���������������������
�����:� ������������"� �����������"� ���� �����
���������� ��� ���� ����������� ������������������
�
-�������	�����#����	��������3�*@�
7FF�

������6� 0�11*2�!�� ���� ��������� ��� ����������� �������
.��#�
��)�*��+����3��>@7
�>45�

������6�����������#I�0�14@2�!��������������������
0�C<!23� ������� ��� ���
������� ������������*�
��� ��
���#�
��������
����%����
����3��
>1�

������6�������������0�1152������������+����C�3�6���
�����<,����������=I�0��2��$����#���������������
����%����
��	
���
�������#�
������
��������7���
�
%����
��� .������ %���
���"� ��� *@7
*14�� #�� 8��(3
�������������

������6�������������0�11?2�C��������������������������
���� ���� ��� ����������� �������� ���� 	��
���#����
)�*��+����3�*55
*@4�

]��� ���"�	��(��/"�=�B���,�����������6�0�11@2�9������
����� ��� ��� �C<!� �����+�� ���� ����� ���� ��������� ��
������������������������B�����������+���������� 
7

��������8���������3�7@7
74*��

]��� ��������������6�0�11?2����������������������������
���� ����C<!������+�� ��� ���+��������� ������������
���������� ���������������������������������)�*��+
� �%����
��.��#��������3�*7�
*@��

]��� �� �� ���� ������ 6� 0�11?2� ������ ���� ����� ���3� �
�����+������+��������� �����������������������������
�����������
�����'������
�����������������.�#�
���������3�>F1
>�1�

]��� ��������������6�0�11@2��C<!����������������������
����7$+"�#$+�����$*

+��������������������������������
������� -������ � ����� 	��
���#����� ��� ����%��
�
�������������-�7@5
744�

]��� ��������������6�0�1112��������������������������
��� ��� ��������� ��� �7$+"� #$+� ���� $*

+ ����� ���
��������(���� ���� ��������(���� ������������ -����
���� �����	��
���#��������3��@5
�4��

]��� ��������������6�0�1112������������������������
����������3� 6������� ���� �������� ����������� ��
��� �����������������������������)����.�##���
�
�������������	��
���#�������3�545
51?�

A���� =�� 0�1452"� .��#������ � � ��#��������"� $:����3
	��������

������
 �.�
�������	����

See Heteronuclear NMR Applications (Y–Cd).

������
���	��
0�������
(����	��
���������

See SPECT, Methods and Instrumentation.



2106 SMALL MOLECULE APPLICATIONS OF X-RAY DIFFRACTION

����������	
�������	��������������������	���

Andrei  S Batsanov, University of Durham, UK

Copyright © 1999 Academic Press

��������	
������	
�����	��������������������	�����
����	�������������������	������	����	��������������
����������	������������������������������������
������������	��	����������������������������	����
��������
���	�������	�����������������������������
�������������	�������	������������������
������
������������������������	�����������	�������������	
�����������������������������	�����������	��������
�������	�������������	���������������	
���	���
��	�������������
�����������	� �������� ���������
���������	���
��!���	��������������������	���
�	������������������������ ��������������������
�������	
��	
������	��
��	� ����������������"���
�����	��
����"������	����	���������	
������������
�	
����������������������#�	��	������
���������	�
�$�����	����	���������� ���� �����
������������
 ��������	
� �	
���� ��	����	��� ��� ������������
�����������	�������	��������������	
��	����	��
��	��	�����������������
������������������������
	����	���������	����	����		����������%��������	��� ��
����	�����������������������������������	������������

�������������������������������������	�������������
�	���������
������	
����� �����$�����������	��������
�������������	�����������������	�����	�������	����
������	����
� ������ ��	����� �����	������� ����������
�����������
������� �����������������	����	����
������������������������	�����������������	� �
�������	�
�����������	� ������	
�����	��������
����������	����������
�������� ���	�����	
���
��	����	���������� ���

����	����
	�
��

&��	
���� ��	����	�����������������	����������	����
�����������������������������������	�����������	��
���������������	���������
��&����	
��	�������	����

�����	����� ��� ��� ��������� ��� ���	��� ��	����	�� ����	�
�	�������	����������������������������
�����	�'��	��	
�	����	�����������������������	���������
��������
��"�������������		������������������	�����������
(������������	�������������	����	���
���������
�������������������������������		������������������
��������������	�����
����	
��������������������	���
���������������������������	��������������	���
��	�������&���������������������������������	������
�
�����������)�	���������)��������������� ����������

�	��������������������	 ����������������*����
�����
��	����	������	��������������������������&���������
�	�������	��	���		�������������	�����������	����
�����������������������������������������������	������
��	�����������+���	+
�����+������	�����
������	�����
�����������	����	���&���"��������������	�����	��
���	����� ������������� ��� � �	
���� ������ ��������
�	������������	�����������	����� ����	��������������
�	������������� ������� ������������������	���� ���
�������������� ��
������������	��	������������������
	�����"����*����
������������	��	�������������
����
������������	�����
��	����������������������	�����
��	�	���
��&������������������������������������
����
�	���$����������� �����������������	�����
���� ���	����
� ����������������������������	����� ��
��	�����������	�������������������	��	���������	
��	������������'�	�	�����
������������)�� �����

�������	���������������	����������	� ������
�����	���
���"�	�������	�������
��	
�����	�������	� �����������	�������	�������

� �	� ���� ,-,.�� ��� ���� �� ����� ����� ������� �/0/
,�122 3� �������������� ��� ��� �����	�������
� ���
� �	��������� ���	��� ��� ����	������ ��� 4�������	
���	���5�����������	�����	���������	����������
�	
������	����	��������������������/��	�������	���
��	��6������/�6���
�&�	���,--7����������,7. 888
�����9: 888����,-77���%������������������,����	�����
��	�������
�����	�������	��������������	�����
���	

����	�������&�������	������	����������������������
�� ������� ����	��������������� ��������������	��
����	������� ���	�� �� �����	�����
�� ������ 
������
���
�����	���������	����	������	����������'�	���	�
��	�����	
�����	������������)�������������	������
���������������������������	��������	���������
�	���������� ������������� �������� ���� �����	� ��� ���
"�����  	������ ���	� ���� ����� ��	��� ���	������
����� ���� ��������� �	� ���� �����	����� �����������
�	����	����
����	��	��������������/�		����
�����
	�������������� 	������ 	�������7� ��� 	��	������ ���
�������������������	�������)����
�����	������
���	���	���������	�������������	����	����	�������
��������� ���� �������	��� �	��������� ���� ������	
�
������	
������������������	������� ���������������
��	����	�����	��	��	�"�����������������������	��
��
���	
�����������	�������������	������������������	��
��	����������������������� ������������������	�������

������������

	
����	�
�

������������



SMALL MOLECULE APPLICATIONS OF X-RAY DIFFRACTION 2107

�������	� ������� ����� � ��	���������������	�����
��������������������������	������$���.88�����
�	��
������������� �����	���
������"���������	
��������� �	
������������� �

����� ��	� �������������� ��� ����
� �
������$��� ����
������� �	� ����
� �������� ���	�� �	������;� ���
���������������	
�������∼ 8�8, ��������	����������
��������������	����	����	����������
������������
��	�
�������������������������������������������������
����� �	������ ��� ���� �<�	� ���������
�� ���� ���

 ������ ����� ��������� �	��� ��� �		�	�� ������ ���
=���	������������������� �����
� ��	���	����	�������
�������������������� 
����������� ������������
������ ��	������������ ��� ����� ����	�������� ��� ���
,-:8�� ��� ���� ����������� ��� ������ �������� �

�����	����������������	��	��	���������,-78��������
���������� ���� �	������� ��	� ����� �	����� �������
������ ������ ��� ��	��� ����� 	������� ���� ��������
�� � �����
� ��"����� ��	����	�� �	��� 	�� ��� ��	
	�������������	
������������)����
���������������
&� �	��	
� ����� ���� ���������� �������� ��� ���

)����
������	����	������	�����������>�����	�������
���� ���� ����	����
� �������� ���� ����	�������

����	 ��� ��	����	�� ����	�� ��� 	����������� ����� ��
����������������	�����������	��������	����	�������

��(��������	���	��������������
�������	�������4)����
5���	����	���� ��>����8�8.
���8�89����	�����	 ���	�������������>�����	��������
�.� �	���	� ���� ��� ������ �����	� 	������
�� �����
��	��������������	���"�	������������'�	��������
����>��.�����	�����
�����������������������>����

����������	���������������	���

������	���$����	�
�������������������������������
�	��	
����������������
�����������	�������������
�������� �� �������������������	��	�����������	
����������������	�����	�����������������	��������
��������������������	
������ �	���������
�������

� ������	
� 	����� !���	���� ������ ��� ���������
���������������������������	
��� ������ ���������
 �	��� �4����	�5��  ������ ����
� �	��� ���� ����
	�������������	������ ��	� ������
�?���	�������
����������������	�������/�6�
���� ����	�� ��� 	����� �		�	�� ��� ������	���

�	����	����������������	���� ��������������	�
	�������
� ��������� ��� ������)�	��� 	������������ ��
�����)����
� �������� ��� ��	��
� �	����� ����������
���
��
�����������������	��� �	���������������
3����	������������� �� �����
�	������������@		�	�
������ ��� ����	�� ��� �� �	��� 	������� ��� ���� �����
�����	�� ����	����������� ��	����	��� ����������� ���
�� 
� ���� ���	������� �
� ��� �� ����� �
8�888, 3�������������������������	��������������
�����������	��	����8�8, 3��	���	��������������	�������

Figure 1 (A) Molecular structure of the hydroxyphenyl group in
the crystal of 4-(methylamido)phenol, showing 50% displace-
ment ellipsoids; maps of the deformation electron density (B) and
Laplacian (C) in the same moiety (positive contours solid,
negative dashed). Unpublished results of Yufit DS and Muir K,
courtesy of the authors.
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Table 1 Selected average bond distances in organic compounds (in Å, � = 0.01–0.02 Å)

RH2C–CH2R 1.524 RHC�CHR 1.316

R2HC–CHR2 1.542 R2C�CR2 1.331

R3C–CR3 1.588 C�C(�C), in allenes 1.307

C(sp2)–C(sp2) in: C≡C 1.181

Biphenyls 1.490 C�O in ketones 1.210

Conjugated dienes 1.455 C–N peptide bond 1.332

C(sp)–C(sp) 1.377 C�N 1.279

C–C in phenyl rings 1.380 C≡N 1.144

N(sp3)–N(sp3) 1.454 C�S 1.671

N(sp2)–N(sp2) 1.401 R3P�O 1.489

N�N 1.240 R3P�S 1.954

RO–OR 1.469 Se–Se 2.340

RS–SR 2.048 Si–Si 2.359

X C(sp3)–X C(sp2)–X X C(sp3)–X C(sp2)–X

F in RCH2F 1.399 1.340 P+R3 1.800 1.793

Cl in RCH2Cl 1.790 1.739 PR2 1.855 1.836

Br 1.966 1.899 P(�O)R2 1.813 1.801

I 2.162 2.095 SO2R 1.786 1.763

OH 1.432 1.362 S(�O)R 1.809 1.790

N+(sp3) 1.499 1.465 SR 1.819 1.773

N(sp3) 1.469 1.416 SeR 1.970 1.893

N(sp2) 1.454 1.355 SiR3 1.863 1.868
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Figure 2 Ether group geometry determined by neutron (solid)
and X-ray (dashed) diffraction; in the latter the O atom is shifted
towards its lone-pair electrons.

Table 2 Selected average metal–ligand distances in organometallic complexes (in Å,�� = 0.03–0.04 Å)

Metal

Ligands

CO(terminal) C(aryl) C(alkyl) C5H5 (centroid of) PMe3 Cl

V 1.95 2.11 1.95 2.51 2.29

Cr 1.87 2.08 1.88 2.39 2.34

Mn 1.81 2.06 2.18 1.82 2.46 2.45

Fe 1.78 2.03 2.09 1.71 2.25 2.26

Co 1.78 1.93 2.01 1.70 2.22 2.27

Ni 1.77 1.92 1.75 2.20 2.34

Mo 1.98 2.19 2.25 2.01 2.46 2.41

Ru 1.90 2.09 2.18 1.89 2.31 2.42

Rh 1.85 2.01 2.09 1.90 2.27 2.38

W 2.00 2.19 2.01 2.49 2.41

Re 1.94 2.17 1.96 2.37 2.39

Pt 1.85 2.05 2.08 2.30 2.32
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Figure 3 A typical histogram of nonbonded contact distances;
the half-height point A corresponds to the sum of the van der
Waals radii (after Rowland and Taylor).

Table 3 Nonbonded contact (or van der Waals) radii for crystals (Å)

P, Pauling, 1939–1960; B, Bondi, 1964; ZZ, Zefirov and Zorkii, 1974–1989; RT, Rowland and Taylor, 1996 (see Figure 3); NF, Nyburg
and Faerman, 1985–1987 (anisotropic system, see Figure 4).

Element P B ZZ RT NF,max NF, min

H 1.2 1.20 1.16 1.10 1.26 1.00

C 1.7 1.70 1.71 1.77

N 1.5 1.55 1.50 1.64 1.60 1.60

O 1.4 1.52 1.29 1.58 1.54 1.54

F 1.35 1.47 1.40 1.46 1.38 1.30

Cl 1.8 1.75 1.90 1.76 1.78 1.58

Br 1.95 1.85 1.97 1.87 1.84 1.54

I 2.15 1.98 2.14 2.03 2.13 1.76

S 1.85 1.80 1.84 1.81 2.03 1.60

Figure 4 Anisotropic shape of an atom, forming one covalent
bond. Van der Waals radius is at a minimum on the continuation
of this bond and maximum normal to it.
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Figure 5 Notation of the absolute configuration of an asymmet-
ric carbon atom. The substituents are numbered according to
certain rules (e.g. beginning with the highest atomic weights, e.g.
I > Br > Cl > F); the highest-number substituent pointing away,
the numbers of the three others increase clockwise for the R
configuration and anticlockwise for the S one.
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Figure 6 Atomic displacements in a metal–carbonyl moiety
represented by thermal ellipsoids (A) and ‘peanut-shaped’
surfaces of (〈u2〉)1/2 (B).

Figure 7 In-phase vibrations (A) of a rigid group (CO, CN) and
out-of-phase (B) of a flexible group (ethyl) can result in similar
ADP ellipsoids.
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Figure 8 Systematic underestimation of the length of a librating
A–B bond. The terminal atom moves along AAN arc; its average
position  is found as the centre-of-gravity of the smeared elec-
tron density (hatched) and lies within the arc.
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Figure 9 Deformation electron density map in a cyclopropane
ring confirms the concept of ‘bent bonds’ (dashed lines).
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See also: Chiroptical Spectroscopy, General Theory;
Laboratory Information Management Systems (LIMS);
Microwave Spectrometers; Structure Refinement
(Solid State Diffraction).
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Table 1 Anisotropic interactions affecting NMR spectra in the solid state

a The general form of the Hamiltonian is h–1H = k/GP. 
b The usual assumption is �J = 0 and J coaxial with D.
c The anisotropy is defined as ∆q = qzz – (qxx + qyy)/2, and the asymmetry as 3(qyy–qxx)/2∆q, where qxx, qyy and qzz are the principal

components of the q tensor.
d Q is the nuclear quadrupole moment and qzz is the maximum value of the field gradient tensor q.

Interaction

 Parametera

Average value in solu-
tion

G 
Tensor k P Anisotropy Asymmetry

Chemical shift σ γ /2π B0 ∆ � η σiso

Direct dipolar 
coupling

D D S −3D 0 0

Indirect dipolar 
coupling

J 1 S ∆J ηJ
b Jiso

Quadrupole  
couplingc

q P = I = S 3qzz /2 η� 0

�����������	�����

������������
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Figure 1 Scheme showing how MAS is implemented: the sam-
ple is placed inside a rotor, which spins in the kHz range about
an axis inclined at 54.7° with respect to the external magnetic
field B0.
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	��������� ����� ��� @)������ O9P��� ���� ���������� ���
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�,� ��������	��	���������������� �	���
������������
����������������������������	������)�����	�������

Table 2 Hamiltonian terms affecting an I,S spin system and secular contributions to the NMR spectra.

a The angle 	 between the main tensor axes and the external magnetic field is characteristic of each interaction; the expressions shown
in this table are valid only if the relevant tensors are axially symmetric and coaxial.

b D = (�0/4�)(�I�Sh/4�2rl,S
3) is the dipolar coupling constant (rI,S is the internuclear distance).

c The secular contributions for these interactions are valid for heteronuclear spin systems. For homonuclear spin systems, the flip-flop
term containing (I+S – + I–S+) is also secular.

d The usual assumption of J coaxial with D leads to an effective dipolar constant D ′ = D – (∆J)/3.
e The quadrupole coupling constant is defined as �= e2Qqzz /h.

Term Interaction
Affected 
nucleus Secular contribution to NMR spectraa

h–1Hcs(I) Chemical shift of I I –�0I[�iso(I) – ∆�(I)(1 − 3 cos2	)/3]Iz

h–1Hcs(S) Chemical shift of S S –�0S[�iso(S) – ∆�(S)(1 – 3 cos2	)/3]Sz

h–1HD(I,S) Direct dipolar coupling b,c I and S D IzSz(1 – 3 cos2	)
h–1

J(I,S) Indirect dipolar coupling c,d I and S JisoIzSz – (∆J/3)IzSz(1 – 3 cos2	)
h–1HQ(S) Quadrupole couplinge S
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Figure 2 Spectral appearance of the solid-state NMR spec-
trum of a spin-� nucleus (I), including second-order quandrupole
effects from S when: (A) S = 1, Jiso = 0; (B) S = , Jiso = 0; (C)
S = 1, Jiso ≠ 0; (D) S = , Jiso ≠ 0. In all cases Equation [6] applies,
with � positive. The frequency axes increase from right to left. 
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Figure 3 (A) Powder pattern line shape of an I nucleus coupled to a quadrupolar (S = 1) nucleus when (�/�0S) = 1, Jiso = 0. The
frequency axis is in units of the dipolar coupling constant D. (B) Frequencies (in units of D) of the three lines expected for an I,S
pair (S = 1) as a function of the ratio �/�0S. The line positions marked with symbols have been obtained by full-matrix Hamiltonian
calculations. The solid lines are the values given by Equation [6].
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Figure 4 (A) Powder pattern line shape of an I nucleus coupled to a quadrupolar (S = 3/2) nucleus when �/�0S = 1, Jiso = 0. The
frequency axis is in units of the dipolar coupling constant D. (B) Frequencies (in units of D ) of the four lines expected for an I,S pair
(S = 3/2) as a function of the ratio (�/�0S). The line positions marked with symbols have been obtained by full-matrix Hamiltonian
calculations. The solid lines are the values given by Equation [6].
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Table 4 Typical values of I,S distances, scalar, dipolar and quadrupole coupling constants, and spectral appearance of I spectra
owing to second-order quadrupole effects.

I,S pair ri,s (pm) D (kHz) ∆J (kHz) Jiso (kHz)
Range 
of � (MHz) Spectral appearance of I

13C,14N 110–150 0.6–1.6 ∆J D ~0 0.5–5 2:1 Doublet
13C,2H 100 3.6 ∆J D 0.02 0.1–0.3 Distorted triplet
13C,35,37Cl 170–180 0.5–0.6 ∆J D ~0 60–80 1:1 Doublet
119Sn,35,37Cl 220–240 0.3–0.4 −0.4 to −0.8 0.2–0.4 60–80 Distorted quartet
13C,79,81Br 180–190 1.2–1.3 ~0.5 0.1–0.2 450–500 Distorted quartet
13P,63,65Cu 220–240 0.8–1.0 ~0.6 1–2 10–100 Distorted quartet

Table 3 Nuclear properties for studied pairs of nuclei as regards second-order effects on spin-� spectra.

a At B0 = 7.05 T, for which �(1H) = 300 MHz.
b When two isotopes occur, the first entry corresponds to the nuclear properties for the lighter isotope.
c Enriched samples.
d See the 13C,35,37Cl case.

I.S.Pair ν0I (MHz)a Natural abundance of I (%) ν0S (MHz)a,b Sb Natural abundance of S(%)b 103 Q(S) (barn)

13C,14N 75.43 1.11 21.67 1 99.6 20.1
13C,2H 75.43 1.11 46.05 1 0.015c 2.86
13C,35,37Cl 75.43 1.11 29.40 75.5 −81.1

24.47 24.5 −63.9
119Sn,35,37Cl 111.82 8.58 d d d d

13C,79,81Br 75.43 1.11 75.16 50.5 331
81.02 49.5 276

31P,63,65Cu 121.44 100 79.52 69.1 −211
85.18 30.9 −195

Figure 5 Solid-state 13C MAS spectrum of a sample of the
polymer [{(CH3)3Pb}4Ru(CN)6]∞ obtained at a nominal frequency
of 75.43 MHz (B0 = 7.05 T) and a spinning speed of 4.3 kHz, by
summing all relevant sidebands. There are three different
cyanide sites in the solid, each giving a characteristic (negative)
splitting s.
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Figure 6 Simulated shapes of the isotropic line and sidebands
(as numbered) for the sample of Figure 5. The simulations were
done assuming �(14N) = −2.3 MHz and ��(13C) = 350 ppm.

Figure 7 Quaternary-only solid-state 13C NMR spectrum of
1,4-dibromobenzene at 50.33 MHz (4.7 T), showing the C–Br
signal as a distorted quartet produced by interaction with 79,81Br.
The negative peak at ∼ 135 ppm is an artifact of the pulse
sequence.
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Figure 8 Solid-state 13C NMR spectra of sodium chloroace-
tates at 75.4 MHz (7.05 T). (A) ClCH2COONa at room tempera-
ture (the insert shows an expansion of the carboxyl region; notice
that the effect of coupling to Cl is not limited to directly bonded
carbons), (B) Cl2CHCOONa at 158 K and (C) CI3CCOONa at 163
K. Asterisks denote spinning sidebands.

Figure 9 (A) Typical line shape of an observed quadrupolar
nucleus S, showing the second-order quadrupole shift ∆�qs, and
the relative position of the centre-of-gravity with respect to the
isotropic chemical shift �iso. (B) 27AI solid-state MAS NMR spec-
trum of Sr8(AIO2)12⋅Se2 at 78.15 MHz (7.05 T). Asterisks denote
sidebands. Reproduced with permission of Elsevier Science
Publishers from Weller MT, Brenchley ME, Apperley DC and
Davies NA (1994) Correlations between 27AI magic-angle spin-
ning nuclear magnetic resonance spectra and the coordination
geometry of framework aluminates. Solid State Nuclear Magnetic
Resonance 3: 103–106.
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Table 5 Nuclear and field gradient properties for some
quadrupolar nuclei

a At Bo = 7.05 T, for which �(1H) = 300 MHz.
b Enriched samples.

Nucleus �0S (MHz)a S

Natural 
abundance 
(%)

103Q(S)
(barn)

Range 
of �
(MHz)

23Na 79.35 100 100.6 1–4
27Al 78.17 100 140.3 0.5–1
11B 96.25 80.42 40.59 2–5
17O 40.27 0.037b −25.58 1–5
51V 78.86 99.76 −52 0.5–10
7Li 116.59  92.58 −40.1 0.03–0.05

Figure 10 Second-order quadrupolar spectra expected for two
17O lines (S = 5/2) located at values of �iso of 0 and 10 ppm, as-
suming � = 2 MHz and axial symmetry for both sites. The external
magnetic fields are: (A) 7.05, (B) 11.75 and (C) 17.62 T, corre-
sponding to 1H NMR frequencies of 300, 500 and 750 MHz,
respectively. The line shapes have been convoluted with a
Gaussian broadening.
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Figure 11 Solid-state 17O NMR spectra of a sample of the
mineral diopside, CaMgSi2O6: (A) using only high-speed MAS,
(B) using DOR with a speed of 540 Hz around the second magic-
angle of 30.6°, and (C) as in (B), but with a speed of 680 Hz.
There are three different oxygen sites in the crystal structure, cor-
responding to the three 17O lines marked with asterisks. The latter
are identified in spectra (B) and (C) since their positions are not
affected by the spinning speed. Reproduced with permission of
Macmillan Magazines Ltd. from Chmelka BF, Mueller KT, Pines
A, Stebbins J, Wi Y and Zwaziger JW (1989) Oxygen-17 NMR in
solids by dynamic-angle spinning and double rotation. Nature
339: 42–43.

Table 6 Chemical shift range in solid materials studied by solid-state NMR of quadrupolar nuclei

Nucleus Chemical shift range (ppm) Usual reference Studied materials
23Na −50–50 NaCl (1 M) Na oxides and salts, zeolites
27Al 150–200 (tetracoord.)

20–80 (pentacoord.)
−20–50 (hexacoord.)

AlCl3 (1 M) Zeolites, molecular sieves, catalysts, Al oxides, aluminates, 
Al glasses and ceramics

11B −2–2 (tetracoord.)
10–30 (tricoord.)

BF3⋅Et2O B glasses, oxides, borates

17O 0–500 H2O Oxides, oxoanions, metal carbonyls
51V −100–1000 VOCl3 V oxides, vanadia catalysts, vanadates
7Li −5–5 LiCl (1 M) Li glasses, oxides
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See also: High Resolution Solid State NMR, 13C;
NMR in Anisotropic Systems, Theory; NMR of Solids;
Solid State NMR, Methods; Structural Chemistry
Using NMR Spectroscopy, Inorganic Molecules. 
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Figure 1 (A) Typical chemical shifts of carbon in different
functional groups. The line widths indicate the ranges observed;
in a liquid sample, the actual line width will typically be much
smaller. (B) Chemical shift powder patterns of carbons in the
same functional groups. Such shapes are observed in powdered
solids. The complex shapes, with steps and singularities, arise
from the nontrivial orientation dependence of the chemical shift
interaction, which is averaged to zero in a liquid but is observa-
ble in solids. The powder patterns are shown separately here for
convenience; in real samples they overlap, making interpretation
difficult. This problem is addressed by techniques such as magic
angle spinning. Figure adapted from Schmidt-Rohr K and Spiess
HW (1994) Multidimensional Solid-State NMR and Polymers.
London: Academic Press, 1994.

Figure 2 The effect of magic angle spinning. The figure shows
31P spectra of Na4P2O7• 10H2O, as a function of rotor frequency.
Note the extreme line-narrowing achieved, while still in a pow-
dered solid. This illustrates that the symmetry of the chemical
shift interaction is such that the full isotropic averaging of the
liquid state is more than necessary to suppress the anisotropy;
rotation about a single axis is in this case sufficient. The small
splittings show that crystallographically, as well as magnetically,
different sites can be resolved. Figure adapted from Schnell I,
Diploma Thesis, Johannes-Gutenberg-Universität Mainz, 1996;
see also Kubo A and McDowell CA (1990) Journal of Chemical
Physics 92: 7156.
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Figure 3 87Rb NMR spectra of RbNO3. (A) The static
spectrum, (B) The effect of magic angle spinning. The symmetry
of strong quadrupole interactions is such that spinning about a
single axis alone is not sufficient to remove all the anisotropy
broadening. (C) Results of multiple-quantum magic angle
spinning, one of several methods currently available to obtain
high-resolution spectra of quadrupolar nuclei like 87Rb. In this
spectrum, the three crystallographically distinct rubidium sites
are resolved, and the total line-narrowing is comparable to that
achieved by MAS alone for spin-� nuclei like 13C and 31P (see
Figure 2). Figure adapted from Brown S, D. Phil. Thesis, Oxford
University, 1998, and Brown S and Wimperis S (1997) Journal of
Magnetic Resonance 128: 42–61.
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Figure 4 A separation of interactions-type spectrum of 29Si in a glass. (A) By spinning the sample off the magic angle during the first
part of the experiment, and on the magic angle in the second, a two-dimensional spectrum is generated that has a high-resolution
dimension correlated with the anisotropies of the individual sites. (B) Here, in a glass, each site itself shows a distribution of
environments, which can be mapped out quantitatively by taking slices through the two-dimensional spectrum. In this way, bond angle
distributions for example, even in complex materials, can be determined, often with superior precision as compared to diffraction-
based methods. Figure adapted from Zhang P et al. (1996) Journal of Non-Crystalline Solids 204: 294–300.
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Figure 5 Double-quantum correlation spectrum of 31P in a solid
phosphate. At top (A) is the molecular fragment derived from
assignment of the spectrum (oxygen atoms not shown), and in-
cludes phosphate chain branch points (site 3), branch connec-
tions (site 2) and chain phosphates (site 1). The spectrum (B)
gives signals symmetric across the diagonal, for pairs of sites that
are close enough in space to be coupled. Thus from such a spec-
trum the spatial proximity of resolved sites can be traced, as is
done routinely in liquid NMR using scalar couplings (a through-
bond interaction). Figure adapted from Feike M et al. (1996)
Journal of the American Chemical Society 118: 9631–9634.
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Figure 6 Two-dimensional wideline separation of interactions
(WISE) spectrum of polystyrene-poly(dimethyl siloxane) diblock
copolymer (PS-b-PDMS). In the first part of the experiment (A)
proton magnetization is allowed to evolve, and then transferred to
carbon in the second part of the experiment. In this way the proton
spectra of individual carbon sites are sorted by the shift of each
site, and the result is a wide-line proton spectrum in one dimen-
sion, and a high-resolution MAS carbon spectrum in the other. In
this example, (B), the PDMS is seen to be quite mobile: it gives
the carbon signal near 0 ppm, and the proton spectrum for this
site is very sharp, indicating significant motional narrowing. The
PS peaks, on the other hand, give very broad proton resonances,
showing that the PS part of this block copolymer is essentially
static at this temperature. With this experiment, quick qualitative
assessments of relative local mobility in organic solids and
polymers can be made. Figure adapted from Schmidt-Rohr K and
Spiess HW (1994) Multidimensional Solid-State NMR and
Polymers. London: Academic Press.
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Figure 7 Two-dimensional 2H exchange spectrum of deuterated dimethylsulfoxide. The strong diagonal ridge reflects molecules that
have not reoriented during the mixing time, while the pattern of ellipses off the diagonal shows those that have. The ellipses arise due
to the orientational dependence of the 2H quadrupole interaction, the dominant anisotropy here. The distribution of jump angles is
shown on the right, and sharply peaked at zero (static molecules) and 72°, the included angle of the C–D bonds as the entire molecule
executes hops about its symmetry axis. With this type of experiment, slow to moderate dynamics of molecules and polymers can be
followed in atomic-level detail. Figure adapted from Schmidt-Rohr K and Spiess HW (1994) Multidimensional Solid-State NMR
and Polymers. London: Academic Press.
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Figure 1 Effect of RR on the 13C NMR line shape of
Ph13CH2

13COOH. Spectra acquired at 4.7 T (50.3 MHz). Top
spectrum at n = 1 RR, �rot = 7207 Hz. Bottom spectrum off RR,
�rot = 10 000 Hz.
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Figure 2 Simplified energy level diagram for two spin-� nuclei
with different isotropic chemical shifts. The two transitions are
labelled ‘1’ and ‘2’, and their difference is greatly exaggerated.
The energy of the zero-quantum transition is indicated, which
corresponds to the mechanical energy supplied at RR. Here,
J-coupling is ignored and dipolar coupling is not shown.
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Figure 3 Energy level and population distribution diagrams for
two spin-� nuclei. The circles indicate the excess population in
arbitrary units relative to the least populated level. On the left, an
equilibrium Boltzmann-type distribution is represented. Both
transitions would show a signal of relative intensity +2. Upon
inversion of transition 1 (at right) the populations related to this
transition are switched, while the net difference in population for
transition 2 is unchanged. Transition 1 would now show an
inverted signal with relative intensity −2.

Figure 4 Pulse sequence for carrying out the RR experiment
(see text). In the case of the magnetization exchange experi-
ment, CP of the rare spins is followed by a flipback pulse on the
rare spin channel, selective inversion of a particular resonance,
and a variable delay before acquisition.
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Figure 5 Structure of the retinal studied using RR, with the
labelled carbons indicated. See text for details. (Reprinted with
permission of the American Chemical Society from Verdegem
PJE, Helmle M, Lugtenburg J and de Groot HJM (1997) (Journal
of the American Chemical Society, 119: 169–174).
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Figure 6 Fragments of the peptide �34-42 showing the cis
and trans conformations. Also indicated is the orientation of the
carbonyl carbon chemical shielding tensor, with �33 perpendicu-
lar to the plane. Note the different orientations of the C–C inter-
nuclear vector with respect to the CS tensor components.
Reprinted with permission of the American Chemical Society
from Costa PR, Kocisko DA, Sun BQ, Lansbury PT Jr and Griffin
RG (1997) Journal of the American Chemical Society, 119:
10487–10493)

Figure 7 Zeeman magnetization exchange plot for the pep-
tide �34-42 fragments shown in Figure 6. The open circles are
experimentally determined data points; the solid lines result
from simulations assuming a trans geometry; the dotted lines
result from simulations assuming a cis geometry. Reproduced
with permission of the American Chemical Society from Costa
PR, Kocisko DA, Sun BQ, Lansbury PT Jr and Griffin RG (1997)
Journal of the American Chemical Society 119: 10487–10493.
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Table 1 A summary of some homonuclear dipolar recoupling techniques.

Name Acronym Principle

Rotational resonance RR Recouples when the difference in chemical shift frequencies is an integer multiple of
the MAS speed.

Dipolar recovery at the 
magic angle

DRAMA In its simplest form, a pair of x and –x � pulses separated by a delay, �, results in an
observable dipolar broadening (Tycko R and Dabbagh G (1991) Double-quantum fil-
tering in magic-angle-spinning NMR spectroscopy: an approach to spectral simplifi-
cation and molecular structure determination. Journal of the American Chemical
Society 113: 9444–9448).

Simple excitation for the 
dephasing of the 
rotational-echo
amplitudes

SEDRA Synchronously applied pulses lead to signal dephasing for dipolar coupled spins (Gul-
lion T and Vega S (1992) A simple magic angle spinning NMR experiment for the
dephasing of rotational echoes of dipolar coupled homonuclear spin pairs. Chemical
Physics Letters 194: 423–428).

Radio frequency driven 
dipolar recoupling

RFDR Rotor-synchronized �-pulses reintroduces flip-flop term (Bennett AE, Ok JH, Griffin
RG and Vega S (1992) Chemical shift correlation spectroscopy in rotating solids:
radio frequency-driven dipolar recoupling and longitudinal exchange. Journal of
Chemical Physics 96: 8624–8627).

Unified spin echo and 
magic echo

USEME Spin-echo and magic-echo sequences are applied to recover the dipolar interaction
(Fujiwara T, Ramamoorthy A, Nagayama K, Hioka K and Fujito T (1993) Dipolar
HOHAHA under MAS conditions for solid-state NMR. Chemical Physics Letters 212:
81–84).

Combines rotation with 
nutation

CROWN Dipolar dephasing occurs due to applied RF pulses (Joers JM, Rosanske R, Gullion T
and Garbow JR (1994) Detection of dipolar interactions by CROWN NMR. Journal of
Magnetic Resonance A106: 123–126).

Double quantum homo-
nuclear rotary resonance

2Q1-HORROR RF field applied at half the rotation frequency in conjunction with RF pulses (Nielsen
NC, Bildsøe H, Jakobsen HJ and Levitt MH (1994) Double-quantum homonuclear
rotary resonance: efficient dipolar recovery in magic-angle-spinning nuclear
magnetic resonance. Journal of Chemical Physics 101(3): 1805–1812).

Melding of spin-locking 
dipolar recovery at the 
magic angle

MELODRAMA Rotor-synchronized 90° phase shifts of the applied spin-locking field (Sun B-Q, Costa
PR, Kocisko D, Lansbury PT Jr and Griffin RG (1995) Internuclear distance measure-
ments in solid state nuclear magnetic resonance: Dipolar recoupling via rotor syn-
chronized spin locking. Journal of Chemical Physics 102: 702–707).

Rotational resonance in the 
tilted rotating frame

R2TR Application of an RF field allows selective recoupling when the chemical shift differ-
ence is small (Takegoshi K, Nomura K and Terao T (1995) Rotational resonance in
the tilted rotating frame. Chemical Physics Letters 232: 424–428).

Sevenfold symmetric radio-
frequency pulse sequence

C7 Seven phase-shifted RF pulse cycles lead to dipolar recoupling (Lee YK, Kurur ND,
Helmle M, Johannessen OG, Nielsen NC and Levitt MH (1995) Efficient dipolar
recoupling in the NMR of rotating solids. A sevenfold symmetric radiofrequency pulse
sequence. Chemical Physics Letters 242: 304–309).

Dipolar recoupling with a 
windowless multipulse 
irradiation

DRAWS Windowless DRAMA sequence (Gregory DM, Wolfe GM, Jarvie TP, Sheils JC and
Drobny GP (1996) Double-quantum filtering in magic-angle-spinning NMR spectros-
copy applied to DNA oligomers. Molecular Physics 89(6): 1835–1850).

Rotational resonance 
tickling

R2T Ramped RF field during the variable delay removes the T  dependence (Costa PR,
Sun B and Griffin RG (1997) Rotational resonance tickling: accurate internuclear
distance measurement in solids. Journal of the American Chemical Society 119:
10821–10830).

Adiabatic passage 
rotational resonance

APRR MAS speed varied during CP mixing to achieve more complete polarization transfer
(Verel R, Baldus M, Nijman M, van Os JWM and Meier BH (1997) Adiabatic homo-
nuclear polarization transfer in magic-angle-spinning solid-state NMR. Chemical
Physics Letters 280: 31–39).

Supercycled POST-C5 SPC-5 Fivefold symmetric pulse sequence leads to homonuclear dipolar recoupling (Hohwy
M, Rienstra CM, Jaroniec CP, Griffin RG (1999) Journal of Chemical Physics 110:
7983–7992).
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NMR Relaxation Rates; Solid State NMR, Methods.
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Figure 1 Water suppression pulse sequences, where the bar
symbol represents a 90° pulse: (A) presaturation, (B) phase-
shifted presaturation (the ratio of the duration of PRx and PRy

pulses is 9:1), (C) NOESYPRESAT.
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Figure 2 Water suppression pulse sequences using PFG to
selectively dephase the solvent resonance, where the bar and
open symbols represent 90° pulses. (A) Randomization ap-
proach to water suppression (RAW) sequence. (B) WATER-
GATE (the composition of the 3-9-19 pulse train and its variations
are listed in Table 1). (C) Double WATERGATE echo method. It
is recommended that different echo times (t1 ≠ t2) and different
gradient strengths (Gz1 
 Gz2) are used.
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Figure 3 Experimental excitation profiles of the NMR pulse
sequences using W3, W4 and W5 methods. The experiments
were carried out at 500 MHz. The bandwidth was set nominally to
3000 Hz (� = 1/3000 s).

Table 1 WATERGATE pulse sequence parameters

a Original pulse train for WATERGATE sequence.
b Each pulse element is separated by a period ��
c k = 0, 1, 2, 3,….
d � = �+ ��

Pulse type Pulse train composition (deg)b Phasing for null-pointsc at k/ � Phasing for nullpointsc at (2k+1)/ ��

W1 90, 90 -� d -

W2 45, 135, 135, 45 ()2-(�)2 -(�)2-

W3a 20.8, 62.2, 131.6, 131.6, 62.2, 20.8 ()3-(�)3 -�-()2-�-

W4 10.4, 29.4, 60.5, 132.8, 60.5, 29.4, 10.4 ()4-(�)4  -�--(�)2--�-

W5 7.8, 18.5, 37.2, 70, 134.2, 134.2, 70, 37.2, 18.5, 7.8 ()5-(�)5  -�--�-()2-�--�-
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Figure 4 500 MHz 1H NMR spectra of human blood plasma obtained using pulse sequences of (A) the double WATERGATE echo
method and of (B) NOESYPRESAT under identical conditions. The low-field region is expanded and plotted as the inset. The labile
proton resonances (marked by arrows) are observable in (A) but suppressed in (B) by saturation transfer effects.
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Figure 5 Solvent suppression pulse sequences based on
filtering methods. Method (A) uses a T1 filter to discriminate
resonances of solvent and solutes. The difference in molecular
diffusion coefficients is used in method (B). Te is the spin-echo
time. (C) Double-quantum filtering COSY, which uses the fact
that there is no J-coupling between the two equivalent protons in
water molecules and thus it cannot be excited to higher quantum
coherence. The PFG pulses in (A) and (B) are used to attenuate
radiation damping effects and dephase any transverse magneti-
zation. They are used for the desired coherence selection in (C).
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See also: Biofluids Studied By NMR; Chromatogra-
phy-NMR, Applications; Diffusion Studied Using
NMR Spectroscopy; Magnetic Field Gradients in
High Resolution NMR; NMR Data Processing; NMR
Principles; NMR Pulse Sequences; NMR Relaxation
Rates; NMR Spectrometers; Product Operator
Formalism in NMR; Proteins Studied Using NMR
Spectroscopy; Two-Dimensional NMR, Methods.
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Figure 1 Early 20 kHz SINNMR apparatus.

Figure 2 Schematic diagram of a transducer assembly capable
of generating high intensity ultrasound in the megahertz region.
Reproduced with permission from RL Weekes, Ph.D. thesis,
Aston University, 1998.
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Figure 3 Dependence on 2 MHz ultrasound intensity of the 13C
signal-to-noise ratio for the quaternary carbon of 1,3,5-trimethyl-
benzene in a 1:1 molar mixture with cyclohexane. Reproduced
with permission from AL Weekes, Ph.D. thesis, University of
Aston, 1998.
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Figure 4 2H NMR spectrum of benzene-d6 in liquid crystal ZLI-1167 irradiated with 2 MHz ultrasound at ~ 20 W cm–2. Reproduced
with permission from SA Reynolds, Ph.D. thesis, Aston University, 1997.
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Figure 5 The 23Na NMR spectra of particulate trisodium
phosphate dodecahydrate suspended in a bromoform/chloroform
mixture (A) without acoustic irradiation and (B) and (C) irradiated
with 2 MHz ultrasound at ~30 and 50 W cm–2 respectively. Repro-
duced with permission from AL Weekes, Ph.D. thesis, Aston
University, 1998.



SPECT, METHODS AND INSTRUMENTATION 2159

See also: Heteronuclear NMR Applications (As, Sb,
Bi); Heteronuclear NMR Applications (B, AI, Ga, In,
Tl); Heteronuclear NMR Applications (Ge, Sn, Pb);
Heteronuclear NMR Applications (La–Hg); Heteronu-
clear NMR Applications (O, S, Se, Te); Heteronuclear
NMR Applications (Sc–Zn); Heteronuclear NMR
Applications (Y–Cd); Liquid Crystals and Liquid
Crystal Solutions Studied By NMR; NMR Principles;
NMR Relaxation Rates; NMR of Solids; Solid State
NMR, Methods.
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See also: MRI Theory; PET, Methods and Instrumen-
tation; PET, Theory; Zero Kinetic Energy Photoelec-
tron Spectroscopy, Theory.
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Figure 1 Thin-layer spectra of 0.97 mM o-tolidine, 0.5 M
ethanoic acid, 1.0 M HCIO4 for different values of Eapplied. Cell
thickness 0.017 cm. Potential vs SCE: (a) 0.800 V, (b) 0.660 V,
(c) 0.640 V, (d) 0.620 V, (e) 0.580 V, (f) 0.600 V, (g) 0.400 V.
Reprinted with permission from DeAngelis TP and Heineman WR
(1976) Journal of Chemical Education 53: 594–597. © 1976
Division of Chemical Education, American Chemical Society.
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Figure 2 Plot of Eapplied vs log([O]/[R]) from spectra in
Figure 1. Reprinted with permission from DeAngelis TP
and Heineman WR (1976) Journal of Chemical Education 53:
594–597. © 1976 Division of Chemical Education, American
Chemical Society.
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Figure 3 Spectra and cyclic voltammograms for the reduction of pyrene. (A) Curve a, spectrum of monoanion radical; �max 492, 446,
385 nm; curve b, spectrum obtained from reduction at the second wave for pyrene (see (C)); �max 455 and 520–530 nm. (B) Cyclic
voltammogram for the reduction of pyrene to the monoanion radical in acetonitrile–TEAP at a tin oxide OTE. (C) Cyclic voltammogram
for the reduction of pyrene. After reduction at the second wave, a new oxidation wave more positive than for the oxidation of the radical
appears. Reprinted by courtesy of Marcel-Dekker, Inc. from Kuwana T and Winograd N (1974) Spectroelectrochemistry at optically
transparent electrodes. I. Electrodes under semi-infinite diffusion conditions. In: Bard AJ (ed) Electroanalytical Chemistry. A Series of
Advances, Vol 7, pp 1–78. New York: Marcel-Dekker. 
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Figure 4 In situ UV-visible absorption spectra of 2.0 mM
K3Fe(CN)6 in aqueous 1M KCl at a sequence of applied poten-
tials vs Ag/AgCl: (a) 0.50 V, (b) 0.28 V, (c) 0.26 V, (d) 0.24 V,
(e) 0.22 V, (f) 0.20 V, (g) 0.17 V and (h) 0.00 V. Inset shows the
plot of Eapplied vs log ([O]/[R]): ● �at 312 nm and ▲ at 420 nm.
Reprinted from Niu J and Dong S (1995) Electrochimica Acta 40:
823–828, © 1995, with permission from Elsevier Science.

Figure 5 Thin-layer cyclic voltammogram at 2 mV s�1 of
0.87 mM [TcIII(diars)2Cl2]�, 0.5 M TEAP in DMF. (SSCE =
Sodium chloride saturated calomel electrode.) Reprinted with
permission from Hurst RW, Heineman WR and Deutsch E (1981)
Inorganic Chemistry 20: 3298–3303. © 1981 American Chemical
Society.
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Figure 6 Spectra recorded during an OTTLE spectropotentio-
static experiment on 0.87 mM [TcIII(diars)2Cl2]�, 0.5 M TEAP in
DMF. Applied potentials vs SSCE: (a) �0.250 V; (b) �0.150 V;
(c) �0.100 V; (d) �0.075 V; (e) �0.050 V; (f) �0.025 V; (g)
0.100 V; (h) 0.250 V. Reprinted with permission from Hurst RW,
Heineman WR and Deutsch E (1981) Inorganic Chemistry 20:
3298–3303. ©�1981�American Chemical Society.

Figure 7 Nernst plot for spectropotentiostatic experiment on
0.87 mM [TcIII(diars)2Cl2]�, 0.5 M TEAP in DMF. Data at 403 nm
from Figure 6 are used. Reprinted by courtesy of Marcel-
Dekker, Inc. from Heineman WR, Hawkridge FM and Blount HN
(1984) Spectroelectrochemistry at optically transparent
electrodes. II. Electrodes under thin-layer and semi-infinite
diffusion conditions and indirect coulometric titrations. In: Bard
AJ (ed) Electroanalytical Chemistry. A Series of Advances, Vol
13, pp 1–113. New York: Marcel-Dekker.
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Figure 8 Successive electronic spectra of the dinuclear
complex [{Ru(bipy)2}2(µ-OMe)2][PF6]2 in propylene carbonate at
240 K recorded during electrochemical oxidation to the mixed-
valence RuIIRuIII state, showing the disappearance of the
RuII → m.l.c.t. bands and the appearance of the near-IR band.
Reprinted with permission from Bardwell DA, Horsburgh L,
Jeffrey JC et al (1996) Journal of the Chemical Society, Dalton
Transactions, 2527–2531.

Table 1 Electronic spectral data for the dinuclear complex
[{Ru(bipy)2}2(µ-OMe)2][PF6]2 in CH2Cl2 at 240 K

Reprinted with permission from Bardwell  DA, Horsburgh L,
Jeffrey JC et al (1996) Journal of the Chemical Society, Dalton
Transactions, 2527.

Oxidation state �max (nm) (10–3 �(dm3 mol–1 cm–1))

[2,2] 572 (12), 420 (sh), 359 (15), 293 (79), 242 (58)

[2,3] 1 800 (5), 480 (9), 340 (12), 292 (94), 242 (57)

[3,3] 580 (6), 380 (sh), 248 (64)

Figure 9 Spectroelectrochemical oxidation of [Ru(bipy)2

(HL0)]� (H2L0 = 1,4-dihydroxy-2,3-bis(pyrazol-1-yl)benzene) as a
function of time between 0 and 20 min. Reprinted with
permission from Keyes TE, Jayaweera PM, McGarvey JJ and
Vos JG (1997) Journal of the Chemical Society, Dalton
Transactions, 1627–1632.
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Figure 10 (A) Thin-layer cyclic voltammogram of 1 mM
vitamin B12, Britton–Robinson buffer pH 6.86, 0.5 M Na2So4. (B)
Plot of absorbance at 368 nm vs potential, recorded at effectively
~ 0.003 mV s–1, from spectra in Figures 11 and 12. Reprinted
by courtesy of Marcel-Dekker, Inc. from Heineman WR,
Hawkridge FM and Blount HN (1984) Spectroelectrochemistry at
optically transparent electrodes. II. Electrodes under thin-layer
and semi-infinite diffusion conditions and indirect coulometric
titrations. In: Bard AJ (ed) Electroanalytical Chemistry. A Series
of Advances, Vol 13, pp 1–113. New York: Marcel-Dekker.

Figure 11 Thin-layer spectra for reduction of vitamin B12 to B12r

in a solution of 1 mM vitamin B12, Britton–Robinson buffer pH
6.86, 0.5 M Na2SO4. To obtain the spectra, the potential was
stepped in 0.5 mV increments and maintained at each step for
3–5 min until spectral changes ceased. Applied potentials vs
SCE: (a) –0.550 V; (b) –0.630 V; (c) –0.660 V; (d) �0.690 V;
(e) –0.720 V; (f) –0.770 V. Reprinted by courtesy of Marcel-
Dekker, Inc. from Heineman WR, Hawkridge FM and Blount HN
(1984) Spectroelectrochemistry at optically transparent
electrodes. II. Electrodes under thin-layer and semi-infinite
diffusion conditions and indirect coulometric titrations. In: Bard
AJ (ed) Electroanalytical Chemistry. A Series of Advances, Vol
13, pp 1–113. New York: Marcel-Dekker.

Figure 12 Thin-layer spectra for reduction of vitamin B12r to
B12s in a solution initially of 1 mM vitamin B12, Britton–Robinson
buffer pH 6.86, 0.5 M Na2SO4. To obtain the spectra, the
potential was stepped in 0.5 mV increments and maintained at
each step for 3–5 min until spectral changes ceased. Applied
potentials vs SCE: (a) –0.770 V; (b) –0.820 V; (c) –0.860 V;
(d) –0.880 V; (e) –0.900 V; (f) –0.920 V; (g) –1.000 V.
Reprinted with permission from Rubinson KA, Itabashi E and
Mark Jr HB (1982) Inorganic Chemistry 21: 3771–3773. ©�1982
American Chemical Society.
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Figure 13 Spectrocoulometric titration of cytochrome c
(17.5 µM��and cytochrome c oxidase (6.3 µM) by reduction with
electrogenerated methyl viologen radical cation (MVR�) at a SnO2

OTE. Each spectrum was recorded after 5 × 10�9 equivalents of
charge (0.5 mC) were passed. Spectra correspond to titration
from totally oxidized to totally reduced forms. The final two spec-
tra around 605 nm were recorded after excess MVR� was
present. Inset shows titration curves at 550 and 605 nm. Reprint-
ed with permission from Heineman WR, Kuwana T and Hartzell
CR (1973) Biochemical and Biophysical Research Communica-
tions 50: 892–900.

Figure 14 Spectra of iron hexacyanoferrate films on ITO-
coated glass at various potentials [(i) +0.50 V (PB, blue);
(i) –0.20 V (PW, transparent); (iii) +0.80 V (PG, green);
(iv) +0.85 V (PG, green); (v) +0.90 V (PG, green); (vi) +1.20 V
(PX, yellow)] vs SCE with 0.2 M KCl + 0.01M HCl as supporting
electrolyte. Reproduced with permission from Mortimer RJ and
Rosseinsky DR (1984) Journal of the Chemical Society, Dalton
Transactions, 2059–2061.

Figure 15 Spectra of poly(m-toluidine) films on ITO in 1M
hydrochloric acid at (a) –0.20 V, (b) +0.10 V, (c) +0.20 V, (d)
+0.30 V vs SCE. Reproduced with permission from Mortimer RJ
(1995) Journal of Materials Chemistry 5: 969–973.
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Figure 16 Spectra recorded at times indicated after potential switching of poly(m-toluidine) films on ITO in 1 M hydrochloric acid
(A) Potential step �0.20 to +0.40 V vs SCE. (B) Potential step +0.40 to �0.20 V vs SCE. Reproduced with permission from Mortimer
RJ (1995) Journal of Materials Chemistry 5: 969–973.
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Figure 17 Spectra recorded at –0.90 V vs SCE during the 2nd,
4th, 6th, 8th and 10th cyclic voltammograms for an ITO/Nafion
electrode in 0.1 mM 1,1��dimethyl -4,4��bipyridilium dichloride
+0.2 M KCI (pH 5.5). The vertical arrows indicate absorbance
increase with scan number. For a comparable experiment in the
absence of Nafion, the maximum absorbance was <0.01. Repro-
duced with permission from Mortimer RJ and Dillingham JL
(1997) Journal of the Electrochemical Society 144: 1549–1553.
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Figure 18 (A) Spectra recorded at t = 0, 10, 20, 30, 40 and 50 s in response to a potential step from +1.00 to –0.90 V vs SCE for
an ITO/Nafion/1,1�-di-n-hexyl-4,4�-bipyridilium electrode in 0.1 mM 1,1�-di-n-hexyl-4,4�-bipyridilium dibromide +0.2 M KCl (pH 5.5).
The vertical arrows indicate absorbance increase with time. (B) Spectra recorded at t = 0, 10, 20, 30, 40 and 50 s in response to a
potential step from –0.90 to +1.00 V vs SCE for an ITO/Nafion/1,1�-di-n-hexyl-4,4�-bipyridilium electrode in 0.1 mM 1,1�-di-n-hexyl-
4,4�-bipyridilium dibromide +0.2 M KCl (pH 5.5). The vertical arrows indicate absorbance decrease with time. Reproduced with
permission from Mortimer RJ and Dillingham JL (1997) Journal of the Electrochemical Society 144: 1549–1553.
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See also: Colorimetry, Theory; Dyes and Indicators,
Use of UV-Visible Absorption Spectroscopy;
Ellipsometry; Spectroelectrochemistry, Methods and
Instrumentation.
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Figure 19 Spectra recorded at +0.50 V (blue), –0.20 V
(transparent) and –0.90 V (purple) vs SCE for an ITO/PB/
Nafion/methyl viologen electrode in 0.1 mM 1,1�-dimethyl-4,4�-
bipyridilium dichloride +0.2 M KCl (pH 5.5). Reproduced with
permission from Mortimer RJ and Dillingham JL (1997) Journal
of the Electrochemical Society 144: 1549–1553.
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Figure 1 Schematic diagram of spectroelectrochemical
techniques at an optically transparent electrode (OTE). (A)
Transmission spectroelectrochemistry; (B) transmission spectro-
electrochemistry with an optically transparent thin-layer electrode
(OTTLE) cell; (C) internal reflection spectroscopy (IRS). Reprint-
ed by courtesy of Marcel Dekker, Inc. from Heineman WR,
Hawkridge FM and Blount HN (1984) Spectroelectrochemistry at
optically transparent electrodes. II. Electrodes under thin-layer
and semi-infinite diffusion conditions and indirect coulometric
titrations. In: Bard AJ (ed) Electroanalytical Chemistry. A Series
of Advances, Vol 13, pp 1–113. New York: Marcel-Dekker.

Table 1 Optical transmission and electrochemical data on
various optically transparent electrodes (OTEs)

Reprinted with permission from Kuwana T and Heineman WR
(1976) Study of electrogenerated reactants using optically
transparent electrodes. Accounts of Chemical Research 7: 241–
248 © 1976 American Chemical Society.

Type of OTE Transmission range

Resistance 

(Ω sq−1)

Pt film (vapour
deposited)

220–near IR, 10–40% 15–25

Hg–Pt film (electrode-
posited Hg)

220–near IR, 10–30% 10–25

Au film (vapour 
deposited)

220–near IR, 10–80% 5–20

Sb-doped indium 
oxide (Nesa)

360–near IR on glass,
70–85%

5–20

240–near IR on quartz,
50–85%

Sn-doped indium 
oxide (Nesatron)

As Sb-doped indium 
oxide

5–20

Au, Hg–Ni and Hg–Au 
minigrids

UV–visible–IR, 22–80%  < 0.1

Figure 2 Transmission spectra of SnO2 coatings on various
substrates: (curve a) glass, 3 Ω sq−1; (curve b) Vicor, 6 Ω sq−1;
(curve c) quartz, 20 Ω sq−1. Reprinted by courtesy of Marcel
Dekker, Inc. from Kuwana T and Winograd N (1974) Spectro-
electrochemistry at optically transparent electrodes. I. Electrodes
under semi-infinite diffusion conditions. In: Bard AJ (ed) Electro-
analytical Chemistry. A Series of Advances, Vol 7, pp 1–78. New
York: Marcel-Dekker.
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Figure 3 Sandwich cell for transmission measurement under
semi-infinite linear diffusion conditions. Reprinted by courtesy of
Marcel-Dekker, Inc. from Kuwana T and Winograd N (1974)
Spectroelectrochemistry at optically transparent electrodes. I.
Electrodes under semi-infinite diffusion conditions. In: Bard AJ
(ed) Electroanalytical Chemistry. A Series of Advances, Vol 7,
pp 1–78. New York: Marcel-Dekker.
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Figure 4 Schematic view of the experimental arrangement for
transmission spectroelectrochemistry.

Figure 5 Optically transparent thin-layer electrode (OTTLE)
cell: (A) front view; (B) side view. (a), Point of suction application
to change solution; (b) Teflon tape spacers; (c) microscope
slides (1 × 3 in.); (d) solution; (e) transparent gold minigrid
electrode; (f) optical path of spectrometer; (g) reference and
counter electrodes; (h) solution cup. Epoxy resin holds the
cell together. Reprinted with permission from DeAngelis TP
and Heineman WR (1976) Journal of Chemical Education 53:
594–597. © 1976 American Chemical Society.
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Figure 6 Internal reflection spectroscopy (IRS) cell and
various attachments. Reprinted by courtesy of Marcel Dekker,
Inc. from Kuwana T and Winograd N (1974) Spectroelectrochem-
istry at optically transparent electrodes. I. Electrodes under semi-
infinite diffusion conditions. In: Bard AJ (ed) Electroanalytical
Chemistry. A Series of Advances, Vol 7, pp 1–78. New York:
Marcel-Dekker.
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See also: Colorimetry, Theory; Dyes and Indicators,
Use of UV-Visible Absorption Spectroscopy; Ellip-
sometry; Light Sources and Optics; Spectro-
electrochemistry, Applications. 

Figure 7 Block diagram of typical apparatus for reflectance
spectroscopy Reprinted with permission from Robinson J (1984)
Spectroelectrochemistry. Electrochemistry Specialist Periodical
Reports. Vol 9, pp 101–161. London: Royal Society of Chemistry.
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Figure 2 Electronic absorption spectra of mass-selected polyacetylene cations in 5 K neon matrices.
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Figure 3 Absorption spectra of mass-selected carbon anions in neon matrices at 5 K showing several 2� � 9 2� electronic
transitions.
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Figure 4 Electronic absorption spectra ("� – X1� ) of neutral
carbon chains observed after mass-selected codeposition of their
anions with neon at 5 K and detachment of the electrons by
photon illumination.

Figure 5 Experimental arrangement used to observe the
electronic transitions of mass-selected carbon anions in the gas-
phase.
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Figure 6 The A 2�u – X 2�g electronic transition of C  measured in the gas phase using a two-colour photon excitation and electron
detachment approach.

Figure 7 The setup of the instrument used to measure infrared spectra of ionic complexes via vibrational predissociation
spectroscopy.
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Figure 8 Infrared spectrum of the mass-selected H2–HCO+

ionic complex recorded with the apparatus shown in Figure 7.

Figure 9 Rotationally resolved �1 band (H–H stretch) of the H2–HCO+ ionic complex.
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See also: Cluster Ions Measured Using Mass
Spectrometry; Ion Dissociation Kinetics, Mass
Spectrometry; Ion Energetics in Mass Spectrometry;
Ion Molecule Reactions in Mass Spectrometry; Ion
Structures in Mass Spectrometry; Multiphoton Exci-
tation in Mass Spectrometry; Photoionization and
Photodissociation Methods in Mass Spectrometry.

Figure 10 Infrared predissociation spectra of the HCO7 ionic
core solvated by specific number of argon atoms.
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Figure 1 Chemical structure of the stearic acid spin labels.
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Figure 2 EPR cavity cell for semisolid samples.

Figure 3 EPR spectrum of a formulation incubated with 5-
doxyl stearic acid. The spectrum is typical of an immobilized
spin-probe where T��

�is the outer hyperfine splitting (A��) and T⊥ is
the inner hyperfine splitting (A⊥).
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Scheme 1 A fatty acid spin probe incorporated into a very
complex heterogeneous system that consists of a particular
probe (0.2–10 µm) and a lipid matrix. The axis of motional
averaging Z 1 is the normal on the matrix surface. The arrow (i.e.
along the arrow A) indicates the direction of the nitroxide z'-axis.
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Figure 4 EPR spectra of a labelled reactive topical skin protectant with 12- and 7-doxyl in selected controls and exposed samples.
The graph shows a plot of EPR signal integral (relative units) obtained from the labelled formulation as a function of H-MG
concentrations for spin-label probes, 5-, 7-, 12-, and 16-doxyl stearic acids.
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Figure 5 Names, structural formulae and relative molecular mass of the most common spin trapping agents commercially
available.
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Figure 6 Scheme of a typical spin trapping experiment in an
isolated heart. Coronary effluents are collected and immediately
frozen in liquid N2 to prevent spin adduct decay. Frozen samples
are thawed just before EPR measurement and EPR spectra are
recorded using 160 or 250 µL flat cells. Typical spectrometer
conditions are as follows: magnetic field 3350 G, power 8 mW,
response 0.3 s, modulation amplitude 1.0–1.25 G, receiver gain
6.5 × 103, sweep time 2 min, modulation frequency 100 kHz and
temperature 23–28°C.
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Figure 7 (A) EPR spectrum of MNP-adducts observed when THP-1 (monocyte cells) suspensions were exposed to H-MG
(2 × 10–4M) in the presence of MNP (7 mg). The magnetic field was set at 3350 G, microwave power 10 mW, modulation amplitude
8 G, microwave frequency 9.474 GHz. (B) EPR spectrum of the MNP adduct of 13C-labelled serine 13C2 amino acid generated by H-
MG via a hydrogen atom abstraction mechanism. Computer simulation using the EPR parameters is given in the box.

Figure 8 Typical apparatus for gas aqueous or dielectric
solvent EPR/spin trapping experiments.

Figure 9 (A) Spin adducts formation of PBN-13COCl in
benzene. Receiver gain 1.25 × 105; modulation amplitude 1.0 G.
(B) Computer simulation of (A) using aN = 12.4 G; aH = 6.25 G
and a13C = 12.5 G with a line width of 2.5 G. Insert: spectral
parameters for 13C-phosgene obtained from the observed
nitrone spin adducts.
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See also: Chemical Applications of EPR; EPR,
Methods; EPR Spectroscopy, Theory.
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Table 1 Spectral types

a Each spectral class is subdivided into subclasses ranging from 0 to 9 with 0 the hottest and 9 the coolest type in the class.
b Approximate photospheric temperature range for main sequence stars.

Spectral classa Teff
b (K) Colour Spectral characteristics

O >30 000 Bluish white Relatively few lines. He+ lines dominate

B 10 000–30 000 Bluish white More lines; neutral He lines dominate;
hydrogen Balmer lines developing

A 7 500–10 000 White Very strong hydrogen Balmer lines, decreasing later;
Ca+ line appears

F 6 000–7 500 White Hydrogen Balmer lines and ionized metal lines declining;
neutral metal lines increasing

G 5 000–6 000 Yellow Many metal lines; lines of Ca+ strong;
neutral metal lines continue to increase

K 3 500–5 000 Reddish Molecular bands appear; neutral metal lines dominate

M 2 500–3 500 Red Neutral metal lines strong; molecular bands dominate
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Figure 1 Line intensities in the 4300–4400 Å region of spectra of representative stars of spectral types B–G. The more prominent
lines are labelled at the top and bottom. Note how the strength of the Balmer Hγ line increases in strength relative to the continuum
from top to bottom in the left-hand column and then decreases again in the right-hand column. At the same time, metal lines increase
in strength, first from ionic and then from neutral species. Finally, note the difference in line width between different luminosity classes
(see top left-hand side).

Table 2 Luminosity classesa

a Along this sequence, the width of spectral lines increases from 
supergiants to white dwarfs.

b Main sequence stars are also known as dwarfs.

Luminosity class Star type

I Supergiants

II Bright giants

III Giants

IV Subgiants

V Main sequenceb

VI Subdwarfs

VII White dwarfs
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Table 3 Additional spectral types

Name
Spectral 
class Spectral characteristics

Carbon stars C Strong CN bands and C2 bands

Heavy metal stars S ZrO bands

Wolf Rayet stars WN N2� and N3� emission lines

WC Ionized carbon and oxygen lines

Hot emission line 
stars

Of, Be, Ae Bright hydrogen emission lines

Figure 2 Empirical curve of growth for solar Fe I and Ti I lines.
The y-axis is the equivalent width (line strength relative to the
continuum) and the x-axis is based on the oscillator strength of
the transition.
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Figure 3 Observations of the star BD+75°325′; (thick solid line) obtained by the Goddard high-resolution spectrometer on board the
Hubble space telescope, showing numerous iron and nickel lines in various ionization stages. These data are compared with model
atmosphere spectra. The thin solid line is the best fit model for an iron abundance of 4 × 10−4 and the dotted line is for solar abundances
(4 × 10−5). A solar iron-to-nickel ratio has been assumed in both models. Reproduced with permission from Lanz T, Hubeny I and Heap
SR (1997) Astrophysical Journal 485: 843.
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See also: Atomic Spectroscopy, Historical Perspec-
tive; Cosmochemical Applications Using Mass

Figure 4 Typical cross-correlation function used to measure
the radial velocity. This figure represents the mean of the spectral
lines of the star 51 Peg. The position of the Gaussian function fit-
ted (solid line) is a precise measurement of the Doppler shift to
an accuracy of about 15 m s−1. The width of the cross-correlation
function reflects the star’s rotational velocity. Reproduced with
permission of Macmillan Magazines Ltd. from Mayor M and
Queloz D (1995) Nature 378: 355.
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Spectrometry; Environmental and Agricultural Appli-
cations of Atomic Spectroscopy; Interstellar Mole-
cules, Spectroscopy of.
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Figure 1 Potential energy curves for the F2
•+ ion.
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Figure 2 Top: photoelectron spectrum of ethylene. Bottom: breakdown graph of ethylene determined by photoion–photoelectron
coincidence measurements. Triangles and dots: yields of C2H  and C2H  ions, respectively, obtained by collision experiments. The
ground and excited electronic states of the C2H  ion are denoted by , ,  and .

Figure 3 (A) A single ergodic trajectory visits a substantial part of phase space. (B) A swarm of nonergodic trajectories originating
from widely different initial conditions fills up the entire phase space.
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Figure 4 Potential-energy surface for a unimolecular fragmen-
tation, with the dividing surface s separating the reactant from the
products.
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See also: Fragmentation in Mass Spectrometry;
Ion Dissociation Kinetics, Mass Spectrometry;
Metastable Ions; Photoelectron-Photoion Coinci-
dence Methods in Mass Spectrometry (PEPICO).
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See also: Chemical Ionization in Mass Spectrometry;
Fast Atom Bombardment Ionization in Mass
Spectrometry; Fragmentation in Mass Spectrometry;
Ion Molecule Reactions in Mass Spectrometry; Ion
Structures in Mass Spectrometry; MS–MS and MSn;
Peptides and Proteins Studied Using Mass Spectro-
metry; Proton Affinities.
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See MRI Using Stray Fields.
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Table 1 NMR properties of some isotopes for the inorganic chemist

a The natural abundance of the isotope.
b A rough guide to the ease of observation of the NMR spectrum, relative to 13C.
c Approximate values for the quadrupole moment.
d The resonance frequency in a magnetic field strength that gives the 1H resonance of SiMe4 at exactly 100 MHz.
e Commonly accepted chemical shift reference standard material.

Isotope I Abundancea Receptivityb

Q 
(10–28 m2)c

�

(MHz)d Referencee

1H 1/2 99.985  5.7 ×103 100.0 SiMe4

2H 1 0.015  8.2 �10�4 2.7 �10�3  15.4
6Li 1 7.4  3.6 �8 �10�4  14.7 Li+aq
7Li 3/2 92.6  1.5 �103 �4.5 �10�2  38.9 Li+aq
11B 3/2 80.4  7.5 �102 3.6 �10�2  32.1 BF3⋅Et2O
13C 1/2 1.1  1.00  25.1 SiMe4

17O 5/2 0.037  6.1 �10�2 �2.6 �10�2  13.6 H2O
19F 1/2 100  4.7 �103 94.1 CCl3F
23Na 3/2 100  5.3 �103 0.12 26.5 Na+aq
27Al 5/2 100  1.2 �103 0.15 26.1 Al(H2O)6

+

29Si 1/2 4.7  2.1 19.9 SiMe4

31P 1/2 100  3.8 �102 40.5 85% H3PO4

51V 7/2 99.8  2.2 �103 0.3 26.3 VOCl3
57Fe 1/2 2.2  4.2 �10�3  3.2 Fe(CO)5

59Co 7/2 100  1.6 �103 0.4 23.6 Co(CN)6
3�

71Ga 3/2 39.6  3.2 �102 0.11 30.5 Ga(H20)6
3�

103Rh 1/2 100  0.18  3.2
109Ag 1/2 38.2  0.28  4.7 Ag�aq
113Cd 1/2 12.3  7.6 22.2 CdMe2

119Sn 1/2 8.6 25.2 37.3 SnMe4

139La 7/2 99.9  3.4 �102 0.2 14.1 La3�aq
183W 1/2 14.4  5.9 �10�2  4.2 WO4

2�aq
195Pt 1/2 33.8 19.1 21.4 Pt(CN)6

2�

199Hg 1/2 16.8  5.4 17.9 HgMe2

207Pb 1/2 22.6 11.8 20.9 PbMe4
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Figure 1 19.58 MHz 57Fe NMR spectrum of the 57FeII

PocPiv(1,2-diMeIm)(CO) adduct in CD2Cl2 solution at 298 K. Re-
produced with permission from Gerothanassis IP, Kalodimos
CG, Hawkes GE and Haycock PR, Journal of Magnetic Reso-
nance 1998, 131: 163–165.

Figure 2 NMR spectra at 294 K of the VO(NO3)3 – H2O (mole
ratio 1 : 0.3) system in MeNO2: (A) 105.1 MHz 51V spectrum and
(B) 54.2 MHz 17O spectrum. Reproduced with permission from
Hibbert RC, Logan N and Howarth AW, Journal of the Chemical
Society, Dalton Transactions 1986, 369–372.
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Table 2 13C chemical shift anisotropy values for terminal and
bridging carbonyl groups

Data reproduced with permission from Gleeson JW and Vaughan
RW, Journal of Chemical Physics 1983, 78: 5384–5392.

∆� (ppm)

Co terminal �2-CO �3-CO

(C5H5)2Fe2(CO)4 444 138 –

Rh6(CO)16 390 – 194

Figure 3 54.2 MHz 17O NMR spectrum of isopolytungstate at 353 K, pH 1.1. Species: a, α-[H2W12O40]6−, metatungstate; b, α-
[HW12O40]7−; c, �′-metatungstate; probably �-[HW12O40]7−. Reproduced with permission from Hastings JJ and Howarth OW, Journal of
the Chemical Society, Dalton Transactions 1992, 209–215.
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Figure 4 119.05 MHz solid-state 31P NMR spectrum of diethyl
phosphate spinning at the magic angle. 	ROT indicates the spin-
ning frequency. Reproduced with permission from Herzfeld J and
Berger AE, Journal of Chemical Physics 1980, 73: 6021–6030.
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Figure 5 300 MHz solid-state 1H MAS-NMR spectra: (A)
H2Os3(CO)10, MAS rate 8.1 kHz; (B) H2FeRu3(CO)13, MAS rate
9.5 kHz. Reproduced with permission from Aime S, Barrie PJ,
Brougham DF, Gobetto R and Hawkes GE, Inorganic Chemistry
1995, 34: 3557–3559.

Figure 6 202.5 MHz solid-state 31P MAS-NMR spectrum of
Cd3(PO4)2. The two-dimensional spectrum shows the single-
quantum–double-quantum dipolar correlations Reproduced with
permission from Dollase WA, Fecke M, Förster H, Schaller T,
Schell I, Sebald A and Stevernagel S, Journal of the American
Chemical Society 1997, 119: 3807–3810.
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Table 3 17O quadrupole coupling constant values for terminal
and bridging carbonyl groups

Data reproduced with permission from Hawkes GE and Randall
EW, Journal of Magnetic Resonance 1986, 68: 597–599.

QCC (MHz)

Co terminal �2-CO �3-CO

(C5H5)2Fe2(CO)4 1.47 3.3 –

Rh6(CO)16 2.02 – 0.09



STRUCTURAL CHEMISTRY USING NMR SPECTROSCOPY, INORGANIC MOLECULES 2231

�����������
������������

����� �������������

!��"#�������������������

�������������
�����
��E
������
�����������������
	�������	� ����� 
��� 	����	� ���� ���� ���������� �� 

������	���
�
������������������
������������������
"����� *+ � ,*9$� 
�	� 
�� ������������ �������� "����� 678� 
*3=��$���������	�������
�� ������������ 
��� �
��	
�����������
���	�&�?9����J?9�����������������

�	�����������������
�����
������
������
����
�����
�E
���� ��� �������� �����������������'� ����� ��� ������
������������������������������"������
����$�����
��
�����������������������������������������������
�����
������������
��������������
����	�����������
����
�����������������������������	 ����������������������
�� � ����� �
%���� ���� ������	� ����
����� ���� ���
�������9�
��E
����"����
����	����������$��
������
�������
�������	����������������������������� ����
�������������������8��
� �������
���������� ���� ������
������� ����������� ��� ����� � = */0� ������� ��� �� ���
�	����������
�������������
���������������'������
����������,*9���
��E
������	���������*3=�������
�
����������������
����������������
���������
����∼ H�A
���
��	� ����� 1������� �����2� �����
���� �� ���
*3=��� ���������� ������ ��� 
� ����	� �������� �� �����
������
��E
���� ��
������ ���������� ��� ��
�� �����
���

���������������������
������
��	�����
�����	��
�����
�	��
�����	���	�
��
�����������������������	
������
�
��	����
�1���
�
����	��
�2�����������������
����������	�����
�������	�����	����������������
�������� ����
����� �� ���� ���� ���������� ������� 

�	���� �������������
�����
�����
�
�������������*+

�	� ,*9� 
��� ������� ��
�� ��� ���� ���
�� ������ � 
�	
��������� ���� 
������
���� ��������� ����� ��
��E
�
������
�������
���������
��	���������
�������������
��
�� ���� 1������� �����2� �����
����� ��� ��
����� �
���� ������������ ���
�������� ��� ����� ��� �	
��� �
������ ���� *3=��.L,*9M� &�?9�� ����������� ����	��
����	��
���� ������	� ����
�/����� �
��� ���� ���
���
�� 
��������� � ����� 
���� ��� ������ �� ���
�����������
���
������
��	������&�?9�����������
���	��
	�
��
����������
���*J�
�	�0J���
���
E
���� ��
������ ������������ 
�	� ����� ��� ���� ���	� �
�
��������%����	����������
�����	����������
�
�
������������
���"� �+E$�������������
���	��
���������
�
���������������������������
������
��	������ &�� ��

Figure 7 Methyl region of the 400 MHz 1H two-dimensional
EXSY NMR spectrum of [ReBr(CO)3(tdmpzp)] in CDCl2CDCl2
solution at 296 K. Reproduced with permission from Gelling A,
Noble DR, Orrell KG, Osborne AG and Šik V, Journal of the
Chemical Society, Dalton Transactions 1996, 3065–3070.

Figure 8 13.97 MHz 109Ag NMR spectra of [Ag(dppe)2]NO3 in
CDCl3 solution at 300 K: (A) single pulse acquisition (accumula-
tion of 12 111 scans); (B) 109Ag–{31P} INEPT experiment (accu-
mulation of 2048 scans). Reproduced with permission from
Berners Price SJ, Brevard C, Pagelot A and Sadler PJ, Inorganic
Chemistry 1985, 24: 4278–4281.



2232 STRUCTURAL CHEMISTRY USING NMR SPECTROSCOPY, INORGANIC MOLECULES

�����������������
���
��
����������������������
��
�����������*+�"��,*9$��������� ��������������
��
���
����������������
	�� ��� � � 
�	� ��������������
������������
��	����
��
������
�����	����
�����

�$�"#�������������������

���	�������
������������������	������������
�
������ �����
���������� ���� ���������	������	�
�� ���
������������������������������������� �
�	�������

�	�������
��E
������
���������������������� ����
���������� �� ���������� ��������� ���� ������������ ���
�����������������	������1������������2������
���
�� ���� ����� ���������� �������� ��� ����� ���� 	�
�
���
��
�� ��� ���� ���	�������
�� ����	�'� ����� ��� ��
N �6/0 �����������������
�������������
������������
���� �
�	� ��� ���� ,*9.*3=�����
��������	�
���� ���
������������ ����������� ��� ∼ 0*H�������������������

��� ����� ���	� �� �
�����
��� ���� �����
���� �� ���
���������������������������������������#����
���������
�������
��������	�
�	 ���������������	��������
��� %���� ���� ������ ��� ��������+�@-� "��������
���
�������������
�������������$�
�	�+#@-�"����
�������
�� ������� ��
����� ��������$�� ������ 
��

	�
��
����
�	�	��
	�
��
���� �����������������'
��� ��
���� � ���� +�@-� ������ ��������� �
�� �����
������� ��
�� ���� +#@- � �
%���� ���� ������ �������
����� ����� ������������ �� ����������
�� �������������
+��������������������+�@-����	�������
�����
�����	��� �������
�� �������� ��� ���� ���� ������
�������������"�����*+���,*9$ ���	���������������������
�����������
������
%� �
�	������������	����
���	��
�������	�����������
�
�����
��������������������
��
��������������������
������
�������
����
�������
���������
����������������
	��������
	�����������
����+�@-�����������
������������*3=��.,*9������
�
�������������	
��� ��

%������������������

��������	��������
�
�
����������� ����
��������
������
�	��
����
��� ����
��������� �
�	����	����
������������������
���	��������� ����
����
����
��
�	������
����
����������������
�
�
���������������
������
	����
����������
�������������������
�����
���������������
�����
�	��
��
�����	���������������
��
	����������������
������-���
������
�
�
�����
������
�������������
��
��������������������
�����
����� ��� ������
�	�������	��� ����������
�� ������ ��
��
�������	��	������� ����
��	����������������
��� 	�
�
������� 
�
������� #���� �������� 
��� �
����
���� ������
���� ��������*+�
�	�*,-����������
��
���
���	���
�������
���
���
��������������
���
������� �
�	�����	����
���
�	�����������������
�������� ���� �
�
�
������� ������� �
�� ��� ���
��	 � ��

�
�� � �� ���� 	����������� �� ���
���	� �������� ����
	������� ��������� ���� ��������� ���� �
�
�
�����
���� �� ����
���� ��������� �
�� ��� ���	� �� �	
������� �������� 
��
���B
���
��	�����
��� �������	
�����
��
��������
�������
�	���
�����������	����

�����������
���
�������������
�
������
����������
������"���
�
���$���
���� ������
		�	���
�������
��
�	�
�
������������	 ��
������
���
%����
����� ����� ���� 	�
�
������� �������� 
�	� ������� ��
�
�
�
���������
������������������
���������"���
�
�
�����
���$���������������������������
���������
����
��	��� �� ������ ��
����� ��� ������ �� ���
�
���� �
��
	����	�������������������������
%��������
�	
�� �
�� ��� 
�
����	� �� ����� �����
���� 
���� ���
���������� �� ���� 	�
�
������� �����	�� �� ����	

��
��� 
�����
�������
�
�
���������
����
����
��������� ���
�� ����
���
������ ������� �����&����
�����������(����������������������	���	�������� 

Figure 9 A 109Ag–31P HSQC correlation experiment with
inverse (31P) detection (109Ag at 23.3 MHz, 31P at 202 MHz) of a
silver–chiral ferrocene complex in the presence of an excess of
the isonitrile CNCH2(CO2Me). This shows a single 109Ag reso-
nance. Reproduced with permission from Lianza F, Macchioni A,
Pregosin P and Rüegger H, Inorganic Chemistry 1994, 33:
4999–5002.
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See also: Chemical Exchange Effects in NMR; Chem-
ical Shift and Relaxation Reagents in NMR; Halogen
NMR Spectroscopy (excluding 19F); Heteronuclear
NMR Applications (As, Sb, Bi); Heteronuclear NMR
Applications (B, AI, Ga, In, Tl); Heteronuclear NMR
Applications (Ge, Sn, Pb); Heteronuclear NMR Appli-
cations (La–Hg); Heteronuclear NMR Applications (O,
S, Se, Te); Heteronuclear NMR Applications (Sc–Zn);
Heteronuclear NMR Applications (Y–Cd); High Reso-
lution Solid State NMR, 13C; High Resolution Solid
State NMR, 1H, 19F; Inorganic Compounds and Miner-
als Studied Using X-ray Diffraction; NMR of Solids;
NMR Relaxation Rates; NMR Spectroscopy of Alkali
Metal Nuclei in Solution; Nuclear Overhauser Effect;
31P NMR; 29Si NMR; Solid State NMR, Methods; Solid

State NMR, Rotational Resonance; Solid State NMR
Using Quadrupolar Nuclei; Structural Chemistry
Using NMR Spectroscopy, Organic Molecules; Two-
Dimensional NMR Methods.
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Figure 1 Shielding and deshielding effects due to resonance.
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Figure 2 Proton Ha is deshielded by ~1 ppm due to the ring
current of the nearby phenyl group.

Figure 3 Chemical shift spectra of 4-androsten-3,17-dione obtained from (a) the reflected J spectrum; (b) the purged J spectrum
(the additional response near δ1.7 is from the residual water signal); and (c) the z-filtered J spectrum. The conventional 1H spectrum
is shown in (d). Reprinted with permission from Simova S, Sengstschmid H and Freeman R (1997) Proton chemical-shift spectra.
Journal of Magnetic Resonance 124: 104–121.
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Figure 4 Oxazolidinones exhibiting coupling constants of
3J4–5 cis = 7.2 Hz and 3J4–5 trans = 5.9 Hz.
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Figure 5 NOE enhancements (GOESY experiments) of two diastereomeric cyclic carbonates to confirm relative stereochemistries.
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Figure 6 Possible products from the rearrangement of structure [1] in water. Bratis AD, Bruch MD and Murray RK Jr unpublished
results.
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Figure 7 (A) APT 13C spectrum of compound [2]; (B) INADEQUATE spectrum of compound [2], with the connectivities of C1 to C7,
(see Figure 6) C8 to C14 and C3 to C5 shown. Bratis AD, Bruch MD and Murray RK Jr unpublished results.
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Table 1 Comparison of calculated proton distances, dihedral
angles and estimated J couplings, with J couplings and NOE
results for compound [6]

NA = not available; ND = no NOE detected.

Protons

Mechanics Experimental

Distance 
(Å)

Angle 
(°)

J coupling
(Hz, estimated)

J coupling 
(Hz) NOE

Ha–Hb 2.71 7.1 8 4.9 yes

Hb–Hc 2.47 13  7.5 6.5 yes

Hb–Hd 2.92 108 1 0 ND

Hc–Hd 1.81 109 10–20 14.0 yes

Hc–He 2.37 32 6 7.0 yes

Hc–Hf 2.77 87 <1 0 ND

Hd–He 3.09 154 8 NA ND

Hd–Hf 2.48 35 6 6.2 ND

He–Hf 1.79 107 10–20 12.3 yes

Hg–Hh 1.8 108 10–20 18.0 yes

Figure 8 Possible products from the photolysis of compound [5]. Kiessling AJ and McClure CK unpublished results.

Table 2 HETCOR data for compound [6]

Carbon 13C � Proton(s) 1H δ
C-1 63.7 Ha 4.23

C-2 43.7 Hb 3.06

C-3 26.5 Hc,d 2.25, 1.99

C-4 64.3 He,f 3.32, 2.79

C-5 68.8 Hg,h 3.64, 2.84

C-6 53.1 Hi 3.75
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Figure 9 COSY spectrum of compound [6].
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Figure 10 (A) 13C spectrum of compound [6] (see Figure 2) in CDCI3/benzene-d6; (B) HETCOR spectrum of compound [6].
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Figure 1 Schematic representation of the tetrapeptide sequence – FVGP – used to illustrate the nomenclature.
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Figure 2 Pulse sequences used in this article. All experiments can be acquired in the phase-sensitive mode, using either TPPI or
the States method. Sequences 12 and 13 are best displayed in the magnitude mode because of phase modulation owing to homo-
nuclear couplings in F2. All inverse correlations, except for sequences 12 and 13, can be preceded by a BIRD (bilinear rotating
decoupling) pulse sandwich to allow for a fast repetition rate of scans. For simplicity gradients are not given here in most cases.
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Table 1 Pulse techniques necessary for structural studies of
peptides

Technique Purpose

P.E.COSY COSY with simplified multiplet structure.
P.E.COSY allows for the accurate 
measurements of homonuclear coupling 
constants

TOCSY
= HOHAHA

Assignment of spin systems. If a long mix-
ing time is used, TOCSY gives total corre-
lation between all nuclei in a spin system

z-filtered TOCSY TOCSY sequence that leads to cross peaks 
with pure phases. z-filtered TOCSY needs 
long measurement times owing to the 
random variation of the z-filter in 6 to 12 
steps between 110 µs and 20 ms

NOESY NOESY gives distance information about 
nuclei that are separated by less than 500 
pm in space

ROESY ROESY is ideally suited for the observation 
of nuclear Overhauser effects for medium-
sized peptides at low field strengths

HMQC HMQC correlates the shifts of protons with 
a directly bound heteronucleus. Very 
sensitive

HMQC-TOCSY HMQC with subsequent TOCSY transfer to 
coupled protons

DEPT-HMQC DEPT-edited HMQC, which allows for the 
distinction of CH, CH2 and CH3 groups. 
Exclusive selection of these multiplicities 
is possible with the related HDQC, HTQC 
and HQQC techniques

1- filtered 
TOCSY 
= HETLOC

Extraction of coupling constants to proton-
bearing heteronuclei. Because 
magnetization is distributed among a 
large number of spins, this method is 
rather insensitive

HQQC Assignment of methyl groups in crowded 
spectra, when folding is not feasible

HMBC Assignment of carbons and protons and 
determination of long-range coupling 
constants

Selective 
HMBC

Useful variation of HMBC. For peptides, the 
selective pulse is usually applied to the 
carbonyl carbons
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Figure 3 (A) 500 MHz TOCSY spectrum of 20-mmol-L−1 cyclo (-Tic-Pro-Phe-Gly-Pro-Pro-Thr-Leu- in DMSO at 300 K with TPPI
applied in the F1 dimension. Mixing time was 80 ms. A number of relayed connectivities can be observed. This spectrum is typical for
small cyclic peptides. Linear peptides of this size would exhibit much less chemical shift dispersion of HN and H
 protons. The indicated
part of the spectrum is expanded in (B) which is the fingerprint region (F2: amide protons, F1: aliphatic protons); coupled nuclei are
connected by dashed lines and assigned to the respective residues. (C) Sequence of cyclo (-Tic-Pro-Phe-Gly-Pro-Pro-Thr-Leu-).
Tetrahydroisochinolin (Tic) is an unnatural proline like amino acid which lacks the amide proton.
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Figure 4 500 MHz HMQC-TOCSY spectrum of cyclo (-Tic-Pro-Phe-Gly-Pro-Pro-Thr-Leu-) in DMSO at 300 K. Mixing time was
80 ms. In addition to the directly bound protons the entire spin system can be observed. Coupled nuclei are connected by dashed
lines and assigned to their respective residues.



2252 STRUCTURAL CHEMISTRY USING NMR SPECTROSCOPY, PEPTIDES

��������
�
���� �
��� �� ��
�� 	���������� ���� �:?
��
�����������
���	�����?��
����;*<�

�������������������������
��	���
����
�	��0�
�	��3

��� ���� ��
������� ���
��������� ��� ���� 	�����
��
����� 
�	� E�����
����� ��
������� �������������
���
�������������
��
�������
��	���������������E�����

��� ���� �����
���� ����� ��� 
�	� ���� ����������	���
�
�����A�/��&������	�������	���
�������������������
�
����������
�	����������	�������������E����
���
������ ���� ����	� ��� �� ����� ��
%� ���������� ��� 

�����������������������������*"���$�U�����L−����MC

������*"���$���������������
%�����������
��
��������
�� ������������������ ��� �������
�
�����
�����
�	
��/��������
�
�����
�������������������
�	�/��8������
���������� ������������ ������ ������
	�
���� �����
�	
���������������	����������
����������	����������
��
%� ���������� ��� ����� 	�������� �������
�� �� ���

��������
�
���� �
��� 
�	� ����� �� ���� �������� �����
�����������	���
�����������������������"��������
�����������
����
��
�����	��	� ����U�����
��$C

�������������������:?���������	����	���������E���
�0� 
�	��3�� ��� �
�� ��� ����� ��� ?��
���� ;*<� ���
�:?��
�������������0�U��3 �������������
�����
��
����� ����� ���� �������� �����
���� ����� ��

−*� ��� �
�����	���������B
��������������3�

#����
�� ���
��������� �
�� ��� 	�����	� ��� �:?#K�
&�� ����� �
�� � �����������
%��
��������
��	��������
���
�
���� �� ��
�������� �
�����E
����� &�� ���
��
�������
�� ���������������?��
����;5<

������#0�
�	�#3�
��� ���� ��
����������
��������� ��
���� 	�������
����� 
�	� E�����
����� ��
�������
���������
�������
�� ��������������

&�� ��� �����
��� �� ���� ��
���:?� ������� � ��� ���
��
��� ���:?�������� �
���
��
�����������
�	������
�
�����

�:?#K�
�������
���:?#K��������������
�����
����	�� 	���
���� �����
����� +����� � ������ 
��
���� �����
���	����������� ��� ������
�����
����
�	
���������
��
��������������������������
�

���� ����������� �� ������� �� ������ ����������
	����	� �������� �� ���� �������
��� �� ���� ����
�
�����������
���
����������������
�
�����(���
����
	������������������
���C�"
$������
��������������"���
�������
������������$������
�����������
��������
�� <<3

.*� "�������� �:?�$� "�	
��� �$�� ����� 
������
�����
����������������������������������"�$����
��������� ������ "�����	�������� �����$������
� ���
�����
���� ����� �� >>3

.*� "���
����� �:?�$� �����

��������� �
�����
����������������
����������
�
���� �
������ ���������� ���	� �
������� ����	
����������� "�$�8�� �������	�
��� ��E�	�������������
��
�� � �� ����� �� �:?� �������� 
�� 
��� 
��� ������	�
�������������
�����������	��������
����
�����������
�
�
�����633���*333�J
�
������
���������������� 3
��,33��+E��J�������������������
��������� �������

�������
�������
��������	����
��� ��
���������
	
�� ���� 
���
�
���� �� ���� �������� 
�	� ���
����
�:?����������
����:?#K��������� ��
%����������
�������� �� ��
��
���������
��	���
����� ���� �����
	
�
�� &�� ���� ��
��� �:?� �������� 
��� ������	 � ���
�:?#K����������������	�������	�

Figure 5 Part of the 500 MHz ROESY spectrum of cyclo (-Tic-
Pro-Phe-Gly-Pro-Pro-Thr-Leu-) in DMSO at 300 K. Correlations
between the amide protons and H
 protons of one residue and
the H
 protons of the preceding residue are essential for the se-
quential assignment. Cross peaks between neighbouring amide
protons are an important source of sequential information. Cross
peaks not assigned belong to aromatic protons.
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Figure 6 Polypeptide segment with the possible interresidue connectivities between spin systems. (A) Sequential short distance
NOEs for peptides. (B) Observable through-bond couplings, useful for the sequencing of peptides.

Figure 7 Dependence of the maximum NOE and ROE cross
peak intensities Ik,max (standardized on a diagonal signal I0) on 
and �c for very short mixing times.
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Figure 8 The Karplus curve for four coupling constants about
the � dihedral angle of an L-amino acid. There are four possible
dihedral angles for a given coupling constant. Utilizing a combi-
nation of all four coupling constants it is usually possible to nar-
row down the choice to a single angle. Reproduced with
permission of Wiley-VCH from Eberstadt et al (1995) Ange-
wandte Chemie, International Edition in English 34: 1671–1695.
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Table 2 Coupling constants used to determine �, � and �,
angles in peptides

Angle Coupling constant

� 3JHN,H
, 3JC
�,HN 3JH


,CO(i−1)

� 3JH


N(Ii−1)

� and � 1JC

,H




�1
3JH


,H
�, JCO, H

�, J N,H�

Table 3 Experiments that are used for determining the most
important coupling constants in peptides

Coupling Technique

HN–H
 Direct reading or Kim–Prestegard 
method

H
–H� E.COSY techniques

Couplings within the pro-
line pyrrolidine ring E.COSY techniques

13CO–H� HMBC (qualitative), Keeler method

HN–C� HETLOC

Figure 9 Determination of the separation of the signal maxima
of an antiphase doublet for the absorptive (	α) and dispersive (	d)
component. Based on these two parameters the coupling
constant J can be calculated. Reproduced with permission of
Wiley-VCH from Eberstadt et al (1995) Angewandte Chemie,
International Edition in English 34: 1671–1695.
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Figure 10 Schematic of the Titman–Keeler method for the
evaluation of heteronuclear coupling constants from HMBC
spectra. The synthetic spectrum is computed from the homonu-
clear reference spectrum and a chosen heteronuclear coupling
constant Jtrial. This spectrum is then compared with the actual
HMBC spectrum and Jtrial is iteratively varied until a good fit is
obtained. Reproduced with permission of Wiley-VCH from Kes-
sler H and Seip S (1994) In: Croasmun WR and Carlson RMK
(eds) Two-Dimensional NMR Spectroscopy, pp 619–654.
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Figure 11 The three staggered conformers about the �1 angle of residues with �-methylene protons (see text for details).
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Figure 12 H
, H� region of the 500 MHz P.E.COSY spectrum
of cyclo(-Tic-Pro-Phe-Gly-Pro-Pro-Thr-Leu-) in DMSO at 300 K.
The enlarged view is of the Phe3 H
, H� cross peaks. The dis-
placement of the multiplet patterns can be used to determine the
passive couplings with high accuracy. H�l means the low field �
proton and H�h the high field proton.

Figure 13 Part of the 500 MHz HETLOC (1-filtered TOCSY)
spectrum of cyclo(-Tic-Pro-Phe-Gly-Pro-Pro-Thr-Leu-) in DMSO
at 300 K. The enlarged view is of the Thr7 HN, Hβ cross peak. The
coupling constant is extracted from the separation of the cross
peak components in the better resolved acquisition dimension
(F 2).
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See also: NMR Pulse Sequences; Nuclear Overhaus-
er Effect; Proteins Studied Using NMR Spectroscopy;
Solvent Suppression Methods in NMR Spectroscopy;
Structural Chemistry Using NMR Spectroscopy, Or-
ganic Molecules; Structural Chemistry Using NMR
Spectroscopy, Pharmaceuticals; Two-Dimensional
NMR Methods.
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Figure 14 Dependence of T1 on �c at two different field
strengths. The different T1 times [T1(1) and T1(2)] clearly
correspond to �c(1); the alternative values for �c can be ruled out.
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Figure 1 The one-dimensional 1H spectrum of CP55,940 with an expanded scale of the aromatic region.
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Figure 2 Contour plots of expanded regions from the DQF-COSY spectrum of CP55,940. The lines highlight the connectivities
between the H8, H9a, H10 and H11 resonances.
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Figure 4 Representation of the active biological conformation
of CP55,940. According to the current hypothesis, the ligand
preferentially partitions in the membrane bilayer where it as-
sumes an orientation and location allowing for a productive
collision with the active site.

Figure 3 Contour plot of the 500 MHz CP55,940 NOESY spectrum in CDCI3. The NOE interactions for CP55,940 are indicated with
arrows.
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Figure 5 The 500 MHz 1H DQF-COSY spectrum of a short-
ened analogue of insulin, des-(B26–B30)-pentapeptide insulin in
D2O. The spectrum was recorded on a Bruker AM 500 spectro-
meter interfaced with an ASPECT 3000 computer in a phase-
sensitive mode. 2048 complex data points were acquired in the t2
dimension, with a total of 512 free induction decays (FID)
collected for transformation in the t1 dimension. Each FID was
acquired with a total of 128 scans.
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Figure 6 The fingerprint region of a 500 MHz 1H NOESY spec-
trum which contains NOEs between NH and Hα resonances of
des-(B26–B30)-pentapeptide insulin. The expected intra-residue
and inter-residue NOEs that form the highlighted sequential
pattern of B chain backbone NH and Hα resonances are
represented as solid and dashed arrows, respectively.
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Figure 7 Chemical structures of intercalating and minor
groove DNA binding ligands. 
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Figure 9 Expanded regions from the 300 MHz 1H NMR spectra
of complexes between hedamycin and d(CACGTG)2, showing
(A) aromatic resonances and (B) methyl resonances. Spectra up
to 0.8:1 ligand:DNA ratio were recorded at 2 °C and the complex
allowed to equilibrate for 24 h at this temperature. Subsequent
spectra were recorded to 10 °C as the resonances were sharper.
The dotted arrows highlight resonances that disappear after the
24 h equilibration period.

Figure 8 Expanded aromatic regions from the 300 MHz 1H
NMR spectra of complexes between a terephthalamide deriva-
tive and d(GGTAATTACC)2, recorded at 10 °C. Increasing ligand
concentrations cause perturbations to chemical shifts of nuclei
located at or near the binding site. All perturbations are upfield
except for adenine H2 resonances that are perturbed downfield
and are located on the floor of the minor groove.
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Figure 10 Contour plot of the 500 MHz 1H NOESY spectrum of
the 1:1 hedamycin:DNA complex recorded at 10 °C with a mixing
time of 300 ms. Spectra were acquired on a Bruker 500AMX
spectrometer with 2048 complex data points in the t2 dimension
and a total of 512 free induction decays (FID) collected for trans-
formation in the t1 dimension. Each FID was acquired with a total
of 128 scans.

Figure 11 Schematic representation of NOEs observed be-
tween the central GC basepairs and the hedamycin chromo-
phore. Contacts to major groove protons are shown as dotted
arrows and contacts to the minor groove are shown as solid
arrows.
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Figure 12 Schematic representation of contacts between the
sugar rings of hedamycin and the DNA duplex. Contacts are ob-
served only to minor groove protons and each ring is associated
predominately with one DNA strand.
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See also: Powder X-Ray Diffraction, Applications;
Small Molecule Applications of X-Ray Diffraction.
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See Heteronuclear NMR Applications (O, S, Se, Te).



SURFACE INDUCED DISSOCIATION IN MASS SPECTROMETRY 2279

��������	
��������������
�

�����������������

SA Miller and SL Bernasek, Princeton University,
NJ, USA

Copyright © 1999 Academic Press

����������	���
��	��	�����������	�������	�����
��	���	�������	��	��������	��
	
�������	���	��	��
��
��	�
������	��	������	���������	�����������	�����	��
�������	 �������
�	 ���	���	 ������	����	 ��
���	����������	��	���
��	��	�����������	�	������
������
���
	
���������	� !"��	 !"	��	#�	����
��������	�������	���	 ���	��
	�������	 ���#��	#�	��
����	 ��������	 �$��������	��	 ���	 ���	��
	 ���%����

����������	 ����������
���
	 
���������	 ��!"�	 �
�����#��	��	���	 !"	�$��������	�$����	�	������	�
��������
	 ���	 ���	 ��������	 #�	 �	 ����	 ��
������ ��	 �!"	�����	 ������	�
�����#�	�	�	����

��	 ���	 ����������	 ��	 ���
��	 ��	 �����������&
�����
��#	����	�������	��	���	��������	����#�	
�����
����&	���������	������������	��	�����������	����#�	����
������&	 ���#�	 �����#�	 ��������	 ����#�	 
��������&
��
	 �������������	 ��	 ����	 ����	 ��#����	 ��
	 ���#�
�����#����	 ���������	 �����	 '()*&	 ���	 ����#�
����������	 �!"	 ��
	 ��	 �����������#	 ������
����	����	���	��+���	��	����	�������	��
	��������
��	#���	�������	��	���	��	�����������	���������
�	��	�����������	����	 ���	 ���	����������&	 ��	��
�
���������#	����������	��������&	��
	��	����	�����
����	������	��
����������

Figure 1 Simplified schematic of (A) a CID tandem mass spectrometer and (B) a SID tandem mass spectrometer where MS1 and
MS2 are the mass analysers, M1

+ is the parent or projectile ion, Fn
+ are fragment ions of M1

+ generated in the ion source, and Fm
+ are

fragment ions formed as a result of (A) CID and (B) SID.
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Table 1 Low energy polyatomic ions/surface collision processes

Elastic scattering (T = K Efinal) Inelastic scattering (T ≠ KEfinal�

Reactive scattering

Neutralization Chemical sputtering

Ion/surface reaction Surface modification

Soft landing
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Figure 2 Example of (A) an alkanethiol self-assembled
monolayer surface and (B) a fluorinated alkanethiol self-assem-
bled monolayer surface. Typical substrates are glass or silicon
with a thin Ti layer (∼100 Å) followed by a layer of gold (∼1000 Å).
Reproduced with permission from Miller SA, PhD Thesis, Purdue
University, 1997.
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Table 2 Low energy ion/surface collision instruments.

On-axis

Large incident angle/low collision energy

1. Multisector

2. Tandem quadrupole

3. Hybrid sector/quadrupole

Glancing incident angle/high collision energy

1. Hybrid sector/time-of-flight

2. Hybrid sector/quadrupole

3. Multi-Wien filter

4. Multisector

Off-axis

Large incident angle/low collision energy

1. Tandem quadrupole

2. Tandem time-of-flight

3. Hybrid sector/time-of-flight

4. Hybrid sector/quadrupole

5. Hybrid Wien filter/quadrupole

Trapping instruments

1. Paul quadrupole ion trap

2. Fourier transform ion cyclotron resonance mass 
spectrometers.
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Figure 3 Overview of a hybrid BEEQ tandem mass spectrometer. Reproduced with permission from Miller SA, PhD Thesis, Purdue
University, 1997.
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Figure 4 SIMION ion trajectory calculations of an on-axis SID
device with (A) precursor ion deflection in single deflection mode,
(B) precursor ion deflection in double deflection mode, and (C)
precursor and product ion trajectories in double deflection mode.
Numerical labels represent the voltages applied to the elec-
trodes. Reproduced with permission from Durkin DA, Schey KL,
(1998) Characterization of a new in-line SID mode and compari-
son with high energy CID. International Journal of Mass Spec-
trometry and Ion Processes 174: 63–71.

Table 3 Characteristics of the SID process.

1. Internal energy (V ) deposition is variable depending on 
the collision energy (T )

2. Internal energy deposition can be made large, more than 
10 eV is readily accessible

3. Internal energy distribution is narrow, typically 4 eV 
FWHM, and is approximately Gaussian in shape

4. The efficiency of converting translational energy to inter-
nal energy is dependent on the nature of the surface and 
is approximately 20–30% for fluorocarbon surfaces and 
10–20% for hydrocarbon surfaces

5. The SID efficiency varies over a wide range 1–75% but is 
typically more than 10% for most polyatomic ion/organic 
covered surface pairs.

6. Fragment ions are similar to those noted in CID 
experiments

7. SID is proving to be applicable to large biomolecules
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Figure 5 Overview of a tandem time-of-flight SID instrument. Reproduced with permission from Riederer Jr, DE, PhD, Department
of Chemistry, University of Missouri, Columbia.

Figure 6 Overview of a tandem quadrupole SID instrument
with a cross-sectional view of the target and ion focusing region.
The ion optical element labelled ESA represents an electrostatic
analyser. Reproduced with permission from Phelan LM, PhD
Thesis, Princeton University, 1998.

Figure 7 Surface-induced dissociation ion spectra of the p-
methyl phenetole molecular ion (m/z 136) upon collision with an
F-SAM surface at (A) 15 eV and (B) 30 eV. Reproduced with
permission from Cooks RG and Miller SA, Collision of ions with
surfaces. In: Jennings KR (ed) NATO ASI Series, Dordrecht,
The Netherlands, Kluwer Academic Publishers, (in press).
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Figure 8 (A) Surface-induced dissociation mass spectrum pro-
duced from 30 eV collisions of W(CO)6

•+ (m/z 352) with an 8 µm
thick liquid perfluoropolyether surface. (B) Calculated internal
energy distribution for the spectrum in (A) using the thermometer
molecule method. Figure 8A reproduced with permission from
Pradeep T, Miller SA and Cooks RG (1993) Surface-induced
dissociation from a liquid surface Journal of American Society for
Mass Spectrometry 4: 769–773.
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Table 4 Effect of target nature on the estimated translation-to-
vibrational energy conversiona

a Where PFPE is perfluoropolyether, Fe is ferrocene, D is deuter-
ated, and SS is a stainless steel surface with an adventitious
hydrocarbon overlayer.

b Denotes that the (T→V %) has been corrected for initial internal
energy from the ionization event.

Ion
Target 
(Co.Energy, eV) T → V(%)

Cr(CO)6 F-SAM (25) 19

W(CO)6 F-SAM (30) 18 Fluorine

W(CO)6 F-SAM (50) 20 targets

W(CO)6 PFPE (50) 18

Ferrocene F-SAM (20–50) 24 (20)b

Benzene F-SAM (10–70) 28

Cr(CO)6 D-SAM (25) 12

Ferrocene D-SAM (20–80) 15 (13)b

Cr(CO)6 Fc-SAM (25) 11

n-Butylbenzene Fc-SAM(25) 12 Hydrocarbon

Cr(CO)6 SS (25) 11 like targets

W(CO)6 SS (25–100) 13

Fe(CO)5 SS (25–60) 13

Et4Si SS (10–100) 12

Benzene H-SAM (10–70) 17

W(CO)6 Alkenyl-termi-
ated SAM

12

30–70 Other SAMs

Ferrocene
Amino-termi-

nated SAM (25) 13

Ferrocene
Cyano-termi-

nated SAM (25) 12

Ferrocene Si(100) (20–90) 13 Single crystal

Pyridine Ag(111) (32) 20 targets
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Figure 9 Product ion spectra resulting from 25 eV collisions of the pyrazine molecular ion (m/z 80) with (A) a D-SAM surface and
(B) an F-SAM surface. Reproduced with permission from Winger BE, Laue H-J, Horning et al, (1992) Hybrid BEEQ tandem mass
spectrometer for the study of ion/surface collision processes Review of Scientific Instruments 63: 5613–5625.
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Figure 10 (A) Surface-induced dissociation spectrum of the pyrene molecular ion (m/z 202) with a stainless steel surface at a colli-
sion energy of 100 eV. (B) Collision-induced dissociation mass spectrum of the pyrene moelcular ion (m/z 202) with Ar under single
collision condiitons. Note that the m/z axis is not aligned or the same scale between (A) and (B). Adapted with permission fron Riederer
Jr DE, PhD Thesis, Purdue University, 1993.
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Figure 11 Surface-induced dissociation spectrum of doubly protonated melittin obtained at a 110 eV collision with a fluorinated SAM
surface. Reproduced with permission from Dongré AR, Somogyi Á and Wysocki VH (1996)	Surface-induced dissociation: an effective
tool to probe structure, energetics and fragmentation mechanisms of protonated peptides Journal of Mass Spectrometry 31: 339.

Figure 12 50 eV ion/surface collision spectrum of
(CH3)2SiNCS+ on an F-SAM surface. Note that the ion abun-
dance scale has been expanded. For reference, the M+/SiNCS+

ratio is 0.05 and the M+/SiCH3
+ ratio is 0.04. Peak assignments

are noted in Table 5. Reproduced with permission from Miller
SA, Luo H, Jiang X, Rohrs HW and Cooks RG (1997) Ion/sur-
face reactions, surface-induced dissociation, and surface modifi-
cation resulting from hyperthermal collisions of OCNCO+,
OCNCS+, (CH3)2SiNCO+, and (CH3)2SiNCS+ with a fluorinated
self-assembled monolayer. International Journal of Mass Spec-
trometry and Ion Processes 160: 83–105.
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Figure 13 Product ion spectrum resulting from collisions of the d6-benzene molecular ion (m/z 84) with an H-SAM surface at 30 eV.
The inset represents the associative ion/surface reaction mechanism for the unlabelled benzene molecular ion.
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See also: Fragmentation in Mass Spectrometry; Ion
Collision Theory; Ion Energetics in Mass Spectrome-
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Structures in Mass Spectrometry; Ion Trap Mass
Spectrometers; MS–MS and MSn; Quadrupoles, Use
of in Mass Spectrometry; Sector Mass Spectrome-
ters; Time of Flight Mass Spectrometers.
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Table 5 Peak assignments for (CH3)2SiNCS+ from an F-SAM
surface at a collision energy of 50 eV.

a Indicates isobaric masses which can have more than one as-
signment. See Figure 12 for a scattered product ion spectrum.
Reproduced with permission from Miller SA, Luo H, Jiang X,
Rohrs HW and Cooks RG (1997) International Journal of Mass
Spectrometry and Ion Processes 160: 83–105.

Mass SID Mass
Ion/surface 
reaction Mass

Chemi-
cal sput-
tering

m/z 101 CH3SiNHCS•+ m/z 124 F2SiNCS+ m/z 93 C3F3
+

m/z 88 H2SiNCS+ m/z 120 CH3FSiNCS+ m/z 81a C2F3
+

m/z 86 SiNCS+ m/z 105 FSiNCS+ m/z 69 CF3
+

m/z 84 C2H6SiNC+ m/z 81a F2SiCH3
+ m/z 57a C4H9

+

m/z 72 C2H6SiN+ m/z 79 F2SiCH+ m/z 55a C4H7
+

m/z 70 C2H4SiN+ m/z 77 NCSF+ and 
FSi(CH3)2

+

m/z 43a C3H7
+

m/z 68 C2H2SiN+ m/z 75 FSiC2H4
+ m/z 31 CF+

m/z 61a HSiS+ m/z 73 FSiC2H2
+ m/z 29a C2H5

+

m/z 58 NCS+ and
Si(CH3)2

•+

m/z 62 FSiCH3
•+ m/z 27 C2H3

+

m/z 57a SiC2H5
+ m/z 61a FSiCH2

+

m/z 56 SiC2H4
•+ m/z 49 H2SiF+

m/z 55a SiC2H3
+ m/z 47 SiF+ and

FCO+

m/z 54 SiC2H2
•+ m/z 45 NCF•+

m/z
43a SiCH3

+

m/z
29a SiH+

m/z 28 Si+

m/z 15 CH3
+

Figure 14 90 eV Xe•+ chemical sputtering spectra for (A) and
F-SAM surface and (B) an 8 µm thick liquid perfluoropolyether
surface. Reproduced with permission from Pradeep T, Miller SA,
Rohrs HW, Feng B and Cooks RG (1995) Chemical sputtering of
F-SAM and liquid PFPE. Materials Research Society Symposium
Proceedings 380: 93–98.
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Figure 1 Influence on the theoretical SPR spectra generated either with silver (panels A and C) or gold (panels B and D) films
(curves 1 in all panels), and represented by reflectance vs. either incident angle (panels A and B), or excitation light wavelength (panels
C and D), of a thin sensing layer deposited on the metallic surface (curves 2 in all panels). The incident and emerging media are glass
(ng = 1.5151) and water (nw = 1.33), respectively.
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Figure 2 Changes in the p-polarization component of a theoretical SPR spectrum generated with a CPWR device, comprising a
silver layer coated with a 460 nm SiO2 film, caused by alterations in either the refractive index (A), the thickness (B), or the extinction
coefficient (C), of a light-absorbing dielectric sensing film deposited on the silica film. The incident and emerging media are both as
described in Figure 1.
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Figure 3 Changes in the s-polarization component of a theoretical SPR spectrum obtained with the CPWR device described
in Figure 2, by alterations in either the refractive index (A), the thickness (B), or the extinction coefficient (C), of a light-absorbing
dielectric sensing film deposited on the silica. The incident and emerging media are the same as in Figure 1. 
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See also: Biochemical Applications of Fluorescence
Spectroscopy; Biomacromolecular Applications of
UV-Visible Absorption Spectroscopy; Chiroptical
Spectroscopy, General Theory; Chiroptical Spectros-
copy,  Orientated Molecules and Anisotropic Sys-
tems; Ellipsometry; Surface Plasmon Resonance,
Instrumentation; Surface Plasmon Resonance,
Theory; Surface-enhanced Raman Scattering (SERS),
Applications.
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Figure 1 The SPR experiment. (A) a metal layer m is sandwiched between two dielectric media a and p. The direction x is defined
parallel to the layer structure; (B) dispersion relation of SPs; see text; (C) a typical SPR curve when medium a has a refractive index
na = 1. The angle �cr corresponds to the critical angle for the a/p interface.
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Table 1 Real and imaginary parts of dielectric constant for
some metals

Metal � (nm) �re �im

Aluminium 600
700
900

–29.8
–46.6
–55.5

7
22
30

Silver 500
700
900

–8.23
–21.3
–38.7

0.3
0.7
1.3

Gold 600
750
900

–8.37
–18.2
–28.5

1.2
1.2
1.8

Figure 2  SPR reflectance curves for a bare gold layer with
thickness 44 nm, measured with different wavelengths: (A)
676 nm; (B) 647 nm; (C) 633 nm; (D) 568 nm; (E) 514 nm;
(F) 488 nm.



SURFACE PLASMON RESONANCE, INSTRUMENTATION 2305

�	����G���� ����������� ������� %	� ����	���&� 	��
����	�����������	���������
�������2�	����G�������
%�	��� �������� ��� 	���� �

����� ��� ������ �������

������	��������������������������
����	���	����5
%����������	��������	����������	�����������<�;
�

�����@������	���%�������%	�	�����������	2
�����������������	�	��	����	�������<�;�����	����
-��	�����	�	�����������	����������������2	��%��
��

������ ��������� ��� �������� ������ ���� ��
����������������������������������������	%��
	���
������� ��F��� ����
���5� ���� ��� ��� ������� �����������

�����������<�;���������
����	
�� ��#�
@���	���	���������������	
��������������������

��

�����	��	��	��
�����������������<�;��������@	
��������	��	��	�����2����������������5����	��2
����	�� 	
� ��� �	��	�� ����� �������� 	� ��� ����
����� ���	
��� ��� ����� ��� ��� ��
�������� �����	�
���
%�����%������1������������������3������2
������������������	1���������������������	��	���
�������� ��
��������� )	%����5� 	��� ���� 	� ������
������������	
��������������%����	
����<�;������
����������

���������������	�����

3��	�������	��������������	%�������	
�� ���)���5
<��������1����������
	��������	��� ���������������
�����������%�������������������������
�	�����	�
����F���������� ����
����� -�� ����%��5�������������2
�����	��	
���������������������������
�����@�����2

���������������������	�	�����������	��������	
��
��������������>�' ��#�	
���		��	�����@����������
�������	�����	������	����	������%�����1��������	%
����������	���������5����	����	
������	��������

��� �� �������� 	
� ��� �������� ��������� ��
��������
3��	���� ��� �������� ��%���� ����������� ��	���� ��
�����������������∼ 0� µ�#��������	
���������������2
�	���	�� ���������������� �� �	������� 	� 	����� ��
�������� ���	���	�� 	
� ∼  � ������������� �������� �	
�	�����������������	����5����������������������	

�	��	���������������
��2���������<�;�����������2
���&�������	�������	���	��%�����	%�������������
����������2	������	
������	����������3����%����
	
�����������������	������������"�����
��������
����2	�� ����	���� ������
	�%������� ��� ��������	

��� �	��	�� ����5� ��� ���%� 	
� ��� ������� �������
���������������������	��������F��������������
����

�������������	�����
��

8�������	����������<��������� ����������������
��� ����F���������� ����
����� @���� 	�������	�� ���
���
���
������1��	����	������������������	
�<���
-����������������������	���5���������F����������2
������������������������������������<��������1����
%�������������2�	�����������������������������
����	��������
�	%�
�	�������	���������������������
	
� �����	�������� ������� �� ����	���� ��������� �����2
�	�� ��� ��� ���������� %����� ���� ��� ������� ��� �
����	��	��� ��� ��� ������� ��������� 3� �����
����
��

�����������	�������%���	�����������	�������
<�;�����	%���������������&������������	�����@���
���	��������������������
�����������������%����
	��� ��� ��������� ��� <�� ������� @��� ���	�� ��� ����
������ ��� �����	��� %����� ��� ���������� 	
� ������
�	������	
���
����5���������%����
-�� �� ������� ����	���5� ��� ���� 
�	%� ��� ������

	�������� ��������
	���� �
��
������ ��
��	������#��3
������������� ����� ��� ��	%�� ��� ��	
�� ��� @��
�����F����� ��������� ��� ������� ��	�� �� �	��	�
����5� ���� <��� ���� �1����� ��� ��� ������ %���� )��

Figure 3 Rotation stage SPR setup. d: detectors; PBS;
polarizing beamsplitter.

Figure 4 Use of focused beam. a: laser diode; b: focusing
optics; c: neutral density filter; d: diode array. A flow cuvette is
placed on top of the metal layer. Reproduced with permission
from Sjölander S (1991) Analytical Chemistry 63: 2338.
© American Chemical Society.
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Figure 5 Basic photothermal detection setup. The position of
the deflected beam of a probe laser PL is measured by a
position-sensitive detector PSD.

Figure 6 Vibrating mirror setup. a: vibrating mirror; b:
cylindrical lens. Reproduced with permission from Lenferink ATM
(1991) Sensors and Actuators B (Chemical) 3: 261. Copyright
1991, with kind permission from Elsevier Science Ltd, The
Boulevard, Langford Lane, Kidlington, OX5 1GB, UK.
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Figure 7  Use of fibre optics. L: light source; D: detector; S: fibre
splitter/combiner; 1, 2: output ports. (A): single mode fibre; (B):
multimode fibre (cf. text).

Figure 8 SP microscopic image of an inhomogeneous
monolayer. Dimensions of image 0.2 � 0.2 mm0. Thickness
difference of the two types of domains is less than 0.4 nm.
Lateral resolution approximately 3 µm.
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Figure 9 Lateral resolution in SPR microscopy. The vertical
lines denote the physical width of a 2.5 nm SiO0 ridge. Number
insets correspond to the various wavelengths used.

Figure 10 SPR microscope setup. P: Pockels cell; S: spatial
filter; R: rotation stage; M: objective; CCD: video camera.
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Figure 11 Improvement of image quality by dividing s- and p-polarized responses. From left to right: p response; s response; p/s
response.
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See also: Fibre Optic Probes in Optical Spectrosco-
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Figure 12 Scheme of a combined SP microscope and a
scanning probe microscope. The tip can either be a STM or an
AFM tip. Reproduced with permission from Specht M (1992)
Physical Review Letters 68: 476–479. American Physical Society.
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Figure 2 Reflectance SPR spectra, i.e. reflectance versus
either the incident angle (�), with a constant value of the
wavelength (	0) of the surface plasmon excitation light (panel A),
or the wavelength, 	, at a constant value of �0 (panel B), obtained
with silver and gold films. Other experimental conditions and
symbols as in Figure 1.

Figure 1 Resonance spectra of the two most frequently used
metal films, i.e. silver (solid line) and gold (dashed line), with the
indicated optical parameters, presented as the total evanescent
electric field amplitude (normalized at its largest value)
generated by surface plasmons on the outer surface of the metal
film, versus either the incident angle (�, panel A) obtained with p-
polarized (transverse magnetic) light of constant wavelength
(	 = 632.8 nm), or light wavelength (panel B) obtained at � = �0 =
constant. �0 is the incident angle at which the resonance excited
with light of 	 = 	0 = constant reaches its maximum. The
calculation has been done assuming a glass prism as an incident
medium (ng = 1.5151), and water as an emerging medium
(nw = 1.33), both at 	 = 632.8 nm.
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Figure 3 (A) Calculated amplitude of the evanescent electric
field (normalized at its largest value) generated within a metallic
film (shown by closed circles), obtained with both silver (solid
line) and gold (dashed line) at constant values of �0, as a function
of the distance from the glass prism/metal interface. (B) Influence
of metal film thickness on the SPR spectra obtained with an
excitation wavelength 	0 = 632.8 nm for silver (solid line) and gold
(dashed line) films. Other conditions as in Figure 1.
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Figure 4 (A) Calculated long-range SPR spectrum represented by reflectance versus incident angle (curve 1), obtained with p-
polarized excitation light (	0 = 632.8 nm) and a glass prism coated with a MgF2 layer (thickness = 965 nm, and refractive index = 1.379)
on top of which a 32 nm thick silver film has been deposited. �0 indicates the incident angle at which resonance achieves its maximum.
The emerging medium is water with nw = 1.33. Curve 2 illustrates the conventional SPR spectrum obtained with a 55 nm thick silver
layer deposited directly on a glass prism (see Figure 2A). (B) Amplitude of the evanescent electric field (normalized to the largest
value of the conventional SPR electric field as presented in Figure 3A) along the normal to the layer plane, calculated for the thin film
design described in panel A and using 	0 = 632.8 nm as an excitation wavelength at � = �0 (see panel A).
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Figure 5 (A) Coupled plasmon-waveguide resonance (CPWR) spectra presented as reflected light intensity versus incident angle,
calculated with 	0 = 632.8 nm as an excitation wavelength for both p- and s-polarizations, and a glass prism (ng = 1.5151) coated with
a 55 nm thick silver layer overcoated with a 460 nm SiO2 film. The emerging medium is water (nw = 1.33). The curve plotted with solid
points illustrates the conventional SPR spectrum obtained with a 55 nm thick silver layer (see Figure 2A). �0 indicates the incident
angle at which the resonance achieves its maximum. (B) and (C) Amplitudes of the evanescent electric fields, as a function of the
distance from the glass prism/metal interface, within a silver layer, an SiO2 film, and the emerging medium for p- (panel B) and s- (panel
C) polarized light of 	0 = 632.8 nm, calculated at � = �0 (see panel A), and normalized to the largest value of the conventional SPR
electric field as shown in Figure 3A.
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Plasmon Resonance, Applications; Surface Plasmon
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Figure 1 Charges and their images near metal surfaces; the
origin of the metal surface selection rule (MSSR).
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Figure 2 The optical arrangement of an FT-IR spectrometer
for reflection–absorption (RAIRS) work in ultrahigh vacuum
(UHV). A, detector; B, KBr lens: C, KBr window; D, UHV cham-
ber; E, sample; F, Michelson interferometer; G, Globar source; P,
grid polarizer. Reprinted from Chesters MA (1986) Journal of
Electron Spectroscopy and Related Phenomena 38:123 Copy-
right (1986), with permission from Elsevier Science.

Figure 3 The arrangements of atoms, and the resulting ad-
sorption sites, on the (100), (111) and (110) surfaces of a face-
centred-cubic metal.
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Figure 4 The IR spectrum of CO adsorbed on partially reduced
NiY zeolite showing the oxidation-state dependence of �CO.
Reproduced with permission of John Wiley & Sons Ltd. from
Davydov AA (1984) Infrared Spectroscopy of Adsorbed Species
on the Surfaces of Transition Metal Oxides, Copyright John Wiley
& Sons Ltd.

Figure 5 The IR spectrum of CH4 adsorbed on high-area po-
rous silica glass in the �CH bond-stretching region showing the
presence of a gas-phase forbidden absorption. Reproduced with
permission of the Royal Society from Sheppard N and Yates DJC
(1956) Proceedings of the Royal Society of London, Series A
238: 69.
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Figure 6 The IR spectrum of ethene adsorbed on the acid OH
groups of HY zeolite. Solid line, ethene adsorbed; dashed line,
background. Reproduced with permission of the Royal Society of
Chemistry from Liengme BV and Hall WK (1966) Transactions of
the Faraday Society 62: 3229.

Figure 7 The IR spectrum of cyclohexane adsorbed on a
Pt(111) surface. The broad absorption near 2600 cm–1 is from a
form of hydrogen bonding between axial CH bonds and surface
Pt atoms. Reprinted from Chesters MA and Gardener P (1990)
Spectrochimica Acta, Part A 46: 1011, Copyright (1990), with
permission from Elsevier Science.

Figure 8 The IR spectrum from CHD3 adsorbed at 33 K on
NaCl(100). Ep and Es refer to radiation polarized in and perpen-
dicular to the plane of incidence, respectively. Reprinted with per-
mission from Davis KA and Ewing GE (1997) Journal of Chemical
Physics 107: 8073. Copyright 1997, American Institute of
Physics.
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Figure 9 The IR spectra of CO adsorbed on the silica-support-
ed metals Cu, Pt, Ni and Pd. Absorptions above 2000 cm–1 are
from linear (on top) CO bonded to one metal atom; those below
this value are from CO bridge-bonded to two or three metal at-
oms. Reprinted with permission from Eischens RP, Pliskin WA
and Francis S A (1954) Journal of Chemical Physics, 22: 1786.
Copyright 1954 American Institute of Physics.
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Figure 10 The IR spectra of CO adsorbed at full coverage on
an Rh(111) electrode in 0.1M NaClO4 at various electrode poten-
tials. Reprinted from Chang SC and Weaver MJ (1990) Surface
Science 238: 142, Copyright (1990), with permission from
Elsevier Science.

Figure 11 A comparison of the IR spectrum from ethene ad-
sorbed on Pt(111) at room temperature with that of the model
compound (CH3C)Co3(CO)9. Asterisks indicate absorptions of
the model compound allowed in the spectrum of the adsorbed
species by the metal-surface selection rule; arrows indicate other
bands observed by HREELS. Courtesy Chesters MA.
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Figure 12 The structures of the principal adsorbed species
from the adsorption of ethene on metal surfaces; [1] �-complex;
[2] the di-� species; [3] ethylidyne (CH3C).

Figure 13 The IR spectra of ethene adsorbed on silica-supported Pt (A) at 180 K and (B) at room temperature, labelled according
to the structural assignments of the absorption bands. Reprinted with permission from Mohsin SB, Trenary M and Robota H Journal
of Physical Chemistry, (1988) 92: 5229 and (1991) 95: 6657. Copyright 1988,1991, American Chemical Society.
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See also: ATR and Reflectance IR Spectroscopy,
Applications; High Resolution Electron Energy Loss
Spectroscopy, Applications; Inelastic Neutron Scat-
tering, Applications; Inelastic Neutron Scattering,
Instrumentation; IR Spectroscopy, Theory; Raman
and IR Microspectroscopy; Surface-Enhanced Raman
Scattering (SERS), Applications.
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Figure 14 The IR spectra of hydrogen adsorbed on ZnO.
Reproduced with permission of the Royal Society of Chemistry
from Hussain G and Sheppard N (1990) Journal of the Chemical
Society, Faraday Transactions 86: 1615.
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Figure 1 Transmission electron microscopy image of silver
colloid, × 250.
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Figure 2 Illustration of the different arrangements for SERRS:
curve a is the molecular absorbance and curve b is the plasmon
absorbance. In (A) the molecular and plasmon absorbances do
not coincide. Position (1) represents excitation at the molecular
maximum and (2) represents excitation at the plasmon maxi-
mum. In (B) the molecular and plasmon maxima coincide. Posi-
tion (1) represents excitation away from molecular and plasmon
maxima and (2) represents excitation at the absorbance and
plasmon maximum.
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Applications; IR and Raman Spectroscopy of Inor-
ganic, Coordination and Organometallic Compounds;
MRI of Oil/Water in Rocks; Polymer Applications of IR
and Raman Spectroscopy. 
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Figure 3 Curve a: Solution spectrum from a 10−6 M Rhodamine
6G solution using 514.5 nm excitation, demonstrating the pre-
dominance of fluorescence over resonance Raman scattering.
Curve b: SERRS spectrum taken from a suspension of aggregat-
ed silver colloid to which 150 µL of a 10−8 M Rhodamine 6G solu-
tion has been added using 514.5 nm excitation.
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Table 1 Table of characters

D3h E 2C3 3C2 �h 2S3 3�d

A1′ 1 1 1 1 1 1 z2: X2+y2

A2′ 1 1 –1 1 1 –1 Rz

E' 2 –1 0 2 –1 0 (Tx, Ty) (x,y)
(1/√2 [x2–y2],xy)

A1′ 1 1 1 –1 –1 –1

A2″ 1 1 –1 –1 –1 1 Tz z
E″ 2 –1 0 –2 1 0 (Ry, Rx) (zx, yz)

? 6 0 –2 2 2 –2

Table 2 Direct product table for the D3h group

D3h A1′ A2′ E′ A1″ A2″ E″
A1′ A1′ A2′ E′ A1″ A2″ E″
A2′ A2′ A1′ E′ A2″ A1″ E″
E′ E′ E′ (A1′+A2′+E′) E″ E″ (A1′+A2′+E″)
A1″ A1″ A2″ E″ A1′ A2′ E′
A2″ A2′ A1″ E″ A2′ A1′ E′
E″ E″ E″ (A2′+A2″+E″) E′ E′ (A1′+A2′+E′)
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See also: Tensor Representations.
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Table 1 Character table for the group C3

� = exp (2πi/3)

Table 2 Tensors of rank 2 for the group C3

Table 3 Real Raman tensors for the group C3

Table 4 Generators for the groups D3,D3v,D3d

C3 (Eqn [3]) E C3
+ C3

−

A 1 1 1
1E 1 �* �
2E 1 � �*

A 1E 2E

A E

C2x σx  i
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Table 5 Irreducible representations for the generators

Table 6 Tensors

D3 C C2x C3v C �x

A1 1 1 A1 1 1

A2 1 −1 A2 1 −1

E E

Table 7 Raman (RT) and hyper-Raman tensors (HRT) for
Laue class 

Point group Rep. RT Rep. HRT

D3d (3m) A1g P2 A1u P3

A2g Q2 A2u Q3

Eg R2
(1), R2

(2) Eu R3
(1), R3

(2)

D3 (32) A1 P2 A1 P3

A2 Q2 A2 Q3

E R2
(1), R2

(2) E R3
(1), R3

(2)

C3v (3m) A1 P2 A1 Q3

A2 Q2 A2 P3

E R2
(2), R2

(1) E R3
(1), R3

(2)
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See also: Atomic Absorption, Theory; IR Spectros-
copy, Theory; Nonlinear Raman Spectroscopy,
Applications; Nonlinear Raman Spectroscopy, Instru-
ments; Nonlinear Raman Spectroscopy, Theory;
Rotational Spectroscopy, Theory; Symmetry in
Spectroscopy, Effects of; Vibrational, Rotational and
Raman Spectroscopy, Historical Perspective.
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See Heteronuclear NMR Applications (B, Al, Ga, In, Tl).
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Table 1 Characteristics of various heating systems
investigated in the development of the thermospray interface

Heat supply
Heated
length (mm)

Energy flux
(W cm�2)

Total power 
(W)

CO2 laser beam 
focused on liquid jet

0.3 30 000  25

Hydrogen flames to 
heat a copper cylin-
der at the capillary exit

3 5 000  50

Indirect electrically 
heated capillary

30 700 100

Direct electrically 
heated capillary

300 70 150 Figure 1 Schematic diagram of a thermospray interface and
ion source.
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Figure 2 Schematic representation of the thermospray vapori-
zation process. Reprinted with permission from Vestal ML and
Fergusson GJ (1985) Analytical Chemistry 57: 2373–2378,
© 1985, American Chemical Society.
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Figure 3 Schematic illustration of the liquid-based thermospray ionization modes. Reprinted with permission from Vestal ML (1983)
International Journal of Mass Spectrometry and Ion Physics 46: 193–196, © 1983, Elsevier Science.
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Table 2 Proton affinities of some common mobile-phase
constituents (PAA) and of typical compound classes with one
functional group (PAM) in kJ mol�1

Reagent gas
PAA

(kJ mol�1) Compound class
PAM

(kJ mol�1)

Methane 536 Ethers, esters, ketones 630�670

Water 723 Polycyclic aromatic 710�800

Methanol 773 Hydrocarbons

Acetonitrile 797 Carboxylic acids �800

Ammonia 857 Carbohydrates 710�840

Methylamine 894 Alcohols 750�840

Pyridine 921 Thio 750�880

Dimethylamine 922 Amine, nitro 840�1000

Peptides 880�1000

Table 3 Gas-phase acidities (�Hacid) of some common mobile-
phase constituents and of typical compound classes with one
functional group in kJ mol�1

Reagent gas
�Hacid

(kJ mol�1) Compound class
�Hacid

(kJ mol�1)

Ammonia 1657 Benzyl alcohol 1662

Water 1607 Toluene 1588

Methanol 1589 Alkyl alcohols 1560–1590

Acetonitrile 1528 Ketones, aldehydes 1530–1550

Acetic acid 1429 Anilines 1510–1540

Formic acid 1415 Thiols 1485–1510

Fluoroacetic acid 1394 Phenols 1400–1470

Trifluoroacetic acid 1323 Benzoic acid 1420
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Figure 4 Negative-ion thermospray mass spectrum of the disulfonated azo dye. Direct Red 81 (mobile phase contains
10 mmol L−1 ammonium acetate).
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See also: Chromatography-MS, Methods; Ionization
Theory.
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Figure 1 Schematic diagram of a simple idealized time-of-
flight mass spectrometer.
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Figure 2 An illustration of the principle of ion mirror to compen-
sate for velocity spreads. Two ion paths are shown for axial ve-
locities vz = v0 and vz = v0 + �. The ion with higher velocity spends
less time in the field-free region but more time in the mirror.



TIME OF FLIGHT MASS SPECTROMETERS 2363

���������2/� ��������� ����� ������� � 6��� C���� �������
������/� �!�!� 6��� �� �(��� �������2� ������!�4��� ��
����������� � ������ ��� �������/� ��� ����� 6���� ��
��������������������������� ����������������2!�����
�����6���� �����������'C/�6��������������������������
��� ������������� �� ���/� ���� 6���� �������� �� �������
����������� � ���(���!� ��� ��� ����� ����2� ���� ��
������(��� ��� ��� ����������� � ����� �� ���� ��G(����
�������2/����������������������6���������������������
��������������B������2�������������!
������ �������������������2�������������������

�������2� �������� ��� ��� �������� ���� �������(����/� ��
���������������� �����������2� ��� ���������(����*
�(��� !�<�6����/� �6�� �(������2� ���(���� ����C�����
������/�1?������5�-9�/������B����������6�����*
���� � ������ ���������� �����!� ����� �(�����2� ��G�����
����� ��� 1?�� ��(���� ���� ��� ������������ �������
������/��(�������2��������������2�����������������6�!
���(����������2����������������B��������2���� ���*
���2� �������2� (���� ���� 5�-9�/� ������ ���5�-9�
����� ���� �G������ ����� ��� �)(����������� ��� ��� �2� �
���2������ �������(���!����������������������'�����*
��������/������(������������������C���������������
�2�(��� ����6�*��� ����������������� �������������� 
��� ����������� � ������� ��� ���� ��� ������ ������ ����*
������6��������������������������!

�������������
������!

��� ����� ������������ ��� ��'� �����(������ ��� ��6
���������2�����������������������������������������*
�����������4���2%5�-��������(��� ������)(��/����
�������������������������������������� *�������*
�������'��2�����!
�2����������/����4���2%5�-��������(��� ����*

��������������������(�����������6����������������(*
������ ���� �������� ���� ����� ��� �� ����/� �(��  ���
����������(�������)(�������� ���� �����������������
����� ����������� ���6���� ����� ��� ���������� ������!
������������������������������������� 2����(��� ��(�
���������������������������������������������(���
�� ���/� ��� �2� ������� ��� ����� ������� �������� �������*
����!�<�6����/�����6�������������� �2����������
6���(������������������!�������������������(���
�������(�����������������������8�������������(�������
�����������6��� ��� ��G���� ������ ��� ���������� ����
���	
� �!� ��� ������� ���� ��� ��� ��� ���� ���8��
����� ��� ��������/�  �����2� ��������� � ��� ����� ��
��� �� ���� ��������� ��� ����� ����������� ���6���
�������/� 6���(�� ����������2� ��������� � ��� ����
������!������������������������������������������*
���������� �������2� ������� ��� ���������� �����/� �(�
��� ������� ������������ ��� ������ ������ ���� �������2
�����������������G���������!

�������� ��������"������������ � ��

$���

��� �����8��� �����/� �� ������(�(�� ����� �(��� ��
������� ����� �(����� ������� ��� ��� ������(���� ����� ��
��'� ������������!� ���� ��)(�������� ��� ��� �B���
����������������������������������������������������*
������2� �(����!� <�6����/� ����� ���� �������� ������ ��
6������������2������� ���������(���������������(*
�(������������������������������2�������������(���
�����'������(�����!�'����B�����/������������2�����*
C������ ��� ����� ��� ����� �(������(�� �����)(�� ���
����(��� � ����� ����� �������������������������B��/
�(�� ����� ��������������� �������6���� �����*��*
��� ��������/���2���������� �����)(���(���������
�������F���'����������������������������*��*��� �
������ �A(�� ��� �!� �� ������� �B������ ��������� ��(*
���� ��������������������)(����(������ *�������*
����� ��)(��� ������� ���2� 6��� ����� �������*
����2!��������������2�����������������������������'
�����(����������6�����(����������(����������������/
�(������� ����������� �����)(��� ����(��� �� ������(*
�(���(��(�!��������������������������(���� ���'
�����(������6���������2���������������������������
�����������������5?A5?�����(���������������(����
����6!�'���������������/���������������2�����������
�������������������������(���� �������(�(����(����
�����'������(�����!
�� ������(�(�� ����� ���� ��� ��G������ ����� �� ��'

������������� ��� ��� ��� ��(������  ������2� ��
���	
� �/��(�����2�6������2���6����������2!�������
��������������� ������������(��������������	
� �F����
�� ������(�(�� ����� ��� ����� ������� ��� ��'
�����(����� ���������(���� ��� ���� �B��� 6��� ��6
�������2� ���� ��� ��G������ ����� ��� ��� �� ���� �2� ��
����������� �(����� ���������� ��� ��� �� (��!� ���
�����)(�� ��8��� ������� �� ��� ��� ��������
������������2������'�����(��������������������������
��� �� ������ ���������(���� ��� ��� ��'� �B��!� ?(�
D���� ����� ��G������E�  ���������� 6���� �����
������(���� ��� ��� ����2� ���@�/� �(�� ��)(����
������(��������������6���(����6�����������������2
��(�����������������������2�9������!�-�����������
��G����������������2�������������(��������������2���
�������������������2�����������������G�������������
���������������!����������������������������(�����
���� ��������� �����������2� ��������� ��� ��2� ���
����������2�������� (�����(���� �������������2�� 
�����(��� �(�� ��� ∼�@0��� ��� �������� �����������
�������������������� ���������������������2���������
��'�������������!��������6�2/���������������(���
6��� �� ������ ���� 2� ������/� �������� �2� ������
����������/� ����6�� � ���������� �������� ���(��� � ��
���������������!



2364 TIME OF FLIGHT MASS SPECTROMETERS

%� 
����&�������� ���������������

�������������

�����(�2�����������(���������������8(�����������
 ���� (���(�� ������������ ���(�� ��� �����(���� ���(�*
�(�������������������!��������������������(������
��������2��/���������������������������2��(�����(��*
�����(��������2����������������6�������� ���(������*
������� D����*��(���� ����2E�!� ��� ����������� ��� ��
��( ���� ����� ��� ��(������ ���� ��� ����������� ����
����������������� �/��(���(��������(���������������*
������'��������������2������������������������/������
���'��������������������2�����(�������������B�����*
�2����������������������2�����������������/��������*
�(����������������������������(�!��(������( ���
�������������������� (������2���������������� ������
������� ������� �����(����� ����� ��� ������� ��� ����
�������( ����!
��������������/����8����������� 2�������������

������������������� ���������2�����(���/������( ���

�����6�����������������������������2� �����������!
���������������������(��������������������'���������*
����/��������������������� ���������������� ������(����
����������� ��� ���E�� ���� 2� ���6���� ��� ���� �������2/
����(����������������������� 2������� ������������
������������ ��� ��������������� �������������� �(�
������������������!�������������������������������
����������2�����������������( ������������6���������
�����������������������(��� �������������������������
��������������������������(������������������������*
��������!�<�6����/����������(�������(������������*
�����������������C����2��B������ ������( ���*���
������(������� �����/�6����������������������������
���������������(������������ ����!�������������2/��
�������6�������������������������������������(���!
>�(���2�������������(�����������������������������

�B�������� ����� ��� ������/� ����  ���� � ����� ��� �
��( ���*���� ������(�!� ��� ��� ��������� ��������2� ��
���������������������������������2����������(�������*
�������� ���� �������������������������2!�����������*
����2�������2���������� ����� ������B���������������
�����(����������� �������2��������������D���� ���E/
�����B������ ��������2�����(���������������������
�����2����!
�������*��(��������2������)(���(���������������

�����������/��(��������������������������2�����������
��� ��� ������� ���/� ������� ����� ���(���2� ��� ��
��( ���� ����� ���������� ��� ��� ���(���2� �������
����������������/�����������)(����2�����������������*
������� ��������� ����� ��� ����������� ����2� ����*
��(�!����������������������(��������������������
��������(��������������(�����/��������(���������6!

������������ �����

��������������������������������������������B����
�����������(�2�� ������(�������(��(��!�?(���������
�����������������������5?��������������������������/
��  ��� ����� ���� ���������*���(���� ������������/� ���� �
������� ����� ������������� �5?#�� ��� ����2��� ��
��( �������������(�������������8(��������������!
��������(����2��(������������������������)(���(����
�������������I�����5?�/���)(���(��������� (�����)����
��������������������B�������2�:'����2�/��������������*
�� � ��'� �����(����� ��� 5?#!� 5?A5?� �B���������
�������������������2�������(����������������������/
�����2� ��� ��������������� ���������� �� ������(�/� ��
��� ����������2� ���� ������ ��������� ��� ��'� ������� �
�� ���������������� �������������� � �����(������ ���
5?#!�����(���������������������������/��������������2
���������B���C���6���(�����(��� �����������(����!
��������������/�5?����������2�(�����������������*
���/���������������������������������������� �/������
)(���(���������� ������� ��� ��  ���� ������ ����(��� ��
���� ��� ����������2� ��(����� ��� ��� ���������� ����!� ��

Figure 3 A schematic diagram of an orthogonal-injection TOF
instrument with an electrospray ionization source. Collisional
cooling is used in a quadrupole ion guide to produce a beam with
a small energy spread, and a small cross section. The pressure
in the ion guide is typically tens of millitorr; the main TOF cham-
ber is under high vacuum, typically 10−7 torr. Ions are pulsed into
the spectrometer at a repetition rate of several kilohertz; packets
of ions for one mass are shown at several positions along the ion
path.
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�����������������������������������������(����!
��� �������� ��� �������� � � � ������� ����� ���

���(��6������1?����(�������(���/�����(����������(���
�����6����(��� ��� ��� �� ������/� ���� ��������
�(�� � ��� ���� 2� ����� ��6���A(�� ���� ��� ����
�����(��������!� ������������(���� ����� ����� �����
������� ���(�� 6��� ����� ��� ��� ���� &!� 59�� �A(
∼#+ @@@���������������������2�1?�A��'�(��� ����2
+ 8
�������������!

'��������!�$�	�

) = �������������������� ��������������F���/��# = �����*
����� ���� ��� ��� ����� ���	
� �F�  = ���� ����F
� = ������� �F�� = ����F������������ �F�' = ��������*
���2F� ! = ��������� ���������F� ( = (� ����������F� �����
��� �F�� = ������������������������2!

See also: Fragmentation in Mass Spectrometry; Ion
Molecule Reactions in Mass Spectrometry; Ion Struc-
tures in Mass Spectrometry; Ionization Theory; Laser
Applications in Electronic Spectroscopy; Metastable
Ions; Plasma Desorption Ionization in Mass Spectro-
metry; Quadrupoles, Use of in Mass Spectrometry.
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�������	���������������"���+@%��+�!

����(�)����	��������

See Heteronuclear NMR Applications (Ge, Sn, Pb).
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See Heteronuclear NMR Applications (Sc–Zn).
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See also: Biochemical Applications of Mass Spec-
trometry; Enantiomeric Purity Studied Using NMR;
Isotopic Labelling in Mass Spectrometry; Labelling
Studies in Biochemistry Using NMR; Macromolecule–
Ligand Interactions Studied By NMR; Microwave
Spectrometers; Solid State NMR, Methods; Stereo-
chemistry Studied Using Mass Spectrometry; Struc-
tural Chemistry Using NMR Spectroscopy, Organic
Molecules.
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Figure 1 One-dimensional Fourier transform NMR data: (A)
time domain free induction decay (FID) detected after a radiofre-
quency pulse; (B) frequency domain spectrum after Fourier
transformation of the signal in (A).
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Figure 3 Schematic illustration of the process used to produce a 2D NMR spectrum.

Figure 4 COSY 2D NMR spectrum of ethanol: (A) stacked plot; (B) contour plot with contours plotted at intensities of 2n.
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Figure 5 (A) COSY pulse sequence; and (B) COSY spectrum of heptan-3-one with its 1D 1H spectrum plotted across the top.
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Table 1 Some common 2D NMR experiments and related information

a Typical experimental times for molecule with Mr = 500 and experiments performed on a 300–400 MHz spectrometer.

Experiment name f2 f1 NMR interaction Structure information

Time (h)a/sam-
ple quantity 
(mg) Comments

COSY �H �H
2JHH & 3JHH H–C–H & H–C–C–H 0.25/1 Easy

Relayed COSY �H �H
2JHH & 3JHH H’s in a spin system 0.25/1 Easy

TOCSY �H �H
2JHH & 3JHH H’s in a spin system 0.25/1 Easy

NOESY �H �H H–H dipole–dipole rHH, conformation 4–12/5 Usually 10–100 times 
weaker than COSY

ROESY �H �H H–H dipole–dipole rHH, conformation 4–12/5 Usually 10–100 times 
weaker than COSY

HETCOR �C �H
1JCH C–H 2–8/10 13C detected

Long-Range HETCOR �C �H
2JCH & 3JCH C–C–H & C–C–C–H 2–8/10 13C detected

COLOC �C �H
2JCH & 3JCH C–C–H & C–C–C–H 2–8/10 13C detected

HMQC/HSQC �H �C
1JCH C–H 1/5 1H detected

HMBC �H �C
2JCH & 3JCH C–C–H & C–C–C–H 1–4/5 1H detected

HOESY �C �H C–H dipole–dipole rCH 12/50 Extremely difficult

Homonuclear 2D-J �H JHH
2JHH & 3JHH Conformation 0.25/1 Easy

Heteronuclear 2D-J �C JCH
2JCH & 3JCH Conformation & no. of 

attached H
2–8/10 Moderate

2D-INADEQUATE �C �Ca+ �Cb
1JCC

13Ca–13Cb 12–16/100 1 in 104 Molecules 
extremely difficult
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Figure 6 Methylene regions between 2.2 and 2.5 ppm from the proton spectra of heptan-3-one. (A and B) normal 1H spectra; (C
and D) HMQC spectra; (A) 1H spectrum; (B) 100× vertical amplification of (A); (C and D) spectra obtained from collecting a single
HMQC transient with phase cycling for odd and even transients, respectively; (E) is spectrum in (D) minus spectrum in (C); and (F)
single transient from HMQC spectrum obtained with PFG coherence selection.
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Figure 7 (A) HMQC pulse sequence with phase cycling for co-
herence selection; (B) PFG-HMQC pulse sequence. In these di-
agrams, the filled rectangles are 90° pulses, the unfilled
rectangles represent 180° pulses and the shaded rectangles rep-
resent field gradient pulses.

Figure 8 (A) Schematic illustration of real (r) and imaginary (i) components of the spectrum before FT ; (B) after FT the data can be
represented in phase sensitive (PH) mode, or (C) an absolute value (AV) mode spectrum can be calculated.
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Figure 9 General shapes of various weighting function used to
massage NMR data and typical FIDs: (A) exponential decay, (B)
shifted sine function, (C) shifted Gaussian function, (D) typical
FID in which acquisition has been truncated before the signal de-
cays, (E) Gaussian function, (F) sine function (G) product of ex-
ponentially increasing and shifted Gaussian functions, and (H)
echo signal FID.
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See also:  Diffusion Studied Using NMR Spectros-
copy; Macromolecule–Ligand Interactions Studied By
NMR; Magnetic Field Gradients in High Resolution
NMR; NMR Data Processing; NMR Pulse Sequences;
Nuclear Overhauser Effect; Nucleic Acids Studied
Using NMR; Product Operator Formalism in NMR;
Proteins Studied Using NMR Spectroscopy; Solid
State NMR, Methods; Structural Chemistry Using
NMR Spectroscopy, Organic Molecules; Structural
Chemistry Using NMR Spectroscopy, Peptides;
Structural Chemistry Using NMR Spectroscopy,
Pharmaceuticals.
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Figure 10 (A) Time domain NMR signal (—) detected (---) cal-
culated using linear prediction. (B) FID with a distorted point in the
middle. (C) FID with the first few points distorted by pulse break-
through.
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Figure 1 Conceptual diagrams of absorption spectrometer
configurations: (A) single beam (B) single beam reverse optics
and (C) dual beam. L = light source(s), M = monochromator(s),
C = chopper, B = beam splitter, R = reference sample, S = test
sample and D = detector.
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Figure 2 Conceptual diagram of a fluorescence spectrometer.
L = light source, Ex.M = excitation monochromator(s), Ex.P =
excitation polarizer, S = sample, Em.P = emission polarizer,
Em.M = emission monochromator(s) and D = detector.
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nescence Spectroscopy; Light Sources and Optics;
Organic Chemistry Applications of Fluorescence
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X-Ray Fluorescence Spectroscopy, Applications.
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See Heteronuclear NMR Applications (Sc–Zn).
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Figure 1 Energy-level diagram illustrating the definition of
VCD as the difference in the absorbance of a molecule for left
versus right circularly polarized IR radiation in a vibrational tran-
sition between states g0 and g1 in the ground electronic state.
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Figure 2 Diagram illustrating the basic optical layout and electronic pathways for the measurement of VCD. The diagram is
applicable to both dispersive VCD spectrometers and FT-IR spectrometers that use a photoelastic modulator (PEM) as the source of
the polarization modulation of the light beam between left (L) and right (R) circular states.
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Figure 3 Dispersive IR and VCD spectra in the region of CH stretching vibrations for the molecules (A) (S)-methyl-d3 lactate, (B)
(S)-methyl-d3 2-(methoxy-d3)-propionate, and (C) di(methyl-d3) D-tartrate illustrating the large positive VCD associated with the
methine CH stretching mode in these molecules. The experimental conditions were 0.005 M or 0.01 M solutions in CCl4 in a 1.00 cm
fixed-pathlength cell. The resolution of the VCD spectra is 16 cm–1 and of the IR spectra is 4 cm–1.
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Figure 4 FT-IR and FT-VCD spectra of (–)-�-pinene in the
mid-IR region. The experimental conditions were neat liquid with
a pathlength of 75 µm a resolution of 4 cm–1 and a collection time
of 20 min per enantiomer. The final VCD spectrum was obtained
from the subtraction of the VCD of the (+)-enantiomer from that
of the (–)-enantiomer.
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Figure 5 FT-IR and step-scan FT-VCD spectra of R-(+)-cam-
phor in the CH-stretching region. The experimental conditions
were a 0.6 M solution in CCl4, a pathlength of 43 µm, a resolution
of 16 cm–1 and a collection time of 2 h per enantiomer. The final
VCD spectrum was obtained from the subtraction of the VCD of
the (–)-enantiomer from that of the (+)-enantiomer.
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Figure 6 Diagram illustrating the polarization sequence and measurement setups for FT-IR, FT-VCD and FT-VLD with a PDI-FT
spectrometer. For absorption measurements, the placement of a vertical polarizer converts the train of polarization modulation to
intensity modulation. The polarizer is removed for VCD and VLD measurements as illustrated.
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Figure 7 Measurements of the VCD spectrum of neat (+)-�-pinene from three different laboratories illustrating both the variation
that can arise in the measurement of absolute intensities and the convergence of the measurements to a relatively narrow range of
values.
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Figure 8 Three VCD spectra of (–)-�-pinene for decreasing
values of optical purity, 100%, 95% and 90% enantiomeric
excess. The experimental conditions were 70 µm pathlength,
8 cm–1 resolution and 2 h of collection time for each sample.
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Figure 9 Comparison of the experimental and theoretical IR
and VCD spectra of (S)-methyl lactate. The calculation was car-
ried out using density-functional theory and the magnetic-field
perturbation theory of VCD intensities. No adjustable parameters
were used for the theoretical calculation other than choosing the
bandshape for the vibrational transitions.
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See also: Biochemical Applications of Raman Spec-
troscopy; Biomacromolecular Applications of Circu-
lar Dichroism and ORD; Chiroptical Spectroscopy,
Oriented Molecules and Anisotropic Systems; Chi-
roptical Spectroscopy, General Theory; ORD and Po-
larimetry Instruments; Raman Optical Activity,
Applications; Raman Optical Activity, Spectrometers;
Raman Spectrometers; Vibrational CD, Applications;
Vibrational CD, Theory.
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Figure 1 VCD of desflurane. The experimental spectrum
shows the (−)-enantiomer (corrected, as the original label incor-
rectly read (+) due to a confusion); 0.2 M solution in CCl3). The
theoretical calculations were done on the (R) configuration. Re-
printed with permission from Polavarapu PL, Cholli AL and Ver-
nice G (1992) Determination of absolute configurations and
predominant conformations of general inhalation anesthetics:
desflurane. Journal of Pharmaceutical Sciences 82: 791–793.
© 1992 American Chemical Society.
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Table 1 Models/methods cited

FPC Fixed partial charge

LMO Localized molecular orbital

MFP Magnetic field perturbation

APT Atomic polar tensor

VCT Vibronic coupling theory

EXC Excitation scheme

HF Hartree–Fock

DFT Density functional theory
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Figure 2 VCD (upper) and absorbance (lower) spectra of a thin crystal slice of �-nickel sulfate hexahydrate (d = 63 µm, cleaved
parallel (001) as shown in inset). No spectrum could be taken of bands with absorbance > 2.



VIBRATIONAL CD, APPLICATIONS 2409

���
 ���
 �������������
 ����	�$��
 ∆!
 ��
 Λ!
���������	�����������6!�	������������	������
 ����
 ����
��
���
�������
����
���
��
�$�	����
�����
���
����!
�����
����	�
����		����
���	
 ��������������
�=7
����������
��
&*)) ��−&�
��
���
����
�������
�����!
����
�D>3
������������
���
����������
��
���
	�����
��
�		�������
��
���
����
����
���	�
����
����
����	�
�(��	
����������
�������"
���
���
��
���
∆!������
��
����	�
���
�����
	�����
����
����
��
���
Λ!�������

���
�������	
���
��>3
�����������
��
����
������
����	�$��
 ��
 �����
 ����
 ��
 �∆��′!�����6!�	���!
���������	������
����
����
��������
#�
���
���
���!
���
 �����
 ����
 ��
 �3
 ��	���
 ���������
 �������
����"
 ���
 ������
 ��
 �����������
 ��
 ���
�������
���
��
����
�������
��������
����
��
����
	�����
��
�
����	�
 ��
 ���
 ������
 �	�����
 ��
 ���
 ����
 ��
 ���
����������
����	
����

����	�$��
��
 ���
 �����	���
 ����	�
 ��
 ��������
����
 ����	���������
 ����
 �	��
 ����
 �$�����
 ��
����
#����
 ����������	
 ������������
 ��
 ���
���
�������
��
����
��������
���
 ����
���
 ���
D>3
��
�>3
����������
�����������

���
 ������
 �����!�4��!F	�!�:
 �����
 ����	�$��
����
 ��������
 �	2�	�
 ��
 �	2�	���
 �����
����	�
 ����
����
�������
����
�����������
��
���
������������
��
���
������H
���
�����������
��
���
�������	
������
��
 �������		�
��
 ���������
���
 ��	����
�	���
 ���
����
���������
��	�
��
���
���	������
��
�������������
���
�� �
��
���
���!������
������
�����
��
���
���!
����	
������
��
 ���
 �� �
��
������
��
 ���
������
���
��	�
��
��������
�����������

��
 ������
 ��
 ���
 �����������
 ��
 ���
 ��$�����!
�	������	������
 ����
 ���	���
���������
 ����"
 ���
����	����
 �������
 ��
 ���
 ���
 �������
 ��
�F��)'S�F��)'
 ��
 �#�F�#�F�#��S�#�!
F�#�F�#��
����
����������
��
�����
��
���������	
��������

*���'�������������������

"�������

���
 �����
 ���
 �������������
 ��
 �������
 9)';
 ��!
�����
���
�>3
����������
��
���
��������	
������
��
��		
 ��
 ��
 ���
 �����
 ��������
 ��
 �����������
 ��!
�����H
 ���
�����
��������
��
���
�=7
����������
���
�	��
 ��������
 6����
 �������
 �����
 ���
 �	��
 ��
���
��
��
��
��������
��	��	������	
����	���

��������	�
 �����������
 ������������"
 �������
������
����
�
���
����
�����
�����	���
��	�
����
���
���	�����
��
�����
������������"
����
�	����
����
��
 ��������
 ��
 �������������
�������
������	
��������"
���	����
 ���
 ����������������
 ���
 ��(�����
 ��
�����
 ���	
 ��
 �������	�
 �������
 ���
 &*
 ��������
��	���	��
 ����	����
 ���	���$������"
 ��������

9)&;"
�������"
��	�����"
��
�����
������	
��������
���������
���
�3)>�)3>�J3
�������

?����
�
-�!���
������������"
���
�������
��
�+�!
:!�����	���	���$�����"
�+�!�������
9));
��
�>�!�!
������
 9):;
 ����
 �������
 ��
 ���
 ��!�������
 ��!
����H
�
������
�����	!��!�����
�����
��
�����
��
�����
����������
 ����
 �������
 ����
 ����
 ���������
 ��!
����������
 0����$!���	���
 ��	���	��
 �������
 ����
	�����
 �������������
 #��������
 ���
 ���
 ��
 �����
)@)' ��−&"
���
����
��	���
��
*�< × &'−<
 ���
 �−�!�!
������
��
−=�* × &'−<
���
�−�!�!������"
�����
���		�
���
�����
��	���
��$�������
���
����
��	��
��
'�')
���
���������	����
� ����

-��
 ���
 ��$
 ������������
 ��!�−�!	�������"
 ���!
�+�!	�������"
��!�−�!����		�	
�	����	"
��!�−�!����		�	!
����"
 ���!�+�!#!�����!&!���
 ��
 ��"��!�+�!#!
�����!&!��!@!�	"
 ���
 ���
 �������
 ��
 ���
 �����"
����"
��
������
���������
��
���
�>3
����������
��!
�������
����
����
���	�����
���
�������
����	���
���
 ��
 ���������
 ��
 �
 ����	�
 ���������
 ��
 ���
�3)�3)�J3
���������

7����
��������
�����
�����(����	�
��
���
��
��
���	��
 ��������
 ��
 �−�!������	"
 ��
 �
 ����	�



2410 VIBRATIONAL CD, APPLICATIONS

����
���
������
��
���
����������
��
�+�!������	
9)<;�

�����'#������

,�����
 ���
 ����
 ���
 ��������
 ���
 ���
 �������!
����
��
���
��
���
����
������
5��
��
����!
���
 ��
 �
 �����������"
 �����
 ��
 �	����
 �	����
������
 ��
 ����
 �	���
 ��
 ������	
 ���������
���
 �$!
���������
��
���
���
�������
��
��$
������
������
�����	�
�
 �����	���
 ��	�
 ���
 ���
&&*' ��−&
 ���
 ��
��������
 ������	
 ��	��$���
 6����
 ���
 -�!���
�������
��
 ���
 ������������
�!������"
�!���������"
�!������"
 �!��	������
 ��
 �!�	�����
 9)*;
 ��
 �����
�����������
��������
��
���
����$�	
�����
����
�$�����
 ��
 ���
����
��	�����
,���
�����	
�����	�!
�����
 �������
 ���������
 ��
 �������
 ���
 ����"
 ���
�	��
����
����������

���	��$�����
 ���
 �����!��	��	�
 ���	��
 �	�������
��
�	�����"
���
����
������
��
�����
���
�!"
�!
��
�!���	��$����
����
��$"
�����
��
�����
�	�����
����!
����"
����������	��
7����
��
�����
������	
�����
����
�
 ����������
 ��������
 ��
 �
 �������	��
 �$������"
����
 ����
 �����!��	��	�
 ����	�$��
 ����
 ���������
��
 �������
 ���������
 ����������
 ��
 ���
 ���
�������
��
���
�!
��
�!���	��$�����
����
����$�	!

��������
 �!���	��$����"
 ���	��$����>������
����	�$��
 ��
 ���	��$����
 ���	�����
 ����	�$��
����
�����	
������"
�����	�$�����"
�!�������	
��
����������
 ���	���$������
 ���������	�
 ��������
���������	
�������
��
������	
��	��$��!�=�

�+������

���
 ��������
��
 ��	��������
 ��
 ���
�>3
��
D>3
����������
 �������
 ���
 ��
 ����������
 ��
 ��
 ��
 ���
����	���
��
 ���
�����������
����
���
�������������
����
 ��
 ��
 ��������
 ��
 ���
 ������
 ����	���
 ��
 ���
���
 ������������
 ��
 �����	
 �����"
�����
 ��
 ���!
���	�
���
��
�$�	���
���
�	��������
���

���
 �������������
 ��
 �
 ��	<
 ��	�����
 ��
 �>�!
���������
9)=; > ���
�	2�	��
����
	����
����� > ��
����������
��
���
�$���������	
����	��
����
��	��	�!
�����
 �����
 ���
 ���
 5I�
 ������
 ����
 ��(����
���������
���
����
�
	����
��	���	��

����������	
��
 ��
 ���
7>3
 ��
D>3
 ����������
����
 ��
 ���
 ����������
 ����������������
 �����
��$�	
��
���
��
 ���
���!�����
����������
���
����
�������
��
�������
����
��	��	������
��
 ��$�	
����������

��������������'��������������

���
 ����	�
 ����	�
 ����		����
 ���	"
 �����
 ���
����	�
��
���	��
��
	����
��	���	��
����
���
�����!
��	
 ����		�����"
 ����������
 ����
 �	��������
 ���
 #�
�$���	�
��
���
���	�����	���
��
���
���	
��
�����
��
�������
��������
���
�������	
 ���������	������
5���
����
 ����	�
���	
�����
���
 ����	��
 ���
 ���
�	���	�
��	���
 �������
 :"=!��$�!*�!���	������
 9)A;"
 :"=!
��$�!*�!���	��
 ���
 �����	
 �����"
 :"A!��$�!*�!
���	��
 ���
�����	
 �����"
 A"&)!��$�!*�!���	��
 ���"
:�!����$�!A"&)!��$�!*�!���	��
 ���"
 ��
 :!�$�!
*�!���	��
 ���
 ����
 ��	�
 ���
 �$�������
 ����
 :"A!
��$�
�����������

�+�!*"="A"B!���������!B!�����	�����!&"*!����
9)B;
��
��
���������
���������
��
���
���������
��
��!
������
���
�����
��
 ���
 �$���������	
���
��������
��
���
&<''>B*' ��−&
������
���
��
��������
��!
(����	�
 ����
 �����
 ���
 ���		
 �����
 ���
 =>:&F�
 ��
 �
	����
�����
���
�������
��
���
������
��	���	�"
�������



VIBRATIONAL CD, APPLICATIONS 2411

9)@;"
����
��	��	���
����
	�����
�����
����
�����
3-
��
�-�
�������

����������

���
����	���
�����
���
�����
��
��!�>�!�	�����!��!
�&
 9:';�
 ���
���2
���
 ��
 ���
�������
 ����������
��
)@@' ��−&
 ���
 �����
 ��������
 ����
 �����
 ��
 6!
�	�����
��
6!���	���"
�����
��
��������
��
9:';
����
�
��������
�������

D�������
 ��������
 �����
 ����
 ����
 �$�����
�����
 ���
�>3
 ����������
 ����������	
 �������
#��
��
 �����
���
�������"
 �����
�$�	����	�
��	�
 ���
6!
��	���!D!�:"
�
�����	���
��	�
���
����
���
���
���!
��	
��������
 ��
 ��
 ��
 �������
 ����
 ���
 �����
 ����
�����
 ����
 ��
 �������	���	��
 ����
 ��
 �(�����

��	�����"
���
���
��
���
�J>3
����������
���������
��		
 ��
 �������
 ��
 ����
 ��
 ����
 ��������
������� 	�"
����
��
��		
�������
�		
�����
����������
��
����
 �������
 #
 ��������
 ������
����
 �
 ��	��
 ��
����
����
 &' −< ��−&6��	−&
 ����
 ��������
 ��
 6!�����
����

���
����������	
��
�������
��
����
6!�����
����
����
����
������
��
�
��������
��
�3�
#
	����
���!
�����
����
���
����
����
���
���
�>3
����������
��!
����
��
������	
��
����
�3"
�������
��
 	��
�3
���
����
 ��
������
��
��	�
����
 ���		
���
�����	�
���
��������
#����
���
	����
����
���
���������
��
����
��������
 ����
 ���
 ������	�
 ��
 ����
 ��������������
#������
 ����
 �$�����
�	�����
��
 ���
��������
������������

,����
*!���	!*′!�	2�	����
����������
��
��������
�����
����
����
�������
��
��	<
��
�3�	:
�����
���
 �������	
 ������
 :=''>:)'' ��−&�
 ���
 	���	
������������
��
���
����
������
���
��������
��
��		
 ��
 ���
 �������
 �����
 ����
 �����
 ���
���
��������
7����
����������
�����
���	��
*!�!/7�!
�	�����
 ��
 *!�!/7�!���	���
 �/7� K ����$�!
�������	��

���������������������

���
 ������������
 ��
 ����	���
 �������������
 ��
 ���
��
����������
��
���
����
��
�������
��
���������
#����
���
�������
����
����
����
�����
���
��	�!
�	������"
��	����	����"
��	�	������"
��	����������
��
��	���!��� �	!6!�	��������"
 ��
 ��		
 ��
 ���������
 ,
��
�����
���	��
�������H
��������
�$�����
���	��
�!������������"
 ����������
 �"
 ������	����"
����	����"
�������	����
,
��
������!���������
���!
�������
���
������������
��
���	��
����
��������
��
 ������
 ���
 ��������
 ��
 ��������
 ����������
 ��
�����
�����	������
7�	�
�
���
������	
�$���	��
���
�����
����
����
������
���	����
�����
���
&@@'��

Figure 3 Ring current mechanism (positive VCD) in the C–H
stretching vibration of an L-amino acid. Redrawn from Freedman
TB, Balukjian GA and Nafie LA (1985) Enhanced vibrational
circular dichroism via vibrationally generated electronic ring
currents. Journal of the American Chemical Society 107: 6213–
6222.
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Figure 4 Experimental (in CCl4) and theoretical (ab initio DFT, B3LYP/6-31G*) spectra of (1R, 5S)-(+)-frontalin: (A) absorption spec-
tra, (B) VCD spectra. Reprinted with permission from Ashvar CS, Stephens PJ, Eggimann T and Wieser H (1998) Vibrational circular
dichroism spectroscopy of chiral pheromones: frontalin (1,5-dimethyl-6,8-dioxabicyclo[3.2.1]octane). Tetrahedron: Asymmetry 9:
1107–1110. © 1998 Elsevier Science B.V.
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See also: Biochemical Applications of Raman Spec-
troscopy; Biomacromolecular Applications of Circu-
lar Dichroism and ORD; Carbohydrates Studied by
NMR; Circularly Polarized Luminescence and Fluo-
rescence Detected Circular Dichroism; Induced Cir-
cular Dichroism; Magnetic Circular Dichroism,
Theory; Nucleic Acids and Nucleotides Studied
Using Mass Spectrometry; Organometallics Studied
Using Mass Spectrometry; Polymer Applications of
IR and Raman Spectroscopy; Proteins Studied Using
NMR Spectroscopy; Vibrational CD Spectrometers;
Vibrational CD, Theory.
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Figure 1 Experimental (A,C) and calculated (B,D) absorption (A, B) and VCD (C, D) spectra of (1R, 4R)-(+)-camphor. The resolution
of the experimental spectra was 4 cm–1. Calculated spectra were obtained using DFT, B3PW91 and 6-31G*. Band shapes are Lorentz-
ian (half width at half height 4 cm–1). Fundamental modes are numbered.
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Figure 2 Comparison of calculated and experimental rotation-
al strengths for (1R, 4R)-(+)-camphor. R values are in 10–44 esu2

cm2. The straight line has a slope +1.



VIBRATIONAL CD, THEORY 2421

"
�������������.���	����������������
���
���������
��������� ��� ���� 	�������	� ������� �
�� �� ����� ��
��
��������)���	�����������������������
��������)
��� ���������)� ����������� ��� �
�� �	�-2� ��������
�� ������������������
�����������������
� 
��
���,��������� �� �� ��� �
�� �4(� ������
�� � �� ����� -��
���������� ���� ��� ����������� ������������������� �
�
������� ��.��� �
���������� �
����� ��� ���� �
�� �
��
��)���������3����������������������������)��������
����� ��� ������ ���������� ��������� ���
� ��� ���'�
(���������
�)���������
���������������������
������ ���������� � ��
� ���� ����� �)� ���
� ������
���������� -��������� ��� �������� �������� ��� ���
� ����
������� ���������)� ������� ������������ ����
��� �.��
�
����� �������
���
���)��������
+������ 
���� ���������	� ��� �
�� �
���)��������� -��

���������������������	� ��������������)��	� �
�� �����
�������	�����������-���������
���
���!�� ��������
��
�������
����
��	���������������������������������
�������)� ������������
�	��� )� ���� �
�����	���������
���� �������� ��� ��� �������� �����,������ ���� �
�
����������������������������������������)���������
������� �������
�����)� ����
��������������� -������
��������� �
��	����������������������������� �������
����� ����������������������� ≤ >##������������
���������������� ����������������)�

����
��
�����	�

	 = ����������=� 
 = �������������� ���� 1−&�=
� = 	������ ����� �
=� &� = ����������� �
�� �=
� = ������!�	� ����� �
���� ��������=� ��� = �	�������
����������� (���������=�  = ������ ��������=
� = ���
��� �
� ���=� � = ������ ������ ������=
'� = ����������� �����=� � = ������ ������ ����
���=� �� = �������� �����=� � = ������ ����	��
����=�$� = �������������������=�� = ���������������� �
=
�� = �������� ��������=� � = ���� )=� ��� = �������
�
�� �=� �� = ��������� ��� ��������� ��� ������ �;
∆	 = ���������	��
����=�� = �����������������������
�����=� � = 	������ ����� ��������=� � = ���,����)=
� = �������������

See also: Vibrational CD, Applications; Vibrational
CD Spectrometers.
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Figure 1 Picture of William Herschel’s experimental setup. Using blackened-bulb mercury thermometers, he observed a difference
in temperature between one positioned at the red end of the visible and one positioned beyond. Originally from Philosophical
Translations, Pt II 80: 289 (1800). Photograph courtesy of Professor N. Sheppard, FRS.
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Figure 2 Point-by-point IR spectrum of ethyl cyanide. From Coblentz WW (1905) Investigations of Infrared Spectra. Washington DC:
Carnegie Institution of Washington. Photograph courtesy of Professor N. Sheppard, FRS.

Figure 3 An FT-IR spectrum of ethyl cyanide. Reproduced with permission from Pachler KGR, Matlok F and Gremlich H-U (1998)
Merck FT-IR Atlas. New York: VCH.
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Figure 4 Plan view of a Hilger IR spectrometer made in 1918. A constant-deviation Wadsworth optical arrangement with a 60° rock
salt prism was employed. The detector was a thermopile and the source a Nernst filament. From Hilger Journal, August 1955. Photo-
graph courtesy Professor N. Sheppard, FRS, and reproduced with permission from Hilger Analytical.
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Figure 5 An early automatically recording IR spectrometer, the Hilger model D209 introduced in 1940. The spot from a mirror gal-
vanometer was focused onto photographic film fixed to a rotating drum. Later during the Second World War, this machine was devel-
oped into the first commercial double-beam (ratio recording) IR spectrometer. Photograph courtesy of Professor N. Sheppard, FRS,
and reproduced by permission of Hilger Analytical.
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Figure 6 Comparison of the Raman spectra of isotactic polypropylene. (A) Mercury arc, 435.8 nm; densitometer trace of a photo-
graphic negative. (B) Laser, 632.8 nm; photoelectric recording. Reproduced by permission from Tobin MC (1971) Laser Raman Spec-
troscopy. New York: Wiley.
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Figure 7 Mercury arc-excited Raman spectrum of carbon tet-
rachloride with photographic recording. (A) The spectrum of the
mercury arc itself for reference. (B) The four Stokes lines (right
side of the exciting line) and the weaker antiStokes (left side of
the exciting line) lines, of which only three can be seen. From part
of Plate 1, Raman CV and Krishnan KS (1929) The production of
new radiations by light scattering. Proceedings of the Royal So-
ciety (London) A122: 23–35. Reproduced from a photograph
courtesy of Professor N. Sheppard, FRS, and with permission of
the Royal Society.
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Figure 8 Laser-excited Raman spectrum of carbon tetrachloride with photoelectric recording. Reproduced with the permission of
Professor N. Sheppard, FRS.
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See also: Chromatography–IR, Applications; Fourier
Transformation and Sampling Theory; FT-Raman
Spectroscopy, Applications; Hydrogen Bonding and
other Physicochemical Interactions Studied By IR
and Raman Spectroscopy; IR Spectral Group Fre-
quencies of Organic Compounds; Industrial Applica-
tions of IR and Raman Spectroscopy; IR Spectro-
meters; IR and Raman Spectroscopy of Inorganic,
Coordination and Organometallic Compounds; Near-
IR Spectrometers; Nonlinear Raman Spectroscopy,
Applications; Raman Spectrometers; Raman and IR
Microspectroscopy.
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Table 1 Properties of the NMR active xenon isotopes 129Xe and 131Xe

a At the magnetic field B0 = 9.39 T.
b Absolute sensitivity (product of the relative sensitivity and natural abundance) with respect to that of the 13C isotope.

Isotope Spin
Natural abundance
(%)

Gyromagnetic ratio 
(107 rad T−1 s−1)

Quadrupole moment
(10−28 m2)

NMR frequency a 

(MHz) NMR sensitivity b

129Xe � 26.44 −7.441 � 110.632 31.82

131Xe 21.18 2.206 −0.12 32.795 3.318
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Figure 1 Molar medium effect on the 129Xe gas-to-
solution shifts, –�*m as a function of the number of carbon atoms,
nc. –�*m = –�m /�, where � is density. Adapted with permission of
the American Chemical Society from Luhmer M and Bartik K
(1997) Journal of Physical Chemistry A 101: 5278–5283.

Table 2 Solvent effect on the 129Xe shielding. Values are
referenced to zero-pressure xenon gas.

Solvent �m (ppm) Solvent �m (ppm)

Hexafluorobenzene –85 Water –196

Methanol –148 Chlorobenzene –202

Methyl chloride –153 Bromobenzene –219

Tetramethylsilane –158 Carbon tetrachloride –222

Ethanol –165 Methyl iodide –239

Fluorobenzene –176 Iodobenzene –248

Toluene –190 Methylene iodide –335
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Figure 2 129Xe NMR spectra of natural xenon gas in a binary
mixture of the Merck S1114 and EBBA liquid crystals. The shield-
ing (in ppm) is referenced to that at 360 K. On the right are shown
the various phases: I (isotropic), N (nematic), SA (smectic A), and
SB (smectic B). Adapted with permission of Gordon and Breach
Publishers from Jokisaari J, Diehl P and Muenster O (1990)
Molecular Crystals and Liquid Crystals 188: 189–196.
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Figure 3 The 131Xe triplet of xenon in the thermotropic Merck
ZLI1167 liquid crystal. The frequency separation of the two out-
most peaks is ∼ 56 kHz. The intensity ratios are distorted be-
cause of experimental instabilities. Run parameters: 131Xe
resonance frequency 49.218 MHz (B0 = 14.1 T), acquisition time
∼ 7 min, T = 325 K. (Unpublished data from this laboratory.)

Figure 4 (A) 129Xe chemical shift, and (B) 129Xe line width at
24.79 MHz as a function of temperature for xenon adsorbed in
poly(ethyl methacrylate), the glass temperature, Tg is 65 °C.
Adapted (redrawn) with permission of the American Chemical
Society from Stengle TR and Williamson KL (1987)
Macromolecules 20: 1430–1431.
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Figure 5 129Xe NMR spectra of xenon adsorbed in solid EPDM:
(A) before, and (B) after crosslinking. Note: the scale is the chem-
ical shift scale, which is opposite to the shielding scale. Adapted
with permission of Springer-Verlag from Kennedy GJ (1990)
Polymer Bulletin 23: 605–606.

Figure 6 (Top) The conventional single-pulse 129Xe NMR
spectrum and (bottom) the 1H–129Xe CP spectrum of xenon in a
polymer blend. The mixing time in the CP experiment was 3 ms.
The signal at 0 ppm arises from free xenon gas, the signal at
216 ppm from xenon in copolymer and the signal at 226 ppm
from xenon in PP. Note: the scale is the chemical shift scale,
which is opposite to the shielding scale. Adapted with permission
of Elsevier Science Ltd from Mansfeld M and Veeman WS (1994)
Chemical Physics Letters 222: 422–424.
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Figure 7 129Xe spectrum (A), and 129Xe 2D EXSY spectra (B
and C) of xenon in the PVC/PVME model blend. �m is the mixing
time. The insets show contour plots of the same data. Adapted
with permission of Elsevier Science Ltd from Tomaselli M, Meier
BH, Robyr P, Suter UW and Ernst RR (1993) Chemical Physics
Letters 205: 145–152.

Figure 8 Dependence of the 129Xe chemical shift (negative
shielding) upon the number of xenon atoms adsorbed per gram
of zeolite. Fraissard J (1996) In: Grant DM and Harris RK (eds)
Encyclopedia of Nuclear Magnetic Resonance Spectroscopy,
Vol. 5, pp. 3058–3064. Chichester: Wiley © John Wiley & Sons
Limited. Reproduced with permission.
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Figure 9 Static 129Xe NMR spectra of xenon adsorbed in Si-
ZSM-12 zeolite for different loading levels (xenon atoms per unit
cell, Xe/u.c.). All spectra were recorded at 295 K. Adapted with
permission of Springer-Verlag from Moudrakovski IL, Ratcliffe CI
and Ripmeester JA (1996) Applied Magnetic Resonance 10:
559–574.
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Figure 10 (A)129Xe 1D NMR spectrum (on top of each peak is
shown the number of Xe atoms in the cage) and (B) 129Xe 2D
EXSY spectra of xenon adsorbed in NaA zeolite at 523 K and
30 atm (1 atm = 101 325 Pa). The mixing times are: 0.2, 0.5 and
2.0 s as shown. Adapted with permission of Elsevier Science Ltd
from Larsen RG, Shore J, Schmidt-Rohr K et al (1993) Chemical
Physics Letters 214: 220–226.
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Figure 11 Evolution of the 1H spin magnetization of PEO (poly-
ethylene oxide)-coated Aerosil1130 as a function of time after ex-
posure of the surface to hyperpolarized 129Xe. The initial Xe pres-
sure is 160 torr and the sample temperature is 130 K for positive
SPINOE (● ) and 125 K for negative SPINOE (�). The inset dis-
plays two single-shot 1H spectra from a negative SPINOE run,
one taken at the Boltzmann equilibrium for the unpolarized sam-
ple (positive peak) and the other taken at the time t0, when the
negative SPINOE enhancement has reached its maximum abso-
lute value. Adapted with permission from Rõõm T, Appelt S, Sey-
doux R, Hahn EL, and Pines A (1997) Physical Review B 55:
11604–11610.

Figure 12 The 129Xe NMR spectra of the formation of a xenon
clathrate hydrate at 233 K and time t after admission of the xenon
to the powdered ice sample. The signal at 160 ppm is attributed
to xenon in the large tetrakaidecahedral cages and the one at
240 ppm to xenon in the smaller dodecahedral cages. Adapted
with permission of the American Chemical Society from Pietrass
T, Gaede HC, Bifone A, Pines A and Ripmeester JA (1995) Jour-
nal of the American Chemical Society, 117: 7520–7525.
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Figure 13 129Xe NMR chemical shifts of a few selected xenon compounds. Adapted with permission from Jameson C (1987) The
noble gases. In: Mason J (ed) Multinuclear NMR, Chapter 8, pp. 463–477. New York: Plenum Press.
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See also: Chemical Exchange Effects in NMR; Diffu-
sion Studied Using NMR Spectroscopy; Gas Phase
Applications of NMR Spectroscopy; Liquid Crystals
and Liquid Crystal Solutions Studied By NMR; MRI
Applications, Clinical; NMR in Anisotropic Systems,
Theory; NMR Microscopy; NMR Relaxation Rates;
Nuclear Overhauser Effect; Polymer Applications of
IR and Raman Spectroscopy.
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Table 3 Absolute values of xenon spin–spin couplings for
selected molecules.

a In some cases, the range of experimental values is given.

Molecule Coupling Value (Hz)a

Xe(II)

XeF2
1J(129Xe,19F) 5644

CH3C�CN�XeF+ 1J(129Xe,19F) 6020

C6F5C�N�XeF+ 1J(129Xe,19F) 6610

Xe(IV)

XeF5
– 1J(129Xe,19F) 1056–1082

cis-F2Xe(OTeF5)2
1J(129Xe,19F) 3714

trans-F2Xe(OTeF5)2
1J(129Xe,19F) 3503

XeF4
1J(129Xe,19F) 3801–3900

Xe(VI)

OXeF(OTeF5)3
1J(129Xe,19F) 1056–1082

OXeF3(OTeF5) 1J(129Xe,19F) 1127–1148

XeOF4
1J(129Xe,19F) 1115–1131

(XeF6)4
1J(129Xe,19F) 330–331.7

XeOF4
1J(129Xe(II),17O) 692–704

CH3�N�XeF+ 1J(129Xe(II),14N) 313

C6F5Xe+ 1J(129Xe(II),13C) 119

Xe(OSeF5)2
2J(129Xe(II),77Se) 130

Xe(OTeF5)2
2J(129Xe(II),125Te) 470

HC�NXeF+ 3J(129Xe(II),1H) 24.7–26.8
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Figure 1 Absorption and scattering cross-sections for (A) plat-
inum, and (B) oxygen.
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Figure 2 Schematic of a transmission XAFS experiment.
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Figure 3 Synchrotron function g l (x) (solid) and simple ap-
proximation (dashes): f(x) = 1.8 x 0.3 exp(–x), where x = ε/εc. A
more accurate approximation (not shown) is g l (x)=axb exp(–cx)
with a = 1.71857, b = 0.281526, c = 0.968375. The spectral pho-
ton flux (photons/sec/0.1% bandwidth (∆ε/ε)/mA beam current/
mrad) integrated over the full vertical opening angle is
1.256 × 107 γg l [x], with γ = E/mc2.

Figure 4 Integrated spectral flux for Advanced Photon Source
(APS) undulator. The position of the peaks is adjustable by
varying the undulator magnetic gap.
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Figure 5 Mirror reflectivity as a function of angle and energy. θref is the critical angle at (arbitrary) energy Eref.

Figure 6 Effect of X-ray absorption from mirror coatings on
reflectivity. See text for explanation.
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See also: Light Sources and Optics; X-Ray Fluores-
cence Spectrometers; X-Ray Fluorescence Spectros-
copy, Applications.
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Figure 1 Scheme showing the change of one-electron energies of 1s, 2p levels and the energy of the A Kα	line in the ions A+ and
A– with respect to the neutral atom A0.
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Figure 2 Full set of X-ray fluorescence spectra of the sulfate
ion on an energy scale corresponding to the ionization potentials
of valence electrons.
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Figure 3 Scheme of the sulfate ion MOs obtained from the full set of X-ray fluorescence spectra.
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Table 1 Experimental AKα1 shift and qA values

A
Class of 
compounds

�AKα1 (eV) relative 
to Pred, S8, Cl2

qA(e) in 4-31G** 
charge scale

P R3P –0.01 – 0.25 –0.03 – 0.25

R4P+ 0.16 – 0.38 0.32 – 0.76

P(OR)3 0.48 – 0.52 0.97 – 1.05

R3PO 0.27 – 0.57 0.54 – 1.15

R3PS 0.17 – 0.24 0.34 – 0.48

(RO)3PO 0.69 – 0.76 1.39 – 1.53

PO4
3– 0.76 – 0.80 1.54 – 1.61

S �S –0.14 – –0.02 –0.22 – 0.09

RSH –0.08 – 0.00 –0.11 – 0.05

R2S –0.09 – 0.14 –0.18 – –0.32

R3S+ 0.00 – 0.12 0.05 – 0.28

RNSNR� 0.18 – 0.25 0.40 – 0.54

R2SO 0.36 – 0.42 0.75 – 0.87

R2SO2 0.78 – 0.85 1.57 – 1.61

SO4
2 – 1.00 – 1.20 2.00 – 2.40

Cl RCl –0.19 – 0.01 –0.28 – 0.02

Table 2 Relative 3d sulfur population from X-ray spectral

data

Molecule I3d / I3s

�E Kα1,2 
(eV) qs

��2p�r�3d��/
��2p�r�3s��

(CH3)2SO 0.2 0.25 1.0 0.1

Cl2SO 0.3 0.27 1.2 0.3

(C6H5)2SO 0.4 0.31 1.2 0.3

SO2 0.7 0.45 1.5 0.6

(CH3)2SO2 0.8 0.75 1.9 0.9

SF4 1.0 0.75 1.9 0.9

SO3
2– 1.0 0.65 1.6 0.7

(C6H5)2SO2 1.2 0.82 2.1 1.1

SF6 1.0 1.45 2.6 1.4

SO4
2– 1.8 1.10 2.3 1.2
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Figure 4 SK� spectra of some Me2S complexes. (—) centre of
gravity; (---) hnS(K�). 1 = TiCl4 R 2SMe2; 2 = SbCl5 R SMe2;
3 = SnCl4 R 2SMe2; 4 = SMe2.

Table 3 Parameters determined from X-ray spectra of the sulfur atoms for some of the complexes studied

a Relative to S8.
b The mean-square errors in the last significant digit, taken for 95% confidence interval by Student’s criterion, are given in parentheses.

Compound �(SKα)a 10–3(eV)
qs (e) in 4–31G** 
charge scale hns(Kβ) (eV) EA(Kβ) (eV) �ns (eV)

(CH3)2S �63(6)b �0.07(2) 8.02(4) 8.1(1) �0.1(1)

SnCl4�2S(CH3)2 2(14) 0.05(2) 8.38(8) 8.2(1) 0.2(1)

SbCl5�S(CH3)2 17(7) 0.08(2) 8.47(5) 8.3(1) 0.2(1)

TiCl4�2S(CH3)2 �3(10) 0.04(2) 8.35(6) 8.11(5) 0.24(8)
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Figure 5 SKβ spectra of some inorganic and organic thiocy-
anates and isothiocyanates. The compound numbers are defined
in Table 4. The energy levels of the hypothetical lone electron
pair are marked by the vertical lines.

Table 4 X-ray spectral character of some thiocyanates and isothiocyanates

The mean-square errors in the last significant digit, taken for 95% confidence interval by Student’s criterion, are given in parentheses.
a Relative to S8.

No. Compound
∆(SKα)* 10–2

(eV)
qs (e) in 4–31G** 
charge scale EA(Kβ) (eV)

hns (Kβ) (eV) 
relative to 2467.0 
eV �ns (eV)

Coordination 
type

(I) KNCS –4.5(12) –0.04(3) 0.2 1.1 –0.9 a

(II) NH4NCS –9.2(6) –0.13(2) 0.3 0.9 –0.6 a

(III) Ba(NCS)2 –3.6(10) –0.02(2) 0.2 1.2 –1.0 a

(IV) Sn(NCS)2 –7.2(8) –0.09(2) 0.3 1.0 –0.7 a

(V) CuSCN 4.1(8) 0.13(2) 2.0 1.6   0.4 b

(VI) CH3SCN 4.7(8) 0.14(2) 1.8 1.7   0.1 b

(VII) C6H5CH2SCN 5.4(11) 0.16(3) 1.6 1.7 –0.1 b

(VIII) C6F5SCN 9.4(8) 0.23(2) 1.9 1.9 		0.0 b

(IX) C8H4OPhSCN 13.3(9) 0.31(3) 2.1 2.1   0.0 b

(X) C6H5SCN 5.0(8) 0.15(2) 1.7 1.7   0.0 b

(XI) CH3NCS –4.7(8) –0.04(2) 0.5 1.1 –0.6 a

(XII) P(NCS)3 0(2) 0.05(2) 0.2 1.4 –1.2 a

(XIII) C6F5(NCS)2 –7.4(6) –0.09(2) 0.1 1.0 –0.9 a

(XIV) C8H4OPhNCS 5.8(9) 0.16(2) 0.8 1.7 –0.9 a

(XV) C6H5NCS –5.3(7) –0.05(2) 0.3 1.1 –0.8 a
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See also: X-Ray Emission Spectroscopy, Methods;
X-Ray Fluorescence Spectrometers; X-Ray Fluores-
cence Spectroscopy, Applications.
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Table 5 Change of atomic charges and bond ionicities of free ligands on their complexation

a The mean-square errors in the last significant digit, taken for 95% confidence interval by Student’s criterion, are given in parentheses.
b The ionicity of the AB bond is equal to (|qA–qB|/2)100%.
c The positive sign of �qA corresponds to a decrease of the A atom electron density on complex formation.

Compound

∆A Kα a(eV)
Ionicities of bondsb 
(%)

Change of effective atomic charge (δqA)c of 
ligands on their complexation in 
4-31G** charge scale

A = P A = S A = Cl P–S P–Cl A = P A = S  A = Cl Σ δqi

PCl3 0.373(7) – –0.09(1) – 44(5)

AlBr3PCl3 0.599(8) – –0.156(15) – 72(7) 0.5(1) – –0.10(7) 0.2(2)

SPCl3 0.430(8) –0.10(2) –0.11(2) 50(6) 51(6)

AlBr3SPCl3 0.616(8) –0.080(9) –0.171(14) 68(7) 74(8) 0.4(1) 0.04(6) –0.1(1) 0.1(2)



X-RAY EMISSION SPECTROSCOPY, METHODS 2463

�"����*��������	
�������
� ��������

George N Dolenko, Lermontova 325A/16, 664033 
Irkutsk, Russia
Oleg Kh Poleshchuk, Tomsk Pedagogical University, 
Tomsk, Russia
Jolanta N Lato i ska, Adam Mickiewicz University, 
Pozna , Poland

Copyright © 1999 Academic Press

.�������������������

$�������'������%����%����	������������������������
���������� ������������� ���	���� ��	����������� ���
%������ �� 
����� ����� ���� �������� �����	�����
	������� ��� ����� 	������ 	������� ��� 1�����	
���	���������!����������F�	��������	���������
%���� !�� 1�����	� ���	���� 	������� ��� ���������
���������� ������� ��������� ���� ����
�� �������	� ��
	����������������������������������������%���������
��� 	��������� ��!����� �#?���� ������ �� �� ����� ���
��������	������������������������������	�������
	�������#?�����
�����������������������	��������
������
���������������������������������	�������
������ �� ���	����!����
���������	����� ��������
��������3)�'���������%����!�������
��������	��
�����!������������������������ �������%������
�����
���	�'����	�������������������������������������
	�����������%������
��������������#?�����������
������������������;?���	��������'�����!����������
���������	�������
������'� ����%����� !�� $S���
��� �� �/�&'� ���� �

���	� ��� �������	�
����� �������� ����� ������� ���
��������������!�������OE�����γ������������������
�
��� ��%����
��� λ = �,8 8�,�� �	'� �����������
� ��
����
��� �ν = �,8�,+ �E� �ν = �Bλ��� ������ ��������
������ �� �%���� ���� ������ �	����� ���� �����
�!�������� ������������� ���� �� ��!��������� ���
������ ��%����
��� �λ ≤ ,�� �	�'� ���
� ��%����
��
�,�� ≤ λ ≤ � �	��������������
���%����
����λ > � �	�
��
����
�������	��������������������������������������

��� ���������� ���������� ���� ���� ���� 1������%�� ���
1�������%���������������!���������>��������������
�������	����������������������	����%���
�������
���	�������� ����������� ��!��� �����$ > ��� �� ��	�
��������������������
������������%��������������������������������

�����9����������������������������������������������
��
����%�������������
���������������
��������������
���� ���
��� ��!������� ���� ��%�� �� L����M� �������	�
9�������������������	����������������	�����!�
���
������	���������������������������������������

���	���� ���������� ��� ���� ������ �������
����������� ��������'� ������������� ��������� ���
����������������������	�����������������	�������
��	�%�� ��� ��������� ��� ���� ����� ������ ��� �� ���
��
���	�������������
�%������� �� ������!�������������
������������	��������������������������������������
;���������1������������������������������'�����
�
�� ��������������	��� !�� �� ���� ���	� ��� ��������
1�����	���	
�������

(�������������"�������������
����

9������������ ������ �	����� �������� ������� ��
��������� ������ �0'� H'�#'��T�'������� ����� ��%�� �
��		��� ����� ���������� ���� %������� �� ���� ����
��%����H�!�������!�������������������������������
�	
��� ���;��������������%��������������������1����
��	���	!������1��������'��'� '�='������������	�����
0'� H'� #'� �� ����� ��%���� ���� �������� ���
�����������
�5���7� �������� ���� �
�� �������� ���
�������������������������������������������������
������

����	�������������������������������������	����
���� ����
�� ��� ���	�� ��	!��� $� �� ������� !�
#������M�����.�

Figure 1 Scheme of radiation interaction with a substance.
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Figure 2 Scheme of the most important X-ray emission transi-
tions; n, I and j are correspondingly the principal, orbital and total
quantum numbers of K, L1, L2, L3 levels, etc.
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Figure 3 An X-ray fluorescence spectrometer. 1, X-ray tube;
1a, electron source; 1b, target; 2, substance investigated (sec-
ondary anode); 3, crystal analyser; 4, registration device; h�1, pri-
mary radiation; h�2, secondary radiation; and h�3, registered
radiation.

Table 1 Parameters of typical crystal analysers

Crystal
Reflecting
plane 2d (nm)

Maximal 
solving 
ability 
(λ/∆ λ)

Relative
coefficient

KAP 001 2.7714  1400 8−18

Mica 002 1.9884  2 000 2−3

ADP 101 1.0659 10 000 1−10

EDDT 020 0.8808 − −
PET 002 0.8726  8 000 10−20

Quartz 1010 0.8512  20 000 1−10

Quartz 101 1 0.671 53  10 000 2−14

Plumbago 002 0.6696  100 50−200

Ge 111 0.653 27  6 000 −
Si 111 0.6271  10 000 2−10

Calcite 211 0.6069  15 000 2−30

Quartz 1020 0.4912  30 000 0.4−3.3

LiF 200 0.4028  2 000 10

Ge 220 0.400  13 000 17−23

Si 220 0.383 99  29 000 1–6

Calcite 422 0.3034  64 000 0.4−0.9

LiF 220 0.2848  1 300 10−20

Quartz 2023 0.2806  90 000 0.3−0.9

Quartz 2243 0.2024 144 000 0.2−0.45

Calcite 633 0.202 122 000 0.3−0.6
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������	����������� �� �� ������ �������'� ��������� !�
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��� �� %�� ��	���� ������ ��	���� �	����� ����� �
������������������������	�!��	�������������������
���	������ *�� ����	����������������� ���� �������	�
��	!������ �������	���'� �����!����������� ��� �����
������������	���'����������������'����������������
������� �������� ��� ������ ���	����� ��������� �� ���
��	����	����!�����������������#�����������������
���� ���� �%���
����� ��� ����� ���� ��������	������
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� = 
����
� ��������:� �; = ������������� ���� �������
��� ��� �%���
����� ���	���� ;:� ��� = ������������
�������� ��� �� ��������:� � = ������ ��� �������	:
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�� = ���������	
� ��� �� �����
� ������ ������� ��	���	
������������ = ���������	
�������	����������������
�����
� ��� �������� � = ����
� 	���� ��	����
�� = ������	������	��	�������	��� �	��������� = �	����
��������ε = ����	��������	��������
��λ = �������	�;
δ = ��������������	��	; � = ������������������.

See also: X-Ray Absorption Spectrometers; X-Ray
Fluorescence Spectrometers; X-Ray Fluorescence
Spectroscopy, Applications.
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Figure 1 Primary spectrum of an X-ray tube with a rhodium
anode.

Table 1 Anode materials and application ranges of X-ray
tubes used for X-ray fluorescence analysis

Anode
material

Element range Operating
voltage (kV)K-spectra L-spectra

Cr 8O–22Ti 42Mo–55Cs 55

W 23V–27Co 56Ba–72Hf 55

Au 28Ni–30Zn; 40Zr–92U 73Ta–75Re 65/100

Mo 31Ga–39Y 76Os–92U 100

Rh 4Be–56Ba 42Mo–92U 60
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Figure 2 (A) Schematic sketch of a side window tube. (B) Ro-
tating anode tube in two sectional views: (1) cathode unit; (2) fil-
ament; (3) cylindrical anode with (3a) rotary shaft; (4) window; (5)
electrical connections; (6) cooling water connection; (7) sealing
gasket; (8) vacuum flange. Reproduced with permission from
Klockenkämper R (1997). Total Reflection X-ray Fluorescence
Analysis. New York: Wiley.
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Table 2 Radionuclides used as primary sources in energy-dispersive X-ray fluorescence

Isotope Decay mode
Half-life 
(years) Energy (keV)

Elemental range Recomm. activity 
(MBq)

Working life 
(years)K X-rays L X-rays 

241Am α 433 59.5
Np L X-rays (12–22)

Zr–Ce W–U 370–1 110 15

109Cd EC 1.26 88
Ag K X-rays (22–26)

Ti–Nb Tb–U 111–740 5

57Co EC 0.74 122; 136
Fe K X-rays (6–7)

Ba–U 37–370 5

244Cm α 17.8 43; 99; 152
Pu L X-rays (12–23)

Ti–Se Ce–Pb 370–3 700 10

55Fe EC 2.69 Mn K X-rays (5.9–6.5) Si–V Nb–Sn 185–1 850 5
153Gd EC 0.66 97; 103

Eu K X-rays (41–48)
125I EC 0.17 35

Te K X-rays (27–32)
370–3 700 1

3H β– 12.43 Emax: 18.6 (beta)
238Pu α 433 43

U L X-rays (11–22)
U K X-rays (94–115)

Ti–Se Ce–Pb 370–1 110 10

Table 3 Diffraction crystals commonly used in wavelength-
dispersive X-ray fluorescence

Analyser
crystal Material

2d
(nm)

Detectable
elements

EfficiencyK L

Topaz 0.27 V–Ta Ce–U Average

LIF(220) Lithium fluoride 0.29 V–Ta Ce–U High

LIF(200) Lithium fluoride 0.4 K–La Cs–U High

Ge Germanium 0.65 P–Zr Average

PET Pentaerythrite 0.87 Al–Ti Kr–Xe High

AdP
Ammonium

dihydrogen
phosphate

1.06 Mg Low

TAP/TlAP
Thallium

biphthalate
2.58 F–Na High

OVO-55 W/Si multilayer 5.5 N–Si Ca–Br High

OVO-160 W/C multilayer 16 Be–O ?

OVO-C V/C multilayer 12 C ?

OVO-B
Mo/B4C

multilayer
20 Be–B ?

PbSD
Lead stearate 

decanoate
10 B–F Average



X-RAY FLUORESCENCE SPECTROMETERS 2471

����	���(������������	�����	��	�����	�����%

@��������
�������	�����������	��	��������	���������

	��� �	�	��	����� ���		��� ��� 	��� ������� ��� ������	����
�������	��%�

��	��+ = 	��� 8���� ���	��%� /��� 	�� 	���� ����	���� �	� ��
���������	��������	��	��������	����������������	������
	��	�����	��	�����������	���������%
?��	�����������	�������������	�������������������	�

��	��	������&����������
2������
�������	�������������
	���2��%�%�	��������������������	�������	�����	��	��%��
������������	��������
�������	�������	�����������	����
�������E������8G,5$%�

@��� ��	��	��� ���������
� �������� ��� 	��� �����	���
�����
�	�������	������������	��������	
�����	
�����
��	��	�����	�����%�A���<8�����	����	����	������������
��	�	
����������
���	��	������������&��������������	���
	���2� ����	����	���� ��	��	���� ���� ����������	��
��	��	���%

�����������
������ ��!�����������

1������������	��	�����������������	�����	������	������
���������
�����
�%���������	���	����������������	��
�������	����
����������������	�������	���������	�������
��%�%� 4L���2�!4L�?,*$%�@�����������������	�������
����	�����	��	����� %)() �.$�����	�����	����
������
������������ ������� �$%��� 	������������������5
�
���$� ������� 	��� �����	���� 	�� ��	��� 	��� ��	��	��%�@��
����������������
�	������	��������	�������	���������
������ ���� ��������	��� 	������� 	��� ������ ���� 	��
����� 	������� 	��� ��	����%� @��� �����
� ��������
� 	�
����������� ��������� ���)4(;4 �.2��������������	��
	
����������	�������%�����	������������	�������������
�������
��������������	���	���������	���%�@��������
	���������������	����	�	��������2�����������������	�
	���� ��	���� ����%� ����
���� ��� ���������	�� ����
��	���� 	�� 	��� ��	��	��2� 	��� ��	���� ����� ��
������	������ 	�� 	��� �����	���� �����
� ������� �$%
,���� �����	���� ������ �������� 	��� ����	���� ���%� A�
����	���2� 	��� 	���� ��	��	��� �������2� ��������
� ���
	��� ��	��	������� ���������
� ���	���2� ���� ����� 	�� �
��������	� ����� ��� ����	���� ���� �
� ���������%� @�
����� 	����� ��������� 	��� ��	��	���� ���� �����	��� ��

���������	���2� ��������� 	�������	�������� ���������
���	�
��E�������%

��
��
����
���	��������

:���	����	������	��	�����������������	�����	������	���
��� 	��� ����������
� ���	� ��� 	��� ����
� ����	���%� A�
����	����	������	��	����	�����	���������	�����	��	�����
�E��	���	�������������������������������������������
������� ����	� ���	���$� �
� 	��� ��������� ���	���� ��
���	�����%� @��� ������� ��� ���	���� ��������� ��
������	������	��	��������
����	������������������

���	��%� @��� ����	� ������� ���� ������	��� �
� �� ���	��
��	����%�+���	����2����		��������	������	���	����2

Figure 3 Schematic of gas proportional counter (flow counter)
and scintillation detector operated as tandem detectors in
wavelength-dispersive X-ray fluorescence spectrometers.
R = resistor; C = capacitor.

Figure 4 Gas-amplification characteristics of gas-filled detec-
tors. Most flow counters for WDXRF are operated in the change-
over region from proportional to Geiger–Müller.
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Table 4 Properties of radiation detectors used in XRF systems

Detector
type

Material/filler 
gas

Ionization
energy (eV)

Band gap 
(eV)

FWHM
at 5.9 keV (eV) Dead-

time (µs)
Energy

range (keV) RemarksTheor. Typical

Proportional 
counter

Ar/methane 26.4 840 840 1 <1–10

Scintillation NaI(Tl) 300 3 150 3 150 0.2 3–100

Semiconductor Si(Li) 3.61 1.12 120 150 2–4 1–60 LN2

Ge 2.98 0.74 108 145 1–200 LN2

CdZnTe ~5 ~1.5 135 285 �2

HgI2 6.5 2.13 160 270 �2

Figure 5 Schematic of a planar semiconductor detector.
HV = high voltage; FET = field-effect transistor.
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Figure 6 Wavelength and energy spectrum of Ni Kα in the
presence of high Rb concentrations with open window (3 V) and
window width set to 1.3 V to remove second-order radiation of Rb
Kβ. Spectrum of reference rock MA-N, measured with WDXRF
SRS 303 AS.

Figure 7 Schematic drawing of a typical sequential X-ray fluorescence setup. HV = high voltage; AC = anti-coincidence;
D = discriminator; LL = lower level; UL = upper level.
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Figure 8 Schematic of coarse and fine collimator assignment.

Figure 9 Schematic of a simultaneous WDXRF with end-window tube and logarithmically curved focusing analyser crystal. Re-
drawn from a sketch in a brochure from Bruker AXS AG.
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Figure 10 Schematic drawing of a typical EDXRF setup with excitation by tube or radionuclide with optional primary filter or second-
ary target excitation. ADC = analog to digital converter.

Figure 11 Energy-dispersive spectra of reference soil sample
GXR-2, measured with Spectrace 5000 using a Rh anode tube
and Pd and Cu primary beam filters to optimize excitation
conditions.
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Figure 12 Schematic of TXRF and x–y–z geometry of PXRF.



X-RAY FLUORESCENCE SPECTROMETERS 2477

+��������2�������������������	�����	�������	��E�����
���	���� ������� ���� ����� ���� 	��� ��	������	���� ��
��F��� ��������	�2������� ����� ��	����	���� ���� ������
�������
� ������	���� ������ ���� ����������	%�<���
	����
��������� ��� 	��� ��������	���������	���������
���������	�����	���������E�������	���
���	����������
����������	�&�

�������������������	�������������

������������������	�������������	���������	��	�����

������,8 = ���������������	����	
%

�����������	�

���������������
���������������
�	�������������	��
���	������� ���� �D������� ��	�� ��	���	��� ������
��������%�/�������	���	��E�������	������������������
������� ��� 	�����	�������	�������	����2����� ���	���
���������	������E���	��
�	����������������������
�������	��������%�G�	��G/�<82�	�����	��	�����	
���
����	�������	��������	����$�����������	������2��%�%��

����������
�	�����������	��	������	����	��	��������
��������������
�����������������$�����
������
�	���%
A��+/�<82�	�������������������	�����	���2��������
���	�������	�����	������������������	���������	���
����	������	��	���� ���� �E	���������� 	��� �������	���
������	�������	�����	������	�����������	�������	�%

)
���� ��������

& = �	����� ������ )� = �������	���� ����������	� ���
������	� ��� �� = ������	��	���� ��� ������	� ���  $ =
������	��	�������������	�$��� = �����������������
�	���
� C) = ����� ������	���� 	���������� -� = ��	���	���
	���������� � = ������� ��� ��� ����	����� % = ���	���
�����
� ��� 	��� ���	���� %4 = ��E����� �����
� ��

��������	��� ����	����� %� = �����
� ��������
� 	�
�������������	���� ����� 	�������	������%′ = ���	��
�����
� ��	��� ?���	��� ���		������� %� = �����

�D������	���� 	�������	�����������������
���������

	�����������������	���(����������%����� = �����������

��� 	��� 	����������� ����	�����%���	��=� ���	���� �����
� ��
	��� 	����������� ����	����� %���	��=� �����
� ��� 	��
���		��� ���	���� + = 8���� ���	���� � = 	���� ������	�
, = �����	���� ��	����	
�� ,?��� = ��	����	
� ��� ���������
?���	���������,?������ =���	����	
�����������?���	��
������ ,8 = ��	����	
� ��� ������������� �����	����
,� = �����	���� ��	����	
� ������	�� � = ����	��	�
� = ����������	� ���� ������	���� ������	���� � � =
����������	� ���� ����������	� �����	�� ! = ��	���
������	�����������	�����������	������������������	�
! =� ����������	� ���� ����� ��	����������� � = ���������
D���	��� ������� ��� ������ ��� �������	����
* = ������� ��� ����	����� ��� ������� ��� ������	����
���� ���	���� �4 = ��������	���� ��	����� � = �	����
�������� ���� =� �����	��� �	����� �������� ����	 =
���	����� ������ ��� 	�	��� ������	����� ��$ = ������	���
����������	�������	��������	���	��E������	���� = �����
��	�����������
�������������
������	����� 
 = ����
�		����	��������������	��� = �������	����� �����	����
� = �����	
��� =��	�����������	���%

See also: Quantitative Analysis; Scanning Probe
Microscopy, Theory; X-Ray Fluorescence Spectros-
copy, Applications; X-Ray Spectroscopy, Theory.
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Figure 1 Overview of sample preparation techniques typical
for XRF.
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Figure 2 Spectrum of lichen sample. Pressed pellet, meas-
ured with a standard EDXRF spectrometer, Rh tube 30 kV, 0.2
mA, 500 s, Pd filter, Si(Li) detector; concentration values of re-
spective elements given in µg g−1.
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Table 1 Influence of sample preparation on detection limits in TXRF (after Klockenkämper R (1997))

Sample Drying
Freeze-
drying

Chemical matrix
separation

Open 
digestion Ashing Suspension Solution

Pressure 
digestion

Freeze
cutting

Rain, river 
water

0.1–3 ng 
mL�1

20–100 pg 
mL�1

3–20 pg mL�1 1–3 ng 
mL�1

Blood, serum Digest: 2–30 
ng mL�1

20–80 
ng mL�1

40–220 ng mL�1

Air dust, ash, 
aerosols

5–200 
µg g�1

10–100 µg g�1 0.1–3 
µg g�1

Air dust on 
filter

0.6–20 ng cm�% 0.2–6 
ng cm�%

Suspended 
matter

3–25 
µg g�1

10–100 µg g�1

Sediment 10–100 µg g�1 15–300 
µg g�1

Powdered 
biomaterial

1–10 µg g�1 0.2–2 
µg g�1

Fine roots 1–10 
µg g�1

Digest: 0.1–1 
µg g�1 

High-purity 
acids

5–50 pg 
mL�1

Tissue, food-
stuff, biomate-
rial

0.5–5 
µg g�1

Mineral oil 1–15 
µg g−1

Mussel, fish 0.1–1 
µg g−1

High purity 
water

1 pg mL�1
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Table 2 Applications of TXRF

Environment

Water Rain, river, sea, drinking water, 
waste water.

Air Aerosols, airborne particles, 
dust, fly ash.

Soil Sediments, sewage sludge.
Plant material Algae, hay, leaves, lichen, 

moss, needles, roots, wood.
Foodstuffs Fish, flour, fruits, crab, mussel, 

mushrooms, nuts, vegetables, 
wine, tea.

Various Coal, peat.
Medicine/biology/pharmacology

Body fluids Blood, serum, urine, amniotic 
fluid.

Tissue Hair, kidney, liver, lung, nails, 
stomach, colon.

Various Enzymes, polysaccharides, 
glucose, proteins, cosmetics, 
biofilms.

Industrial/technical applications
Surface analysis Si-wafer surfaces, GaAs-wafer 

surfaces.
Implanted ions Depth and profile variations.
Thin films Single layers, multilayers.
Oil Crude oil, fuel oil, grease.
Chemicals Acids, bases, salts, solvents.

Fusion/fission research Transmutational elements in Al  
Cu, iodine in water.

Mineralogy
Ores, rocks, minerals, rare
earth elements.

Fine arts/archaeological/forensic
Pigments, paintings, varnish.
Bronzes, pottery, jewellery.
Textile fibres, glass, cognac,
dollar bills, gunshot residue, drugs, tapes,
sperm, fingerprints.



X-RAY FLUORESCENCE SPECTROSCOPY, APPLICATIONS 2485

Table 3 Overview of various applications (from Török S and Van Grieken R (1994) X-ray spectrometry. Analytical Chemistry 66:
186R–206R; Török S, Labar J, Injuk J and Van Grieken R (1996) Analytical Chemistry 68: 467R–485R)

HTSC = High-temperature semiconductor.

Field Method Field Method

Archaeology Se in soil SR-TXRF

General MXRF Soil, marine sediments WDXRF

Paintings TXRF Impurities in ice TXRF

Obsidian EDXRF V, Ni, in oil, asphaltene EDXRF

Medals WDXRF Bitumen solutions EDXRF

Pottery WDXRF Geology

Pigments TXRF Rocks WDXRF

Biomedical MXRF Mineral grains SRXRF

General SR-TXRF Soils, sediments MXRF

Single-cell analysis EDXRF, TXRF Fossilized bone WDXRF

Biopsy samples EDXRF, RIXRF Crysolite EDXRF

Blood EDXRF Geological samples WDXRF

Skin in vivo RIXRF Phosphate in rocks EDXRF

Bone EDXRF Oxides, silicates, carbonates WDXRF

Bone in vivo RIXRF Liquid petroleum products EDXRF

Leaves TXRF, WDXRF Microlayer of Fe–Mn nodules SRXRF

Hair EDXRF Au in micas SRXRF

Vegetables TXRF Materials science

Plants WDXRF Thin-film characterization XRF, EDXRF

Lichens WDXRF Impurities on Si-wafers TXRF, SRXRF

Moss RIXRF Multilayers EDXRF

Cd in kidney RIXRF Superconductors WDXRF

Mussel shells WDXRF Zirconium oxide WDXRF

Cu, Se, Zn in kidney SR-TXRF Alumina WDXRF

Marine bivalve shells SRCXRF Cu corrosions EDXRF

Pt in tumour tissues EDXRF Ultrapure reagents TXRF

Cu in human serum EDXRF Glasses WDXRF, EDXRF

Pb in bones, serum, blood RIXRF Ferroalloys EDXRF

Fe in vivo RIXRF High-purity Cu EDXRF

Hg in vivo RIXRF GaAs-wafers TXRF

Amniotic fluids TXRF Electrolytic solutions RIXRF

Plankton in polluted lakes EDXRF Al2O3 thin films WDXRF

Meadow moths SRXRF Plastic materials EDXRF, WDXRF

Environmental Ceramic materials WDXRF

Aerosols WDXRF, EDXRF, Hf in Zr matrix EDXRF

TXRF, SRXRF Ga in polyurethane foam WDXRF

Fly ash SRXRF P in PbO films EDXRF

Rain water TXRF Cu, Sr, Bi film on MgO RIXRF

River water TXRF Molybdate crystals EDXRF

Sea water TXRF Ferrous alloy WDXRF

Sediments, suspensions EDXRF, TXRF Ta in Ti–Ta alloys WDXRF

Waste EDXRF Pb in houseware RIXRF

Coal EDXRF, WDXRF Textile fibres TXRF

Dust EDXRF W analysis TXRF

Pb in dust WDXRF HTSC films SRXRF
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See also: Environmental and Agricultural Applica-
tions of Atomic Spectroscopy; Environmental Appli-
cations of Electronic Spectroscopy; Geology and
Mineralogy, Applications of Atomic Spectroscopy;
Inorganic Compounds and Minerals Studied Using X-
Ray Diffraction; IR and Raman Spectroscopy Studies
of Works of Art; IR Spectroscopy Sample Preparation
Methods; MRI of Oil/Water in Rocks; X-Ray Fluores-
cence Spectrometers.
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Figure 3 Spectrum of water sample, NIST 1643c standard reference material, 10 µL, dried on a quartz reflector, measured with the
TXRF vacuum chamber of Atominstitut, Mo monochromatic excitation, 40 kV, 50 mA, 1000 s; concentration values of respective ele-
ments given in µg L−1.
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Table 1 Siegbahn notation for various inner shell X-ray transitions

Final level Initial level

Shell 
structure

n l i
Optical 
notation

X-ray
notation

K series L series M series

1s 1s�1 1 0 1/2 2S1/2 KI

KI - : Forbidden by selection rules

2s 2s�1 2 0 1/2 2S1/2 LI - [ ] : Forbidden but observed.

2p5 2p�1 2 1 1/2 2P1/2 LII α2
&'	Allowed by selection rules but no name 

given

2p5 2p�1 2 1 3/2 2P3/2 LIII α1

LI LII LIII

3s 3s�1 3 0 1/2 2S1/2 MI - - η l

3p5 3p�1 3 1 1/2 2P1/2 MII β3 β4 - -

3p5 3p�1 3 1 3/2 2P3/2 MIII β1 β3 - -

3d9 3d�1 3 2 3/2 2D3/2 MIV (β5) (β10) β1 α2

3d9 3d�1 3 2 5/2 2D5/2 MV (β5] (β9) - α1

MI MII MIII MIV MV

4s 4s�1 4 0 1/2 2S1/2 NI - - γ5 β6 - & & - -

4p5 4p�1 4 1 1/2 2P1/2 NII β2(γ2) γ2 - - & - - ξ2 -

4p5 4p�1 4 1 3/2 2P3/2 NIII β2(γ1) γ3 - - & - - & ξ1

4d9 4d�1 4 2 3/2 2D3/2 NIV (β4) γ1 β15 - & γ2 - -

4d9 4d�1 4 2 5/2 2D5/2 NV (β4) - - β2 - - γ1 - -

4f13 4f�1 4 3 5/2 2F5/2 NVI - - - - - - - β1 α2

4f13 4f�1 4 3 7/2 2F7/2 NVII - - - - - - - - α1

5s 5s�1 5 0 1/2 2S1/2 OI - γ8 β7 - & & - -

5p5 5p�1 5 1 1/2 2P1/2 OII δ2 γ4 - - & - - & -

5p5 5p�1 5 1 3/2 2P3/2 OIII δ1 γ4 - - & - - & &

5d9 5d�1 5 2 3/2 2D3/2 OIV - - γ6 β5 - & & - -

5d9 5d�1 5 2 5/2 2D5/2 OV - - β5 - - ε - -
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Figure 1 Energy diagrams for a Kβ transition and Kβ″′  satellite transition. A() denotes the state of an atom. For example, A(M+L*)
denotes an atomic level where an M shell electron has been removed and an L shell electron is in an outer bound (excited) state. The
energy difference EKL–EK is more than EML–EM as more energy is required to remove an L shell electron in the presence of a K shell
vacancy than in the presence of a M shell vacancy. Solid downward arrows show vacancy transitions, and dashed lines with double
arrows show radiative transitions.
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Figure 2 Energy diagram for KH
α1,2 hypersatellite transition.
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Figure 3 Energy diagrams for: (A) Auger transition, (B) radiative Auger transition, and (C) semi-Auger transition.

Figure 4 Energy diagram for LLM Coster–Kronig transition.
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Figure 5 Energy diagram for MMM super Coster–Kronig transition.

Figure 6 Energy diagram for auto-ionization. An L shell electron is excited to an outer nl shell. Subsequently, an M shell electron
fills up the L shell vacancy. In case A, the excited electron in the nl shell leaves the atom, and in case B, another M shell electron
leaves the atom while the nl shell electron remains a spectator electron.
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Figure 7 Bremsstrahlung emission spectrum from an X-ray
tube.
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Figure 9 Energy diagram for recombination radiation.
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Figure 10 Energy level diagram for helium-like ions showing resonance, intercombination, and other transitions.
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Figure 11 Energy diagram for 2s and 2p satellite transitions in
lithium-like ions corresponding to He-α and He-β transitions in
helium-like ions.



2498 X-RAY SPECTROSCOPY, THEORY

���������:�ω = �����������������:�ω� = ���������������
��������1�����:�ω� = ����	�����1������

See also: Photoelectron Spectrometers; X-Ray
Absorption Spectrometers; X-Ray Emission Spectros-
copy, Applications; X-Ray Emission Spectroscopy,
Methods; X-Ray Fluorescence Spectrometers; X-Ray
Fluorescence Spectroscopy, Applications; Zero
Kinetic Energy Photoelectron Spectroscopy, Theory.
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Figure 1 Stark spectra in an electric field E of 0.0, 17.2 and
26.1 kV cm–1 for 152Sm and 154Sm for the transition from the
ground state with J � 0 to the 1.9404 eV level with J � 1. The
energy levels responsible for these spectra are schematically
shown in the lower part together with their electronic
configuration.
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Figure 2 Stark splitting as a function of squared electric field
E 2.

Figure 3 Zeeman spectra of samarium atoms. The applied magnetic field is 0, 115 × 10–4, 22� × 10–4 and 352 × 10–4  T for (A), (B),
(C) and (D) respectively. The peaks represented by squares and circles correspond, respectively, to the transition of 154Sm and 152Sm.
The open and solid symbols represent the � and � components of the transition, respectively.
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Figure 1 Schematic illustration of an atomic-beam technique
to reduce Doppler broadening. Atomic vapour effuses from a
small orifice of an oven. The angular divergence of atoms in the
beam is limited to� 
0 = tan–1b/d by a slit whose aperture is 2d
placed at a distance b from the orifice.

Figure 2 Typical setup for a laser spectrometer based on the atomic-beam method. The apparatus is composed of a continuous-
wave (CW) tunable laser system, a laser-frequency calibration system, a vacuum chamber, and a data acquisition system. The fluo-
rescence light from the excited I2 molecules in a cell and the excited atoms in the vacuum chamber, and the transmitted light from a
Fabry-Perot interferometer (FPl) are detected simultaneously with three photomultiplier tubes (PMTs). The signals are transformed to
digital pulses event-by-event and introduced to the inputs of a multi-channel scaler (MCS).



2506 ZEEMAN AND STARK METHODS IN SPECTROSCOPY, INSTRUMENTATION

Figure 3 Magnified view around the interaction point of the atomic beam with the laser beam. The oven made of molybdenum is
heated by a tungsten filament wound around it to eject a gas jet from the orifice with a diameter of 0.8 mm. The atomic beam is colli-
mated with the slit to a diameter of about 4 mm at the interaction point, where the two electrodes for applying the electric field and a
pair of Helmholtz coils to produce the magnetic field are installed. The photomultiplier tube (PMT) for detecting the fluorescence light
from the atoms and a spherical mirror to collect light are shown.

Figure 4 Typical set of raw data for Zeeman spectrum of samarium atoms with the natural isotopic abundance under the magnetic
field of 167.38 × 10–4 T. The number of counts of detected photons per 20 ms is plotted against the MCS channels corresponding to
the elapsed time from the starting point of the frequency sweep of the laser. The top part corresponds to the Zeeman spectrum in the
transition from the level of E = 0.184 68 eV(J = 3) to the one of E = 2.076 5 eV(J = 3). In the middle and the bottom, the spectrum of
127I2 and the spectrum of the transmitted light from the FPI are shown, respectively.
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Figure 5 Zeeman spectra after calibration on the horizontal axis and peak assignments. The top part of the spectrum is the same
as the one shown in Figure 4. Magnified spectra of just the area of the peaks for the 152Sm atoms are shown in the middle and the
lower parts, in which the magnetic field is 0 T and 167.38 × 10–4 T respectively. The label above each peak is to indicate the relevant
change in the magnetic quantum number, m, to the one with m�, associated with the optical transition.
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Figure 6 Stark spectra obtained by the analogous method to the one used for Figure 5. The transitions are the same as in
Figure 5. The electric field of 26.04 kV cm–1 is applied. The middle and lower graphs correspond to the spectra for the 152Sm atoms
under the electric field of 0 kV cm–1 and 26.04 kV cm–1 respectively.
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See also: Atomic Fluorescence, Methods and
Instrumentation; Laser Applications in Electronic
Spectroscopy; Laser Spectroscopy Theory; Zeeman
and Stark Methods in Spectroscopy, Applications.
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Figure 1 A comparison between conventional VUV PES and
ZEKE spectroscopy on NO; with the latter technique rotational
resolution is attained.

Figure 2 The rotationally resolved ZEKE spectrum of benzene
compared with time-of-flight PES; again the resolution is im-
proved by several orders of magnitude.

Figure 3 In para-difluorobenzene, the vibrational structure of
the cation was not fully resolved until the introduction of ZEKE
spectroscopy.
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Figure 4 ZEKE spectrum of I2 recorded through the [2�3/2]core

5d;2g state; the arrows indicate diagonal transitions, and the
asterisks accidental resonances with A ← X transitions�

Figure 5 ZEKE spectrum of I2 recorded through the [2�3/2]core

5d;2g state; the arrows indicate diagonal transitions.
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Figure 6 The long Franck–Condon forbidden progression
exhibited in the ZEKE spectrum of the lower spin-orbit state
recorded through � = 15 of the B3�u0 +

u state.
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Figure 7 The symmetry-based selection rules applied to ZEKE
spectroscopy are borne out by the different spectra obtained us-
ing the ortho- and para-nuclear spin states of ammonia.
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Figure 8 In the lower-energy band, recorded through the S1 161

E1u, 22-l state, only even K are observed, whereas in the higher-
energy band odd K are observed, indicating rigorously the sym-
metry of the vibronic state associated with each band.
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Figure 9 ZEKE spectra recorded through various torsional
levels of the S1 state in toluene. The label EXC indicates the
torsional transition to the intermediate: S0 ← S1�
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Figure 10 The striking vibrational progression seen in the ZEKE spectrum of phenol–methanol.
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Figure 11 REMPI spectra of I2-Ar showing the assignments attributed to each of the two structural isomers; (A) was recorded
through the [2�3/2]core 5d; 2g state with circularly polarized light, and (B) was recorded through the [2�3/2]core 5d; 0+

g state with linearly
polarized light.
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Figure 12 The ZEKE spectra of I2-Ar recorded through the [2�3/2]core 5d; 2g state. (A) is through the overlapping (00
0) vibrational lev-

els, (B) the (31
0) levels and (C) the (32

0) levels.
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See also: Photoelectron Spectrometers; Photoelec-
tron Spectroscopy; Zero Kinetic Energy Photoelec-
tron Spectroscopy, Theory.
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Figure 1 An ionization scheme for conventional PES.

Figure 2 The setup for conventional photoelectron spectro-
scopy.



ZERO KINETIC ENERGY PHOTOELECTRON SPECTROSCOPY, THEORY 2521

%��� ������� ���	�� �	�
� �� ��� ����	 � ����� ����	
�	��������������� � ��� ��	
���� ������������� ��
����5� �� 
��������� ������ ���� ����	�
���� ��������

� 
����������� �	����� � ��	
���� ���� �� 	�������
����	
��������������H�������������	�
������	�������
����	
������������������������� ���	��������� ����������
��	���� ���	�������� ������� ��� ���� ����	
������� �����
��� ��� �������� � ����� ��������� ���� I	����3������
�����	����	�����5�����������������>���	��	������������
����	
������� ������� �� 	������������������ 
�����
������� ����5������ ',.�?>+� �����	�
� 
���� ��	��� ��
	���	����� %���� ��� ������� ����� �� ����	��	�����
� ��
������������ 
���� �����	�
��	� ����	����� ����
���� -.#.� ����������	��� �����	������ ����	�����
I�	��������	��������������������	��������������������
������ '∼( �C+� ������������ ���� ����������� �����������
�� 
������������ �������� %��� ,.�?>� ������� ���� ��

������������ ��������	����������	��	�����������������
����������������	��	��������������������	���	�������	
�
��	������������������������	�$�����������	�� ��

�������	����
���%�������5����������
����	�������
�����	�( + (′�,.�?>������	�
�������������	
��� ��

$���� ���� ���������� ��� �����	��� �����������
���
�	�
������� �������������	����5������������-.#.�������
��������� ��� �� ������� ����	�
���� ����� ���� �������
�	�����	�
���	�������������5�������$����������������
����������������	���������������	��������-.#.������	���
���	�� ��� �� ����	���� ��� ���� ����5������ ���	�� �� ���
8��	�� ������ � 	��������� ��� ���� ����5������ ��� ������
,���	���������'� > (77+��������	�������������������
��K
�����	�����G������������=����(7 �
3(�����������
������	������ �����������������	
�������H�������	���
��� ����������������������5�������������,���	��������
��
���
��������������������
��-.#.�?I> �����������
�	���	������������K�	��G�-.#.���������� ���������������
�	���,���	����������	������������������������	�������	��
������������������	��������������K�	��G�-.#.������	����

Figure 3 (A) A pulsed laser beam ionizes the sample, and
kinetic electrons are scattered randomly. (B) A delayed electric-
field pulse is used to extract ZEKE electrons from the ionization
volume.

Figure 4 The improvement in resolution gained by using ZEKE spectroscopy.
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Figure 5 An ionization scheme for a 1 + 1′ REMPI experiment.

Figure 6 (A) the Rydberg states converge on the ionization
energy. (B) the long-lived states in the ‘magic’ region are field-
ionized by the extraction pulse.
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Figure 7 An ionization scheme for ZEKE spectroscopy.

Figure 8 (A) Collisions between the Rydberg electron and the
core in lower Rydberg states cause decay by intramolecular
processes such as predissociation. (B) The nonpenetrating char-
acter of higher Rydberg states results in a longer lifetime.
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Figure 9 The effect of slope risetime on the resolution: in (A) the fast pulse gives a low resolution as a large slice of the Rydberg
manifold is ionized; in (B) the slower pulse enables the detection of much smaller slices of the manifold, giving a higher resolution at
the cost of signal strength.

Figure 10 A schematic representation of the ZEKE apparatus.
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See Heteronuclear NMR Applications (Sc–Zn).
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See Heteronuclear NMR Applications (Y–Cd).
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APPENDICES 2. TABLES OF SI AND RELATED UNITS 2529 

z. I awes or SI ana relarea unlrs 

51 base units 

cgs units with special names 

Symbol 
m 
s 

A 
K 
null 
cd 

Quantity 
length 
Ilme 

elee!rlc current 
thermodynamic temperature 
amount of substance 
luminous intenslty 

Sl prefixes 

Name 
mete 
St.CUIIU 

ampere 
kelvin 
mole 

candela 

.I *..I .*. - '. 
1 dyn = l(r N 
1 P = 1  dyn~cm-~=O. l  Pas 

1 St.1 cmzs-1=101rn2s-~ 
1 Gs corresponds to l ( r  T 
1 Oe corresponds to (1 00014 n) A m-I 
1 sb=1 ~ d c r n ~ = l O ~ c d r n - ~  
1 ph=1041x 

-'Y 

dyne 
paise 

! stokes 
gauss 

oersted 
stilb 
phol 

"* ' . 

dyn 
P 
St 
Gs, G 

Oe 
sb 
~h 
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SI derived unRs 



APPENDICES 3. WAVELENGTH SCALE 2531 

3. Wavelength scale 



2532 APPENDICES 4, COLOUR, WAVE LENGTH, FREQUENCY, WAVE NUMBER AND ENERGY OF LIGHT 

4. Colour, wave length, frequency, wave number and energy of light 

5. Magnetic susceptibilities at 25OC 

Colour i lnm 

Infrared 1000 

Red ! 700 
-- 

Yellow 580 

Green 530 

~p ~ 

The CGSvaluesafthesusceptibiiily (per gram) are obtained by larming 1000~ 14% and thevalue pergram moleirom 1000~: M , ! h .  

vlHz film-I 
3.00.1014 1.00.104 

4.28.1012 1.43.10' 
5.17,1014 1.72.104 

5.66.1014 1.89.104 

UeV 

1.24 

1.77 
2.14 

2.34 

E M  mol-1 

120 

171 
206 

226 
PP 

2.13, lo4 
2.38 . 10' 

3.33 ,104 

6.38 . 10'4 2.64 

2.95 

4.15 

7.14.10'4 
pppp 

1.00 , 1015 

285 

400 I 

Violet 420 

-- 
Near Ultravidet 300 
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- ~ ~ -~ 
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!536 APPENDICES 7. PROPERllES OF SOME IMPORTANT SOLVENTS 

- - - - - - - - - - - - . - - - -. - - - - -- . . - - - . - - . . -- 1--------I-- I 



APPENDICES 8, IMPORTANT ACRONYMS IN ORGANIC CHEMISTRY 2537 

- ~ - p ~ - p ~ ~ p ~  

uruuuiuaulyl ruler 

DDH 1,3-dibroma-5.5-dimethylhydantoin 

DDM diphenyldiazomethane 
pp 

DEA N.Ndiethvlaniline 

. . 

1 dioxane 

cirreliylace!arr de 

N.Nd rneihy zcelaace-am& 

- . - - . - . lpa yethoxve~naie ~alvme' 
DML oivy, stq .leci~n~n 

- 
DMS 1 dimelhylsiioxane 

DMSO I dirnslhvl sulfoxide 

DMT I dimelhyl lerephlhalale 

DNA I deoxvribonucleic acid 
1 DOCA I deox;carticoslerane acetale I 

I 

DPG 1 2,3 diphosphoglycerale 
1 DPI I dipalmitwl-lecithin 

I dpm 1 dipivaloylmethanato 

1 DPPH 1 diphenylpicryihydracyl .~ ~ 

i >" "  --.., -1 -.., 
DST I disuccinimidvl lartmle 

I 

I DTEN I di-l.butyl nilraxide 

' E M  I elhyi aceloacetate 

elhyl amyl ketone 
Mnlh~rl.hlh~nnbnilina 

elhyiene d~chloride 

EDTA elhviened~aminetelraacek ac~d 

Et ethyl 
FA luifuryl alcohd 

FAD llavin adenine dinudeolide 

1 FMA lluoroscein mercuric acetate 

G guanine 
1 aln olutam ine 

Glu I glutarnic acid 

Ghr 1 obcine 
Glyme (glyrne) I l,;.o mernoxyellane 

HAB 1 L.4-  o ~ ( ~ e p l ~ l ~ a z o x ~ e n z e n e  . . .  . 
nrr I II~XMI~. 101 I I ~ V I I  

1 HFA 1 hexalluoroacelone 
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APPENDICES 9. EQUILIBRIUM CONSTANTS AT 25QCONCENTRATION UNITS FOR SOLUTIONS 2539 

9. Equilibrium constants at 25°C/concentration units for solutions 

Equilibrium constants  at 25°C 

Dissociation constants o f  weak acids 

Equilibrium constants at 25°C 

H@03 

HCN 

HC2H34 

Y ~n 1 

HzCpO, 

HzC~H~OE 

rimtila ' 

Name ' ' ' & 
ammonia 1.8 x 1 0 - ~  

1 NH'OH hydroxylamine 9.1 x lo-$ 
I CH,NH, methyiamine 4.4 x l o 4  

boric acid 

{ 
hydrogen cyanide 
(hydrocyanic acid) 

acetic acid 

axalic acid 

ascorbic acid 

.: --:A 

Formula 

7.4 x 10.; (K,) 
1.4 x lo-" (K,) 

phosphine I 1 x 1 0 - "  

6.0 x 1 O-'O 

4.0 x 10-10 

1.6 x lo-" 
( n 9 4n-7 ivi  

{ 
5.4 x 10.' (K,) 
5.0 x ID- '  (K2) 

5.0 x lo- '  (K,) 
1.5 x 1 0-j2 (K,) 

i , 6  x 10-2 (K,) 
H3P03 1 phosphorous acid 

H,Po, 

Name 1 Symbol I Definition I 

Weight ~ercent 1 % I [Grams 01 solute ~ e r  amms of solution) x 100 

7 x lo-' (&) 

7.6 x 1 0-3 (K,) 
phosphoric acid 6.3 x l o -&  (Kc) 

4.4 x i o - l 3  (K~) 

Mole fractiona 1 XA I Moles of A per tolai number o l  moles I 

Molaritv 1 M I Males of solute ~ e r  iilre of soluhnn 

hydrogen sulfide 1 , l  x (K') 
(hydrosulfuric acid) 1 .O x l o - "  (K,) 

H ~ O  +so2 i suilurous acio 
6.3 x 10-"K?) 

Hmi 
{ hydrogen sulfate 

1 ion (bisullate ion) 1.2 x lo-? 

HF 
nou 
HC102 

Normaiitv 
Maiality 

Weight formalityc 

[ hydrofluoric acid 
fiypbcn~orous a'cia' 

chiorous acid 1.1 x 

a The symbol Y, is often used for the mole fraction of A in a gas phase that is In equilibrium with a liquid solution. 
Note that 1 l i te = 1 dms. The SI concentration unit af mol m-? is no1 very atlractivs for most work in chemistry, and nan-SI concen- 
tmlions based on the litre are widely used 

. - , ~ ~ ~ ~  ~2~ ~~~ . ~ ~ .  ~~ ~ ~ . ,  ~ ~ , , ~  . ~~~~ ~, . ~ . ~ ~ ~  .. ~ . . ~ ~ ~ ! . ~ ~ . L ~  .~~...,, ~ --.--- .'..-,~.. 8 ....& 8.. .., .. 

N 
rn 

f 

Eauivalents of solute oer litre 01 solutio@ 
Males of solute per kg of solvent 

Formula weight af solule per kg of solvent 
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APPENDICES 11. STANDARD POTENTIALS IN AQUEOUS SOLUTIONS 2541 

- - - - - -. . .. .. . - - - - - - . . . . . - . . . -.-..- - ... -. ..~ .-. ~~- 

Selected half-reaction potentials are listed in order of increasingly positive (anodic) assignments, providing a convenient guide to 
redox couples in a given range ot standard potentials. The synopsis consists ot two tables, one each for acid and basic solutions, 
a i c h  have been advisedly restricted to selected half-reactions. 

Standard potentials in acid solutions Continued 
(3i2)N2 + H+ t e + HN, 3 . 1 0  Mn2+ t 2e- + Mn -1 1 8  

Rb+ + e--. Rb 

Cs- t e- - Cs 
Ra2* + 2e- - Ra 

S P t 2 e - S r  

-2.2 Pbl, + 2e- - Pb + 21- 
-2.07 Eu3* + e- - Euz* 

-2.067 In3- + 3e- + in 

-2.06 TI- t e- + Ti 
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Cwple P (V) 
W03(c) + 6Ht t 6e- - W + 3H,O -0.090 

P(w) t 3Ht + 3e- - PH, -0.063 
0 2 t H ' t e + H 0 ,  -0.046 
h . 1 -  A %- - pun 4 ?I- -0 ~ n s  
GeO, + 4H+ + 4e- - Gejhex) + 2H,O -0.009 
2H . t2e+H,  0.000 

CuBr + e- + Cu t Br- 0.033 

HCOOH(aq) + 2H' t 2e- + HCHO(aq) + H,O 0.056 
AnRr r n- -. bn r Rr- nmll 
CuCI + e- + Cu + Cl- 0.121 

Ct4H++4e-+CH 0.132 

HgBr, + 2e- + 2Hg + 2Br  0.1 3920 

S t 2H' t 2e + H,S 0.144 
Nd+ r a- + Nn3+ 0.15 
Sb40s t 12Ht + 1 2 e  + 4Sb t 6H20 0.1504 

SO?- t 2H' t 2e- - H,SO, + H,O 0.155 
Cu2* + e- + Cu+ 0.159 

UO,2' + e- + UO; 0.16 
RiOCl 7U* r ?w + Ri s H.n + Cl- 01697 

ReO, t 4H' t 4e- + Re + ZH,O 0.22 

AgCl + e- + Ag + Cl- 0.2223 

HCHqaq) t 2Ht + 2e- - CH,OH(aq) 0.232 

(CH3)s02 t 2H' + 2e- + (CH,)$O t 2H,O 0.238 
HAsn.lmi L 1 M  A %- + Ac r 7H.n fl24.R 
HCNO + H+ + e + 1!2CzN, t H,O 0.330 
VO"+2Htte-Va++H,O 0.337 

ReO; + 8Hi + 7e- - Re t 4H,O 0.34 

Cu2+ t 2 6  - Cu 0.340 
Anln. A 0- - #A 4 0"- 0.354 
C,N, t 2Ht t 2e-- 2HCN(aq) 0.373 
UO?* t 4H't 8- + Uc + 2H,O 0.38 

H&,O, t 6Ht + 4e- -. 2NH30H- 0.387 

2H803 t 2Hi + 4e- + S,O,' + 3H,O 0.400 
AoGrO. + 2e- - 2An t Cr0.i 0.4491 
PdBrP + 2e- - Pd + 4Br- 0.49 

RhCl, + 3e- -. Rh t GCI- 0.5 
H2S03 t 4H+ + 4c - S + 3H,O 0.500 

2H,S03 + 4H+ t 6 e  -. S,Og + 6H,O 0.507 

ReO; + 4H- t 3e- + ReO, + 2H@ 0.51 
TeO,(c] t 4H+ + 4e- -. Te + 2H,O 0.53 

I, t 2e- + 21- 0.5355 

Couple P (V) 
I j t 2 8  + 31- 0.536 
AgBrO, + e- + Ag + BrO; 0.546 
CuZ+ t C t  + e- -. CuCl 0.559 
TeDOH' + 3H+ t 4~ + Te t 2H,O 0.559 
Mn04- t e - M n O t  0.56 
S,0,2- + 4H. t 2e- + 2 H 8 4  0.569 
CH,OH(aq) t 2H+ + 2 e  + CH, + H@ 0.59 
Sb205 t 6H' + 4e- + 2SbD t 3H20 0.605 

AuISCNL- t 3e- -. Au t 4SCN- 0.636 
AgC,H302 + e - Ag t C2H30z 0.643 
CuZ- t Br- + e- + CuBr 0.654 

Ag,SO, t 2 e  + 2Ag + SO:- 0.654 

Pd2+ t 2e- + Pd 0.915 
NOT + 3H+ t 2e- - HNO, t H20 0.94 

NO< + 4Ht t 3e- - NO + 2H,O 0.957 

AuBri + e- + Au + 2Br- 0.960 
HNO,+H-te--NO+H,O 0.996 

AuCI; + 3e- - Au t 4CI- 1.002 
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Cauple 

Br,(l) + 2e- - Br- 

ICI; t e- - 2CI- t lRI, 

N,O, + 2Ht + 2 e  - ZHNO, 
Pi&' ,.- lPhl - ,  A- C,,#PpL$ - 

SeOlg t 4Ht + 2 e  + H,SeO, + H,O 

CI0,- + 3H- t 2e- -. HCIO, t H,O 

CO, t H. + e- + HCIO, 

$GI, + 2e- + 2.5 t 2CI- 
L5", + z r .  +-- q ' l @  

0, + 4H- + 4e- + 2H,O 

MnO, + 4H. t 2e- - Mn2* + 2H@ 

N,03 t e- + NpOPt 

N2H; + 3Ht t 2 e  + 2NHj  
ZrlNUz + 4n' + % " l u 2 V + i l r l ~ v  

NH,OW t 2Ht + 2 e +  NH,+ + H,O 

CI, t 2e- -. 2CI- 

Cr20,Z- t14H' + 6e- + 2CrC t 7H,O 

2NH30H* t H+ + 2e- + N2H,+ + 2H20 
royto)  t 4n'tze- + r o -  t LH,U 

BrO; + 6H- t 5e + lEBr, t 3H@ 

Mn3* + e- - Mn2+ 

MnO; t 8W + 5e- + Mn" t 4H,O 

Au3+ t 3 e  - Au 
NiO, + 4Hi t 28- + N'* + 2H,U 

H,106 t Hi t 2e- + 10, t 3H,O 

HBrO + Hi t e - liZBr, t H,O 

HCIO + Hi + e- -. 112CI, + H20 

Bk" t e - BP+ 
HCIO, t 2Ht + 2e- - HCIO + H20 

PbOr(a) t SO:- + 4Ht t 2e- + PbSO. t 2H,O 

MnO, + 4H+ t 3 e  - MnO, t 2H,O 

Ceb+ + e + Ceh 

AmO,' + 4H+ + 2 6  -. Am3* t 2H,O 
Au++e--Au 

C c + t s + C c +  

HN3t3W+2e-+NH,'+N, 

S,O,z- + 2e- - 2SO:- 

Ag2+ t e- - Ag+ 
F20 t 2H+ t 4e- + 2F- + H,O 

OH t H - t e -  H,O 

Couple P [V) 

O[gl+ 2H+ t 2 e  -. H@ 2.430 

Am4+ t e- + A P  2.62 

F 2 t 2 e - 2 F  2.87 

F. + ? H  r . 7 ~ -  + ?HFlan\ R ll5R 

Ca[OH), + 2e- - C a t  20H- -3.026 

Ba(OH), + 2e- + Ba + 20H- 

Sr(OH), + 2e- + Sr t 20H- 

Y(OH), + 3e- -. Y t 30H- 
HnlOHI. + + Hnc30H- 
Trn(OH), + k - Trn + 30H- 

Lu(OH), t 3e- + Lu + 30H- 

Gd(OH), + 3e- + Gd t 30H- 

Tb(OH13 + 3e--. Tb t 30H- 

LalOHI. t 3 e  -. La + 30H- 
Dy(OH), t k -, Dy + 30H- 

Pr(OH), + 3e- - Pr + 30H- 

Ce(OH), + 3e- + Ce + 3 0 k  

Nd(OH), t 3e- + Nd + 30H- 

PmIOHl, + 3e- + Pm t 30H- 
Mg(OH), t 2e- - Mg t 20H- 

Sc(OH), t k -, SG + 30W 

Th@ t 2H,0 + 4e + Th + 40W 

Arn(OH1, + k + Am + 30H- 

Cm(OH), t 3e- + Cm t 30H- 
AI(OH)( t 3 e  + A1 + 40H- 

AI(OH),(g) + 3e- + Al + 30H- 

Np(OH), + k - Np t 30H- 

Ti0 + H,O t 2e- + Ti t 20H- 

U(OH), t 3e  + U t 30H- 
Ti,O, + H,0 t 2e- - 2Ti0 t 20H- 

B(0H); + 3e- + B t 40H- 

Si0:- t 3H,O + 4e- - SI t 60H- 

HPO,>t 2H,O + 2e- + H,PO, + 30H 

Mn(OH), t 2 e  + Mn + 20H- 
PuO, t 2H,O t e + Pu(OH), t OH- 

2Ti0, t HIO t 2 6  -, Ti,O, + 20H- 
Zn(CN),' + 2e- -. Zn t 4 C N  

Cr(OH), t 3e- + Cr + 30H- 

Cr(0HI j + 3e- -. Cr t 40H- 
CdS + 2e- -r Cd + S2- 

Zn(OH), t 2e- + Zn t 20H- 
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Couple P (v) 
H,GaO,- t H20 + 3 e  - Ga t 40H- -1.22 

Te + 2e- - Te2- -1.14 

POaS- t 2H,O + 2e- - HP0,L- + 30H- -1.12 
urn 2: *U n . x ,  . MI . o n u -  4 "7.4 

Zn(NHJ,,+ + 2e- + Zn + 4NH, -1.04 

HQO; + 2H,O + 4 e  + Ge + 50H- 

MnO, t 2H20 + 4e- - Mn + 40H- 

CNO- t H,O t 2 e  + CN- t 20H- 
CdiCN) .* a 7e- + Cd A m +  

PbS + 2e- + Pb + S^ 

Moo:- t 4H20 + 6e- - Mo + BOW 

Sn,OH),- t 2 e  + HSn0,- t H20 + 30W 

P t 3H,O + 3 e  + PH? t 30H- 

Couple 
Cu(SCN) + e-+ CU + SCN- 

CuO + H,O t 2e- + Cu t 20H- 

Mn20, t 2H20 + 2e-- 2Mn(OH); t 20H- 
or,,n &,p n , gn- P,, n m u -  

0, t H,0 t 2e- + HO; t OH- 

TI(OH), + 2 e  + TlOH t 20H- 

Mn02 t H20 + 2e- + Mn(OH), + 20W 

AgCN t e- + Ag + CN- 
h m : ,  u Q , 10- h l n  - C m ~ -  

Co(NHJ,3+ t IT - Co(NH,)," 

TeOP t H,O t c + TeO," + 2 0 t t  

HgO(red) + H,O + 2e- - Hg + 2 0 k  

N,H4 + 2H,O t 2e- + 2NH,(aq) t 20H- 
m . 3 -  LAU n , KO-,, V A  nnw 

HO; t H20 t e- + OH + 20H- 

0,- + H20 t e- + HO; + OH- 

PbO,@) + H,O t e + H P b 4  t OH- 

PbO,@) + H20 t 2e- -. PbOjred) t 20H- 
m ;, qu.n L '2,- 1 ,  gnu- 

Pu02(OH), t e -. Pu020H t OH- 

PbO,,- + 2H@ + 2e- + HPbO; + 3 0 t t  

Ag,O t H20 + 2e- - 2Ag + 20H- 

Ag(NH,),+ t e- + Ag t NH, 
rn - . u n . ga- CIA - g n u -  

NH@H + H,O t 2e- -. NH, t 2OH- 

AQ(SO~)~> + e- + Ag t 2SOi2- 

Ag2C0, + 2e- + 2Ag + CO," 

ID- t H20 + 2e- + t + 20H- 
N i A T r  9U Q s  7- a M i l n U l  L 7nH- 

BrOj + 3H20 t 6 e  + Br- t 60H- 

RuOi + e- - Ru0:- 

Mn04' t 2H20 t 2e- - Mn@ t 40H- 

2Ag0 t H20 + 2e- - Ag20 t 20H- 
u.1n.2- 70- + ~h-&  OH- 

C102- t H,O + 2 e  - CIO- + 20H- 

Ag,O, t H20 + 2e- e- 2Ag0 + 20H- 

BrO- t H,O + 2e- 4 Br- + 20H- 

H02- t H20 t 2e- e- 30H- 

CIO + H,O t 2e- + CI- + 20H- 
0, + H,0 t 2e- 4 0, + 2DH- 

OH+e-+OH- 



APPENDICES 12. TYPICAL UV ABSORPTIONS OF UNCONJUGATED CHROMOPHORES 2545 

12. Typical UV absorptions of unconjugated chromophores 



2546 APPENDICES 13. TYPICAL W ABSORPTION MAXIMA OF SUBSTITUTED BENZENES 

.-. -,r.-...-- ----.r-.-.--..I--. ".I-' ---- 

14. Typical UV absorption maxima of aromatic and heteroaromatic 
compounds 



APPENDICES 15. COMMON ISOTOPES FOR M~SSBAUER SPECTROSCOPY 2547 

15. Common isotopes for Mossbauer spectroscopy 



2548 APPENDICES 16. NMR FREQUENCY TABLE 



APPENDICES 16. NMR FREQUENCY TABLE 2549 





NMR-freocy (MHz) at a fiel) of 
Spin bun- 

ance% 88 4.6975 3719 7.0463 9.3950 1 14.0926 5157 18.7900 

* instant field for eq~urnber of nuclei. roduct of relative !itivity and natural idance. 



2552 APPENDICES 17. lgF AND3'P NMR CHEMICAL SHIFTS 

Some representative 19F NMR chemical shifts referenced to CFCI, 

Some representative 3iP NMR chemical shifts referenced to 85% H,W, 

IFi 170 -278 ReF, 1 345 

-20 48.3 EQPS 54.5 

[SiF,]z- 

XeF, 

Nucleus I Spin 1 Chemical shift range 6 (pprn) I Standard 

'H 1 1/2 I 12to-1 1 SiMe, 
I I 

S i 1 1  5 tn -10 1 1M LiCl in H a  

-127 

258 

, TeF, 

-. 

l i  - - 

I3C 

I5N 

''0 

I9F 
- i3Na 

2gSi 

-57 

3!2 
112 

112 

. . 

5'V 

"Zn 
"Nb 

"Ru 

WF, I 166 - 
I XeF, 438 

5i2 

112 

XeF, I 550 

.- 

5 lo -10 
240 to -10 

1200 lo -500 

1400 to -1 00 H2O 

100 to 3 0 0  I CFCi, 

- 

712 

5/2 
912 

312 

1M LiCl in H& 
- - -  

SiMe, 

MeNO, #, 

3i2 10 to -60 I 1M NaCl in H,O 
112 I 100 t o 4 0 0  1 SiM<, 

0 to -2000 

100 to -2700 
0 to -2000 

3000 to 3 0 0 0  

VOCI, 

ZnCIO, 
NbC&- 

RuOJCCI, 



APPENDICES 19. ABBREVIATIONS AND ACRONYMS USED IN MAGNETlC RESONANCE 2553 

, I.Y*ITY= I ..p,,, I "IITIIII-I *lllll lmnlYTU ,,a,,,,, I UI(IIIUaI" I 

'-my 

* highly poisonous (see Chem & Engin News 611997). 

19. Abbreviations and acronyms used in magnetic resonance 

I , Z  -300 LV -JOOO I I~,QE?' 



2554 APPENDICES 19. ABBREVIATIONS AND ACRONYMS USED IN MAGNETIC RESONANCE 

-'"..,..".-.." '.." '".- ..,... " ---- ... .-.-q"-"- .---..-..-- \----------- I 

I I (  I 

DQF I Double Quantum F~lter I HMBC I Heteronuclear Multiple-Bond Correlal~on 

DQ I Double Quantum 1 HECTOR I Heteronuclear Conelation Spectroscopy 

WC I Double Quantum Coherence 1 1 HEHAHA I Heteronuclear Hartmann Hahn 



APPENDICES 19. ABBREVIATIONS AND ACRONYMS USED IN MAGNETIC RESONANCE 2555 

I 
RECSY I Multistep Reiayed Coherence Spectroscopy 

PFG Pulsed Field Gradient 

PGSE Pulsed Gradient Spin Echo 

REDOR Rotational Echo Double Resonance 
Rnlav~rl Cnrrplatinn Sllpr.lrosmov 
orbital theory 

Radio Frequency 

I 
TANGO 

Testing for Adjacent Nuclei with a Gyration 
Owrator 

PMFG Pulsed Magnetic Field Gradient 

IL  ( maximum 

~ 
SLlTDRESS mii.tnartmcmnv 

IJV" 

PRE 

PRESS 

PRFT 

PSD 

QF 

QPD 

n + ~ -  

RE.BURP 

SNR ar SIN 
rat> p ~ ~ ~ \ r i ~ n r n n  - '. -- 
Proton Relaxation Enhancement - 
Point-Resolved Spectroscopy 

Partially Relaxed Fourier Transform 

Phase-sensitive Detection 
- 

Quadrupoie momentlField gradient 
(interaction or relaxation mechanism) - 
Quadrature Phase Detection 

n , , + ~ ~ , ; * ~ ~ n - ~ ~ - o l -  c-~-- - -a  -- 
Refocused Band selective Uniform Response 
Pure ~ h a S e  

Signal-la-noise Ratio 
- 

SPACE 
! 

SF 1 

Sac 
SQF 

SR 

SSFP 
JIC 

STEAM 

Second Order Polarization Propagator 
Approach 

Spatial and Chemical-Shii Encoded 
Excitation 
>e~ec~~ve rapulmlull irallsler 

Single-Quantum Coherence 

Single-Quantum Fiiter 

Saluration-Recovery 
-- 

Steady-State Free Precession 
P 
Stimuiated Echo Acquisition Mode lor imaging 
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APPENDICES 21. EPRIENDOR FREQUENCY TABLE 2557 

21. EPRIENDOR frequency table 



2558 APPENDICES 21. EPRIENDOR FREQUENCY TABLE 



APPENDICES 21. EPRIENDOR FREQUENCY TABLE 2559 



2560 APPENDICES 21. EPR!ENDOR FREQUENCY TABLE 

22. Some useful conversion factors in EPR 

96 

0.07144775 and divided by the g lactor, and 2) a hyperfine coupling constant A expressed in the units cm-I is multiplied by 
2.9979246 x to4 10 conved it to MHz. 

a Stable isotopes and those with haif-lives >1 yr. Table by coudesy of Prof. J. A. Weil 
* LAO*-* m~i~aA+;,,.3 ~ n r l  D c 0,- nen+ rhomic+n, 

Means unclear whether the correction was made Saskatoon, Canada S 7N OW0 

CmZU'. 1 ... 
Cm2&" 1 ... 
CmxF 1 ... 

tSe (GHz) = 13.9962 g B (T) 
= 1.39962 g B (kG) 

n 

v,(MHz) = 42.57638 6 (T) (HPO) 

B (T) = 0.02348720 v p  (MHz) (H,O) 

9 
v.(GHz) 

= 0.071 44775- 
B 17: 

vp \"" 'L; 

52 
712 
9,2 

A (MHz) = 2.997 9246 x 1 WA ( c m - I )  

= 13.9962gA(mT) 
=t.39962gA(G) 

"lnm-l, - n  91'1 KC" + n  rn-4 A rn8u.t 

1 mT = l O G  

I 
I 

0.43 
0.3 
0.21 

4.4 x lo- '  
3 x 10." 

2.2 x 

0.16 
0.1 
0.08 

? 

? 



APPENDICES 23. MASS SPECTROMETRY: ATOMIC WEIGHTS 2561 

- - 
Atomic weights oi the isotopes of all elements based on I2C = 12.00000000 
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I 

79.9165210 
. . 

100.0000 

18.9516 

,6140 

3.9474 
m 9 6 M  

100.0000 

30.3509 

100.0000 

38.5710 
R7R1 

82% 

'BKr 

"OKr 
UYF 

Wr 

% 

8=R b 

87Rb 
Me. 

I 81.9167090 

77.9203970 

79.916375D 
91 ( 1 1 ' 2 ~ ~ 7 n  

83.91 15060 

85.91 06140 

84.91 17996 

86.9091 840 
01 0 i I A I ) R n  

"Sr 

8% 

"Y 

WZr 
917. 

"Zr 
'Zr 

"Nb 

100.0000 

26.0703 

4.4932 

100.0000 

3.0864 
1.2346 

45.3704 

23.7654 

75.0000 

, 2fi 5432 

'?in 

I%n 

I2'Sb 

'%b - 
In1 

"'Cd 

'16Cd 

lisln 

"5ln 

112Sn 

"5Sn 

lI7Sn 

l'eSn 
119Sn 

1 113.903361 

11 5.904758 

11 2.904056 

1 14.903875 

1 I I QnAR?? 

114.903344 

115.901744 

11 6.902954 

11 7.901 607 

11R9fl7Rln 
I 

86.9088900 

87.9056250 

88.9058560 

89.9047080 
O n  Q n C G M n  

93.90631 90 

95.9082720 

92.9063780 

8.4766 

100.0000 

10D.0000 

100.0000 
71 W A R  

33.6832 

5.4033 

100.0000 

121.903440 I 14.1975 

61.5002 
9 R  9 7 M  

69.1256 

39.5773 

100.0000 

39.9088 
, 17 AGRA 

40.1899 

39.8734 

53.7975 

100.0000 

59 1777 

3.7322 

40.7611 

81.7051 

100.0000 
96 8167 

100.0000 

! 92.9050 

4.3508 

3.0978 

43.4737 
83.9888 

42.5339 

I 
123.905271 , 
120.903824 

122.904222 

126.904477 I 

g2Mo ' 91.9068090 

17.2840 

100.0000 

74.5201 

100.0000 
7.6923 

2.6864 

14.2485 

21.1243 

56.0651 
100.0000 

,3717 

,3346 

7.1004 

98.1413 
I 78.8104 

100.0000 

38.661 7 

33.0855 

100.0000 
,1409 

3.371 0 

9.1939 

10.9540 

15.6625 
,0901 

100.0000 

l T e  I 121.903055 

122.904278 
'% I 
lXTe , 123.902825 

IZITe I 124.904435 
%Urn 

Wo 

%40 

g o  

'mlllo 
%rill 

"Ru 

imRu 

ImRu 

ImRu 
I M ~  , 

'"T* 

130Te 

lmXe 

ISXe 

IaXe 
12q .  

1 3 1 h  

IS1Xe 

IMXe 

'=Xe 

01 MKnPCPI  

95.9046760 

96.9060180 

97.9054050 

99.9074730 
a F a n 7 c l O f i n  

98.9059370 

99.9042180 

100.905581 

101.904348 
I in? o n w m  

12.5 903310 

129.906229 

123.906120 

125.904281 

127.903531 

128.904780 
130.905080 

131.904148 

133.905395 

135.907219 

W e  

I* 

We 
14Pr 

l"Nd 

'OPW 

'@'Pd 

lmPd 

l"Pd 
%%OA 

'o7Ag 

lwAg 

lmCd 

lmCd 
IIWA 

lllCd 
1 1 3 ~  

101,905609 

103.904026 

104.905075 

105.903475 
in7 an7R9A 

106.905095 

108.904754 

105.906481 

107.904186 

l n ~  ~nxn-17 

11 1.902761 

112.904401 

'"Cs 1 132.905433 
lSBa 131.905042 

135.907140 

137.905996 

139.905442 
140.907657 

141.907731 

l"Ba 
lrsBa 

'%a 
'ZBa 
"La 

'"La 
,2147 

,2825 

1oo.0000 - -- 

100.0000 

100.0000 

133.904490 

134.905668 

135.904556 

136.90581 6 
137.907114 

138.906355 
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Abundance (%) 

14.7727 

52.8409 

76.9886 

 soto ope 

U)Nd 

UWd 

% 

UNd 145.913126 63.3616 '"Hi 178.945827 
'wa 149.920900 20.7888 V a  179.947489 -- 
l"Sm 143.912003 11.6540 T a  180.948014 

141Sm 146.914907 56.7670 I "DW 179.946727 

met M ~ S B  

142.909823 

143.910096 

144. 91 2582 

IuEu 

' q d  
' T d  

15%d 

lnGd 

'SYid 

' Y i d  

"Lu 
"'HI 

naunaance p) 
44.8949 

87.7258 

30.5934 

152.921243 

151.919803 
154.922629 

155.922130 

156.923967 

157.9241 11 

159.927061 

Table by courtesy of Prof. J. Seibl (ETH Zurich, Swlzerland) 

174.940785 100.0000 
1 lY.Y4VU153 1 ,4543 

isotope 

'"Hi 

'"Hi 

'"Hi 

100.0000 

,8052 
59.5813 

82.4074 

63.0032 

100.0000 

88.0032 
'"Dy 155.924287 

'"Dy i 157.924412 

Exact Mass 

175.941420 

176.943233 

177.943710 

,2128 

3546 

8.2979 

67.0212 

90.4255 
1W.OWO 

100.0000 

,4167 

4.7917 

100.0000 
7Y.7UlY 

44.3452 

100.0000 

,4088 

9.5912 
68.867Y 

50.6918 

lWDy 

lB1Dy 

lB2Dy 

lu5H0 

lmEr 

l"Er 

l"Er 
l"tr 
1 1 0 ~  

l@Tm 

'"Y b 

lmYb 
I~ZYIJ 

"Yb 

I"U 234.040947 
"U 

1 M U . U S U I U S  

j"Os 

l w O ~  
lWOS 

IwOs 

lWOs 

'"0s 

lgilr 

159.925203 

160.926939 

161.926805 
163.929183 

164.930332 

161.928767 

163.92921 1 

165.930305 
187.Y32383 

169.935476 

168.934225 
pp 

167.933908 

169.934774 
171.936393 

172.938222 

,0056 
1Uu.UUUu 

lWPl 

'"Pi 

lWPi 

'"Pi 

'"Pi 
~ r r ~ u  

' W g  
lSHg 

l m g  
ImHg 

'"4 
2Mb 
' 0 3 ~ 1  

205Tl 

20"Pb 
'"'PD 

ZoaPb 

183.952514 

185.953852 
187.955850 

188.9581 56 

189.958455 

191.961487 

190.960603 

,0488 

3.8537 
32.4390 

39.2683 

64.3902 

100,0000 

59.4896 
189.959937 

191.961049 

193.962679 

194.964785 

195.964947 
196.966560 

195.965812 

197.966760 

198.968269 

199.968316 
~UI.YIUV~ 

203.973481 

202.972336 

,0296 

2.3373 

97.3373 

100.0000 

74.8521 
100.W00 

,5059 

34.0641 

57.3356 

77.9089 
1 u u . w ~  

Z.9342 

41.8922 

204.974410 100.0000 

203.973037 2.6718 
2lJt.Y75W5 

207.976641 

42.1750 

100.0000 



2564 APPENDICES 24. CONVERSION TABLE OFTRANSMITTANCE AND ABSORBANCE UNITS 
- -- 

24, Conversion table of transmittance and absorbance units 
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lnrrarea an9 narnan mules \contlnurgj 

PDsHlons d Stretching Hkatlons ofTriole Bonds and Cumulated Double Bonds 

W i m s  of the DouMe Bond Stretching Vlbralims and N-H b d h g  Vibrations 
ls E sirno. rn = medium. w = weak. v = w i n o )  
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"...Urn".. Y.... m ."..BY.. ...","" ~UU......"".., 

CharncterlsUc Absorptions in the Fingerprint Reglon (s= slrmg, m = medium, w = weak) 

I 

I ,  

m 560 sb 760 eba idoa iiba iiim irjoo rho iicc i6ao i-raa im iibazaaa 
Wave length [nm] 

Stokes shifts 10-3500 cm-I1 of various laser sources 

I 
20000 10000 5WO 

Wave nunber [cml] 

Visible I Near infrared 



2572 APPENDICES 28. SELECTED FORCE CONSTANTS AND BOND ORDERS 

LVI W G I G V b G U  lVl V- VVIIP."II.63 ClllY Y U U m U  u n W 1 m . I  

(according to Siebert) of organic and inorganic compounds 
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aelecreu mrce cunsranrs anu wonu oruers 
(according to Siebert) of organic and inorganic compounds (continued) 

Band A-B 

0-0 
0-Na 

0-M 
C-Al 

0-AI 

O S i  

W 
0 4  

0-S 

O-CI 
0 0 , ~  

: 

Bond A-0 

G V  
0-Fe 

0-Cu 

0-Ge 

0-9 
O-Mn 

0-Ag 

Force Const. 
f (N cm-I) 

6.18 
-3.2 

3.5 
5.66 

3.8 

9.25 
-- 

&Ti 7.19 

O-Cr 1 5.82 

Bond Order 

0.89 
-1.1 

1.1 ---- 
1.5 

O S n  

0-Te 

O-Ba 
0-Pr 

0-Nd 

Compwnd 

VO 
FeO 

CuO 

"GeO 

SeO 

Ba.CaMnO.Isolirl\ 

Ago 

Force Consl. 
f (N cm-') 

7.36 
5.67 

2.97 

7.53 

6.45 

R n5 

2.00 

Compound 

0; 
~ a - O H  , 
Mgo 

AIO 

9.41 

6.16 

10.01 

4.26 
0 00 

2.4 

1.9 

Bond Order 

2.3 
1.7 

0.93 
---- 

1.8 

1.5 

1 2  

0.79 

1.1 AI(OH1; --- 
2.1 SO - 

Ti0 
CrO 

5.53 

5.31 

3.79 
S . W  

3.5 

2.0 

1.4 

2.0 ---- 
1 .o 
" on --- 

PO 

@ 
p~~~ 

3 3 2  

a0; 
" I n -  

1.7 

1.6 
---- 

1.8 
c .S 

1.6 
---- 

SnO 

TeO 

BaO 
Chn 

NdAc3,H,0 
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29. Fundamental physical constants 

I 1 Numerical value I I 
Physical canstanl Symbol (Sl unns) /Physical constant Symbol Is units) 

I i 
Proton rest mass 

I Electron rest mass 

I I I I , 

M, 
me 

Elementary charge 1 1 
e 1 6021773 X lO-'gAs 1 

Charge-to-mass 
ratio lor electron ,..".,,," .,,="" ".... 

1 6726231 x lo-" kg 
9.109389 x 10." kg 

Electron Lande 
faaor 

I 

m 1 1 . z s l , g  x l!" As kg-' 
I " 

Bdrr radius 

Electron radius 

I I I I I I 

-9.2847701(31) X JK 
~ ~ ~ 

% ,  

5.291772 x 10-li m 

2.817940 x lo-'= m 

6.62607 x 10-3 Js 

1 .98QbS'xviSn~~ k-8 

a, 

re 

h 

I I 'I I I 

Proton Lande lactor 
8 , U S " , ,  w,vu,,u.n 

)., 
I I 

ratioss 1 y e  

g, 

Planck constant 
Bolmann constant I *-ti''- 

I 

Faraday constant 

Bohr magneton 

'I Nuclear magneton 
gyric ratio 

5.58569 
b36.LlUbWl 

658.2275841 

2.002319343 

Neutron mass 
Fine structure 
mnstant 

Velocity of light in a 
. 

vacuum 

E,= 1/p,cP 
P e r m i w  of a 
vacuum 

Gas constant 

PP 

in, 1 1.6749286(10) x 10-27kg 

Ila = I 
1 137.0359895(61) 

2hI,u# ,, 

2.99792458 x 108 rn s-1 
l Z . S W ~ I U b 1 4 X l U - '  I'm7J 

8.854187817 x c21Jm 

Gravitational 
constant 6.0221367 x IF3 Avogadro number 

s ~3.14159 e = 2.71828 lle = 0.36788 ln(10) = 2.30259 

F = N,,e 

be 
0,. 

R 

N, 

8.3145 J molt1 K-' 

G 

9.64853 x I W  C mol-I 

9.27401 x 10-2' J T-' 

5.05078 x J T-I 

6.6725 x 10-l1 m3 kg-W2 

Compton vave- 
length of the elec- 1 
Iron (him&] I 

2.426310 x lo-'' m 

a The magnetic momentp, is for a bare proton and the gyromag. 
netic ratioy, is lor protons in a spherical water sample h i c h  has 
Prrp  -.. ." { lf., -..? .-,. 
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3u. LlJl 01 JUppllerS 

Magnetic Resonance 

Doty Scientific, Inc 
nn .I Q lpn 

$outL Fam11na ?@29 
USA 

Magnex Scientilic Ltd 
21 Blacklands Way 
Abingdon 
Oxon OX14 1 W 
Resonance Instruments Ltd 
Unit 13 
Thorney Leys Business Park 
Wtney OX8 7GE 
UK 

Tecmag, Inc . ,""-.-,, 
TX 77081 
USA 

Goss Scientific Ltd 
100 Vicarage Lane 
Great Baddow 
,?"-A- ?.tan 0 ID 

Marlek Biosciences Corp 

NMR Accessories 

MRI and NMR magnets 

NMR Spectrometers 

NMR Spectrometers 

NMR accessories, deuter- 
ated solvents, sample tubes 

, Labelled compwndsfor 
6480 Dobbin Road 
Columbia 
MD 21045 
USA i 

nmss Jpecrromaxry 

11 0 Marcus Drive 

Micromass Ltd 
Floats Road 
Wythenshawe 
Manchester M23 9LF 

AMD Inteclra GmbH 
Kdnigsberger arasse 1 

V7q.40 Ur,-.+mA+ 

Bruker Daltonics 
15 Fortune Drive 
Billerica 
MA 01821 
USA 

hlV 337117 

Picker International, Inc 
World Headquarters 
595 Miner Road 
Cleveland 
Ohio 44143 
USA 

Sector mass spectrometers 
Time-of-llight mass 
spectrometers 
Quadrupole timed-flight 
...r." .ll.--..-. *"." "" 

spectrometers 
Quadrupde mass 
spectrometers 

Sector mass spectrometers 

Fourier transform ion 
cyclotron resonance mass 
spectrometers 
Ion trap mass spectrometers 
Time.of-flight mass 

MRI 

spectrometers 
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nllacnl inslrumenrs, inc 
Separation Systems 
3100 North First Street 
San Jose 
CA 95134 
USA 
,~ ~ - ~ - ~  .-~-. ..!~- 
Suite 122 
lrvine 
CA 92618 
USA 

 on Imp mass specmmererr 

I 

spectrometers 

I ~ra los  Analytical Shimadzu 
i Whalfside 

Tratford Whad Road 
Manchester M17 1GP 
v t  sclex 
Applied Biosystems Division 
850 Lincoln Cenler Drive 
Foster City 
CA 94404-1 128 
USA 
- - - - . - - - . .. . - -. . - -. . - - . 
Framingham 
MA 01701 
USA . . 

I 
ThermoQuest Finnigan 1 Sector mass soectrometers 

Perkin-Elmer Ltd 
Past Oflice Lane 

Sector mass spectrometers 
Timeof-flight mass 
spectrometers 

I imeor.n~gn mass 
spectromelers 
Triple quadrupoie mass 
spectrometers 

.r.. ~ 

Corporation 1 ion trap !ass spectrometers 
$'s,5#biy@aks Parkwav ~ i ~ ~ . ~ f . f ~ , ~ h t  mlec : Fourier tmnsform ion 

Fluorescence. lluorescence 
accessories, UV.Vis-NiR 

cyclotron resonance mass 
spectrometen 
Triple quadrupole mass 
spectrometen 
Inductively coupled piasme 
- - - - - - - - a  :..-a"-- - 

Spatially Resolved Spectroscopic Analysis 

$$i,;XS GmbH 
X-ray diiraction equipment 

I 

Digital Instruments GmbH 
Janderstrasse 9 
D-68100 Manneheim 
Germany 

ThermoMicroscopes 
gullanyvalc 

CA 94089 
USA 

Beaconsfieid 
Bucks HP9 1QA 

, 4-21 Sennin-cho 2chome 
I Hachioji 
I 
I Tokyo193 

Japan 

Jasco (UK) 
#f&k ln~l~~strial Park 

CM6 1XN 
UK 

Edinburgh Instruments Ltd 
Riccarton, Currie 
Edinburgh EH144AP 
lns~rumen~s s~ un ~ r n  
2-4 Wigtm Gardens 
Stanmore 
Middiesex 
HA7 1 BG 
UK -- 
. .~.-.~~,---..L.. 8.. 

Eugene, OR 97402-0469 

Scanning probe 
microscopes 

Scanning probe 

Helima (UK) 
Cumberland House 
24-28 Baxter Avenue 

Absorption, UV-Vis-NiR 
Accessories 

accessories. UV-Vis-NIR 
Absorption, UV-Vis-NIR 
Accessories, CD 
Spectrometers 

Fiuorescence,flwrescence 1 
I 

accessories 

r~uuresue~~tie, IIUU~UWIK~ 

accessories, UV-Vis-NIR 
Absorption, UV-Vis-NiR 
Accessories, CD 
Spectrometers, 
Ellipsometers - ~~~ .~~ 

, 

USA 

Moiecuiar Probes Europe BV 
For customers in Euroee, 
l l l W  IYIIUUlU cas1, Lullid 1. 

PoortGebouw 
Rijnsburgerweg 10 
2333 AA Leiden 
The Netherlands 

Hellma GmbH & Co. - ,. . ..An 

Germany 

Southend on Sea I 

Fluorescence accessories 

Fiuorescence accessories, 
, ,-,x,?- .,,- & L  --.- . I - -  

Essex 552 6HZ 
Specac, Inc. 

; 

Fluorescence accessories 

4849 Pichlord Ave. I 

Eugene, OR 97402-9165 ~ 

Oxford Crvosvstems , fluorescence accessories, 
3 ~ lenheih  Oifice Park UV-Vls.NiR Accessor~es 
L""y I1a1l""l"Yyl  I 

Oxford OX8 8LN 
UK 
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aizu nansen way 
Palo Alto 
CA 94304 
USA 

. 
CA 951 34 

Aviv Associates Inc CD Spectrometers 
750 Vassar Avenue 
Lakewood NJ 08701-6907 

I 

Hitachi Instruments. Inc 

Maple House 
Green Lane 
Warrington 

UV-Vis-NIR Absorption. 

I ISA 
Unit 3 
Pinnacle Business Centre 
Gordon Street 
Stockporl 
SK4 1RS 
UK 
1 Mole auslness rarK 
Leatherhead 
Surrey 
KT22 7AU 
UK 

Newport Corporation 

Osrarn 
Hellabrunner StmRe 1 
81 543 Munchen 
Germany 

UV.Vis-NIR Accessories 

UV-Vis.NIR Accessories 

I 

USA 

Hammarnatsu Photonics UK ' UV.Vis-NIR Accessories 
Ltd 
Lough Point 
2 Gladbeck Way 

#8$6'kx"P~~ 7JA 
UK 

L'me"n:ah fk'k3:;:: 
15 Great Pasture Road 
Danbury 
CT 06810 
USA 

Perkin-Elmer Ltd 
--u-",,-,."," 

Bucks HP9 1QA 
UK 

Separation Systems 

IC M C  
&anGd'&uipment for 

I reliection spectroscopy , 

UV-Vis-NIR Accessories ~ 

Infra-red spectrometers, ----I 

rau D ~ I I I I W ~ ~ ~ I - D L I V I I D L ~  nve 

Quebec 
Canada G2E 5S5 

Midac Corporation 
17911 Fitch Avenue 
lrvine . 

Infra-red spectrometers, 
Raman and IR accessories 

I Germany 1 I 

Analecl lnstrumenls 
2 i7 l  North Garey Ave 
Pomona 
CA91714 
USA 
5225 Verona Road 
Mad~son 

610-Rad (Digilab division) 
237 Pulnarn Ave 
Cambridge 
MA 02139 
lnnova Air Tech lnstlumenls 
N S  
Energivej 30 
2750 Ballerup 
Denmark 

Inlra-red spectrometers 

Raman and IR accessor~es 

I 
Rlnrlr Enninsarinn 

I Marlborough 

WI 5371 1-4495 
USA 

Bruker Analytische 
I 

Inlra-red spectromelers, 
M,",s.e.$hnik GmbH , Rarnan and IR accessories 

I MA01752-1178 1 USA 

Infra-red spectromelers, 
Raman and IR accessories 

Infra-red spectrometers 

Opl~cal Solutions lnc 
9477 Greenback Lane 
t9 tg3EL 

USA 

Infra-red spectrometers 1 

Jasco Inc 
8649 Commerce Dr~ve 
Easton 
MD 21601 
Instruments SA (Yobin Yvon - 
Spex) 
16018 rue du Canal 
91 165 Longjumeau Cedex 
France 
and 

-- - 

NJ 08820 
USA 

Infra-red spectrometers, 
Raman and IR accessories , 

Raman spectrometers I 
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Ren~shaw (Raman Group) 
Old Town 
Wotton-under-Edge 
Glos GL12 7DH 
UK 

Ka~ser Optical S~5ems Ud 
31 1 r4 lKd l lU  rl 

Ann Arbor 
MI 48106 
USA 

Gmseby Specac Ltd 
97 Cray Avenue - 
UK 

Coherent Inc 

Raman spectrometers, 
Raman and IR accessories 

1 

Raman spectrometers, 

Raman and IR accessories 

Raman and IR accessores 

CVI Spectral Instrument 
Division 
Putnam, CT 
USA 

5100 Patrick Henry Drive 
Santa Clara 
CA 95054 

Near IR spectmmeters 

Focus Engineering Near IR spectrometers 
BudaDest 
Foss NIR Systems I Near IR spectrometers 
Hbganas 
Sweden I 

1 Thunbergsvagen 5A I 

inlrared Engineering 
Concord. MA 
I f f iP  
Villa Park, CA 
USA 

Near IR spectrometers 

. . - -. , . . - r--- - 

L 

1 Leco 1 ;I Joseph. Mi 
Near IR spectrometers 

. - 
Box 533 
5751 21 Uppsala 
Sweden 

Snecac Inc 
hmyrna, CIA ~UUWL 
USA 

Spectmscopy Central 
Maple House 
Green Lane 
Warhgton 

Bran & Liebbe 
Buflalo Grove, IL 
U f b  ... .- - 

Baltimore, MD 
USA 

European Crystal Laboratories 
Un~t 3 
Pinnacle Bus~ness Centre 
Gordon Street 
Stoc!pJrt 
SKd i RS 

Analyt~cal Spectral Dev~ces 
Boulder CO 
USA 

Near IR spectrometers 

1 

Raman and IR accessories 

- 
Raman and IR accessories 

BOhler Inc Near IR spectrometers 
M~nneapol~s, MN 

- - -. - . . 

Raman and IR accessar~es 

Near IR spectrometers 

Mattsan lnstwrnents 
Madison, WI 
USA 

u!4'r 

Near IR spectrometers 

Near IR snectrometers 

1 

Orel Instruments 
Stratford, CA 
USA 

Perten Instruments 
Reno, NV 
HCfernounr ~nalyl lca~ 

- - - -  

OUP Guided Wave 
El Dorado Hills, CA 
USA 

Near IR spectrometers 

Near IR spectrometers 

Near in ~ ~ ~ L I I W I I ~ I F I ~  

1 

I 
Near IR spectrometers 

Ocean O p h  , Near IR spectrometers 
~ ~ ~ ~ d ~ ~ ,  FL 

OrrvllleOH 
USA 

South Norwalk CT I 

Ze~ss Jena Near iR spectrometers 

Germany 
-.aa. kI"^- 1 0  ̂ ^^^I.^.-.^Llr 

USA 

OLIS: On-line Instruments "---.. n. 
Near lR spectrometers 
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Wlight Instruments LM 
Unit 10 
26 Queensway 
Enlieid 
Middlesex EN3 4SA 
uv--. .. - . . ., -. -- 
1250 W.Middlelield Road 
PO Box 7013 
Mountain View 
CA 94039-7013 
USA 

CCD detectors 1 
, 

A h n r o n t  I",. 

I USA i I 

18019N Zh Avenue 
Phoenix 

Flberguide Industries lnc 

kJ&%8' 
USA 

Germanv~~ ~~ 

620 Magnolia Street 
PO Box 2167 
Omngeburg 
SC 29116 
USA 

,,-...~.n.L:..,m..-A---,-- 

371 Parkland Plara 
AnniArbor 
MI 481064983 
USA 

Breault Research Organiza- 
,:A- I"" 

Tucson 
AZ 8571 5 
USA 

MicroQuartz Sciences 
4420-T S 3 P  St 

b&fniY 

1,CarC 

I 

Fibers 

v 

,---I-- ---- .-""-"",." 

Illumination analysis 

Custom fibreoptic probes 

Ceramoptec GmbH 1 Fibers 
Siemenstrasse 8-1 2 
D-53121 Bonn 1 i 

5100 Patrck Henry Drive 
Santa Clara 

I 1 Rare Earth Medical Inc I 
126B Mii-Tech Drlve 
West Yarmouth 
MA 02673 
US4 ..... . 

151-T Osigian Blvd 
Dept 50 
Warner Robins 
GA 31088 
USA 

CA 95054 
USA 

lsotec lnc 
3858 Benner Road 
"8 8 ..,"?C 

USA 

Optlspec 
Rigistrasse 5 
CH-8173 Neerach 
Swilzerland - 

Omega Opticai, Inc 
3 Grove Street 
PO Box 573 
&5a6[leboro 

Princeton Instruments lnc 
3660-T Quakerbrldge Road 
Trenton 
NJ 08619 
USA 
4uu Y O R A V ~ ~ U ~  

D u w  
PA 18642 
USA 

Heraeus Arnersil, Inc 
3473 Satellite Blvd 
. 

USA 

I Custom libreoplic probes 

Deuterated solvents lor 
NMR, labelled 

Special equipment for 
SBSR-ATR and ME-ATR 
Spectroscopy 

Dielectric filters 

Detectors 

Glass production 

- . - -. . - ,. , 

Vancouver 
Briish Columbia 
Canada V5Z 4H5 

8""" VpUILLl Y I I Y F  

Azusa 
CA 91 702-3251 
USA 

Harnarnatsu Con, L i ~ h t  sources 

Labsphere 
PO Box 70A 
bl^.ll, C.,Ynn 

USA 

Reflectance and scattering 
standards 
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X-ray fluorescence systems 
Edubens, CH-1024 
Switzerland 
Austin I 

' Oberschleissheim 

1 BAlRD 
I Bedford 

MA 01 7301468 

PA 15275-1 002 

hl \I  Dhilinr 
The Netherlands 

X-ray fluorescence systems 

X.ray fluorescence systems I 
I 

1 
I 

X.ray lluorescence systems 1 

X.ray fluorescence systems 

X-ray lluorescence systems 

Y.nv I1 ~nmrranra cudamc 

i X-ray lluorescence systems 

Atomic Spectroscopy 

TX 78759 
USA 

Bruker AXS GmbH 
0-76181 Karlsruhe 
Germany. . . , . . - . -. . 
Bucks HP7 9NA 
UK 

Celac Technolyes Inc. 
Vllldlla, 1°C 00 1 r 

USA 

Ed~nburgh Instruments Ltd 
Riccarlon. Currle 
Ed~nburgh EH144AP 
UK - - - . - . .- . - - , - - . - - - - 

MA 01730-0368 I 

Y.r.,r II,,nracrnnr. curtarnc 

X-ray fluorescence and 
diiraction systems 

~, ~~ 

Ariington Heights, IL 60004 1 1 USA I 

X-my fluorescence systems 

accessories 

X-ray diflractometers, X.ray 
accesso~ies 

X-ray accessories 

Tratford Wharl Road 
Manchesler M17 1GP 

E Cerritos Avenue 

I CA92BO6 
Oxford Cryosyslems 

I USA 3 Blenheim mice Park 
I nillnr Rnsrl 

Hlgh Energy Spectroscopy Oxford OX8 8LN 
UK 
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ACD (Advanced Chemistry 
Development) 

Perkin-Elmer Ltd 
Post O W  Lane 
Beaconslield 

119 Wirhrnnnrl Stmat Wart 
Toronto 
Ontario 
Canada M5H 2L3 

Chemical structure and 
spectroscopic manipulation 

Acorn NMR Inc 
46560 Fremont Blvd #418 
Fremont 

Division 
3316 Spring Garden Street 
Philadelph~a, PA 19104-2596 

380 Main Street 
Dunedin. FL 34698 

NMR data processing 

1 

Bucks HP9 1QA 
UK 

, u,,,we, 

1 Boschstr. 10 
D-47533 Kieve 
Germany 

CA 94538 
USA -- 
f ig~~;~gh.~p&6p ratinn 
USA 

Leernan Labs lnc 
6 Wentworth Dr~ve 

Thermo Janell Ash Corp 
27 Forge Parkway, Franklin, . 

ThermoQuest Corporation 
San Jose 
CA 951 34 
USA 

; Hudson 
NH 03051 
animaaru wrpurauurl 
1, NiiinokpKuwabaracho 
Nakagyo-kur 
Kyoto 604-8511 
Japan -- 
CIC Photonics Inc 
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