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Chapter 15

Infrared Spectroscopy

C.-P. Sherman Hsu, Ph.D.
Separation Sciences

Research and Product Development
Mallinckrodt, Inc.

Mallinckrodt Baker Division

Summary

General Uses

• Identification of all types of organic and many types of inorganic compounds

• Determination of functional groups in organic materials 

• Determination of the molecular composition of surfaces

• Identification of chromatographic effluents

• Quantitative determination of compounds in mixtures

• Nondestructive method

• Determination of molecular conformation (structural isomers) and stereochemistry (geometri-
cal isomers)

• Determination of molecular orientation (polymers and solutions)

Common Applications

• Identification of compounds by matching spectrum of unknown compound with reference 
spectrum (fingerprinting)

• Identification of functional groups in unknown substances
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• Identification of reaction components and kinetic studies of reactions

• Identification of molecular orientation in polymer films

• Detection of molecular impurities or additives present in amounts of 1% and in some cases as 
low as 0.01%

• Identification of polymers, plastics, and resins

• Analysis of formulations such as insecticides and copolymers

Samples

State

Almost any solid, liquid or gas sample can be analyzed. Many sampling accessories are available.

Amount

Solids 50 to 200 mg is desirable, but 10 µg ground with transparent matrix (such as KBr) is the mini-
mum for qualitative determinations; 1 to 10 µg minimum is required if solid is soluble in suitable sol-
vent.

Liquids 0.5 µL is needed if neat, less if pure.

Gases 50 ppb is needed.

Preparation

Little or no preparation is required; may have to grind solid into KBr matrix or dissolve sample in a
suitable solvent (CCl4 and CS2 are preferred). Many types of sample holders and cells are available.
Water should be removed from sample if possible.

Analysis Time

Estimated time to obtain spectrum from a routine sample varies from 1 to 10 min depending on the type
of instrument and the resolution required. Most samples can be prepared for infrared (IR) analysis in
approximately 1 to 5 min.

Limitations

General

• Minimal elemental information is given for most samples.

• Background solvent or solid matrix must be relatively transparent in the spectral region of in-
terest.

• Molecule must be active in the IR region. (When exposed to IR radiation, a minimum of one vi-
brational motion must alter the net dipole moment of the molecule in order for absorption to be 
observed.)
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Accuracy 

In analysis of mixtures under favorable conditions, accuracy is greater than 1%. In routine analyses, it
is ± 5%.

Sensitivity and Detection Limits

Routine is 2%; under most favorable conditions and special techniques, it is 0.01%. 

Complementary or Related Techniques

• Nuclear magnetic resonance provides additional information on detailed molecular structure

• Mass spectrometry provides molecular mass information and additional structural information

• Raman spectroscopy provides complementary information on molecular vibration. (Some vi-
brational modes of motion are IR-inactive but Raman-active and vice versa.) It also facilitates 
analysis of aqueous samples. Cell window material may be regular glass.

Introduction

Infrared (IR) spectroscopy is one of the most common spectroscopic techniques used by organic and
inorganic chemists. Simply, it is the absorption measurement of different IR frequencies by a sample
positioned in the path of an IR beam. The main goal of IR spectroscopic analysis is to determine the
chemical functional groups in the sample. Different functional groups absorb characteristic frequencies
of IR radiation. Using various sampling accessories, IR spectrometers can accept a wide range of sam-
ple types such as gases, liquids, and solids. Thus, IR spectroscopy is an important and popular tool for
structural elucidation and compound identification.

IR Frequency Range and Spectrum Presentation

Infrared radiation spans a section of the electromagnetic spectrum having wavenumbers from roughly
13,000 to 10 cm–1, or wavelengths from 0.78 to 1000 µm. It is bound by the red end of the visible region
at high frequencies and the microwave region at low frequencies. 

IR absorption positions are generally presented as either wavenumbers ( ) or wavelengths (λ).
Wavenumber defines the number of waves per unit length. Thus, wavenumbers are directly proportion-
al to frequency, as well as the energy of the IR absorption. The wavenumber unit (cm–1, reciprocal cen-
timeter) is more commonly used in modern IR instruments that are linear in the   cm–1 scale. In the
contrast, wavelengths are inversely proportional to frequencies and their associated energy. At present,
the recommended unit of wavelength is µm (micrometers), but µ (micron) is used in some older litera-
ture. Wavenumbers and wavelengths can be interconverted using the following equation:

(15.1)

IR absorption information is generally presented in the form of a spectrum with wavelength or
wavenumber as the x-axis and absorption intensity or percent transmittance as the y-axis (Fig. 15.1).

ν

ν in cm 1–( ) 1
λ in µm( )
------------------------ 104×=
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Transmittance, T, is the ratio of radiant power transmitted by the sample (I) to the radiant power inci-
dent on the sample (I0). Absorbance (A) is the logarithm to the base 10 of the reciprocal of the transmit-
tance (T). 

(15.2)

The transmittance spectra provide better contrast between intensities of strong and weak bands be-
cause transmittance ranges from 0 to 100% T whereas absorbance ranges from infinity to zero. The an-
alyst should be aware that the same sample will give quite different profiles for the IR spectrum, which
is linear in wavenumber, and the IR plot, which is linear in wavelength. It will appear as if some IR
bands have been contracted or expanded.

The IR region is commonly divided into three smaller areas: near IR, mid IR, and far IR. 

Near IR Mid IR Far IR

A log10 1 T⁄( ) log10T– log10I I0⁄–= = =

Figure 15.1 IR spectra of polystyrene film with different x-axis units. (a) Linear in wavenumber (cm–1), (b) linear 
in wavelength (µm).(Reprinted from R. M. Silverstein, G. C. Bassler, and T. C. Morrill,   Spectrometric Identifica-
tion of Organic Compounds, 4th edition. New York: John Wiley & Sons, 1981, p. 166, by permission of John Wiley 
& Sons, Inc., copyright © 1981.)
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Wavenumber 13,000–4,000 cm–1 4,000–200 cm–1 200–10 cm–1

Wavelength 0.78–2.5 µm 2.5–50 µm 50–1,000 µm

This chapter focuses on the most frequently used mid IR region, between 4000 and 400 cm–1 (2.5
to 25 µm). The far IR requires the use of specialized optical materials and sources. It is used for analysis
of organic, inorganic, and organometallic compounds involving heavy atoms (mass number over 19).
It provides useful information to structural studies such as conformation and lattice dynamics of sam-
ples. Near IR spectroscopy needs minimal or no sample preparation. It offers high-speed quantitative
analysis without consumption or destruction of the sample. Its instruments can often be combined with
UV-visible spectrometer and coupled with fiberoptic devices for remote analysis. Near IR spectroscopy
has gained increased interest, especially in process control applications.

Theory of Infrared Absorption

At temperatures above absolute zero, all the atoms in molecules are in continuous vibration with respect
to each other. When the frequency of a specific vibration is equal to the frequency of the IR radiation
directed on the molecule, the molecule absorbs the radiation.

Each atom has three degrees of freedom, corresponding to motions along any of the three Carte-
sian coordinate axes (x, y, z). A polyatomic molecule of n atoms has 3n total degrees of freedom.
However, 3 degrees of freedom are required to describe translation, the motion of the entire molecule
through space. Additionally, 3 degrees of freedom correspond to rotation of the entire molecule.
Therefore, the remaining 3n – 6 degrees of freedom are true, fundamental vibrations for nonlinear
molecules. Linear molecules possess 3n – 5 fundamental vibrational modes because only 2 degrees
of freedom are sufficient to describe rotation. Among the 3n – 6 or 3n – 5 fundamental vibrations (also
known as normal modes of vibration), those that produce a net change in the dipole moment may re-
sult in an IR activity and those that give polarizability changes may give rise to Raman activity. Nat-
urally, some vibrations can be both IR- and Raman-active.

The total number of observed absorption bands is generally different from the total number of fun-
damental vibrations. It is reduced because some modes are not IR active and a single frequency can
cause more than one mode of motion to occur. Conversely, additional bands are generated by the ap-
pearance of overtones (integral multiples of the fundamental absorption frequencies), combinations of
fundamental frequencies, differences of fundamental frequencies, coupling interactions of two funda-
mental absorption frequencies, and coupling interactions between fundamental vibrations and over-
tones or combination bands (Fermi resonance). The intensities of overtone, combination, and difference
bands are less than those of the fundamental bands. The combination and blending of all the factors thus
create a unique IR spectrum for each compound. 

The major types of molecular vibrations are stretching and bending. The various types of vibrations
are illustrated in Fig. 15.2. Infrared radiation is absorbed and the associated energy is converted into
these type of motions. The absorption involves discrete, quantized energy levels. However, the individ-
ual vibrational motion is usually accompanied by other rotational motions. These combinations lead to
the absorption bands, not the discrete lines, commonly observed in the mid IR region.
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How It Works

In simple terms, IR spectra are obtained by detecting changes in transmittance (or absorption) intensity
as a function of frequency. Most commercial instruments separate and measure IR radiation using dis-
persive spectrometers or Fourier transform spectrometers. 

Figure 15.2 Major vibrational modes for a nonlinear group, CH2. (+ indicates motion from the plane of page to-
ward reader; – indicates motion from the plane of page away from reader.)  (Reprinted from R. M. Silverstein, 
G. C. Bassler, and T. C. Morrill, Spectrometric Identification of Organic Compounds, 4th edition. New York: John 
Wiley & Sons, 1981, p. 166, by permission of John Wiley & Sons, Inc., copyright © 1981.)
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Dispersive Spectrometers

Dispersive spectrometers, introduced in the mid-1940s and widely used since, provided the robust in-
strumentation required for the extensive application of this technique. 

Spectrometer Components 

An IR spectrometer consists of three basic components: radiation source, monochromator, and detector.
A schematic diagram of a typical dispersive spectrometer is shown in Fig. 15.3.

The common radiation source for the IR spectrometer is an inert solid heated electrically to 1000
to 1800 °C. Three popular types of sources are Nernst glower (constructed of rare-earth oxides), Globar
(constructed of silicon carbide), and Nichrome coil. They all produce continuous radiations, but with
different radiation energy profiles.

The monochromator is a device used to disperse a broad spectrum of radiation and provide a con-
tinuous calibrated series of electromagnetic energy bands of determinable wavelength or frequency
range. Prisms or gratings are the dispersive components used in conjunction with variable-slit mecha-
nisms, mirrors, and filters. For example, a grating rotates to focus a narrow band of      frequencies on
a mechanical slit. Narrower slits enable the instrument to better distinguish more closely spaced fre-
quencies of radiation, resulting in better resolution. Wider slits allow more light to reach the detector
and provide better system sensitivity. Thus, certain compromise is exercised in setting the desired slit
width.

Most detectors used in dispersive IR spectrometers can be categorized into two classes: thermal
detectors and photon detectors. Thermal detectors include thermocouples, thermistors, and pneumatic

Figure 15.3 Schematic diagram of a commercial dispersive IR instrument, the Perkin-Elmer Model 237B Infrared 
Spectrometer. (Reprinted by permission of the Perkin-Elmer Corporation.) 
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devices (Golay detectors). They measure the heating effect produced by infrared radiation. A variety of
physical property changes are quantitatively determined: expansion of a nonabsorbing gas (Golay de-
tector), electrical resistance (thermistor), and voltage at junction of dissimilar metals (thermocouple).
Photon detectors rely on the interaction of IR radiation and a semiconductor material. Nonconducting
electrons are excited to a conducting state. Thus, a small current or voltage can be generated. Thermal
detectors provide a linear response over a wide range of frequencies but exhibit slower response times
and lower sensitivities than photon detectors. 

Spectrometer Design

In a typical dispersive IR spectrometer, radiation from a broad-band source passes through the sample
and is dispersed by a monochromator into component frequencies (Fig. 15.3). Then the beams fall on
the detector, which generates an electrical signal and results in a recorder response. 

Most dispersive spectrometers have a double-beam design. Two equivalent beams from the same
source pass through the sample and reference chambers respectively. Using an optical chopper (such as a
sector mirror), the reference and sample beams are alternately focused on the detector. Commonly, the
change of IR radiation intensity due to absorption by the sample is detected as an off-null signal that is
translated into the recorder response through the actions of synchronous motors.

Fourier Transform Spectrometers

Fourier transform spectrometers have recently replaced dispersive instruments for most applications
due to their superior speed and sensitivity. They have greatly extended the capabilities of infrared spec-
troscopy and have been applied to many areas that are very difficult or nearly impossible to analyze by
dispersive instruments. Instead of viewing each component frequency sequentially, as in a dispersive
IR spectrometer, all frequencies are examined simultaneously in Fourier transform infrared (FTIR)
spectroscopy.

Spectrometer Components

There are three basic spectrometer components in an FT system: radiation source, interferometer, and
detector. A simplified optical layout of a typical FTIR spectrometer is illustrated in Fig. 15.4. 

The same types of radiation sources are used for both dispersive and Fourier transform spectrom-
eters. However, the source is more often water-cooled in FTIR instruments to provide better power and
stability. 

In contrast, a completely different approach is taken in an FTIR spectrometer to differentiate and
measure the absorption at component frequencies. The monochromator is replaced by an interferometer,
which divides radiant beams, generates an optical path difference between the beams, then recombines
them in order to produce repetitive interference signals measured as a function of optical path difference
by a detector. As its name implies, the interferometer produces interference signals, which contain infra-
red spectral information generated after passing through a sample.

The most commonly used interferometer is a Michelson interferometer. It consists of three active
components: a moving mirror, a fixed mirror, and a beamsplitter (Fig. 15.4). The two mirrors are per-
pendicular to each other. The beamsplitter is a semireflecting device and is often made by depositing a
thin film of germanium onto a flat KBr substrate. Radiation from the broadband IR source is collimated
and directed into the interferometer, and impinges on the beamsplitter. At the beamsplitter, half the IR
beam is transmitted to the fixed mirror and the remaining half is reflected to the moving mirror. After
the divided beams are reflected from the two mirrors, they are recombined at the beamsplitter. Due to
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changes in the relative position of the moving mirror to the fixed mirror, an interference pattern is gen-
erated. The resulting beam then passes through the sample and is eventually focused on the detector. 

For an easier explanation, the detector response for a single-frequency component from the IR
source is first considered. This simulates an idealized situation where the source is monochromatic, such
as a laser source. As previously described, differences in the optical paths between the two split beams
are created by varying the relative position of moving mirror to the fixed mirror. If the two arms of the
interferometer are of equal length, the two split beams travel through the exact same path length. The
two beams are totally in phase with each other; thus, they interfere constructively and lead to a maxi-
mum in the detector response. This position of the moving mirror is called the point of zero path differ-
ence (ZPD). When the moving mirror travels in either direction by the distance λ/4, the optical path
(beamsplitter–mirror–beamsplitter) is changed by 2 (λ/4), or λ/2. The two beams are 180° out of phase
with each other, and thus interfere destructively. As the moving mirror travels another λ/4, the optical
path difference is now 2 (λ/2), or λ. The two beams are again in phase with each other and result in an-
other constructive interference. 

When the mirror is moved at a constant velocity, the intensity of radiation reaching the detector
varies in a sinusoidal manner to produce the interferogram output shown in Fig. 15.4. The interferogram
is the record of the interference signal. It is actually a time domain spectrum and records the detector
response changes versus time within the mirror scan. If the sample happens to absorb at this frequency,
the amplitude of the sinusoidal wave is reduced by an amount proportional to the amount of sample in
the beam.

Extension of the same process to three component frequencies results in a more complex interfer-
ogram, which is the summation of three individual modulated waves, as shown in Fig. 15.5. In contrast
to this simple, symmetric interferogram, the interferogram produced with a broadband IR source dis-
plays extensive interference patterns. It is a complex summation of superimposed sinusoidal waves,
each wave corresponding to a single frequency. When this IR beam is directed through the sample, the
amplitudes of a set of waves are reduced by absorption if the frequency of this set of waves is the same
as one of the characteristic frequencies of the sample (Fig. 15.6).

The interferogram contains information over the entire IR region to which the detector is respon-

Figure 15.4 Simplified optical layout of a typical FTIR spectrometer. (Reprinted by permission of Nicolet 
Instrument Corporation.)
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sive. A mathematical operation known as Fourier transformation converts the interferogram (a time do-
main spectrum displaying intensity versus time within the mirror scan) to the final IR spectrum, which
is the familiar frequency domain spectrum showing intensity versus frequency. This also explains how
the term Fourier transform infrared spectrometry is created. 

The detector signal is sampled at small, precise intervals during the mirror scan. The sampling rate
is controlled by an internal, independent reference, a modulated monochromatic beam from a helium
neon (HeNe) laser focused on a separate detector.

The two most popular detectors for a FTIR spectrometer are deuterated triglycine sulfate (DTGS)
and mercury cadmium telluride (MCT). The response times of many detectors (for example, thermo-
couple and thermistor) used in dispersive IR instruments are too slow for the rapid scan times (1 sec or
less) of the interferometer. The DTGS detector is a pyroelectric detector that delivers rapid responses
because it measures the changes in temperature rather than the value of temperature. The MCT detector
is a photon (or quantum) detector that depends on the quantum nature of radiation and also exhibits very
fast responses. Whereas DTGS detectors operate at room temperature, MCT detectors must be main-
tained at liquid nitrogen temperature (77 °K) to be effective. In general, the MCT detector is faster and

Figure 15.5 Interferogram consisting of three modulated 
cosine waves. The greatest amplitude occurs at the point 
of zero path difference (ZPD). (Reprinted by permission 
of Nicolet Instrument Corporation.)

Figure 15.6 A typical interferogram produced with a broadband IR source.
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more sensitive than the DTGS detector.

Spectrometer Design

The basic instrument design is quite simple. Figure 15.7 illustrates the design of a typical FTIR spec-
trometer. The IR radiation from a broadband source is first directed into an interferometer, where it is
divided and then recombined after the split beams travel different optical paths to generate constructive
and destructive interference. Next, the resulting beam passes through the sample compartment and
reaches to the detector.

Most benchtop FTIR spectrometers are single-beam instruments. Unlike double-beam grating
spectrometers, single-beam FTIR does not obtain transmittance or absorbance IR spectra in real time.
A typical operating procedure is described as follows:

1. A background spectrum (Fig. 15.8) is first obtained by collecting an interferogram (raw data), 
followed by processing the data by Fourier transform conversion. This is a response curve of 
the spectrometer and takes account of the combined performance of source, interferometer, and 
detector. The background spectrum also includes the contribution from any ambient water (two 
irregular groups of lines at about 3600 cm–1 and about 1600 cm–1 ) and carbon dioxide (doublet 
at 2360 cm–1 and sharp spike at 667 cm–1) present in the optical bench.

2. Next, a single-beam sample spectrum is collected (Fig. 15.9). It contains absorption bands 
from the sample and the background (air or solvent).

Figure 15.7 Schematic diagram of the Nicolet Magna-IR® 750 FTIR Spectrometer. (Reprinted by permission of 
Nicolet Instrument Corporation.)
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3. The ratio of the single-beam sample spectrum in Fig. 15.9 against the single beam background 
spectrum in Fig. 15.8 results in a “double-beam” spectrum of the sample (Fig. 15.10).

To reduce the strong background absorption from water and carbon dioxide in the atmosphere, the
optical bench is usually purged with an inert gas or with dry, carbon dioxide–scrubbed air (from a com-
mercial purge gas generator). Spectrometer alignment, which includes optimization of the beamsplitter
angle, is recommended as part of a periodic maintenance or when a sample accessory is changed. 

FTIR Advantages

FTIR instruments have distinct advantages over dispersive spectrometers:

• Better speed and sensitivity (Felgett advantage). A complete spectrum can be obtained during a 
single scan of the moving mirror, while the detector observes all frequencies simultaneously. 

Figure 15.8 A single-beam IR spectrum of background, 
showing contribution from trace amount of ambient water 
and carbon dioxide.

Figure 15.9 A single-beam IR spectrum of dibutyl 
phthalate (a liquid sample).
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An FTIR instrument can achieve the same signal-to-noise (S/N) ratio of a dispersive spectrom-
eter in a fraction of the time (1 sec or less versus 10 to 15 min). The 
S/N ratio is proportional to the square root of the total number of measurements. Because multi-
ple spectra can be readily collected in 1 min or less, sensitivity can be greatly improved by in-
creasing S/N through coaddition of many repeated scans.

• Increased optical throughput (Jaquinot advantage). Energy-wasting slits are not required in the 
interferometer because dispersion or filtering is not needed. Instead, a circular optical aperture 
is commonly used in FTIR systems. The beam area of an FT instrument is usually 75 to 100 
times larger than the slit width of a dispersive spectrometer. Thus, more radiation energy is 
made available. This constitutes a major advantage for many samples or sampling techniques 
that are energy-limited.

• Internal laser reference (Connes advantage). The use of a helium neon laser as the internal ref-
erence in many FTIR systems provides an automatic calibration in an accuracy of better than 
0.01 cm–1. This eliminates the need for external calibrations.

• Simpler mechanical design. There is only one moving part, the moving mirror, resulting in less 
wear and better reliability. 

• Elimination of stray light and emission contributions. The interferometer in FTIR modulates all 
the frequencies. The unmodulated stray light and sample emissions (if any) are not detected.

• Powerful data station. Modern FTIR spectrometers are usually equipped with a powerful, com-
puterized data system. It can perform a wide variety of data processing tasks such as Fourier 
transformation, interactive spectral subtraction, baseline correction, smoothing, integration, 
and library searching. 

Although the spectra of many samples can be satisfactorily run on either FTIR or dispersive instru-
ments, FTIR spectrometers are the preferred choice for samples that are energy-limited or when in-
creased sensitivity is desired. A wide range of sampling accessories is available to take advantage of
the capabilities of FTIR instruments.

Figure 15.10 The “double-beam” IR spectrum of dibutyl 
phthalate, produced by ratio of the corresponding single-beam 
sample spectrum against the single-beam background 
spectrum.
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What It Does

It is possible to obtain an IR spectrum from samples in many different forms, such as liquid, solid, and
gas. However, many materials are opaque to IR radiation and must be dissolved or diluted in a trans-
parent matrix in order to obtain spectra. Alternatively, it is possible to obtain reflectance or emission
spectra directly from opaque samples. Some popular sampling techniques and accessories are discussed
here.

Liquid cells are used for dilute solutions of solid and liquid samples that are dissolved in relatively
IR-transparent solvents. Sampling in solution results in enhanced reproducibility and is often the pre-
ferred choice. Unfortunately, no single solvent is transparent through the entire mid IR region. The an-
alyst usually chooses solvents that have transparent windows in the region of interest. The conventional
popular solvents are carbon tetrachloride for the region between 4000 and 1330 cm–1 and carbon disul-
fide for the region between 1330 and 625 cm–1. Both solvents are quite toxic, and thus must be handled
carefully. One may replace carbon tetrachloride with the less-toxic tetrachloroethylene or methylene
chloride and substitute carbon disulfide with n-hexane or n-heptane. Polar solvents such as water and
alcohols are seldom used because they absorb strongly in the mid IR range and react with alkali-metal
halides, such as NaCl, commonly used for cell windows. 

Acquiring acceptable IR spectra of aqueous samples requires use of special types of liquid cells
such as thin cells of BaF2, AgCl, or KRS-5(a mixed thallium bromide–thallium iodide). Aqueous solu-
tion measurements can also be accomplished with attenuated total reflectance (ATR) accessories,
which are discussed later in this chapter.

Typically, solutions of 0.05 to 10% in concentration are handled in IR cells of 0.1 to 1 mm in thick-
ness. Concentration of 10% and cell path length of 0.1 mm represent one practical combination. In a
double-beam spectrometer, a compensating cell is filled with pure solvent and placed in the reference
beam. In the single-beam FT instrument, the solvent bands are mostly removed by obtaining the differ-
ence spectra through subtraction of solvent spectra from sample spectra. Both fixed-thickness and vari-
able-thickness liquid cells are available commercially. They normally consist of metal frame plates, IR-
transmitting windows, and gaskets that determine the path length of the cells. 

Salt plates of IR-transmitting materials can be used for semivolatile and nonvolatile liquid sam-
ples. Sodium chloride disks are the most popular and economical choice for nonaqueous liquids. Sil-
ver chloride or barium fluoride plates may be used for samples that dissolve or react with NaCl plates.
A drop of the neat sample is squeezed between two salt plates to form a film of approximately 0.01
mm in thickness. The plates can be held together by capillary attraction, or they may be clamped in a
screw-tightened holder or pressed to form a good contact in a press fit O-ring supported holder. It is
also possible to place a film of samples on salt plates by melting a relatively low-melting solid and
squeezing it between two plates. Sodium chloride salt plates can usually be cleaned with dry methyl-
ene chloride or acetone. This smear technique is one of the simplest ways to obtain IR spectra.

Thin films of nonvolatile liquids or solids can be deposited on an IR-transmitting salt plate by sol-
vent evaporation. The sample is first dissolved in a reasonably volatile solvent. A few drops of the re-
sulting solution are placed on the plate. After evaporating off the solvent, a thin film of sample is
obtained for subsequent spectra acquisition.

Disposable IR cards have been developed recently by 3M to accommodate samples that are liquids,
are soluble in reasonably volatile solvents, or can be smeared on flat surfaces. The cards are made up
of a cardboard holder containing a circular IR-transmitting window made of a microporous substrate
(polytetrafluoroethylene substrate for 4000 to 1300 cm–1 or polyethylene substrate for 1600 to 400 cm–

1). Samples are generally applied to the cards by the techniques used for salt plates. The substrate bands
can be subtracted from the sample spectra. Besides the convenience, the disposable IR cards are non-
hygroscopic, and thus can handle water-containing samples.
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Pellets are used for solid samples that are difficult to melt or dissolve in any suitable IR-trans-
mitting solvents. The sample (0.5 to 1.0 mg) is finely ground and intimately mixed with    approxi-
mately 100 mg of dry potassium bromide (or other alkali halide) powder. Grinding and mixing can
be done with an agate mortar and pestle, a vibrating ball mill (Wig-L-Bug from Crescent Dental Man-
ufacturing), or lyophilization. The mixture is then pressed into a transparent disk in an evacuable die
at sufficiently high pressure. Suitable KBr disks or pellets can often be made using a simpler device
such as a Mini-Press. To minimize band distortion due to scattering of radiation, the sample should
be ground to particles of 2 µm (the low end of the radiation wavelength) or less in size. The IR spectra
produced by the pellet technique often exhibit bands at 3450 cm–1 

and 1640 cm–1 
due to absorbed

moisture.
Mulls are used as alternatives for pellets. The sample (1 to 5 mg) is ground with a mulling agent

(1 to 2 drops) to give a two-phase mixture that has a consistency similar to toothpaste. This mull is
pressed between two IR-transmitting plates to form a thin film. The common mulling agents include
mineral oil or Nujol (a high-boiling hydrocarbon oil), Fluorolube (a chlorofluorocarbon polymer), and
hexachlorobutadiene. To obtain a full IR spectrum that is free of mulling agent bands, the use of mul-
tiple mulls (such as Nujol and Fluorolube) is generally required. Thorough mixing and reduction of
sample particles of 2 µm or less in size are very important in obtaining a satisfactory spectrum.

Gas cells can be used to examine gases or low-boiling liquids. These cells consist of a glass or met-
al body, two IR-transparent end windows, and valves for filling gas from external sources. They pro-
vide vacuum-tight light paths from a few centimeters to 120 m. Longer path lengths are obtained by
reflecting the IR beam repeatedly through the sample using internal mirrors located at the ends of the
cell. Sample gas pressure required to produce reasonable spectra depends on the sample absorbance and
the cell’s path length. Typically, a good spectrum can be acquired at a partial pressure of 50 torr in a
10-cm cell. Analysis of multicomponent gas samples at parts-per-billion levels can be successfully per-
formed. 

Microsampling accessories such as microcells, microcavity cells, and micropellet dies are used to
examine microquantities of liquids (down to 0.5 µL) and solids (down to 10 µg ). Beam-condensing
devices are often used to reduce the beam size at the sampling point. Extra practice is recommended
for performing this type of microanalysis.

Attenuated total reflectance (ATR) accessories are especially useful for obtaining IR spectra of dif-
ficult samples that cannot be readily examined by the normal transmission method. They are suitable
for studying thick or highly absorbing solid and liquid materials, including films, coatings, powders,
threads, adhesives, polymers, and aqueous samples. ATR requires little or no sample preparation for
most samples and is one of the most versatile sampling techniques.

ATR occurs when a beam of radiation enters from a more-dense (with a higher refractive index)
into a less-dense medium (with a lower refractive index). The fraction of the incident beam reflected
increases when the angle of incidence increases. All incident radiation is completely reflected at the in-
terface when the angle of incidence is greater than the critical angle (a function of refractive index). The
beam penetrates a very short distance beyond the interface and into the less-dense medium before the
complete reflection occurs. This penetration is called the evanescent wave and typically is at a depth of
a few micrometers (µm). Its intensity is reduced (attenuated) by the sample in regions of the IR spec-
trum where the sample absorbs. Figure 15.11 illustrates the basic ATR principles. 

The sample is normally placed in close contact with a more-dense, high-refractive-index crystal
such as zinc selenide, thallium bromide–thallium iodide (KRS-5), or germanium. The IR beam is di-
rected onto the beveled edge of the ATR crystal and internally reflected through the crystal with a single
or multiple reflections. Both the number of reflections and the penetration depth decrease with increas-
ing angle of incidence. For a given angle, the higher length-to-thickness ratio of the ATR crystal gives
higher numbers of reflections. A variety of types of ATR accessories are available, such as 25 to 75°
vertical variable-angle ATR, horizontal ATR, and Spectra-Tech Cylindrical Internal Reflectance Cell
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for Liquid Evaluation (CIRCLE®) cell.
The resulting ATR-IR spectrum resembles the conventional IR spectrum, but with some differenc-

es: The absorption band positions are identical in the two spectra, but the relative intensities of corre-
sponding bands are different. Although ATR spectra can be obtained using either dispersive or FT
instruments, FTIR spectrometers permit higher-quality spectra to be obtained in this energy-limited sit-
uation.

Specular reflectance provides a nondestructive method for measuring thin coatings on selective,
smooth substrates without sample preparation. It basically involves a mirrorlike reflection and produces
reflection measurements for a reflective material, or a reflection–absorption spectrum for the surface
film on a reflective surface. Thin surface coatings in the range from nanometers to micrometers can be
routinely examined with a grazing angle (typically 70 to 85°) or 30° angle of incidence, respectively.
For example, lubricant thickness on magnetic media or computer disks is conveniently measured using
this technique.

Diffuse reflectance technique is mainly used for acquiring IR spectra of powders and rough surface
solids such as coal, paper, and cloth. It can be used as an alternative to pressed-pellet or mull techniques.
IR radiation is focused onto the surface of a solid sample in a cup and results in two types of reflections:
specular reflectance, which directly reflects off the surface and has equal angles of incidence and re-
flectance, and diffuse reflectance, which penetrates into the sample, then scatters in all directions. Spe-
cial reflection accessories are designed to collect and refocus the resulting diffusely scattered light by
large ellipsoidal mirrors, while minimizing or eliminating the specular reflectance, which complicates
and distorts the IR spectra. This energy-limited technique was not popular until the advent of FTIR in-
struments. This technique is often called diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS).

The sample can be analyzed either directly in bulk form or as dispersions in IR-transparent matrices
such as KBr and KCl. Dilution of analyte in a nonabsorbing matrix increases the proportion of diffuse re-
flectance in all the light reflected. Typically the solid sample is diluted homogeneously to 5 to 10% by
weight in KBr. The spectra of diluted samples are similar to those obtained from pellets when plotted in
units such as log 1/R (R is the reflectance) or Kubelka–Munk units. The Kubelka–Munk format relates
sample concentration to diffuse reflectance and applies a scattering factor.

Photoacoustic spectroscopy (PAS) is a useful extension of IR spectroscopy and suitable for exam-
ining highly absorbing samples that are difficult to analyze by conventional IR techniques. The size and
shape of the sample are not critical. PAS spectra can be obtained with minimal sample preparation and
without physical alteration from a wide variety of samples such as powders, polymer pellets, viscous
glues, single crystals, and single fibers. 

Typically, the modulated IR radiation from an FTIR interferometer is focused on a sample placed

Figure 15.11 Schematic representation of multiple 
internal reflection effect in Attenuated Total Reflectance 
(ATR).  (Reprinted from 1988 Annual Book of ASTM 
Standards by permission of American Society for Testing 
and Materials.)
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in a small cup inside a small chamber containing an IR-transparent gas such as helium or nitrogen. IR
radiation absorbed by the sample converts into heat inside the sample. The heat diffuses to the sample
surface, then into the surrounding gas atmosphere, and causes expansion of a boundary layer of gas next
to the sample surface. Thus, the modulated IR radiation produces intermittent thermal expansion of the
boundary layer and generates pressure waves. A sensitive microphone is used to detect the resulting
photoacoustic signal.

PAS spectra are generally similar to conventional IR spectra except for some minor differences:
Absorbance peaks appear at the same frequency locations, but truncation of strong absorbance bands
due to photoacoustic signal saturation is often observed. However, the presence of such truncated bands
does not limit the practical use of PAS. Spectral search against standard commercial spectral libraries
can be satisfactorily performed. FTIR PAS technique also offers a unique capability for examining
samples at various depths from 1 to 20 µm. The acoustic frequencies depend on the modulated frequen-
cy of source: The slower the modulation frequency, the greater depth of penetration. Thus, samples
such as multilayer polymers can be studied at various depths by simply varying the scan speed of the
FTIR spectrometer. 

Emission spectroscopy is another technique used with difficult samples such as thin coatings and
opaque materials. The sample is normally heated to an elevated temperature, emitting enough energy to
be detected. The sample acts as the radiation source, so the normal IR source is turned off. The ability of
FTIR instruments to obtain spectra from weak signals makes it possible to study emisssion in the infrared
region, even when the sample is at low temperatures such as 50 to 100 °C. Emission spectral bands occur
at the same frequencies as absorption bands. The spectra from thick samples can be complicated when
radiation from the interior of the sample is self-absorbed by the outer part of the sample.

Infrared microspectroscopy has become a popular technique for analyzing difficult or small sam-
ples such as trace contaminants in semiconductor processing, multilayer laminates, surface defects, and
forensic samples. Infrared microscopes are energy-inefficient accessories that require the signal-to-
noise advantages of FTIR to obtain spectra from submilligram samples. Using a liquid nitrogen cooled
mercury cadmium telluride (MCT) detector, samples in the size range of 10 µm can be examined on IR
microscopes.

The primary advantages of the IR microscope relate not only to its improved optical and mechan-
ical design, but also to its manipulative capability. In many cases, the major problem in microsampling
is focusing the spectrometer beam on the sample. The computerized/motorized control of microscope
functions of IR microscope instruments permit these extremely small     samples to be moved in the
field of view to isolate the portion from which spectra are obtained.

Fiberoptic accessories deliver unique flexibility and diversity in sampling. They are particularly
useful in acquiring IR spectra when samples are situated in a remote location or when the    unusual size
or shape of samples prevents them from fitting well in a standard sample compartment. Many analyses
in hazardous or process environments used these devices. 

Fiberoptic sample probes or flow cells are coupled to standard FTIR spectrometers with two fi-
beroptic cables and an optic interface that transfers IR radiation from spectrometer to fiberoptic cables.
A variety of probes are available for ATR, specular reflectance, diffuse reflectance, and transmittance
measurements. Chalcogenide (GeAsSeTe), a mid IR–transmitting material in the range of 4000 to 900
cm–1 , was recently developed by Spectra-Tech and used to make the fiberoptic cables. 

Hyphenated Methods Involving Infrared

Gas chromatography/Fourier transform infrared (GC/FTIR) spectroscopy is a technique that uses a gas
chromatograph to separate the components of sample mixtures and an FTIR spectrometer to provide
identification or structural information on these components. The real potential of GC-IR instrumenta-
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tion was not widely used until the fast-scanning, sensitive FTIR spectrometers became available com-
mercially.

The most commonly used GC/FTIR interface is a light pipe flow cell. The light pipe is typically a
piece of glass tubing 10 to 20 cm long, approximately 1 mm inside diameter, gold coated on the inside,
with IR-transmitting windows on each end. This design provides a long path length and low dead volume
(90 to 300 µL), resulting in high IR absorbance with minimal peak broadening. The light pipe is connected
to the effluent port of the gas chromatograph by a heated transfer line. The gas flow assembly can be heat-
ed up to 350 °C to prevent sample components from condensing onto the light pipe and transfer line. Fig-
ure 15.12 illustrates the optical design of a GC/FTIR interface.

Eluents from a capillary gas chromatograph flow through the transfer line into the light pipe, where
the IR spectra are acquired in real time with a rate up to 20 spectra per second. The light-pipe GC/FTIR
offers nanogram-level sensitivity. Typically, a usable spectrum can be obtained from 5 to 20 ng of com-
ponent compound. The flow emerging from the chromatograph is often split between the light pipe and
a conventional GC detector (flame ionization, thermal conductivity, or mass spectrometer). This per-
mits the simultaneous generation of a normal chromatogram and the corresponding IR spectra for each
chromatographic peak. Alternatively, the total flow after the light pipe can be routed into a conventional
detector to provide in-line detection by a flame ionization or mass spectrometer detector. In fact, the
combination of a gas chromatograph with an FTIR and mass spectrometer (GC/FTIR/MS) is available
commercially. 

Although common GC/FTIR spectroscopy is not as sensitive as gas chromatography/mass spec-
trometry (GC/MS), GC/FTIR offers a major advantage over GC/MS: the ability to identify structural
isomers. In addition, the sensitivity of GC/FTIR can be further improved by matrix isolation or direct
deposition techniques.

Gas chromatography/matrix isolation/Fourier transform infrared (GC/MI/FTIR) spectroscopy pro-
vides subnanogram sensitivity, but is a very expensive technique. The helium carrier gas of a gas chro-
matograph is mixed with a small amount of argon. While argon is condensed in a track of 300 µm width

Figure 15.12 Schematic diagram of a GC/FTIR interface. 
(Reprinted by permission of Nicolet Instrument Corporation.)
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on a rotating circular gold-coated metal disk cooled at 12 °K, the helium gas is evacuated by pumping.
The components separated by the chromatograph are dissolved and trapped in the argon matrix. After
the GC run is completed, the argon track is rotated into the IR beam and the reflection–absorption IR
spectra are obtained for each component on the cooled surface. Cryogenic temperatures are maintained
while the spectra are acquired.

In GC/MI/FTIR, the components are isolated in small areas. Because IR measurements are not
made in real time, these components can be held in the IR beam for longer periods, allowing improved
signal-to-noise ratios through averaging of multiple scans. Thus, GC/MI/FTIR offers significant sensi-
tivity improvement over light-pipe GC/FTIR. 

Gas chromatography/direct deposition/Fourier transform infrared (GC/DD/FTIR) spectroscopy is
another sensitive technique that permits a usable spectrum to be obtained with 100 pg of component
compound. The separated components are directly deposited in a track of 100 µm width on a liquid-
nitrogen–cooled, IR-transmitting disk such as zinc selenide. Transmission IR spectra can be taken in
real time. Alternatively, the isolated components can be repositioned in the IR beam after the run is
completed to gain the multiscan signal-averaging advantages. 

High-performance liquid chromatography/Fourier transform infrared (HPLC/FTIR) spectroscopy
uses the same approach as the GC/DD/FTIR to eliminate the mobile phase and gain satisfactory sensi-
tivity. 

Conventional flow cells for HPLC chromatograph generally do not provide adequate sensitivity,
due to the IR absorption of all HPLC mobile phases. Instead, an HPLC/FTIR interface using the direct
deposition technique has been designed and delivers subnanogram sensitivity (1). The interface con-
sists of two concentric fused silica tubes of different internal diameters. While the eluate stream from
an HPLC column flows through the inner tube, a sheath of heated gas (helium or air) passes through
the outer tube. The nebulized spray is directed to a rotating sample collection disk onto which the com-
ponent compounds are deposited. During the process the mobile phase is evaporated. The resulting dep-
ositions of sample components can then be positioned in the IR beam and their IR spectra collected. 

Other techniques involving IR spectrometers, including supercritical fluid chromatography/Fouri-
er transform infrared (SFC/FTIR) spectroscopy, thermogravimetry/Fourier transform infrared (TGA/
FTIR) spectroscopy and, gas chromatography/Fourier transform infrared/mass spectrometry (GC/
FTIR/MS) have also become available commercially. They generally use more cost-effective flow-
through interfaces. 

Analytical Information

Qualitative 

The combination of the fundamental vibrations or rotations of various functional groups and the subtle
interactions of these functional groups with other atoms of the molecule results in the unique, generally
complex IR spectrum for each individual compound. IR spectroscopy is mainly used in two ways:
structural elucidation and compound identification.

Structural Elucidation

Because of complex interactions of atoms within the molecule, IR absorption of the functional groups
may vary over a wide range. However, it has been found that many functional groups give characteristic
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IR absorption at specific, narrow frequency ranges regardless of their relationship with the rest of the
molecule. Generalized tables of the positions and relative intensities of absorption bands (Fig. 15.13)
have been established and used to determine the functional groups present or absent in a molecule. The
CRC Handbook of Chemistry and Physics (2), Silverstein, Bassler, and Morrill’s book (3), and a num-
ber of other publications all contain useful correlation charts. 

Multiple functional groups may absorb at one particular frequency range, but a functional group
often gives rise to multiple-characteristic absorption. Thus, the spectral interpretations should not be
confined to one or two bands and the whole spectrum should be examined. To confirm or better eluci-
date the structure of an unknown substance, other analytical information provided by nuclear magnetic
resonance (NMR), mass spectrometry (MS), or other chemical analysis should also be used where pos-
sible. For systematic evaluation, the IR spectrum is commonly divided into three regions.

The Functional Group Region, 4000 to 1300 cm–1 The appearance of strong absorption bands in the
region of 4000 to 2500 cm–1 usually comes from stretching vibrations between hydrogen and some oth-
er atoms with a mass of 19 or less. The O-H and N-H stretching frequencies fall in the 3700 to 2500
cm–1 

region, with various intensities. Hydrogen bonding has a significant influence on the peak shape
and intensity, generally causing peak broadening and shifts in absorption to lower frequencies. The C-
H stretching bands occur in the region of 3300 to 2800 cm–1. The acetylenic C-H exhibits strong ab-
sorption at about 3300 cm–1. Alkene and aromatic C-H stretch vibrations absorb at 3100 to 3000 cm–1.
Most aliphatic (saturated) C-H stretching bands occur at 3000 to 2850 cm–1, with generally prominent
intensities that are proportional to the number of  C-H bonds. Aldehydes often show two sharp aldehy-
dic C-H stretching absorption bands at 2900 to 2700 cm–1.

The absorption bands at the 2700 to 1850 cm–1 region usually come only from triple bonds and oth-
er limited types of functional groups, such as C≡C at 2260 to 2100 cm–1, C≡N at 2260 to 2220 cm–1,
diazonium salts –N+≡N at approximately 2260 cm–1, allenes C=C=C at 2000 to 1900 cm–1, S-H at 2600
to 2550 cm–1, P-H at 2440 to 2275 cm–1, Si-H at 2250 to 2100 cm–1.

The 1950 to 1450 cm–1 region exhibits IR absorption from a wide variety of double-bonded func-
tional groups. Almost all the carbonyl C=O stretching bands are strong and occur at 1870 to 1550 cm–

1. Acid chlorides and acid anhydrides give rise to IR bands at 1850 to 1750 cm–1. Whereas ketones,
aldehydes, carboxylic acids, amides, and esters generally show IR absorption at 1750 to 1650 cm–1,
carboxylate ions usually display stretching bands at 1610 to 1550 and 1420 to 1300 cm-1. Conjugation,
ring size, hydrogen bonding, and steric and electronic effects often result in significant shifts in ab-
sorption frequencies. Nonconjugated aliphatic C=C and C=N have absorption bands at 1690 to 1620
cm–1, with variable intensities. Aromatic compounds contain delocalized π electrons from the reso-
nance-stabilized double bonds, showing skeletal vibrations (including C-C stretchings within the ring)
in the 1650 to 1400 cm–1 region and weak combination and overtone bands in the 2000 to 1650 cm–1

region. Valuable information about the substitution pattern on an aromatic ring can be obtained by
careful examination of absorption bands in these two regions. Molecules containing NO2 groups, such
as nitro compounds, nitrates, and nitramines, commonly exhibit asymmetric and symmetric stretching
vibrations of the NO2 group at 1660 to 1500 and 1390 to 1260 cm–1 regions.

The Fingerprint Region, 1300 to 910 cm–1 Absorptions in this region include the contributions from
complex interacting vibrations, giving rise to the generally unique fingerprint for each compound. A
good match between the IR spectra of two compounds in all frequency ranges, particularly in the fin-
gerprint region, strongly indicates that they have the same molecular structures.

Detailed interpretation of IR bands in this region is difficult. However, some assignments of bands
in the fingerprint region to a few important vibrational frequencies of functional groups can be done
when IR absorptions in other regions are correlated together. For example, esters not only show their
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carbonyl C=O stretch at 1750 to 1735 cm–1, but also exhibit their characteristic absorption at 1300 to
1000 cm–1 from the couplings of C-O and C-C stretches. 

The Aromatic Region, 910 to 650 cm–1 The IR bands in this region do not necessarily come from the
aromatic compounds, but the absence of strong absorption in the 910 to 650 cm–1 region usually indi-
cates the lack of aromatic characters. The out-of-plane bending of ring C-H bonds of aromatic and het-
eroaromatic compounds gives rise to strong IR bands in the range between 910 and 650 cm–1. As
previously stated, certain nonaromatic molecules such as amines and amides can also contribute ab-
sorption in this region. 

Compound Identification

Since the IR spectrum of every molecule is unique, one of the most positive identification methods of
an organic compound is to find a reference IR spectrum that matches that of the unknown compound.

A large number of reference spectra for vapor and condensed phases are available in printed and
electronic formats. The spectral libraries compiled by Sadtler and Aldrich are some of the most popular
collections. In addition, spectral databases are often compiled according to application areas such as
forensics, biochemicals, and polymers. Computerized search programs can facilitate the matching pro-
cess. In many cases where exact match to the spectrum of an unknown material cannot be found, these
programs usually list the reference compounds that match the unknown spectrum most closely. This
information is useful in narrowing the search. When it is combined with the data from other analysis
such as NMR or mass spectrometry, a positive identification or high-confidence level tentative identi-
fication can often be achieved. 

Quantitative

IR spectroscopy was generally considered to be able to provide only qualitative and semiquantitative
analyses of common samples, especially when the data were acquired using the conventional dispersive
instruments. However, the development of reliable FTIR instrumentation and strong computerized
data-processing capabilities have greatly improved the performance of quantitative IR work. Thus,
modern infrared spectroscopy has gained acceptance as a reliable tool for quantitative analysis. 

The basis for quantitative analysis of absorption spectrometry is the Bouguer–Beer–Lambert law,
commonly called Beer’s law. For a single compound in a homogeneous medium, the absorbance at any
frequency is expressed as

(15.3)

where A is the measured sample absorbance at the given frequency, a is the molecular absorptivity at
the frequency, b is the path length of source beam in the sample, and c is the concentration of the sam-
ple. This law basically states that the intensities of absorption bands are linearly proportional to the con-
centration of each component in a homogeneous mixture or solution. 

Deviations from Beer’s law occur more often in infrared spectroscopy than in UV/visible spectros-
copy. These deviations stem from both instrumental and sample effects. Instrumental effects include
insufficient resolution and stray radiation. Resolution is closely related to the slit width in dispersive IR
instruments or the optical path difference between two beams in the interferometer of FTIR spectrom-
eters. Stray light levels in FT instruments are usually negligible. Sample effects include chemical reac-
tions and molecular interactions such as hydrogen bonding. The Beer’s law deviations result in a
nonlinear relationship for plots of absorbance (A) against concentration (c). It is therefore a good prac-
tice to obtain calibration curves that are determined empirically from known standards.

A abc=
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Instead of the transmittance scale, absorbance is generally used in quantitative analysis. Absorbance
(A) is defined as the negative logarithm of the transmittance (T). According to Beer’s law, a linear rela-
tionship exists only between the sample concentration and absorbance, not between the sample concen-
tration and transmittance. The linearity of Beer’s law plots usually holds better when the absorbance is
limited to less than 0.7 absorbance units, although in some cases good linearity has been achieved over
more than 2 absorbance units. A number of quantification parameters, which include peak height, peak
area, and derivatives, can be used in quantitative analysis. The integration limits for peak area determi-
nations should be carefully chosen to ensure maximum accuracy. 

In multicomponent quantitative analysis, the determination of the composition of mixtures in-
volves the use of software packages. These analyses usually assume that Beer’s law is additive for a
mixture of compounds at a specified frequency. For a simple two-component mixture, the total absor-
bance, AT, of the mixture at a given frequency is the sum of the absorbance of two component com-
pounds, x and y, at the specified frequency:

(15.4)

It is necessary to determine ax and ay from absorption measurements of mixtures containing known
amounts of compounds x and y at two different frequencies, n and m. Using these values, ax,n, ax,m, ay,n,
and ay,m, it is possible to use two absorbance measurements from the mixture of unknown composition
to determine the concentrations of compounds x and y, cx and cy.

(15.5)

(15.6)

Using matrix algebra it is possible to extend this technique to mixtures containing more than two
components. The absorbance of a mixture of n independently absorbing components at a particular fre-
quency ν may be expressed in the following equation:

(15.7)

where Aν = total absorbance of the sample at the frequency, ν, aj = absorptivity of component j at the
frequency ν (j = 1, 2, . . . n), cj = concentration of component j, and b = sample path length.

Software packages containing matrix methods available with computerized spectrometers simplify
the operations associated with multicomponent analysis. If deviations of Beer’s law occur, but the law
of additivity still holds, sophisticated correlation or statistical evaluation software programs such as
least-squares regression, partial least-squares regression, and principal component regression analysis
facilitate satisfactory curve-fitting and data-processing tasks.

The broad absorption bands, larger values of absorptivity and sample path length, higher-    inten-
sity sources, and more sensitive detectors make the ultraviolet, visible, and near IR regions better suited
for quantitative determinations than the mid IR and far IR regions. However, coupling of the advance-
ment of computerized FTIR instrumentation and meticulous attention to detail can make FTIR a viable
option for reliable quantitative analysis.

Applications

1. Analysis of Petroleum Hydrocarbons, Oil, and Grease Contents 

AT Ax Ay+ axbc x aybc y+= =

AT n, Ax n, Ay n,+ ax n, bc x ay n, bc y+= =

AT m, Ax m, Ay m,+ ax m, bc x ay m, bc y+= =

Aν a1bc1 a2bc2 … anbcn+ + +=
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by EPA Methods.

The Environmental Protection Agency (EPA) has established Methods 413.2 and 418.1 for the mea-
surement of fluorocarbon-113 extractable matter from surface and saline waters and industrial and do-
mestic wastes (4). These methods provide semiquantiative determination of petroleum hydrocarbons,
oil, and grease by comparison of the infrared absorption of the sample extract with standards.

Petroleum hydrocarbons, oil, and grease include biodegradable animal greases and vegetable oils
along with the relative nonbiodegradable mineral oils. They all contain carbon–hydrogen bonds, thus
giving rise to C-H stretching absorption in the 3100 to 2700 cm–1 region of the IR spectrum. Fluoro-
carbon-113 (1,1,2-trichloro-1,2,2-trifluoroethane) is one of the chlorofluorocarbons commonly called
freons. It contains no C-H bonds, and thus does not absorb IR radiation in the aforementioned 3100 to
2700 cm–1 region. The quantity of hydrocarbons, oil, and grease in freon extracts can be estimated by
measuring the intensity of C-H absorption band at 2930 cm–1.

The sample is acidified to a low pH (less than 2) and extracted with fluorocarbon-113. Interfer-
ence is usually removed with silica adsorbent. Depending on the sample concentration, cells of path-
length from 10 to 100 mm can be used to acquire the normal transmission IR spectrum. The
concentration of hydrocarbon, oil, and grease in the extract is determined by comparing the absor-
bance against the calibration plot prepared from standard calibration mixtures. Figure 15.14 shows
the different FTIR profiles of three calibration standards. The contributions from the solvent and cell
are eliminated by subtracting the reference spectrum of freon from the sample spectrum.

In the standard EPA methods, peak height at a single frequency, 2930 cm–1, is used as the basis for
quantification. In the author’s laboratory, peak area integration from 3150 to 2700 cm–1 is used to quan-
tify the contents of hydrocarbons, oil, and grease. The modified methods have been found to provide
significantly improved results in quantitative analysis. Aromatic hydrocarbons have relatively lower
absorption intensity in this C-H stretching region, thus giving lower response factors when compared
to the IR absorption of oil and grease standards. Using an FTIR instrument, oil and grease at low parts-
per-million levels can be readily determined. 

2. Quantitative Analysis of Multicomponent Mixtures of Sulfur Oxygen Anions 
by Attenuated Total Reflectance Spectroscopy.

Characterization of complex mixtures of sulfur oxygen anions is encountered in studies such as investi-
gating the decomposition of the dithionite anion in acidic aqueous solution. Many techniques such as
conventional IR, UV/visible, Raman spectroscopy, and titrimetric and electrochemical analysis all have
drawbacks that limit their effectiveness in this challenging analysis. The multicomponent analysis by
FTIR attenuated total reflectance (ATR) spectroscopy successfully provides the accurate quantification
of multiple sulfur–oxygen anion concentrations in aqueous solution (5).

Sulfur–oxygen compounds have relatively intense S-O stretching absorption bands in the 1350 to
750 cm–1 region of the IR spectrum. FTIR/ATR spectroscopy is well suited for quantitative determina-
tion of sulfur oxygen anions in strong IR-absorbing aqueous medium. ATR not only uses water-resis-
tant cell material, but also has a very short and reproducible effective path length that goes beyond the
sample/crystal interface and into the sample medium. A micro CIRCLE cell from Spectra-Tech incor-
porating a ZnSe crystal is used in the study. Its basic optics is illustrated in Fig. 15.15. The representa-
tive FTIR/ATR spectra of sulfur oxide and nitrate anions are shown in Fig. 15.16. 

Aqueous decomposition of sodium dithionite under anaerobic conditions is investigated. System-
atic baseline error is characterized and taken into account. Computerized data processing involving
least-squares regression is used in the multivariate analysis. Figure 15.17 illustrates the simultaneous
measurements of concentrations of seven anions and continuous monitoring of total sulfur and average
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oxidation states over a 30-min reaction period. This analytical technique successfully determines the
reaction orders and reaction stoichiometry shown below:

(15.8)

3. Characterization of Heterogeneous Catalysts by Diffuse 
Reflectance Spectroscopy.

Vibrational spectroscopy has been long established as one of the preferred techniques in obtaining im-
portant information on the nature of molecules that are attached to the catalyst surfaces. Diffuse reflec-
tance (DR) spectroscopy has been shown to provide additional advantages over the conventional
transmission methods. Detailed characterization of an olefin polymerization catalyst is described here
to demonstrate one of the practical applications (6).

Heterogeneous catalysts often consist of active molecules in a distribution of valence states sup-
ported on high-surface-area oxides, such as silica and alumina. To better understand Zigler–Natta cat-
alysts (important catalysts for olefin polymerization processes), the reactions of attaching titanium
chloride (TiCl4) to modified silica surfaces are studied. A diffuse reflectance accessory from Harrick
Scientific (Fig. 15.18) and a controlled-atmosphere, high-temperature cell are used in the experiments.

Catalyst samples are diluted by making a 10% w/w dispersion in dry KCl power. Diffuse reflec-
tance spectra of 200 °C pretreated silica gel before and after reaction with hexamethyldisilazane
(HMDS) and 600 °C pretreated silica gels are shown in Fig. 15.19. The chemical reactions on modified
silica gel surfaces are illustrated in Fig. 15.20. The 200 °C pretreated silica gel exhibits three surface
hydroxyl absorption bands at 3740, 3660, and 3540 cm–1, which arise from relatively free, non–hydro-
gen-bonded, and hydrogen-bonded silanols (Si-OH), respectively. After surface modification with

2S2O4
2– H2O S2O3

2– 2HSO3
2–+→+

Figure 15.14 FTIR spectra of three calibration standards, at 1.5, 3.1, and 6.2 ppm, for oil and grease analysis. 
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HMDS treatment, the 3740 cm–1 peak disappears while the broader bands from hydrogen-bonded sil-
anols remain relatively unperturbed. Baking of the silica gel to 600 °C results in the disappearance of
peaks at 3660 and 3540 cm–1, but does not significantly affect the non–    hydrogen-bonded silanols’
absorption at 3740 cm–1. Diffuse reflectance spectra of 200 °C pretreated silica gel before and after
TiCl4 reaction, along with the spectrum resulting from spectral      subtraction are shown in Fig. 15.21
(7). The IR absorption bands at 990 and 920 cm–1 in the difference spectrum are assigned to the Si-O
stretchings of Si-O-TiCl3 and (Si-O)2-TiCl2, respectively. Similar analyses support the other reactions
illustrated in Fig. 15.20.

Figure 15.15 Optic diagram of the Cylindrical Internal 
Reflectance Cell for Liquid Evaluation (CIRCLE).  (Re-
printed by permission of Spectra-Tech, Inc.)

Figure 15.16 Representation of FTIR/ATR spectra of nitrate and four sulfur oxide anions.  (Reprinted with per-
mission from D. A. Holman, A. W. Thompson, D. W. Bennett and J. D. Otvos, Analytical Chemistry, Vol. 66, No. 9, 
1378–1384. Copyright 1994 American Chemical Society.)
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4. Qualitative Analysis of Multilayered Polymeric Films using 
FTIR Microspectroscopy.

IR analysis can be used to determine the identities of polymer materials in a multilayered film. Using
FTIR microspectoscopy, various layers in the polymeric film can be quickly characterized. The quali-
tative analysis of a three-layer, 20-µm-thick film is described below to demonstrate such an application
(8).

The layered thin film is cut as a 2×20-mm sheet. Cross-sections of the film are obtained using a
fiber microtome. The individual section is transferred to a NaCl window on a slide positioned on the
microscope stage. FTIR spectra are recorded in the transmission mode.

This particular sample has a three-layer composition of Primacor (8 µm), nylon (10 µm), and Pri-
macor (8 µm). Primacor is a copolymer of ethylene and acrylic acid. Nylon is a polyamide polymer.
Using an FTIR microscope, infrared transmittance spectra of the multilayered film are obtained (Fig.
15.22). An IR spectrum of pure Primacor can be obtained on the exposed outside layer. The IR spec-
trum of the center layer exhibits the contributions from both nylon and Primacor. This probably results
from spatial contamination, which occurs when a specific layer of 8 to 10 µm or thinner is not masked
properly for IR spectrum acquisition due to the poor contrast between the layers or the limitations of
the aperture sizes. Functional group mapping can be performed to enhance the spatial resolution. This

Figure 15.17 Multicomponent analysis of sulfur oxygen anions over a 30-min reaction period of the anaerobic 
aqueous decomposition of sodium dithionite. (a) [HSO3

–], (b) [S2O3
2–], (c) [S2O4

2–], (d) [S3O6
2–], (e) [SO4

2–], (f) 
[S2O5

2–], (g) [SO3
2–], 〈OX〉 = average oxidation state, and [S]T = total sulfur. (Reprinted with permission from D. 

A. Holman, A. W. Thompson, D. W. Bennett and J. D. Otvos, Analytical Chemistry, Vol. 66, No. 9, 1378–1384. 
Copyright 1994 American Chemical Society.)
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is accomplished by driving microscope stages across the film cross-section while mapping the concen-
tration of functional groups that represent characteristics of each component. This type of infrared im-
aging technique can be more effectively carried out with a computer-controlled, two-dimensional
motorized stage and provides a systematic, nondestructive evaluation of sample composition on a mi-
croscopic scale.

Nuts and Bolts

Relative Costs

Dispersive $$ to $$$

FT $$$ to $$$$

GCIR $$$

PAS $$$

IR microscope $$ to $$$

Reference spectra $ to $$

Figure 15.18 Optical diagram of a diffuse reflectance 
accessory. (Reprinted by permission of Harrick 
Scientific Corporation.)

Figure 15.19 FTIR diffuse reflectance spectra of silica 
gel samples. (a) 200 °C pretreated silica, (b) HMDS 
pretreated silica, and (c) 600 °C pretreated silica.  
(Reprinted by permission from Spectroscopy, Vol. 9, No. 
8 by J. P. Blitz and S. M. Augustine, © 1994 by Advan-
star 
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Maintenance 10% of purchase price per year

Supplies <$

$=1 to 5K, $$=5 to 15K, $$$= 15 to 50K, $$$$=50 to 100K, $$$$$=>100K.

The major factor affecting the cost of an IR spectrometer is its resolution. Resolution can range
from 16 cm–1 to 0.1 cm–1. The more expensive ($$$$), higher-resolution (0.1 cm–1) instruments are used
to resolve the vibrational bands into their rotational components. These instruments are used in research
laboratories to obtain detailed structural information and physical constants for compounds. The lower-
priced ($$$), medium-resolution (4 to 2 cm–1) instruments are adequate for most analyses described
here.

Vendors for Instruments and Accessories

Instruments

Nicolet Instrument Corp.
5225 Verona Rd.
Madison, WI 53711-4495
phone: 800-232-1472, 608-276-6100
fax: 608-273-5046
email: nicinfo@nicolet.com
Internet: http://www.nicolet.com

Figure 15.20 Chemical reactions of modified silica gel surfaces. (a) Before TiCl 4 reaction and (b) after TiCl4 
reaction. (Reprinted by permission from Spectroscopy, Vol. 9, No. 8 by J. P. Blitz and S. M. Augustine, © 1994 by 
Advanstar Communications.)
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The Perkin-Elmer Corp.
761 Main Ave.
Norwalk, CT 06859-0012
phone: 800-762-4000
fax: 203-761-2882
email: info@perkin-elmer.com

Figure 15.21 FTIR diffuse reflectance spectra of silica 
samples. Spectra before and after TiCl4 treatment of 200 
°C pretreated silica and the difference spectrum resulting 
from spectral subtraction are shown. (Reprinted from 
Colloids and Surfaces, 63, J. P. Blitz, pp. 11–19, 
copyright 1992, with kind permission from Elsevier 
Science—NL, Sara Burgerhartstraat 25, 1055 KV 
Amsterdam, The Netherlands.)

Figure 15.22 FTIR transmittance spectra of a film with a 
three-layer composition (Primacor–nylon–Primacor). 
(a) Outer layer, (b) center layer, and (c) Primacor stan-
dard. (Reprinted by permission from Spectroscopy, Vol. 
8, No. 8 by T. I. Shaw, F. S. Karl, A. Krishen and L. E. 
Porter, ©1993 by Advanstar Communications.)
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Internet: http://www.perkin-elmer.com

Bio-Rad Labs., Digilab Division
237 Putnam Ave.
Cambridge, MA 02139
phone: 800-225-1248
fax: 617-234-7045
email: sales.digilab@bio-rad.com

Bruker Instruments Inc.
19 Fortune Dr.
Billerica, MA 01821
phone: 508-667-9580, 888-427-8537
fax: 508-663-9177
email: optics@bruker.com
Internet: http://www.bruker.com

Mattson Instruments
5225 Verona Rd.
Madison, WI 53717-4495
phone: 800-423-6641, 608-276-6300
fax: 608-273-6818
email: info@mattsonir.com
Internet: http://www.mattsonir.com

Bomen Inc.
450 St. Jean Baptiste
Quebec, G2E 5S5, Canada
phone: 418-877-2944
fax: 418-877-2834

Most instrument manufacturers listed above also provide sampling accessories for their IR spectrome-
ters.

Accessories

Spectra-Tech Inc.
2 Research Dr.
P.O. Box 869
Shelton, CT 06484-0869
phone: 203-926-8998
fax: 203-926-8909

The Perkin-Elmer Corp.
761 Main Ave.
Norwalk, CT 06859-0012
phone: 800-762-4002
fax: 203-761-9645

Harrick Scientific Corp.
88 Broadway
Box 1288
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Ossining, NY 10562
phone: 914-762-0020, 800-248-3847
fax: 914-762-0914

International Crystal Laboratories
11 Erie St.
Garfield, NJ 07026
phone: 201-478-8944
fax: 201-478-4201

The Foxboro Company
600 N. Bedford St.
P.O. Box 500
East Bridgewater, MA 02333
phone: 508-378-5400
fax: 508-378-5202
email: tblom@foxboro.com
Internet: http://www.foxboro.com

Axiom Analytical Inc.
17751 Sky Park Circle, #ABC
Irvine, CA 92714
phone: 714-757-9300, 800-Go-Axiom
fax: 714-757-9306
email: goaxiom@aol.com
Internet: http://www.goaxiom.com/axiom

Graseby Specac Inc.
500 Technology Ct.
Smyrna, GA 30082-5210
phone: 770-319-9999, 800-447-2558
fax: 770-319-2488
email: specacusa@aol.com

Wilmad Glass Company, Inc.
Rt. 40 & Oak Rd.
Buena, NJ 08310
phone: 609-697-3000, 800-220-5171
fax: 609-697-0536
email: cs@wilmad.com
Internet: http://www.wilmad.com

Buck Scientific, Inc.
58 Fort Point St.
East Norwalk, CT 06855-1097
phone: 203-853-9444, 800-562-5566
fax: 203-853-0569
email: 102456.1243@compuserve.com
Internet: http://ourworld.compuserve.com/homepages/Buck_Scientific
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Required Level of Training

Operation of Instrument

Routine analyses can be performed by analysts with a high school education or an associate college de-
gree. A knowledge of the chemistry of the sample material is useful. Preparation of more difficult sam-
ples is an art gained through experience. 

Processing Qualitative and Quantitative Data

Qualitative interpretation of spectra requires a minimum of a college organic chemistry course. Quan-
titative determinations require a minimum of an introductory analytical chemistry course.

Service and Maintenance

Most current spectrometers have diagnostic software that checks the instrument periodically and assists the
operator in troubleshooting. The identification and replacement of faulty components are facilitated by the
modular design of instrument systems. A high percentage of problems can be solved by trained laboratory
personnel, thus eliminating the need for expensive visits by the vendors’ engineers. The major components
requiring replacement are sources and detectors. The sources for dispersive instruments (Nernst glowers
and globar heaters) are much more expensive than the nichrome coil source commonly used with FTIR.
However, the replacement of the        helium neon laser source used for timing operations in an FTIR spec-
trometer is expensive (over $600). The beamsplitter of a FT instrument is quite costly (over $3,000). All
types of detectors are expensive (over $1000).

Suggested Readings

Books

Annual Book of ASTM Standards, vol. 03.06. Philadelphia: American Society for Testing and Materials, 1995.

GRIFFITHS, P. R., AND J. A. DE HASETH, Fourier Transform Infrared Spectrometry. New York: Wiley, 1986.

SILVERSTEIN, R. M., G. C. BASSLER, AND T. C. MORRILL, Spectrometric Identification of Organic Compounds, 5th 
ed. New York: Wiley, 1988.

SMITH, A. L., Applied Infrared Spectroscopy. New York: Wiley, 1979.

WILLARD, H. H., AND OTHERS, Instrumental Methods of Analysis, 7th ed. Belmont, CA: Wadsworth, 1987.

Articles

BERGLUND, R. A., P. B. GRAHAM, AND R. S. MILLER, “Applications of In-situ FT-IR in Pharmaceutical Process 
R&D,” Spectroscopy, 8, no. 8 (1993), 31.

COATES, J. P., J. M. D’AGOSTINO, AND C. R. FRIEDMAN, “Quality Control Analysis by Infrared Spectroscopy, Part 
1: Sampling,” American Laboratory, 18, no. 11 (1986), 82.

COATES, J. P., J. M. D’AGOSTINO, AND C. R. FRIEDMAN, “Quality Control Analysis by Infrared Spectroscopy, Part 
2: Practical Applications,” American Laboratory, 18, no. 12 (1986), 40.

CROOKS, R. M., AND OTHERS, “The Characterization of Organic Monolayers by FT-IR External Reflectance Spec-
troscopy,” Spectroscopy, 8, no. 7 (1993), 28.

FUJIMOTO, C., AND K. JINNO, “Chromatography/FT-IR Spectrometry Approaches to Analysis,” Analytical Chemis-
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try, 64 (1992), 476A.

HARIS, P. I., AND D. CHAPMAN, “Does Fourier Transform Infrared Spectroscopy Provide Useful Information on 
Protein Structures?” Trends Biochemical Sciences, 17, no. 9 (1992), 328.

JONES, R. W., AND J. F. MCCLELLAND, “Transient IR Spectroscopy: On-line Analysis of Solid Materials,” Spec-
troscopy, 7, no. 4 (1992), 54.

KATON, J. E., AND A. J. SOMMER, “IR Microspectroscopy: Routine IR Sampling Methods Extended to Microscopic 
Domain,” Analytical Chemistry, 64 (1992), 931A.

KOENIG, J. L., “Industrial Problem Solving with Molecular Spectroscopy,” Analytical Chemistry, 66 (1994), 
515A.

SPELLICY, R. L., AND OTHERS, “Spectroscopic Remote Sensing: Addressing Requirements of the Clean Air Act”, 
Spectroscopy, 6, no. 9 (1991), 24. 

WARR, W. A., “Computer-Assisted Structure Elucidation, Part 1: Library Search and Spectral Data Collections,” 
Analytical Chemistry, 65 (1993), 1045A. 

Training Aids

Audio/video courses: Both audio and video training courses of IR spectroscopy are available from American 
Chemical Society.

Programmed learning book: GEORGE, W. O., AND P. S. MCINTYRE, Infrared Spectroscopy, Analytical Chemistry 
by Open Learning Project, D. J. Mowthorpe, ed. New York: Wiley, 1987. 

Short courses: A number of short courses and workshops are generally held in conjunction with American Chemi-
cal Society National Meeting, Pittsburgh Conference and Eastern Analytical Symposium. The subjects cov-
ered include interpretation of IR spectra, sampling techniques, and accessories. Chemistry short courses of IR 
spectroscopy are also offered by the Center for Professional Advancement (East Brunswick, N.J.), Chemistry 
Department of Miami University (Oxford, OH), and Spectros Associates (Northbridge, MA). 

Software: IR Mentor, a software aid to spectral interpretation, is available from Sadtler Division, Bio-Rad Labora-
tories, Inc. 

Reference Spectra

Aldrich Chemical Company, Inc.: 17,000 Aldrich-Nicolet FTIR spectra in hard-copy reference books or electron-
ic databases and 12,000 IR spectra in hard-copy books.

Sadtler Division of Bio-Rad Laboratories: More than 150,000 spectra in over 50 different electronic databases, or 
89,000 spectra in 119 volumes of hard-copy handbooks. 

Sigma Chemical Company: 10,400 FTIR spectra of biochemicals and related organics in hardbound books.

The U.S. Environmental Protection Agency (EPA) vapor phase database (3240 FTIR spectra), Canadian forensic 
database (3490 spectra), Georgia State Crime Lab database (1760 spectra), and other spectral collections are 
available through instrument manufacturers. 
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Chapter 26

Molecular Fluorescence 
and Phosphorescence 
Spectrometry

Earl L. Wehry
University of Tennessee

Department of Chemistry

Summary

General Uses

• Quantification of aromatic, or highly unsaturated, organic molecules present at trace concentra-
tions, especially in biological and environmental samples

• Can be extended to a wide variety of organic and inorganic compounds via chemical labeling 
and derivatization procedures

Common Applications

• Determination of trace constituents in biological and environmental samples

• Detection in chromatography (especially high-performance liquid chromatography) and elec-
trophoresis

• Immunoassay procedures for detection of specific constituents in biological systems

• Environmental remote sensing (hydrologic, aquatic, and atmospheric)
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• In-situ analyses in biological systems (such as single cells) and cell sorting (flow cytometry) 

• Studies of the molecular microenvironment of fluorescent molecules (fluorescent probe tech-
niques)

• DNA sequencing

• Studies of ligand binding in biological systems

• Studies of macromolecular motions via polarized fluorescence measurement

• Fundamental studies of ultrafast chemical phenomena

Samples

State

Almost any solid, liquid, or gaseous sample can be analyzed, although solid samples may require a spe-
cial sample compartment. Highly turbid liquid samples may cause difficulty.

Amount

Samples can be extremely small (for example, specialized techniques for examining nanoliter sample
volumes have been developed).

Preparation

• It may be necessary to convert analyte to fluorescent derivative or tag analyte with a fluorescent 
compound.

• Use of high-purity solvents and clean glassware is essential.

• Complex mixtures may need extensive cleanup and separation before analysis.

• Turbid samples may require filtering or more extensive cleanup to minimize scatter back-
ground.

• Solvents that absorb strongly in the ultraviolet (UV) (such as toluene) must usually be avoided.

Analysis Time

Normally 1 to 10 minutes is needed to obtain a spectrum. Analysis time is determined primarily by time
required for preliminary sample cleanup (which may be extensive and lengthy) rather than time re-
quired to obtain spectral data.

Limitations

General

• Analysis is limited to aromatic and highly unsaturated molecules unless derivatization or tag-
ging procedure is used.

• Mixtures may need extensive cleanup before measurement.
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• The possibility of quenching in mixtures means that care must be exercised in calibration (such 
as the use of standard additions).

Accuracy

Accuracy is highly dependent on the complexity of the sample and care must be used in calibration.
Accuracies of 1% relative or better are possible if sufficient care is exercised.

Sensitivity and Detection Limits

Sensitivity is highly dependent on fluorescence quantum yield of analyte and the extent to which blank
signals (such as impurity fluorescence and Rayleigh and Raman scatter) are minimized. For intensely
fluorescent compounds (such as polycyclic aromatic hydrocarbons), detection limits of 10–11 to 10–12

M can readily be achieved using commercial instrumentation. Using specialized apparatus and great
care, highly fluorescent nonphotosensitive analytes can be detected at or near single-molecule quanti-
ties.

Complementary or Related Techniques

• UV/visible (UV/Vis) absorption spectroscopy is much less sensitive but more nearly universal 
and often more accurate.

• Chemiluminescence is less widely applicable, but uses simpler apparatus than fluorescence, is 
more sensitive for some analytes, and often exhibits much lower blank because no light source 
is used.

Introduction

Photoluminescence is a type of optical spectroscopy in which a molecule is promoted to an electroni-
cally excited state by absorption of ultraviolet, visible, or near infrared radiation. The excited molecule
then decays back to the ground state, or to a lower-lying excited electronic state, by emission of light.
The emitted light is detected. Photoluminescence processes are subdivided into fluorescence and phos-
phorescence (1). For simplicity, we use the term fluorescence to mean both fluorescence and phospho-
rescence. 

The key characteristic of fluorescence spectrometry is its high sensitivity. Fluorometry may
achieve limits of detection several orders of magnitude lower than those of most other techniques. This
is known as the fluorescence advantage. Limits of detection of 10–10 M or lower are possible for intense-
ly fluorescent molecules; in favorable cases under stringently controlled conditions, the ultimate limit
of detection (a single molecule) may be reached. Because of the low detection limits, fluorescence is
widely used for quantification of trace constituents of biological and environmental samples. Fluorom-
etry is also used as a detection method in separation techniques, especially liquid chromatography and
electrophoresis. The use of fluorescent tags to detect nonfluorescent molecules is widespread and has
numerous applications (such as DNA sequencing).

Because photons can travel through transparent media over large distances, fluorescence is applica-
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ble to remote analyses. Atmospheric remote sensing is an example of this type of application. Remote
sensing often requires the use of specialized apparatus (such as fiberoptics or laser sources).

The spectral range for most molecular fluorescence measurements is 200 to 1000 nm (10,000 to
50,000 cm–1). Hence, optical materials used in UV/Vis absorption spectrometry are suitable for molec-
ular fluorescence. Instrumentation for molecular fluorescence spectrometry is available from numerous
manufacturers. Although commercial fluorescence spectrometers are useful in many situations, there
are several important specialized applications (such as atmospheric remote sensing) for which truly
suitable commercial instrumentation is not readily available.

Excitation of a molecule does not automatically produce fluorescence; many molecules exhibit
very weak fluorescence. Most intensely fluorescent organic molecules contain large conjugated π-elec-
tron systems (1, 2). For example, most polycyclic aromatic hydrocarbons are intensely fluorescent.
Very few saturated organic molecules, and relatively few inorganic molecules, exhibit intense fluores-
cence. To extend the applicability of fluorometry to the many compounds that do not exhibit intense
native fluorescence, chemical reactions can be used to convert (derivatize) nonfluorescent molecules to
fluorescent derivatives, or a nonfluorescent molecule may have chemically attached to it a fluorescent
tag or label (3–6).

For a sample needing no preliminary cleanup, a fluorometric analysis can be carried out in 10 min
or less. However, analyses of complex materials often require considerable preliminary cleanup. Fluo-
rescence measurements may be carried out on liquid, gaseous, and solid samples. Solvents do not in-
terfere unless they absorb at the wavelength used to excite the analyte or act to decrease the efficiency
with which the excited analyte molecule fluoresces. However, fluorescent contaminants in solvents and
laboratory glassware can be a major nuisance.

Fluorometry is more selective than UV/Vis absorption spectrometry for two reasons. First, many
molecules absorb strongly in the UV or visible range but do not exhibit detectable fluorescence. Sec-
ond, two wavelengths (excitation and emission) are available in fluorometry, but only one wavelength
is available in absorptiometry. If two sample constituents with similar absorption spectra fluoresce at
different wavelengths, they may be distinguished from one another by appropriate choice of emission
wavelength. Similarly, two compounds that have similar fluorescence spectra but absorb strongly at
different wavelengths may be distinguished by proper choice of excitation wavelength (selective exci-
tation).

The selectivity of fluorometry is limited by the broad, featureless nature of the absorption and flu-
orescence spectra of most molecules. In UV/Vis absorption and fluorescence spectra, bandwidths of 25
nm or more are common, especially for polar or hydrogen-bonding molecules in polar solvents. The
positions of spectral bands are not sensitive to the finer details of molecular structure, such as the pres-
ence of specific functional groups, and often cannot be predicted a priori with confidence. Hence, flu-
orometry is not generally useful for molecular identification.

The absorption and fluorescence spectra of a mixture of fluorescent compounds may be a jumble
of overlapping bands. Such samples must be subjected to preliminary cleanup and separation (which
may be quite time-consuming) or specialized sample-preparation and measurement techniques may be
used; these may be instrumentally complex or time-consuming.

Because fluorescence measurements are rapid and use relatively inexpensive and rugged instru-
mentation, fluorescence can be used to screen samples, to generate preliminary data that allow an ana-
lyst to decide whether a sample requires detailed characterization, perhaps by a more expensive and
complex technique such as gas chromatography/mass spectrometry (7). This is especially appropriate
for environmental samples, which usually are very complex. Small, portable fluorometric instruments
are suitable for performance of such screening operations in the field (8).

The fluorescence spectrum and intensity of a molecule often depend strongly on that molecule’s
environment. For example, changes in the “polarity” or hydrogen-bonding ability of a solvent may
cause dramatic changes in the fluorescence behavior of a solute (6, 9). Thus, the fluorescence charac-
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teristics of probe molecules may be used to make inferences about their immediate microenvironments.
Fluorescent probe studies are a very important application of fluorometry, especially in biological and
polymer science.

Molecular fluorescence spectrometry is usually blank-limited. Limits of detection are often gov-
erned not by one’s ability to induce or detect the fluorescence of the analyte, but rather by the ability to
distinguish the analyte fluorescence from Rayleigh and Raman scatter radiation generated by the sam-
ple, as well as from fluorescence of other sample constituents, fluorescent contaminants in the solvent,
and fluorescent species adsorbed on the walls of the sample container. Whenever fluorescence spec-
trometry is used for trace analyses, scrupulous care must be devoted to maximizing the fluorescence
signal produced by the analyte while minimizing blank fluorescence and scattering signals. Use of sol-
vents (10) and sample containers that are as free as realistically possible of fluorescent contaminants is
essential.

How It Works

Physical and Chemical Principles

The initial step in a fluorescence measurement is electronic excitation of an analyte molecule via ab-
sorption of a photon. Once formed, an excited molecule has available a variety of decay processes by
which it can rid itself of the energy imparted to it by absorption. In addition to fluorescence (the de-
sired decay route), there are nonradiative decay processes, leading to release of energy in the form of
heat rather than light. Other sample constituents may interact with an excited analyte molecule in such
a way as to prevent it from fluorescing; such processes are called quenching. Also, an electronically
excited molecule may undergo chemical reaction (photodecomposition). 

The fraction of electronically excited molecules that decay to the ground state by fluorescence is
called the fluorescence quantum yield. The maximum possible value for the fluorescence quantum
yield is 1.00. The number of molecules known to exhibit fluorescence quantum yields of unity can be
counted on the fingers of one hand. Most intensely fluorescent molecules (that is, those with fluores-
cence efficiencies of 0.05 or greater) have extended π-electron systems (such as polycyclic aromatic
hydrocarbons) (1, 2).

In fluorescence, the spin multiplicities of the ground and emissive excited states are the same. In
most organic molecules, the ground state is a singlet state (all spins paired). Fluorescence occurs when
a molecule has been promoted to an excited singlet state by absorption, and then decays back to the
ground singlet state by emission. Fluorescence generally occurs only from the first excited singlet state
(that is, the excited singlet state of lowest energy), irrespective of which excited singlet state was ini-
tially produced by absorption.

Phosphorescence is a light emission process in which the excited and ground states have different
spin multiplicities. In an organic molecule whose ground state is a singlet, there are several energetically
accessible triplet excited states (two unpaired spins). Following excitation into the manifold of singlet
excited states by absorption, a molecule may undergo nonradiative decay (inter-system crossing) to the
manifold of triplet states. The triplet state may emit a photon as the molecule decays back to the ground
singlet state (phosphorescence).
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Information Available from 
Fluorescence Measurements

Two basic types of spectra can be produced by a fluorescence spectrometer. In a fluorescence spectrum,
or emission spectrum, the wavelength of the exciting radiation is held constant (at a wavelength at
which the analyte absorbs) and the spectral distribution of the emitted radiation is measured. In an ex-
citation spectrum, the fluorescence signal, at a fixed emission wavelength, is measured as the wave-
length of the exciting radiation is varied. Because an analyte can fluoresce only after it has absorbed
radiation, an excitation spectrum identifies the wavelengths of light that the analyte is able to absorb.
Thus, subject to certain constraints, the excitation spectrum of a molecule should be the same as its UV/
Vis absorption spectrum.

The excitation spectrum for a compound should not change as the emission wavelength is varied.
Whenever the excitation spectrum varies with choice of emission wavelength, there is good reason to
believe that two or more different substances are responsible for the observed fluorescence.

The maximum in the fluorescence spectrum of a compound occurs at longer wavelength than the
maximum in the absorption spectrum. The wavelength difference between the absorption and fluores-
cence maxima is called the Stokes shift. Often, the Stokes shift is large (20 to 50 nm), especially for
polar solutes in polar solvents. There is often some overlap, but not a great deal, between the absorption
and fluorescence spectra of a compound. Both spectra may exhibit wavelength shifts whenever the sol-
vent is changed; again, these effects are largest for polar solutes dissolved in polar, hydrogen-bonding
solvents (6, 9).

In many fluorescence spectrometers, one can simultaneously vary the wavelengths of the exciting
and emitted radiation. Such measurements, commonly called synchronous scanning, are useful in the
analysis of mixtures (11).

Fluorometry is a multidimensional technique (12). Several types of information (in addition to
spectra and signal intensities) can be obtained. The fluorescence of a molecule may be partially or fully
polarized. Measurements of fluorescence polarization can provide important information, particularly
for macromolecules; the use of polarized fluorescence measurements is widespread in biological (13)
and polymer (14) science.

Also, the singlet excited states responsible for fluorescence of organic molecules have finite life-
times, usually nanoseconds. (The triplet excited states responsible for phosphorescence of organic mol-
ecules have much longer lifetimes, often milliseconds or longer.) The fluorescence or phosphorescence
rate of a molecule can be measured, and changes in fluorescence spectra as a function of time (time-
resolved spectra) can be obtained. Measurements of time-resolved spectra or decay times can aid in an-
alytical applications of fluorometry, and can also provide unique fundamental information in the study
of very fast chemical and physical phenomena.

General-Purpose Instrumentation for 
Molecular Fluorescence Measurements

A block diagram of a fluorometer is shown in Fig. 26.1. In addition to the optical components shown,
most fluorometers have dedicated computers, which control instrumental operating parameters (exci-
tation and emission wavelengths, wavelength scan rates, monochromator slit widths, detector parame-
ters) and the acquisition of spectral data, and also may be used for postprocessing of the data.

Sources
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The signal produced by an analyte is proportional to the number of excited analyte molecules formed
per unit time. Thus, the source must produce high optical power (that is, a large number of photons
per unit time). Because molecular absorption spectra usually are broad, a highly monochromatic
source is not generally needed; an intense continuum source that emits throughout the UV, visible,
and near infrared regions is adequate. The source used in most commercial fluorometers is the xenon
arc lamp, the characteristics of which are described elsewhere (15). 

For certain applications, it is preferable to use a laser excitation source (16). Few fluorescence
spectrometers using laser sources are commercially available; most such instruments are intended for
highly specific applications such as analyses of uranium in the nuclear industry (17). A Raman spec-
trometer (which uses a laser source) often can serve as an excellent, albeit expensive, instrument for
laser-induced fluorescence spectrometry. 

Wavelength Selectors

Portable, inexpensive fluorescence spectrometers use filters as wavelength selectors. Such instruments
(filter fluorometers) are used when it is sufficient to measure fluorescence intensity at a single excita-
tion and emission wavelength. These instruments are used in environmental field screening (8), hospital
or clinical settings (18), and other applications in which low cost and small size are crucial. Moreover,
filters can transmit a very large number of photons from source to sample and from sample to detector.
Thus, filter instruments may be used in ultratrace analysis, wherein it is crucial to maximize the fluo-
rescence signal that impinges on the detector, at the cost of decreased selectivity.

Most fluorometers in laboratory environments use grating monochromators as excitation and emis-
sion wavelength selectors. Usually, only moderate spectral resolution (1 to 2 nm) is needed. Parameters
governing the choice of a monochromator for use in a fluorescence spectrometer are discussed in detail
elsewhere (19).

Sample Illumination

The most common arrangement is the right-angle geometry in Fig. 26.1, wherein fluorescence is

Figure 26.1 Block diagram of fluorescence spectrometer 
using conventional right-angle fluorescence collection.
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viewed at a 90° angle relative to the direction of the exciting light beam. This geometry is suitable for
weakly absorbing solution samples. For solutions that absorb strongly at the excitation wavelength, and
for solids (or samples adsorbed on solid surfaces, such as thin-layer chromatography plates), a front-
surface geometry often is preferable; here, fluorescence is viewed from the face of the sample on which
the exciting radiation impinges. 

For solution samples, rectangular 1-cm glass or fused silica cuvettes with four optical windows are
usually used. For specialized applications, when very low limits of detection are required or it is nec-
essary to illuminate a very small volume of solution, various flow (20, 21) or windowless (22) cells
have been designed. Fiberoptics also are widely used in fluorometry.

Detectors

The fluorescence signal for an analyte present at low concentration is small; thus, a key requirement for
a detector is its ability to detect weak optical signals. A photomultiplier tube (PMT) is used as the de-
tector in most fluorescence spectrometers. PMTs used in fluorometry are chosen for low noise and high
sensitivity, and are sometimes operated at subambient temperatures to improve their signal-to-noise ra-
tios.

The main shortcoming of a PMT is that it is a single-channel detector. To obtain a spectrum, one
must mechanically scan the appropriate monochromator across the wavelength range encompassed by
the spectrum, which may be 50 nm or more. Thus, it is difficult to obtain spectra of transient species or
analytes that remain in the observation region for a short time (such as eluents from chromatographic
columns). It has long been recognized that a multichannel instrument using an array of detectors would
be preferable for such applications because the entire spectrum could be viewed at once. UV/Vis ab-
sorption spectrometers with array detectors are commercially available and widely used.

Until recently, no electronic array detector has been competitive with a PMT in the detection of
weak optical signals. That situation is changing as new classes of electronic array detectors are devel-
oped and improved. At present, the most promising electronic array detector for fluorometry is the
charge-coupled device (CCD) (23). Fluorescence instruments using CCDs or other high-performance
array detectors are not numerous, but will become more common in the future.

Corrected Spectra

Most fluorometers are single-beam instruments (see Fig. 26.1). Excitation and fluorescence spectra ob-
tained using such an instrument are distorted, due to variation of source power or detector sensitivity
with wavelength. Spectra of the same sample obtained using two different fluorometers may therefore
be quite dissimilar (1); even changing the source or detector in a fluorometer may alter the apparent
fluorescence or excitation spectrum of a compound. It is possible instrumentally to eliminate these ar-
tifacts, and several manufacturers offer instruments that can generate corrected spectra. Because most
published fluorescence spectra are uncorrected, they cannot readily be reproduced by other investiga-
tors. Hence, there are few extensive and broadly useful data bases of fluorescence spectra.

That a fluorescence spectrometer is a single-beam instrument also means that fluctuations in the
power output of the excitation source produce noise. This problem may be solved by splitting off a por-
tion of the source output and viewing it with a second detector, and electronically ratioing the observed
fluorescence signal to the output of the detector that is used to monitor the source power. High-perfor-
mance commercial fluorometers have this capability.

More detailed discussions of instrumentation for measurement of fluorescence are available else-
where (1, 6, 13, 24).
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Specialized Types of Fluorescence Measurements

Several types of useful fluorescence measurements may not be possible using the simple fluorometer
illustrated in Fig. 26.1. Some examples of more specialized fluorometric techniques are considered be-
low.

Synchronous Fluorescence and Excitation–Emission Matrices

 As noted above, it is possible to scan the excitation and emission monochromators simultaneously
(synchronous fluorometry) (11). Often, synchronous fluorometry is carried out by scanning the excita-
tion and emission monochromators at the same rate while keeping the wavelength difference (or offset)
between them constant. 

The main purpose of synchronous scanning is to generate spectra having decreased bandwidths. For
example, Fig. 26.2(a) shows the excitation and fluorescence spectra of perylene, an aromatic hydrocar-
bon, in ethanol solution. The Stokes shift for perylene is relatively small (3 nm). If one carries out a syn-
chronous scan with the wavelength offset between the excitation and emission monochromators held at
3 nm, one obtains the spectrum shown in Fig. 26.2(b) (25). The width of the synchronous spectrum is
much smaller than that of either the excitation or fluorescence spectrum. When dealing with a mixture
of fluorescent components, the beneficial effect of synchronous scanning is to greatly simplify the spec-
trum and decrease the extent of spectral overlaps (11, 25).

In some instances, it may be preferable to use a constant wavenumber (rather than wavelength) off-
set between the monochromators in synchronous fluorometry (26). 

Because the synchronous spectrum for a compound depends on both the excitation and fluores-
cence spectra, it is strongly dependent on the wavelength (or wavenumber) offset. If one were to run
many synchronous spectra for a particular compound, each at a different wavelength offset, one could
acquire all information present in the absorption and fluorescence spectra of the compound. This infor-
mation could then be set up in the form of a two-dimensional matrix called an excitation–emission ma-
trix (27, 28). Acquiring an excitation–emission matrix by running many synchronous scans is slow; it
can be generated much more rapidly by using an array-detector fluorometer designed expressly for this
purpose (27).

The data in an excitation–emission matrix are often visually presented in the form of a fluorescence
contour plot, wherein points of equal detector signal are connected to produce what looks like a topo-
graphic map. Examples of such contour plots for several complex samples are shown in Fig. 26.3 (29).
These plots can be quite useful for distinguishing complex samples from one another. Each one serves
as a spectral fingerprint for a particular complex material (such as petroleum, coal-derived liquids, or
biological fluids) (29, 30), although it does not directly identify the fluorescent constituents of the sam-
ple in any obvious way.

Fiberoptic Sensors

An optical fiber is a light pipe that may be used to transmit light beams over long distances. A fiber
may be used to transmit exciting light to a fluorescent analyte or transmit the emitted fluorescence to
a detector. Thus, fiberoptics may be used to deal with extremely small objects (such as electrophoresis
capillaries (31)), inaccessible samples (such as groundwater (32)), radioactive or otherwise hazardous
materials (33), or materials that may be difficult to sample, store, and transmit to a laboratory (such as
sea water (34)).

Numerous types of fiberoptic sensors based on fluorescence have been designed (35–37). These
devices are sometimes called optrodes because they often are used for the same general purposes as ion-
selective electrodes. It may be necessary to use in such a device a reagent that can incorporate chemical
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selectivity into the fluorometric analysis; because of their high selectivities, enzymes and antibodies
may be used for this purpose (38).

Difficulties can be experienced in the use of fiberoptic sensors. For example, when a reagent is in-
corporated into a sensor, the sensing tip may not be as long-lived as one would wish, the reagent may
not be sufficiently selective for the intended analytical use, and the chemical reactions may be slower
than desirable. 

Polarized Fluorescence Measurements

When a molecule is excited by polarized light, its fluorescence may be partially or fully polarized (13).
A fluorometer can be used to measure fluorescence polarization by placing polarizing prisms or sheets
in the excitation and emission beams. High-quality instrumentation for polarized fluorescence measure-

Figure 26.2 Comparison of conventional excitation and Fluorescence spectra. (a) Perylene in ethanolic solution; 
(b) synchronous fluorescence spectrum using a 3-nm offset between excitation and emission monochromators. 
(Reprinted with permission from T. Vo-Dinh et al., "Synchronous Spectroscopy for Analysis of Polynuclear Aro-
matic Compounds," Environmental Science & Technology, 12, pp. 1297–1302. Copyright 1978 American Chemi-
cal Society.)
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ments is commercially available. Fluorescence polarization measurements are widely used for studying
rotational motions of electronically excited molecules and to detect the binding of relatively small mol-
ecules to macromolecules. Polarized fluorescence measurements are often used in fluoroimmunoassay
procedures that are widely used in the life sciences (39).

Laser-Induced Fluorescence

For measurements that require very high excitation source power, monochromatic exciting radiation,
the ability to illuminate a very small sample volume, excitation with short light pulses, or propagation
of the exciting light over large distances, it may be necessary to use a laser source (16, 40). For solution

Figure 26.3 Fluorescence contour maps for four coal-derived liquids in ethanolic solution. The vertical axis is ex-
citation wavelength; the horizontal axis is emission wavelength. (Reprinted with permission from P. M. R. Hertz 
and L. B. McGown, "Organized Media for Fluorescence Analysis of Complex Samples: Comparison of Bile Salt 
and Conventional Detergent Micelles in Coal Liquids," Analytical Chemistry, 64, pp. 2920–2928. Copyright 1992 
American Chemical Society.)
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samples, laser-induced fluorescence (LIF) tends to exhibit somewhat better limits of detection than
lamp-excited fluorescence (41). However, the detection-limit advantage of LIF tends to be much less
dramatic than one might expect (42) because of the blank-limited nature of fluorometry.

Because the wavelength of the exciting light must correspond to an absorption band of the analyte,
fixed-wavelength lasers are not generally suitable for fluorescence spectrometry. A laser source for flu-
orometry should exhibit wavelength tunability over a fairly wide range in the UV or visible ranges.
Thus, many applications of LIF use a dye laser (43) as the excitation source. 

Most dye lasers are expensive (the pump source, usually another laser, may cost $20,000 to
$65,000) and require some expertise to use effectively. The pump laser may consume a great deal of
electrical power. Eventually, dye lasers may largely be replaced in fluorometry by compact     solid-
state lasers with low electricity requirements. Small solid-state lasers have been used in fluorometric
analyses of compounds that absorb in the visible or near infrared (44). However, these devices cannot
presently produce tunable UV (250 to 380 nm) output—needed for many applications of fluorometry—
at high enough power to exploit the fluorescence advantage.

Laser sources (usually argon ion lasers) are used in fluorescence flow cytometers, which are com-
mercial instruments used to count and sort biological cells and other particles (12, 45). 

Fluorescence Decay Times and Time-Resolved Spectra

A fluorescence decay time is a measurement, at fixed wavelength, of fluorescence signal as a function
of time. A time-resolved fluorescence spectrum is a spectrum measured within a narrow time window
during the decay of the fluorescence of interest.

Two different approaches are used in such measurements. In pulse fluorometry, an excitation
source is used that produces light pulses whose durations are short in comparison with the excited-state
lifetime of the fluorescent molecule. The decay of the fluorescence is then measured directly, using a
fast detector (1, 40). Because fluorescence decay times are often 1 ns or less, short pulses are needed.
Lasers that can produce ultrashort pulses (10–9 to 10–12 sec or less) are commercially available, but tend
to be expensive and touchy to operate. Also, fast detection systems are needed, and considerable care
is needed in the choice of cables, connectors, and other ancillary components (46, 47).

An alternative technique, phase-modulation fluorometry (often called frequency-domain fluorom-
etry) uses a source (lamp or laser) that is amplitude-modulated at one or more frequencies. Measure-
ment of the phase or demodulation of the fluorescence signal can be used to generate fluorescence
decay times and time-resolved fluorescence spectra (1, 48). Such instruments are generally simpler than
those used for pulse fluorometry, although high modulation frequencies (1 GHz or greater) are needed
to measure very fast fluorescence decays. Commercial instrumentation is available for these types of
measurements.

Time-resolved measurements are instrumentally sophisticated, but they can improve both the sen-
sitivity and selectivity of fluorometry. Measurements of fluorescence decay times or time-       resolved
spectra are used for several purposes, such as distinguishing sample constituents whose fluorescence
spectra overlap one another (40, 49, 50) and distinguishing the fluorescence of an analyte from back-
ground scattering or luminescence of other sample constituents (44, 51); this approach to background
suppression is widely used in fluorescence immunoassays (52, 53).

Low-Temperature Fluorometry

The absorption and fluorescence spectra of a molecule may undergo dramatic narrowing if the molecule
is inserted in a solid matrix at low temperature (77 °K or lower) (16, 54) or expanded, in the gas phase,
to form a supersonic free jet (55). These techniques exhibit much greater selectivity than conventional
fluorescence measurements in liquid solution. Often, use of a laser source is required to exploit fully
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the opportunities for increased selectivity offered by the low-temperature techniques. Use of the meth-
ods also entails an investment in cryogenic apparatus (for the solid-state techniques) or vacuum hard-
ware (supersonic jet spectroscopy), and the time required to      obtain a spectrum can be substantial.
However, these methods can effect major savings in sample pretreatment before measurement of fluo-
rescence.

What It Does

Analytical Information: The Fluorescence Advantage

The main analytical application of molecular fluorescence spectrometry is detection and quantification
of species present at concentrations so low that most other techniques are not useful. The origin of the
fluorescence advantage in detection limit capabilities can be understood in the following way. Consider
Beer’s law, the fundamental relationship in quantitative absorption spectrometry:

(26.1)

where ε is the absorptivity of the analyte, b is the optical pathlength of the sample, c is the concentration
of the analyte, P0 is the excitation power (photons sec–1) incident on the sample, and P is the power
transmitted by the sample. P is the quantity that varies with c: As c decreases, P increases. When c is
small, P is slightly smaller than P0; thus, one must measure a small difference between two large num-
bers.

In contrast, the relationship between a measured fluorescence signal (F, in photons sec–1) to the
analyte concentration is

(26.2)

where φF is the fluorescence quantum yield, k is the fraction of the photons emitted by excited analyte
molecules that actually are detected (often 0.10 or less), and the other symbols have the same meanings
as in Eq. (26.1). If the product εbc ≤ 0.02, as is often the case in analytical applications of fluorometry,
Eq. (26.2) simplifies to

(26.3)

According to Eq. (26.3), if the analyte concentration is 0, the measured fluorescence signal is 0. If the
analyte concentration is small, F is a small number. Hence, when the analyte concentration is low, the
measurement situation in fluorometry—distinguishing between a small signal and zero signal—is more
favorable than that encountered in absorption spectroscopy (measuring a small difference between two
large numbers).

Eq. (26.3) predicts the fluorescence signal to be linear in the analyte concentration and the excita-
tion power, P0. The product εφFP0 determines the sensitivity of fluorometry for the analyte. In the most
favorable case, the analyte absorbs strongly at the excitation wavelength, the source generates a large
number of photons per unit time at that wavelength, and the excited analyte molecules so produced ex-
hibit a high probability of decaying via fluorescence. If all three of these conditions are satisfied and
the detector exhibits high sensitivity at the wavelength at which the analyte emits, then it is possible to
achieve extremely low limits of detection for the analyte, much lower than can be achieved by absorp-
tion spectroscopy. This is the fluorescence advantage.

In real life, when the analyte concentration is zero, the observed signal is greater than zero, due to

A εbc  P0 P⁄( )log  P0  Plog–log= = =

F kφFP0 1 10 εbc––( )=

F kφF P0 εbc=
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background signals from fluorescence of other constituents of the sample or contaminants in the solvent
or sample cell. Rayleigh or Raman scattering of source radiation onto the detector also generates back-
ground. Thus, fluorescence spectrometry is ordinarily blank-limited (42). Therefore, achieving low
limits of detection in fluorometry is possible only if great care is taken to minimize the background aris-
ing from unwanted fluorescence or scattering, and to distinguish the analyte fluorescence from the
background (10, 51, 56).

The sensitivity of fluorometry also depends on the efficiency with which light emitted by the sam-
ple is collected and caused to impinge on the detector. This, in part, determines the value of k in Eq.
(26.2). The collection efficiency often is low (less than 10%). Sample compartments and cuvettes for
commercial fluorometers can be modified to increase the fraction of emitted light that is actually col-
lected (by placing mirrors behind the cell, for example). Because such alterations also increase the
amount of scatter and spurious fluorescence that reach the detector, in practice they may be of little real
benefit.

The low sensitivity implied by a small value of k can be improved by exploiting the fact that an
analyte molecule may be excited more than once (thus, one may obtain many emitted photons from one
analyte molecule (57); this is sometimes called the photon-burst effect). This opportunity works out
strongly to the analyst’s advantage only if the analyte exhibits a very low quantum yield for photode-
composition (56, 57); photosensitive molecules will be destroyed before they have the chance to emit
many photons.

Interferences

It is useful to consider interferences in two classes: additive and multiplicative (58). In additive interfer-
ence, background fluorescence is emitted by concomitants in the sample or contaminants in solvents or
glassware, causing a finite blank. In multiplicative interference, the interferent does not itself fluoresce,
but causes the fluorescence signal for the analyte to be smaller or (occasionally) larger than that observed
in the absence of the interferent. One important phenomenon—quenching—can simultaneously cause
additive and multiplicative interference. It is generally easier to correct for multiplicative interference
(by standard additions (59), for example) than additive interference. 

Additive Interference: Background Fluorescence and Scattering

Molecular absorption and fluorescence bands tend to be broad (25 nm or more) and featureless, espe-
cially in solution. In multicomponent samples, therefore, the absorption and fluorescence spectra of the
various sample constituents may overlap. Background fluorescence (additive interference) from other
sample constituents, or contaminants in the solvent or sample cell, can be a major problem, especially
in biological and environmental samples. Several steps can be taken to deal with the problem:

• Using solvents and sample cells that are free of fluorescent contaminants is essential. Care must 
be exercised to avoid contamination of laboratory glassware by fluorescent substances (such as 
detergents used to clean glassware).

• Whenever possible, analyte fluorescence should be excited and measured at wavelengths at 
which other sample constituents do not absorb or fluoresce. Most organic molecules absorb 
and fluoresce in the UV or visible range (200 to 550 nm). Hence, fluorescence background 
often can be decreased by exciting and measuring analyte fluorescence at longer wavelengths 
in the near infrared (600 nm or more) (60, 61). Numerous fluorescent tags and derivatives 
have been developed that absorb and emit in the near infrared (60, 62).

• Synchronous scanning often is helpful in dealing with overlapping absorption and fluorescence 
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spectra of mixture constituents.

• The background fluorescence may have a different decay time from that of the analyte. Time 
resolution can be used to distinguish the analyte fluorescence from the background. This is 
most successful if the analyte fluorescence is longer-lived than the background. In such a sit-
uation, one simply waits until the interfering fluorescence and scattering have decayed away 
to negligible levels, and then measures the remaining analyte fluorescence (44, 49, 52). For-
tunately, the background fluorescence observed in many samples is relatively short-lived 
(fluorescence from trace contaminants in many solvents has a decay time of 2 ns or less (10) 
and that in many biological samples has a  decay time of 20 ns or less (44)). Moreover, Ray-
leigh and Raman scatter background is     instantaneous.

• There may be an excitation wavelength at which only the analyte absorbs appreciably. If so, its 
fluorescence can be selectively excited. Use of low-temperature techniques greatly increases 
the possibility of achieving selective excitation of analyte fluorescence in complex mixtures 
(16, 54, 55).

• Fluorescent sample constituents may be eliminated by separating the analyte from the interfer-
ents before measurement of fluorescence. Accordingly, fluorometric analyses of complex sam-
ples often are preceded by, or coupled directly to, chromatographic or electrophoretic 
separations.

• Mathematical (chemometric) techniques may in some cases be able to decompose spectra that 
consist of overlapping bands, produced by several different compounds, into contributions 
from the individual sample constituents (63).

Combinations of the above techniques may be especially useful. For example, spectral overlaps
may be dealt with more effectively by combined use of synchronous scanning and time resolution than
by either method used individually (50).

Multiplicative Interference: Inner-Filter Effects and Quenching

The fluorescence signal generated by an analyte may be altered—perhaps even totally suppressed—by
other sample constituents. One form of multiplicative interference is the inner-filter effect, in which an
interferent that absorbs in the same wavelength range as the analyte decreases the radiant power avail-
able to excite the analyte. Another form of inner-filter effect occurs when an interferent absorbs at the
wavelength at which the analyte fluoresces, thus causing the number of emitted photons that escape the
sample and reach the detector to diminish. Instrumental correction for inner-filter effects is possible
(64); however, such procedures may be difficult to implement in some commercial fluorometers.

Quenching is another type of multiplicative interference. Quenching is any process in which a sam-
ple constituent decreases the fluorescence quantum yield for the analyte. Among the most common flu-
orescence quenchers is O2; removal of oxygen from a sample before fluorometric analysis (65) is often
advisable. 

One way that fluorescence quenching can occur is intermolecular electronic energy transfer:

(26.4)

Here an excited analyte molecule (M*) transfers excitation energy to a quencher molecule Q, causing
de-excitation of M and forming an excited quencher molecule, Q*. If Q* is a fluorescent species, its
fluorescence (called sensitized fluorescence) may then be observed. This phenomenon can allow one
to observe fluorescence from a molecule (Q) that may be difficult to excite directly. More often, how-
ever, these processes are a nuisance. Not only do they cause a decrease in the fluorescence signal ob-
served for a given concentration of analyte (M) in the sample, but they may produce unwanted
background fluorescence signals; that is, Q may act both as a multiplicative and an additive interfer-

M* Q M Q*+→+
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ence.
Quenching often follows the Stern–Volmer equation:

(26.5)

where and φF are the fluorescence quantum yields for the analyte in the absence of quencher and
presence of quencher at concentration (Q), respectively, and K is the quenching constant (a measure of
the efficiency with which Q quenches analyte fluorescence). Because the analyte fluorescence signal
depends on the quencher concentration, one can determine Q, via its quenching action, in a sample that
contains a fluorescent compound. Numerous procedures that use fluorescence quenching to determine
species (most notably O2) that are not themselves fluorescent but can act as efficient fluorescence
quenchers have been devised (66, 67).

Equation (26.5) shows that the effect of a quencher decreases as the sample is diluted. Thus,
quenching can be circumvented simply by diluting the sample, provided that the diluent is not itself a
quencher and assuming that one does not thereby decrease the analyte concentration below its limit of
detection. 

Figure 26.4 is a dramatic example of the influence of inner-filter effects and intermolecular energy
transfer on fluorescence spectra in mixtures (68). The sample, obtained in an industrial setting, is a com-
plex mixture of polycyclic aromatic hydrocarbons. At the higher concentration in Fig. 26.4, the spec-
trum is badly perturbed by inner-filter effects and intermolecular energy transfer, causing it to be
depleted of contributions from compounds that emit at high energy (short wavelength). The effect of
energy transfer is to quench fluorescence from sample constituents that fluoresce at shorter wave-
lengths and sensitize fluorescence from the compounds that fluoresce at longer wavelengths. When the
sample is diluted sufficiently, the various quenching phenomena cease to occur and the appearance of
the spectrum changes dramatically. Checking for the occurrence of such phenomena by measuring flu-
orescence spectra of complex mixtures before and after dilution is a useful precaution.

The fluorescence quantum yield for a given compound can vary dramatically from one sample to
another, much more so than the molar absorptivity. Accordingly, the accuracy of fluorometric analysis
is much more susceptible to errors caused by multiplicative interferences (and, thus, by improper or in-
adequate calibration) than is UV/Vis absorption spectrometry. Most complex samples contain one or
more components that can quench the fluorescence of the analyte. Thus, it often is necessary to subject
complex samples to be analyzed by fluorometry to extensive prior cleanup to remove potential quench-
ers. 

Alternatively, one may try to provide a uniform microenvironment for the analyte (and thus a re-
producible fluorescence yield) from sample to sample by any of several ploys, such as adding a micelle-
forming surfactant to each sample (29). This is based on the fact that fluorescent molecules in solution
may be partially or fully hidden from quenchers by incorporating them into organized media such as
surfactant micelles (29) or cyclodextrin cavities (69).

Triplet states of organic molecules have much longer lifetimes than singlet excited states, and thus
are more susceptible to quenching. Hence, phosphorescence is much more likely to be quenched than
is fluorescence, so the experimental conditions needed to observe phosphorescence are more stringent
than those required to detect fluorescence. Observation of phosphorescence of useful intensity from sol-
utes in liquid-solution samples is rare. 

Historically, phosphorescence measurements were made in low-temperature glasses formed by
freezing liquid solutions. Phosphorescence received a major boost as an analytical technique when it
was discovered that molecules in triplet states can be protected from quenching agents by adsorbing
them on filter paper or other solid supports (70) or (as noted above for fluorescence) sequestering them
in surfactant micelles or cyclodextrin cavities in liquid media. Room-temperature phosphorescence us-
ing these approaches has become a popular technique (70, 71), whereas the classic low-temperature pro-
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cedure is now rarely used.

Accuracy and Precision

The accuracy and precision of analyses performed by molecular fluorescence can range from extremely
high to abysmally poor, depending on the following factors:

• The care taken to prevent introduction of fluorescent contaminants into the sample (by use of 
high-quality solvents and clean glassware, for example).

• The complexity of the sample, number and types of interfering species present, and effective-
ness of preliminary cleanup procedures. Loss of analyte, or contamination of the sample, during 
preliminary cleanup can cause large errors.

Figure 26.4 Fluorescence spectrum of solvent extracts 
of a sample of particulate matter from an industrial envi-
ronment. The samples are identical except that one was 
diluted 1:100 (dashed line) and the other 1:1000 (solid 
line) with ethanol. Extensive intermolecular energy 
transfer or inner-filter effects are occurring in the more 
concentrated sample.(Reprinted with permission from T. 
Vo-Dinh, R. B. Gammage, and P. R. Martinez, "Analysis 
of a Workplace Air Particulate Sample by 
Synchronous Luminescence and Room-Temperature 
Phosphorescence, Analytical Chemistry, 53, pp. 253–
258. Copyright 1981 American Chemical Society.)
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• The care exercised in calibration of the fluorescence measurement and use of appropriate math-
ematical techniques for evaluating the experimental data.

• The quality of the instrumentation used. For example, an instrument that monitors the power 
output of the source (and thus is able to correct measured fluorescence signals for fluctuations 
in P0) will produce much more precise data than an instrument that does not do so.

Applications

General Considerations

Major classes of applications of fluorometry include the following:

• Detection and quantification of trace-level species, especially in biological-clinical (72–74) and 
environmental (75) samples.

• Detection in separation techniques, especially liquid (16, 76, 77) and thin-layer chromatogra-
phy (77) and electrophoresis (16, 44, 78). Coupling of laser-induced fluorescence to electro-
phoresis for rapid base sequencing of DNA fragments (79, 80) may have considerable 
significance in biotechnology. Use of derivatization or labeling reactions to convert nonfluores-
cent compounds to fluorescent entities (3–6) may be necessary. Another way to deal with non-
fluorescent species is indirect fluorescence, wherein a nonfluorescent analyte displaces a 
fluorescent molecule (which may be added to the mobile phase); the change in concentration 
(and hence in fluorescence intensity) of the fluorescent species is measured and related to the 
concentration of the nonfluorescent constituent (81).

• On-line analyses and remote sensing, using fiberoptic sensors or laser-induced fluorescence. 
Monographs (35) and review articles (36, 37, 82) on this subject are available.

• Detection and quantification in immunoassay. Fluoroimmunoassay procedures are discussed in 
detail elsewhere (39, 83, 84).

• Identifying, sorting, and counting particles (most notably biological cells) via fluorescence 
flow cytometry. Monographs (45) and review articles (16) on flow cytometry are available. 
Flow cytometers are also used to determine fluorescent analytes bound to particles or adsorbed 
on particulate surfaces (85).

• In-situ imaging, mapping, and quantification of species in biological systems, such as tissues 
and single cells. Detailed reviews of these types of applications are available (6, 86).

• Preliminary screening of complex mixtures (especially environmental samples), using the fluo-
rometric data to decide whether it is appropriate to subject a sample to more detailed character-
ization (7, 8).

• Studies of the microenvironments of fluorescent probe molecules. Such properties of materials 
as viscosity, pH, “polarity,” and temperature may be inferred from measurements of fluores-
cence spectra, decay times, and polarization of suitable probe molecules. Fluorescent probes 
are widely used in biology and materials science to obtain information regarding the nature and 
accessibility of binding sites in biological macromolecules, dynamics of motions of polymer 
chains, homogeneities of polymer samples, the properties of micelles, the nature of domains on 
solid surfaces, the concentrations of specific ions in biological cells, and the spatial distribu-
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tions of specific molecular species in biological membranes, to list a few of the possibilities. 
Reviews discussing the principles and practice of fluorescence probe studies, and precautions 
that must be exercised in the interpretation of these experiments, are available (6, 14, 87).

Selected Example: Determination of Polycyclic Aromatic Hydrocarbons

Polycyclic aromatic hydrocarbons (PAHs), some of which can undergo metabolic conversion to carcin-
ogens, are widely dispersed in the environment, often in small quantities. There are many different
PAHs and PAH derivatives; many are intensely fluorescent. Thus, fluorometry is often used for the de-
termination of PAHs and PAH derivatives in environmental and biological samples. Virtually every ap-
proach used in the fluorometric analysis of mixtures has been applied to PAHs. Hence, we can use the
determination of PAHs to exemplify the strategies available for quantification of fluorescent analytes
present in complex samples. Specific examples are considered below.

Fluorometry Preceded by Separation

An excellent example of this approach is described by May and Wise (88), who wished to determine
PAHs sorbed on urban airborne particulate matter. The results were to serve as part of the data set to
certify the sample as a standard reference material for 13 PAHs. Many other PAHs and PAH derivatives
were present.

It was first necessary to remove the PAHs from the particulate samples via Soxhlet extraction.
(Some sort of extraction is unavoidable; the extraction could be done with a supercritical fluid rather
than a liquid solvent.) Then, each extract was concentrated and passed over a small silica gel column
to remove the most polar compounds. Next, each extract was subjected to normal phase liquid chroma-
tography (LC). This LC procedure separated an extract into several fractions, according to number of
aromatic rings—three-ring, four-ring, and five-ring fractions were obtained—but isomeric PAHs were
not separated from one another, nor were alkylated PAHs (such as the methylchrysenes) separated from
their parents.

Each of the fractions obtained via the normal phase LC separation was then subjected to a second,
reversed phase LC separation. Using this column, it was possible to separate isomeric PAHs from one
another and alkylated PAHs from their parents. In the latter separation, a molecular fluorescence detec-
tor (using numerous excitation and emission wavelengths appropriate for the specific PAHs of interest)
was used. The analyses were calibrated via internal standard techniques.

This procedure is typical in that interferences are minimized by carrying out a series of separations
before the fluorescence measurement. The time needed to make the fluorescence measurement is trivial
compared with that required for the various cleanup steps needed to get the sample to the point at which
useful measurements can be made.

Synchronous Fluorometry

Synchronous scanning may decrease the extent of overlap in the spectra of mixtures of fluorescent com-
pounds. This does not automatically eliminate the need for sample cleanup, but may enable the analyst
to use fewer or less extensive cleanup steps than in conventional fluorometry.

A good example is described by Vo-Dinh and colleagues (68), who studied the PAH content of
industrial airborne particulate matter. The sample was first subjected to solvent extraction to remove
the PAHs from the particles, and the extract was then fractionated by LC. Seven LC fractions were pro-
duced (one fraction contained aliphatics, three contained primarily PAHs, and three contained primarily
polar aromatics). One of the PAH fractions was examined by synchronous fluorometry, using a wave-
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length offset of 3 nm; the conventional and synchronous fluorescence spectra of this fraction are com-
pared in Fig. 26.5. Nine resolved features are observed in the synchronous spectrum; it is possible to
identify and quantify (via standard additions) all nine PAHs responsible for these features.

In comparison with the separation approach of May and Wise, we note that use of synchronous flu-
orometry allowed Vo-Dinh and colleagues to omit one LC separation used by May and Wise; the LC
step in question required at least 1 hr. Of course, several synchronous scans, at different wavelength
offsets, may be needed to locate all sample constituents of interest. However, numerous synchronous
scans can be run in the time needed for one LC separation in samples of this complexity. Thus, when-
ever one wishes to quantify a small number of fluorescent constituents of a complex sample, use of syn-
chronous fluorometry may save time by decreasing the amount of sample cleanup needed to obtain
useful fluorescence data.

Temporal Resolution

If two spectrally similar PAHs have different fluorescence decay times, they can be distinguished from
one another via time resolution, provided that the decay time difference is sufficiently large. Structur-
ally similar PAHs that are difficult to distinguish spectrally may also have similar fluorescence decay
times. For example, the isomers benzo[a]pyrene and benzo[e]pyrene have fluorescence decay times in
acetonitrile solution of 14.9 ns and 16.9 ns, respectively (89), making it quite difficult to distinguish
between them solely on the basis of decay-time measurements. More encouraging examples can also
be cited. For example, in acetonitrile solution the isomers dibenzo[a,h]pyrene, dibenzo[a,e]pyrene, and
dibenzo[a,i]pyrene have decay times of 5.5, 18.5, and 26.5 ns, respectively (90) and the isomers ben-
zo[k]fluoranthene and benzo[b]fluoranthene have decay times of 7.8 and 27.3 ns, respectively (89).
Thus, even if time resolution by itself cannot realistically be expected to unravel a complex mixture of
spectrally similar PAHs, it may add valuable selectivity to fluorometric procedures. For instance, de-
cay-time data may be capable of distinguishing between PAHs that are not completely separated chro-
matographically, and may be used to ascertain if what appears to be a single peak in a chromatogram
is actually due to two or more coeluting compounds (89, 91). Also, the fluorescence decay time may be
used, in conjunction with chromatographic retention-time data, to identify fluorescent compounds as
they elute; it may be easier experimentally to use decay times than emission wavelengths for this pur-
pose (90). Of course, time resolution is also used in conjunction with fluorescence detection in liquid
chromatography to reduce scatter or luminescence background interference.

Fiberoptic Sensors

Because PAHs are environmental contaminants, techniques have been developed for determining these
compounds in natural waters, biological fluids, and industrial process streams and effluents. Fiberoptic
sensors are a potentially attractive way of achieving rapid, sensitive determinations of PAHs in such
samples. The obvious problem is how to achieve selectivity, given that most PAH-containing samples
contain numerous fluorescent compounds.

Chemical selectivity can be achieved by using, at the sensor tip, a reagent that selectively binds the
analyte, thereby increasing its concentration (and decreasing the concentrations of interferents) at the
probe tip. Immunochemical systems can provide exceptionally high selectivities. For example, Trom-
berg and colleagues (38) designed a fiberoptic sensor for a fluorescent carcinogenic metabolite of the
PAH benzo[a]pyrene (BaP), in which the probe tip contains a monoclonal antibody for which the BaP
metabolite is a hapten. The large equilibrium constant for formation of the antibody–hapten complex
results in low limits of detection for the analyte, due to the preconcentration achieved at the fiber tip.
Selectivity is enhanced by separating the reagent layer from the bulk sample by a membrane through
which the analyte must diffuse; some potential interferents either may not penetrate the membrane or
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may not be soluble in the solvent inside the reagent compartment. 
A shortcoming of such sensors is the need to produce an appropriate antibody for each analyte of

interest (not necessarily an easy or inexpensive task), and of course the method is inapplicable to any
analyte for which no antibody exists. One must also worry about the stability of the antibody and the
rates of formation of the antibody–antigen complex and diffusion of analyte through the membrane.

Temporal selectivity can be achieved in fiberoptic sensors for PAHs by using, as excitation source,

Figure 26.5 Fluorescence spectra of extract of a particulate matter sample ob-
tained in an industrial environment. (a) Conventional; (b) synchronous (wave-
length offset: 3 nm). All peaks can be assigned to a single PAH constituent of 
the sample except peak 2, which is attributed to two PAHs. (Reprinted with per-
mission from T. Vo-Dinh, R. B. Gammage, and P. R. Martinez, "Analysis of a 
Workplace Air Particulate Sample by Synchronous Luminescence and Room-
Temperature Phosphorescence, Analytical Chemistry, 53, pp. 253–258. Copy-
right 1981 American Chemical Society.)
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a pulsed laser and exploiting differences in fluorescence lifetimes for discriminating between PAHs, as
in natural waters (92). A relatively inexpensive pulsed laser may be used, and no reagent layer is need-
ed, simplifying the design and of the probe tip and eliminating the kinetic problems that may be encoun-
tered when designs including reagents at the fiber tip are used. This approach ultimately is limited by
the fact, noted previously, that many PAHs have similar fluorescence decay times; it is most useful for
PAHs (such as pyrene) with relatively long decay times. 

Low-Temperature Fluorometry

In the best of all possible worlds, one could subject a complex sample to no (or minimal) cleanup and
selectively excite fluorescence of the analyte (using an excitation wavelength at which only the analyte
absorbs appreciably). In the absence of intermolecular energy transfer, one would obtain a fluorescence
spectrum of the analyte that could be used directly for quantitative purposes.

Because of the broad, featureless absorption spectra of most molecules in liquid and gas phases,
such a procedure is seldom possible for complex liquid or gaseous samples. However, the absorption
and fluorescence spectra of sample constituents may undergo dramatic sharpening if the sample is in-
corporated into a low-temperature solid (16, 54) or expanded in the gas phase in a supersonic free jet
(58). Such procedures have been applied extensively to the determination of PAHs in complex samples.

When PAHs are dissolved in n-alkane solvents that are then frozen at 77 °K or lower temperature,
extraordinarily highly resolved absorption and fluorescence spectra may be obtained (the Shpol’skii ef-
fect (93)). The absorption spectra of sample constituents may be sharpened to the extent that an excita-
tion wavelength can be found at which only the analyte absorbs appreciably. Also, in solid matrices,
fluorescence quenching is less efficient than in solution. Thus, very high selectivity, freedom from ad-
ditive and multiplicative interferences, and low limits of detection may be achieved with minimal sam-
ple cleanup. 

For example, D’Silva, Fassel, and colleagues were able to identify and quantify individual PAHs
in very complex materials, including crude petroleum and shale oils, without preliminary cleanup (93,
94). The samples were simply dissolved in a Shpol’skii solvent (such as n-octane), residual insoluble
matter was filtered off, and the solutions were frozen rapidly to 77 °K. The spectral resolution is so high
that a PAH often can be distinguished from its deuterated analog (see Fig. 26.6). Besides demonstrating
the high selectivity of the technique, this fact shows that the deuterated analog can be used as an internal
standard for quantitative purposes.

Even with this level of selectivity, preliminary sample cleanup may be needed in very demanding
cases. For example, Garrigues and colleagues wished to determine each of the 12 possible isomeric me-
thylbenzo[a]pyrenes in a coal tar extract (95). The effect of changing the position of a methyl group on
the absorption and fluorescence spectra of these compounds is very small; thus, not only is very high
spectral selectivity needed, but some degree of separation of the various isomers is required before mea-
surement of fluorescence. Thus, the coal tar extract was subjected to a liquid chromatographic (LC)
fractionation that produced several fractions, according to the number of aromatic rings. Then, the five-
ring fraction was subjected to a second stage of LC, which separated the methylbenzo[a]pyrenes from
the other five-ring PAHs and (to some extent) from each other. Chromatographic fractions were then
diluted with a Shpol’skii solvent (n-octane) and cooled to 15 °K. As a result of this combination of chro-
matographic and spectroscopic selectivity, it was possible to quantify 8 of the 12 possible isomers (3
were not present in the sample, and 1 could not be distinguished from the parent PAH).

Many fluorescent molecules do not exhibit the Shpol’skii effect. For such compounds, chemical
conversion to derivatives that exhibit highly resolved spectra in Shpol’skii matrices may be possible
(96). Another approach using low-temperature solid matrices is fluorescence line narrowing (some-
times known as site selection), in which the choice of solvent is less critical than in Shpol’skii fluorom-
etry. Very highly resolved fluorescence spectra may be obtained for molecules that do not exhibit the
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Shpol’skii effect. The principles of fluorescence line narrowing are described in detail elsewhere (16,
54, 97).

An impressive demonstration of the analytical capabilities of fluorescence line narrowing is a se-
ries of studies of adducts of carcinogenic PAH metabolites with DNA (97, 98). To detect, identify, and
quantify these species in real samples requires extraordinary selectivity and sensitivity;  numerous
spectrally similar adducts of a particular metabolite may be present, the quantity of each adduct may be
extremely small, and the scatter and fluorescence background interferences in biological materials are
always a source of concern. 

Shpol’skii fluorometry and fluorescence line narrowing use frozen liquid solution samples. An al-
ternative approach is matrix isolation, wherein the sample is sublimed under vacuum and mixed with a
gaseous diluent (the matrix). The resulting gas-phase mixture is deposited on a cold surface for spectro-
scopic examination as a solid (54, 99). The main advantage of matrix isolation is that analytes are dis-
solved in the solvent in the gas phase. Hence, solubility problems do not arise, and the solvent thus can
be chosen for spectroscopic rather than chemical reasons. Shpol’skii matrices can be used in matrix iso-
lation, and fluorescence line narrowing experiments also can be carried out. 

Matrix isolation is difficult to apply to involatile analytes, but can be applied to extremely difficult
samples. For example, Perry and colleagues detected and quantified individual PAHs in intractable solid
solvent-refined coal samples by matrix-isolation Shpol’skii fluorometry without any preliminary sample
cleanup (100). The extremely high selectivity that is possible is shown in Fig. 26.7, which compares the
fluorescence spectrum of one sample constituent (7,10-dimethylbenzo[a]pyrene) with that of the pure
compound. It is possible to combine low-temperature fluorometric measurements with time resolution

Figure 26.6 Fluorescence spectra of benzo[a]pyrene (BaP), in a shale oil sample with 10 ppb 
perdeuterobenzo[a]pyrene (BaP-d12) added as internal standard. The spectra were obtained in n-
octane frozen solution (a Shpol’skii matrix) at 15 °K. (Reprinted with permission from Y. Yang, 
A. P. D'Silva, and V. A. Fassel, "Deuterated Analogues as Internal Reference Compounds for the 
Direct Determination of Benzo[a]pyrene and Perylene in Liquid Fuels by Laser-Excited 
Shpol'skii Spectrometry," Analytical Chemistry, 53, pp. 2107–2109. Copyright 1983 American 
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to achieve even higher selectivity in mixture analysis (49).
Selective and sensitive as these methods are, there are several caveats. Specialized, rather expen-

sive apparatus may be needed to implement them properly. For example, it is difficult to exploit fully
the selectivity of these techniques unless a laser is used as excitation source. The techniques may be
time-consuming (although not necessarily more so than the separations often required to clean up a
complex sample in conventional fluorometry) and require expertise and experience on the part of the
analyst. Finally, authentic samples of the analytes should be available, so that the conditions for deter-
mining them (such as optimal excitation wavelengths) can be identified. Considerable trial and error
may be required to identify the best conditions. Whether this process is more time-consuming than the
separation steps that would be needed to eliminate interferences before carrying out a conventional flu-
orometric analysis varies from sample to sample.

Nuts and Bolts

Relative Costs

The simplest instruments for molecular fluorescence spectrometry (filter fluorometers or low-  resolu-
tion scanning monochromator systems with no bells and whistles) cost less than $20,000. Instruments
with reasonably high spectral resolution capable of synchronous scanning, generating corrected spec-
tra, and computer postprocessing of spectra are usually in the $20,000–$30,000 price range. More so-
phisticated instruments offering more advanced components or capabilities (such as electronic array
detector for rapid acquisition of spectra, high spectral resolution, accurate fluorescence polarization

Figure 26.7 Fluorescence spectra of pure 7,10-dimethylbenzo[a]pyrene (right) and the same PAH in a solid coal-
derived material (left). Both spectra were obtained by matrix isolation in n-octane (a Shpol’skii matrix) at 15 °K. 
(Reprinted with permission from M. B. Perry, E. L. Wehry, and G. Mamantov, "Determination of Polycyclic Aro-
matic Hydrocarbons in Unfractionated Solid Solvent-Refined Coal by Matrix Isolation Fluorescence Spectrome-
try," Analytical Chemistry, 55, pp. 1893–1896. Copyright 1983 American Chemical Society.)



Molecular Fluorescence and Phosphorescence Spectrometry 531

measurements, measurement of phosphorescence decay times, and special sample chambers for non-
routine types of samples) can range from $30,000 to $75,000 or more. Instrumentation for fluorescence
decay time and time-resolved fluorescence measurements (both pulsed and phase-modulation methods)
is available; such instruments generally cost at least $50,000 and perhaps much more, depending on
their capabilities. For certain specialized applications (such as laser-induced remote sensing or low-
temperature fluorometry), assembly of an instrument from components (such as a laser, monochroma-
tor, and detector) may be necessary; in such cases it is easy to spend $100,000 or more.

A Raman spectrometer can double as a high-resolution, low stray-light fluorescence spectrometer;
however, few (if any) laboratories would purchase a Raman spectrometer solely for fluorescence mea-
surements!

Vendors for Instrumentation and Accessories

Many of these companies manufacture special-purpose fluorescence instrumentation, such as that used
in polarized fluorescence measurements or determination of fluorescence lifetimes or time-resolved
spectra.

Spectrometers
Buck Scientific Inc.
58 Fort Point St.
East Norwalk, CT 06855
phone: 800-562-5566
fax: 203-853-0569
email: 102456.1243@compuserve.com
Internet: http://ourworld.compuserve.com/homepages/Buck_Scientific

Hamamatsu Corp.
360 Foothill Rd.
Bridgewater, NJ 08807
phone: 800-524-0504
fax: 908-231-1218
email: hamacorp@interramp.com

Hitachi Instruments Inc.
3100 N. 1st St.
San Jose, CA 95134
phone: 800-455-4440
fax: 408-432-0704
email: info@hii.hitachi.com
Internet: http://www.hii.hitachi.com

Instruments S.A., Inc.
3880 Park Ave.
Edison, NJ 08820
phone: 800-438-7739
fax: 908-549-5125
email: john@isainc.com

ISS Inc.
2604 N. Mattis Ave.



532  Handbook of Instrumental Techniques for Analytical Chemistry

Champaign, IL 61821
phone: 217-359-8681
fax: 217-359-7879

McPherson Inc.
530 Main St.
Acton, MA 01720
phone: 800-255-1055
fax: 508-263-1458
email: 72234.2257@compuserve.com

On-Line Instrument Systems Inc.
130 Conway Dr.
Bogart, GA 30622
phone: 800-852-3504
fax: 706-353-1972
email: olis@mindspring.com
Internet: http://www.olisweb.com

Perkin-Elmer Corporation
761 Main Ave.
Norwalk, CT 06859
phone: 800-762-4000
fax: 203-762-4228
email: info@perkin-elmer.com
Internet: http://www.perkin-elmer.com

Photon Technology International
1 Deerpark Dr.
South Brunswick, NJ 08852
phone: 908-329-0910
fax: 908-329-9069

Shimadzu
7102 Riverwood Dr.
Columbia, MD 21046
phone: 800-477-1227
fax: 410-381-1222
Internet: http://www.shimadzu.com

Spectronic Instruments
820 Linden Ave.
Rochester, NY 14625
phone: 800-654-9955
fax: 716-248-4014
email: info@spectronic.com

Turner Designs Inc.
845 W. Maude Ave.
Sunnyvale, CA 94086
phone: 408-749-0994
fax: 408-749-0998
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Varian Instruments
P.O. Box 9000
San Fernando, CA 91340
phone: 800-926-3000

Cells
Buck Scientific (see listing above)

Hellma Cells Inc.
P.O. Box 544
Borough Hall Sta.
Jamaica, NY 11424
phone: 718-544-9534
fax: 718-263-6910

Wilmad Glass
Route 40 and Oak Rd.
Buena, NJ 08310
phone: 609-697-3000
fax: 609-697-0536
email: cs@wilmad.com
Internet: www.wilmad.com

Optical Parts
Esco Products Inc.
171 Oak Ridge Rd.
Oak Ridge, NJ 07438
phone: 201-697-3700
fax: 201-697-3011

Melles Griot
1770 Kettering St.
Irvine, CA 92714
phone: 800-835-2626
fax: 714-261-7589

Oriel Corp.
250 Long Beach Blvd.
Stratford, CT 06497
phone: 203-377-8262
fax: 203-378-2457
email: 73163.1321@compuserve.com

Detectors
Burle Industries Inc.
1000 New Holland Ave.
Lancaster, PA 17601
phone: 800-326-3270
fax: 717-295-6097

EG&G Reticon
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345 Potrero Ave.
Sunnyvale, CA 94086
phone: 408-738-4266
fax: 408-738-6979

Hamamatsu Corp. (see listing above)

Princeton Instruments Inc.
3660 Quakerbridge Rd.
Trenton, NJ 08619
phone: 609-587-9797
fax: 609-587-1970
email: postmaster@prinst.com

For vendors of fluorescence detection systems for liquid chromatography and electrophoresis, see the
chapters on those topics.

Consumables

Users of fluorometers often need to purchase sample cells and various optical parts (such as lamps, mir-
rors, gratings, detectors, polarizers, and fiberoptics). Although these can often be purchased from the
manufacturer of the fluorometer, it may be advantageous (and cheaper) to procure these items from spe-
cialty vendors.

Solvents and chemicals may be purchased from any of the major chemical manufacturers and sup-
ply houses. As noted earlier, solvent purity is a key issue. Do not scrimp here. At the very least, spec-
trophotometric-grade solvents should be used; in some instances, HPLC-grade or equivalent solvents
may be needed. The latter are expensive but their use may save much time and money in the long run.

Required Level of Training 

The steepness of the learning curve for operating a fluorescence spectrometer is strongly dependent on
the complexity of the instrument. Virtually all manufacturers will install the instrument at your site,
check to ensure that the instrument meets specifications, and provide a rudimentary overview of instru-
ment operation to prospective operators. Often, this is all that is needed; most instruments use menu-
driven computer software, so that any operator familiar with the terminology of fluorometry can readily
access the instrument’s capabilities. Anyone who can operate a   UV/Vis absorption spectrometer
should be able to learn to operate a basic type of fluorescence spectrometer without significant difficul-
ty. More complex instruments (especially those using laser sources) are correspondingly more difficult
to operate.

Operation of basic instrumentation for routine, well-established fluorometric methods can be per-
formed by a person with an associate degree. Adaptation of existing procedures for non-      standard
samples, or use of more complex instrumentation, requires a bachelor’s degree background in analyti-
cal chemistry (and perhaps biochemistry or organic chemistry). Development of new instruments or
new types of applications, or operation of highly sophisticated instruments (as in laser-excited fluores-
cence for atmospheric remote sensing) usually requires some graduate-level education.
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Service and Maintenance

The key to long life and trouble-free operation of a fluorescence spectrometer is the same as that for
any optical spectrometric instrument: House it in a climate-controlled environment free from dust,
chemical fumes, and excessive heat, humidity, and vibration. If this is done, the only maintenance that
should normally be required is periodic replacement of the source. Lamps (even those obtained from
the same manufacturer) tend to be highly variable; some last for years, but others last only several
months. Lamps age and their power output tends to decrease slowly with time. Periodic checks of in-
strumental sensitivity using samples (such as quinine or anthracene solutions) recommended in the
manufacturer’s instruction manual should be carried out; when the sensitivity has degraded to an unac-
ceptably low level, the lamp probably must be replaced. High-pressure xenon lamps must be handled
carefully to avoid breakage and possible injury. The manufacturer’s instruction manual should explic-
itly describe the precautions to be taken in changing the lamp. Follow those precautions rigorously. 

Although a manufacturer may offer a yearly service contract, these are probably unnecessary un-
less the instrument is to be used under very harsh conditions or the user’s installation has virtually no
capabilities for even minor instrument repairs. 

Most manufacturers maintain service departments that can provide assistance over the telephone
(instruction manuals tend to be lamentably inadequate in the area of troubleshooting) or, in case of se-
vere difficulty, will dispatch a service engineer for on-site repairs. For a properly housed and properly
used fluorometer, such service visits should be infrequent.

Suggested Readings

Books

GUILBAULT, G. G., Practical Fluorescence, 2nd ed. New York: Marcel Dekker, 1990. Multiauthor treatise accu-
rately described by its title. The best available compendium of information on analytical applications of fluo-
rometry.

PARKER, C. A., Photoluminescence of Solutions. Amsterdam: Elsevier, 1968. Despite its age, this is still an excel-
lent introduction to the principles and practice of fluorometry. The discussion of applications, though useful, 
is very dated.

RENDELL, D., Fluorescence and Phosphorescence Spectroscopy. New York: Wiley, 1987. Open-learning intro-
ductory text; very readable and contains many useful examples and helpful hints.

SCHULMAN, S. G., Molecular Luminescence Spectroscopy: Methods and Applications. New York: Wiley, 1985, 
1988, 1993. Three-volume multiauthor compendium of recent advances; many excellent chapters on specific 
topics.

SLAVIK, J., Fluorescent Probes in Cellular and Molecular Biology. Boca Raton, FL: CRC Press, 1994. Much less 
limited in scope than the title implies; contains much useful introductory material, especially on instrumenta-
tion.

Book Chapters and Review Articles

Analytical Chemistry, in even-numbered years, publishes a Fundamental Review Article on Molecular Fluores-
cence, Phosphorescence, and Chemiluminescence; the most recent such article is SOPER, S. A., L. B. 
MCGOWN, AND I. M. WARNER, Analytical Chemistry, 68 (1996), 73R. Recent developments in instrumenta-
tion and techniques are surveyed authoritatively in these articles. In odd-numbered years, some reviews sur-
vey applications of fluorescence; for example, see DIAMANDIS, E. P., Analytical Chemistry, 65 (1993), 454R.

HARRIS, T. D., AND F. E. LYTLE, “Analytical Applications of Laser Absorption and Emission Spectroscopy,” in D. 
S. Kliger, ed., Ultrasensitive Laser Spectroscopy. New York: Academic Press, 1983. Authoritative (albeit 
somewhat dated) and readable survey of the virtues and shortcomings of laser-induced fluorescence tech-
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niques.

HURTUBISE, R. J., “Trace Analysis by Luminescence Spectroscopy,” in G. D. Christian and J. B. Callis, eds., Trace 
Analysis: Spectroscopic Methods for Molecules. New York: Wiley, 1986. Particularly strong on instrumenta-
tion and applications.

WEHRY, E. L., “Molecular Fluorescence and Phosphorescence Spectroscopy,” in B. W. Rossiter and R. C. Baet-
zold, eds., Determination of Electronic and Optical Properties. 2nd ed., vol. 8. Physical Methods of Chemis-
try. New York: Wiley, 1993. Detailed coverage of instrumentation and techniques.
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Chapter 31

Gas Chromatography 
Mass Spectrometry

Ronald A. Hites
Indiana University

School of Public and Environmental Affairs
and Department of Chemistry

Summary

General Uses

• Identification and quantitation of volatile and semivolatile organic compounds in complex mix-
tures

• Determination of molecular weights and (sometimes) elemental compositions of unknown or-
ganic compounds in complex mixtures

• Structural determination of unknown organic compounds in complex mixtures both by match-
ing their spectra with reference spectra and by a priori spectral interpretation

Common Applications

• Quantitation of pollutants in drinking and wastewater using official U.S. Environmental Protec-
tion Agency (EPA) methods

• Quantitation of drugs and their metabolites in blood and urine for both pharmacological and fo-
rensic applications
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• Identification of unknown organic compounds in hazardous waste dumps

• Identification of reaction products by synthetic organic chemists

• Analysis of industrial products for quality control

Samples

State

Organic compounds must be in solution for injection into the gas chromatograph. The solvent must be
volatile and organic (for example, hexane or dichloromethane).

Amount

Depending on the ionization method, analytical sensitivities of 1 to 100 pg per component are routine.

Preparation

Sample preparation can range from simply dissolving some of the sample in a suitable solvent to ex-
tensive cleanup procedures using various forms of liquid chromatography.

Analysis Time

In addition to sample preparation time, the instrumental analysis time
 
usually is fixed by the duration

of the gas chromatographic run, typically between 20 and 100 min. Data analysis can take another 1 to
20 hr (or more) depending on the level of detail necessary.

Limitations

General

Only compounds with vapor pressures exceeding about 10–10 torr can be analyzed by gas chromatog-
raphy mass spectrometry (GC-MS). Many compounds with lower pressures can be analyzed if they are
chemically derivatized (for example, as trimethylsilyl ethers). Determining positional substitution on
aromatic rings is often difficult. Certain isomeric compounds cannot be distinguished by mass spec-
trometry (for example, naphthalene versus azulene), but they can often be separated chromatographi-
cally.

Accuracy

Qualitative accuracy is restricted by the general limitations cited above. Quantitative accuracy is con-
trolled by the overall analytical method calibration. Using isotopic internal standards, accuracy of
±20% relative standard deviation is typical. 
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Sensitivity and Detection Limits

Depending on the dilution factor and ionization method, an extract with 0.1 to 100 ng of each compo-
nent may be needed in order to inject a sufficient amount.

Complementary or Related Techniques

• Infrared (IR) spectrometry can provide information on aromatic positional isomers that is not 
available with GC-MS; however, IR is usually 2 to 4 orders of magnitude less sensitive.

• Nuclear magnetic resonance (NMR) spectrometry can provide detailed information on the ex-
act molecular conformation; however, NMR is usually 2 to 4 orders of magnitude less sensi-
tive.

Introduction

Like a good marriage, both gas chromatography (GC; see Chapter 8) and mass spectrometry (MS; see
Chapter 30) bring something to their union. GC can separate volatile and semivolatile compounds with
great resolution, but it cannot identify them. MS can provide detailed structural information on most
compounds such that they can be exactly identified, but it cannot readily separate them. Therefore, it
was not surprising that the combination of the two techniques was suggested shortly after the develop-
ment of GC in the mid-1950s.

Gas chromatography and mass spectrometry are, in many ways, highly compatible techniques. In
both techniques, the sample is in the vapor phase, and both techniques deal with about the same amount
of sample (typically less than 1 ng). Unfortunately, there is a major incompatibility between the two
techniques: The compound exiting the gas chromatograph is a trace component in the GC’s carrier gas
at a pressure of about 760 torr, but the mass spectrometer operates at a vacuum of about 10–6 to l0–5 

torr.
This is a difference in pressure of 8 to 9 orders of magnitude, a considerable problem.

How It Works

The Interface

The pressure incompatibility problem between GC and MS was solved in several ways. The earliest ap-
proach, dating from the late 1950s, simply split a small fraction of the gas chromatographic effluent into
the mass spectrometer (1). Depending on the pumping speed of the mass spectrometer, about 1 to 5%
of the GC effluent was split off into the mass spectrometer, venting the remaining 95 to 99% of the an-
alytes into the atmosphere. It was soon recognized that this was not the best way to maintain the high
sensitivity of the two techniques, and improved GC-MS interfaces were designed (2). These interfaces
reduced the pressure of the GC effluent from about 760 torr to l0–6 to 10–5 torr, but at the same time, they
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passed all (or most) of the analyte molecules from the GC into the mass spectrometer. These interfaces
were no longer just GC carrier gas splitters, but carrier gas separators; that is, they separated the carrier
gas from the organic analytes and actually increased the concentration of the organic compounds in the
carrier gas stream.

The most important commercial GC carrier gas separator is called the jet separator; see Fig. 31.1
(3). This device takes advantage of the differences in diffusibility between the carrier gas and the or-
ganic compound. The carrier gas is almost always a small molecule such as helium or hydrogen with a
high diffusion coefficient, whereas the organic molecules have much lower diffusion coefficients. In
operation, the GC effluent (the carrier gas with the organic analytes) is sprayed through a small nozzle,
indicated as d1 in Fig. 31.1, into a partially evacuated chamber (about       10–2 torr). Because of its high
diffusion coefficient, the helium is sprayed over a wide solid angle, whereas the heavier organic mole-
cules are sprayed over a much narrower angle and tend to go straight across the vacuum region. By col-
lecting the middle section of this solid angle with a skimmer (marked d3 in Fig. 31.1) and passing it to
the mass spectrometer, the higher-molecular-weight organic compounds are separated from the carrier
gas, which is removed by the vacuum pump. Most jet separators are made from glass by drawing down
a glass capillary, sealing it into a vacuum envelope, and cutting out the middle spacing (marked d2 in
Fig. 31.1). It is important that the spray orifice and the skimmer be perfectly aligned.

These jet separators work well at the higher carrier gas flow rates used for packed GC columns (10
to 40 mL/min); however, there are certain disadvantages. Packed GC columns are an almost infinite
source of small particles upstream of the jet separator. If one of those particles escapes from the column,
it can become lodged in the spray orifice and stop (or at least severely reduce) the gas flow out of the
GC column and into the mass spectrometer. Part of this problem can be eliminated with a filter between
the GC column and the jet separator, but eventually a particle will plug up the orifice. In fact, sometimes
it is not a particle at all, but rather tar (mostly pyrolyzed GC stationary phase) that has accumulated in
the spray orifice over time. Clearly, these devices require maintenance.

Currently, the most common strategy, which is ideally suited for capillary GC columns, is to pass
all of the carrier gas flow into the ion source of the mass spectrometer (4). This works only if the GC
gas flow is sufficiently small and the pumping speed of the mass spectrometer’s vacuum system is suf-

Figure 31.1 The jet separator, a device for interfacing a 
packed column GC with an MS. The three distances are 
typically d1, 100 µm; d2, 300 µm; and d3, 240 µm.
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ficiently high to handle the gas flow. For most capillary GC columns, the gas flow is 1 to 2 mL/min,
and for most modern mass spectrometers, the pumping speed is at least 300 L/sec. The development of
flexible, fused silica capillary columns has made this approach routine. In fact, the only time a jet sep-
arator is now used is for a few applications that require packed or thick stationary phase GC columns
(for example, for permanent gas analysis).

In practice, most GC-MS interfacing is now done by simply inserting the capillary column direct-
ly into the ion source. Fig. 31.2 is a diagram of one such system. The fused silica column runs through
a 1/16-in.-diameter tube directly into the ion source. Other gases, such as methane for chemical ion-
ization, are brought into the ion source by a T joint around the capillary column. One of the other two
lines into the ion source is used for a thermocouple vacuum gauge tube so that the pressure in the ion
source can be roughly measured. The remaining line into the ion source is for the delivery of the mass
spectrometer calibration standard, perfluorotributylamine. Most joints are welded together to avoid
leaks when this inlet system is thermally cycled or vented. The only removable (Swagelok) fitting is
at the junction of the GC column and the far end of the inlet tube (marked with an asterisk in Fig. 31.2).
This fitting uses Vespel ferrules. Once the ferrules are on the GC column and it is in the ion source, it
is desirable to cut off a few centimeters of the column, if possible. This eliminates the possibility of
fine particles partially occluding the end of the column.

If the end of the column cannot be placed directly in the ion source, the material in the GC-MS
interface becomes important. The interface is held at 250 to 280 °C; thus, it should not include a reactive
metal (such as copper). In some interfaces, glass-lined stainless steel tubing has been used, even though
this tubing is difficult to bend properly. 

Figure 31.2 A typical GC-MS interface for fused silica capillary GC columns. The end of the GC column enters 
the ion source of the mass spectrometer. 
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In summary, for capillary GC-MS, the best interface is no interface at all; run the flexible, fused
silica GC column directly into the ion source. Using a column that is 25 to 30 m long by 220 to 250 µm
inner diameter gives an ion source pressure of 10–6 to 10–5 torr, a more than acceptable pressure at which
to obtain electron impact spectra. This gives a helium or hydrogen GC carrier gas velocity of 25 to 35
cm/sec or a flow of about 1 to 2 mL/min. The GC columns most widely used for GC-MS are those in
which the stationary phase has been chemically bonded to the fused silica; DB-5 is a common trade
name. Occasionally, there have been problems with the plastic cladding on the outside of the GC col-
umn. This cladding is usually hot (typically 250 °C) and under vacuum. Thus, it may decompose, giving
background ions in the mass spectrum or weakening the fused silica itself.

The Data System

The amount of data that can be produced during one GC-MS experiment is overwhelming. In a typ-
ical GC-MS experiment, the mass spectrometer might be scanned every 2 sec during a 90-min GC
run, whether GC peaks are entering the mass spectrometer or not. Assuming that each mass spectrum
has an average of 100 mass/intensity measurements, one such GC-MS experiment will give 270,000
mass/intensity pairs. Because these data have several significant figures and because other ancillary
data are also obtained, the data output from a typical GC-MS experiment is about 1 megabyte. To
manage this high data flow, computers are required; thus, it is virtually impossible to purchase a GC-
MS system without a powerful (but small) computer acting as a data system.

How do data systems work? Two things are going on at the same time (5). There are two differ-
ent rates within the system. There is a slow rate that times the start and stop of the mass spectrometer
scan. This is usually set such that 10 to 15 mass spectra are obtained across a typical GC peak. Be-
cause these peaks are usually on the order of 20 to 30 sec wide, the mass spectrometer scan speed is
usually set at 2 to 3 sec per spectrum. While this scan is going on, the computer must read the output
of the electron multiplier at a rate fast enough to define the mass peak profile. In most commercial
GC-MS data systems, the voltage output from the preamplifier on the electron multiplier is converted
from an analog signal to a digital value (using an analog-to-digital converter) at a rate of 10,000 to
100,000 times per sec. This process generates large amounts of data: If the analog-to-digital convert-
er worked at 10,000 conversions/second, each minute of the GC-MS experiment would generate
600,000 numbers. This would quickly fill most bulk storage devices; thus, to avoid saving all of these
data, most data systems find the mass peaks in real time and convert them into mass intensity pairs,
which are then stored on the computer’s hard disk. Once the most recent mass spectral scan is stored,
this cycle is repeated until the end of the gas chromatogram is reached. Each of the spectra stored on
the hard disk has a retention time associated with it, which can be related directly to the gas chro-
matogram itself. The latter is usually reconstructed by the GC-MS data system by integrating the
mass spectrometer output. All modern GC-MS data systems are capable of displaying the mass spec-
trum on the computer screen as a bar plot of normalized ion abundance versus mass-to-change (m/z)
ratio (often called mass). Like the other parts of the GC-MS instrument, the data system must be cal-
ibrated. Typically this is done by running a standard compound, such as perfluoro-tributylamine.

What It Does

Gas chromatographic mass spectrometry is the single most important tool for the identification and
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quantitation of volatile and semivolatile organic compounds in complex mixtures. As such, it is very
useful for the determination of molecular weights and (sometimes) the elemental compositions of un-
known organic compounds in complex mixtures. Among other applications, GC-MS is widely used for
the quantitation of pollutants in drinking and wastewater. It is the basis of official EPA methods. It is
also used for the quantitation of drugs and their metabolites in blood and urine. Both pharmacological
and forensic applications are significant. GC-MS can be used for the identification of unknown organic
compounds both by matching spectra with reference spectra and by a priori spectral interpretation. The
identification of reaction products by synthetic organic chemists is another routine application, as is
the analysis of industrial products for control of their quality.

To use GC-MS, the organic compounds must be in solution for injection into the gas chromato-
graph. The solvent must be volatile and organic (for example, hexane or dichloromethane). Depending
on the ionization method, analytical sensitivities of 1 to 100 pg per component are routine. Sample
preparation can range from simply dissolving some of the sample in a suitable solvent to extensive
cleanup procedures using various forms of liquid chromatography. In addition to the sample prepara-
tion time, the instrumental analysis time is usually fixed by the duration of the gas chromatographic run,
typically between 20 and 100 min. Data analysis can take another 1 to 20 hr (or more) depending on
the level of detail necessary.

GC-MS has a few limitations. Only compounds with vapor pressures exceeding about 10–10 torr
can be analyzed by GC-MS. Many compounds that have lower pressures can be analyzed if they are
chemically derivatized (for example, as trimethylsilyl ethers). Determining positional substitution on
aromatic rings is often difficult. Certain isomeric compounds cannot be distinguished by mass spec-
trometry (for example, naphthalene versus azulene), but they can often be separated chromatographi-
cally. Quantitative accuracy is controlled by the overall analytical method calibration. Using isotopic
internal standards, accuracy of ±20% relative standard deviation is typical.

Mass Spectrometer Components

Electron ionization (Chapter 30) is most commonly used to produce ions from the compounds separated
by the GC. Chemical ionization may also be used. Quadrupole (p. 656), ion trap (p. 656), and time-of-
flight analyzers may be used to separate ions in the MS. These analyzers have rapid response times and
relatively low costs.

Analytical Information

GC-MS is used both for the qualitative identification and for the quantitative measurement of individual
components in complex mixtures. There are different data analysis strategies for these two applications.

Qualitative

There are three ways of examining GC-MS data. First, the analyst can go through the gas chromatogram
(as reproduced by the mass spectrometer) and look at the mass spectra scanned at each GC peak max-
imum. This has the advantage of being relatively quick but the disadvantage of missing components of
the mixture that are not fully resolved by the GC column. The second approach is to look at each mass
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spectrum in turn, in essence stacking up the mass spectra one behind the other and examining them in-
dividually. This has the advantage of completeness but the disadvantage of tedium. The third approach
is to look at the intensity of one particular mass as a function of time.

This third approach makes use of the three-dimensional nature of GC-MS data. Two of these di-
mensions are the mass versus intensity of the normal mass spectrum; the third dimension is the GC re-
tention time over which the mass spectral data are acquired. This idea is illustrated in Fig. 31.3. The x-
axis represents GC retention time, the y-axis represents intensity, and the z-axis represents mass (or
more properly, m/z ratios). As shown in Fig. 31.3, a mass spectrum is displayed in the y–z plane. Be-
cause a mass spectrum is scanned every 1 to 3 sec, it is also possible to examine the data in the x–y
plane. This is a plot of the intensity of one selected mass as a function of time. This plot is called a mass
chromatogram (6).

An example may make this concept clear. At the retention time marked with an asterisk in Fig.
31.3, the abbreviated mass spectrum extending into the foreground (the y–z plane) was observed. This
happens to be the mass spectrum of methyl stearate; note the relatively abundant ion at m/z 298, which
is this compound’s molecular weight. The mass chromatogram of m/z 298 is shown in the x–y plane
in Fig. 31.3. Note that this mass chromatogram shows one peak, which corresponds to the retention
time of methyl stearate. In other words, of all the hundreds of mass spectra taken during this GC-MS
experiment, m/z 298 is present in only a very few spectra. Only compounds with m/z 298 in their mass

Figure 31.3 A diagram demonstrating the three-dimensional nature of GC-MS data. The abbreviated mass spec-
trum extending onto the foreground is that of methyl stearate; the mass chromatogram of  m/z 298 (the molecular 
ion of methyl stearate) is also shown.
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spectra will show up in the mass chromatogram of that mass.
Mass chromatograms can be thought of as a very selective gas chromatographic detector, in this

case, one that responds only to methyl stearate. Other compounds can be selectively detected by picking
other masses. For example, m/z 320 would be a good mass to use for the selective detection of a tetra-
chlorodibenzo-p-dioxin because this is its molecular weight. If a mass that is present in the mass spectra
of a class of compounds is selected, that compound class can be selectively detected. For example, m/
z 149 is present in the mass spectra of alkyl phthalates for alkyl chain lengths greater than two carbon
atoms. Thus, the mass chromatogram of m/z 149 would selectively show all the phthalates in a sample.

Mass chromatograms are also useful for determining whether a given mass belongs in a given mass
spectrum. For example, if the liquid phase from a GC column is beginning to thermally decompose, all
of the mass spectra taken during a GC-MS experiment with that column might show a moderately abun-
dant ion at m/z 207. However, the mass chromatogram of m/z 207 will not show peaks because the
source of this ion is bleeding continuously from the column and is not a discrete compound. In fact, the
mass chromatogram of 207 will probably track the temperature program of the GC column; see trace
(a) in Fig. 31.4. Using this approach, it is easy to distinguish between the ions that really belong in a
given mass spectrum and those from background. By looking at sets of mass chromatograms, it is pos-
sible to determine whether various ions come from the same compound even if the compounds are not
completely resolved by the GC column. If ions belong together (that is, they come from the same GC
peak), the mass chromatograms for all these ions will be superimposable in time; see traces (c) and (d)
in Fig. 31.4. In fact, these mass chromatograms should all have the same peak shape because they all
came from the same GC peak. If the mass chromatograms are not superimposable in time or in shape,
the corresponding ions are probably from different compounds, which may have come out of the GC
column at slightly different retention times; compare trace (b) to traces (c) or (d) in Fig. 31.4.

Because GC-MS experiments are somewhat complicated, there is always a possibility for some-
thing to go wrong. To prevent this, stringent quality assurance procedures are necessary. The following
is a nonexhaustive list of some of these problems and what can be done about them.

First, because the analyst is often working at ultra trace levels (a few nanograms, for example),

Figure 31.4 Hypothetical mass chromatograms of four masses. (a) A background ion from the GC column bleed 
(m/z 207, for example); (b) an ion from a later-eluting compound;  (c, d) two ions from an earlier-eluting com-
pound. Note the offset between (b) and (c) or (d).
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it is possible for a compound that was not originally in the sample to sneak in during the analytical
procedure. In particular, sample contamination can come from solvents and glassware. The former
problem can be prevented by using high-quality (and expensive) solvents, the latter by heating the
glassware to 450 °C after solvent and acid washing. The most common contaminant is probably di(2-
ethylhexyl)phthalate. Its mass spectrum is shown in Fig. 31.5. Note the important ions at m/z l49,
l67, and 279. It pays to remember this spectrum; it was once published as that of a natural product
(7). Phthalates are extremely common as plasticizers. They are particularly abundant (5 to 20%) in
polyvinylchloride-based plastic products such as Tygon tubing.

Second, if components in the sample decompose before or after workup, the analyst will not obtain
accurate results. Under these conditions, it is possible to identify (and quantitate) a compound that was
not originally in the sample, or the analyte of interest could have vanished from the sample. Thus, both
false positives and false negatives can result from sample decomposition. This can happen while the
sample is waiting to be analyzed or during the analysis itself. For example, a GC injection port held at
250 to 300 °C can cause thermal decomposition of some compounds. One useful procedure is to add
(or spike) the analyte into a sample at a known concentration. If there is a substantial loss of this com-
pound or the suspicious formation of another compound, sample decomposition may be a problem.

Third, if the GC column or GC-MS interface is not working properly, the whole GC-MS experi-
ment is in jeopardy. Cold spots are a common problem, as are catalytic surfaces that selectively remove
some compounds from the GC gas stream. These problems can be identified using a mixture of standard
compounds of varying polarities and acidities.

Fourth, either the mass spectrometer itself or the data system may not be working properly. In this
case, incorrect isotope ratios, mass discrimination (ions at higher masses appear less abundant than they
should), or mass assignment errors could occur. The key to identifying these problems is to run an over-
all mass spectrometer performance standard. The one recommended (mandated in many cases) by the
EPA is decafluorotriphenylphosphine, the mass spectrum of which is shown in Fig. 31.6. This com-
pound is a good standard. It is easy to run by GC-MS, and it has ions up to about m/z 450. The abun-

Figure 31.5 Mass spectrum of di(2-ethylhexyl)phthalate, a very common experimental contaminant. The struc-
tures of some ions are shown.



Gas Chromatography Mass Spectrometry 619

dances for the various ions, as required by the EPA, are published in the Federal Register (8) and in
various other official EPA methods (9). These requirements change from time to time, but they are
available from the EPA.

To ensure qualitative identification of an organic compound using GC-MS, several criteria should
be met: First, the mass spectra of the unknown compound and of the authentic compound must agree
over the entire mass range of the spectra. It is particularly important to compare the patterns within nar-
row mass ranges (for example, from m/z 50 to 60 in Fig. 31.5); these patterns should agree almost ex-
actly. In this case, the spectrum of the authentic compound might come from a library of reference
spectra or from the actual compound itself. In the latter case, the compound could be purchased or syn-
thesized. Second, the GC retention times of the unknown compound and of the authentic compound
must agree within about ±1 to 2 sec. It is often convenient to do this experiment by coinjecting the un-
known mixture and the authentic compound. The GC peak in question should increase in size by the
correct factor. Third, a compound cannot be considered fully identified in a mixture unless two other
questions are addressed: Is the identification plausible? Why is it present in a given sample? If an iden-
tification is implausible or if there is no reason for a compound to be present in a sample, the identifi-
cation could be wrong or the compound could be a contaminant.

Quantitative

GC-MS can also be used to measure the concentration of one or more analytes in a complex mixture.
Quantitation can be based on peak areas from mass chromatograms or from selected ion monitoring.
The latter requires more explanation (10).

With the selected ion monitoring technique, the mass spectrometer is not scanned over all masses;
instead, the instrument jumps from one selected mass to another. The advantage of this approach is that
the mass spectrometer spends much more time at a given mass, the signal-to-noise ratio at that mass

Figure 31.6 Mass spectrum of decafluorotriphenylphosphine, an EPA-mandated standard. The structures of some 
ions are shown.
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improves, and the overall sensitivity of the experiment increases by a factor of 100 to 1000. For exam-
ple, the mass spectrometer might integrate for 500 msec at mass m1, jump to mass m2 in 10 msec, inte-
grate for 500 msec at that mass, and jump back to m1 in 10 msec, repeating this cycle for the duration
of the GC run. In essence, the intensities of the two masses are recorded as a function of GC retention
time, with measurements made every 1.02 sec. In practice, rather than only two masses, 5 to 10 masses
are usually monitored simultaneously for 100 to 200 msec each. In this manner, the GC-MS response
of 5 to 10 compounds, depending on the specificity of the selected masses, can be measured.

The difference between mass chromatograms and selected ion monitoring is significant. With the
latter technique, the responses from only a few preselected masses are recorded. With mass chromato-
grams, all of the masses are scanned; thus, no preselection is required. This is the necessary tradeoff for
higher sensitivity. Clearly, the mass spectrum of the analyte must be known so that the masses that
uniquely characterize it can be selected. This information can be obtained from the literature (or from
a library of reference spectra) or from the laboratory. Each selected set of masses can be monitored for
the duration of the complete GC run or for only selected GC retention times (often called time win-
dows). Selected ion monitoring is almost fully software driven; thus, it is very flexible. Different sets
of masses, different time windows, and different integration times can be easily set up.

To convert the peak areas to mass of analyte, whether from mass chromatograms or from selected
ion monitoring, the peak areas must be calibrated. The two main strategies are based on external and
internal standards. With external standards, the area of one or more mass chromatogram is calibrated
with a known amount of the analyte injected into the GC-MS in a different experiment. Detection limits
of a few nanograms can be achieved with this technique. However, the strategy that gives the most ac-
curate quantitative results is the use of internal standards, which are known amounts of compounds add-
ed to the sample before isolation of the analytes begins. After sample extraction and cleanup, only the
ratio of response between the analyte and the internal standard must be measured. This ratio multiplied
by the amount of the internal standard gives the amount of the analyte injected into the GC-MS system.
This can be converted to concentration using the correct dilution factors.

The best internal standards are chemically very similar to the analyte; thus, any losses of the ana-
lyte during the analytical procedure are duplicated by losses of the internal standard, so it is a self-cor-
recting system. Homologues of the analyte can be used as internal standards, but the very best are
isotopically labeled versions of the analyte. Using isotopically labeled standards and selected ion mon-
itoring, it is possible to get sensitivities of less than 1 pg. Depending on the relationship of the internal
standard to the analyte, the precision and accuracy of most analyses are improved by at least a factor of
2 to 3 over external calibration. The tradeoff is complexity and cost. Ideally, an internal standard for
each analyte in a mixture should be used, and isotopic standards can sometimes cost several hundred
dollars for a few milligrams.

Applications

The analysis of octachlorodibenzo-p-dioxin (OCDD) in sediment from Lake Ontario is a useful exam-
ple of a quantitative measurement made with GC-MS. This example also demonstrates the use of iso-
topically labeled internal standards. These experiments were done in the author’s laboratory using
electron capture negative ionization, but the principle is the same regardless of the ionization technique
selected.

OCDD has a molecular weight of 456 (usually called M). The mass spectrum of the unlabeled (na-
tive) compound is dominated by an ion cluster corresponding to M-Cl, the most intense peak of which
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is m/z 423, which is the first isotope peak (the one containing one 37Cl) in this cluster. The isotopic stan-
dard used for this experiment was per-37Cl-labeled OCDD, which has a molecular weight of 472. Its
M-Cl ion is at m/z 435. Because there is no 35Cl in this molecule, there are no isotope peaks. Selected
ion monitoring of m/z 423 and 435 was used for the measurements.

The first step in this procedure is to calibrate the internal standard against a known amount of na-
tive OCDD. This calibration results in a response factor relating the response of the native compound
to the labeled compound. Standard solutions of each were prepared such that 1 µL had 85 pg of native
and 40 pg of labeled OCDD. Injection of 1 µL of this standard gave the selected ion monitoring results
shown in Fig. 31.7(a); the areas of the two peaks are given as values of A in the figure. The response
factor is

(31.1)

In this case, the response factor is (16,581/85 pg) divided by (24,073/40 pg), which is 0.32. This is what
it should be, given equimolar responses of the two compounds and given their difference in isotopic
composition.

The selected ion monitoring data for an unknown sample are shown in Fig. 31.7(b). In this case,
1000 pg of the labeled OCDD was added to 1.8 g (dry weight) of Lake Ontario sediment before extrac-
tion. After extensive cleanup on silica and alumina, two clean GC-MS peaks were obtained with the
areas shown in the figure. The calculation of the final concentration of OCDD in the sediment proceeds
as follows: First, the amount of the internal standard in the sediment is divided by the weight of dry
sediment; in this case, 1000 pg/1.8 g = 560 pg/g. Second, a corrected area of the native OCDD is cal-
culated by dividing the area of this peak by the response factor; in this case, this corrected area is
37,011/0.32 = 115,660. (Note that these areas have consistent but arbitrary units.) Third, the ratio of the
native and labeled areas is 115,660/12,569 = 9.2. This is the factor by which the concentration of native
OCDD exceeds the labeled compound. Fourth, the concentration of the labeled material is multiplied
by this factor to obtain a final concentration of native OCDD in the sediment. This value is 9.2 × 560
pg/g = 5100 pg/g. This measurement was part of a larger study that indicated that the major source of
polychlorinated dibenzo-p-dioxins and dibenzofurans to the atmosphere was the combustion of munic-
ipal or chemical waste rather than coal (11).

A qualitative application has been selected from the work of a colleague in the author’s department
who has been carrying out studies of the electrochemical reduction of phthalide (12); see Fig. 31.8 for
all structures and data. Dimethylformamide was the solvent and tetra-n-butylammonium perchlorate
was the supporting electrolyte. Products derived from the electrolysis were analyzed by GC-MS, and
the gas chromatogram and mass spectra shown in Fig. 31.8 were obtained. The peak at 18.16 min was
due to phthalide, and the peak at 18.34 min was due to n-tetradecane, which had been added in a known
amount as an internal standard for purposes of quantitating the products. The identities of the other two
peaks were not immediately clear.

The mass spectrum of the peak at 15.21 min (see Fig. 31.8, middle) indicates that this compound
has a molecular weight of 185 Da; because this is an odd number, this compound probably has at least
one nitrogen atom. There is a substantial loss of 43 Da to give the ion at m/z 142, and there is also a
major loss of 42 Da to give the ion at m/z 100. These two losses suggest the presence of at least two
C3H7 moieties. Remembering that the supporting electrolyte was tetra-n-butylammonium perchlorate,
it was reasonable to suggest that this peak was tri-n-butylamine. This assignment was verified by com-
parison of this mass spectrum and gas chromatographic retention time with those of authentic material.
The structures of the ions at m/z 100, 142, and 185 are suggested on the mass spectrum; however, it is
important to remember that these ion structures are a result of the interpretation of the spectrum and are
not produced by the data system.

The mass spectrum of the peak at 19.40 min (see Fig. 31.8, bottom) indicates that this compound

Response factor
Area423 pg Native OCDD⁄

Area435 pg Labeled OCDD⁄-------------------------------------------------------------------=
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has a molecular weight of 192 Da. There was a substantial loss of 56 Da to give the ion at m/z 136. The
ion at m/z 91 was probably a tropylium ion (C7H7

+), and this suggested that this molecule was derived
from phthalide. The meaning of the ions at m/z 118 and 119 was not obvious, but the difference be-
tween 91 and 119 suggested the presence of a carbonyl group (28 Da) in this molecule. Putting these
ideas together and noting the components of the reaction mixture, it was hypothesized that this com-
pound was butyl 2-methylbenzoate. Again, the structures of the major ions are suggested on the mass

Figure 31.7 Selected ion monitoring records of m/z 423 (from native octachlorodibenzo-p-dioxin) and m/z 435 
(from 37Cl8-octachlorodibenzo-p-dioxin) showing quantitation by the isotopic internal standard method. Only the 
gas chromatographic retention time range between 62 and 69 min is shown. The values of  A are the areas of the 
peaks, in arbitrary units.
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Figure 31.8 Gas chromatogram of a reaction mixture from the electrochemical reduction of phthalide. The sol-
vent was dimethylformamide and the supporting electrolyte was tetra-n-butylammonium perchlorate. The two 
compounds at 15.21 and 19.40 min were unknown; their mass spectra are shown.
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spectrum. The validity of the identification of this GC peak was verified by comparison of the mass
spectrum and gas chromatographic retention time with those of the authentic compound. Apparently,
this compound results from a reaction between an electrogenerated intermediate (radical anion of ph-
thalide) and the tetra-n-butylammonium cation (of the supporting electrolyte). Moreover, there is rea-
son to believe that the process leading to butyl 2-methylbenzoate actually occurs in the heated injection
port of the gas chromatograph.

Nuts and Bolts

Relative Costs

Although in principle GC-MS experiments can be performed on magnetic sector instruments, in prac-
tice almost all GC-MS today is done on quadrupole or ion trap instruments. These instruments are rel-
atively inexpensive and are simple to control by a computer. The major factor influencing the cost of a
quadrupole- or ion-trap–based GC-MS system is the ionization methods available on the instrument
and the mass range of the mass spectrometer. Simple quadrupole or ion trap instruments that use only
electron impact ionization and have a mass range of 20 to 700 cost about $50,000. Those capable of
both positive and negative chemical ionization and with mass ranges of 20 to 2000 cost about $200,000.
Operating costs include instrument maintenance, GC carrier gases and columns, and spare parts. In
most laboratories, these costs are about 5% of the instrument cost per year.

Vendors for Instruments and Accessories

The following list is not exhaustive; several smaller companies enter the field each year and several
leave. The following are some of the larger companies that deal with complete GC-MS systems. See
Chapter 28 (p. 564) for a detailed list of vendors, including addresses for the following vendors.

The Finnigan Corp. (San Jose, CA) sells several instruments, some based on traditional quad-
rupole technology, some based on ion trap technology, some based on triple quadrupole technolo-
gy, and a few based on magnetic sector technology. Various ionization methods are available.

Micromass UK (Manchester, U.K.) also has a wide range of instruments available with a wide 
range of ionization methods. Some are quadrupole based; some are magnetic sector based.

The Hewlett-Packard Corp. (Palo Alto, CA) markets several quadrupole-based instruments ranging 
from small benchtop instruments designed for the chromatographer to versatile, stand-alone instru-
ments that can accommodate both gas and liquid chromatographic inlet systems.

Varian Associates, Inc. (Walnut Creek, CA) sells ion-trap–based GC-MS systems. These are typ-
ically small instruments with a good price-to-performance ratio.

With all of these companies, the recent trend has been to produce smaller and smaller instruments.
Thirty years ago a GC-MS system with its data system occupied a whole room (or even two). Now these
systems fit on the top of a small bench or table. Not only does this trend save space, but it saves man-
ufacturing costs, some of which are passed on to the instrument purchaser. These smaller instruments
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also have fewer parts, making them less costly to maintain. There is also a trend toward increasing au-
tomation. Modern instruments are often equipped with an automatic injection system, and once filled
with samples, the data system can control all functions of the instrument including sample introduction.
Thus, once a trained person has developed the methodology and set up the data system, the instrument
will almost run itself.

Required Level of Training

The required level of training and expertise varies as a function of the level of data interpretation. At
the simplest level, because of the computer interface, most GC-MS instruments can be operated by peo-
ple with no formal training in mass spectrometry or chemistry. A high school education is often suffi-
cient. Maintenance of the instrument requires some mechanical and electronic skills, but again no
formal training in mass spectrometry or chemistry is needed. For interpretation of the data, some chem-
istry training is needed, particularly organic chemistry. Many graduates of high-quality undergraduate
programs in chemistry and most graduates of graduate programs in analytical or organic chemistry ac-
quire these skills through their course work. Given a normal undergraduate course sequence in organic
chemistry, most technically trained people can acquire specific training in mass spectrometry through
1- to 2-week courses offered through professional societies (such as the American Chemical Society or
the American Society for Mass Spectrometry).

Service and Maintenance

Unlike most other spectrometers, in which radiation is passed through the sample, with mass spectrom-
etry, the sample is inserted directly into the instrument. Thus, these instruments require more care than
most others. The analyst should expect to clean the ion source every 2 to 4 mo and change the GC col-
umn every 3 to 6 mo. The instrument is electronically complex but highly modularized; thus, most elec-
tronic failures are corrected by replacement of a printed circuit board. The data systems are relatively
hardy and are furnished with diagnostic software for both the computer and the mass spectrometer.
Downtime for most modern instruments should be less than 5 to 10%, and maintenance costs should be
less than 5% of the instrument cost per year.

Suggested Readings
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Publishers, 1992.
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MCLAFFERTY, FRED W., Registry of Mass Spectral Data, 5th ed. New York: Wiley, 1989.
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Chapter 37

Voltammetric Techniques

Samuel P. Kounaves
Tufts University

Department of Chemistry

Summary 

General Uses

• Quantitative determination of organic and inorganic compounds in aqueous and nonaqueous 
solutions

• Measurement of kinetic rates and constants

• Determination adsorption processes on surfaces

• Determination electron transfer and reaction mechanisms

• Determination of thermodynamic properties of solvated species

• Fundamental studies of oxidation and reduction processes in various media

• Determination of complexation and coordination values

Common Applications

• Quantitative determination of pharmaceutical compounds

• Determination of metal ion concentrations in water to sub–parts-per-billion levels 

• Determination of redox potentials

• Detection of eluted analytes in high-performance liquid chromatography (HPLC) and flow in-
jection analysis
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• Determination of number of electrons in redox reactions

• Kinetic studies of reactions

Samples

State

Species of interest must be dissolved in an appropriate liquid solvent and capable of being reduced or
oxidized within the potential range of the technique and electrode material. 

Amount

The amounts needed to obtain appropriate concentrations vary greatly with the technique. For example,
cyclic voltammetry generally requires analyte concentrations of 10–3 to 10–5 M, whereas anodic strip-
ping voltammetry of metal ions gives good results with concentrations as low as 10–12 M. Volumes may
also vary from about 20 mL to less than a microliter (with special microelectrode cells).

Preparation

The degree of preparation required depends on both the sample and the technique. For determination
of Pb(II) and Cd(II) in seawater with a microelectrode and square-wave anodic stripping voltammetry
(ASV), no preparation is required. In contrast, determination of epinepherine in blood plasma at a
glassy carbon electrode with differential pulse voltammetry (DPV) requires that the sample first be pre-
treated with several reagents, buffered, and separated.

Analysis Time

Once the sample has been prepared, the time required to obtain a voltammogram varies from a few sec-
onds using single-sweep square-wave voltammetry, to a couple of minutes for a cyclic voltammogram,
to possibly 30 min (or more) for a very-low-concentration ASV determination.

Limitations

General

• Substance must be oxidizable or reducible in the range were the solvent and electrode are elec-
trochemically inert. 

• Provides very little or no information on species identity. 

• Sample must be dissolved

Accuracy

Accuracy varies with technique from 1 to 10%.

Sensitivity and Detection Limits
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Detection limit varies with technique from parts per thousand to parts per trillion.

Complementary or Related Techniques

• Other electroanalytical techniques may provide additional or preliminary information for elec-
trochemical properties.

• Simultaneous use of spectroscopic methods can identify species undergoing reaction. 

• Liquid chromatography is often used to separate individual analytes before analysis.

Introduction

Historically, the branch of electrochemistry we now call voltammetry developed from the discovery of
polarography in 1922 by the Czech chemist Jaroslav Heyrovsky, for which he received the 1959 Nobel
Prize in chemistry. The early voltammetric methods experienced a number of difficulties, making them
less than ideal for routine analytical use. However, in the 1960s and 1970s significant advances were
made in all areas of voltammetry (theory, methodology, and instrumentation), which enhanced the sen-
sitivity and expanded the repertoire of analytical methods. The coincidence of these advances with the
advent of low-cost operational amplifiers also facilitated the rapid commercial development of relative-
ly inexpensive instrumentation.

The common characteristic of all voltammetric techniques is that they involve the application of a
potential (E) to an electrode and the monitoring of the resulting current (i) flowing through the electro-
chemical cell. In many cases the applied potential is varied or the current is monitored over a period of
time (t). Thus, all voltammetric techniques can be described as some function of E, i, and t. They are
considered active techniques (as opposed to passive techniques such as potentiometry) because the ap-
plied potential forces a change in the concentration of an electroactive species at the electrode surface
by electrochemically reducing or oxidizing it.

The analytical advantages of the various voltammetric techniques include excellent sensitivity with
a very large useful linear concentration range for both inorganic and organic species (10–12 to 10–1 M),
a large number of useful solvents and electrolytes, a wide range of temperatures, rapid analysis times
(seconds), simultaneous determination of several analytes, the ability to determine kinetic and mecha-
nistic parameters, a well-developed theory and thus the ability to reasonably estimate the values of un-
known parameters, and the ease with which different potential waveforms can be generated and small
currents measured.

Analytical chemists routinely use voltammetric techniques for the quantitative determination of a
variety of dissolved inorganic and organic substances. Inorganic, physical, and biological chemists
widely use voltammetric techniques for a variety of purposes, including fundamental studies of oxida-
tion and reduction processes in various media, adsorption processes on surfaces, electron transfer and
reaction mechanisms, kinetics of electron transfer processes, and transport, speciation, and thermody-
namic properties of solvated species. Voltammetric methods are also applied to the determination of
compounds of pharmaceutical interest and, when coupled with HPLC, they are effective tools for the
analysis of complex mixtures.
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How It Works

The electrochemical cell, where the voltammetric experiment is carried out, consists of a working (in-
dicator) electrode, a reference electrode, and usually a counter (auxiliary) electrode. In general, an
electrode provides the interface across which a charge can be transferred or its effects felt. Because the
working electrode is where the reaction or transfer of interest is taking place, whenever we refer to the
electrode, we always mean the working electrode. The reduction or oxidation of a substance at the sur-
face of a working electrode, at the appropriate applied potential, results in the mass transport of new
material to the electrode surface and the generation of a current. Even though the various types of vol-
tammetric techniques may appear to be very different at first glance, their fundamental principles and
applications derive from the same electrochemical theory. Here we summarize some of the electro-
chemical theory or laws common to all of the voltammetric techniques. Where necessary, more spe-
cific details are given later under the discussion of each technique.

General Theory

In voltammetry, the effects of the applied potential and the behavior of the redox current are described
by several well-known laws. The applied potential controls the concentrations of the redox species at
the electrode surface (CO

0 and CR
0) and the rate of the reaction (k0), as described by the Nernst or But-

ler–Volmer equations, respectively. In the cases where diffusion plays a controlling part, the current
resulting from the redox process (known as the faradaic current) is related to the material flux at the
electrode–solution interface and is described by Fick’s law. The interplay between these processes is
responsible for the characteristic features observed in the voltammograms of the various techniques.

For a reversible electrochemical reaction (that is, a reaction so fast that equilibrium is always rees-
tablished as changes are made), which can be described by O + ne– ⇔ R, the application of a potential
E forces the respective concentrations of O and R at the surface of the electrode (that is, cO

0 and cR
0) to

a ratio in compliance with the Nernst equation:

(37.1)

where R is the molar gas constant (8.3144 J mol–1K–1), T is the absolute temperature (K), n is the number
of electrons transferred, F = Faraday constant (96,485 C/equiv), and E0 is the standard reduction poten-
tial for the redox couple. If the potential applied to the electrode is changed, the ratio cR

0/cO
0 at the sur-

face will also change so as to satisfy Eq. (37.1). If the potential is made more negative the ratio becomes
larger (that is, O is reduced) and, conversely, if the potential is made more positive the ratio becomes
smaller (that is, R is oxidized).

For some techniques it is useful to use the relationship that links the variables for current, potential,
and concentration, known as the Butler–Volmer equation:

(37.2)

where θ = nF(E – E0)/RT, k0 is the heterogeneous rate constant, α is known as the transfer coefficient,
and A is the area of the electrode. This relationship allows us to obtain the values of the two analytically
important parameters, i and k0. 

Finally, in most cases the current flow also depends directly on the flux of material to the electrode
surface. When new O or R is created at the surface, the increased concentration provides the force for
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its diffusion toward the bulk of the solution. Likewise, when O or R is destroyed, the decreased con-
centration promotes the diffusion of new material from the bulk solution. The resulting concentration
gradient and mass transport is described by Fick’s law, which states that the flux of matter (Φ) is di-
rectly proportional to the concentration gradient:

(37.3)

where DO is the diffusion coefficient of O and x is the distance from the electrode surface. An analogous
equation can be written for R. The flux of O or R at the electrode surface controls the rate of reaction,
and thus the faradaic current flowing in the cell. In the bulk solution, concentration gradients are gen-
erally small and ionic migration carries most of the current. The current is a quantitative measure of
how fast a species is being reduced or oxidized at the electrode surface. The actual value of this current
is affected by many additional factors, most importantly the concentration of the redox species, the size,
shape, and material of the electrode, the solution resistance, the cell volume, and the number of elec-
trons transferred.

In addition to diffusion, mass transport can also occur by migration or convection. Migration is the
movement of a charged ion in the presence of an electric field. In voltammetry, the use of a supporting
electrolyte at concentrations 100 times that of the species being determined eliminates the effect of mi-
gration. Convection is the movement of the electroactive species by thermal currents, by density gradi-
ents present in the solution, or by stirring the solution or rotating the electrode. Convection must be
eliminated or controlled accurately to provide controlled transport of the analyte to the electrode.

Many voltammetric techniques have their own unique laws and theoretical relationships that de-
scribe and predict in greater detail the various aspects of the i–E behavior (such as curve shape, peak
height, width, and position). When appropriate, these are discussed in more detail.

Instrumentation

The basic components of a modern electroanalytical system for voltammetry are a potentiostat, com-
puter, and the electrochemical cell (Fig. 37.1). In some cases the potentiostat and computer are bundled
into one package, whereas in other systems the computer and the A/D and D/A converters and micro-
controller are separate, and the potentiostat can operate independently.

The Potentiostat

The task of applying a known potential and monitoring the current falls to the potentiostat. The most
widely used potentiostats today are assembled from discrete integrated-circuit operational amplifiers
and other digital modules. In many cases, especially in the larger instruments, the potentiostat package
also includes electrometer circuits, A/D and D/A converters, and dedicated microprocessors with mem-
ory.

A simple potentiostat circuit for a three-electrode cell with three operational amplifiers (OA) is
shown in Fig. 37.2. The output of OA-1 is connected to the counter electrode with feedback to its own
inverting input through the reference electrode. This feedback decreases the difference between the
inverting and noninverting inputs of OA-1 and causes the reference electrode to assume the same po-
tential as Ein of OA-1. Because the potential difference between the working electrode and the refer-
ence electrode is zero the working electrode is set to the same potential as applied to the OA-1 input.
With the reference electrode connected to Ein through the high impedance of OA-3, the current must
flow through the counter electrode. Current flow through the reference not only is undesirable be-
cause of its higher resistance but also would eventually cause its potential to become unreliable. A
three-electrode system is normally used in voltammetry for currents in the range of microamperes to

Φ AD O ∂cO ∂x⁄( )–=
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milliamperes. With the use of micron-sized electrodes, currents are in the pico- to nanoampere range,
and thus two electrodes are often used (that is, the counter and reference are tied together). An OA
acting as a current-to-voltage converter (OA-2) provides the output signal for the A/D converter.

Most voltammetric techniques are dynamic (that is, they require a potential modulated according
to some predefined waveform). Accurate and flexible control of the applied potential is a critical func-
tion of the potentiostat. In early analog instruments, a linear scan meant just that, a continuous linear
change in potential from one preset value to another. Since the advent of digital electronics almost all
potentiostats operate in a digital (incremental) fashion. Thus, the application of a linear scan is actually
the application of a “staircase” modulated potential with small enough steps to be equivalent to the an-
alog case. Not surprisingly, digital fabrication of the applied potential has opened up a whole new area
of pulsed voltammetry, which gives fast experiments and increased sensitivity. In the simpler standal-

Figure 37.1 Block diagram of the major components of an electroanalytical system for performing voltammetric 
analysis.

Figure 37.2 The basic potentiostat circuit composed of 
operational amplifiers.
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one potentiostats the excitation signal used to modulate the applied potential is usually provided by an
externally adjustable waveform generator. In the computer-controlled instruments, the properties of the
modulation and the waveform are under software control and can be specified by the operator. The most
commonly used waveforms are linear scan, differential pulse, and triangular and square wave. 

The use of micro- and nanometer-size electrodes has made it necessary to build potentiostats with
very low current capabilities. Microelectrodes routinely give current responses in the pico- to nanoam-
pere range. High-speed scanning techniques such as square-wave voltammetry require very fast re-
sponse times from the electronics. These diverse and exacting demands have pushed potentiostat
manufacturers into providing a wide spectrum of potentiostats tailored to specific applications.

The Electrodes and Cell

A typical electrochemical cell consists of the sample dissolved in a solvent, an ionic electrolyte, and
three (or sometimes two) electrodes. Cells (that is, sample holders) come in a variety of sizes, shapes,
and materials. The type used depends on the amount and type of sample, the technique, and the analyt-
ical data to be obtained. The material of the cell (glass, Teflon, polyethylene) is selected to minimize
reaction with the sample. In most cases the reference electrode should be as close as possible to the
working electrode; in some cases, to avoid contamination, it may be necessary to place the reference
electrode in a separate compartment. The unique requirements for each of the voltammetric techniques
are described under the individual techniques.

Reference Electrodes The reference electrode should provide a reversible half-reaction with Nerns-
tian behavior, be constant over time, and be easy to assemble and maintain. The most commonly used
reference electrodes for aqueous solutions are the calomel electrode, with potential determined by
the reaction Hg2Cl2(s) + 2e– = 2Hg(l) + 2Cl– and the silver/silver chloride electrode (Ag/AgCl), with
potential determined by the reaction AgCl(s) + e– = Ag(s) + Cl–. Table 37.1 shows the potentials of
the commonly used calomel electrodes, along with those of some other reference electrodes. These
electrodes are commercially available in a variety of sizes and shapes.

Counter Electrodes In most voltammetric techniques the analytical reactions at the electrode surfaces
occur over very short time periods and rarely produce any appreciable changes in bulk concentrations
of R or O. Thus, isolation of the counter electrode from the sample is not normally necessary. Most
often the counter electrode consists of a thin Pt wire, although Au and sometimes graphite have also
been used.

Working Electrodes The working electrodes are of various geometries and materials, ranging from
small Hg drops to flat Pt disks. Mercury is useful because it displays a wide negative potential range
(because it is difficult to reduce hydrogen ion or water at the mercury surface), its surface is readily
regenerated by producing a new drop or film, and many metal ions can be reversibly reduced into it.
Other commonly used electrode materials are gold, platinum, and glassy carbon. 
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What It Does

This section of the chapter discusses in more detail some of the more common forms of voltammetry
currently in use for a variety of analytical purposes. The uniqueness of each rests on subtle differences
in the manner and timing in which the potential is applied and the current measured. These differences
can also provide very diverse chemical, electrochemical, and physical information, such as highly
quantitative analyses, rate constants for chemical reactions, electrons involved on redox reactions, and
diffusion constants.

Polarography

Even though polarography could be considered just another variation of technique within vol-tamme-
try, it differs from other voltammetric methods both because of its unique place in the history of elec-
trochemistry and in respect to its unique working electrode, the dropping mercury electrode (DME).
The DME consists of a glass capillary through which mercury flows under gravity to form a succession
of mercury drops. Each new drop provides a clean surface at which the redox process takes place, giv-
ing rise to a current increase with increasing area as the drop grows, and then falling when the drop falls.
Figure 37.3 shows a polarogram for a 1 M solution of HCl that is 5 mM in Cd2+. The effect of drop
growth and dislodging can be clearly seen. The potential when the current attains half the value of the
plateau current is called the half-wave potential and is specific to the analyte’s matrix. The plateau cur-
rent is proportional to the concentration of analyte. For example, Fig. 37.4 shows a differential pulse
polarogram for the acetyl derivative of chlordiazepoxide. In this case the peak height is proportional to
the analyte concentration.

The current for the polarographic plateau can be predicted by the Ilkovic equation:

(37.4) 

where m is the rate of flow of the Hg through the capillary, t is the drop time, and c0 is the bulk analyte
concentration. 

Even though polarography with the DME is the best technique for some analytical determinations,
it has several limitations. Mercury is oxidized at potentials more positive than +0.2 V versus SCE,

id 708nD 1 2⁄ m2 3⁄ t1 6⁄ c0=
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which makes it impossible to analyze for any analytes in the positive region of potential. Another lim-
itation is the residual current that results from charging of the large capacitance of the electrode surface.

By manipulating the potential and synchronizing potential pulses with current sampling, the same
basic experiment can be made to yield a more useful result.

Cyclic Voltammetry

Cyclic voltammetry (CV) has become an important and widely used electroanalytical technique in
many areas of chemistry. It is rarely used for quantitative determinations, but it is widely used for the
study of redox processes, for understanding reaction intermediates, and for obtaining stability of reac-
tion products.

This technique is based on varying the applied potential at a working electrode in both forward and
reverse directions (at some scan rate) while monitoring the current. For example, the initial scan could
be in the negative direction to the switching potential. At that point the scan would be reversed and run
in the positive direction. Depending on the analysis, one full cycle, a partial cycle, or a series of cycles
can be performed.

The response obtained from a CV can be very simple, as shown in Fig. 37.5 for the reversible redox
system: 

Figure 37.3 Classic polarogram taken at a DME showing background taken in 1 M HCl (line A) and 1 M HCl + 
0.5 mM Cd(II) (line B).  (From D. T. Sawyer and J. L. Roberts, Experimental Electrochemistry for Chemists, 
copyright © 1974 John Wiley & Sons, Inc. Reprinted by permission of John Wiley & Sons, Inc.)
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(37.5)

in which the complexed Fe(III) is reduced to Fe(II).
The important parameters in a cyclic voltammogram are the peak potentials (Epc , Epa) and peak

currents (ipc , ipa) of the cathodic and anodic peaks, respectively. If the electron transfer process is fast
compared with other processes (such as diffusion), the reaction is said to be electrochemically revers-
ible, and the peak separation is

(37.6)

Thus, for a reversible redox reaction at 25 °C with n electrons ∆Ep should be 0.0592/n V or about
60 mV for one electron. In practice this value is difficult to attain because of such factors as cell resis-
tance. Irreversibility due to a slow electron transfer rate results in ∆Ep > 0.0592/n V, greater, say, than
70 mV for a one-electron reaction.

The formal reduction potential (Eo) for a reversible couple is given by

(37.7)

For a reversible reaction, the concentration is related to peak current by the Randles–Sevcik ex-
pression (at 25 °C):

(37.8)

where ip is the peak current in amps, A is the electrode area (cm2), D is the diffusion coefficient (cm2 s–

1), c0 is the concentration in mol cm–3, and ν is the scan rate in V s–1. 
Cyclic voltammetry is carried out in quiescent solution to ensure diffusion control. A three-elec-

trode arrangement is used. Mercury film electrodes are used because of their good negative potential
range. Other working electrodes include glassy carbon, platinum, gold, graphite, and carbon paste.

Fe(CN)6
3– e–+ Fe(CN)6

4–=

∆Ep Epa Epc– 2.303 RT nF⁄= =

Eo Epc Epa+

2
----------------------=

ip 2.686 105× n3 2⁄ Ac0D1 2⁄ ν1 2⁄=

Figure 37.4 Differential pulse polarogram of the seven-acetyl analog of chlordiazepoxide.   (Reprinted from Anal. 
Chim. Acta, 74, M. A. Brooks, et al., p. 367, copyright 1975 with kind permission of Elsevier Science—NL, Sara 
Burgerhartstraat 25, 1055 KV Amsterdam, The Netherlands.)
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Pulse Methods

In order to increase speed and sensitivity, many forms of potential modulation (other than just a simple
staircase ramp) have been tried over the years. Three of these pulse techniques, shown in Fig. 37.6, are
widely used.

Figure 37.5 Cyclic voltammograms of 5 mM Fe(CN)6
–3 in 1 M KCl with ν = 500 mV/s. 

Figure 37.6 Potential waveforms and their respective current response for (a) differential pulse, (b) normal pulse, 
and (c) square-wave voltammetry.
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Normal Pulse Voltammetry (NPV)

This technique uses a series of potential pulses of increasing amplitude. The current measurement is
made near the end of each pulse, which allows time for the charging current to decay. It is usually car-
ried out in an unstirred solution at either DME (called normal pulse polarography) or solid electrodes. 

The potential is pulsed from an initial potential Ei. The duration of the pulse, τ, is usually 1 to 100
msec and the interval between pulses typically 0.1 to 5 sec. The resulting voltammogram displays the
sampled current on the vertical axis and the potential to which the pulse is stepped on the horizontal
axis. 

Differential Pulse Voltammetry (DPV)

This technique is comparable to normal pulse voltammetry in that the potential is also scanned with a
series of pulses. However, it differs from NPV because each potential pulse is fixed, of small amplitude
(10 to 100 mV), and is superimposed on a slowly changing base potential. Current is measured at two
points for each pulse, the first point (1) just before the application of the pulse and the second (2) at the
end of the pulse. These sampling points are selected to allow for the decay of the nonfaradaic (charging)
current. The difference between current measurements at these points for each pulse is determined and
plotted against the base potential.

Square-Wave Voltammetry (SWV)

The excitation signal in SWV consists of a symmetrical square-wave pulse of amplitude Esw superim-
posed on a staircase waveform of step height ∆E, where the forward pulse of the square wave coincides
with the staircase step. The net current, inet, is obtained by taking the difference between the forward
and reverse currents (ifor – irev) and is centered on the redox potential. The peak height is directly pro-
portional to the concentration of the electroactive species and direct detection limits as low as 10–8 M
are possible. 

Square-wave voltammetry has several advantages. Among these are its excellent sensitivity and
the rejection of background currents. Another is the speed (for example, its ability to scan the voltage
range over one drop during polarography with the DME). This speed, coupled with computer control
and signal averaging, allows for experiments to be performed repetitively and increases the signal-
to-noise ratio. Applications of square-wave voltammetry include the study of electrode kinetics with
regard to preceding, following, or catalytic homogeneous chemical reactions, determination of some
species at trace levels, and its use with electrochemical detection in HPLC.

Preconcentration and Stripping Techniques

 The preconcentration techniques have the lowest limits of detection of any of the commonly used elec-
troanalytical techniques. Sample preparation is minimal and sensitivity and selectivity are excellent.
The three most commonly used variations are anodic stripping voltammetry (ASV), cathodic stripping
voltammetry (CSV), and adsorptive stripping voltammetry (AdSV). 

Even though ASV, CSV, and AdSV each have their own unique features, all have two steps in
common. First, the analyte species in the sample solution is concentrated onto or into a working elec-
trode. It is this crucial preconcentration step that results in the exceptional sensitivity that can be
achieved. During the second step, the preconcentrated analyte is measured or stripped from the elec-
trode by the application of a potential scan. Any number of potential waveforms can be used for the
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stripping step (that is, differential pulse, square wave, linear sweep, or staircase). The most common
are differential pulse and square wave due to the discrimination against charging current. However,
square wave has the added advantages of faster scan rate and increased sensitivity relative to differential
pulse. 

The electrode of choice for stripping voltammetry is generally mercury. The species of interest can
be either reduced into the mercury, forming amalgams as in anodic stripping voltammetry, or adsorbed
to form an insoluble mercury salt layer, as in cathodic stripping voltammetry.

Stripping voltammetry is a very sensitive technique for trace analysis. As with any quantitative
technique, care must be taken so that reproducible results are obtainable. Important conditions that
should be held constant include the electrode surface, rate of stirring, and deposition time. Every effort
should be made to minimize contamination. 

Anodic Stripping Voltammetry

ASV is most widely used for trace metal determination and has a practical detection limit in the part-
per-trillion range (Table 37.2). This low detection limit is coupled with the ability to determine simul-
taneously four to six trace metals using relatively inexpensive instrumentation.

Metal ions in the sample solution are concentrated into a mercury electrode during a given time
period by application of a sufficient negative potential. These amalgamated metals are then stripped
(oxidized) out of the mercury by scanning the applied potential in the positive direction. The resulting
peak currents, ip, are proportional to the concentration of each metal in the sample solution, with the
position of the peak potential, Ep , specific to each metal. The use of mercury limits the working range
for ASV to between approximately 0 and –1.2 V versus SCE. The use of thin Hg films or Hg micro-
electrodes along with pulse techniques such as square-wave voltammetry can substantially lower the
limits of detection of ASV.

With more than one metal ion in the sample, the ASV signal may sometimes be complicated by
formation of intermetallic compounds, such as ZnCu. This may shift or distort the stripping peaks for
the metals of interest. These problems can often be avoided by adjusting the deposition time or by
changing the deposition potential.

Cathodic Stripping Voltammetry
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CSV can be used to determine substances that form insoluble salts with the mercurous ion. Application
of a relatively positive potential to a mercury electrode in a solution containing such substances results
in the formation of an insoluble film on the surface of the mercury electrode. A potential scan in the
negative direction will then reduce (strip) the deposited film into solution. This method has been used
to determine inorganic anions such as halides, selenide, and sulfide, and oxyanions such as MoO4

2– and
VO3

5–. In addition, many organic compounds, such as nucleic acid bases, also form insoluble mercury
salts and may be determined by CSV. 

Adsorptive Stripping Voltammetry

AdSV is quite similar to anodic and cathodic stripping methods. The primary difference is that the pre-
concentration step of the analyte is accomplished by adsorption on the electrode surface or by specific
reactions at chemically modified electrodes rather than accumulation by electrolysis. Many organic
species (such as heme, chlorpromazine, codeine, and cocaine) have been determined at micromolar and
nanomolar concentration levels using AdSV; inorganic species have also been determined. The ad-
sorbed species is quantified by using a voltammetric technique such as DPV or SWV in either the neg-
ative or positive direction to give a peak-shaped voltammetric response with amplitude proportional to
concentration. 

Analytical Information

Qualitative

As shown in Figs. 37.3 through 37.5, voltammetric techniques give rise to current signals that appear at
a characteristic position on the potential scale. The potential at which the signal appears gives qualitative
information about the reactant. However, the ability of the potential of the signal to identify the reactant
is not very large because the position of the signal depends on the reactant conditions and the resolution
is poor. Thus, a characteristic potential excludes many possibilities for the identity of the reactant; in par-
ticular, the voltammetric response absolutely excludes all nonelectroactive substances. If the response is
the same as that of a known substance, obtained under exactly the same conditions, then the known sub-
stance is a good hypothesis for the identity. However, in general voltammetric techniques are not good
tools for qualitative identification of analytes.

Quantitative

The main virtue of voltammetric techniques is their good accuracy, excellent precision (<1%), sensi-
tivity, and wide dynamic range. In the special case of stripping voltammetry, detection limits routinely
are lower than the amount of signal due to contamination of sample. An impression of the relative abil-
ity of many electrochemical techniques to measure small concentrations of analytes in solution is given
in Table 37.2. This table applies to routine practice with standard equipment. The detection limits given
should be attainable, for example, in an undergraduate instructional laboratory.
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Nuts and Bolts

Relative Costs

The size, power, sophistication, and price of the potentiostats for voltammetry vary from large    re-
search-grade instruments (20 to 30 kg with a ±10-volt potential and 1 A to 100 nA current ranges, $15
to 20K) to simple battery-powered units (3 to 1 kg with a ±2.5-volt potential and 6 mA to 50 pA current
ranges, $3 to 8 K). The choice of instrument depends on the type of voltammetric analysis to be per-
formed, the information desired, and somewhat on the size of the electrodes. Cyclic voltammetry ex-
periments using 5-mm-diameter disk electrodes with scan rates no larger than 1 Vs–1 are easily
performed with most potentiostats. To determine quantitatively trace amounts of an analyte in an or-
ganic solvent using a 1-µm-diameter microelectrode and high-frequency square-wave voltammetry re-
quires the more expensive instrumentation. More detailed information is presented in Table 37.3.

Vendors for Instruments and Accessories

In the United States there are several companies that manufacture electroanalytical instrumentation ca-
pable of performing voltammetric analyses and several who are distributors for U.S. or non-U.S. man-
ufacturers. Table 37.3 lists the major vendors and a sample of the available models.

BioAnalytical Systems, Inc.
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2701 Kent Ave.
West Lafayette, IN 47906
phone: 765-463-4527
fax: 765-497-1102
email: bas@bioanalytical.com
Internet: http://www.bioanalytical.com

Cypress Systems, Inc.
2500 West 31st St., Suite D
Lawrence, KS 66047
phone: 800-235-2436
fax: 913-832-0406

EG&G Princeton Applied Research
P.O. Box 2565
Princeton, NJ 08543
phone: 609-530-1000
fax: 609-883-7259

Pine Instruments
101 Industrial Dr.
Grove City, PA 16127
phone: 412-458-6391
fax: 412-458-4648
Internet: http://www.pineinst.com

Brinkman Instruments (Metrohm)
One Cantiague Rd.
P.O. Box 1019
Westbury, NY 11590-0207
phone: 800-645-3050
fax: 516-334-7506
email: info@brinkmann.com
Internet: http://www.brinkmann.com

Eco Chemie B.V.
P.O. Box 513
3508 AD Utrecht
The Netherlands
phone: +31 30 2893154
fax: +31 30 2880715
email: autolab@ecochemie.nl
Internet: http://www.ecochemie.nl

Required Level of Training

With modern commercial instrumentation, routine analytical voltammetry is made fairly straightfor-
ward by the manufacturer, who typically supplies not simply the instrument but rather a complete ana-
lytical system, including cell, electrodes, and software for data analysis. In cases for which the analyte
is known and the method specified (often provided by the vendor), general training in chemistry at the
postsecondary level is adequate. In less well-defined cases that involve some aspect of method devel-
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opment, baccalaureate training and some specific experience with voltammetry are desirable. In the
case of stripping methods, considerable experience with the specific techniques and problems of inter-
est is often required, due not to increased complexity of the electrochemical technique but rather to gen-
eral requirements for trace analysis involving sample handling, blank subtraction, and calibration.

Service and Maintenance

Trouble with voltammetric procedures almost always arises in a part of the system external to the in-
strument. Thus, the first recourse when a problem arises is not to an electronics or software expert, but
to someone with electrochemical experience. Most equipment manufacturers provide telephone con-
sulting as well. Because of the integrated nature of the commercial equipment, repair of instruments is
almost always done by returning the instrument to the factory. Typically no routine maintenance is re-
quired other than installation of software upgrades provided by the manufacturer. An instrument that
functions well when first set up is most likely to do so for many years.
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Chapter 42

Auger Electron Spectroscopy

A. R. Chourasia and D. R. Chopra
Texas A&M University–Commerce

Department of Physics

Summary

General Uses

• Identification of elements on surfaces of materials

• Quantitative determination of elements on surfaces

• Depth profiling by inert gas sputtering

• Phenomena such as adsorption, desorption, and surface segregation from the bulk

• Determination of chemical states of elements

• In situ analysis to determine the chemical reactivity at a surface

• Auger electron elemental map of the system

Common Applications

• Qualitative analysis through fingerprinting spectral analysis

• Identification of different chemical states of elements

• Determination of atomic concentration of elements

• Depth profiling

• Adsorption and chemisorption of gases on metal surfaces

• Interface analysis of materials deposited in situ on surfaces
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Samples

State 

Almost any solid can be analyzed.

Amount

Sample size depends on the instrument.

Preparation

Sample can be analyzed as it is. Because the analysis is done in high vacuum, some samples should be
cleaned before loading in the chamber.

Analysis Time

Estimated time to obtain the survey spectrum from a sample varies from 1 to 5 min. High-resolution
acquisition takes anywhere from 5 to 25 min per region of the spectrum and depends on the resolution
required.

Limitations

General

• Analyzes conducting and semiconducting samples.

• Special procedures are required for nonconducting samples.

• Only solid specimens can be analyzed.

• Samples that decompose under electron beam irradiation cannot be studied.

• Quantification is not easy.

Accuracy

• The Auger spatial resolution common to most commercial instruments is of the order of 0.2 µm 
or less and is a function of analysis time.

• The sampling depth is about three monolayers.

Sensitivity and Detection Limits

The sensitivity is of the order of 0.3%.

Complementary or Related Techniques

• X-ray photoelectron spectroscopy.

• Atom probe field ion microscopy.
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• Rutherford backscattering spectroscopy.

• Secondary ion mass spectrometry.

• Electron energy loss spectroscopy, X-ray absorption spectroscopy, Bremsstrahlung isochromat 
spectroscopy, inverse photoemission spectroscopy, and appearance potential spectroscopy. All 
provide complementary information on the unoccupied density of states.

Introduction

The Auger effect was discovered by Pierre Auger in 1925 while working with X rays and using a Wil-
son cloud chamber. Tracks corresponding to ejected electrons were observed along a beam of X rays
(1).

Auger electron spectroscopy (AES) has now emerged as one of the most widely used analytical
techniques for obtaining the chemical composition of solid surfaces. The basic advantages of this tech-
nique are its high sensitivity for chemical analysis in the 5- to 20-Å region near the surface, a rapid data
acquisition speed, its ability to detect all elements above helium, and its capability of high-spatial res-
olution. The high-spatial resolution is achieved because the specimen is excited by an electron beam
that can be focused into a fine probe. It was developed in the 1960s, when ultra-high vacuum (UHV)
technology became commercially available (2, 3).

When an electron is ejected from an inner shell of an atom the resultant vacancy can be filled by
either a radiative (X-ray) or nonradiative (Auger) process. In AES the atomic core levels are ionized by
the incident electron beam and the resulting Auger electrons are detected with an electron spectrometer.
These electrons form small peaks in the total energy distribution function, N(E) as shown in Fig. 42.1.
The incident electrons entering a solid are scattered both elastically and inelastically. At the primary
beam energy a sharp peak is observed, caused by electrons that have been elastically scattered back out
of the specimen. For a crystalline specimen, these electrons carry the crystal structure information,
which is exploited in techniques such as low-energy electron diffraction and reflection high-energy
electron diffraction. At slightly lower energies there are smaller peaks due to electrons that have under-
gone characteristic energy losses. The information contained in this region is exploited in the technique
of low-energy electron loss spectroscopy. At the other end of the spectrum (that is, on the low-energy
side of the spectrum) there is a large peak corresponding to the secondary electrons. A few hundred eV
above this peak is a loosely defined crossover energy. Above this point the distribution is dominated by
backscattered primary electrons and below this point the secondary electrons form the major compo-
nent. The crossover point depends on the primary beam energy and moves to higher energies with in-
creasing primary beam energy. The peaks due to Auger electrons are superimposed on this distribution.
The peaks become more pronounced by electronic spectral differentiation, which removes the large
background.

The Auger process can be understood by considering the ionization process of an isolated atom un-
der electron bombardment. The incident electron with sufficient primary energy, Ep, ionizes the core
level, such as a K level. The vacancy thus produced is immediately filled by another electron from L1.
This process is shown in Fig. 42.2. The energy (EK – EL1) released from this transition can be trans-
ferred to another electron, as in the L2 level. This electron is ejected from the atom as an Auger electron.
The Auger electron will have energy given by

(42.1)

This excitation process is denoted as a KL1L2 Auger transition. It is obvious that at least two energy

E EK EL1– EL2–=
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states and three electrons must take part in an Auger process. Therefore, H and He atoms cannot give
rise to Auger electrons. Several transitions (KL1L1, KL1L2, LM1M2, etc.) can occur with various tran-
sition probabilities. The Auger electron energies are characteristic of the target material and indepen-
dent of the incident beam energy.

Isolated Li atoms having a single electron in the outermost level cannot give rise to Auger elec-

Figure 42.1 The energy distribution for an elemental Si sample. The N(E) and dN/dE spectra are displayed. The 
energy of primary electrons is 20 keV. The spectra are taken using PHI 670xi system.  (Reproduced with permis-
sion from Physical Electronics, Eden Prairie, MN.)

Figure 42.2 Energy level diagram in an Auger process. Electron from L1 drops into the K level with the emission 
of an L2 electron.
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trons. However, in a solid the valence electrons are shared and the Auger transitions of the type KVV
occur involving the valence electrons of the solid. In general, the kinetic energy of Auger electrons orig-
inating from an ABC transition can be estimated from the empirical relation

(42.2)

where ΦA represents the work function of the analyzer material and Z is the atomic number of the atom
involved. The ∆ term appears because the energy of the final doubly ionized state is somewhat larger
than the sum of the energies for individual ionization of the same levels. Another expression for esti-
mating Auger transition energies is

(42.3)

The theoretical binding energies are discussed in the literature. A more detailed treatment of the
Auger energies requires knowledge of a coupling in the final state that occurs between the two unfilled
shells. For light elements the coupling scheme is pure L–S, for heavy elements j–j, and for elements in
the middle of the periodic table intermediate coupling must be invoked.

The most pronounced Auger transitions observed in AES involve electrons of neighboring orbitals,
such as KLL, LMM, MNN, NOO, MMM, and OOO families. The most prominent KLL transitions occur
from elements with Z = 3 to 14, LMM transitions for elements with Z = 14 to 40, MNN transitions for
elements with Z = 40 to 79, and NOO transitions for heavier elements. The Auger peak is commonly
identified by the maximum negative peak in the dN(E)/dE versus E spectrum.

How It Works

The schematic of the experimental arrangement for basic AES is shown in Fig. 42.3. The sample is ir-
radiated with electrons from an electron gun. The emitted secondary electrons are analyzed for energy
by an electron spectrometer. The experiment is carried out in a UHV environment because the AES
technique is surface sensitive due to the limited mean free path of electrons in the kinetic energy range
of 20 to 2500 eV. The essential components of an AES spectrometer are

• UHV environment

• Electron gun

• Electron energy analyzer

• Electron detector

• Data recording, processing, and output system

UHV Environment

The surface analysis necessitates the use of a UHV environment (4) because the equivalent of one mono-
layer of gas impinges on a surface every second in a vacuum of 10–6 torr. A monolayer is adsorbed on
the surface of the specimen in about 1 second at 10–6 torr. Contamination of the specimen surface is crit-
ical for highly reactive surface materials, where the sticking coefficient for most residual gases is very
high (near unity). The sticking coefficient for surfaces that are passivated through exposure to air is very
low. The vacuum requirements are much less stringent for such samples. Generally, the background

EABC EA Z( ) EB Z( )– EC Z ∆+( )– ΦA–=

EABC EA Z( ) 1
2
--- EB Z( ) EB Z 1+( )+[ ]–

1
2
--- EC Z( ) EC Z 1+( )+[ ]– ΦA–=
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pressure is reduced to the low 10–10-torr range in order to minimize the influence of residual gases in sur-
face analysis measurements.

Until 1960 the advancements in surface analysis techniques were inhibited by two difficulties: con-
structing an apparatus suitable for operation in a UHV environment and production and measurement
of UHV. In the early 1960s the glass enclosures were replaced by standardized, stainless steel hardware.
The UHV environment could be easily achieved by pumping a stainless steel chamber with a suitable
combination of ion, cryo, turbo molecular, or oil diffusion pumps (5). It is also possible to bake these
systems (up to 200 °C) to achieve UHV conditions.

Electron Gun

The nature of the electron gun used for AES analysis depends on a number of factors:

• The speed of analysis (requires a high beam current)

• The desired spatial resolution (sets an upper limit on the beam current)

• Beam-induced changes to the sample surface (sets an upper limit to current density)

The range of beam currents normally used in AES is between 10–9 and 5 × 10–6 A. The lower cur-
rent gives high spatial resolution whereas the higher current may be used to give speed and high sensi-
tivity where spatial resolution is of little concern. In certain samples the high current used may induce
surface damage to the specimen and should be avoided.

The electron gun optical system has two critical components: the electron source and the focusing
forming lens. In most cases the electron source is thermionic but for the highest spatial resolution the
brighter field emission source may be used. The field emission sources have problems of cost and stability
and are therefore limited in their use. The commonly used thermionic sources are as follows:

Figure 42.3 Schematic arrangement of the basic elements of an Auger electron spectrometer.
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• A tungsten hairpin filament. This filament has a life of about 100 hr due to repeated exposure to 
air. As a result of introduction of a load-lock system in the modern Auger electron spectrome-
ters the average filament life exceeds 1000 hr.

• Lanthanum hexaboride (LaB6). This source is brighter than tungsten but is more expensive and 
a little more complicated to operate.

The electron lenses used to focus the beam may be either magnetic or electrostatic. The magnetic
lenses have low aberrations and therefore give the best performance. However, these lenses are com-
plicated and expensive. The electrostatic lenses are easier to fit in a UHV system. For spatial resolution
of the order of a micron, a 10 keV electrostatic gun could be easily used. For spatial resolution below
100 nm electromagnetic lenses are used.

Electron Energy Analyzer

The function of an electron energy analyzer is to disperse the secondary emitted electrons from the sam-
ple according to their energies. An analyzer may be either magnetic or electrostatic. Because electrons
are influenced by stray magnetic fields (including the earth’s magnetic field), it is essential to cancel
these fields within the enclosed volume of the analyzer. The stray magnetic field cancellation is accom-
plished by using Mu metal shielding. Electrostatic analyzers are used in all commercial spectrometers
today because of the relative ease of stray magnetic field cancellation (6).

The Cylindrical Mirror Analyzer (CMA)

The schematic of the CMA is shown in Fig. 42.4. The CMA consists of two coaxial cylinders with a
negative potential (V ) applied to the outer cylinder (with radius r2) and ground potential applied to the
inner cylinder (with radius r1). The sample and the detector are located along the common axis of the
cylinders. Electrons emitted from the sample at an angle α relative to the analyzer axis pass through the

Figure 42.4 Cross-sectional view of the single-pass CMA. V represents the voltage applied to the outer cylinder. 
The inner cylinder is grounded.
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mesh-covered aperture in the inner cylinder. Only electrons that have a definite energy E0 are deflected
by the outer cylinder potential through the second mesh-covered aperture to a focus on the axis, where
they pass into a detector. The focal condition is given by the relation

(42.4)

where e is the electron charge and K a constant. A variety of entrance angles, α, can exist. However, in
the special case where α = 42°18′ the CMA becomes a second-order focusing instrument. At this focus
the electrons from a very wide range of αs meet at the focal point. For this case the constant K = 1.31.
Under this condition, the distance between the source and the focus is 6.1r1. All the CMA parameters
scale with the radius r1 of the inner cylinder. Once this is fixed, other parameters follow automatically.
The energy resolution of the CMA is written in terms of the base resolution ∆EB, defined as

(42.5)

where w is the slit width (equal at the entrance and exit) and ∆α is the spread of the angle about α (Fig.
42.4). The CMA has a very large acceptance angle, comprising a full cone about the spectrometer axis.
This gives a high sensitivity and reduces the dependency of the signal on specimen topography (6). The
electron gun may be incorporated into the inner cylinder, making the design of the system a compact
unit. Because of its superior signal-to-noise capability, the CMA is used almost exclusively for modern
AES apparatus.

Concentric Hemispherical Analyzer (CHA)

The CHA consists of two hemispherical concentric shells of inner radius r1 and outer radius r2, as
shown in Fig. 42.5. A potential difference, ∆V, is applied between the two surfaces such that the outer
sphere is negative and the inner positive. Between the spheres there is an equipotential surface of radius
r0. The entrance and exit slits lie on a diameter and are centered at a distance r0 from the center of cur-
vature. The base resolution is given by

(42.6)

where α is the entrance angle into the CHA and w is the width of the slit.
In the CHA, the sample must be placed at the slit of the analyzer. The working space between the

sample and the analyzer is therefore increased by the use of an electron lens. The lens system takes elec-
trons from the sample and injects them into the analyzer. The effective solid angle thus becomes com-
parable to that of a CMA. The main advantages the CHA has over the CMA are much better access to
the sample and the ability to vary analyzer resolution electrostatically without changing physical aper-
tures. Generally, a large entrance angle yields increased sensitivity. However, to reach a compromise
between sensitivity and resolution it is a common practice to choose α such that α2 = w/2r0.

Electron Detector

Having passed through the analyzer, the secondary electrons of a particular energy are spatially sepa-
rated from electrons of different energies. Various detectors are used to detect these electrons.

E0
KeV
r2 r1⁄( )ln

-----------------------=

∆EB

E
----------

0.36w
r1

-------------- 5.55 ∆α( )3+=

∆E
E

-------
w
r0
---- α2+=



Auger Electron Spectroscopy 799

Single-Channel Detector (SCD)

The detector used in conventional instrumentation is a channel electron multiplier. It is an electrostatic
device that uses a continuous dynode surface (a thin-film conductive layer on the inside of a tubular
channel). It requires only two electrical connections to establish the conditions for electron multiplica-
tion. The output of this detector consists of a series of pulses that are fed into a pulse amplifier/discrim-
inator and then into a computer. The advantage of such a detector is that it can be exposed to air for a
long time without damage. It counts electrons with a high efficiency, even at essentially zero kinetic
energy, and the background is 0.1 count/sec or lower. The only drawback is that a high count rate (>
106 counts/sec) causes a saturation effect.

Multichannel Detector (MCD)

A multiple detection system can be added at the output of the analyzer. The system may be in the form
of a few multiple, parallel, equivalent detector chains or position-sensitive detectors spread across the
whole of the analyzer output slit plane. Such an arrangement can be devised in a number of ways (7):
using phosphor screens and TV cameras, phosphor screens and charge-coupled devices, resistive anode
networks, or discrete anodes.

Figure 42.5 Cross-sectional view of the CHA with input lens. The outer sphere has a negative voltage and the in-
ner sphere has a positive voltage. The dashed lines indicate the trajectories followed by the emitted electrons. The 
central dashed line represents an equipotential surface. The entrance and the exit slits lie on a diameter and are 
centered at the mean radius from the center of curvature.
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Data Recording, Processing, and Output System

The Auger electrons appear as peaks on a smooth background of secondary electrons. If the specimen
surface is clean, the main peaks would be readily visible and identified. However, smaller peaks and
those caused by trace elements present on the surface may be difficult to discern from the background.
Because the background is usually sloping, even increasing the gain of the electron detection system
and applying a zero offset is often not a great advantage. Therefore, the Auger spectra are usually re-
corded in a differential form. In the differential mode it is easy to increase the system gain to reveal
detailed structure not directly visible in the undifferentiated spectrum (Fig. 42.1). The most distinctive
characteristic of an Auger peak in the differential spectrum is the negative going feature at the high-
energy side of the peak. The minimum of this feature represents the point of maximum slope of the par-
ent peak. By convention, this feature is used to define the energy of the transition. For systems that
record data in an analog mode, the differential Auger spectrum has the following advantages over the
direct undifferentiated spectrum:

• The background is zero away from the peaks, so the amplifier gain can be easily changed.

• The differential peaks are sharper than the direct peaks. This provides a reproducible energy 
reference point.

• The peak-to-peak height provides a convenient measure of peak intensity.

At present, the data in commercial instruments are acquired digitally and can be presented in either
analog or digital mode. The majority of AES instruments are controlled by computer. Major functions
of the computer control system are to acquire and store data efficiently.

A conventional Auger electron spectrometer uses a lock-in amplifier. The oscillator in this ampli-
fier superimposes a sinusoidal modulation (frequency 10 to 20 kHz) on the potential applied to the outer
cylinder of the analyzer. The AC component of the signal is decoupled from the multiplier high voltage
and detected in the lock-in amplifier. The output is then fed to an x–y recorder. The amplitude of the
modulation is chosen to yield a compromise between sensitivity and resolution. A typical modern Au-
ger electron spectrometer collects the data in the N(E) versus E integral mode. The data are then math-
ematically differentiated using computer software to yield dN(E)/dE versus E Auger spectra (Fig. 42.1).

The CMA or the CHA is used in the constant retardation ratio (CRR) mode in AES, which deter-
mines the resolution. Therefore, while scanning a spectrum the optimum modulation voltage will
change. High-energy peaks generally require high modulation. Although a constant modulation voltage
may be used throughout the scan when recording a spectrum, some instruments can make the modula-
tion proportional to the analyzer energy so that the ratio of modulation to analyzer resolution is con-
stant. This point should be considered while comparing the Auger spectra from different instruments.

What It Does

The high surface sensitivity of AES is due to the limited mean free path of electrons in the kinetic en-
ergy range 20 to 3000 eV. Auger electrons, which lose energy through plasma losses, core excitations,
or interband transitions, are removed from the observed Auger peaks and contribute to the nearly uni-
form background on which the Auger peaks are superimposed. Because phonon losses are small com-
pared with the natural width of Auger peaks, they do not affect the Auger escape depth. Hence the
Auger yield is not dependent on the sample temperature.
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Because the Auger transition probability and Auger electron escape depth are independent of the
incident electron beam energy, Ep, the dependence of the Auger peak amplitude on Ep is governed com-
pletely by the ionization cross-section of the initial core level. Ionization occurs primarily by the inci-
dent electrons during their initial passage through the escape depth region (5 to 25Å thick). The
backscattered primary electrons can also contribute to the Auger yield when the incident beam energy
is substantially greater than the binding energy of the core level involved.

Variables Involved in the Production of Auger Electrons

An inner shell vacancy can be produced through a variety of methods, such as irradiation with electrons
and X rays or bombardment with argon ions. Electron impact is usually used for producing Auger lines
for analytical purposes. It provides an intense beam that can be brought to a fine focus. X-ray irradiation
has its value in providing less radiation damage and better peak-to-background ratios.

High-Energy Satellite Lines

High-energy satellite structures have been observed in the Auger spectra of solids. The presence of such
a structure has been interpreted as being due to plasmon gains. It is also believed that the high-energy
lines arise from an initial multiple ionization or perhaps resonance absorption. The question of Auger
satellites in solids is still under active consideration.

Characteristic Energy Losses

Electrons ejected from a solid can suffer characteristic energy losses, usually due to plasmon losses (see
p. 820). Because Auger spectra are generally rather complex and often not well resolved and are spread
over a considerable range of energies, peaks from characteristic energy losses are much more difficult
to disentangle from the normal Auger spectrum than is usual in the case of photoelectron spectroscopy.
Also, the surface contamination will alter the nature of the characteristic loss peaks considerably.

Charging in Nonconducting  Samples

Charging as a result of an impinging beam of electrons on a nonconductor is a particularly serious prob-
lem in Auger spectroscopy. Often the charging and the resulting nonuniform surface potential prevent
a meaningful Auger spectrum. However, this problem often can be overcome by choosing the proper
angle of incidence and the energy of the primary electron beam. The important factor is the ratio δ (the
number of secondary electrons leaving the target to the number impinging on the target). If δ = 1, the
charge is stabilized. If δ < 1, the charge is negative, and if δ > 1, it is positive. The choice of impact
energy is also important. The factor δ becomes less than 1 if the energy of the impinging beam of elec-
trons is either too large or too small. Generally, the primary beam energy lies between 1.5 and 3.0 keV
depending on the application and the resolution required.

Scanning Auger Microscopy

With a finely focused electron beam for Auger excitation, AES can be used to perform two-dimensional
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surface elemental analysis (8). In this setup, the electron gun operation is similar to that used in con-
ventional scanning electron microscopy (SEM). A set of deflection plates raster the electron beam on
the sample. The scanning Auger system can be used to perform point Auger analysis with a spatial res-
olution on the order of 3 µm by using a minimum beam size of about 3 µm or to obtain a two-dimen-
sional mapping of the concentration of a selected surface element. The low-energy secondary electron
or absorbed current displays are used to monitor the surface topography and locate the areas of interest
on the sample. To obtain an elemental map, the intensity of the display is controlled by the magnitude
of the selected Auger peak. The most negative excursion in the differentiated Auger spectrum is taken
as a measure of the Auger current. A two-dimensional elemental map of the surface is obtained by set-
ting the pass energy of the electron spectrometer at the negative excursion of the Auger peak of interest,
while the output of the lock-in amplifier is used to modulate the intensity of the record display as the
electron beam is rastered across the sample. Three-dimensional analysis of the surface of a sample can
be obtained by using a combination of scanning Auger microscopy and sputter etching.

Analytical Information

Qualitative

Identification of Elements

Elements of an unknown sample can be identified easily by recording the AES spectrum over a wide
range (generally 0 to 2000 eV). The kinetic energies of the intense peaks present in the spectrum are
then compared with the elemental values.

Chemical Effects

The AES peaks involving valence electrons carry significant information about the chemical state of
the surface. The chemical effect may appear as a simple peak shift, a change in peak shape, or both. In
effect the valence of molecular orbital structure is convoluted into the Auger peak structure. Usually X-
ray photoelectron spectroscopy is the preferred technique for investigating the chemistry of the surface
as photoelectron peaks are sharper and chemical effects are more easily interpreted than in the case of
the corresponding Auger peaks. The interpretation is limited by the beam-induced effects. Many com-
pounds, particularly oxides, are readily decomposed under electron irradiation. Therefore, the current
density must be limited so that the specimen damage is acceptable in the time taken to make the mea-
surement.

Quantitative

The incident electron beam, on striking the solid, penetrates with both elastic an inelastic scattering and
ionizes atoms in the depth of 1 to 2 µm depending on the density of the material. Therefore, quantitative
analysis from the observed AES signal depends on the average concentration of the element and how
it is distributed within the first few atomic layers of the surface. The sensitivity to Auger electrons in
the outer surface layer is greater than that to electrons originating from subsurface layers because of
strong inelastic scattering. The Auger electron source volume generated by an incident electron beam
of diameter d and energy Ep produces an Auger current of an ABC Auger transition in an element x,
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given by

(42.7)

where Ip(E,Z) is the excitation electron flux density, σx(E, EA) is the ionization cross-section of the core
level A, Nx(Z) is the atomic density of the element x at a depth Z from the surface, exp(–Z/λ) is the Auger
electron probability for escape, λ is mean free path of the electrons and is a function of depth or the
matrix, and γx(ABC) is the ABC Auger transition probability factor (9). In order to simplify this equa-
tion, it is assumed that the chemical composition is homogeneous over a depth of region for which the
escape probability has a significant value. Also, the excitation flux density can be separated into two
components:

(42.8)

where IB(E,Z) is the excitation flux due to backscattered primary electrons and Ip is the primary electron
current. With these assumptions, the detected Auger current can be expressed as

(42.9)

where RB is the backscattering factor and T is the energy-dependent transmission of the analyzer.
Thus, knowing the ionization cross-section, the Auger yield, and the backscattering factor, accu-

rate quantitative analysis can be carried out using Eq. (42.9). In addition, the absolute Auger current
must be accurately measured. A further complication is surface roughness, which generally reduces the
Auger yield relative to flat surface. Because these requirements are generally not met for routine Auger
analysis, quantitative analysis using first principles is not considered practical. Two methods are gen-
erally used for quantitative AES analysis.

Measurement with External Standards

In this method, the Auger spectra from the specimen of interest are compared with that of a standard
with a known concentration of the element of interest. The concentration of element x in the unknown
specimen, is related to that in the standard, using Eq. (42.9) and is given by

(42.10)

This method has an advantage in that ionization cross-section and Auger yield data are not re-
quired, and the Auger current is reduced to a relative measurement.

When the unknown sample composition is similar to that of the standard, the escape depth and
backscattering factor are also eliminated from Eq. (42.10). The quantitative analysis thus reduces to the
measurement of signal amplitude. The only requirement is that the measurements be made under iden-
tical experimental conditions. When the composition of the standard is not similar to that of the un-
known sample, the influence of matrix on both the backscattering factor and the escape depth must be
considered in detail.

The backscattering factor can be obtained by comparing Auger yield against Ep curves with theo-
retical ionization cross-section versus Ep curves or with Auger yield versus Ep data from gaseous spec-
imens where the backscattering factor has negligible value.

Measurements with Elemental Sensitivity Factors

In quantitative AES analysis it is assumed that the composition of the sample in the near surface re-
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gion is homogeneous. Quantitative analysis involving the use of elemental sensitivity factors is less
accurate but is highly useful. The atomic concentration (C ) of an element x in a sample is given by

(42.11)

where Ix is the intensity of the Auger signal from the unknown specimen and Si is the relative sensitivity
of pure element i. The summation is for the corresponding ratios for all other elements present in the
sample. Because it neglects variations in the backscattering factor and escape depth with material, this
method is semiquantitative. The main advantages of this method are the elimination of standards and
insensitivity to surface roughness. In order to avoid the need for a large number of pure elemental stan-
dards, the signal from the specimen is compared with that from a pure silver target. Thus, the elemental
sensitivity factors relative to silver can be conveniently used in Eq. (42.11). Because the data are finally
represented in the differential mode, it is necessary to base the sensitivity factors on the peak-to-peak
height. This is valid only when the peak shape is invariant with the matrix. The atomic concentration
of element x is then given by

(42.12)

where Ix is the peak-to-peak amplitude of the element x from the test specimen, IAg is the peak-to-peak
amplitude from the Ag standard, and Dx is a relative scale factor between the spectra for the test spec-
imen and silver. If the lock-in amplifier sensitivity (Lx), modulation energy (Em,x), and primary beam
current (Ip,x) settings used to obtain the test spectrum are different from those of the Ag spectrum (that
is, LAg, Em,Ag, and Ip,Ag) the relative scale factor is

(42.13)

Depth Profiling

Depth profiling is one of the most important applications of AES because it provides a convenient way
of analyzing the composition of thin surface layers. It is a destructive technique. In this technique the
sample is eroded by ion sputtering. The sample is bombarded with ions accelerated in an ion gun to an
energy in the range 1 to 4 keV. As these energetic ions strike the sample a small amount of energy is
transferred to the surface atoms, which causes them to leave the sample. The ion beam is rastered on
the surface for a known time to remove a uniform layer of the sample. Under controlled conditions the
layer removed can be calculated. The residual surface is then analyzed by AES, giving the depth distri-
bution of different species in the sample. Inert gases (usually Ar) are commonly used as the ion sources
(10).

Applications

Auger electron spectroscopy is a very powerful surface analytical technique that has found applications
in many fields of solid-state physics and chemistry. AES is used to monitor the elemental composition
of surfaces during physical property measurements. Several phenomena such as adsorption, desorption,
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surface segregation from the bulk, measurement of diffusion coefficients, and catalytic activity of sur-
faces have been investigated using AES. It has also been used to study the surface compositional chang-
es in alloys during ion sputtering. Chemical properties such as corrosion, stress corrosion, oxidation,
and catalytic activity and mechanical properties such as fatigue, wear, adhesion, resistance to deforma-
tion processes, and surface cracking depend on surface properties. Similarly, grain boundary chemistry
influences mechanical properties such as low- and high-temperature ductility and fatigue, chemical
properties such as intergranular corrosion and stress corrosion, and electrical properties. AES has been
used to relate surface and grain boundary chemistry to properties of materials. AES has proved to be
extremely valuable compared to most other techniques, which are limited by either large sampling
depth or poor sensitivity. The main advantages of AES can be summarized as follows:

• Spatial resolution is high.

• Analysis is relatively rapid.

• Surface or subsurface analysis can be performed.

• It is sensitive to light elements (except H and He).

• It provides reliable semiquantitative analysis.

• Chemical information is available in some cases.

The disadvantages of this technique are as follows:

• Insulators are difficult to study due to surface charging.

• Surface may be damaged by the incident electron beam.

• Precise quantitative analysis may require extensive work.

• Sensitivity is modest (0.1 to 1 atom%).

• Depth profiling by ion sputtering or sectioning is destructive.

AES is expected to find increasing applications in many areas of science and technology requiring de-
tailed information on elemental identification, surface composition, oxidation states, and chemical
bonding.

Nuts and Bolts

Relative Costs
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Vendors for Instruments and Accessories

Comstock, Inc.
1005 Alvin Weinberg Dr.
Oak Ridge, TN 37830
phone: 423-483-7690
fax: 423-481-3884
email: salesinfo@comstockinc.com
Internet: http://www.comstockinc.com

Kurt J. Lesker Company
1515 Worthington, Ave.
Clairton, PA 15025
phone: 800-245-1656
fax: 412-233-4275
Internet: http://www.lesker.com

Physical Electronics
6509 Flying Cloud Dr.
Eden Prairie, MN 55344
phone: 612-828-6100
fax: 612-828-6322

Vacuum Generators-Microtech
Bellbrook Business Park
Bolton Close, Uckfield
East Sussex, United Kingdom TN22IQZ
phone: 44 (0) 1825 761077
fax: 44 (0) 1825 768343
e-mail: sales-microtech@vacgen.fisons.co.uk

Required Level of Training

The operation of the instrument requires a good knowledge of vacuum pumps. An understanding of the
computers and familiarity with the software are essential because the instruments are computer-con-
trolled. Extensive training is required for each kind of instrument as these instruments are designed dif-
ferently. The design of the experiment for the sample to be analyzed requires knowledge of the sample
chemistry. A graduate-level knowledge regarding the spectroscopy, atomic physics, solid-state physics,
and chemistry is required for understanding and interpreting the spectra.

Service and Maintenance

Routine adjustment and calibration of the energy analyzer are needed. The vacuum pumps need main-
tenance. Care must be taken to load only samples that are vacuum compatible, that is, ones that do not
outgas in vacuum. The detection of malfunctioning electronic components is facilitated by plug-in
cards. The detector is expensive and cumbersome to replace. The filament of the electron gun must be
replaced often. Due to the design of the modules, most of these replacements must be carried out by
trained personnel. The electron optics and the ion gun focusing components are not normally aligned
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on-site. They need regular attention to ensure proper operation of the instrument. Most companies offer
service contracts but they are expensive.

Suggested Readings

BRIGGS, D., AND M. P. SEAH, EDS., Practical Surface Analysis by Auger and X-ray Photoelectron Spectroscopy. 
New York: Wiley, 1983.

CHILDS, K. D., AND OTHERS, in C. L. Hedberg, ed. Handbook of Auger Electron Spectroscopy. Eden Prairie, MN: 
Physical Electronics Publishing, 1995.

CZANDERNA, A. W., in S. P. Wolsky and A. W. Czanderna, eds. Methods of Surface Analysis. Amsterdam: Elsevi-
er, 1988.

ERTL, G., AND J. KUPPERS, Low Energy Electrons and Surface Chemistry. Deerfield Beach, FL: VCH, 1985.

MCGUIRE, G. E., AND OTHERS, “Surface Characterization,” Analytical Chemistry, 65 (1995), 199R.
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Chapter 46

Molecular Weight Determinations

David M. Meunier
The Dow Chemical Company

Summary

General Uses

• Determination of absolute and apparent molecular weight distribution (MWD) for polymers 
and biopolymers

• Determination of polymer concentration in a matrix

• Determination of copolymer and blend composition (multidetector methods)

• Determination of branching, in conjunction with low-angle laser light scattering or viscometry

• Sample cleanup

• Chromatographic cross-fractionation of copolymers (in conjunction with precipitation or ad-
sorption chromatography)

• Separation of small molecules

• Preparative size exclusion chromatography (SEC) for isolating relatively large quantities of 
particular components

Common Applications

• Determination of MWD of organic and aqueous-soluble polymers

• Establishing molecular weight/property relationships

• Quality control

• Sample cleanup for determination of additives or oligomer distributions
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Samples

State

Solid or liquid polymer samples can be analyzed.

Amount

For polydisperse samples, 25 to 100 mg is desirable. For monodisperse samples, 1 to 20 mg is desirable.

Preparation

Sample is dissolved in SEC eluent and filtered before analysis. Care is taken not to fractionate the sam-
ple on the filter membrane.

Analysis Time

Sample preparation consists of weighing the sample, adding a specific volume of solvent, and using
light agitation to achieve dissolution. Dissolution can be the rate-limiting step for SEC analysis time,
requiring on the order of 0.5 to 24 hr or more, depending on the sample. Because alteration of the prop-
erty to be measured may occur, devices that induce high shear on the polymer sample (such as ultra-
sonic baths) should not be used to expedite sample dissolution. Additionally, crystalline polymers often
require heating to achieve dissolution, but one should determine whether heating changes the sample
MWD before applying heat.

A chromatogram can be obtained in 10 to 60 min depending on the number of columns used and
the eluent flow rate. Data analysis (with a computer) requires only a few minutes per chromatogram.

Calibration with narrow MWD standards requires 1 to 2 hr depending on the number of standards
used to establish the calibration. Typically, up to four narrow fraction standards can be analyzed in a
single injection, provided there are sufficient molecular weight differences to achieve baseline resolu-
tion.

Limitations

General

• Only apparent molecular weights are determined unless molecular weight standards exist of the 
same composition and topology as the unknown, LALLS or viscometry is used, or the Mark–
Houwink parameters of standards and sample are known.

• Suitable or compatible solvents must be found for characterization of difficult-to-dissolve poly-
mers (such as nylon).

• SEC is an inherently low-resolution technique, but this is typically not a real limitation for 
broad-MWD synthetic polymers.

Accuracy
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For samples where absolute molecular weight calibration is possible, we can readily achieve accuracy
within ±5%.

Complementary or Related Techniques

For Molecular Weight Distributions

• Thermal field flow fractionation: For a given composition, polymer molecules are separated ac-
cording to differences in the ordinary (Fick’s) diffusion coefficient. Polymers of different com-
position are separated according to differences in the thermal diffusion coefficient.

• Mass spectrometry: Matrix-assisted laser desorption time-of-flight mass spectrometry has been 
applied to synthetic polymers and proteins of relatively low molecular weight (less than 
150,000 Da).

• Ultracentrifugation: This tedious, older technique relies on the measurement of sedimentation 
coefficients, which can be used to calculate molecular weights. Although still used sparingly, 
this technique has been made obsolete by more current polymer characterization techniques.

For Molecular Weight Averages Only

• Static low-angle laser light scattering for absolute weight-average molecular weight

• Colligative properties for absolute number-average molecular weight (such as vapor phase os-
mometry)

• End-group analysis for absolute number-average molecular weight (such as titrations or nuclear 
magnetic resonance)

• Solution viscosity for measurement of viscosity-average molecular weight, provided one 
knows or can measure the Mark–Houwink coefficients

• Quasielastic light scattering (or photon correlation spectroscopy) to determine diffusion coeffi-
cients of polymers, which are related to polymer molecular weight

Introduction

Size exclusion chromatography (SEC) is an extremely important technique for characterizing macro-
molecules. SEC is a high-performance liquid chromatographic (HPLC) technique in which molecules
are separated according to differences in hydrodynamic volume. This separation mechanism is made
possible by the packing material in the column. The packing material is made of porous (rigid or semi-
rigid) spherical particles (3 to 20 µm). The retention in SEC is governed by the partitioning (or ex-
change) of the macromolecular solute molecules between the mobile phase (the eluent flowing through
the column) and the stagnant liquid phase that occupies the interior of the pores. The range of macro-
molecular sizes that can be separated with a given column depends on the size (or size distribution) of
the pores. The resulting chromatogram in an SEC experiment thus represents a molecular size distribu-
tion.
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The relationship between molecular size and molecular weight depends on the conformation of the
dissolved solute molecules. However, for any solute conformation (such as random coil, rigid rod, or
hard sphere), the molecular size increases with molecular weight. The rate at which the molecular size
increases with molecular weight varies for the different possible solute conformations. Most synthetic
polymer samples can be categorized as random coil solutes. As such, the relationship between molec-
ular size (radius of gyration, Rg) and molecular weight is Rg ∝ Mα, where the exponent is a constant
dependent on the solute composition, the temperature, and the solvent. Given that the molecular size is
related to the molecular weight of the polymer, the molecular size distribution obtained in the SEC ex-
periment can be converted into a molecular weight distribution (MWD) if we can establish a molecular
weight versus retention volume calibration.

How It Works

The diagram in Fig. 46.1 illustrates the sequence of events that occur during an SEC experiment. Larger
solutes elute from the column first; smaller solutes elute from the column later. Consider the analysis
of a hypothetical mixture of large and small polymer solutes by SEC. The first frame in Fig. 46.1 shows
the injection of the mixture as a narrow band at the head of the column. In the second frame, the devel-
opment of size separation is illustrated. In this frame, the larger polymer solutes are clearly migrating
through the column at a faster rate than the smaller solutes. The larger solutes are more excluded from
the pores in the packing, and thus spend more time in the mobile phase than in the stagnant mobile
phase contained within the pores. The smaller solutes can enter more of the pores containing the stag-
nant mobile phase. As a result, the smaller solutes spend more time in the column. In the third frame,
the larger molecules elute from the column and are detected by a suitable detector, and in the last frame,
the small molecules elute.

The sequence of events illustrated in Fig. 46.1 serves only to describe the mechanism of separation
in SEC. Real samples of synthetic polymers usually contain a broad distribution of molecular sizes that
cannot be separated into individual SEC peaks. Rather, an SEC chromatogram of a given polymer sam-
ple is typically a broad peak, with the earlier-eluting species representing the high-molecular-weight spe-
cies and the late-eluting species representing the low-molecular-weight species.

In SEC, retention depends on the continuous exchange of solute molecules between the mobile
phase and the stagnant mobile phase within the pores of the packing. This exchange is an equilibrium,
so entropy-controlled processes and enthalpic processes such as adsorption are undesirable in SEC.
Thus, the SEC retention volume (Vr) is expressed as shown in Eq. (46.1).

(46.1)

where Vo = the exclusion volume or interstitial volume between the packing particles (defined in Fig.
46.2), Vp = the pore volume (defined in Fig. 46.2), Vs = the stationary phase volume, KSEC = the SEC sol-
ute distribution coefficient, and KLC = the liquid chromatography solute distribution coefficient.

Because ideal SEC retention is governed only by entropic contributions, the column packing ma-
terial/eluent combination is chosen such that KLC is minimized or ideally KLC = 0.

The dependence of Vr on solute molecular weight represents the SEC calibration curve. An ex-
ample calibration curve, generated from an injection of four narrow-fraction molecular weight stan-
dards, is shown in Fig. 46.2. In this example, the highest-molecular-weight species is entirely
excluded from the pores in the packing, so its retention volume is equal to the interstitial or exclusion
volume, in which case KSEC is zero. The lowest-molecular-weight standard permeates all of the pores
within the SEC column, so its retention volume equals the sum of the interstitial volume and the pore

V r Vo V pKSEC V sKLC+ +=
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volume. This volume is called the total volume or total permeation limit. The value of KSEC for species
eluting at the total permeation limit is 1. The two intermediate-molecular-weight standards can per-
meate the pores to some extent, so they are separated according to their respective hydrodynamic vol-
umes. The value of KSEC for peaks eluting in this region is 0 < KSEC < 1.

The linear region in Fig. 46.2 defines the useful region for SEC separation of macromolecules. The
molecular weight range covered by the linear region of the SEC calibration curve depends on the size
of the pores in the packing material. For single pore size columns, the useful region for SEC covers ap-
proximately 2 decades in molecular weight. (Gels with pore sizes ranging from 106 to 50 Å are typi-
cally available in a wide variety of compositions.) Most synthetic polymer samples have broad MWDs
that span more than 2 decades in molecular weight. Individual pore size columns can be coupled to pro-
vide the required separation range, or mixed-bed columns (columns containing a mixture of pore sizes)
can be used. Mixed-bed columns are designed to provide several orders of magnitude (4 to 5) in mo-
lecular weight separation range. The choice of column depends on the sample composition, solvent op-
tions, and molecular weight range. The goals are to have ideal SEC retention (that is, separation by size

Figure 46.1 Illustrative description of separation in SEC. (From Introduction to Modern Liquid Chromatography, 
2nd edition by L. Snyder and J. J. Kirkland, © 1979 by John Wiley & Sons, Inc. Reprinted by permission of John 
Wiley & Sons, Inc.)
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only) and optimal resolution. Resolution in SEC depends on the slope (and column dispersion) of the
linear calibration region. The column should be chosen such that the linear range encompasses the en-
tire MWD of the sample with the smallest (absolute value) slope available. A detailed discussion of res-
olution in SEC and its impact on molecular weight accuracy is beyond the scope of this chapter. The
interested reader is encouraged to consult the Suggested Readings.

What It Does

Size exclusion chromatography is widely used for determination of polymer molecular weight and
MWD. For polymer characterization, molecular weight and MWD are important because they can have
significant impact on physical properties. Because SEC is useful for determination of molecular weight
and MWD, it is an important technique for aiding in the establishment of structure/property relation-
ships for polymers. Once molecular weight/property relationships are established, SEC can be used in
quality control fashion to ensure the production of polymers having desirable physical properties. SEC
can also be used to aid in optimization of process conditions for production of materials with desirable
molecular weight. SEC may also be used for comparing the MWD of samples that may perform differ-
ently in end-use applications.

Synthetic polymers differ from small molecules in that they cannot be characterized by a single
molecular weight. In a synthetic polymerization, a distribution of chain lengths (that is, molecular

Figure 46.2 Log molecular weight versus retention volume plot for a typical SEC experiment with four 
narrow-fraction molecular weight standards.  (From Introduction to Modern Liquid Chromatography, 2nd 
edition by L. Snyder and J. J. Kirkland, © 1979 by John Wiley & Sons, Inc. Reprinted by permission of John Wiley 
& Sons, Inc.)
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weights) is produced. This distribution can be described by any number of molecular weight averages.
The most common molecular weight averages used in establishing molecular weight/property relation-
ships are the number-average (Mn), weight-average (Mw), and z-average (Mz) molecular weights. These
averages are defined by the following expressions:

(46.2)

(46.3)

(46.4)

Here Ni and Wi are the number and weight, respectively, of molecules having molecular weight Mi.
The subscript i is an index representing all molecular weights present in the ensemble of chains. Note
that each of the above equations contains three representations of the particular molecular weight aver-
age. The third representation in each case (farthest right) defines how one obtains these averages from
SEC chromatograms. hi is the height (from baseline) of the SEC curve at the ith elution increment and
Mi is the molecular weight of species eluting at this increment. Mi is obtained via calibration with ap-
propriate standards.

Conversion of the retention volume axis in SEC to a molecular weight axis (that is, calibration) can
be accomplished in a number of ways including peak position, universal calibration, broad standard (in-
tegral and linear), and determination of actual molecular weight. In the peak position method, a series
of well-characterized, narrow-fraction molecular weight standards of known peak molecular weight
(Mp) are injected onto the SEC system and the retention volumes determined. A plot of log Mp versus
retention volume is constructed as shown in Fig. 46.3. Depending on the type of SEC columns used,
the calibration data points can be fit with either a linear or a third-order polynomial function. For deter-
mination of absolute molecular weights, the peak position calibration is of limited utility because only
a few commercially available standards exist, and in order for the molecular weight calibration to be
valid, the composition and topology of the standards and unknown must be the same.

We could prepare and characterize calibration standards via preparative fractionation schemes and
absolute molecular weight techniques (such as LALLS), but these efforts can be costly and time-con-
suming. In some instances, the accuracy of the calibration is not important because the researcher may
be interested only in comparing two samples to determine whether there is a relative difference in mo-
lecular weight. In these cases, only apparent molecular weight information is obtained, and for compar-
ison of sample MWDs, calibration may not even be necessary. However, in other cases, absolute
molecular weight data may be necessary. In these cases, alternative calibration schemes exist.

One such scheme is the universal calibration principle shown in Fig. 46.4. The product of intrinsic
viscosity, [η], and molecular weight is proportional to hydrodynamic volume, and in ideal SEC, mole-
cules are separated according to hydrodynamic volume. In 1967, Benoit showed that the calibration for
polymers of different types can be merged into a single line when plotted as log [η]M versus retention
volume, as opposed to the typical log M versus retention volume shown in Fig. 46.3. There are two
ways to use the universal calibration principle to glean absolute molecular weight data. One way is to
use an on-line viscometer to determine [η] at each SEC retention increment. Well-characterized nar-
row-fraction molecular weight standards can be used to generate the universal calibration curve. The
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plot of log [η]M versus retention volume and the measured [η]s for the sample allow one to calculate
M at each retention volume increment.

Alternatively, one may combine the universal calibration principle and the Mark–Houwink equa-
tion to determine absolute molecular weights. From the universal calibration principle,

(46.5)

where the subscript i refers to the particular SEC retention time increment and the subscripts A and B
refer to polymers of different composition. The Mark–Houwink equation is given below.

(46.6)

where k and α are constants that depend on polymer composition, temperature, and solvent. Combining
Eqs. (46.5) and (46.6) yields

(46.7)

Rearrangement of Eq. (46.7) gives

(46.8)

where R = (1 + αB)/(1 + αA).
Thus, with knowledge of the Mark–Houwink parameters for the standards and the sample (in the

SEC eluent), one can determine absolute sample molecular weights. Published values of Mark–Hou-
wink parameters in common SEC solvents are available for many polymers. When published constants
are not available, they may be measured via Eq. (46.6). However, the measurement of k and α require
standards of known molecular weight.

A third type of calibration in SEC is called broad-standard-calibration. Many types of broad-
standard calibration schemes are used. The integral calibration scheme requires the complete MWD
of a broad standard be known. Accurate characterization of a sample for the purposes of establishing
it as a broad standard can be tedious and time-consuming. In many instances, a model such as the
Flory most-probable model is used with the measured Mn or Mw to predict the complete MWD of a

η[ ]i A, Mi A, η[ ]i B, Mi B,=

η[ ] kM α=

kAMi A,
1 αA+ kBMi B,

1 αB+=

Mi A, kB kA⁄( )1 1 αA+⁄ Mi B,
R=

Figure 46.3 SEC calibration curve for 17 narrow-fraction polystyrene molecular weight standards analyzed using 
two mixed-gel SEC columns and tetrahydrofuran as the mobile phase.  The line is a third-order polynomial fit of 
the data points.
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broad standard. Use of this approach requires that the polymer standard closely follow the theoretical
model, which limits the applicability of this approach.

A second, more widely used method for broad-standard calibration is the linear method. This ap-
proach requires a broad standard of known Mn and Mw. The method consists of an iterative search for
the coefficients of a linear calibration equation (log M versus retention volume), such that the equation
yields the known values of Mw and Mn for the broad standard.

Finally, one may determine the absolute calibration by using an absolute molar mass sensitive de-
tector, such as a LALLS detector. In this approach, the absolute Mw is determined at each SEC elution
volume increment. The plot of the determined log Mw versus retention volume represents the calibration
curve. The calibration curve is then applied to the concentration detector chromatogram for determina-
tion of molecular weight averages and MWD.

Figure 46.4 Universal calibration plot.  (From H. Benoit et al., Journal of Polymer Science, Part B, 5, 753, copyright © 
1967. Reprinted by permission of John Wiley & Sons, Inc.)
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Analytical Information

Qualitative

SEC is typically not used for qualitative analyses, as separation is governed by size, not composition.
However, simple comparison of SEC chromatograms can provide qualitative information about differ-
ences in MWDs for unknowns having the same composition and topology.

Quantitative

SEC is used for determination of MWDs and molecular weight averages. MWDs are typically calcu-
lated and presented in one of two ways. The cumulative weight fraction MWD of a typical polystyrene
sample is shown in Fig. 46.5. The right-hand y-axis is the cumulative weight percentage of chains hav-
ing molecular weight less than Mi. A second, more popular, way of presenting MWD data is the differ-
ential weight (dw) fraction MWD, also shown for the same polystyrene sample in Fig. 46.5. Most
commercially available SEC software packages provide these options for plotting MWD data. Consult
the Suggested Readings section for more information regarding the details of converting a SEC chro-
matogram to a MWD plot.

Integrated SEC peak areas may also be used for determining the concentration of polymer in a ma-
trix. For example, the concentration of polymer in a monomer sample may be determined via SEC. Typ-
ically, in these types of experiments, MWD information may not be desired. In these cases, a small pore
size column is chosen such that the polymer is excluded (and thus well separated from the monomer
peak). The excluded peak area is then used to calculate the concentration of polymer in the monomer
sample. Determination of the concentration of polymer in other small- molecule matrices may be ac-
complished in a similar fashion.

Figure 46.5 Cumulative and differential weight fraction log MWDs for the same polystyrene sample.  Mp = 
204685, Mn = 100988, Mw = 255949, and Mz = 482307; polydispersity (Mw/Mn) = 2.534 with peak area = 906374.
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Applications

The number of applications of SEC to the characterization of synthetic polymers and other macromol-
ecules is enormous. The scope of this handbook does not allow for discussion of even a small fraction
of the total SEC applications. A number of review articles have been written that adequately cover the
recent applications of SEC to macromolecular characterization, and are cited in the Suggested Readings
section. Two examples are presented here to give the reader a small sampling of typical SEC applica-
tions.

1. Determination of the MWD and Molecular Weight Averages 
of a Polystyrene Sample.

The absolute MWD of a polystyrene sample was determined by SEC using a peak position calibration
curve generated from narrow-fraction polystyrene molecular weight standards. A solution of the poly-
mer was prepared in tetrahydrofuran (THF) at a concentration of 2.0 mg/mL. The solution was filtered
through a 0.2 µm filter before injection. Separation was performed on two mixed-gel SEC columns de-
signed to provide a linear separation range for polystyrene from approximately        3 × 106 Da to 500
Da. THF at a flowrate of 1 mL/min was used as the eluent. A differential refractive index detector was
used to detect the eluting peaks. A total of 17 narrow fraction polystyrene molecular weight standards
were injected to determine the log Mw versus retention time calibration via the peak position method. The
calibration curve was fit to a third-order polynomial as shown in Fig. 46.3. The resulting SEC chromato-
gram of the polystyrene sample is shown in Fig. 46.6, and the MWD is shown in Fig. 46.5 along with
the calculated molecular weight averages.

Figure 46.6 SEC chromatogram of a polystyrene sample.
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2. Comparison of the Apparent MWDs of Polyurethane Samples 
After Various Processing Steps.

Three polyurethane samples that had undergone various thermal cycles were analyzed by SEC. The
samples were virgin pellets, compounded pellets, and an injection-molded part. SEC was performed on
the same column set and detector described in the previous example. The eluent (and solvent for sample
dissolution) was N,N,dimethylformamide containing 0.4% (w:v) lithium nitrate. Narrow-fraction poly-
ethylene oxide (PEO) molecular weight standards were used for calibration. Thus, the results generated
in this case are PEO apparent data. The resulting MWDs are overlaid in Fig. 46.7. Although the data
are based on PEO standards, clearly there is a systematic decrease in molecular weight after each ther-
mal processing step.

Nuts and Bolts

Relative Costs

Instruments for high-temperature SEC can be obtained for $$$$ to $$$$$.

Pumps $$

Columns $

Autosamplers $$

Concentration detectors $ to $$

Data system $$ to $$$

Viscosity detector $$$

$ = 1 to 5 K, $$ = 5 to 15 K, $$$ = 15 to 50K, $$$$ = 50 to 100K, 
$$$$$ = >100K.

Figure 46.7 PEO apparent MWDs of polyurethane samples after various thermal processing steps. Virgin = solid 
curve, compounded = dashed curve, injection-molded = dot-dashed curve.
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Vendors for Instruments and Accessories

Alltech Associates (pumps, detectors, columns)
2051 Waukegan Rd.
Deerfield, IL 60015-1899
phone: 847-948-8600
fax: 847-948-1078
email: 73554.3372@compuserve.com
Internet: http://www.alltechweb.com

Hewlett-Packard (LC systems, data systems)
2850 Centerville Rd.
Wilmington, DE 19808
phone: 302-633-8504, 800-227-9770
fax: 302-633-8902
Internet: http://www.hp.com/go/chem

Micra Scientific Inc. (columns)
1955 Techny Rd., Suite 1
Northbrook, IL 60062
phone: 847-272-7877
fax: 847-272-7893
Internet: http://www.micrasci.com

Perkin-Elmer (LC systems, data systems)
761 Main Ave.
Norwalk, CT 06859-0001
phone: 800-762-4000
email: info@perkin-elmer.com
Internet: http://www.perkin-elmer.com

Polymer Laboratories (columns, detectors, high-temperature SEC instruments, 
data systems, molecular weight standards)
160 Old Farm Rd.
Amherst, MA 01002
phone: 413-253-9554
fax: 413-253-2476

TosoHaas (columns)
156 Keystone Dr.
Montgomeryville, PA 18936
phone: 215-283-9385, 800-366-4875
fax: 215-283-5035
Internet: http://www.rohmhaas.com/tosohaas

Varian Associates (LC systems, data systems, columns)
2700 Mitchell Dr.
Walnut Creek, CA 94598
phone: 510-939-2400, 800-926-3000
fax: 510-945-2102
Internet: http://www.varian.com
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Waters Corp. (columns, high-temperature SEC instruments, 
LC components, data systems)
34 Maple St.
Milford, MA 01757
phone: 508-478-2000, 800-252-4752
fax: 508-872-1990
email: info@waters.com
Internet: http://www.waters.com

Required Level of Training

The skill levels required for performing SEC experiments can vary greatly depending on the particular
application. For example, a trained chemical technician can perform most routine SEC experiments
where conditions for ideal SEC have been defined. On the other hand, development of ideal SEC con-
ditions for complex polymer systems requires a far greater skill level. In these cases, training in analyt-
ical chemistry, separations science, and polymer chemistry and materials characterization is most
useful.

Service and Maintenance

Service and maintenance requirements for SEC are no different from those required for conventional
HPLC. Column performance can be evaluated on a daily basis through the calculation of Dσ (where D
is the slope of the linear region of the SEC calibration curve and σ is the peak variance for a monodis-
perse polymer peak), peak asymmetry, and number of theoretical plates.
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