
area of the beam at any focus-that is, 
the throughput, is greater for an interfer- 
ometer than for a monochromator. 

For  interferograms to be transformed 

Fourier Transform 
Infrared Spectrometry 

Peter R. Griffiths 

The origin of Fourier transform tech- 
niques for the measurement of high-qual- 
ity infrared spectra can be traced back to 
the turn of the century, when Michelson 
first described the interferometer that 
now bears his name (I). In this instru- 
ment an input collimated beam of light is 
divided into two paths by a beamsplitter. 
The length of one of these paths is con- 

lengths even at the centerburst, so  that a 
typical "real" interferogram in this re- 
gion is not symmetrical, but usually has 
the form shown in Fig. IA. 

The interferogram is related to the 
spectrum through its Fourier transform 
(FT), and the F T  of the interferogram 
seen in Fig. IA is shown in Fig. 1B. 
Transmittance spectra are usually mea- 

Summary. The theory and instrumentation for Fourier transform infrared spectrom- 
etry are discussed. These instruments measure infrared spectra of the same quality 
as spectra measured on grating spectrometers in about one thousandth of the time. 
Their sensitivity advantage for spectra measured in equal times is between a factor of 
10 and 100. Commercial spectrometers are now available from nine vendors in North 
America. Important areas of chemistry include atmospheric monitoring, surface 
chemistry, and on-line identification of chromatographically separated materials. 
Many new biochemical and biomedical applications are also becoming apparent, 
including investigations of phase transitions in lipids and studies of the biocompatibili- 
ty of implant polymers. 

stant, while the other may be varied by 
translating a mirror. The two beams are 
recombined at  the same beamsplitter, so 
that on the average half the beam re- 
turns to the source and the other half 
passes to a detector, usually after pass- 
ing through an absorbing sample. The 
effect of the moving mirror is to intro- 
duce a path difference, and hence a 
phase difference, between the two beams 
on recombination at  the beamsplitter, so  
that interference between these beams 
occurs. 

For a monochromatic source and a 
mirror moving at constant velocity, the 
signal measured at  the detector (which is 
known as  the interferogram) is sinusoi- 
dal. For  a polychromatic source, the 
interferogram is the resultant of the sinu- 
soidal signals of the individual wave- 
lengths emitted by the source. Only 
when the fixed and moving mirrors are 
equidistant are the sinusoidal signals due 
to each wavelength emitted by the 
source in phase. At this point the inter- 
ferogram has a very large amplitude, and 
this region is often called the "center- 
burst." In practice, there is usually a 
very small phase shift between all wave- 

sured by first measuring a single-beam 
background spectrum such as  this; a 
sample is then placed in the beam and its 
single-beam spectrum is also measured. 
The ratio of these two spectra gives the 
transmittance of the sample, and the 
negative logarithm of this spectrum is 
usually computed to yield the absor- 
bance spectrum. 

There are several advantages to mea- 
suring Infrared spectra ~nterferometrical- 
ly. The first is the multiplex (or Fellgett) 
advantage, which is der~ved  from the 
fact that radiation at all wavelengths 
reaches the detector s~multaneously 
throughout the measurement. All other 
factors being equal, the Fellgett advan- 
tage allows spectra of the same signal-to- 
noise ratio (SNR) to be measured M 
times faster on a Fourier spectrometer 
than on a monochromator, where M is 
the number of resolution elements in the 
spectrum. For  equal measurement times, 
the SNR of spectra measured on a Fouri- 
e r  spectrometer is m t i m e s  greater. 
The second advantage is the optical 
throughput (or Jacquinot) advantage: for 
spectra measured at the same resolution, 
the product of the solid angle and the 

into spectra, they must be digitized. In 
essentially all modern Fourier transform 
infrared (FTIR) spectrometers, this goal 
is achieved by sampling at equal inter- 
vals of optical path difference using the 
sinusoidal interferogram from a helium- 
neon laser beam which is passed through 
a different region of the beamsplitter of 
the interferometer. The infrared interfer- 
ogram is generally digitized once per 
wavelength of the laser interferogram 
(typically at a zero-crossing). This meth- 
od of sampling gives rise to the third 
major advantage of FTIR spectrometry, 
which is its extremely high wave number 
precision. 

A fourth benefit, which results in part 
from the good SNR and wave number 
precision of FTIR spectra, is the ease 
with which spectra can be manipulated 
in a computer. Many of the applications 
of FTIR spectrometry that will be sum- 
marized in this article are derived as  
much from the way in which the data 
were manipulated as from the high SNR 
of the spectra themselves. 

Commercially Available Instrumentation 

Optics. The first two interferometers 
designed for Fourier transform spec- 
trometry appeared in the marketplace in 
the mid-1960's. A far-infrared spectrom- 
eter was designed and sold by Research 
and Industrial Instruments Corporation 
(RIIC) in England. This was a slow- 
scanning instrument, in which the radia- 
tion from a mercury lamp source was 
chopped, passed through the interfero- 
meter and sample, and subsequently fo- 
cused onto a Golay detector. Interfero- 
grams were usually digitized by using a 
paper-tape punch and transformed at a 
remote computer. The other Fourier 
spectrometer, introduced by Block Engi- 
neering in Cambridge, Massachusetts, 
incorporated a small rapid-scanning in- 
terferometer. This instrument differed in 
several important ways from the RIIC 
spectrometer. First, the modulation fre- 
quencies imposed by the interferometer, 
glven by 

j '= 2Vis Hz (1) 

where V is the velocity of the mirror (cm 
sec- ' )  and C is the wave number (cm-I), 
were in the audio-frequency region. The 
signal could therefore easily be detected 
without the need for a chopper. Mea- 
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Fig. 1. (A) Typical mid-infrared interferograms measured with an optical path difference of 
0.125 cm. An expanded view of the centerburst is also shown. (B) Transform of (A), which is a 
single-beam spectrum of this interferogram; resolution is 8 cm-'. 

surement times were typically less than 1 
second per scan, and signal-averaging 
techn~ques could be used to increase the 
SNR. Unlike modern interferometers, 
the instrument was not laser-referenced, 
so  the mirror could not be translated 
very far before successive interfero- 
grams lost their phase coherence. This 
meant that the resolution of these instru- 
ments was very low, since the nominal 
spectral resolution of FTIR spectro- 
meters is given by the reciprocal of the 
maximum path difference between the 
two beams in the interferometer. Inter- 
ferograms were co-added by a signal 
averager and the Fourier transform was 
performed with an audio-frequency 
wave analyzer. 

By the end of the 1960's, several im- 
portant '  developments had been made 
which paved the way to modern FTIR 
spectrometry. The so-called fast Fourier 
transform (FFT) algorithm, reported by 
Cooley and Tukey (2) in 1965, was ap- 
plied to  FTIR spectrometry by Forman 
(3) the following year. This algorithm 
usually reduces the time required to 
compute the spectrum by two orders of 
magnitude (and even more for high-reso- 
lution spectrometry). The development 
of laboratory minicomputers and disks 
allowed the FFT to be performed rapidly 
after data acquisition, and permitted 
spectra to  be manipulated interactively. 
Small reliable He-Ne lasers allowed in- 
terferograms to be digitized at precisely 
equal intervals of path difference, so that 
the moving mirror could be translated 
over greater distances, resulting in high- 
er spectral resolution. Finally, use of the 
triglycine sulfate (TGS) pyroelectric bo- 
lometer, which has a better high-fre- 
quency response than conventional ther- 
mal detectors, permitted the use of faster 
scan speeds than the original Block Engi- 
neering interferometer. This use of fast 
scan speeds was very important for a 

rather surprising reason. The SNR of the 
interferogram could become so  high in 
the region of the centerburst at slow scan 
speed that it could actually exceed the 
dynamic range of a 15-bit analog-to-digi- 
tal converter. With faster scanning, the 
SNR could be reduced to a level below 
the dynamic range of the analog-to-digi- 
tal converter, allowing valid signal aver- 
aging to be performed. 

The first interferometer to  incorporate 
these innovations was the Digilab FTS- 
14. This instrument was introduced in 
late 1969 and Digilab was the dominant 
vendor of rapid-scanning FTIR spectro- 
meters for several years. During this 
period, the potential of FTIR spectrome- 
try beca~ne  clear. However, because of 
the marginal reliability of early comput- 
ers, disks, and peripherals, these instru- 
ments did not become accepted as rapid- 
ly as, say, FTNMR spectrometers did 
after their introduction. Nevertheless, 
many of the features that have enabled 
FTIR spectrometers to become so  popu- 
lar today, such as spectral subtraction 
and the gas chromatographic interface, 
were first developed on this instrument. 

A few years after the Digilab instru- 
ments were introduced, a company 
called EOCOM developed a competitive 
interferometer. Although this instrument 
also did not have immediate appeal to 
the chemical marketplace, it actually had 
much to d o  with the current popularity of 
FTIR spectrometry, since in 1975 the 
Nicolet Instrument Corporation took 
over the infrared product line of EO- 
COM. They added their own data system 
to the EOCOM interferometer, to form 
the Nicolet model 7 199 FTIR spectrome- 
ter. The healthy competition between 
Digilab and Nicolet hastened the devel- 
opment of the sensitive, reliable, versa- 
tile instruments of the present day. 

The Nicolet and Digilab instruments 
involved similar design concepts. Each 

used a standard 90" Michelson interfer- 
ometer, with the moving mirror being 
driven on an air bearing to ensure that its 
plane was maintained parallel to  better 
than 1 km throughout the scan. In both 
instruments an interferogram of a white 
visible light source was measured along 
with the infrared and He-Ne laser inter- 
ferograms. The centerburst of the white 
light interferogram acted as  a "fiducial 
mark" to trigger the onset of data acqui- 
sition. Both instruments produced excel- 
lent spectra and led to a general accep- 
tance of the superiority of FTIR specto- 
meters over grating spectrometers by the 
end of the decade. 

Since the Digilab and Nicolet deslgns 
became accepted as standard, many oth- 
e r  companies have introduced variations 
of this basic design. One of the first 
variations was the Genzel interferome- 
ter, which forms the basis of the Bruker 
IFS 113 and IBM IW95 spectrometers. 
In these interferometers, the beamsplit- 
ter is located at  a focus, after which the 
reflected and transmitted beams are col- 
limated and passed to the opposite faces 
of a moving double-sided mirror. This 
design has one advantage over the stan- 
dard Michelson interferometer. The 
small size of the focused beam at  the 
beamsplitter allows several different 
beamsplitters, each optimized for a cer- 
tain spectral region, to  be mounted on a 
wheel and brought into the beam on a 
command from the computer. Thus the 
instrument can be kept evacuated even 
when changes between spectral regions 
are made. 

Another trend-setting instrumental de- 
sign was that of Bomem in Canada. In 
the Bomem interferometers, the align- 
ment of the moving mirror is monitored 
by three laser beams throughout the 
scan, and the plane of the mirror is 
adjusted continuously to  maintain paral- 
lelism. In this way Doppler-limited 
(0.002 cm-') spectra can be measured 
without resorting to more complicated 
optical designs. Recently, Beckman In- 
struments introduced two relatively in- 
expensive FTIR spectrometers in which 
the moving mirror is also dynamically 
aligned. The Beckman FT-1000 and 2000 
series FTIR spectrometers are one ex- 
ample of several inexpensive' Fourier 
spectrometers that are now commercial- 
ly available. These include the Nicolet 
10-DX and 20-DX and the IBM Instru- 
ments IRl32, which employ a conven- 
tional air-bearing drive 90" Michelson 
interferometers; the Nicolet 5-MX, 
which incorporates a "porch-swing" 
drive; and the Digilab Qualimatic, for 
which the angle between the fixed and 
moving mirrors is 60". A very recent 
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addition to the marketplace was an- 
nounced by Mattson Instruments; their 
interferometer has cube-corner mirrors 
instead of the conventional plane mirrors 
of the standard Michelson interferome- 
ter. This design gives a result similar to  
the use of dynamic alignment but is less 
complex electronically. 

All the instruments above are variants 
of the standard Michelson interferome- 
ter. There is, however, one design that is 
radically different. This is the refractive- 
ly scanned interferometer, which is the 
basis of the Analect Instruments fX-6200 
series and the Perkin-Elmer model 1500. 
In this design the path difference is gen- 
erated by scanning a wedge of KRr 
across another wedge which is coated 
with germanium, as shown in Fig. 2. The 
design is claimed to exhibit greater sta- 
bility to vibrations than a conventional 
Michelson interferometer (although in a 
laboratory environment its performance 
is comparable). 

Other than the interferometer itself, 
several other components affect the per- 
formance of FTIR spectrometers, in- 
cluding the source, beamsplitter, and op- 
tical throughput. The most important 
component is the detector, and one de- 
tector in particular has revolutionized 
FTIR spectrometry over the past dec- 
ade. This is the liquid nitrogen (LN2) 
cooled mercury-cadmium telluride 
(MCT) photoconductive detector. De- 
pending on the highest wave number to 
which it can respond, this detector may 
be 4 to 50 times more sensitive than 
TGS. The very high sensitivity MCT 
detectors do not respond beyond 750 
cm-', but the lower sensitivity detectors 
cover most of the useful mid-infrared 
spectrum. Care must be taken when 
these detectors are used to monitor large 
signals, since the SNR close to the cen- 
terburst can exceed the dynamic range of 
the analog-to-digital converter and their 
response may become nonlinear. Never- 
theless, many of the most important ap- 
plications of FTIR involve use of these 
detectors. Another LN2-cooled photode- 
tector that is becoming popular for mea- 
surements above 2000 cm-' is indium 
antimonide, which is about an order of 
magnitude more sensitive than MCT be- 
tween 2000 and 4000 cm-'. It is notewor- 
thy that a sandwich detector of InSb 
over MC?' is now available which has 
greater potential for low-energy mea- 
surements. Other detectors that are 
starting to become popular include the 
liquid helium (LHe) cooled germanium 
bolometer for far-infrared measurements 
and the LHe-cooled copper-doped ger- 
manium photodetector for very low en- 
ergy mid-infrared studies. 
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Fig. 2. Refractively scanned 
interferometer of the type 
used in Analect and Perkin- 
Elmer FTIR spectrometers. 
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In summary, F'TIK spectrometers can 
be used to cover all spectral regions from 
the ultraviolet to the far-infrared. Their 
use for electronic spectroscopy has not 
become widespread because photomulti- 
plier detectors are limited by photon shot 
noise. Therefore, the Fellgett advantage 
of FTIR spectrometry is completely off- 
set, and even the Jacquinot advantage is 
partially lost. Nevertheless, even in this 
region, some very promising atomic 
spectra have been measured by Horlick 
et nl. (4) with an inductively coupled 
plasma source. In all regions of the infra- 
red spectrum, FTIR spectrometers give 
superior results to grating monochroma- 
tors for the vast majority of measure- 
ments. 

Dntn systems. F7'IR spectrometers 
consist of two basic components: the 
optics, which were discussed above, and 
the data system. Enormous progress has 
been made over the past decade in the 
development of both sophisticated, ver- 
satile minicomputer-based data systems 
(of relatively high cost) and, more re- 
cently, of cheaper, but still powerful, 
microcomputer-based data systems. 
Modern high-performance instruments 
are typically equipped with minicomput- 
ers with at least 64 kilobytes of semicon- 
ductor memory and 10 megabytes of disk 
memory. Peripherals usually include a 
terminal (often with a color display), 
printer, and fast digital plotter. Some 
instruments are equipped with an array 
processor allowing, among other opera- 
tions, very rapid FFT's ;  these are partic- 
ularly important for processing of data 
obtained with a gas chromatograph (GC- 
FTIR). 

Only a year ago, most microcomputer- 
based data systems did not have the 

power of minicomputer-based systems. 
This situation IS rapidly changing. Micro- 
computers today are almost as powerful 
as 3-year-old minicomputers, and they 
are getting cheaper and more powerful. 
It is probable that, in only 2 o r  3 years, 
microcomputer data systems will be 
even more powerful than the best con- 
temporary FTIR data system on any 
instrument. The data system of the Ana- 
lect fX-6250 is probably a foretaste of the 
future. This Instrument is equipped with 
three processors, one for overall control, 
one for the FFT,  and one for display 
processing. Special-purpose circuit 
boards are being introduced each month 
by the electronics industry, and these 
will undoubtedly also have a tremendous 
Impact on FTIR data processing. 

Applications of FTIR Spectrometry 

Applications in which FTIR spectrom- 
etry has a significant impact can be di- 
vided into four areas, which sometimes 
overlap. These are rapid scanning, high 
sensitivity, high resolution, and data 
processing. 

Rapid scanning. From the earlier dis- 
cussion of Fellgett's advantage, it can be 
seen that measurements which previous- 
ly took a quarter-hour to make with a 
scanning monochromator can now be 
made in a second or less. The fastest 
in\trument sold today permits 25 inter- 
ferograms yielding spectra of 8 c m - '  
resolution to be measured and separately 
stored per second. This performance 
makes it possible to monitor with some 
accuracy the concentration of reactants 
and products in reactions taking place in 
a time scale of fractions of a second. 
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The rapid-scanning property of FTIR 
spectrometers is having its greatest im- 
pact in the field of GC-FTIR, which is 
summarized by Wilkins in this issue. 
FTIR is now rivaling mass spectrometry 
(MS) for the identification of unknowns 
eluting from gas chromotographs, and in 
one recent study was shown to identify 
more peaks than MS (5). It is clear that 
GC-FTIR will be of great importance for 
the analysis of environmental samples. 
The interface between FTIR and high- 
performance liquid chromatography 
(HPLC) is by no means at  such an ad- 
vanced state. Most of the HPLC-FTIR 
results reported to date have involved 
the use of size exclusion chromatogra- 
phy with chlorinated solvents (since 
these have good transmission over much 
of the infrared). The maximum concen- 
tration of most peaks eluting from either 
normal-phase or reverse-phase HPLC 
columns rarely exceeds 10 ppm (unless 
the column has been overloaded), so  that 
on-line detection in a flow cell is very 
difficult (6). For  normal- and reverse- 
phase HPLC, continuous elimination of 
the solvent is usually required before 
identifiable infrared spectra can be mea- 
sured; several prototype systems for this 
purpose have been described, but none 
is yet commercially available. For at 

least one of these systems, a detection 
limit of 100 ng has been reported for 
reverse-phase separations with a water- 
methanol mobile phase (7). The next step 
in this progression will be the interface of 
an FTIR spectrometer with a supercriti- 
cal fluid chromatograph, and the first 
results have already been described (8) .  
This work is described in more detail in 
the article by D. R. Gere on page 253. 

Processes occurring in iess than the 
time of a single scan of the moving 
mirror cannot be monitored with a Fouri- 
er spectrometer in its conventional 
mode. Nevertheless, one technique has 
been described whereby spectra of pro- 
cesses occurring between 1 msec and 1 
psec can be monitored. In this experi- 
ment, which has been called time-re- 
solved or (better) stroboscopic spectros- 
copy, an event is triggered by a zero- 
crossing of the He-Ne laser reference 
interferogram. This might, for example, 
be a laser pulse to initiate a photochemi- 
cal reaction. The interferogram is then 
sampled at  various intervals shortly after 
this event. It is usually not possible to 
trigger the event for every zero-crossing, 
but by repeating the experiment many 
times in a cyclical fashion, each sampling 
position can be monitored (9). The first 
experimental data of this type were sub- 

I *x + 
Live bac te r ia  , 0 

Isolated membranes 

Temperature (OC) 

Fig. 3. Variation in the frequency of the C-D stretching bands of live bacteria and the 
membranes isolated from these bacteria as a function of temperature, showing that the 
temperature of the gel-to-liquid crystal transition is different [From Cameron et al . ,  (13) ] .  

sequently proved to be incorrect (lo), 
with artifacts appearing at  many wave 
numbers. Stroboscopic spectra without 
these artifacts have recently been mea- 
sured by two groups, but the measure- 
ment times required were quite long- 
more than 12 hours in one case-so the 
future popularity of this field is difficult 
to gauge. 
High sensitivity. Many of the more 

important applications of FTIR spec- 
trometry fall into this category, and only 
a few selected examples will be dis- 
cussed. One application close to  this 
author's heart is diffuse reflection spec- 
trometry, in which the spectra of pow- 
dered samples can be measured directly 
(11). Many different samples have now 
been characterized by this technique, 
including coals, species absorbed on 
metal oxide and supported metal cata- 
lysts, pharmaceuticals, and proteins. In 
addition, diffuse reflectance spectrome- 
try has formed the basis of two of the 
solvent elimination HPLC-FTIR inter- 
faces described in the literature. It  might 
be claimed that diffuse reflectance is not 
really a low-energy technique, since 
when a Fourier spectrometer is used in 
conjunction with an MCT detector the 
signal-to-noise ratio of the measured 
spectra is very high. Only 20 years ago, 
however, it was claimed that diffuse re- 
flection techniques would never be easi- 
ly applicable to mid-infrared spectrome- 
try (12). 

Another important application where 
low signals must be measured is photoa- 
coustic (PA) spectrometry. It was seen 
in Eq.  1 that radiation passing through a 
Michelson interferometer is modulated 
at a frequency directly proportional to its 
wave number. At wavelengths where the 
sample has some infrared absorption the 
sample will heat up and cool down at  the 
frequency at which the beam is modulat- 
ed. If the samule is held in a small 
enclosed chamber, the gas with which it 
is in contact will also be heated and 
cooled at  the same frequency. An acous- 
tic signal a t  this frequency is therefore 
generated, and this signal can be mea- 
sured with a small microphone. Since the 
interferometer modulates all the wave- 
lengths from a continuous infrared 
source, the signal from the microphone 
will be an interferogram which, when 
transformed, will yield the absorption 
spectrum of the sample directly. Al- 
though the signal-to-noise ratio of PA- 
FTIR spectra is still not as  high as, say, 
transmittance spectra, the technique can 
be very useful for studying samples that 
are not amenable to investigation by any 
other sampling techniques (for instance, 
polymer chunks). Recent data reported 
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by Digilab suggest that PA-FTIR spec- 
trometry can even be used for quality 
control of samples of this type. 

Certain solvents are often thought to 
be unsuitable for infrared spectrometry. 
The most obvious of these is water, but 
in the past few years several outstanding 
results have been obtained for species in 
an aqueous environment. Since water is 
common to all biochemical and biologi- 
cal systems, it is reasonable to believe 
that FTIR spectrometry will become in- 
creasingly important in these areas. Two 
examples may suffice to illustrate the 
importance of measurements of this type 
performed by FTIR spectrometry. 

In the first of these, the thermotropic 
behavior of lipids was studied by the 
group led by D. G. Cameron and H. H .  
Mantsch at the National Research Coun- 
cil of Canada, in Ottawa. Several lipids 
were selectively deuterated so that their 
C-H stretching bands were shifted to a 
region of the spectrum where the absorp- 
tion of water is relatively weak. The 
temperature of the cell could be accu- 
rately controlled and varied by the com- 
puter of the spectrometer. The center of 
gravity of absorption bands could be 
calculated to an accuracy of about 0.01 
cm-', so that very small shifts could be 
measured. The liquid crystal-to-gel 
phase transition and the pretransition 
occurring at a slightly lower temperature 
could be monitored both from changes in 
band centers and bandwidths. After 
working with many synthetic lipids, this 
group grew deuterated samples of Acho- 
leplasma laidlawii B ,  using perdeutero- 
myristic acid. The cells were harvested, 
washed, and placed in a 50-pm-thick 
BaF2 cell whose temperature was 20°C. 
The cell temperature was raised to 39°C 
and then lowered to 16°C in 33 minutes, 
during which time 200 spectra were col- 
lected. After the measurement, the cells 
were cultured and found to be 98 to 99 
percent intact. Subsequently, the plasma 
membranes were isolated and their spec- 
tra were measured in a similar way. The 
results are summarized in Fig. 3, and it 
can be seen that the transition from gel to 
liquid crystal occurs at a lower tempera- 
ture for the live bacteria (13). This result 
contradicts many assumptions made pre- 
viously in lipid research and illustrates 
the potential of FTIR spectrometry for 
biochemical research. 

A series of even more difficult mea- 
surements was reported by the group led 
by R. J. Jakobsen and R. M. Gendreau 
(14) at Battelle's Columbus Labora- 
tories. These experiments were designed 
to investigate the biocompatibility of 
various polymers used in artificial im- 
plants or organs. A thin layer of the 
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polymer under study is laid on a germa- 
nium internal reflection element, and 
blood is passed from a live animal (dogs 
and sheep have been used so far) via a 
shunt over the surface of the internal 
reflection element and back into the ani- 
mal. The buildup of proteins from the 
blood on the polymer film is followed at 
intervals of 0.8 second or longer by at- 
tenuated total reflectance FTIR spec- 
trometry. Differences between the first 
layer and subsequent layers could be 
observed after the absorption spectra of 
the polymer film and the bulk water were 
subtracted from each spectrum (10). This 
type of experiment not only gives in- 
sights into the biocompatibility of poly- 
mers, but also illustrates many of the 
advantages accrued through the use of a 
Fourier spectrometer-high speed (0.8 
second per measurement), high sensitiv- 
ity (aqueous environment, monolayer 
detection), and computer manipulation. 

Other measurements that require very 
high sensitivity are those of bands whose 
peak absorbance is less than or 
lop5. These measurements may be more 
difficult for a Fourier spectrometer than 
low-energy measurements because of 
the limitations of analog-to-digital con- 
verters. Several novel approaches have 
been investigafed for the direct measure- 
ment of weak absorption bands. One 
such technique is that of dual-beam 
FTIR spectrometry, in which both 
beams emerging from the interferometer 
are passed onto a single detector (15). In 
this case the interferogram that is mea- 
sured is the Fourier transform of the 
absorption spectrum of the sample, and 
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the intense emission spectrum of the 
source is nulled out. This technique does 
not yet have wide applicability, but it 
could well permit detection limits in GS- 
FTIR to be reduced (16). 

Another technique can be used if the 
absorption by the sample of radiation of 
opposite polarizations is different. Here, 
a plate of an isotropic crystal such as 
ZnSe is stressed sinusoidally by using a 
piezoelectric tranducer. If plane-polar- 
ized radiation is passed onto this plate, 
alternating left and right circularly polar- 
ized radiation at the frequency of the 
modulation, or perpendicular and paral- 
lel linear polarized radiation at the sec- 
ond harmonic, is produced with an effi- 
ciency that depends on the amplitude of 
the extension and contraction of the 
plate. This device, which is known as a 
photoelastic modulator, has been used 
for the measurement of vibrational circu- 
lar dichroism spectra of remarkably high 
quality by L. A. Nafie's group at Syra- 
cuse University (17) and for the charac- 
terization of species absorbed on flat 
metal surfaces by C. Marcott at Procter 
& Gamble (18). It is likely that in the 
future other external high-frequency 
modulations will be applied to either the 
infrared beam or the sample in an analo- 
gous fashion to polarization modulation. 
I believe such approaches will become 
very important in FTIR spectroscopic 
research in the next decade. 

High-resolution measurements. Some 
of the more impressive early spectra 
obtained with a Fourier spectrometer 
were measured in France by the group 
led by P. Connes. Connes developed an 



interferometer that incorporated cat's- 
eye retroreflectors instead of the plane 
mirrors of a conventional Michelson in- 
terferometer. This optical configuration 
permitted very long optical path differ- 
ences to be achieved, so that spectra 
ultimately could be measured at  a resolu- 
tion narrower than the Doppler width of 
absorption and emission lines (19). More 
recently, the interferometer manufac- 
tured by Bomem has made the same type 
of measurements possible through the 
use of dynamic alignment of the mirrors 
at  all instants throughout the scan. 

High resolution mid- and near-infrared 
measurements are permitting a more de- 
tailed knowledge of molecular vibrations 
and energetics. From an analytical view- 
point, high-resolution spectra over very 
long path lengths ( I  km or even longer) 
have allowed components in the atmo- 
sphere to  be measured at  concentrations 
of a few parts per billion. Spectra of this 
type measured by J .  N .  Pitts, Jr . ,  and co- 
workers at the California Statewide Air 
Pollution Research Center during a se- 
vere smog attack at  Claremont, Califor- 
nia, in 1978 (20) are shown in Fig. 4. 
Nitric acid and formaldehyde concentra- 
tions of - 20 and - 36 parts per billion, 
respectively, were detected at mid- 
morning and increased to 49 and 71 ppb 
in the afternoon, coinciding with the 
maximum concentrations of ozone. 
These unequivocal spectroscopic deter- 
minations of H N 0 3  in polluted air are 
important in assessing its role in acid 
deposition and atmospheric chemistry. 
Formaldehyde is an eye-irritant, sus- 
pected animal carcinogen, and initiator 
of photochemical smog. The use of long- 
path-length FTIR spectrometry led to  
the first detailed characterization of the 
simultaneous concentrations of 0 3 ,  
H N 0 3 ,  peroxyacetyl nitrate, H C 0 2 H  
and HCHO in the atmosphere of Califor- 
nia's South Coast Basin and is leading to 
a better understanding of the complex 
vrocesses involved in the formation of 
photochemical smog. 

Data manipulation. Because these in- 
struments almost invariably incorporate 
a computer to  perform the FFT,  and 
because FTIR spectra are measured with 
a very high SNR and wave number preci- 
sion, a great variety of programs has 
been written to manipulate the spectrum 
after it has been measured. Several of 
the experiments described previously 
have involved this sort of data manipula- 
tion. For example, in GC-FTIR and 
HPLC-FTIR, chromatograms recon- 
structed from the raw interferometric 
data may be plotted in real time and very 
rapid spectral searches performed at  the 
end of the run. Sometimes the speed of 
these computations is outstanding. With 
a standard Digilah data system to which 
their Hi-Comp 32 microprogrammable 
processor has been added, a spectrum 
can be compared against 10,000 library 
reference spectra in 7 seconds. Printing 
out the results can actually take longer 
than the search. 

Subtraction of the spectrum of a refer- 
ence material from the spectrum of a 
mixture is perhaps the most popular op- 
eration carried out by users of FTIR 
spectrometers. In the biocompatibility 
studies of the Battelle group, not only 
was subtraction of all the spectra of the 
polymer and the bulk blood performed, 
but the spectrum of the first layer of 
protein deposited was subtracted from 
that of subsequent layers to  amplify the 
differences in the adsorbed proteins. 

Detailed description of the number of 
programs written for FTIR spectro- 
meters is beyond the scope of this arti- 
cle. The following list represents a few of 
the more important of these programs. 
Factor, o r  principal component, analysis 
permits the number of components in a 
mixture to  be determined. Curve-fitting 
routines allow band multiplets to  be sim- 
ulated by the addition of Lorentzian or 
Lorentzian-Gaussian bands. A particu- 
larly important new technique is that of 
Fourier self-deconvolution (21 ) ,  in which 
the width of broad bands in a spectrum 

may be reduced by a factor of up to 3. It  
is ~ r o b a b l e  that multivariate statistical 
techniques, which have not yet been 
fully exploited with these instruments, 
will also be applied to  FTIR spectro- 
meters in the next year or two. In fact, it 
is probably in the area of computer ma- 
nipulation of data, rather than instru- 
mental development, that the greatest 
advances will be observed in the near 
future. 
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