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1 INTRODUCTION 

The first attempts to use infrared spectrometry as a mode of detection m gas 
chromatography were made prior to the development of the Fourier transform 
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method. Indeed, the spectrum of molecular vibrations provides important in- 
formation that can help the chemist to recognize molecular structures How- 
ever, handicapped by the slowness and lack of sensitivity that characterize 
dispersive spectrometrlc techniques, the proposed approaches remained com- 
phcated to implement or produced only partial results Fourier transform m- 
frared (FTIR) spectrometry overcame some of the difficulties and the devel- 
opment of rapid scanning interferometers and sophisticated data systems soon 
permitted the on-line identification of fractions separated using gas chroma- 
tography (GC ) . 

The results of the first feasiblhty study of this technique were pubhshed by 
Low and Freeman [ 1 ] m 1967 Since then, there has been spectacular progress 
m mstrumentatlon, with the result that FTIR detection performance m terms 
of speed and sensitivity now corresponds to that achieved with GC At the same 
time, progress was being made here too, thanks to the use of capillary columns 
These simultaneous advances in FTIR spectrometry and high-resolution GC 
have given analytical chemistry new tools to complement gas chromato- 
graphy-mass spectrometry (GC-MS ) In the wake of published work on tech- 
nological improvements have come the applications There are a variety of 
areas of mvestlgatlon and it should be noted that biomedical circles are show- 
ing signs of interest, although in this direction the apphcations are very recent 
and still few and far between. 

In presenting the FTIR technique and describing the experimental setup, 
we shall establish the mutual constraints of FTIR and GC as a result of their 
couplmg The software description will give an account of the information ac- 
cessible via GC-FTIR. The work pubhshed in the biomedical area, extended 
to include environmental problems and natural molecules, will be analysed to 
highlight the potential of the technique, but also its hmitatlons, with a view to 
presenting the solutions contemplated m methods currently being developed 

2 THE GC-FTIR SYSTEM 

2 1 FTIR spectrometry [2] 

Most spectrometers on the market use a Michelson-type Interferometer, 
whose theoretical principle provides a good basis for understanding the mter- 
ferometry method Fig 1 shows a schematic diagram of the interferometer. 
Each monochromatic wavenumber component is modulated as a function of 
the difference in path 6 [ 6= 2 (OM - OF) ] according to 

I,-(6) =S(V)cos27& 

where S(P) is the radiation intensity In practice, the signal detected repre- 
sents the sum of the modulations of each elementary component 
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I(6) =T I,(d)de= j S(zQcos2nGdv 
0 0 

By applying the inverse Fourier transform, we can calculate the spectrum 
S (P) from the mterferogram measured I( 6) 

m 

S(V) = 1(6)cos2nz3da 
s 
0 

In fact, for physical reasons, the mterferogram is hmited m space to a maxl- 
mum path difference of A,,, Indetermmacy m wavenumber is thus equivalent 
to dv= l/d,,, when an apodlzatlon function is applied 

Compared with dispersive spectrometry, FTIR is characterized by several 
advantages, as follows. 

FeEZgett’s advantage The detector receives light throughout the period of 
measurement from all of the light components The signal-to-noise ratio (S/ 
N) is multiplied by the square root of the number of spectral elements 

M=AF/do 

where AV 1s the spectral interval under study and dti is the spectral resolution 

Fig 1 Schematic diagram of a Michelson Interferometer S= Source, A=aperture, C, 
C ’ = collimators, BS = beamsphtter, MF = fixed mirror, Mhl = movable mirror, D = detector 
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Durmg GC-FTIR analysis, when the resolution is often 8 cm -’ over a spectral 
range extending from 4000 to 800 cm-‘, the theoretical gain is equal to 20 

Jacquznot’s aduantage Resolution of the spectrum is defined by the maxl- 
mum path difference reached by the mterferogram. It is not m contradiction 
with the optical throughput The hght energy transmitted to the detector can 
be up to 100 times greater than that of a dispersive spectrometer, and this helps 
to improve the S/N. These two advantages will contribute to an improvement 
m the detection of weak signals, 1 e., increase the sensitivity 

Connes’ advantage The wavenumbers are calculated with very great precl- 
slon This precision depends on a knowledge of the position of the moving 
mirror which is identified by means of the mterferogram of an He-Ne laser 

Speed of acquzsztzon The mterferometry method has made it possible to 
develop high-speed scannmg systems. Several dozen mterferograms can now 
be obtained per second using certain systems available on the market This 
posslblhty is exploited to increase the S/N by effecting numerous accumula- 
tions of signals on samples that do not evolve m time, or to momtor swiftly 
evolvmg phenomena such as elutlon m GC 

2 2 GC-FTIR couplzng 

Contmuous measurement of the infrared absorbance of a gas cell and of its 
contents permits real-time momtormg of chromatographic elution The com- 
pounds separated by the column and supplied to the gas cell via a transfer line 
selectively absorb the infrared radiation emitted by the source (Fig 2) The 
Fourier transform of the mterferogram measured establishes on a real-time 
basis the absorption spectrum of the eluted compound This spectrum can be 
used to identify the compound or to check, m quantitative applications, whether 
the chromatographlc peak corresponds to a single compound whose spectrum 
does not change during elution 

2 2 1 Descrzptzon of the lzght-pzpe 
This is a tube made of glass, quartz or metal internally coated with gold to 

ensure that it is both chemically inert and a good reflector of infrared radiation 
Azarraga [ 31 m 1980, followed by Yang and co-workers [4,5], studied the prob- 
lems linked with the design and configuration of gas cells with a view to optim- 
izing the signal This tube is closed at each end by a window of a material that 
is IR-transparent There is a maJor problem regarding the dimensions required 
for the cell m order to mamtam chromatographlc resolution while, at the same 
time, preserving sufficient optical throughput It is agreed that the length/ 
diameter ratio has to be high so as to obtain a lammar gas flow Griffiths et al 
[6] discussed the volume needed for the cell m relation to the type of column 
used. This volume must not exceed the volume of carrier gas between the half- 
height pomts of the narrowest peak m the chromatogram. This fact tends to 
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Fig 2 Schematic diagram of a typxal GC-FTIR couplmg I = mterferometer (see Fig 1 ), M1, MS, 
M3 = mirrors, W1, W2 = IR-transparent wmdows, m = inlet from gas chromatograph, out = outlet 
to gas chromatograph, LP = light-pipe, HJ = heated Jacket, D = detector 

confine use to capillary columns of I D 0.3-O 5 mm and with a film thickness 
of 0.5-1.5 ,um m which a peak volume of 300 ~1 can be reached. With narrower 
columns, it may be advantageous to use a make-up gas to preserve resolution, 
but there is a risk of losing sensitivity. Most manufacturers have finally opted 
for an 1.D of 1 mm and a length of lo-20 cm The problem relating to signal 
loss when the temperature of the light-pipe rises was solved m 1985 by Brown 
et al [ 71 They established that this defect was primarily due to the thermal 
emission of the cell. When this flux reaches the detector, the latter operates m 
a non-linear response region The S/N can be improved by mstallmg a device 
to absorb this unmodulated heat at the output of the light-pipe. These tech- 
nological advances since this work was published have led to commercial de- 
velopments that make it possible to lower the detection hmits to the 5-25-ng 
range for highly IR-absorbent samples [ 81 

2 2 2 The spectrometry vlewpomt 
Despite numerous attempts to improve the optical quahties of the light-pipe, 

it has to be admitted that the transmission rate remains m the order of 10% 
It is therefore important to use a sensitive detector with the experimental setup 
Most often, use will be made of a so-called “narrow-range” (4000-700 cm-l) 
mercury-cadmium-tellurium detector (MCT ) whose detectivity, D*, is eqmv- 
alent to 4 6*101’ cm Hz W-l at 1 kHz [9] As D* varies as a function of the 
modulation rate for the signal detected, allowances have to be made for the 
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scanning speed of the travellmg mirror to optimize the recording condltlons 
We know that, m an interferometer whose mirror travels at a speed V, the 
component of wavenumber P 1s modulated at a frequency given by 

This value has to be brought into line with the optimum level of detectlvlty 
The D* versus f,- curves rise and end m a plateau, which shows that it 1s advls- 
able to work at a fast speed (several mterferograms per second) This 1s m 
accordance with the speed of chromatographlc elutlon, but steps have to be 
taken to ensure compatlblhty with the A/D conversion rate, the speed of data 
transfer on to disk and, finally, the storage capacity, which 1s likely to be reached 
rapidly 

2 2 3 Software for data collection 
It 1s appropriate to differentiate between software packages permlttmg spec- 

tral data processing and those permitting the momtormg of chromatographlc 
analysis 

In the first instance, we use the conventional software of the FTIR spec- 
trometer m which are chosen the experimental parameters that define optlcal 
conflguratlon, mirror speed, optical resolution, etc The collection, storage and 
Fourier transform routines, on the other hand, will be called m the course of 
chromatographlc analysis by the softwares proper to GC-FTIR which 1s to be 
discussed here 

Two approaches are differentiated m real-time momtormg: one uses mter- 
ferograms, whereas the other uses spectra The theoretlcal basis for the first 
method 1s the Gram-Schmidt orthogonahzatlon algorithm [lo] Bnefly, each 
mterferogram 1s considered as a vector The first mterferograms collected be- 
fore chromatographlc mJectlon form the reference vectors for constructmg an 
orthonormed vector base After this stage, each mterferogram obtained 1s con- 
sidered as a sample vector that 1s projected m the reference base The varla- 
tlons m the modulus of the linearly independent component of each mterfer- 
ogram m relation to the vector base as a function of the retention time form 
the chromatogram m real time From the spectroscopic vlewpomt, this means 
that we enter m the reference base all the events that will be common to the 
study, 1 e , the emlsslon of the source, the efficiency of the separator and the 
transmlsslon of the spectrometer and of the cell We measure to see If there 
exists on a sample mterferogram a difference m relation to these common data 
This difference can then be ascribed to absorption by a compound present m 
the cell As indicated m the theoretical part (see Section 2 l), the mterfero- 
gram contains simultaneous mformatlon on all the frequencies The chroma- 
togram traced according to the mterferograms will not be specific to a spectral 
region, and hence not specific to chemical functions characterlstlc of the eluted 
compounds This method 1s considered as a general one, leadmg to chromato- 
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graphic results close to those obtained using conventional non-specific detec- 
tion techniques such as FID (Fig 3 ) 

Durmg mathematical processmg, for the sake of speed, only a fraction of the 
mterferogram measured constitutes the vector (reference or sample) The ef- 
fect of each selected fraction (length, position, number of reference vectors) 
on the S/N of the reconstructed chromatogram was described m detail by 
Sparks et al [ 121 The choices made by different manufacturers are discussed 
but the final conclusion drawn is that there can be no general rule The quality 
of the results depends on the nature of the mixture to be analysed [ 13,141. 
Hence the suggestions made by De Haseth and Isenhour [lo] as early as 1977 
are acknowledged as a good choice in most instances 100 mterferogram data 

scan sets 1 174 348 499 939 777 914 1030 1149 1292 1369 1469 1567 1696 17qqla 

M~~=s 208 450 7oQ 950 12ta 145tIl7MLl9W 22206 24~5@27942954 UoQYsQ37lgl39~ 

Fig 3 Companson between Gram-Schmidt (bottom) and flame lomzatlon detectlon (top) chro- 
matograms of a perfume mixture From ref 11, with permlsslon 
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points are selected 60 points after the centerburst, only the recommended 
number of reference vectors (60) 1s often reduced to 20 or even 10 

The other method of momtormg chromatographlc analysis 1s to measure the 
absorbance of the light-pipe as a function of time In this instance, each mter- 
ferogram 1s transformed into a spectrum The single-beam spectrum 1s first 
related to a reference spectrum obtained before the analysis, then calculated 
m terms of absorbance Integration m one or more spectral windows provides 
mformatlon on chromatographlc elutlon This time, the plot (Fig 4) forms a 
chromatogram specific to the chemical functions of the compounds of the mix- 
ture, known as a “chemlgram” [ 15,161 A user who does not specialize m spec- 
troscopy may find it difficult to make the choice expected of him with regard 
to the spectral regions analysed m real time posltlon and width We have de- 
veloped a methodology [ 171 permitting general detection on a routine basis 
during organic analyses Here again, real-time momtormg imposes speed con- 
straints The Fourier transform will thus be calculated m this stage on the basis 
of the mltlal part of the mterferogram obtained, generally the first quarter 
This leads to a very poor resolution spectrum (32 cm-l ), on the basis of which 

Cl I 

2960 - 29lC 027 

011 

Fig 4 ChemlgramrM data from a capillary analysis of petrol fraction IR absorbance 1s measured 
m five spectral wmdows 850-720,1080-1000, 1170-1150, 1780-1700 and 2960-2910 cm-l For 
each plot, the y-axis 1s m absorbance umts from - 005 to 060 
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integrated absorbance is calculated However, the complete mterferograms are 
stored to permit fuller spectroscopic use m off-lure operation. This method is 
open to criticism, first because it does not enable a general chromatogram to 
be obtained, and second because more mathematical operations are required 
than with the Gram-Schmidt method [ 181. Nonetheless, we think that it can 
permit an improvement m sensitivity through the choice of a spectral region 
well suited to the compound under study 

2 2 4 Software for reconstruction 
As m conventional GC or HPLC practice, the chromatogram can be recon- 

structed at the end of the analysis on the basis of the experimental data ob- 
tamed. Certain parameters such as vertical amplitude or the time slot can then 
be adapted accordmg to requirements The two types of software previously 
described can be used and the result can be optimized if they are used off-line 

With the Gram-Schmidt method (Fig. 5), mterferograms obtained m the 
course of analysis can be added as reference vectors, this makes it possible to 
mcorporate m the reference base any changes occurrmg during the study. Re- 
constructions of the integrated absorbance type (Fig 6) can be improved m 
terms of presentation by redefining the spectral regions characteristic of com- 
pounds which would only have been poorly detected m real-time operation 

It is possible to apply to the reconstructed chromatograms the software con- 

GSR PLUS BV 1197 

d 00 5 00 10 00 15 I’,“.“‘, no $0 “r 00 
RETENTION TIMF (MIN) 

21 163 306 499 592 739 077 I b20 1163 1306 
DATA POINTS 

Fig 5 Gram-Schmidt reconstruction of the analysis m Fig 4 Interferogram 1197 (RT = 20 mm) 
has been included as a reference vector m the ongmal basis set 
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I ” ” ” ” ” 1 I ” r 
0 n@ 5 00 10 no 15 00 20 ou 

RETENTION 1 IML (MIN) 

Fig 6 Reconstructed chromatogram performed using integrated absorbance calculation m the 

2981-2908 cm-’ spectral repon 

ventlonally used m chromatography, 1 e., peak-picker, mtegratlon of areas be- 
neath the peak with a view to quantltatlve apphcatlons [ 191 

2 2 5 Software for ldentlficatson 
The infrared spectra of the eluted compounds can be calculated by using the 

mterferograms obtained at the apices of the chromatographlc peaks The res- 
olution 1s generally 8 cm-l when the Fourier transform of the complete mter- 
ferogram 1s calculated To obtain the transmlsslon spectrum, the reference can 
be taken either at the beginning of analysis, prior to elutlon, or from the base- 
line of the chromatogram at the foot of the peak to be identified The spectrum 
can be interpreted by the user on the basis of his or her skills m vlbratlon 
spectroscopy or by automatic interpreters according to the design concepts 
introduced by Woodruff and Smith [20] Finally, and more frequently, the 
spectrum 1s compared with a library of infrared spectra m the vapour phase m 
order to find the name of the compound that most closely resembles the un- 
known constituent The first library avallable was that developed by Azarraga 
of the Environmental Protection Agency (EPA) [21] It was developed com- 
mercially by Sadtler Research Laboratories within the framework of a hbrary 
that currently contains 1000 spectra An exclusive Joint service provided by 
Nlcolet (Madison, WI, U S A ) and Aldrich (Milwaukee, WI, U S A ) offers a 
bank contammg 5000 FTIR spectra m the vapour phase 

From the proposed search software packages, we have chosen a method based 
on the complete spectra as described by Lowry and Huppler [22] The stan- 
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dardlzed absorbance values s, and rr for each resolution element (8 cm-l) m 
the sample and reference spectra are compared by calculatmg one of the fol- 
lowing four mdlces: 

ISQ= c h--r,)’ 
700 

IAD= 1 I&--dr,I 
700 

4000 

I,, = c (As, -dr,)2 

700 

where As, = s, -.spl anddr,=r,-r,_,. The dfferentlal modes AD and SD are 
adapted to the spectra for which the S/N IS poor, whxh 1s often the case when 
the amounts of product become small 

The names of the 1 to 32 products for whxh the calculated mdlces are lowest 
are listed and the spectra can be visually dlsplayed with different presentations 
(Figs 7 and 8) 

4 

3bOO 2500 doa 1500 1000 set 
WAVENUMBER 

Fig 7 Automatic search result for compound 1 m Fig 5 (retention time = 12 7 mm) 
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FILORICH VAPOA LIBRARY 

NFIPHTHALENE 

*LoRl~“*poR LI_BAARy+ dda 
I-NRPHTHALENESULFONIC i?CiO DlHYD 

I-klETHYl_NRPHTHfiLENE 99X 

1 -/CHLOAOblETHYL/-NAPHTnALENE 
I 

9 6 00 3ho 3600 2500 2600 00 
WFIVENUMBER 

Fig 8 GC-FTIR absorbance spectrum of compound 2 m Fig 5 (retention time = 16 6 mm) and 
the four closest library matches 

It is important to note that this search always leads to a diagnosis, even d 
the desired spectrum is not to be found in the library The role of the user is 
thus of prime importance m deciding the quahty of the result Reproducibihty 
for two or three spectra selected in a peak or m the course of repeated analyses 
seems to give good reasons for confidence However, even an erroneous result 
can give useful mformation on the structure of a compound; for instance, in 
order to identify the hnalyl acetate peak during a lavender analysis [ 171, we 
obtained a fairly reproducible diagnosis of 3,7-dimethyl-1,6-octadiene, which 
represents the structure of the alcohol part of the ester under study 

Even m this unfavourable case, m which the spectrum is not to be found in 
the hbrary, mfrared spectrometry provides important mformation that can be 
used in conJunction with that obtained from chromatography itself or other 
coupled techniques such as GC-MS, finally, it should be pointed out that the 
user can create and complete his or her own data bank within his or her stan- 
dard apphcatlons 

The obJect of this first part was to provide a simple description of the GC- 
FTIR technique for use by non-speciahsts m IR spectrometry The theoretical 
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concepts mtroduced have served to establish both the potential and the hml- 
tatlons of the method, a fuller description of which is given m the second part, 
which is devoted to specific applications 

3 GC-FTIR APPLICATIONS 

The number of papers devoted to applications proper is still limited Indeed, 
most of the 300 or so articles covered in Chemical Abstracts report on tech- 
nological developments illustrated by apphcatlons the purpose of which is to 
underline the importance of the mnovatlon presented. The technical descnp- 
tlon given m the preceding section was the result of analysmg this body of 
work We shall confine ourselves here to exammmg the results obtained using 
systems Just as they are, lsolatmg the contribution made by FTIR m relation 
to the other methods of detection m GC 

The problems of mdustrlal analysis account for a large number of these ap- 
plications We shall only discuss these briefly Our attention will be chiefly 
focused, m fact, on substances of biological orlgm or importance 

3 1 Industrtal apphattons 

GC-FTIR has been used m an original way m the field of polymers and 
plastics, the gas phase for analysis being obtained by heating the sample We 
can dlfferentlate between those methods of heating which lead to decomposl- 
tlon of the polymer and those which are confined to degassmg 

The pyrolysis techmque enables the structure of the polymer to be specified 
from identification of the fragments Hummel et al [ 231 have used this method 
to analyse certain acryhc resins and have established that GC-FTIR offered 
the advantage of directly identifying the chemical nature of the different frag- 
ments by comparison with mass spectrometry with field lomzatlon Zhou et al 
[ 241 have studied the pyrolysis of polybutadiene and differentiated between 
eleven -CH=CH, monosubstituted compounds on the basis of characterlstrc 
vibrations m the 910-1000 cm-’ range Elastomers m automobile construction 
[ 25,261 and epoxy, phenohc or epoxy-phenohc resins for packaging lacquers 
[ 271 have been studied m the same way 

In another field, Smith and Durlg [28] proposed a system that makes it 
possible to study the thermal decomposition of low-molecular-mass phosphor- 
ated volatile compounds Analysis of cigarette smoke [ 291 revealed, out of sev- 
enteen components identified, the presence of eleven aldehydes or ketones, 
while three octanone isomers were dlstmgmshed on the basis of their lower 
frequency vibrations Using moderate heating methods, we confine ourselves 
to characterlzmg desorptlon or degassmg products Sensitivity at the mlcro- 
grams per gram level was obtained by Jansen and Haas [ 301 for the detection 
of trloxal m polyacetal, the mass of the samples being 100 mg 
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GC-FTIR also makes It possible to momtor reactions such as polymenza- 
tlon [31] and catalytic oxidation [32] This techmque has been used more 
traditionally to identify Jet fuels [ 331 and coal-tar wash oils [ 341 and to detect 
traces m orgamc analysis in difficult areas of polymer characterization [ 351 

Many other industrial products (aromatic polycycl~~, pesticides, etc. ) pose 
malor problems of isomer differentiation, some of which can be solved using 
FTIR The study of such compounds will be discussed m a later section with 
reference to their toxic nature 

3 2 Analysts of natural products of vegetable orzgm 

Essential oils are typical examples of complex mixtures for which the use of 
conventional techniques, retention mdex and CX-MS, etc., has hmlted scope 
for identification The need for additional structural mformatlon such as the 
infrared spectrum has Justified the use of GC-FTIR The example of the An- 
thems nobzlzs L, analysis [ 361 demonstrates the contrlbutron made by IR spec- 
trometry m distmguishmg geometric isomers This mixture is, in fact, consti- 
tuted by terpenoids and saturated and unsaturated C, and C, acids esterified 
by saturated or unsaturated C3-Cs alcohols It is impossible to &stmguish be- 
tween the angelates and tiglates of unsaturated alcohols by GC-MS with the 
EI method m the absence of a characteristic high peak These geometric iso- 
mers do, on the other hand, reveal absorption values differing by several dozen 
cm-‘, which has made it possible to characterize natural products such as an- 
gelates The same approach has been used to distmguish between crotonates 
and methacrylates and between linear and branched esters 

For this class of products, Herres [37] gave a compilation of 73 GC-FTIR 
spectra of terpenes and associated molecules These original data were ac- 
quired on-the-fly at a spectral resolution of 8 cm-l. Among the results, the 
author pomted to a number of examples for which the differences observed are 
large, whereas the structures are very similar (Fig 9) 

Another interesting example was quoted by Kalasmsky and McDonald [ 381: 
y-terpmene and a-pmene, although chemically different, give fragmentations 
that vary only with regard to the size of the peaks (Fig. 10 ) On the other hand, 
the IR spectra are sufficiently specific They pointed out that no two terpen- 
olds mvolved in this study have identical vapour-phase IR spectra 

Limits are indicated, however They originate primarily from the great dif- 
ference m concentration that exists between the components of these natural 
mixtures [39] Even if we are not restricted by the amount of substance avail- 
able, it is sometimes difficult to identify a small peak occurrmg among large 
peaks This can be taken as a problem of sensitivity essentially due to resolu- 
tion [ 17 ] Indeed, we have to bear m mind the already mentioned constramts 
imposed by the couplmg on the choice of column Le &u&k et al [ 401 discussed 
this problem and concluded that the choice between capillary and wide-bore 
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B 
B 110 

4800 3000 2888 1508 1009 680 
YRVENUHEERS CM-1 

Fig 9 Vapour-phase IR spectra of the two isomers (A) cu-lonone and (B) &lonone From ref 
37, with permlsslon 

do I 

m/e 
100 do 

Fig 10 Mass spectra and vapour-phase IR spectra of y-terpmene and cy-pmene From ref 38, with 
permission 
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column depends on the ratio of chromatographm resolution to column capacity 
that we wish to obtain 

The mathematical processing habitually applied m IR spectrometry (spe- 
cific reconstructron, spectrum subtraction, etc ) can contribute to an artificial 
improvement in the quality of chromatographlc separation [41,42] Finally, 
several authors [40,43] have regretted the current inadequacy of libraries of 
vapour-phase IR-spectra 

3 3 Identtficahon of toxcc substances In enwonmental analysis 

As we have already said m connection with the previous two types of apph- 
cation, the object of acquiring information on the structure of an industrial 
product 1s to optimize its quality and efficiency This also applies to pesticides 
(insecticides, fungicides, nematocldes, etc ). Biologically, the toxicity of these 
products has made it necessary to monrtor then evolution m the food chain, 
soil and water m order to specify their effects on the environment and the 
human organism. 

Conventional analytical and monitormg procedures mitlally consisted m us- 
ing GC [44] to search for a hmlted number of target compounds However, 
shortcomings were soon noted when it came to identifying other residues that 
were suspect but not defined by pre-established lists Coupled methods (GC- 
MS, then GC-FTIR) have made it possible to generahze the procedure thanks 
to the spectroscopic information provided [ 451 

Generally, the problems created by this type of analysis are of three kinds 
a considerable number of products are involved, it is important to differentiate 
between isomers in order to obtain clear characterization of biological effi- 
ciency; and degradation of the pesticide leads to the creation of new molecules 
that are sometimes similar and whose structures have to be defined so that 
their toxicity towards man can be studied GC-FTIR provides a solution that 
is highly suitable for tackling these three types of problem. 

In view of the number of products to be tested and identified, Gurka and co- 
workers [9,45-471 undertook a thorough study for the EPA and determined 
the munmum identifiable quantities (MIQ) of 52 typical environmental con- 
taminants m soil and water The improvements that they made to the interface 
enabled them to detect and identify components present at concentrations of 
lo-60 ppb in water and 200 ppb-1 ppm in soil The MIQ also range from 20 to 
120 ng The use of capillary columns enabled them to reduce 2-&fold the MI& 
previously estabhshed with the help of packed columns [ 481 The construction 
of databases intended to characterize products according to their retention 
time and their group frequencres has been undertaken [ 9 ] with a view to de- 
velopmg automatic detectron protocols [ 491 

A complementary paper by Shafer et al [50] showed that a compound can 
be identified with greater precision using GC-FTIR than GC-MS Most often, 
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the latter techmque only enables the compound type to be defined This can 
be ascribed to the existence of numerous posltlonal isomers of the substituted 
benzenes studied m this work 

This result brmgs us to the second point mentioned earlier dlfferentlatlon 
between Isomers This problem has been satlsfactorlly solved for slxteen chlor- 
mated phenols by Mahssa et al [ 511 and for twenty polycychc aromatlc com- 
pounds by Chlu et al. [ 521 Here again, the data from GC-FTIR analysis makes 
it possible to hfferentlate between the isomers without any ambiguity, whereas 
GC-MS enables precise mformatlon to be obtained only on molecular masses 

Fig 11 [52] shows a typical example, concernmg 2- and l-methylnaphtha- 
lenes Considerable differences are apparent m the IR spectra a closely spaced 
doublet 1s observed at 770 and 790 cm-l (1-methylnaphthalene) instead of 
three bands at 740, 810 and 830 cm-’ (Z-methylnaphthalene) These vlbra- 
tlonal modes are interpreted as out-of-plane deformations of the aromatic 
C-H 

Gralnger and co-workers [53,54] accomphshed a very Important piece of 
work m estabhshmg the vapour-phase IR spectra of the 22 isomers of tetra- 
chlorodlbenzodloxm (TCDD) at low microgram concentrations By correlat- 
mg these spectroscopic results with the molecular structures, they established 
that each TCDD Isomer can be mdlvlduahzed by absorption m the C-O-C 
asymmetrlc and symmetric stretching region These bands, situated at about 
1200-1300 cm-l, are mdlcatlve of the partial double bond character of the 

WAVENUMBERS WAVENUMBERS 

Fig 11 Mass spectra and vapour-phase IR spectra of (A) P-methylnaphthalene and (B) l-meth- 
ylnaphthalene From ref 52, with permlsslon 
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ether linkage Despite the value and coherence of these results, we must re- 
member that the spectra were obtained m the vapour phase Caution m mter- 
pretatlon is therefore advisable, as demonstrated by Warthen and McGovern 
[ 551 m connection with analyses of isomers of the msect attractant trimedlure 
In this instance, differences observed both m wavenumbers and m mtensities 
for the vibration u(C=O) of halocarbonyl compounds are not confirmed on 
the spectra m the condensed phase at ambient temperature They suggested 
the occurrence of changes in molecular structure due to the temperature m the 
hght-pipe 

Finally, GC-FTIR makes it possible to identify pesticide degradation prod- 
ucts. A study has been conducted on mirex (hexachloropentadiene dimer, Merck 
Index 6073) by Kalasmsky [ 561 After experimental photodecomposition, she 
Identified the degradation products of the bait formulation as mono- or dlhy- 
drogenated derivatives of mrrex However, the MIQ are of the order of 5 pg as 
the IR absorption coefficients are low. This also poses the problem of using 
capillary GC m GC-FTIR as the mnnmum IR detection levels are more than 
the maximum capillary column capacity The use of the high load capillary 
GC-FTIR system appears to be essential for the purpose of studymg low-vol- 
atility pesticides and their residues m biological, animal or vegetable samples 

3 4 BtomedLcaE apphcatrons 

Owing to its nearly absolute ability to identify a compound, GC-FTIR can 
be used m the biomedical field to reveal the presence of medlcaments, toxic 
compounds, narcotics and then metabohtes m blologlcal samples (blood, 
urine, bile, etc. ) 

Biochemical applications m the strict sense of the word are not as yet exten- 
sively developed In one particular case mvolvmg a study of ammo acids and 
esterified fatty acids, TaJima et al [57] use the data obtained to identify dif- 
ferent components of the human skm 

CC-FTIR also permits the precise qualitative analysis of ilhcitly manufac- 
tured and used chemical products such as drugs of abuse whose rmpurities and 
degradation residues are little known 

For analytical purposes, it is essential to obtain clean extracts Here, the 
classical methods of liquid-liquid extraction [ 581 and even solid-phase extrac- 
tion are perfectly suitable for the preparation of samples prior to analysis using 
FTIR [59] However, the matrix effects can remam important [ 371 (Fig 12a) 

3 4 1 Identlflcatton of medlcaments In btologlcal flutds 
Certam medlcaments are used ilhcitly for doping sportsmen or racehorses, 

e g , amfepramone (drethyl propion, Merck Index 3113) This molecule, while 
primarily anexoric, does have an indirect psychotomc action Maylm et al. 
[60] have shown that hordmme, the mam metabohte of amfepramone, could 
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Fig 12 (a) Matrix effects durmg GC-FTIR analysis of human urine (Gram-Schmidt reconstruc- 
tion) (b) GC-FTIR spectrum of the plotted peak m (a) 5-chloro-2-methylammobenzophenone, 
a metabohte from dlazepam From ref 37, with permlsslon 

be identified in equine urine They determined an MIQ of 50 ng. The advantage 
of GC-FTIR 1s again apparent m identifying the dlastereolsomers of other 
psychogenrc ammes such as amphetamine and 2-ethylammoproplophenone. 
Mlyata et al [ 611 used GC-FTIR to isolate and identify ephedrine derlvatlves, 
they observed that I- and d-pseudoephedrine have different IR spectra, whereas 
I- and dl-methylephedrme have identical spectra. 

Other biological matrices, such as bile [ 621, have been used for studying the 
metabolisms of central nervous stimulants After enzymatic hydrolysis and 
purlficatlon on amber&e XAD-2 resm, the extracts are analysed using GC- 
FTIR after derlvatlzatlon by flash methylatlon. The man-r metabohte of 1,3- 
dlphenyl-2-ammopropane has been identified as l- (4’-hydroxyphenyl)-3- 
phenyl-2-ammopropane 

3 4 2 Study of metubohtes 
The metabohsm of benzodlazepmes is complex and not all their metabohtes 

have been identified Herres [ 371 succeeded in revealing the presence m urine 
of 5-chloro-2-methylammobenzene, a metabolite of dlazepam (Fig. 12b). 

Other metabohsm studies have been carried out using GC-FTIR, as follows. 
Polycyclzc aromatcc hydrocarbons The carcinogenic risks of benzo [a] pyrene 

have been clearly demonstrated and the metabohtes 7- and 6-methyl- 
benzo [alpyrene have been identified m the rat [63] It should be noted that, 
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in order to differentiate between the 6- and 7-isomers, it was necessary to use 
the argon matrix isolation technique described later (Section 4 1) 

Trzfluoromethylethyl benzhydrol This is an effective hepatic enzyme mdu- 
cer Many metabolites are polyhydroxy compounds for which good chromato- 
graphic separations are possible only by preparing trimethylsilyl (TMS) de- 
rivatives The use of this derivatization is very uncommon m GC-FTIR as 
there is a risk of the TMS substituents severely disturbing the IR spectrum by 
their own absorptions. Jalsovszky et al [64] considered that the effects of 
trimethylsilylation are limited, however, there are no hbrarres of spectra of 
derivatized products, which tends to confirm that automatic identification is 
hindered by the disturbances affecting the spectrum 

3 4 3 Applrcattons Ln toxrcology 
One of the areas on which the interest of our group has focused is toxicology 

m forensic medecme. In this field, it IS very important to identify with certainty 
the product that is responsible for fatal poisonmg or the narcotic seized The 
main applications that we have developed are the identification of the herbi- 
cide paraquat [ 65,661 and the diagnosis of fatal poisomng due to the vapours 
of petrol [ 671 and volatile solvents [ 66,68,69] 

The herbzctde paruquat Imtially, we estabhshed the spectrum of the pure 
product m the vapour phase. Reduction by sodium borohydride to diene-pa- 
raquat makes it possible to obtam the chromatogram and the IR spectrum of 
this derivative, the form m which the paraquat is extracted from the biological 
matrix Then post-mortem blood from the suspected fatal poisomng was ana- 
lysed and we estabhshed the presence of paraquat by comparison with the ref- 
erence spectrum 

Volatzle toxac substances The mhalation of fuel or solvent vapours is an 
addictive practice that developed in the 1970s Unfortunately, during “smff- 
mg”, comphcatlons can frequently occur, and these can be fatal It was thus 
essential to be able to identify the fuel or solvent concerned m the biological 
fluids or m the organs for chmcal or forensic purposes 

In the case of fuel vapours [67], packed-column separatron enables only 
eleven compounds to be identified, whereas the amount mjected remams sub- 
stantial (several micrograms) 

The other volatile solvents used by young drug addicts are simple products 
such as acetone, diethyl ether, trrchlorethylene, methyl ethyl ketone, chloro- 
form, carbon tetrachloride, benzene, hexane and toluene A separation method 
was developed using a Supelco Carbopack B-3% SP-1500 column [66]. Im- 
tially, extraction of the toxic solvent from biological samples was carried out 
using an extraction solvent such as diethyl ether or chloroform The solution 
obtained, which could not be concentrated, was injected m a large volume (sev- 
eral microhtres) Although it permitted the identification of acetone and tri- 
chloroethylene in the blood or lungs, this method could not be considered sat- 
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isfactory as there was a risk of the peak due to the elutlon of the extraction 
solvent masking the toxic substances sought for Consequently, we studied the 
capability of GC-FTIR after headspace sampling (HS-GC-FTIR) The detec- 
tion limits were established for five solvents acetone, 8 ppm, 2-butanone, 6 
ppm, dlethyl ether, 5 ppm; toluene, 30 ppm; and trlchlorethylene, 20 ppm A 
saltmg-out effect study showed that potassium carbonate produces the great- 
est effect This study was carried out at a time when, to our knowledge, no 
papers on the use of headspace unection m GC-FTIR had been published In 
the same period, two papers [ 70,711 were pubhshed that showed the feaslbihty 
of this mode of m;lection, hitherto very conventional m the study of volatile 
compounds using GC-FID and GC-ECD The increase m sensitivity has made 
it possible to detect and identify an acetone metabobte, isopropanol, m rats 
[69,72] and a metabohte of 2-butanone, 2-butanol, in the blood, hver, brain 
and lungs [69] Recently, Schmidt et al. [73] developed an HS-GC-FTIR 
analysis using a dynamic headspace 

Analysis of narcotacs and drugs of abuse Narcotics and drugs of abuse such 
as heroin, cannabis, LSD, cocame, amphetamines, meperidme, barbiturates or 
phencychdme can be analysed using classical colour test techniques, TLC, UV 
and IR spectrometry, HPLC or GC-MS The last method is both sensitive and 
specific, but GC-FTIR appears to be essential in order to identify the numer- 
ous isomers Kempfert [ 741 identified a number of drugs of abuse, he easily 
dlstmgmshed amphetamine from methamphetamme and from phentermme, 
and also cocaine from its dlastereoisomer, pseudo-cocaine A rarer example 
was given GC-FTIR clearly drstmgmshed two closely related compounds, LSD 
and lysergic acid methylpropylamide (LAMPA) (Fig 13) Where the IR spec- 
tra are very slmllar to each other, e g , for pentobarbrtal and butabarbltal, we 
can use the techniques of interactive spectral subtraction and overlaying of C- 
H stretching regions 

A chemical study of narcotics during their storage reveals decomposition 
products liable to be encountered agam subsequently m biological samples from 
addicts Beckstead and Nevllle [70] suggest using a GC-FTIR technique to 
identify the ethyl acetate (1 1) complex of 06-acetylmorphme by headspace 
analysis 

By identifying impurities, it is also possible to estabhsh a “fingerprmt” of 
the drug seized and thus to make and check hypotheses as to the geographical 
orlgms of the product Such results have been established in our laboratory in 
connection with hashish [ 751 Extraction under rigorously controlled condl- 
tlons can prevent any decomposition of the cannabmoids Cannabmol (CBN ), 
cannabldiol (CBD) and dg-tetrahydrocannabmol (THC) are clearly sepa- 
rated An area-calculatmg program can be used to obtain the ratios A = THC/ 
CBD and B = (THC + CBN ) /CBD The values of A and B vary according to 
the geographical origin of the plant. 

A THC dosing method was then developed [ 191 The THC concentration 1s 
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Fig 13 Vapour-phase spectra of (A) LSD and (B) LAMPA From ref 74, with permlsslon 

also characterlstlc of each region of productlon In recently produced hashish, 
no degradation products have been found 

4 TECHNOLOGICAL IMPROVEMENTS 

The still exceptlonal use of GC-FTIR m biology hlghhghts the existence of 
problems to which solutions are currently bemgsought through the develop- 
ment of new methods. 

4 1 Matrzx solatzon [76] 

The technique using matrix isolation has been developed with a view to lm- 
proving sensltlvlty, the hmltatlons of which remain the major drawback of 
GC-FTIR At the output of the chromatographlc column, the gaseous effluents 
are crystallized on a cylmdrlcal mirror whose temperature 1s mamtamed at 
about 12-13 K by a hehum cryostat The vector gas (helium or hydrogen) 
contains 15% of argon, whose crystalhzatlon on the cryogemc surface creates 
for the compound under study an environment m the form of an IR-transpar- 
ent Inert matrix. The excess vector gas IS pumped out The mixture of argon 
and eluted products 1s contmuously crystallized on the cyhndrlcal mirror whose 
rotational-translational movement permits the storage of up to 5 h of chro- 
matogram A small portlon of the gas flow sent to a flame ionization detector 
creates a chromatographlc slgnal permitting control of the cylmdrlcal mirror 
The frozen deposit 1s analysed spectroscopically off-lme The retention time 
given by the FID signal enables the infrared beam to be posltloned on the 
cylmdrlcal mirror to record the transmlsslon-reflection spectrum. This a pos- 
terlorl treatment has the advantage of optlmlzmg the spectrum recording pa- 
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rameters and, above all, of carrying out signal accumulations The abundance 
of the argon, the amount of which can be as much as 200 times that of the 
sample, results in each molecule of the sample bemg crystallized in isolation 
Consequently, the bands are very fine as the vibrational modes are free from 
any crystalline effect These spectra obtained m the solid phase resemble those 
of the vapour phase without the components due to rotation This is reflected 
by an increase m the intensity of the bands, and hence m sensitivity, and the 
libraries of spectra in the vapour phase are also still utihzable. Detection hmits 
below 10 ng are currently being indicated [ 771, with the best performances 
movmg m the direction of the picogram range [ 8,781. 

The other advantage of this techmque is that it mamtams the excellent res- 
olution given by narrow-bore (0.25-o 1 mm I D ) capillary columns, which are 
now usable by reason of the very small amounts injected Two products sepa- 
rated by a difference m retention time of 6 s have been identrfied [ 761 Apph- 
cation to the analysis of complex mixtures such as PCBs [ 791 and dioxms 
[ 80,811 reveals the value of GC-MI-FTIR m environmental studies 

4 2 Supercrstlcal flusd chromatography 

To overcome the hmitations of GC with regard to thermodegradable com- 
pounds, and given HPLC-IR couplmg difficulties, supercritical fluid chroma- 
tography (SFC) has been associated with IR detection since 1983 [82] Car- 
bon dioxide mamtamed above its critical pressure, at ambient temperature, is 
used as a vector fluid m capillary columns. Chromatographic selectivity is ob- 
tamed by programmmg the pressure of the fluid. The relative infrared trans- 
parency of supercritical carbon dioxide, except in the 3600 and 2400 cm-’ re- 
gions, makes it possible to detect the absorption spectrum of the compounds 
analysed for identification purposes [ 831 

The performance of thus techmque, when adapted for the analysis of com- 
pounds of high molecular mass, remains limited m terms of sensitivity when a 
flow-through cell is used for detection [84] Various spectrometrrc modes of 
detection have therefore been contemplated, e.g , DRIFT [ 851 and matrix iso- 
lation [ 861 

4 3 Combrwd GC-FTIR-MS 

In order to maximize the rehabihty of the diagnosis m identifying a given 
compound, which is the ultimate objective in using a couplmg method, it soon 
became clear that it was advantageous to have mass and infrared spectra avail- 
able simultaneously Given the difficulties entailed, this objective, which dates 
back 20 years, has evolved with the passage of time, as recently described m a 
detailed account by Wilkms [ 871 From the mstrumental viewpomt, the prob- 
lems derivmg from differences in flow-rate, pressure and sensitivity between 
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MS and FTIR have resulted m choices as contradictory as parallel or series 
mounting [88] Imtlally, the use of packed columns led to the assoclatlon m 
parallel of the two spectrometrlc techmques The gas stream 1s split mto two 
components of variable intensity at the output of the chromatograph by means 
of a splitter The low flow-rate of the capillary columns has removed this pos- 
slblhty by favourmg series mounting, which exploits the non-destructive na- 
ture of the IR technique As there 1s a risk of this type of set-up reducing the 
chromatographlc resolution, the use of SCOT columns by Crawford et al [ 891 
was a good compromise that no longer necessitated series mountmg 

For the mterpretatlon of the results, a simultaneous knowledge of the two 
spectra permits the development of software performing cross-correlation of 
spectral library search results Cooper et al [ 901 described the apphcatlon of 
software packages using the Chemical Abstracts Registry Numbers as a cross- 
correlation tool to mixtures of 14 and 23 compounds 

Here again, differences are apparent between MS and FTIR as to the size of 
the spectral hbrarles (MS, 30 000, IR, 3000) This has led certain authors [88] 
to recommend the use of the IR spectrum as a functional group prefilter None- 
theless, we must not disregard the mformatlon supphed by the vibrational 
spectrum which IS, most often, able to solve problems of lsomensm, as we have 
already seen 

GC-FTIR-MS 1s still at present a laboratory tool, the apphcatlons of which 
are few and far between The only two works published to date concern anal- 
yses of environmental samples [47] and of flavours [91] 

Despite the stdl evolutionary nature of double couplmg, hmltatlons can al- 
ready be seen They relate primarily to a lack of sensltlvlty, as the MIQ does 
not go below ca 100 ng This appears to be ascribable to FTIR detection, and 
the addltlon of the method usmg matrix lsolatlon should give an improvement 
However, this package of sophlstlcated techmques 1s hkely to result m a cost 
that 1s detrlmental to commercial development According to current thinking, 
the way to reduce the cost of the whole system would be to simplify the mass 
spectrometer part by using an MSD or ion trap detector [92] 

5 CONCLUSION 

The apphcatlons of GC-FTIR m the blomedlcal field are still few and far 
between If we analyse the results obtained for mdustrlal products, vegetable 
extracts and pesticides, we can find an explanation for this GC-FTIR still 
appears to have hmltatlons at this stage, especially m terms of sensltlvlty, but 
also of resolution Thus, when sufficient amounts of the sample are avallable, 
very interesting results are obtained, particularly as regards the dlfferentlatlon 
of Isomers, m which GC-FTIR very efflclently complements GC-MS How- 
ever, when the sample IS extracted m small amounts from a blologlcal material, 
the use of GC-FTIR remams a delicate matter The problem created when 
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using the classlcal derlvatlzatlon techniques merely aggravate this difficult sit- 
uation Under these cucumstances, several groups of researchers have tried to 
push back the limits The matrix lsolatlon method has increased sensltlvlty by 
several orders of magnitude, estabhshmg MI& levels comparable to those of 
GC-MS Fmally, m biology, certain problems of chromatographlc origin can 
be solved using SFC, which 1s better suited than HPLC to IR detection 

6 SUMMARY 

The basic concepts relating to Fourier transform infrared spectroscopy 
(FTIR) have been set out to enable chromatographers to make use of gas chro- 
matography ( GC ) -FTIR couplmg To describe the current position regarding 
appllcatlons, studies are briefly presented that are representative of the field 
of industrial products, natural vegetable extracts and pesticides. Blomedlcal 
apphcatrons are described m detail The analyses of mehcaments, metabolism 
studies and toxlcolopcal mvestlgatlons are reviewed Given the limited amount 
of published work m this field, it 1s possible to survey the llmltatlons of 
GC-FTIR The solutions provided by technological developments currently m 
progress are described 
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