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Abstract

Over the past several vears, capillary gas chromatography (GC) with Fourier transform infrared (FT-IR) and/or
mass spectral (MS) detection has become the primary analytical tool for qualitative and quantitative analysis of
complex mixtures. Because of the wide range of applications, the analytical requirements have motivated several
recent chromatographic and detection developments. This review examines those, illustrating with applications that
demonstrate the power of GC and multidimensional GC-MS, GC-FT-IR and GC-FT-IR-MS systems for solving
a wide variety of analytical problems. Additionally, the article discusses the integrated performance of such
analytical systems with the aid of recent sample introduction and computer data analysis technique advances.

Contents
I. Background ... . .. P 336
2. Sample introduction h.chmquu N 337
2.1 andry techniques ... . ... .. e e 337
2.0 0 Trapping methods .o 337
2.1.2. Miscellaneous methods © o000 338
2.20 Secondary techniqUes Lo 339
2.2.1. Multidimensional gas (hramau)gaph\ ................................................ 339
230 SUMMATY .o 340
3. Gas chromatography—mass SPCCLIOMCIIY ..o oottt e e e 341
3.1, GC—quadrupole MS with clectron 1onizalion ... ... 341
3.2. GC-quadrupole MS with chemical lonization .. ... ... o L 344
3.3. GC-ion trap MS . .. PN 345
340 GC-ton trap tandem MS L 345
3.5. GC-tandem MS .. e 346
3.6. Fast GC-time-of-flight MS 0 347
3.7, Fast GC—miscellancous fast mass spectrometrios . ... ... ... . e 348
IBUSUMMATY ..o 348
4. Gas chromatography-Founer Imn\torm mtrerd SPECITOSCOPY . .. e 348
4.1. C-FT-IR instrumentation O 350
4.2, Applications of GC-FT-IR ... ... ... ... .. e 351

= Corresponding author.

0021-9673/95/%09.50 (f\ lt)‘J\ Elsevier Science BV, All nights reserved

N

SSDI 0021-9673(94)0 =X



336 N. Ragunathan et al. i J. Chromatogr. A 703 (1995) 335-382

4.3. Summary

S3.Summary . ...
6. Data analysis methods

6.7. Miscellaneous .. ....... ... ... ... ... .. . ... ..
6.8 Summary ......... .. ....
7. Outlook for the future
Acknowledgements ...... ..

1. Background

The fundamental idea of linking or **hyphenat-
ing” analytical instrumentation is motivated by
the intrinsic desire of chemists to identify and
quantify chemical compounds in known as well
as unknown mixtures. As a consequence of
development of the type of linked analysis sys-
tems which are the topic of this review, powerful
new mixture analysis strategies are now avail-
able. This review will consider the implications
of some of the technological advances over the
past thirty years, with emphasis on more recent
developments. Specifically, this paper will ad-
dress the combination of gas chromatography
with structurally specific infrared and mass spec-
trometry (GC-FT-IR. GC-MS, and GC-FT-
IR-MS) detectors. Because the accompanying
other reviews in this edition of the journal focus
on related topics, it is expected that there will be
some overlap. Here, we present our perspective
on the issues involved in the still emerging and
evolving field of multidimensional analytical
techniques. At present, these types of instru-
mentation systems are more capable of com-
pound class identification than of specific com-
pound analysis, although there are numerous
examples of success in the second category. as
well. Many of the present approaches to ana-
lytical instrumentation focus on isolating either a
class of compounds or a single mixture com-
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ponent using one or more separation methods
followed by detection with non-specific detectors
(e.g., flame ionization, electron capture, refrac-
tive index, etc.) sometimes in concert with more
compound structure-specific detectors (e.g., in-
frared, mass, or nuclear magnetic resonance
spectrometry). The latter trend has been made
possible in large measure by the availability of
inexpensive and fast computers.

Low and Freeman [1] first suggested the po-
tential usefulness of a linked GC-FT-IR-MS
system in 1968. Following this suggestion, sever-
al separate innovations in the necessary elements
of such an analytical system resulted in improve-
ment of attainable practical detection limits from
hundreds of micrograms to a few nanograms per
component. Those advances, which have allowed
development of routine GC-FT-IR-MS mea-
surement systems, have been summarized and
discussed in several review articles [2-4]. In
addition, commercialization has led to low cost
dedicated instruments capable of performing
routine mixture analysis where components are
present at the ten to one hundred nanogram
level. Detection sensitivity improvements have
been focused more on the FT-IR link than the
MS because of the well known lower sensitivity
of infrared detectors. However, more recent
improvements in FT-IR detection technology
have reduced detection limits to 100 pg or less
for strong infrared absorbers. Further develop-
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ments in infrared detector technology and collec-
tion optics could ultimately result in detection
limits comparable to those of full scan MS or
other non-structure specific detection methods
like the flame ionization detection (FID). In
addition to improved instrumentation, corre-
sponding improvements in automated GC-FT-
IR and GC-MS data analysis are also occurring.
This aspect is becoming increasingly important
because, in combined systems, a very large
quantity of data generated is generated during
complex mixture analysis. Thus, automated data
analysis is essential. A section of this review will
deal with the current status of such software. For
convenience, each of the elements of linked gas
chromatography—spectroscopy systems will be
discussed separately.

2. Sample introduction techniques

Sample introduction methods play a crucial
role in successful implementation of linked sys-
tems such as the ones discussed in this review.
The details are among the key areas which are
necessary to understand if one plans to use GC-
based multispectral detection
course, the ultimate goal of any sample intro-
duction protocol is injection of a volatile or
semi-volatile mixture into the GC column direct-
ly or via a heated injection port. Steps prior to
this may involve extraction of analytes from
matrices that are unsuitable for injection onto
the column. In cases where analyte focusing on
the column is important. modified injection
techniques are required and are particularly
important for high speed GC analysis. Primary
methods for extracting volatile and semi-volatile
components from matrices which cannot be
directly injected onto a GC column are head
space sampling, purge and trap, liquid-liquid
extraction, supercritical fluid extraction and solid
phase extraction. Secondary extraction or sample
introduction techniques include use of coupled
separations including GC, liquid chromatog-
raphy, and supercritical fluid chromatography
(GC-GC. LC-GC, SFC-GC). In a very broad

systems. Of
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sense. the difference between the two types of
sample introduction systems is that in the pri-
mary techniques, the number of compounds
injected onto the column may be very large
depending upon the sample, but with the sec-
ondary techniques, valving systems can provide
the ability to select the number of compounds
transferred to the second stage column.

to

1. Primary techniques

o

.1.1. Trapping methods

Koester and Clement [5] have critically re-
viewed trapping methods. Here the most recent
applications and advances defined by those au-
thors as emerging methods for volatile and semi-
volatile organic compounds are covered. The
most popular and well documented means of
enriching volatile organics is the purge-and-trap
method (P&T) [6-8]. In addition to P&T, the
spray extraction technique has been developed
to circumvent foaming and bubble formation in
liquid matrices that contain 1-3 g/1 of surfactants
[9-12]. This system works by spraying water
containing analyte into a closed extraction
chamber that has a steady flow of carrier gas.
The spray produces very small droplets described
as having 37 um [11] or 100 pm [12] diameters,
and the analytes are extracted from the droplets
and carried away by the carrier gas to a trap.
Extraction efficiency is dependent upon the size
of the spray droplet. The spray-and-trap (S&T)
efficiency initially reported by Baykut and co-
workers [9,10] was in the range of 10-15%.
However, a modification of the spray nozzle
increased the efficiency to more than 50% for
the set of volatile organic compounds reported in
these experiments [11,12]. In addition, the re-
duced droplet size considerably reduced the
amount of water necessary for analyte extrac-
tion. The proposed advantage of this system
compared to that of P&T is its portability, which
would allow rapid on-site evaluations of environ-
mental samples. Also, the proposed method
reduces flooding of the adsorbant or trap by
water, thereby circumventing a trap drying step
which may result in analyte loss.
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2.1.2. Miscelluneous methods

Alternatives to P&T and S&T for volatile and
semi-volatile organic compounds include vacuum
distillation [13]. hollow fiber membranc extrac-
tion [14~17], membrane permeation [18]. and
headspace solid-phase microextraction (SPME)
[19,20}. The use of membrane technology is
quite old, but novel applications to solventless
direct extraction of volatile organic compounds
(VOCs) for GC-IR-MS analysis may be the
trend of the future. Pawliszyn and co-workers
[14—=17] have developed hollow tiber membrance
technology for analysis of VOCs and polar
organics. The systems include a multiplex GC
system for VOCs [17]. high-pressure extraction
for semi-volatiles [16]. and a non-muitiplex
cryotrapping sorbent interface for sample enrich-
ment [14]. The unique advantage ot the sorbent
interface system is that at lcast six ditferent
configurations can be implemented tor extraction
of analytes. A comparison of the different con-
figurations was carried out using trichlorocthene
as the analyte at concentrations ranging from |
to 1000 wg/l. Only one configuration. the flow-
through module. showed the presence of analyte
at the lowest tested concentration. Detection
limits ot other configurations ranged from 10 10
50 pg/l. Shoemaker and co-authors at the
United States Environmental Protection Agency
(US-EPA) have followed up by developing a
method that combines flat sheet membranes.
instead of hollow fibers. for the extraction of
polar compounds from water [17]. [n this meth-
od, a fat sheet of membrane is interposcd
between two grooved. mirror image. Plexiglas
plates. In one of the grooves. the water sample
containing the analvtes is passed, and in the
other. the flowing carrier gas transports the
organics that diffuse through the membrane to a
Tenax trap. In addition to the hollow fber
method, Pawliszyn and co-workers  [19.20)]
studied the SPME technique. This method uscs
solid or liquid coating on a silica fiber to absorb
organics from different matrices via direct con-
tact or headspace. The absorption step is fol-
lowed by placement of the coated fiber o a
heated injection port. which subsequenty de-
posits the analytes onto the column for turther
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analysis. Optimization of direct extraction [20]
and a comparison of direct and headspace ex-
traction [19] have been reported. There are a
great many possible applications of this tech-
nique. The advantages of these systems are their
compactness, simplicity and high sensitivity.

In addition to the methods described above for
analysis of effluents in water, there is progress in
on-line and direct injection of analytes in water.
The advantages are reductions in enrichment
times. analyte loss, and contaminants. Mol et al.
[21] have determined the applicability of using
an open tubular column with thick coating (5
wm) of dimethylsiloxane as a method of enrich-
ment. However, one problem with this technique
is the swelling of the stationary phase and
subsequent sample breakthrough. A different
approach used by Muller et al. [22 and refs. cited
therein] involved testing of suitable adsorbents in
a programmed-temperature vaporizer (PTV) in-
jector for direct injection of large volumes of
water. It was shown that Tenax TA was the best
choice among the several adsorbents studied. An
alternative approach that does away with the
PTV injector tor large volume organic solvent
injection has been demonstrated by Suzuki et al.
[23]. This method requires some form of prior
extraction of analytes from the water matrix,
followed by direct splitless injection of 100-u1
sample aliquots using an unmodified injector
port. Solvent diversion is based upon the differ-
ence in trapping efficiency of the two identical
phase coated capillary columns after the mixture
passcs through a 3-m deactivated cold trap
column at 40°C. For most of the tested com-
pounds. the reproducibility in peak area was
good and the relative standard deviations
(R.S.D.s) were within a factor of 2-4 in com-
parison to those obtained when 1-ul injections
were employed.

Other methods for extraction not discussed
here are well described in Koester and Clement’s
review [3], and they include solid-phase extrac-
tion (SPE). liguid-liquid extraction and varia-
tions of some of the previously described tech-
niques. In general, the applications of all of the
previously described extraction techniques are
limited to analysis by sensitive non-structure
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specific detectors or to GC-MS. GC-FT-IR
generally requires enrichment of some analytes
by a factor of 100 or more for qualitative
analyses if the analytes are much lower than high
ppb or low ppm levels. This restriction may limit
the utility of some of the techniques for typical
single capillary column systems. However. cou-
pling these extraction techniques with a sccon-
dary technique. such as multidimensional gas
chromatography. can provide vastly improved
qualitative and quantitative information on low
concentration analytes.

2.2, Secondary techniques

2.2.1. Multidimensional gus chromatography

Of the secondary methods mentioned carlier.
only GC-GC will be discussed here. Other
articles in this journal will cover the other topics.
The underlying theory is also covered in other
articles in this journal. The proliteration of
multidimensional separation techniques is In
response to the lack of chromatographic resoly-
ing power when one attempts single column
analyses of complex mixtures. In any complex
mixture analysis “complete™ separation and de-
tection of components is the tundamental goal.
To date, the most extensive published attempt to
exhaustively separate a complex mixture. con-
taining several thousand compounds. was re-
ported by Venkatramani and Phillips {24]. The
question to be addressed is what level of sepa-
ration and detection defines “completeness’™. As
detection limits continue to decrease. the num-
bers of compounds detected can increase
dramatically. For this reason. it is essential to
continue to pursue improved sceparations strate-
gies.

In gas chromatography. the methods utilized
for multidimensional separation can be categor-
ized as: (a) Deans-type switching: (b) valve-
based switching: and (¢) on-column thermal
desorption [24 and refs. cited therein]. In Deans-
type switching [25], analvtes do not come into
contact with any chemically active surfaces be-
tween the injection port and the detector. This
technique is very well established and commer-
cial instruments emploving this approach 1n
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various forms are available. For valve-based
switching. components pass at least once across
surfaces other than glass. In the third technique,
components eluting from an initial separation
stage are trapped on-column for a short period
before being thermally desorbed onto the next
column [24]. Advantages of this system are the
comprehensive nature of the separation and its
compactness.  Unfortunately, detection is re-
stricted to a non-structure specific detector such
as an FID apparatus. Coupling this particular
comprehensive separation technique to structure
specific detectors like mass or infrared spec-
trometers has yet to be demonstrated.

[t is theoretically possible to construct a com-
prchensive system GC-GC  separation instru-
ment using a valve-based approach. Fig. 1 shows
the concept of a parallel cryogenic trapping
multidimensional (MD) GC system. In this fig-
ure, several heartcuts from an initial separation
can be taken and trapped., and subsequently,
cach of the trapped sections can then be in-
dependently separated on a second column of
differing stationary phase sclectivity. This tech-
nique can be considered comprehensive if heart-
cuts are taken across the entire initial separation
and each cut is separated a second time. How-
ever. in most potential GC-GC applications,
analvses are carried out to determine the pres-
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ence or absence of targeted compounds and to
quantitatively analyze those present. A valve-
based parallel cryogenic trapping system current-
ly under development for both target and gener-
al analysis will be discussed later in this section
[26-31]. Other aspects of GC-GC techniques
are detailed in separate reviews by Schomburg
and Phillips in this journal and. therefore. will
not be discussed here.

The motivation for development of the paral-
lel cryogenic trapping technique can be under-
stood by considering the results presented by
Gordon et al. [32] on the analysis of tobacco
essential oil using a heart cutting GC-GC pro-
cedure. That analysis required 23 individual
heartcuts and 48 h of instrument time. Sepa-
rations were carried out by injecting the sample.
cold trapping the required section for a sec-
ondary stage separation, back flushing the re-
maining eluent (or forward flushing). and finally
performing a secondary stage separation. The
flushing and secondary stage analysis were done
simultaneously. If each primary separation se-
quence took 30 min, at least 6 h could have been
saved by using six traps in parallel, rather than
one. With a larger number of traps, the possi-
bilities for time savings are even greater. This is
not the only advantage with a parallel trapping
system. Other advantages include the abilities to
obtain precise adjacent cuts, simultaneous cn-
richment of six different sections. and the possi-
bility of carrying out GC". n=3 to 6, for
multiple chosen sections using a single sample
injection. A possible disadvantage of such an
approach is the use of mechanical valves to
direct the effluent flows. This factor, in the case
of evaluation of unknown mixture. could result
in uncertainty about the composition because of
the possibility that reactions could take place on
the valve surfaces. However, several recent
reports indicate that the valves usually function
as well as their valveless counterparts [26 and
refs. cited therein]. The qualitative aspects of
such a system will be discussed later in the
present review.

Another method which can be used to de-
crease the analysis time in complex mixture
analysis is the incorporation of fast primary;/
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secondary stage separations. This technique is
currently under development in many laborator-
ics in different forms and applications [24,33-
41]. Fast separations are typically performed
with non-structure specific detectors, such as
FID apparatus. One area of current interest
involves examining the feasibility of coupling fast
separations to infrared spectroscopy with an
attempt to implement some of the features of
parallel cryogenic trapping system. Preliminary
results indicate that a matrix isolation infrared
spectrophotometer can be successfully utilized
for detecting components separated under fast
chromatographic conditions [39]. This method
involves trapping effluents from the primary
separation stage column by means of a single
cryogenic trap maintained at 90-100 K. Sub-
scquently, the trap is resistively heated by a
current pulse to desorb the components for
separation. The carrier gas utilized for these
experiments was helium. Test mixtures were a
Grob mix and early eluting sections of
eucalyptus and cascarilla bark oils. The second
stage separation times for the Grob mix were
less than 2.5 min and approximately 1 min for
the hydrocarbons. In this study, the recon-
structed infrared chromatograms were similar to
that observed for the FID chromatograms.
Because both the primary and secondary col-
umns were housed in the same oven, multi-
dimensional analysis similar to that carried out
by Phillips and coworkers was not possible [24].
The success of this technique primarily depends
on the ability of compounds in complex mix-
tures, such as the essential oils, to survive the
rapid thermal desorption process. In the research
described here, it was demonstrated for the
compounds investigated, decomposition is negli-
gible. However, the behavior of the more polar
components of these oils has not yet been
investigated.

2.3. Summary

It is clear that in order to obtain the maximum
amount of information from a separation cou-
pled to multispectral detectors, the material
provided to the detector needs to be both pure
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and present in sufficient quantity. The methods
discussed here demonstrate the advantages of
several types of injection, collection, pre-con-
centration, and separation methods. As analyses
require lower detection limits and higher quali-
tative accuracy, the future widespread applica-
tion of these techniques to multispectral detec-
tion systems appears imminent.

3. Gas chromatography-mass spectrometry

Gas chromatography coupled with mass spec-
trometric detection (GC-MS) is one of the most
widely utilized analytical techniques. The explo-
sion of applications stems from the excellent
qualitative information obtained and the high
sensitivity inherent with mass spectrometric de-
tection. The great majority of GC-MS applica-
tions utilize capillary GC with quadrupole MS
detection and electron ionization (EI). Never-
theless, there are substantial numbers of applica-
tions utilizing different types of mass spectrome-

Table 1
Summary of GC-MS applications and detection limits

ters and ionization techniques coupled with stan-
dard, multidimensional, high-speed, and pyroly-
sis gas chromatographies. However, due to the
volume of reports on GC-MS, this section of the
review will only consider recent applications of
more standard instrumentation or developments
of unique abilities, such as the adaptation of
time-of-flight MS to high-speed GC separations.
Table 1 summarizes some of the recent instru-
ment couplings, applications and detection limits
for specified compounds or classes of com-
pounds.

3.1. GC-quadrupole MS with electron
ionization

As previously mentioned, the most common
configuration for a GC-MS experiment is a
single capillary GC column directly coupled to
an EI quadrupole mass spectrometer. The prolif-
eration of this type of system results from its
relatively low cost, low maintenance, high sen-
sitivity, high information content, and the ready

Mass lTonization Sample(s) Detection Ref.
spectrometer technique limit
Quadrupole Electron iomzation Monochloroacetic acid
derivative 0.5 mg/l 42
Polynuclear aromatic
hydrocarbons 0.2-1 ng/l 43
Organophosphorous
and triazine pesticides 0.04-0.13 mg/1 44
Atrizine 50 ng/l 44
Dibromomethane 1.0 ppt 46
Dimethyi sulfide 2.4 ppt 46
1 1-Nor-9-carboxy-A"-
tetrahydro cannabinol 0.5 mg/1 50
Quadrupole Chemical ionization Tolucnediamine (.05 mg/l 58
lon trap Electronwonization 11-Nor-9-carboxy-A’-
tetrahydro cannabinol 0.3 mg/1 50
Cocaine S0ng/g 78
Tandem ion trap Electron ionization and Morphine 1-20 ppb 84
collision-induced Cocaine 5-30 ppb 84
dissociation
Double focusing Electron onization Atrizine 0.2 ng/l 45
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availability of reliable commercial instruments.
A brief survey of the literature over the last five
years shows that papers describing GC-MS
applications number on the order of several
thousands. On-going trends apparent from read-
ing the literature are a constant and impressive
improvement in sensitivity and detection limits.
Furthermore, the breadth of applications is quite
diverse and includes medicine, environmental
chemistry, flavor and fragrance chemistry. as
well as many others.

A number of recent reports have resulted from
research being done in environmental chemistry.
Because of its impressive sensitivity, GC-MS
allows chemists to detect extremely small quan-
tities of environmental contaminants in water.
soil, and air. One of the main areas of interest to
environmental chemists is the identification and
quantitation of organic substances, such as chlo-
rinated compounds, polycyclic aromatic hydro-
carbons, and pesticides, in water and air [41-45].
Volatile chlorinated organic compounds such as
trihalomethanes (THMSs) in chlorinated waters
have been the focus of much of the research on
chlorination products in water in recent years.
However, there is also increased awareness that
halogenated acetic acids (HAAs) in natural
waters, especially chloroacetic acids (CAAs),
make up a large fraction of the non-volatile
chlorinated compounds in water.

Recently, Ozawa [42] reported the analysis of
directly derivatized HAAs by GC-MS with
detection limits in the low ug/l level. In this
report, several chloro- and bromoacetic acids
were analyzed following a difluoroanilide de-
rivatization to improve sensitivity, and the re-
coveries for 10 ug/l of analyte in natural waters
(lake and sea waters) were greater than 85% for
all but one of the analytes. These investigators
also used the well known method of single or
selected ion monitoring (SIM) mode, to improve
sensitivity. This mode improves sensitivity by
limiting the mass of the ions detected to one or
more specific fragment ions of known mass. As a
consequence, it is highly selective and it elimi-
nates a large portion of the noise inherent in full
scan detection mode. For example. by moni-

toring the molecular ion peak with m/z 205 for
the monochloroacetic acid (MCAA) derivative,
a detection limit of 0.5 pg/l could be achieved.

As previously mentioned, environmental
chemistry is not the exclusive application of GC-
MS. Another of the areas in which GC-MS
applications have dramatically increased is clini-
cal or medicinal chemistry. In the past few years,
several drug analysis methods by quadrupole
GC-MS have been developed [47-50]. One
recent example is an intermethod comparison
between quadrupole and ion trap GC-MS sys-
tems for detection of the marijuana metabolite
11-nor-9-carboxy-A’-tetrahydrocannabinol (TA)
in urine [50]. In this comparison, much like the
environmental applications, both detectors were
run in SIM mode, detecting ions with mass to
charge ratios between m/z 305 and 385 in order
to improve the sensitivity of the method. Detec-
tion limits and reproducibility data for the detec-
tion of TA were very similar for the two detec-
tors. For the quadrupole detection limits were
0.5 ng/l (ppb), while they were slightly lower,
0.3 ug/l, for the ion trap. Although the main
source of the sensitivity of these methods is the
SIM mode, analyzing samples in the SIM mode
obviously precludes the collection of full mass
spectra. Thus, by opting for maximum sensitivi-
ty, the analyst most forego one of the main
advantages of having a spectrometric detectory
—its ability to perform qualitative as well as
quantitative analyses.

Gleispach et al. [S1] recently reported a study
which is a good example of GC—MS usage for
qualitative analyses. They utilized a full scanning
quadrupole GC-MS system to qualitatively iden-
tify steroids and organic acids in urine, and
following the identification process, operated the
system in SIM mode for quantitative analyses.
The impressive qualitative power of GC-MS
over non-spectrometric detection is clearly dem-
onstrated in one of the examples in the study. In
one of the urinary steroid chromatograms from a
patient, a very large peak which was identified
by its mass spectrum to be dehydroepiandros-
terone (DHEA), a metabolite indicative of an
adrenal carcinoma. Surgical intervention showed
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the presence of the tumor, which was removed.
Had it not been for the critical identification of
the metabolite by GC-MS, the surgery might
not have been recommended. Other quantitative
analyses utilizing the SIM mode were performed
to monitor the urinary level of N-acetyl-L-aspar-
tic acid, which is used for the diagnosis of
Canavan’s disease. N-acetylaspartic acid was
found to be present in both healthy and diseased
human urine, but the diagnosis of Canavan’s
disease was confirmed by the fifteen-fold ele-
vated excretion of the acid in the diseased
patient.

In some qualitative identification cases with
extremely complex mixtures, the resolution
limits of a standard single column GC-MS
analysis are exceeded, and in these cases, the
most common option is to utilize multidimen-
sional GC (MDGC) or GC-GC coupled to the
MS detector. The reason for utilizing a more
powerful separation technique is the need to
acquire mass spectra of pure components rather
than spectra of mixtures of two or more com-
ponents. Highly accurate qualitative identifica-
tion assignments can only be made from spectra
of pure components, and spectral subtraction or
chemometric methods do not always provide the
correct spectrum for the unknown component of
interest. Therefore, the easiest method to im-
prove qualitative accuracy is to improve the
separation and acquire pure spectra in the first
place. Representative of the types of samples
that require MDGC are essential oil or environ-
mental samples.

One of the most thoroughly investigated appli-
cations of MDGC-MS or GC-GC-MS is analy-
sis of essential oils. Identification and quantita-
tion of enantiomers in these types of oils can
provide information as to the chemotaxonomy of
the oil [52] as well as the effects the enantiomeric
ratios have on smell and taste properties [53].
Recently, Hennig et al. [52] described an in-
vestigation of the composition of Pinus peuce
needle oil by GC- and MDGC-MS. Because of
the biological activity of monoterpenes in the
interrelation between forestry insects and the
host trees, a method was required to identify the

reasons behind the diminishing populations of
the Pinus peuce in Germany. Direct enantio-
meric separation of the monoterpenes was
achieved by using modified cyclodextrins as the
GC stationary phase. Utilizing the retention
times and mass spectra, chromatographic peaks
could be identified, and the quantitative abilities
of the MS were used to develop the enantiomeric
ratios from the B-cyclodextrin analytical column.
The ratios of a-pinene, camphene, B-pinene,
limonene and B-phellandrene were determined
for the two oil samples that were studied. Un-
fortunately, a larger population of samples
needed to be analyzed before conclusions about
the ratios could be drawn, but the method does
demonstrate the ability and ease of adapting
MDGC techniques to mass spectrometric detec-
tion.

As for the environmental applications of
MDGC-MS, typical recent applications are the
identification of fatty acid methyl ester as minor
components in fish oil [54] and the separation
and determination of coplanar PCB congeners
[55]. The latter is an area of intense research
because of the toxicity of certain PCB congeners.
The difficulty in this type of analysis is the
complete chromatographic separation and identi-
fication of the highly toxic PCB congeners from
the less toxic congeners [55]. MDGC-MS pro-
vides the separation power and the sensitivity to
detect and quantify the small amounts of the
congeners of interest. However, unlike the previ-
ous examples, ionization by EI in the SIM mode
did not provide the sensitivity required for the
analysis [56]. As a consequence, the authors
utilized negative chemical ionization (NCI) in
conjunction with SIM mode detection to achieve
detection limits on the order of 10 fg to 1 pg of
material, or at the low ppt level, depending on
the degree of chlorination. It was also deter-
mined that the sensitivity of the system with NCI
increases with increasing number of chlorine
substituents, and the range of linearity is three to
four orders of magnitude [55]. As this example
points out, in some cases simple EI does not
provide adequate sensitivity, and this conveni-
ently introduces another method of ionization
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which can improve not only sensitivity but selec-
tivity: chemical ionization.

3.2. GC—quadrupole MS with chemical
ionization

For some types of analyses, it is desirable to
use a “'softer” form of ionization than EI, which
typically causes extensive fragmentation. In
these cases, chemical ionization may provide an
adequately soft ionization technique. CI usually
produces molecular ions (M" or M7), adduct
ions (M + CI reagent) . and fragment ions.
but the degree of fragmentation can be con-
trolled somewhat by the nature of the reagent
gas. CI reagents vary from application to appli-
cation, but the most popular are methane and
ammonia. In most cases, Cl is chosen to provide
better selectivity and sensitivity than EI experi-
ments. However. due to the somewhat special-
ized requirements of CI capable instruments, the
instrumentation required to perform GC-CI/EI-
MS experiments is more expensive than an
exclusively El-based instrument. and sub-
sequently, the number of instruments and appli-
cations are relatively low compared to EI.

There have not been as many publications
describing use of Cl. compared with the
thousands for EI reports. however, there is still
extensive use of the chemical ionization method.
Many papers focus on the use of CI for the
differentiation of isomers by GC-CI-MS in en-
vironmental. biological and petroleum analyses.
Typically, isomer differentiation by EI is difficult
because often the mass spectra of isomers are
quite similar (or identical) and differ only in
subtle ways. However, with CI. the reactions of
analyte with reagent gas may produce dramati-
cally different spectra for the isomers due to
differing reactivities of the isomers towards the
reactant gas. A good example of this was demon-
strated by Slater and Manville [57] who differen-
tiated thiocyanates and isothiocyanates by GC-
CI-MS using ammonia as the reagent gas. They
found that EI mass spectra of allyl and alkyl
thiocyanates and isothyocyanates do not permit
unambiguous identification. and CI mass spectra

with methane and butane also precluded identifi-
cation because both isomers yielded the same
spectrum. However, the use of ammonia as the
reagent gas produced two very different spectra
for the allyl thiocyanate and isothiocyanate, and
the differences were enough to allow accurate
differentiation of the isomers.

Another recent application of CI-MS utilizing
the SIM mode is determination of toluene-
diamine (TDA) isomers in human urine and
blood [58]. This method also used ammonia as
the chemical ionization reagent gas, but in con-
trast to the previous example, ions were ana-
lyzed in the negative ion mode. Differentiation
of the isomers was achieved by varying the
ammonia pressure, temperature and electron
energy and monitoring ions with m/z 394 and
374, corresponding to the (M —20)" and (M —
40)" ions of the toluenediamine pentafluoro-
propionic anhydride derivatives. This method
was reported to have a detection limit of 1-5 fg
of injected material for each of the five TDA
isomers. corresponding to less than 0.05 ug/l of
TDA in human urine or plasma. It was also
reported that these limits could be improved by a
factor of 40 if an enrichment step was included.
However, even before an enrichment step, the
detection limit of the method is better than most
of the previous EI examples, clearly showing the
possible improvements that CI can provide over
electron ionization techniques.

In terms of isomer complexity and content,
petroleum products are probably the most com-
plex mixtures. Total qualitative analyses of pe-
troleum products is virtually precluded, even
with standard GC-EI-MS techniques. However,
a recent report using nitric oxide chemical ioni-
zation to analyze reformulated gasolines and
their blending components has demonstrated a
new approach to improve the qualitative under-
standing of these mixtures [59]. Utilization of
nitric oxide CI provides simplified and more
selective mass spectra compared to EI, and the
simplified spectra can offer more information
about the identity, hydrocarbon type by boiling
region or carbon number, and normal/iso paraf-
fin splits in petroleum products. This report is a
good example of the use of a specific reagent gas
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to provide a specific type of ionization which can
then be used for more general qualitative in-
formation.

3.3. GC—ion trap MS

In analyses requiring high sensitivity full scan
mode operation, quadrupole GC-MS in full scan
mode 1s insufficiently sensitive to perform at
levels lower than tens of nanograms. Further
improvements in the sensitivity must be made by
improving mass spectrometric hardware rather
than by adjusting the quadrupole parameters.
One type of mass spectrometer which is well
suited for high sensitivity chromatographic appli-
cations is the quadrupole ion trap detection
(ITD) apparatus. Recent advances in ITD tech-
nology for GC~MS, such as improved sensitivity,
trap designs, and understanding of the trapping
parameters [60], have opened up several applica-
tions in many areas of analytical chemistry.
Applications utilizing these enhancements range
from laser pyrolysis GC-MS [61.62] to environ-
mental analyses applications. Examples are anal-
ysis of hexenes emitted to air from gasoline [63].
determination of herbicides and their metabo-
lites [64], and fragrance analyses, such as the
identification and quantification of the chemicals
responsible for the malodor of beet sugar [65].

The medical and biochemical fields provide
ample opportunities for utilizing GC-I1TD-MS.
In many potential applications. high sensitivity is
a main requirement. Recently, the need for
additional qualitative information has necessita-
ted the move to a highly sensitive full scan
detector like the ITD apparatus. One good
example of this was recently demonstrated by
Hernandez et al. [66] when they analyzed autop-
sied human brain tissue for cocaine and its
metabolites by GC with full scan ITD. Tradition-
al drug analysis is performed on blood or urine.
However, in cases where a possible drug-related
death has occurred. it has been reported that the
concentration of cocaine in blood changes sig-
nificantly between death and autopsy [67]. Con-
firmation of a drug-related death can only be
done with qualitative data such as mass spectra.
so the ability to obtain full spectra of possibly

small quantities of cocaine and its metabolites is
imperative. With the method developed for the
analysis of brain tissue, detection limits on the
order of 50 ng/g or 50 ppt in the full scan mode
were determined. Another use of the highly
sensitive qualitative power of the ITD was re-
ported by Ghoos et al. [68], who analyzed
volatile organic compounds produced by fermen-
tation products released by bacterial degradation
in the human colon. Utilizing an off-line, closed-
loop trapping system as a means of preconcen-
tration, the reported method was used to identify
many of the volatile organic components in
human urine and feces with the hope that a
greater understanding of the metabolite forma-
tion due to anaerobic metabolism could be
gained.

3.4. GC-ion trap tandem MS

One additional ITD method, not previously
mentioned, but which has very powerful quali-
tative potential, is the sequential mass measure-
ment technique (MS—-MS). This technique con-
veniently introduces the topic of tandem mass
spectrometry. In this ITD technique, an ion of
interest (parent ion) can be selected by ejecting
all unwanted ions, and the parent ion is then
typically fragmented by means of collision with a
neutral gas. However, there has been a recent
report of fragmentation induced by application
of random noise on the end-cap electrode to
effect collisional fragmentation [69]. Other types
of secondary fragmentation can be induced by
laser photodissociation [70] or charge exchange
and CI [71]. The resulting mass spectrum is
called a daughter or product ion spectrum, and it
is characteristic of the secondary fragmentation
process. MS—MS techniques provide an addition-
al dimension of spectroscopic information, and
this subsequently provides a higher degree of
qualitative accuracy.

A recent report by Traldi et al. [72] demon-
strated the ability of GC-ITD to perform MS-
MS for the investigation of morphine and
cocaine in the hair of drug addicts. In this report,
pure morphine and cocaine were subjected to
collisionally activated or induced dissociation
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(CAD or CID,. respectively) with the carrier gas,
typically helium, in the ion trap, and as ex-
pected, the resulting product ion mass spectra
were found to be characteristically matched to
the differing CID fragmentation pathways of the
compounds. Detection limits for the method
were determined by spiking blank hair extracts
with morphine and cocaine. In this way, it was
determined that detection limits were from 1 to
20 ppb for morphine and 5 to 30 ppb for cocaine.
Subsequently, hair sample extracts from addicts
and non-addicts were analyzed, and it was de-
termined that the ITD-MS-MS technique could
be applied to drug abuse investigations. How-
ever, it was also found that although morphine
was readily detectable in heroin abuse cases.
cocaine metabolites were not as easily detected.
and the best method for cocaine abuse confirma-
tion was the identification of cocaine itself in the
hair samples.

3.5. GC-tandem MS

The ability to perform tandem mass spec-
trometry is not restricted to ion trap mass spec-
trometers. Probably the majority of tandem mass
spectrometry is carried out with triple quad-
rupole, Fourier transform, or sector mass spec-
trometers. These instruments can be operated in
several modes to obtain information on the
product ions, parent tons, necutral losses and
reaction ions. The most widely used mode is the
product ion scan mode, and, for example, in a
triple quadrupole instrument used for product
ion MS-MS, the first quadrupole acts as a mass
selective filter for one or more ions of interest
(the parent ions). The second quadrupole is used
as the collision cell which fragments the ions
selected from the first quadrupole by using a
pressure of a collision gas such as helium or
argon. Finally, the last quadrupole is used in the
full scan mode to obtain the full mass spectrum
of the product ions. Applications of tandem mass
spectrometers are typically those which require
isomer analysis or high accuracy qualitative con-
firmation. The use of tandem mass spectrometric
techniques for the clinical and forensic diagnosis

of illicit drug use by ITD has already been
mentioned [72], but there are recent reports
utilizing triple quadrupole mass spectrometers to
accomplish the same task [73] as well as other
biologically related analytical challenges [74-76].
Other recent applications of tandem mass spec-
trometry have appeared in the field of environ-
mental analyses ranging from the trace analysis
of toxic organophosphorous compounds in the
presence of interfering hydrocarbons [77] to the
identification and verification of chemical war-
fare agents [78,79].

The recent report by Black et al. [79] ex-
amines the applicability of GC-MS in SIM mode
and GC-tandem MS to the analysis and identifi-
cation of Iran-Iraq chemical warfare (CW) sam-
ples which were expected to contain sarin, sulfur
mustard and their degradation products. Samples
ranged from bomb crater soil to burial clothing
from two deceased Kurdish villagers. GC-MS in
SIM mode was used for screening purposes, and
GC-tandem MS was used for the confirmation
of the nerve agent sarin. While the grave samples
were determined to be free from nerve agents,
sulfur mustard or their hydrolysis products, sev-
eral of the soil samples contained sulfur mustard
and/or its hydrolysis products. The extract from
one of the metal shrapnel fragments taken from
a bomb crater was suspected of containing sarin
due to relatively weak response at the retention
time of sarin, and re-analysis by GC-tandem MS
matched the responses corresponding to the
standard. The total amount of sarin extracted
from the fragment was estimated to be 170 ng,
which corresponds to low ppt level detection and
identification. The presence of sarin on the metal
fragment was reported to be somewhat of a
surprise due to the sample’s exposure to the
environment for four years, but the reason for
the presence of sarin could only be traced to the
green paint that was unique to the metal sample.
This suggests that paint analysis may be a useful
tool in future analyses of suspected or alleged
CW use. Ultimately, the use of GC-MS and
tandem MS provided a confirmation of the CW
use in Iraqg, and it provided some insight which
may be useful for future analyses.
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3.6. Fast GC—time-of-flight MS

Typical analysis times for a standard GC-MS
experiment can easily range from half of an hour
to well over an hour. In an attempt to reduce the
analysis time while maintaining the superior
qualitative information of a mass spectrometric
measurement, chemists have examined the ap-
plicability of faster GC separations in combina-
tion with fast MS detection. Recent experimental
developments in high-speed gas chromatography
with FID detection have led to observations of
peak widths (FWHH) ranging from 20 to 200 ms
[24,33-35,37,80,81]. In all these cases. the GC
analysis involved either isothermal or tem-
perature-programmed GC. A novel method pro-
posed for rapid separation that is different from
the above is thermal gradient programmed GC
[82]. In this technique. elution is facilitated in
three dimensions (i.e. a function of time. dis-
tance and temperature), rather than in onc
(isothermal) or two (programmed temperature)
dimensions. In any event, reconstructing peaks
with widths in this range with spectrometers
requires fast detection system capable of produc-
ing at least 10 measurement points per peak.
Mass spectrometry has the potential to accu-
rately measure peak widths in this time range.
However, this technique requires matching sev-
eral technologies together. The first considera-
tion is choice of a sample introduction method
capable of producing a narrow injection band-
width. Second is the choice of an appropriate
column size to generate the necessary theoretical
plates, and finally, a fast detector is required to
match decreased peak widths. The first aspect
has been partially addressed in the previous
section. A review by Peters et al. [80] has dealt
in depth with the requirements for sample intro-
duction for high-speed separations. Column
choice is beyond the scope of this review. This
section will deal with the final aspect of in-
strumental advances in mass spectrometric detec-
tion for fast gas chromatography.

Mass spectrometry in the time-of-flight (TOF)
configuration with a high-speed recorder and an
optimized ion extraction technique provides the

J. Chromatogr. A 703 (1995) 335-382 347

fastest way to acquire a mass spectrum [83,84].
The time to acquire a mass spectrum is limited
by the flight time for the highest mass under
analysis. For GC-TOF-MS purposes, a full spec-
trum can be collected in under 100 us. However,
a single spectrum will not possess the required
signal to noise ratio ($/N). In order to improve
the S/N, several spectra must be averaged. A
research group at Michigan State University has
developed a time array detection scheme with an
integrating transient recorder for averaging spec-
tral acquisition on a rapid time scale [85-87].
The maximum number of transients that can be
collected in one second with this system is
reported to be 5000 using a 200-MHz, 8-bit A/D
converter. For an accurate and a clean spectrum,
at least 100 transients have to be averaged. This
summing results in 50 data points per second.
Thus, GC peaks having a 200 ms width at the
base can be represented by 10 full mass spectra.
In two preliminary analyses of this system, the
maximum rate demonstrated was 20 scan/s and
the test mixtures were a Grob mix [86] and
charcoal lighter fluid [85]. However, it was noted
that 50 scans/s is possible by using a single
component as an example. The demonstration of
the effect of various scan rates on chromato-
graphic resolution was carried out using a nine
component test mixture [41]. In this investiga-
tion, the effect of rates from 1 to 50 scans/s are
shown. As expected, increases in scan rate
resulted in better resolution. The latest report on
this technique was made at the 1994 American
Society for Mass Spectrometry (ASMS) confer-
ence in Chicago, where data was presented using
a 14-bit A/D having a maximum scan rate of
1000 spectra/s [88]. With this instrument in
conjunction with an on-column cryofocussing
device, a GC-MS peak width of ca. 120 ms was
observed for the earlier eluting components of
the test mixture employed. A scan rate of 100
scans/s, with each scan an average of 50 trans-
ients, was utilized for chromatographic recon-
struction. In addition to this latest report, Woll-
nik et al. [40] demonstrated the feasibility of a
high speed chromatographic system with TOF as
the detector. The data recording system was
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based on a commercially available transient
recorder connected to a personal computer. The
recorder can add the 8-bit data collected every 5
ns to a summation memory. The slowest step,
according to the authors, is the time taken to
transfer averaged spectra from this recorder to
the host computer. The current dead time for
this process is ca. 10 ms; during this time no data
can be collected. This dead time results in a
maximum scan rate of 100 scans/s. They have
presented data up to a scan rate of 65 scans/s
with a peak width capability of 100 ms.

3.7. Fast GC—miscellaneous fast mass
spectrometries

A time-of-flight mass spectrometer is not the
only instrument capable of high-speed mass
detection. Two high-speed GC-MS systems, one
with a multichannel array detector and another
with ITD, were reported [89-91]. In one of the
reports, the fastest integration used for a spectral
point was 100 ms with a range of 50-500 daltons
[89]. The novelty of this instrument is in its
portability and miniaturization for on-site analy-
sis. The other report concentrated on the spec-
trometer sensitivity with single ion monitoring
[90]. The reported peak widths under these
conditions were between 50 and 100 ms. Finally,
a commercial ion trap system was investigated to
evaluate its performance for high-speed GC-MS
analyses [91]. From existing literature, it seems
that the method of choice for high-speed GC-
MS analyses would be restricted to the develop-
ment of TOF-MS instrumentation because of its
inherent high spectral generation speed. How-
ever, there does appear to be a possibility for
other types of mass spectrometers to become fast
GC detectors. If these developments in mass
spectrometry are complemented by develop-
ments in either off-line or high speed on-line
infrared measurements, a very fast and useful
linked system could be implemented.

3.8 Summary

Recent developments and applications of cou-
pled GC-MS have demonstrated the trend to-

wards lower detection limits, increasingly accur-
ate identification abilities and faster mass spec-
tral acquisition times. Hardware developments
have provided increased simplicity and decreased
costs, and because of these improvements, there
have been a large number of reports covering a
very broad range of applications. Additionally,
applications of fast separation techniques with
recent advances in mass spectrometry have pro-
vided the ability to perform GC-MS experi-
ments in a fraction of the time it has traditionally
taken. However, in some cases, the qualitative
abilities of GC-MS, regardless of the experimen-
tal equipment, may be compromised. When this
type of application is encountered, it may be
useful to examine the complementary informa-
tion obtained from infrared spectroscopy.

4. Gas chromatography—Fourier transform
infrared spectroscopy

In the early years of GC-FT-IR instrumen-
tation, the analytical community was reluctant to
accept this technique as a common method for
routine and/or target analysis of mixtures. The
main reasons were that GC-MS was a well
established technique with substantially better
detection limits and the availability of large data
bases of mass spectra for identification of com-
ponents via spectral searching. It was not until
the demand for identifying increasingly smaller
amounts of material in more complex matrices
that the analytical community looked for other
methods to overcome some of the limitations of
mass spectral detection. Fig. 2 demonstrates one
of the main limitations of mass spectrometry: the
inability to accurately distinguish closely related
isomers due to very similar mass spectra. For
example, many drugs have very similar or identi-
cal EI mass spectra, making identification dif-
ficult at best. One alternative is to use CI mass
spectrometry, as previously described. However,
as Fig. 3 shows, FT-IR spectroscopy provides
information on the intact molecular structure
rather than the fragments, resulting in a unique
spectrum for each molecule. Because IR spec-
troscopy gives information on the intact mole-
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cule, similar structures such as isomers can be
distinguished. The fingerprint region, 1600-900
cm ', is where most organic molecules exhibit
the majority of their individual characteristics.
These properties make FT-IR an alternative and
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complementary method to mass spectrometry for
GC detection.

Two major developments in FT-IR spectros-
copy in the 1970s led to the current popularity of
GC-FT-IR instrumentation [92]. The first of
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these was the introduction of the narrow-range
mercury cadmium telluride (MCT) photodetec-
tor. The specific detectivity (D*) of this detector
exceeded that of the triglycine sulfate (TGS)
detector, which was the standard detector sup-
plied with most FT-IR spectrometers, by at least
an order of magnitude, thus making the detec-
tion of the small sample quantities eluting from a
GC column more feasible. The second break-
through was the construction of gold-coated
borosilicate glass, or “light pipes™ by Azarraga
[93]. Since the introduction of the light pipe
instrument, two other methods of infrared detec-
tion of GC effluents have been developed. lead-
ing to three basic tyvpes of GC-FT-IR instru-
ments: (a) light pipe, (b) matrix isolation, and (c)

subambient trapping. Only brief descriptions of

each type will be given here. For further details.
the reader should refer to the appropriate
sources [94].

1. Chromatogr. A 703 (1995) 335-382

4.1. GC-FT-IR instrumentation

The most common and simple GC-FT-IR
instrument is the flow through cell or light pipe
instrument [93,94]. As mentioned above, a light
pipe is a narrow bore (about 100-200 um 1.D.)
borosilicate capillary with a smooth, thin layer of
gold coated on the inside surface. By reflecting
the IR beam through the light pipe via the gold
coating. the path length of the cell is increased
by a factor of ten or more with respect to the
actual length of the glass capillary. As Beer’s
Law indicates, absorbance is a function of path
length. so the detection limits of the instrument
are also increased accordingly. The simplicity of
the instrumental design requires little operator
interaction, allowing the system to be automated
for continual analyses with minimal supervision.
The main limitations of the light pipe interface
are the degradation of the chromatography due
to the light pipe cell volume, the throughput
dcgradation at higher temperatures, and the
relatively high detection limits, generally in the
low nanogram range. Cryogenic trapping meth-
ods were developed to help overcome these
problems.

Matrix isolation (MI)-FT-IR was first intro-
duced in the mid-1980s [95]. This technique
involves mixing a gaseous sample with an inert
gas, usually argon, and cryogenically freezing it
onto a rotating gold disk maintained at liquid He
temperatures to form a solid matrix trace ap-
proximately 300 wm wide. Reflection—absorption
spectra are obtained from the deposited effluent
after the GC separation is completed. Matrix
isolation and cryogenic trapping of the molecules
reduce the rotational broadening as well
broadening due to intermolecular interactions.
The resulting spectra therefore exhibit very
sharp and narrow lines (usually <0.5 cm™'
FWHH for small molecules). These narrow spec-
tral features are responsible for MI-IR spec-
troscopy’s most significant feature: distinguishing
positional isomers. Concentration of the sample
to a small spot size increases the sensitivity of the
instrument. Also, because the GC effluent is
cryogenically frozen onto a cryodisk, post-run
signal averaging may be utilized to further in-
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crease the quality of the spectra and detection
limits. The detection limits of a matrix isolation
instrument are in the tens of picogram range.
which exceeds the limits of a light pipe instru-
ment by at least two orders of magnitude.
Subambient trapping. sometimes referred to as
direct deposition (DD), is similar to the matrix
isolation method in that the GC effluent is
cryogenically frozen onto a surface [96-99]. The
differences are that in the subambient trapping
method, the effluent is frozen onto a moving IR
transparent window, usually constructed out of
zinc selenide (ZnSe). Because there is no matrix
gas present, the molecules are not matrix iso-
lated. IR spectra are collected shortly after the
effluent is deposited so that the spectra are
collected in real-time. As with MI-FT-IR,
because the effluent is cryogenically frozen to a
surface, post-run signal averaging can be util-
ized. Detection limits of the subambient trapping
method are comparable to those obtained with
the matrix isolation method. As Fig. 4 dem-
onstrates, one advantage of subambient trapping
is that the IR spectra obtained can be searched
against standard KBr spectra. Because KBr
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Fig. 4. Comparison of infrared spectra of naphthalene ob-
tained (A) under matrix isolation conditions in nitrogen at 12
K, (B) in KBr at room temperaturc. and (C) at ca. 77 K
using low-temperature trapping. (Used with permission from
Ref. [119].)

reference spectra libraries are larger than either
the matrix isolation or vapor phase libraries, the
probability of finding a match for a spectrum of
an unknown compound is increased.

4.2. Applications of GC~FT-IR

Many different types of analyses utilizing GC-
FT-IR can be performed, ranging from biological
to environmental to forensic applications. Al-
though the most common use of GC-FT-IR is
for the qualitative separation and identification
of components in a mixture, quantitative results
can be obtained. It should be noted, however,
that quantitation by GC-FT-IR is complicated
by many uncertainties associated with both the
chromatography and spectroscopy [100]. The
main problem with spectroscopy is the inability
to accurately determine how much material is in
the light pipe during the measurement. A per-
centage can be estimated by using the light pipe
volume, carrier gas flow-rate, GC peak elution
time, and spectrometer scan rate. The estimate
of the percent of material in the light pipe is not
required to be too precise to be within the total
error. Errors due to sample preparation and GC
errors are both larger than those associated with
the spectrometer. The main errors associated
with the chromatography include injector dis-
crimination, irreversible column adsorption, and
incomplete solute focusing on the head of the
column. The FT-IR method utilized for an
analysis depends on the information desired.

Jackson et al. [101] recently performed an
intercomparison of the three types of GC-FT-IR
systems. They examined the sensitivity of each
system by collecting data on differing concen-
trations of a caffeine standard. They reported
that the detection limits of the systems were
approximately 10 ng. 40 pg, and 35 pg for the
light pipe, matrix isolation, and subambient
trapping methods, respectively. Because they
were studying the sensitivity of high-resolution
GC-FT-IR systems and the light pipe detection
limits were so much higher than the limits of
either of the two cryogenic trapping methods,
they continued their study utilizing only the MI
and DD methods. In the remainder of their
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study, Jackson et al. analyzed a Grob test
mixture, a commercial sample of isoheptanol
isomers, and a standard pesticides mixture. They
reported that the two cryogenic methods were
successful at separating and identifying the com-
ponents in the Grob mixture. The alcohol and
pesticide mixtures presented some problems,
both with the chromatography and the IR detec-
tion. Through manipulation and optimization of
the GC parameters and the speeds at which the
deposition surface traveled, separation and spec-
tra of the alcohol isomers were obtained. The
resolution of the IR reconstructed chromatogram
was equivalent to that obtained with a separate,
optimized GC-FID instrument. The pesticide
sample presented a few more problems than the
other two samples. The FT-IR chromatograms
were not sufficient to locate all components
present, as determined by other detectors (FID
and MS). Because sensitive signal-averaged spec-
tra can be obtained, the ability to obtain IR
spectra of each component is limited not as much
by the detection limits of the instrument, but
rather by the analyst’s ability to locate the peak
or presence of the compound from the IR
chromatogram. This problem can be circum-
vented by the use of more sensitive parallel
detectors to locate the retention times at which a
component is present so that IR spectra can be
obtained.

Budzinski et al. [102] investigated the use of a
light pipe instrument for analysis of many en-
vironmentally important compounds and also
studied the limits of detection (LOD) of the
GC-FT-IR system. By analyzing compounds
which had ambiguous mass spectra, the data
presented demonstrated the complementary na-
ture of IR spectroscopy with respect to mass
spectrometry. The standard compounds they
used to characterize the instrument were or-
ganochlorinated compounds o,p" and p,p’ DDD
and DDT, two nitrophenol isomers, and five
aromatic methylphenanthrenine isomers. After
running standards to verify that the GC-FT-IR
system is capable of distinguishing each com-
pound from the other closely related ones, they
used the system to analyze “‘real world” samples.
A polychlorobiphenyl (PCB) industrial sample

was analyzed for target compounds PCB No. 118
(2,3’,4.4' 5-pentachlorobiphenyl) and PCB No.
119 (2,2',3,4',5' 6-hexachlorobiphenyl), which
often coelute on apolar columns. Each of the IR
spectra of the compounds are unique and can
lead to unambiguous identification of the com-
pounds. Although the two compounds coeluted
in the chromatography, the IR spectrum of the
GC peak showed characteristics of both of the
compounds, leading to the conclusion that both
PCB No. 118 and PCB No. 119 were present in
the sample.

In their study of detection limits, Budzinski et
al. concluded that the LOD for the light pipe
system is in the mid-nanogram range, depending
on the molar absorptivity of the analyte. For
strong IR absorbers such as phenols, the LOD is
about 25 ng. This limit increases to about 50-80
ng for medium absorbers such as pesticides, and
to about 100 ng for weak absorbers like methyl-
phenanthrenes. If the analytes are strong IR
absorbers in a region with a specific and intense
band of vibration, then the LOD can drop as low
as 10-15 ng.

The results of a study by Krock and Wilkins
[103] on the minimum identifiable quantities
(MIQs) of a number of EPA-regulated com-
pounds agreed with Budzinski’s findings. Krock
and Wilkins studied three classes of compounds:
a nine-component phenol mixture, a ten-com-
ponent chlorinated hydrocarbon mixture, and a
sixteen-component polynuclear aromatic hydro-
carbon (PAH) mixture, for a total of thirty-five
compounds analyzed. The results showed that
the MIQs of the three classes were in the range
of 1-10 ng. PAHs had the highest detection
limits, 5-20 ng, with an average of about 5 ng.
The relatively high MIQ could possibly be due to
the necessity of maintaining the lightpipe at
higher temperatures relative to those required
for the other two classes to prevent the higher
boiling point compounds from condensing in the
light pipe. The higher temperature increases the
background noise, thus increasing the detection
limits and the MIQs. The phenol mixture had
MIQ values ranging from 1 to 10 ng, with only
one of the nine having a value greater than 5 ng.
The high volatility of the chlorinated hydrocar-
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bons, which allowed the light pipe to be oper-
ated at lower temperatures. contributed to those
compounds having the lowest MIQ values. The
values ranged from 1 to 7 ng, with the majority
being below 2.5 ng. The relatively low detection
limits for these classes of compounds demon-
strate the feasibility and utility of using GC-FT-
IR light pipe systems for the target analysis of
trace (low ppm, high ppb) semivolatile organic
samples.

Because of recent environmental legislation,
measurement of benzene and total aromatic
hydrocarbons in reformulated gasoline has be-
come important. Diehl et al. [104] used light
pipe GC-FT-IR for the qualitative and quantita-
tive analysis of benzene, toluene, ethylbenzene,
and xylenes (BTEX) in gasoline. The authors
used selective wavelength absorbance recon-
structions to collect the IR chromatogram. The
600-798 cm ' range is selective for BTEX.
Using deuterated standards to create a calibra-
tion curve of the compounds, the authors were
able to quantify the amount of BTEX present in
the gasoline. This calibration curve was linear
over a wide range, about 0.5% (w/w) for ben-
zene to 25% (w/w) for toluene. The detection
limits ranged from about 50 ng for benzene to
200 ng for m-xylene. With a standard deviation
and percent accuracy of 0.8% and 0.5%, respec-
tively, the authors concluded that GC-FT-IR
was a good method for determining, both quan-
titatively and qualitatively, the amount of BTEX
in gasolines.

Although the introduction of the light pipe
system demonstrated the feasibility and utility of
GC-FT-IR as an analytical tool, its high detec-
tion limits relative to GC-MS continued to be a
limiting factor. To overcome this problem and
increase the applicability of GC-FT-IR, cryo-
genic trapping methods for IR detection were
developed. As mentioned earlier, GC-MI-FT-
IR has the advantage of producing spectra with
narrow features, yielding more detailed infor-
mation about the molecule. The limiting factors
in the analysis are the detection limits of the IR
detector and how well it can maintain the chro-
matographic resolution.

A study characterizing the environmentally

significant brominated and bromo/chloro-p-diox-
ins and dibenzofurans by GC-MI-FT-IR was
conducted by Childers et al. [105]. They claim
that high-resolution GC-MS is the most sensitive
analytical technique for detecting these halo-
genated compounds, which can be identified by
their characteristic bromine or bromine/chlorine
isotope ratios of molecular ions, as well as GC
retention times. However, accurate determina-
tion of the large number of different isomers can
be difficult utilizing GC-MS data only. There-
fore, the complementary method of GC-MI-FT-
IR was used to yield additional information. The
substitution of a bromine for a chlorine in
tetrahalogenated dibenzodioxins and dibenzo-
furans changes the relative intensities of some
bands and causes others to shift to lower fre-
quencies. By using the fifteen most intense IR
absorption bands for the compounds, the various
isomers were identified.

Klawun et al. [106] have developed a method
to improve the chromatographic resolution of
the MI-FT-IR detector. The cyrodisk on the
commercial MI-FT-IR instrument rotates at a
fixed rate. By designing a method to vary the
speed at which the disk rotates depending on
how closely together the peaks elute, the ability
of the instrument to resolve closely eluting peaks
is improved. At its original speed, peaks with
retention times that differ by less than about 5 s
cannot be resolved in the IR chromatogram.
However, increasing the rotation speed by a
factor of two or more resulted in resolution of
such peaks, allowing the analyst to obtain a
spectrum of a pure compound instead of a
mixture. This speed manipulation program also
allows IR detection of fast GC separations,
which will be discussed later in further detail.

Another limitation of the commercial GC-MI-
FT-IR instrument addressed by Rodriguez et al.
[107] is that the sample introduction system
allowed only typical liquid sample introduction.
Analysis of gases, solids, and some liquids re-
quire a different or modified injection port. To
overcome the limitations of the commercial
sample inlet, the authors developed an injector/
trap (I/T) sample inlet which permits intro-
duction of gaseous, liquid, or solid samples onto
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the GC column for separation and IR detection.
This inlet also allows pre-concentration of sam-
ples, as well as analysis of large liquid sample
volumes (100 and 1000 ul). The authors were
able to characterize, both qualitatively and quan-
titatively, a hydrocarbon standard consisting of
C,—C,, hydrocarbons. They also used the I/T to
analyze a perfume sample, both by headspace
analysis and liquid injection. Because of the
complexity of the perfume sample, two-dimen-
sional GC was used to perform the separation.
By using GC-MI-FT-IR with the I/T intro-
duction system, the authors were able to identify
the main components responsible for the desired
scent of the perfume sample.

As mentioned earlier, the direct deposition
cryogenic trapping technique has an advantage
over the matrix isolation technique in that the IR
chromatogram and spectra are collected in real
time and the resulting spectra may be searched
against a standard KBr reference library. Addi-
tionally, it can be adapted to most chromato-
graphic methods including liquid chromatog-
raphy (LC), high-performance liquid chromatog-
raphy (HPLC), and supercritical fluid chroma-
tography (SFC) [108]. Many researchers have
used this technique to detect the presence of
drugs or other toxins, both in humans and
animals. Visser et al. [109] used GC-DD-FT-IR
for analysis of B-agonists in cattle. These com-
pounds are a group of N-phenylethanolamines
illegally used as repartitioning agents in veal and
cattle. In this study, tissue samples were ana-
lyzed for the presence of clenbuterol, mabuterol,
and salbutamol, all of which were trimethylsilyl-
derivatized before the analysis was performed.
Because the structures of the three compounds
are similar, EI mass spectra were insufficient for
identification, although CI spectra could be used.
After running reference spectra of the derivat-
ized substances, the authors were able to detect
and identify the trimethylsilyl-derivatized clen-
buterol, mabuterol and salbutamol in extracts of
biological samples. The limit of detection was
about 1-2.5 ng/ul.

In forensic toxicology, the identity of a com-
pound of interest must be confirmed by at least
two independent methods (i.e., two techniques

that are based on differing chemical or physical
properties) with the confirmation methods being
specific to the analyte of interest. The most
common choice for positive identification of
drugs is GC-MS, due largely to its sensitivity.
However, the accuracy of drug analyses by GC-
MS is not perfect. In order to improve the
accuracy of these tests, Kalasinsky and co-work-
ers [110,111] conducted studies on the feasibility
of GC-DD-FT-IR for the analysis of amphet-
amines in the forensic laboratory. One area
where GC-MS analysis is challenged is in the
detection and identification of amphetamines.
Amphetamines are difficult to distinguish from
methamphetamines and in post-mortem analy-
ses, the inability to distinguish amphetamines
from the amines produced from the degradation
of the sample can result in false-positive results.
The Kalasinsky study included a comparison of
the ability of three techniques —GC-MS in SIM
mode, light pipe GC-FT-IR, and GC-DD-FT-
IR— to detect, identify, and quantify derivatized
amphetamines. Not surprisingly, they found that
the GC-MS had the lowest detection limits and
the light pipe instrument the highest, at 5 and 25
ng/ml, respectively; the direct deposition IR
instrument had a respectable limit of <10 ng/ml.
Although the LOD of DD-FT-IR is greater than
GC-MS (SIM), the IR method has a similar
LOD and an identification certainty which is
comparable to that of full scan MS. The limits of
linearity (LOL) were 10-6000, 100-25 000, and
10-2500 for GC-MS (SIM), vapor phase IR,
and direct deposition, respectively. The LOL for
the light pipe instrument is the largest due to the
adherence to Beer’s Law until the flow cell or
GC column becomes overloaded. The LOL for
the DD instrument is relatively small due to the
sample spot size (ideally about 100 wm) becom-
ing larger than the IR beam, which is optimized
for a 100-um spot. Because the DD instrument
was optimized for low-level determinations, it
overloads at concentrations greater than a few
nanograms per sample deposit, resulting in the
small range of linearity. The limits of quantita-
tion for the three techniques are 10, 100, and 20
ng/ml for GC-MS (SIM), light pipe IR, and
DD-IR, respectively. It was found that, run for
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run, GC-FT-IR accurately identified more ma-
terials than GC-MS. If the analyte concentra-
tions were at least 20 ng/ml, they could be
detected 100% of the time. This percentage
dropped to 90% and 50% for quantities of 10
and S ng/ml, respectively.

4.3. Summary

The preceding examples illustrate the unpre-
cedented abilities for GC-FT-IR that have been
developed in the past few years. Between im-
provements in sensitivity and chromatographic
resolution, GC-FT-IR has clearly shown that it
can provide information about complex mixtures
that was previously unobtainable with GC-MS.
Additionally, as improvements in IR detection
continue, lower detection limits and higher sen-
sitivity will continue to help GC-FT-IR emerge
as a powerful analytical technique. Although it is
a useful technique by itself. linking FT-IR and
MS detection together following a separation can
further improve the information obtained from
an analysis.

5. Linked GC-FT-IR-MS

It has been demonstrated that GC-FT-IR is a
powerful technique for analysis of complex mix-
tures. Because IR and MS yield complementary
information, a combined GC-FT-IR-MS instru-
ment is an extremely versatile tool for many
types of analyses. Other non-specific, yet sensi-
tive detectors, such as an FID apparatus may
also be utilized. An initial problem with interfac-
ing GC to IR and MS was the significant differ-
ence in sensitivity between the two spectral
detectors (i.e., the IR spectrometer becomes the
limiting detector) [112]. However, with the de-
velopment of cryogenic IR methods, this mis-
match in sensitivity is minimized, if not elimi-
nated. As a consequence, commercial GC-FT-
IR-MS instruments are available with both the
light pipe and matrix isolation IR detectors. By
using parallel MS and IR detectors, it is possible
to obtain much more information from a single
experimental run. Although the MS spectral

libraries are significantly larger than those avail-
able for IR spectra, the IR can confirm the
identification of a component by providing func-
tional group and structural backbone informa-
tion. Also, homologues not easily identified by
IR spectral analysis can be differentiated by MS
while the reverse situation holds true for struc-
tural isomers. Many researchers have used such
instruments for analysis of complex mixtures.

5.1. Typical GC—FT-IR-MS analyses

De Jong et al. [113] performed a comparative
study on the identification of stimulants in drug
testing utilizing both ion trap GC-MS and light
pipe GC-FT-IR. The routine analysis of blood
or urine for drugs such as stimulants is most
often performed by GC-MS due to its excellent
sensitivity and detection limits. However, many
drugs have very similar EI mass spectra, making
the task of identification reliant upon the chro-
matographic retention time, which is no better
than using only GC for the analysis. However,
by utilizing on-line FT-IR, i.e., a light pipe
system, information on the intact molecule can
be obtained. To test the abilities of GC with
EI-MS, CI-MS, and FT-IR detection, the au-
thors analyzed three different mixtures of stimul-
ants often used by athletes: (1) compounds of
different structures but similar EI spectra, in-
cluding compounds with the same molecular
mass but different substitution patterns; (2)
amphetamines which produced the same base
peaks, making those with the same molecular
mass difficult, at best, to distinguish (some com-
pounds had identical EI spectra); (3) ephedrines,
which differ by one methyl group, yielding
spectra that differ by a mass of 14 u in the base
peak. The first challenge in the analysis of the
mixtures was in the chromatography. This was
relatively easy to overcome by derivatizing the
compounds with TMS and TFA, which greatly
improves the chromatographic properties of all
the mixtures. Derivatization also affects the
fragmentation, yielding more high mass ions.
Because of the higher masses present, greater
differences in the EI mass spectra are present,
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making identification using this data more accur-
ate.

As stated earlier, the EI spectra of drugs, even
with derivatization, can be similar. With CI-MS,
the molecular ions of each compound in all three
mixtures were observed in the spectra. The CI
spectra of mixture one compounds were clearly
different, even without derivatization, so that
casy identification of the compounds could be
obtained. In the second mixture, each amphet-
amine exhibited a unique spectrum, but ethylam-
phetamine and dimethylamphetamine could only
be differentiated after derivatization. CI-MS
proved to be a quick and easy confirmation
method for mixture three, because each com-
ponent differed by a mass of 14, which clearly
was shown in the CI spectra. Even though IR
spectra of amphetamines are very similar in the
fingerprint region, the authors successfully iden-
tified the different stimulants in all three mix-
tures using the vapor phase spectra. Derivatiza-
tion of the compounds increased the sensitivity,
but this increase was mainly due to the improved
chromatographic properties of the mixture after
derivatization.

The feasibility of identifying the isomers from
mono- and dinitration of phenyl- and diphenyl-
acetic acids utilizing GC-FT-IR and GC-MS
was the focus of the research by Sojdk et al.
[114]. Identifying the position and attachment of
the nitro groups to one or two benzene rings was
the problem. Mass spectrometry is usually un-
able to distinguish between ring-substituted iso-
mers, especially between meta and para isomers.
There are some differences. however, between
mass spectra of the mono- and dinitro deriva-
tives: the molecular ion is always absent in
mononitro derivatives and all dinitro derivatives
with one nitro group in the ortho position. By
studying the IR data, mainly the stretching
vibrations of the NO, group and the benzene
ring, the position, ortho-, meta-, or para-, could
be determined. The asymmetric stretching fre-
quency shifted to higher frequencies as the
position of the NO, group changed from ortho-
to meta- to para-. Various other shifts and/or
splitting patterns observed in the spectra con-
tributed more information to aid in the identifi-

cation process. Using the information obtained
from the mass and infrared spectra, the authors
were able to successfully identify all isomers
from the nitration and dinitration of mono- and
diphenylacetic acid, demonstrating the com-
plementary information that can be gained from
the use of both IR and MS.

Coleman and Gordon [115] have demonstra-
ted the utility of GC-MI-FT-IR-MS in the
analysis of natural products such as flavors and
fragrances and essential oils. Because stereo-
chemical conformations, as well as the amount,
of organic substances contribute to the flavor and
smell of products such as essential oils, the
ability to characterize the complex samples, both
qualitatively and quantitatively, is important.
Often the chemicals responsible for the desired
characteristics in a sample are not major com-
ponents. Therefore, the analytical method must
be able to detect and identify trace amounts of
the relevant compounds. Coleman and Gordon
demonstrated the ability of the MI-IR detector
to distinguish individual conformational isomers
at the nanogram level. One pair of compounds
of interest were geroniol and nerol. These two
compounds are isomers differing only in a trans
versus cis confirmation of a double bond.
Because they are isomers, they have very similar
physical properties, yet are very different in
terms of their flavor/fragrance properties and
applications, making accurate assessment of their
presence essential. The light pipe instrument did
not possess sufficient spectroscopic resolution to
distinguish these two isomers. Likewise, GC-MS
is not capable of providing information regarding
the geometry of the molecule. However, because
both geraniol and nerol do have differences in
their matrix isolation IR spectra, the authors
were able to identify and quantify the amounts
of each in the essential oil samples studied.

Hedges and Wilkins [116] identified many of
the components in a sample of eucalyptus oil by
utilizing light pipe GC-FT-IR-MS. The sepa-
ration of the sample was a difficult task because
essential oils are complex with hundreds of
components. Therefore, as Fig. 5 demonstrates,
overlap of peaks is impossible to avoid. Further-
more, 40-80% of the oil was comprised of 1,8-
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Fig. 5. Latter portion of an infrared reconstructed total response chromatogram of E. Australiana. Used with permission from

Ref. [116].

cineole, creating a dynamic range problem. GC-
FT-IR-MS is suited to study such a sample
because the separating power of capillary GC is
the best relative to analysis time. Even though
some components remain unresolved, this prob-
lem can be solved by MDGC or utilizing spectral
subtraction techniques when acquiring and
analyzing the spectral data. Identification of the
components was made by library search matches
of both the IR and MS spectra and verified
against literature sources when possible. Because
the MS libraries are much larger than the IR
libraries, the probability of a match between the
compound of interest and a compound in the
library was greater for the mass spectrum. The
cases where searches on both the IR and MS
searches agreed upon the identity of a compound
were assumed to be the most accurate. In cases
where the MS identified a compound that was
not in the IR library, the IR spectrum was often
used to verify functional groups and other struc-
tural information to help support the MS result.
It was found that the IR search often returned
closely related isomers. even if the actual com-
pound was not present in the library. One
problem encountered when using hit lists from
two different libraries was that the libraries may
list a different name for the same compound. To

overcome this problem, Chemical Abstract Ser-
vice (CAS) numbers were used for comparisons
of hit lists. Other problems, which prevented the
identification of some compounds in the sample
included insufficient IR sensitivity for some com-
ponents and loss of chromatographic resolution,
especially in the MS due to the significant dead
volume of the IR, which was positioned before
the MS in the serially linked system. Irrespective
of these problems, however, the authors found
GC-FT-IR-MS to be a valuable method in the
analysis of complex mixtures. In their analysis of
eucalyptus oil, the authors observed 58 peaks in
the chromatogram and were able to successfully
identify 33 of the components.

Bicchi et al. [117] identified the sulphurated
compounds in Tagetes patula cv. nana essential
oil utilizing GC with FT-IR, MS, and atomic
emission spectroscopy (AES) detection. The
authors were trying to detect and identify the
acetylenic thiophenes, which are quantitatively
minor but of high biological interest. The classi-
cal methods of detection and identification, FID
and EI-MS, respectively, are often insufficient
for many reasons, including the complexity of
essential oils, the small amounts of the com-
pound of interest in the sample, chromatograph-
ic problems ranging from complexity of the
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chromatogram to co-elution problems. GC with
microwave-induced plasma (MIP)-AES detec-
tion is multi-element sensitive, selective, quali-
tative, linearly quantitative, and provides infor-
mation about the elemental formulae of com-
pounds separated by gas chromatography. The
information obtained from the AES results,
combined with the GC retention times can help
to identify sulfur-containing compounds. Al-
though this method can provide information
about elemental composition, structural infor-
mation cannot be obtained, which is why FT-IR
and MS detection were also used. FT-IR un-
ambiguously identified the isomers in the sample
which were indistinguishable by MS. However,
only three of the seven acetylenic thiophenes
could be detected by FT-IR due to the small
amounts present. Thus, it was necessary to use
MS for detection and identification of these
compounds. By using GC-MIP-AES, GC-FT-
IR, and GC-MS to identify the acetylenic
thiophenes present in Tagetes patula cv. nana
essential oil, the authors demonstrated the utility
of using a variety of chromatographic detectors
to obtain complementary information in the
analysis of a complex mixture.

Williams et al. [118] identified and quantified
fifty targeted phenolic compounds utilizing light
pipe GC-FT-IR-MS. Because positional iso-
mers exhibit very similar mass spectra, these
compounds are difficult to unambiguously iden-
tify by GC-MS, especially without good chro-
matographic separation. Single ion monitoring
can be used to some extent to “‘resolve’ overlap-
ping peaks and obtain pure mass spectra. How-
ever, because the IR spectra of these isomers can
be very different, “pure’ spectra can be ob-
tained from overlapping chromatographic peaks
via spectral subtraction techniques. After op-
timizing the chromatographic conditions, the
authors used standards to create MS and IR
libraries of the fifty target compounds for more
rapid library searching. The GC-FT-IR-MS
system was calibrated by preparing standard
solutions and using the total ion chromatogram
(MS) and total response chromatogram (FT-IR)
to set up calibration curves. The detection limits
were in the tens of ng/ul range and the linear

dynamic range was between tens of ng/ul to a
few hundred ng/ul for most compounds. The
phenolic compounds were identified by retention
time and the use of spectral library searches.
Quantification of most compounds was deter-
mined by the total response of the IR and MS
spectrometer. Special cases, however, required
quantification by MS only using single ion moni-
toring or by IR only, using the absorption at a
single wavelength. The precision of the analyses
was better than 10%. These data indicate that
GC-FT-IR-MS is a very powerful method for
both qualitative and quantitative analysis of
phenolic compounds, despite detection limits
which are higher than those of GC-FID or GC-
MS. Analysis was faster using MS data only.
However, IR data were superior for identifica-
tion of unknowns, especially isomeric com-
pounds.

Gurka et al. [100] used a light pipe GC-FT-
IR-MS instrument for quantitation of mixtures.
Mass spectral data were acquired in total ion
chromatogram (TIC) and single ion chromato-
gram (SIC) modes while the light pipe data were
acquired in the Gram-Schmidt (G-S), maximum
absorbance (MA) and integrated absorbance
(IA) modes. In this study, the authors addressed
the issue that, in most MIQ studies, pure ana-
lytes in pure solvents are used, representing only
the most ideal case. If the ideal case holds true,
then the light pipe GC-FT-IR instrument should
have the ability to identify and quantify com-
pounds at the low nanogram level in real time.
However, the MIQs for real samples are higher
due to background materials, mainly hydrocar-
bons. Because hydrocarbons are weak IR ab-
sorbers, the MIQ for GC-FT-IR should be less
affected by the hydrocarbon background species
than GC-MS. To compare quantitative results of
MS and FT-IR in the different modes, the mean
regression correlation coefficients (r*) were used
as a measure of data scatter. It was found that
the quantitative quality of the chromatographic
reconstructions increases in the order: TIC>
SIC > MA > IA > G-S. However, the G-S and
IA results can be improved by omitting hexa-
chloroethane and dibenzofuran because of scat-
tered plots and coelution, respectively, so that
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the difference between the best and worst regres-
sion coefficients is only 5 parts per thousand,
indicating that the regression scatter is compar-
able for all five modes. In this context, it should
be noted that small, highly halogenated com-
pounds are typical environmental compounds of
interest and that coelution is a common problem
in chromatography. The authors also did a
comparison on the relative molecular sensitivities
of the chromatographic reconstruction methods.
The TIC mode is the least sensitive to molecular
structure with the G-S mode being the most
sensitive and SIC, IA, and MA all being about
equal.

Baumeister et al. [112] utilized a GC with
parallel MI-FT-IR, MS, and FID detection to
study the isomer distribution of two mixtures of
C, alcohols. Each of the three detectors give
different types of information: the FID provides
retention time and quantitative information, the
FT-IR spectra provide functional group and
isomer-specific information, and fragmentation
patterns and molecular masses can be obtained
from the mass spectra. The alcohol samples
investigated contained so many closely related
isomers that GC-MS alone was not sufficient for
identifying the components with a high degree of
certainty and light pipe FT-IR was not sensitive
enough to detect the minor components. The
authors determined that there were eight com-
ponents present, six common to both mixtures
and one unique to each of the mixtures. As
expected, the mass spectra of all eight com-
ponents were very similar, although the exist-
ence and relative intensities of many major
peaks were helpful during the interpretation of
the spectra. Although the IR spectra all con-
tained the expected spectral features for a satu-
rated C;H,,O alcohol, 1.e., the O-H and C-O
stretches at ca. 3660 cm ' and ca. 1062 cm ™',
respectively, structural information was ob-
tained. The degree of branching could be de-
termined by studying the ratio of the CH,; to
CH, symmetric and antisymmetric modes, and
the presence of an isopropyl or tert.-butyl group
could be determined by the appearance of
characteristic multiple absorptions in the CH,
bending region. By using the structural infor-

mation obtained from the IR spectra along with
the results from the library search of each
spectrum, the eight different C, alcohol isomers
were identified.

Smyrl et al. [119] used simultaneous GC-DD-
FT-IR-GC-MS for identification and quantifica-
tion of isomers in a complex mixture. Their
system differed from most GC-FT-IR-MS sys-
tems in that the effluent from a single column
was not split to the two detectors. Instead, after
injection, the sample was split to two identical
columns, one of which was connected to the MS
detector and the other to the IR. By using this
configuration, larger samples can be injected
without degrading the chromatographic separa-
tion by overloading the column and greater
flexibility in column selection for a particular
application can be obtained. To demonstrate the
power and utility of such a system, the authors
analyzed a sample of structural isomers which
was prepared by steam distillation/extraction on
coal. Naphthalene was used as a test compound
to study the detection, identification and quanti-
tation abilities of the instrument. The data pre-
sented showed the ability to identify a DD-FT-
IR spectrum when searched against a standard
KBr spectral library. To study the quantification
capabilities of the system, two different methods
were used: area or height of the chromatograph-
ic peak generated by measuring the absorbance
in the predefined windows in the overall FT-IR
spectrum [or by using the total absorption mea-
sured from the interferogram (Gram-Schmidt)],
and by the absorbance of a particular band in the
actual infrared spectrum. Using the actual IR
absorption band resulted in an increase in sen-
sitivity by approximately two orders of mag-
nitude when compared with using the peak area
of the selected wavelength (functional group)
chromatogram. However, using the area of the
peaks in the MS total ion chromatogram pro-
vided an even more superior method of quantita-
tion, especially in the case of some trace com-
ponents which the IR detector was unable to
even detect. Mass spectral identification, due to
the larger library, was better in many cases for
identifying individual components. But, as previ-
ously mentioned, in the case of isomers, IR
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spectra were required to identify which isomer of
the compound was present. By separating and
identifying the different components in a coal
extract, the authors demonstrated that the detec-
tion limits and abilities of IR and MS to dis-
tinguish isomers are complementary.

5.2. Multidimensional GC-FT-IR-MS

As has been previously stated, the purpose of
linking both infrared and mass spectral detectors
together is to provide more accurate qualitative
information about a complex mixture. Unfor-
tunately, in systems with a single chromato-
graphic column and a complex mixture, the
detector requirements necessarily limit the chro-
matographic capabilities of the entire system.
Fig. 6A shows an example of a model four
component mixture with three overlapping chro-

matographic components, and Figs. 6B and 6C
are the IR and mass spectra taken from the
largest peak. It is clear from both library search-
es and manual evaluation that the spectra are of
mixtures rather than pure components. Figs. 7
and 8 show the second stage separation of the
mixture and the resulting spectra from the three
large peaks, respectively. It is evident from the
individual spectra in Fig. 8 that Figs. 6B and 6C
are indeed the sum of these spectra.

Several other articles in this journal cover the
reasons why this is true, but it suffices to say that
the qualitative information obtained about com-
plex mixtures is of questionable quality in some
cases. As mentioned in Section 2 of this review,
on¢ choice to overcome the limitations of a
single separation dimension in a GC-FT-IR-MS
system is to utilize multidimensional gas chroma-
tography. Typical MDGC systems, such as the
one diagrammed in Fig. 9, employ a single
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2 =1,3-dichlorobenzene. peak 3 =y-terpinene. and peak 4=undecane. Peak 1 is a residual from the heartcut. Used with

permission from Ref. [27].

cryogenic trap and a flow switching system inter-
posed between a first stage and a second stage
chromatographic column. Such a design provides
a total qualitative analysis at the expense of a
great increase in analysis time. In an effort to
decrease analysis time and increase the chro-
matographic flexibility of the MDGC-FT-IR-
MS system, the multiple parallel cryogenic trap-
ping system schematically depicted in Fig. 10 was
developed [26-31].

Qualitative analyses of gasoline [30.31] and
essential oils such as eucalyptus [28] and cascaril-
la bark [29] have been carried out using MDGC-
FT-IR-MS systems. Gasoline analysis was
chosen to evaluate the system performance. It
was shown that the retention time reproducibility

was within =3 s. The advantage of accurate
retention times is the ability to detect component
carry over between adjacent heart cuts without
the use of any spectral detector. Additionally, in
conjunction with spectral detectors, it provides a
powerful means to correlate components in dif-
ferent adjacent cuts. Furthermore, the differ-
ences in chromatographic resolution as a func-
tion of heart cut times is illustrated in Fig. 11.
Figs. 11a and 11b are second stage separations of
72-s heartcuts from an unleaded gasoline sample,
and Fig. 1lc is a series second stage separations
of five 12-s heartcuts from the same region of the
chromatogram that Figs. 8A and 8B were taken.
The peak labels in Fig. llc correspond to the
identifications in Table 2. However, it is to be
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Fig. 9. Schematic diagram of the MDGC-IR-MS experi-
ment. Both the preliminary and analytical columns were
contained in one oven, and the liquid nitrogen trap and
2-way valve were also in the same oven. Detection was
performed by using a Hewlett-Packard IR and MS detector.

noted that increasing chromatographic resolution
necessarily increases analysis time. Thus, there is

a trade-off between time and information. Early
papers did not utilize multiple analytical columns
or carry out sample looping, but the addition of
these two features have demonstrated the utility
of such an approach [26].

The idea behind multidimensional GC-IR-
MS is to provide the ability to correctly identify
all or most of the components in complex mix-
tures. In this respect, it is necessary that the
chromatographic separation be as complete as
possible. In reality, linkage of various instru-
ments, each with their particular sample require-
ments, introduces restrictions on each of the
individual system components. Linkage of a light
pipe FT-IR to the parallel cryogenic trapping
system is useful and at the same time restrictive.
The usefulness is the well known non-destructive
nature of the detector. On the other hand, its
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Fig. 10. Schematic diagram of the parallel cryogenic trap
MDGC-FT-IR-MS system: A = splitless injection port; B =
intermediate polarity first stage column: C=HP 5970B
MSD; D =HP 5965B IRD: E = four-port, two-way valve
(300°C max. temp.): F = external auxiliary carrier gas; G =
six-port selection valve (300°C max. temp.); H = stainless-
steel cryogenic traps; I = three-port. two-way valve (300°C
max. temp.); J = polar higher stage column; K = non-polar
higher stage column. Used with permission from Ref. [26].

detection limits are on the order of tens of
nanograms, and therefore. it requires a chro-
matographic column with a higher sample load-
ing capacity, precluding the use of smaller i.d.
columns. However, where analysis of complex
mixtures is not performed at a trace level (1 ppm
or less) or in cases where primary enrichment
techniques could result in 10°° fold improve-
ment, the lightpipe instrument provides signifi-
cant advantages. Consider the eucalyptus [28]
and cascarilla bark oil [29] analyses. The instru-
ment used to analyze these mixtures is equipped
with three gas chromatographic columns having
different stationary phases with different reten-
tion properties. Effluents exiting the light pipe
either can be vented or cryogenically trapped.
The advantage of this design is that data collec-
tion is achieved prior to trapping, and spectro-
scopic data for analysis is obtainable for all
separation stages using any of the columns. Fig.
12 shows the initial demonstration of the
feasibility of carrying out GC'-FT-IR-MS by
the method of double heart cutting. sample

recycling and identifying components in the final
heart cut on eucalyptus oil [28]. The peak labels
correspond to the identifications in Table 3. This
technique allowed comparison of a known adult-
erated oil with a known natural oil. Additionally,
sample recycling allows analysis of a complex
mixture using three or more different columns in
a single instrument for screening purposes. How-
ever, in order to carry out analysis in the third
dimension, a priori knowledge of the second
stage chromatogram is necessary because only a
limited number of traps are available for the
second stage effluents. This means that an extra
run in the second dimension is required for
choosing the region(s) to be analyzed in the third
dimension. An alternative would be to analyze
the complete second dimension heart cut in the
third dimension [29]. This was demonstrated in
the analysis of minor components in cascarilla
bark oil. Three regions were chosen for enrich-
ment by repeated injection of the sample and
trapping the respective sections in three different
cold traps, followed by two reinjections and cold
trapping for analysis on the two secondary di-
mensions. This analysis showed that enrichment
of several chosen sections is possible simultan-
eously. Furthermore, once enriched, analyses
could be performed in more than two dimen-
sions. The end result of these methods is the
possibility of separation and identification of
components in several sections of a complex
mixture, and an example of the second and third
stage separations of one of these regions is
shown in Fig. 13. The peaks labeled in Fig. 13b
correspond to the identifications in Table 4.

In addition to complex mixture analysis, valve
adsorption and possible reactivity was studied
[26]. Here, sample recycling and looping capa-
bilities of the valve-based system were investi-
gated. Standard samples included Grob, hazard-
ous substance, phenol, base neutral, and chlo-
rinated hydrocarbon mixtures. Approximately
500 ng of each mix was injected onto the primary
column and cryogenically trapped. This step was
followed by reinjecting the trapped segment onto
a second stage column and repeatedly trapping
the effluents exiting the lightpipe. The process
was stopped when the detection limit was
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Fig. 11. Second stage total ion chromatograms for unleaded gasoline. (a. b) A view of the total ion chromatograms of the 72
second first stage heartcuts 1 (11a) and 2 (11b). The peak labels represent the cut number that particular component appears in
Ilc. (c) Second stage total ion chromatograms of five 12-s heartcuts from 7.5 to 8.5 min of the first stage separation. The peak
labels in Fig. 11c correspond to the compound identification in Table 2. Used with permission from Ref. [30].

reached in either the infrared or mass spectrome-
ter. Table 5 summarizes the results of the study.
It was found that 35 of the 40 total components
examined could be recycled for more than six
times, and for several chlorinated hydrocarbons
it was shown that a 23 stage recycling is possible.
Fig. 14 is a series of total ion chromatograms for
the Grob mixture showing the peak area de-
crease from cycle-to-cycle. During each recycle,
10% is lost due to the MS and 10% or more due

the presence of valves (5 total). The limitation
on some of the components that showed rela-
tively low cycling efficiency was ascribed to
temperature control of the valves in the trap
oven and the compound basicity. Thus, the
investigations carried out using the valve-based
system verified that some of the existing de-
ficiencies in the GC-GC heart cutting technique
can be corrected by means of a system of parallel
cryogenic traps.
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Table 2
List of compounds identified in Fig. 7 by IR and MS

Peak Compound identification
number
1 cis-1,3-Dimethyl cyclopentane
2 2.2-Dimethy! hexane
3 trans-1.3-Dimethyl cyclopentane
4 1.2-Dimethyl cyclopentane
5 1.2-Dimethyl cyclopentane
6 Cyclohexene
7 Straight chain hydrocarbon. alkane
8 Cyclic hydrocarbon
9 Alkene
10 Heptanc
11 Straight chain hydrocarbon. alkane
12 Alkene
13 Benzene
14 Straight chain hydrocarbon, alkane
15 Heptane isomer
16 Hexene. heptene 1somers
The IR and MS libraries contained approximately 3000 and

42000 compounds. respectively. (Adapted with permission
from Ref. [27].)

5.3. Summary

It has been amply demonstrated that linked
GC-FT-IR-MS systems dramatically increase
capabilities for complex mixture analysis. With
the addition of multidimensional gas chromato-
graphic techniques linked to the detection sys-
tems, the improved chromatographic resolution
has subsequently provided pure infrared and
mass spectra to use in the qualitative understand-
ing of complex mixtures. The possibility of
comprehensively performing qualitative analysis
on a complex mixture using both infrared and
mass spectral techniques has been demonstrated.
Of course, one consequence of such linked
systems is the enormous quantity of spectral data
that are produced during a single chromato-
graphic analysis. With the addition of chromato-
graphic techniques such as sample recycling.
heartcutting, and GC”, the amount of data is
further increased. and it becomes increasingly
difficult to turn the data into useful information.

To this end, advances in computer data analysis
provide a method with which the raw spectral
and chromatographic data can become accurate
and usetul qualitative information.

6. Data analysis methods

Gas chromatography combined with infrared
spectroscopy and/or mass spectrometry produces
an abundance of data, but until recently, little
could be found in various instrument manufac-
turer’s software that went beyond library search
and target analysis. Sophisticated information
extraction and pattern recognition methods were
performed with additional software packages, or
programmed by the analysts themselves. Now, it
seems that a critical mass has been reached in
chemometric research, and new methods and
applications are reported much more frequently
and are moving into the mainstream of data
analysis for GC~IR and GC-MS. This section
deals with articles focusing either directly on new
data treatment methods for GC-IR and GC-
MS. or chemometric methods developed for
infrared and mass spectra and then applied to
GC-IR and GC-MS problems. In addition,
methods are reviewed that attempt to deconvo-
lute infrared or mass spectra of mixtures, even if
they were not published in the context of sepa-
ration science.

6.1. Databases and library search

The most popular method of spectral interpre-
tation and identification remains the comparison
of sample spectra with collections of reference
spectra. Recent reviews cover a wide range of
databases and search algorithms [120,121], and
an in-depth comparison of mass spectral identity
search algorithms applies five different methods
to the same set of GC-MS problems [122].
Furthermore, the problems concerning spectros-
copic data handling, quality control, and ex-
change between vastly differing computer sys-
tems have been illuminated [123]. A somewhat
older review discusses the automated interpreta-
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Fig. 12. TICs of the known adulterated sample. (A) Precolumn chromatogram; (B) chromatogram resulting from secondary
separation of heartcut | (same as Fig. 6C); (C) chromatogram resulting from tertiary separation of the heartcut from the
secondary separation (17.0 min to 18.5 min). Peak numbers refer to component identifications in Table 3. Used with permission

from Ref. [28].

tion of vibrational spectra with library search,
pattern recognition and knowledge-based sys-
tems [124].

Macro programming for increased productivity
with GC-MS software and higher laboratory
throughput has been the topic of several publi-
cations [125-130]. Pesticide screening in ground
water was conducted with electron capture
(ECD), nitrogen-phosphorus (NPD), and mass
selective (MS) detectors. In order to reduce
library search time and increase the hit quality, a
dedicated library only containing 360 pesticides
was used. Using retention time and mass spectral
information, adequate results were obtained for
1 ng injected material even when closely eluting

matrix compounds exhibited a 30 times higher
signal than the analyte of interest [125]. Road
safety was the topic of a paper of screening 120
medicines and social drugs in blood plasma
samples with GC-MS. The presence of a target
drug was established if two characteristic mass
spectral peak appeared within a given retention
window, and if the area ratios from the peaks of
their ion chromatograms matched a predefined
value range. This was accomplished with a GC-
MS software macro and worked for full scan as
well as selected ion monitoring mode (SIM)
[126]. The macro program AUTARG for target
compound recognition in environmental samples
uses a similar approach. Spectral searches are
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Table 3
Component identifications for Fig. 12 supported by both
infrared and mass spectra

Peak Peak identification
number
1 «-Pinene
2 1,8-Cineole
3 Terpinolene
4 p-Cymenene
5 Linalool
6 Fenchyl alcohol
7 trans-Pinocarveol
8 4-Terpineol
9 a-Terpineol
10 Geraniol
11 a-Terpinenyl acetate
12 Aromadendrene
13 Camphor
14 a-Thujene
15 Camphene
16 Sabinene
17 B-Pinene
18 B-Myrcene
19 Decane
20 a-Phellandrene
21 3-Carene
22 a-Terpinene
23 Limonene
24 vy-Terpinene
25 Carvomenthene
26 B-Phellandrene
27 p-Cymene

Adapted with permission from Ref. [28].

conducted in dedicated pollutant libraries, and
for target compounds with excellent retention
time correlation, but poor library search results,
a deconvolution is- carried out: shifts in the
reconstructed ion trace for characteristic ions
from the target and unknown compounds reveal
matrix overlaps, which are corrected [127]. A
subsequent application of AUTARG to trace
pollutant analysis in groundwater demonstrates
the usefulness of this macro [128]. The analysis
of fire debris samples has been automated with a
macro, which generates ion profiles for charac-
teristic target compound ions, and uses mass
spectral library search as well as retention in-
formation for compound identification [129]. A
complete listing of this macro for the Unix- and

Pascal-based Hewlett-Packard GC-MS instru-
ments has been published [130]. An analogous
program for Hewlett-Packard instruments em-
ploys mass spectra and retention indices for
compound identification [131] and has been
applied to essential oil analysis [132].

Most of the research on library search for
infrared spectra in conjunction with separation
has been conducted for identifying spectra of
mixtures. A method (“‘mix-match search™) based
on principal component regression (PCR) first
finds the greatest similarity between the un-
known mixture and a library spectrum. For
subsequent identification of the remaining com-
pounds of the mixture, all similarities of the first
target compound are removed from the un-
known spectrum and a selected subgroup of the
library spectra, and principal component regres-
sion is applied again. This procedure is repeated
until the residual similarity of the remaining
mixture spectrum with a library spectrum falls
below a predetermined threshold. All con-
stituents of five two- and three-component mix-
tures were identified correctly with two small
libraries of 103 and 256 IR spectra, respectively
[133]. In larger libraries, spectra are no longer
completely independent from each other, and
too many similar spectra would be retrieved as
candidates for a mixture constituent. Therefore,
PCR is used to prefilter a 3169-compound library
to obtain a subset of spectra, before the dot
product metric selects a target compound. This
mix-match search for mixture identification was
also compared with four other similarity metrics
and found to be superior for mixture identifica-
tion from infrared spectra [134]. A different
approach to mixture identification via library
search employs peak table comparisons. With
subsequent least-squares regression, two- and
three-component mixtures of carbohydrates were
not only identified from the infrared mixture
spectrum, but also successfully quantified [135].

6.2. Retention index
Running a GC-MS instrument and simply

using the gas chromatograph as a convenient
separating sample feeder for a mass spectrome-
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Fig. 13. Total ion chromatograms for the second and third stage separations of an enriched heartcut taken from a cascarilla bark
oil sample. (A) Secondary separation performed on a non-polar column. (B) Tertiary separation performed on a polar column.
Peak numbers refer to component identifications by IR and mass spectra in Table 4. Used with permission from Ref. [29].

Table 4
Component identifications for Fig. 13 supported by both
infrared and mass spectra

Peak Peak identification
number

Octanoic acid, 2-methyl ester
Nonanone

Alcohol

Methyl formate

a-Thujone

B-Thujone

Aldehyde

Nonan-2-ol

alcohol

elie SRR Thw NG N N A

Adapted with permission from Ref. [29].

ter makes sense only with simple mixtures; the
same is true when the mass spectrometer is seen
as just an elaborate GC detector. Therefore, the
synergistic use of both retention and mass spec-
tral information continues to be researched.
Special attention goes to the calculation and
prediction of retention indices, which unfortuna-
tely still remains largely in the empirical domain.

The problem of poor retention index repro-
ducibility between different laboratories and
separation columns was addressed with the
compilation of a specialized database for GC-
MS trace analysis. Most retention indices in that
database were averaged from a multitude of
sources. Thus, a standard deviation and a de-
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Table 5
Recycling study mixture components and result summary

Mixture Peak Component Quantity Maximum r* for linear Slope based
number injected number of regression of recycle (%)
(ng) recycles 10 recycles
MS IR MS IR MS IR
Grob mixture 1 2.3-Butanediol 530 11 12 0.991 0950 64 66
2 Decane 280 18 18 0.999  0.999 75 77
3 1-Octanol 360 13 16 0.997 0999 69 73
4 Undecane 290 18 18 0.999 1.00 74 76
5 Nonanal 400 10 12 0.991 099 60 66
6 2.6-Dimethylphenol 320 13 12 0993  0.999 65 69
7 2-Ethylhexanoic acid 380 6 6 0.957 0.990 45 60
8 2.6-Dimethylaniline 320 8 6 0.992 0.996 46 50
Y C,, acid methyl ester 420 12 11 0.991 0.993 64 65
10 C,, acid methyt ester 420 9 9 0.943 0.971 48 55
11 Dicyclohexylamine 310 1 1 N/A N/A N/A N/A
12 C,, acid methyl ester 410 6 5 0.993 0993 32 3
Hazardous substances mixture 13 Aniline 500 10 10 0.989 098 60 58
14 Benzyl alcohol 500 11 10 0.990 0.991 61 62
15 p-Chloroaniline 500 6 8 0.993 0.970 45 50
16 2-Methyl naphthalene 500 11 8 0.971 0.972 59 68
7 m-Nitroaniline 500 2 6 1.00 0.959 17 45
18 Dibenzofuran SO0 4 2 0.956 1.00 25 46
Phenol mixture 19 2-Chlorophenol 500 16 16 0.991 0.983 73 73
20 2-Methylphenol 500 15 9 0.980  0.995 70 71
21 4-Methylphenol 500 13 12 0.981 0.988 64 66
2 2.4-Dimethylphenol 500 13 12 0972 0.992 66 68
23 2.6-Dichlorophenol 500 11 10 0.938 0.976 57 61
24 2 4,5-Trichlorophenol 500 5 5 0990  0.981 33 40
25 2.3.4,6-Tetrachlorophenol 500 2 3 1.00 0.981 49 22
Base—neutrals mixture 26 N-Nitrosodimethylamine 500 12 11 0.993 0.989 70 69
27 2-Chloroethyl ether 500 14 14 0.998  0.988 78 79
28 2-Chioroisopropyl ether 500 14 14 0.970 0.999 80 80
29 N-Nitrosodipropylamine 500 12 12 0.988  0.998 62 65
30 2-Chloroethoxymethane 500 14 13 0.999 0.999 72 72
31 Dimethyl phthalate 500 10 10 0.987 099 52 56
32 Dicthyl phthalate 500 9 6 0909 098 46 32
33 4-Chlorophenyl phenyl ether 500 6 6 0.969 0.982 30 30
Chlorinated hydrocarbon mixture 34 1.3-Dichlorobenzene 500 23 20 0.998 0.999 78 77
35 1.4-Dichiorobenzene 500 23 20 0999 0998 76 75
36 1.2-Dichlorobenzene 500 23 19 0.998 0.999 79 78
37 Hexachloroethane 500 15 22 099 0997 75 75
38 1.2,4-Trichlorobenzene 500 23 14 0.997 0.999 71 71
39 Hexachlorobutadiene 500 15 16 0.996 0.999 80 79
40 2-Chloronaphthalene 500 12 4 0.987 0.962 35 36

Adapted with permission from Ref. [26]. N/A = not applicable.

fined degree of uncertainty were obtained for the
retention time. Together with a dedicated mass
spectral library, which was reduced to about 8
peaks per spectrum, satisfactory results for target
analysis of air pollutants were reported [136].
The often sporadic retention information in mass
spectral databases hampers GC-MS analyses to

a certain degree, and retention index calculation
from first principles has had very limited success.
Instead of using a large number of linear param-
eters, an equation based on the logarithmic
treatment of the boiling point, and linear addi-
tive factors such as molecular mass and number
of carbons has been proposed. Equation co-
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Fig. 14. MS total ion chromatograms of the Grob test mixture recycling experiments. In order to improve clarity, only every
other separation is shown. Peak labels correspond to components listed in Table 5. Used with permission from Ref. [26].

efficients for 42 different compound classes are
reported for non-polar and polar stationary
phases, yielding satisfactory retention index re-
sults [137]. This work has been extended to
illuminate the informational value of physico-
chemical constants for retention index calcula-
tion, especially from partition coefficients [138].
A prediction scheme for retention indices and
temperature gradients of 94 C,—C,, alkylben-
zenes has been proposed, helping to overcome
the sometimes imperceptible differences between
their mass spectra. It uses the molecular mass as
a basic parameter, augmented by ten tuning
factors for all benzene substitution positions, and
finds an excellent agreement between ex-
perimental and calculated values [139]. Com-
bined use of spectral and retention information

has received much less attention for GC-IR
instruments, and only one paper has been found
over time period covered by this review. This
paper describes a two-dimensional library search
routine for IR spectra/Kovats index [140].

6.3. Pattern recognition, expert systems and
artificial intelligence

An area of intense research activity appears to
encompass various chemometric methods, which
attempt to go beyond mere library comparison
for spectral interpretation and identification.
However, all these methods derive the chemo-
metric relationship between spectra and struc-
tures from spectral collections and can be viewed
as “‘indirect” library usage. A review on such
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spectral interpretation algorithms for mass, in-
frared, and NMR spectra appeared recently
[141]. An older survey compiles automated inter-
pretation attempts of vibrational spectra with
library search, pattern recognition and know-
ledge-based systems [124].

An interesting paper describes the design and
application of an expert system for GC-MS
arson analysis. Based on the presence and ab-
sence of a numerous compounds, compound
classes, mass spectral peak intensities and ratios,
a chromatogram may be classified into one of
five fire accelerant categories, taking into ac-
count various degrees of evaporation. For a final
decision, similar chromatograms of the same
accelerant class can be compared. The expert
system fared well under varying experimental
conditions and only failed occasionally when
faced with overwhelming matrix interferences
[142]. Locating the double bond in monounsatu-
rated C,,-acetates from GC-MS data is a prob-
lem frequently encountered in pheromone analy-
sis. Because mass spectra for all 13 different
positional isomers are very similar, a fuzzy
decision technique has been developed. Five
intensity ratios of several neighboring mass spec-
tral fragments are calculated for each of the 13
isomers, and unknown spectra could be iden-
tified by calculating a similarity index between
the intensity ratios of the unknown and the
reference spectra. It was found that this method
worked well using a quadrupole or a single
focusing mass spectrometer as a mass selective
detector [143]. An attempt to identify the
sources of hydrocarbon spills from their GC-MS
data has been made using pattern recognition
techniques. For this purpose, several different
jet fuel classes were analyzed and their chro-
matograms separated into 63 retention windows,
From principal component scores of this data,
statistical ~ isolinear  multicategory  analysis
(SIMCA) classifiers proved to be a 100% reliable
tool for neat fuel classification, when factors
associated with instrumental drift had been
blocked out. A simulation of actual spills in-
volved the analysis of water contaminated with
the jet fuels. After elimination of descriptors
with low discriminatory or modeling power.

SIMCA was able to classify 97% of the samples
correctly into four jet fuel classes [144]. Noise
reduction for GC-MS data with principal com-
ponent analysis (PCA) was the theme of a paper
dealing with postprocessing of mass spectra. This
“NIPALS™ algorithm uses the first 6-8 PCA
scores to increase the signal-to-noise ratio (S/N)
in mass spectra obtained from components elut-
ing from a GC column. Compared with a 10-
point Savitsky—Golay smoothing, NIPALS yields
somewhat better S/N improvement for lower
analyte concentrations, ranging between a factor
of 2 and 5. For a high raw S/N of 2300, NIPALS
polished this number by a factor of 120. Not
surprisingly, precision, linearity and PBM library
search quality improved as well, although only
marginally. Unfortunately, for these figures of
merit, no comparison with traditional smoothing
algorithms was carried out [145]. A quite unusu-
al study was presented in a paper on flavor
classification and quantification of GC-MS pro-
files from orange aroma. Several different aque-
ous orange aromas were presented to an eight-
member sensory panel for olfactory classification
(“‘grassy-green”, “‘floral-woody”, etc.), quantifi-
cation within each of the flavor classes (‘‘non-
detectable™ to “extremely strong”), and overall
quality impression (‘“‘strong reject’” to ‘“‘excel-
lent’”). Various pattern recognition techniques
were used to correlate the subjective olfactory
analysis with GC-MS data from the orange
aromas, and SIMCA returned the best training
set results, compared with PCA, non-linear
mapping, and k-nearest neighbor methods. In
order to achieve a better model for varying
olfactory sensitivity to different aroma classes,
the data was treated with variance and Fisher
weighting, with the latter yielding somewhat
better aroma predictions. A GC-MS analysis of
a test aroma was classified to belong to some of
the olfactory classes and even allowed quantita-
tive assignment of some specific compounds to
these classes [146]. Some questions commonly
associated with the interpretation of pattern
recognition results ask about the reliability of
algorithm answers and the value of discriminants
and distinguishing features. A new algorithm for
discriminant analysis (IFRAC = individual fea-
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ture reliability approach to classification) similar
to the Fisher discriminant analysis has been
developed, trying to address the question of
classification ability of individual features or
*“chemical markers”. Comparative analysis with
cross-validation and training/test sets of GC or
GC-MS data sets was performed (carbohy-
drates, pyrolyzed sugars and cells), showing a
better performance with less features of IFRAC
than the Fisher discriminant analysis in most
cases [147]. This new algorithm was put to work
in a study which used pattern recognition to
enhance the fingerprinting of pyrolysis—GC-MS
data from nucleosides. Prior to applying distance
measures between an unknown and a reference
chromatogram, all significant chemical markers
or peaks were extracted from chromatograms
and mass spectra to reduce the dimensionality of
the problem. The Euclidean and Mahalanobis
distance metrics subsequently identified un-
known chromatograms, with mass spectra used
for cross confirmation [148]. “*Chemometric de-
tectors’ are specialized computer procedures, set
up to extract the presence or absence of a
structural feature from spectral information.
Several of these detectors have been developed
for mass spectra in conjunction with GC. Their
application for selective group chromatograms
was demonstrated with chlorophenol, nitro-
phenol, and aliphatic hydrocarbon detectors
[149]. A comparison of automated GC-MS
analysis methods was presented in a report on
the identification of chlorinated phenols. A
chemometric detector, capable of determining
the number of chlorine atoms from a mass
spectrum, seemed to produce the most reliable
results, followed by classical library search. In
addition, a pattern recognition procedure, which
could categorize 8 chlorinated phenol classes,
had been trained with characteristic ions of these
classes and clustered them into groups. The
classes were recognized by calculating the dis-
tance between an unknown spectrum and the
class clusters. However, this method turned out
to be the least reliable method for automated
spectral analysis, because less than half of the
chlorinated phenols were recognized correctly in
a model mixture [150]. Much work has revolved

around the development of pattern recognition
and expert systems for molecular mass es-
timators from GC-MS mass spectra [151-156].
An empirical rule-based system estimated the
lower limit for molecular masses from the high-
est mass with an intensity of at least 5% of the
base peak (MAXMASS). It uses ternary intensi-
ty encoded mass spectra: Between 0-4.99%
intensity of the base peak, 0.0 will be taken as
the lowest ternary intensity; peaks between 5—
49.99% are 0.5, and the rest is assigned 1.0. For
a test set of 400 NIST spectra, MAXMASS was
higher by 2 or more mass units for only 4.8% of
all spectra. This rule was incorporated into an
existing expert system. For a better estimate of
the true molecular mass, MAXMASS was ad-
justed with empirical constants for six compound
classes identified by the expert system. Com-
pared with the mass spectral interpretation pro-
gram STIRS [157], the expert system yielded
worse accuracy with library reference spectra.
However, for actual field GC-MS data, the
average absolute deviation from the true mass
was better than STIRS, and a pronounced speed
advantage was observed for the expert system
[151]. Frequently, the molecular ion is of low
intensity or absent altogether. Therefore, the
previously developed MAXMASS rule was ex-
tended to incorporate further ‘“‘fudge factors”
within the given compound classes of the expert
system. As a result, the median absolute devia-
tion from the true mass improved somewhat
compared with the previous work [152]. For a
large-scale evaluation, the expert system has
been tested with 31378 mass spectra from the
NIST collection, and mass spectra of 400 phar-
maceutical compounds [154]. A subsequent rule
addition to the expert system set a higher limit to
molecular mass estimates (HIMAX1), so that
the true molecular mass was bracketed between
the lower limit MAXMASS and the higher limit
HIMAXI1, which had been defined as the highest
mass peak with at least 1% intensity of the base
peak. This cut the true mass calculation error to
values below the ones obtained with STIRS from
library reference spectra [153]. These rules were
extended with a misclassification filter, and test-
ed with pharmaceutical and field GC-MS spectra
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[155]. A more detailed description of the mis-
classification filters has been published as well
[156].

Much less activity for combined GC-IR pat-
tern recognition approaches has been reported in
the literature, although infrared spectroscopy
remains a popular research topic in chemomet-
rics. The fairly direct relationship of band posi-
tions to functional groups simplifies the develop-
ment of chemometric detectors. PCA scores
were used to feed a sigmoidal discriminator,
determining the presence or absence of func-
tional groups during a GC-IR run from infrared
spectra. For every GC time interval, the result
from the sigmoidal discriminator was multiplied
with the reconstructed chromatogram intensity
obtained from Gram—-Schmidt orthogonalization.
These functional group specific chromatograms
were plotted for aldehydes, ketones, carboxylic
acids, esters and alcohols, showing good dis-
crimination capabilities between these substruc-
tures. Thus, they are more specific than selected
wavelength chromatograms, which can be set to
detect, e.g., carbonyls. but are unable to dis-
tinguish between ketones, aldehydes, carboxylic
acids, and esters [158]. A simpler approach to
overcome the shortcomings of selective wave-
length scanning for functional group detection
from GC-IR was demonstrated with the de-
velopment of a chemometric detector for aro-
matic compounds. A set of 30 reference IR
spectra containing the aromatic functionality was
converted into peak lists and scanned for com-
monly appearing peaks, basically compiling the
group frequencies for aromatic compounds auto-
matically. Although three different spectral re-
gions provided a somewhat reliable measure to
detect the occurrence of aromatic compounds.
the separation between present and absent func-
tionalities was unsatisfactory due to a large
number of false positives [159].

6.4. Quantitative determination

The topic of quantitative analysis using GC
with various detectors is discussed in more depth
by other papers in this issue. This section only
describes unusual mathematic procedures or

novel applications for quantitation purposes with
infrared and mass spectra. Neural networks were
employed to determine the amount of casamino
acid mixtures in glycogen from their pyrolysis
mass spectra, which had been scanned between
51 and 200 daltons. Each nominal mass consti-
tuted one input node. With eight hidden and one
output node, the neural network was trained
with the backpropagation algorithm to minimize
the output error to approximately 0.005. It was
found that the network possessed good interpo-
lation capabilities when trained with equally
spaced concentration values, but yielded less
satisfactory results for extrapolating to concen-
tration values outside its training range [160]. An
attempt had been made to determine the number
of Cl, Br, and S atoms in molecules from their
mass spectra. It employed heuristic algorithms
for isotope cluster analysis, worked for up 10
chlorine, 6 bromine, and 6 sulfur atoms, and
could be used as a chemometric detector to
obtain atom-specific reconstructed chromato-
grams. Its accuracy level for chlorine- and/or
bromine-containing compounds ranged mostly
between 90-100%, but rarely exceeded 50% for
sulfur {161]. With a similar result in mind,
isotope ratios of chlorine were determined with
SIM as a chemometric tool, scanning the (M +
2n)" ions (n=0, 1, 2...). Intensity errors be-
tween two adjacent ions were taken into account
as well, which were caused by changing analyte
concentration during elution from the GC col-
umn, and it was possible to characterize a PCB
mixture and determine between 2-6 chlorine
atoms correctly even for coeluting compounds
[162]. Detection limits of GC-MS instruments
vary considerably with mass spectral acquisition
mode. A detailed study for the detection of
organotin compounds was carried out, compar-
ing full scan total ion chromatograms, selected
ion chromatograms from full scans (post-acquisi-
tion data processing), and selected ion chromato-
grams from SIM (pre-acquisition data process-
ing). Limits of detection were approximately 10
ng (full scan TIC), 2 ng (selected ion chromato-
grams), and 0.03 ng (SIM) injected organotin
compounds [163]. Another quantitation study for
GC-MS went through theoretical considerations
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of ““decision limits” (present/absent) and “detec-
tion limits” (how much when present). Detec-
tion limits of 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) were determined in three different
ways, using SIM responses from m/z 322 alone,
combining m/z 320+ 322, and calculating the
first score of the principal component analysis of
three SIM ions m/z 257, 320, and 322. Observ-
ing just m/z 322 was found to be as sensitive as
the first PCA score of three SIM traces, although
the differences between all three ways was not
very pronounced [164]. Full scan and peak top
SIM mass spectral acquisition modes have their
advantages for compound identification and de-
termination, but also exhibit some distinct short-
comings. As a compromise for high resolution
double-focusing mass spectrometers, mass pro-
files (MP) can be monitored which use the entire
peak curve of a predetermined m/z value instead
of its apex alone. A much higher certainty in
accurate mass measurement was achieved in the
MP mode, despite scanning at lower resolving
power to compensate for the loss of sensitivity
compared with peak top SIM. It was demon-
strated that MP could detect coeluting interfer-
ences from centroid shifts when several mass
profiles were observed simultaneously, and in-
strumental stability was much less critical than
tfor peak top SIM mode [165].

6.5. Deconvolution of gas chromatographic
peaks

Coeluting species are a common sight in com-
plex chromatograms. The possibility of decon-
voluting chromatographic peaks representing
two or more compounds is one of the distinct
advantages of specific GC detectors such as
infrared and mass spectrometers. They provide
the additional dimensionality of wavelength or
mass-to-charge ratio. It has been mentioned in
earlier subsections of the data analysis part of
this review, that one may follow the traces of
specific ions in order to distinguish between
coeluting compounds [128,129,166]. A simple,
but very powerful method was introduced to
deconvolute a quite astonishing number of com-
pounds per total ion chromatogram peak, fully

utilizing the two dimensions of time and mass-to-
charge. After acquisition of an entire GC-MS
run, mass chromatograms were reconstructed for
every nominal mass in the scan bandwidth, and
time centroids were calculated for each chro-
matographic peak in every mass chromatogram.
A ‘“‘deconvoluted total ion chromatogram
(DTIC)” was reconstructed from these centroids
with a resolution of 0.1 scans, summing up all
centroids of at least 1% of the base peak within
the same 0.1 scan retention window, yielding a
standard deviation of 0.04 scans. This improved
the reconstructed chromatographic resolution by
at least an order of magnitude. Using the DTIC
trace, a deconvoluted mass spectrum was com-
posed by picking all mass centroids belonging to
the same retention window. Fig. 15 demonstrates
the validity of this approach with the deconvolu-
tion of [’H,;}- and [*H,,}-hexadecane spectra,
originally only 0.48 scans apart, but baseline
resolved as chromatographic peaks in the DTIC
[166]. Restoring accuracy of overlapping, but
still recognizable peaks in GC-combustion-iso-
tope ratio mass spectrometry was the goal of a
comparative study of several chromatographic
curve fitting equations. The Haarhoff-—Vander-
Linde function (HVL) appeared to yield the best
results, with an exponentially modified Gaussian
function (EMG) coming in second. The combi-
nation HVL/EMG for the first/second overlap-
ping peak yielded the best accuracy for calculat-
ing the "*C/'’C isotope ratio [167]. Unresolved
complex hydrocarbon mixtures appear frequent-
ly in oil and gasoline analysis and complicate the
source identification, when spills of these prod-
ucts are investigated with fingerprinting GC-MS
methods. Instead of refining chromatographic or
chemometric deconvolution methods, these hy-
drocarbons were oxidatively degraded, leading
to a more separable mixture. Using Euclidean
distance metric and cluster analysis, a successful
correlation was achieved between hydrocarbon
oxidation products and their original sources
[168]. Evolving factor analysis was applied for
the first time to the deconvolution of mass
spectra obtained from a GC separation. Taking
into consideration the changing analyte concen-
tration over a mass spectrum scan time, the



N. Ragunathan et al. / J. Chromatogr. A 703 (1995) 335-382

375

100" 3z .254 190 66
B2
C16D34
¥FS vFs{ 3@ 98
62 | 78 | 94
N\ 99114
ol , | e L, h k¢ hL;?“ 196 162 178 .
Min 32.20 32.25  32.38|w/z_sg 100 i15@ 200
b
100 32.256 100 5 8
97 C16H1D33
“FS 4 PAZE R
63 79\ 95
32.264 613 EENS 113 129 176
e + - olal Ul i 2195 I -
Min32,20 32.25 32.30 [w/z s@ 100 150 2006

Fig. 15. Chromatograms and mass spectra of [:H,,]-hexadecane. (a) TIC trace; (b) DTIC trace; (c) deconvoluted mass spectrum
of [°H,,]-hexadecane; (d) deconvoluted mass spectrum of [*H ,|-hexadecane. These data were acquired with a 1.0-s scan cycle

time. Used with permission from Ref. [166].

procedure resolved several good quality mass
spectra out of a single GC peak envelope, but no
quantitative assessment was given on the mini-
mum chromatographic resolution required, or
the improvement achieved [169].

GC-IR deconvolution methods are relatively
time-consuming, considering the much larger
number of data points produced for an infrared
spectrum, as compared to a mass spectrum. Still,
a few method applications to GC-IR deconvolu-
tion could be found in the literature. The con-
dition index evolving profile performed a singu-
lar value decomposition between each unknown
IR spectrum of a GC trace and every library
spectrum, obtaining a match indicator for all
library spectra. The best match was chosen. its
contribution calculated at every point of the
elution profile, and subtracted from all unknown
spectra. This procedure was repeated until no
more compounds could be identified from the
elution profile. With this method, two- to four-
component mixtures were successfully resolved
and identified [170]. Non-linear Gaussian and
Lorentzian curve fitting was carried out on GC-
IR elution profiles for extracting coeluting com-
pounds and on IR spectra for quantitative de-
termination with IR bands. This was accom-
plished with ‘*‘eigenstructure tracking analysis
(ETA)”, an algorithm similar to PCA, but a

good estimate of the number of peaks/bands
contributing to the resulting composite was re-
quired [171]. This restriction was removed by
applying local PCA to a retention window,
determining the number of analytes at every
retention time and/or wavelength [172].

6.6. Analysis of mixture spectra

Somewhat related to hyphenated techniques is
the analysis and decomposition of mixture spec-
tra which were not recorded from compounds
introduced into a spectrometer via separation
techniques. These spectra cannot be analyzed
with methods which depend on spectral variables
(wavenumber, mass-to-charge ratio) changing
over time within a GC peak. However, there are
unfavorable cases when compounds coelute at
nearly the same retention time, making it neces-
sary to treat the composite spectra as mixture
spectra. Only one paper on mass spectral mix-
ture deconvolution was found in the time span
considered for this review: it analyzed spectra
from biomass pyrolysis with the *‘pure variable”
concept, assuming that at least a few of the
peaks in a mass spectrum originate from only a
single compound. The method was called “‘sim-
ple-to-use interactive mixture analysis (SIM-
PLISMA)” and measured the purity of a variable
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(e.g., a certain m/z) with the ratio of standard
deviation to mean. When all pure variables were
found, the contribution of the compounds to the
mixture spectrum was calculated by solving
multiple equations with multiple variables. At
least five mass spectra could be extracted from
the pyrolysis mass spectrum, although consider-
ing the number of compounds usually generated
by pyrolysis, this value appears to be quite low
[173].

Judging by the number of papers found on the
analysis of IR mixture spectra, it seems to be
much easier to approach that topic. This makes
sense because it is easier to determine the noise
level in continuous signals such as IR spectra,
than to estimate noise in discrete signals like
stick plot mass spectra. In the subsection on
library search, an approach to this problem with
PCA has already been introduced [133,134], and
peak table comparisons between mixture and
library spectra seemed to be similar to the pure
variable concept [135]. The SIMPLISMA ap-
proach (see above) was also applied to near-
infrared data, using the second derivative of the
spectrum instead of the original data to get rid of
severe baseline fluctuations [174]. In FT-IR
microscopy, SIMPLISMA was applied to analyze
a multilayer laminate, with layers ranging be-
tween 2 to 175 um thickness. The thinnest layer
could not be resolved with conventional IR
microscopy techniques, but spatial variance in
the collected IR spectra was used in conjunction
with SIMPLISMA to identify the composition of
that layer [175]. An expert system guided the
deconvolution of vapor phase IR spectra and
compound identification, comparing found IR
spectral bands to stored band information (in-
tensity, position, width) of previously encoun-
tered spectra. The expert system reported the
likelihood of presence or absence of a reference
compound in the mixture, but was never able to
analyze mixtures 100% correctly within any
concentration range [176]. A “soft” decomposi-
tion algorithm was proposed using iterative spec-
tral exhaustion. It compared the condensed
phase IR spectrum of a mixture of three carbo-
hydrates to nine reference spectra, selecting the
most likely constituent. A small fraction of this

compound was subtracted from the mixture
spectrum, and its accumulated concentration
increased by that fraction. Then, the next itera-
tion was started, again finding the most likely
compound from the nine reference spectra.
Within ca. 150 steps, the original mixture spec-
trum reached very low intensity values, the
procedure was stopped, and the concentration
values of the original mixture constituents (0.33
each) were found to be in good agreement with
the numbers obtained by iterative spectral
exhaustion (0.30, 0.30, 0.39). This method
worked well for a very limited number of target
compounds, but for a reasonable IR database
size, the computing time would be prohibitive
[177].

6.7. Miscellaneous

Two reports deal with the design and develop-
ment of data systems for GC-MS systems. The
scope of these papers is rather narrow, so they
will be mentioned only briefly here. An old
MX-1321 GC-MS system out of Soviet produc-
tion was retrofitted for modern mass spectral
data analysis, and its outdated computer with 64
kB RAM replaced by an IBM PC compatible
computer [178]. The capabilities and operation
of the commercial software package “‘Target
Compound Analysis Software (TACO)” for Fin-
nigan/ MAT GC-MS systems was described in a
publication. Given its contents and the fact that
it does not contain a single reference, it may
rather be viewed as a software tutorial than a
research publication [179].

In a comprehensive approach, the simulation
of GC-MS data was reported. Working from
stored reference mass spectra of known com-
pounds, it simulated the signal generation and
acquisition of mass spectral peaks from GC
eluents. Combining numerous equations of theo-
retical and heuristic origin, 33 parameters could
be adjusted for the simulation, e.g., chromato-
graphic peak shape with fronting/tailing, type of
column and column bleed, electronic noise,
chemical noise from minor components, etc.
Compared with real GC-MS data, a high degree
of similarity was found [180]. Total analysis of an
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unknown complex mixture remains a task
fraught with uncertainties and unsatisfactory
results. Spelling out several rules, a classification
system was proposed for four identification levels
of organics from GC-MS analysis. Confirmed
identification encompasses high similarity of
mass spectra and retention time when compared
with pure reference data. A discrepancy in
retention time, but a good library match for mass
spectra constitutes a provisional identification. If
no reference spectra can be found in a library,
sufficient partial information leads to compound
class assignment, otherwise it must be labeled
unidentified. The application of this classification
system was demonstrated with a GC-MS sample
run of water pollutants [181]. Spectral resolution
for the acquisition of GC-lightpipe FT-IR spec-
tra is generally limited to 8-16 cm ' resolution
to accommodate the collection of several spectra
while a GC eluent flows through the lightpipe.
Unfortunately, many spectral details are lost this
way, which are needed in some cases for un-
ambiguous identification or in-depth spectral
interpretation. Fourier self-deconvolution was
applied as a tool to determine vapor band
contours from these low-resolution IR spectra,
obtaining a good agreement with high-resolution
literature spectra [182]. In GC~IR analysis, it is
common practice to increase the analyte signal
intensity by coadding several infrared spectra
collected around a GC peak apex, instead of
using a single spectrum from the peak top.
However, the actual S/N gain depends on the
number of background scans. In a study on S/N
improvement for GC-IR analysis, it was shown
that a maximum S/N gain can be calculated for
any number of background scans. For four
background scans, coaddition of IR spectra
below 80% of the maximum peak height would
actually start to degrade the S/N, and if spectra
were coadded to below 5% of the maximum
peak height, the result would be worse than the
single spectrum at the apex. The authors also
proposed the application of classical least
squares fit (CLS) to all considered spectra within
a GC peak in order to improve the S/N by up to
a factor of 2. As Fig. 16 shows, they calculated
that CLS improved the S/N —albeit slowly—

with the inclusion of more spectra from a GC
peak for any number of background scans, as
long as any signal could be found in the analyte
spectra. It was also proven mathematically that
(8/N)crs = (8/N)oaaq is true for all conditions
[183].

6.8. Summary

A general trend is to develop and apply more
sophisticated methods for qualitative and quan-
titative data analysis used with hyphenated tech-
niques. This can be attributed to the general
availability of fast personal computers, which are
able to handle the enormous data sets generated
by spectroscopic detectors. Equipped with
enough RAM and disk space, emerging chemo-
metric program packages and spreadsheet capa-
bilities can perform large matrix operations, and
computationally intensive calculations move
within reach for most chromatographers and
spectroscopists. Although an increasing number
of chemometric publications and journals touch
all aspects of analytical chemistry, chemometrics
has only started to move into the analytical
chemist’s formal education. As a result, available
data analysis methods still tend to be limited to
the choices provided by commercial instrument
manufacturers.

7. Outlook for the future

It is clear, in the light of the present review,
that the recent developments in multispectral
detection systems for gas chromatographic ef-
fluents have provided unrivaled analytical capa-
bilities to analytical chemists. The impressive
developments in both GC-MS and GC-FT-IR
promise to yield improved analytical power for
combined GC-FT-IR-MS in the near future.
With the development of fast GC, it would
appear that the evolution of a fast GC system
coupled to a compact time-of-flight mass spec-
trometer and a variable speed deposition-type
infrared spectrometer is imminent. Because a
system like this would provide the fastest and
most sensitive IR and MS data acquisition pos-
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[183].

sible, it could conceivably be coupled to a
comprehensive two dimensional gas chromato-
graphic system, and this system would provide a
true two dimensional separation in addition to
complete sets of infrared and mass spectral data
for each chromatographic peak. However, this is
only one possible method to achieve highly

accurate total qualitative and quantitative analy-
ses of complex mixtures.

Another possible solution may be the adapta-
tion of the sample recycling technique to a “fully
flexible” MDGC-FT-IR-MS system which
would allow selection of the separation charac-
teristics at every stage of the analysis. This
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capability would provide the maximum flexibility
in a separation and detection system, and with
this flexibility comes powerful qualitative and
quantitative possibilities for both target and
general analyses. Coincident with improvements
in the separation and detection hardware and
computer systems, there will undoubtedly be
impressive advances in the software which will
be required to handle the tremendous quantity
of data generated by these systems. At some
time in the near future, computers may be able
to process spectral data on-the-fly and decide,
based on rapid spectral searches or neural net-
work analyses, whether or not a separation may
be complete. Depending on the results of this
rapid analysis, the computer could control the
instrument to, for example, recycle the incom-
pletely separated effluent, trap the effluent in a
cryogenic trap and subsequently perform a sec-
ond, third, etc. stage of separation. Additionally,
each of the separation stage selectivity charac-
teristics could be chosen by the computer based
on the retention time and spectra of the previous
stage separation.

While these types of linked systems may not
benefit some of the more specific, target GC-
MS, GC-FT-IR or GC-FT-IR-MS applications,
there will assuredly be technological crossovers,
such as hardware and software, which will bene-
fit the entire analytical community. However,
even though applications for these advanced
MDGC-FT-IR-MS systems, especially the lat-
ter, appear primarily qualitative in nature, fields
such as flavor and fragrance, environmental,
forensic and clinical/ medical analysis are increas-
ingly requiring both highly accurate qualitative
and quantitative information on several or all
components in very complex mixtures. To this
end, these types of general analysis systems may
become more important depending on the future
demands of these and other fields. True com-
puter assisted chemical analysis by multidimen-
sional gas chromatography with infrared and
mass spectral detection not only appears plaus-
ible in the near future but it also seems to be a
practical solution to the problem of total com-
plex mixture analysis, and with its advent, ana-
lytical chemists can more easily concentrate their

energy on turning computer generated data into
useful chemical information.
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