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Chapterr 1 

Introductionn to chromametrics 
-Combiningg chromatography 
andd chemometrics. 

1.11 Chromatography and MVA 

Evenn though chromatography is often considered to be a mature technique, 
thiss does not mean that new developments do not emerge. By far the most 
importantt development in gas chromatography in the last decade has been 
thee introduction of comprehensive two-dimensional gas chromatography by 
Johnn Phillips [1-3]. This technique separates all sample components ac-
cordingg to two independent, or orthogonal, separation mechanisms [4]. Two 
differentt GC columns are used in GCXGC. The first-dimension column is (usu-
ally)) contains a non-polar stationary phase, separating components largely 
basedd on their vapour pressures (boiling points). The second-dimension col-
umnn is considerably smaller (smaller diameter, shorter length) than the first-
dimensionn column, so that separations in the second dimension are much 
faster.. The stationary phase is selected such that this column separates on 
propertiess other than volatility, such as molecular shape or polarity. The two 
columnss are coupled using a so-called modulator. This device continuously 
trapss and releases small portions of the effluent. With each modulation, a 
neww second-dimension chromatogram is started. The detector, which is po-
sitionedd at the end of the second-dimension column, records these fast chro-
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matograms.. The detector output at the end of a chromatographic run is a 
largee string of second-dimension chromatograms. After "demodulation" [5], 
aa three dimensional chromatogram (two retention axes and an intensity axis) 
results.. The term "chroma2gram " can be used for what is usually repre-
sentedd by a colour or contour plot. A large variety of applications has been 
describedd in literature and several review articles discussing GCXGC [3,6-9] 
havee been published. 

Comprehensivee two-dimensional gas chromatography or GCXGC offers many 
advantagess in comparison with conventional one-dimensional gas chromato-
graphy.. The main advantages are summarized below: 
-GCXGCC provides a much larger peak capacity. This can be used globally, 
forr separating very complex examples, or locally for separating analytes from 
eachh other or from matrix components. In this context GCXGC can be ad-
vantageous,, as soon as more than just a few peaks need to be separated. 
-GCXGCC provides structured separations, if the separation dimensions (sep-
arationn mechanisms) match the sample dimensions (most relevant structural 
featuress of the sample). 
-GCXGCC provides an increased sensitivity for quantitative analysis. 
Thee first advantage can be used to achieve a better separation between the 
targett components ("analytes") and the surrounding matrix, i.e. to increase 
thee analytical selectivity. The second advantage implies substantial benefits 
forr the separation of component groups. The third advantage is facilitated 
byy the modulator, which enables an increase in sensitivity of a factor 4-5.The 
benefitss of GCXGC (or for that matter, any new development) must, there-
fore,, be categorized into each different application of gas chromatography. 
Fortunately,, the large number of individual applications can be reduced to 
onlyy three generic application types. By doing so, the benefits of GCXGC 
(andd other technological advances in chromatography) can be discussed for 
eachh of the three application types. Practical users of chromatography can 
usee this classification scheme to assess the benefits of any new development 
forr their specific application. Comprehensive two-dimensional separation gas 
chromatographyy is capable of very impressive separations. However, the re-
sultingg chromatograms have a corresponding complexity and size. Dedicated 
strategiess to retrieve information from these highly complex chromatograms 
havee to be considered. Multivariate-analysis techniques may offer such an 
approach.. The use of multivariate-analysis techniques (sometimes referred 
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too as chemometrics) on chromatographic data is not new. 
Multivariate-analysiss (MVA ) techniques have provided tools for data pre-
processing,, classification, calibration, and for many other purposes. Well 
knownn examples are principal-component analysis (PCA) [10] and partial-
least-squaress regression (PLS) [11]. The former is often applied to complex 
data,, with the aim of reducing the number of relevant variables, while the 
latterr generally is used to relate measured data to product properties. These 
techniquess facilitate the processing of complex data. Many years ago it 
wass already recognized that the combination of chromatographic separations 
andd MVA techniques offered excellent possibilities for the characterization of 
(complex)) samples. Already in the mid-sixties, the first references on the 
combinationn of MVA and chromatography appeared. However, not all of 
thesee references can easily be retrieved. The biannual reviews in Analyti-
call  Chemistry provide a useful historical overview of the combination of the 
twoo fields. Due to the large number of references in the literature, ranging 
fromm well-respected journals to rather obscure sources, it is difficult (if not 
impossible)) to give a comprehensive overview of all the work performed in 
thiss field. However, the individual references can be divided into a limited 
numberr of common research topics or categories of applications. 
Firstt of all, MVA techniques have been applied to the detection side of the 
separationn system. Examples of such applications are the deconvolution 
off  mass-spectrometric (MS) [12-14] or photo-diode array (PDA) [15] data 
obtainedd after chromatographic separations, MVA techniques are used for 
calculatingg the 'pure' component profiles, thus mathematically separating 
componentss that were not completely resolved by chromatography. This 
approachh makes use of the so-called "second-order advantage" [15], which 
impliess that a complete spectrum, rather than a single data point, is ob-
tainedd at any one time. Another example in this category concerns the 
enhancementt of signal-to-noise ratios [16]. Very early examples date back as 
farr as 1974 [17]. 

Thee second category of applications of MVA techniques in chromatography 
concernss (quantitative) structure - retention relationships (QSRR). In the 
largee field of quantitative structure - activity relationships (QSAR), rela-
tionshipss are sought between molecular structure and (biological) activity. 
Exampless of QSRR include the relationship between the structure of anti-
malariall  drugs and their LC retention factors [18], and the identification of 
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Figuree 1.1: Breakdown of MVA applications into various fields. 

structurall  features related to the retention mechanism in HPLC [19, 20] or 
GCC [21]. 
Thee third category of applications is the multivariate comparison of chro-
matographicc profiles. Either chromatography-derived information (e.g. peak 
tables)) or chromatographic profiles can be used for this purpose. Applica-
tionss in both liquid and gas chromatography can be found in the literature. 
Earlyy examples of the classification of chromatographic data date back sev-
erall  decades [22] and there is now a large variety of applications, such as the 
classificationn of brain tissue [23], PCB analysis [24-26], fatty acids [14,27], 
petroleum-basedd accelerants [28], fuel-spills [29], jet fuels [30], wine [31], 
coffeee [32], and pheromones [33,34]. The prediction of product properties 
usingg MVA tools and gas chromatographic analysis has also been described 
forr various types of applications, such as fuel performance [35] and octane 
numberss [36]. 
Onee of the largest limitations for the application of MVA techniques to chro-
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matographicc data is the occurrence of retention-time shifts. Chromato-
graphicc methods will always feature some variation along the time axis, 
duee to instrumental (variations in flow and temperature) and fundamental 
(adsorptionn isotherm) reasons. Multivariate-analysis methods will consider 
retention-timee changes as changes in chemical composition. Elimination or at 
leastt reduction of these shifts is, therefore, of prime importance. Understand-
ably,, much attention has been focused on this problem [37-40]. Whereas 
conventional,, high-resolution, one-dimensional gas chromatography allows 
severall  hundreds of (equally spread) peaks to be baseline separated, GCxGC 
hass a peak capacity which is an order of magnitude higher. This is obviously 
veryy favourable from a chromatographic point-of-view, but advanced data-
analysiss tools become mandatory for handling such complex data. For this 
reason,, several articles have already appeared that describe the application 
off  MVA in combination with two-dimensional separation techniques. The 
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Figuree 1.2: Chroma2gram of lavender oil. 

second-orderr advantage of GCXGC has been exploited by Bruckner et al. [13] 
forr accurately determining the concentrations of (partially) overlapping com-
ponents.. An additional benefit of the MVA approach was the enhanced signal-
to-noisee ratio in comparison with other quantification methods. The same 
groupp used multiway models (parallel factor analysis or "Parafac") for the de-
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convolutionn of data obtained using GCXGC in combination with time-of-flight 
masss spectrometry (GCXGC-TOF-MS) [41]. GCXGC already provides second-
orderr data. The third-order advantage of a mass spectrometric detector is 
usedd here for improved mass-spectral selectivity. The potential of obtaining 
highlyy detailed fingerprints by GCXGC is illustrated by the separation of es-
sentiall  oils from lavender, bergamot and ylang-ylang. The chroma2gram of a 
lavender-typee essential oil is presented in Figure 1.2. Similar chromatograms 
weree recorded for two other types of lavender oils, as well as for two types 
off  bergamot oil and one type of ylang-ylang oil. All samples were analyzed 
inn triplicate. In addition, a 1/1 (v/v) mixture of Bergamot O and Laven-
derr S was prepared and analyzed. By considering each chromatogram as 
aa fingerprint of the essential oil, comparisons between the products can be 
made.. In this case the 'inner-product correlation' [42], a matrix equivalent 
too the correlation coefficient, was used to calculate similarities between the 
chromatograms.. For a set of 20 chroma2grams, a correlation matrix of 400 
correlationn values can be constructed (each sample correlated to all 20 sam-
ples).. Since such data are difficult to interpret, the data matrix was forced 
intoo a two-dimensional representation using multidimensional scaling [43]. 
Resultss are shown in Figure 1.3, where the essential oils are clustered based 
onn their chemical fingerprints. 
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1.22 Aims and scope of this thesis 

Thee aims of this thesis are to explore and extend the possibilities of 
multivariate-analysiss techniques applied to comprehensive two-dimensional 
gass chromatographic separations. In Chapter 2, a classification scheme is pre-
sentedd by which three generic types of applications of gas chromatography 
(GC)) and comprehensive two-dimensional gas chromatography (GCXGC) can 
bee distinguished. These generic application types allow virtually any (gas) 
chromatographicc application to be classified. This aids scientists on the fore-
frontt of technology to judge the merits of technological advances for different 
applications.. For the practical users of chromatography, this scheme helps 
too judge the usefulness of new developments for their particular application. 
Thee Chapters 3-6 in this thesis are arranged according to this classification 
scheme. . 

Chapterr 3 deals with so-called target-compound analysis. Multiway methods 
aree used for fast quantification of a limited number of predefined components. 
Chapterr 4 describes tools for the quantification of component groups. Tools 
suchh as baseline correction and splining are described. 
Chapterr 5 describes the use of an alignment strategy for two-dimensional sep-
arations.. This alignment technique applies image-processing tools for identi-
fyingg identical points (or landmarks) in two different images (chroma2grams 
inn this case). The selected points form the basis for a second-order polyno-
miall  function describing the difference between the two images. 
Chapterr 6 describes the classification of crude oils using GCXGC and MVA 
techniques.. An objective variable-selection technique is used to discriminate 
betweenn "informative" and "non-informative" data. 

Thee techniques described in these Chapters can be considered to be generic 
'chromametric'' tools, which facilitate the extraction and interpretation of 
informationn from highly complex chroma2grams. 
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