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ABSTRACT 

A correspondence factor analysis (CFA) of gas chromatographic retention data, i.e., Kovats retention indices, is presented. The data 
matrix correspond to aromatic congeneric solutes series, monosubstituted benzenes, benzaldehydes or acetophenones, studied on the 
same type of stationary phases, namely phenylmethylsilicone with various percentages of the phenyl substituent (O-IS%). CFA of three 
reduced submatrices gives a trend analysis of the relative behaviour of solutes and of the relative influence of stationary phases and 
temperatures. CFA was found to be a sensitive detector of the relative heterogeneity between solutes and/or chromatographic systems, 
even for the study of congeneric compound series studied on stationary phases of the same type. 

INTRODUCTION 

Most often principal component analysis (PCA) 
is used to search for similarities in the chromato- 

graphic behaviour of heterogeneous series of com- 
pounds [l]. However, PCA is not suitable for the 
analysis of closely similar data, such as chromato- 
graphic retention data relative to homogeneous or 
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* For part XII see B. Walczak, M. Dreux and J. R. Chrbtien, 
Chromatographia, 31 (1991) 57.5-582 and for part. XI see 
ref. 11. 

congeneric series of compounds. When there is a 
major factor that governs the chromatographic re- 
tention, e.g., the vapour pressure in gas-phase chro- 
matography, the contributions of the remaining 
factors are hidden. In such types of factor analysis, 
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about 99% of the information content of the data 
matrix is taken into account with the first axis [2] 
and all the variables are strongly correlated. 

The less often used correspondence factor analy- 
sis (CFA) is more appropriate for the analysis of 
homogeneous populations [2,3]. It can be used just 
as a classical clustering technique or as a detector of 
fine physico-chemical effects influencing the chem- 
ical activity of the studied compounds and/or of the 
selectivity of the stationary phases. CFA has been 
used, for example, for the analysis of a large set of 
Kovats retention indices of esters [2] and hydrocar- 
bons [3]. In the latter instance, interesting results 
were obtained for simulation of the catalysis of hy- 
drocarbons, for comparison of the interactions of 
zinc and nickel ions with alkenes, the data later be- 
ing made more precise by topological analysis [4-61. 
Such studies partially explain the interest devoted 
to factor analysis and to CFA in chromatographic 
structure-activity relationships (CSAR) with their 
extension to the field of liquid chromatography 

[4,71. 
It must be emphasized that, like polarity, the het- 

erogeneity of solutes and/or stationary phases is a 
relative concept. CFA has proved to be a valuable 
tool for evaluating the heterogeneities nested in a 
chromatographic retention data matrix [3], but it 
must be questioned whether this technique is able 
also to detect potential heterogeneity of more ho- 
mogeneous chromatographic systems. For exam- 
ple, let us consider the previous example of esters 
[2]. This involves a large set of 1450 Kovats reten- 
tion indices of 175 saturated and unsaturated ali- 
phatic esters determined of fourteen polysiloxane 
stationary phases which were analysed by factor 
analysis. The series of compounds was congeneric, 
but variation in the polarity of the stationary phases 
was obtained with different percentages of different 
types of substituent groups, phenyl, cyanoethyl, tri- 
fluoroalkyl, trifluorophenyl, etc. The question now 
arises of whether the application of CFA could 
have been extended to the case of a homogeneous 
series of stationary phases by varying only the per- 
centage of the same substituent to obtain phases of 
different polarities. 

To go beyond the practical limit of application of 
CFA presented so far, for a homogeneous series of 
compounds, we selected a data matrix of Kovats 
retention indices of aromatic compounds deter- 

mined on a homogeneous series of seven OV phenyl 
stationary phases. This matrix corresponds to 35 
unsubstituted or monosubstituted benzene, alde- 
hyde and acetophenone compounds, studied at dif- 
ferent temperatures. -A systematic chemometric 
analysis of heterogeneity inside homogeneous sys- 
tems is presented with progressive CFA analysis of 
this large data set. The study of three complemen- 
tary matrices will offer the possibility of explaining 
more subtle chromatographic factors. 

DATA 

The 35 compounds, presented Fig. 1, were eleven 
monosubstituted benzenes [including the unsubsti- 
tuted benzaldehyde (AH) and acetophenone (CH)], 
fourteen o-, m- and p-substituted aldehydes and ten 
o-, m- andp-substituted acetophenones. These com- 
pounds were studied on seven OV methylphenyl- 
silicone phases. The phenyl compounds were stud- 
ied in the range 80-140°C and the disubstituted 
phenyl compounds in the range 120-160°C [8,9]. 

Three different data matrices were studied. The 
first corresponds to 33 compounds of the three sub- 
series: benzenes, aldehydes and acetophenones de- 
rivatives, that is, except the two compounds la- 
belled BF and AoOM. These compounds were 
studied on all the OV stationary phases, except 
OV-22. The temperatures considered were 120°C 
for all these six phases plus 130 and 140°C for 
OV-11 and 130°C for OV-25. Hence this first data 
matrix regroups the data relative to 33 compounds 
studied in nine different chromatographic systems, 
including six different stationary phases and three 
temperatures effects. 

The other two data matrices correspond to more 
homogeneous data sets. In the second matrix, the 
temperature is limited to 120°C. This matrix corre- 
sponds to all 35 compounds indicated in Fig. 1. In 
the third matrix, the subseries of compounds is lim- 
ited to all the aldehydes and acetophenones, i.e., to 
26 compounds including the unsubstituted alde- 
hyde (AH) and acetophenone (AC). This last case 
offers the possibility of treating the largest set of the 
chromatographic system, the seven OV phases con- 
sidered at four different temperatures, 120, 130, 140 
and 160°C minus OV-25 at 140°C that is, 27 differ- 
ent chromatographic systems. 
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a 

Substituents: 

X H F CH3 Cl OCH3 Br OH OC2H5 NO2 

Label: H F M Cl OM Br OH OE NO 

Compounds: 

B : BH BF BM BC1 BOM BBr BOH BOE BNO 

A: AH AoF AoM AoCl AoOM AoBr 
AmF AmM AmCl AmOM AmBr 
ApF ApM ApCl ApOM 

c : CH CoF CoM CoCl CoOH 

CpF CpM CpCl CpOM CpBr 

B = X-CsHs 

Fig. I. (a) The 35 substituted phenyl compounds: benzenes (B), benzaldehydes (A) and acetophenones (C). The label for a compound 
consists of the label of its substructure A, B or C, plus the position of the substituent, ortho (o), meta (m) orpara (p) for the disubstituted 
ones, plus the label of the substituent X. (b) Table of the experimental design: chromatographic system and considered data matrices. 
The columns of the matrix indicate the stationary phase type and the rows indicate the temperature. The compounds series are indicated 
by their labels A, B or C. The submatrices submitted to CFA are indicated by a dashed-line box for the first, a solid-line box for the 
second and a dot-dashed-line hox for the third. 

DATA PROCESSING 

Factor analysis is particularly effective as a meth- 
od of extracting information from large data sets. 
Among the variants of this technique CFA, devel- 

oped by Benzecri [lo], is more suitable for the anal- 
ysis of relatively homogeneous series of data. The 
basic principles of CFA have been presented previ- 
ously [3] and will not be repeated here. Owing to the 
normalizations used in this method, the compounds 
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and chromatographic variables play a symmetric OV-17 at 120°C and OV-11 at 140°C. OV-11 at 
role which allows the superposition of both projec- 120°C shows an average behaviour and is projected 
tions on the same graph (Fig. 2-4). Relative prox- near the centre of the graph. Axis 2 reflects the tem- 
imities of compounds and chromatographic sys- perature effect for medium-polarity phases. The 
tems in the considered factorial planes are informa- temperature effects on OV- 11 show greater varia- 
tive, even if they must be handled with caution [l 11. tions according to axis 2 than with the polar OV-25. 

RESULTS AND DISCUSSION 

The CFA of the first data matrix gives rise to the 
first factorial plane presented Fig. 2. This plane in- 
cludes 68% of the information content, 47% ac- 
cording to the first and 21% according to the sec- 
ond axis. This first axis is determined by the non- 
polar OV-101, a 0% phenylsilicone, OV-3, only a 
10% phenylsilicone, and the most polar OV-25, a 
75% phenylsilicone, all studied at 120°C. This axis 
reflects the increase in the average polarity of sol- 
utes and phases. 

The second best axis of inertia is determined by 

BH 

0112 

BOM 

BOE EOH 

The compounds are projected on axis 1 according 
to their polarity. Methylbenzene is on the left-hand 
side, whereas nitrobenzene is on the right, accord- 
ing to the variation of the electronegativity of the 
corresponding substituents. 

The monosubstituted benzenes offer a larger vari- 
ation of dipolar moments than their disubstituted 
acetophenone and aldehyde analogues. A larger 
cloud is observed for the representative points of 
the monosubstituted benzene derivatives. These 
compounds contribute the most to axes 1 and 2. 
Two restricted clouds are observed for the carbon- 
ylated series which show a restricted variation of 
their dipolar moments. 

AXIS 2 

AH 

1712 RN02 

Fig. 2. CFA of 34 compounds of the three subseries with three temperatures elIects on OV-I 1 and OV-25. Projection of the first matrix 
on the first factorial plane. The two disubstituted series acetophenone (C) and benzaldehyde (A) are circled with solid lines. In CFA 
projections, the label of the chromatographic systems is composed of four figures: the first two characterize the stationary phase and 
correspond to the value n taken from the name OV-n, i.e., 01,03,07, 11, 17,22,25 for OV-lOl, OV-3, . . . . up to OV-25, respectively; the 
two last figures characterize the temperature and correspond to the number of ten degree steps, i.e., 12, 13, 14 and 16 for 120, 130, 140 
and 160°C respectively. The temperature effects are circled with a dashed line for OV-11. 
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The study of this large set of compounds and 
phases used with some temperatures effects shows 
that differences in behaviour can be detected at dif- 
ferent levels. The CFA detects differences with an 
average behaviour calculated from the experimental 
data matrix. The compounds or phases that have 
this average behaviour are projected at the centre of 
the graph. The compounds or phases that can be 
deduced from each other by a proportionality rela- 
tionship have the same projection. In Fig. 2, the 
compounds or phases that have different projec- 
tions, i.e., with no proportionality relationships be- 
tween them, are significantly different. 

The projection area of the benzene derivatives is 
more scattered than that for the other two subseries 
of carbonylated compounds. However, the temper- 
ature effects must also be taken into account. These 
temperature effects partially hide the potential 
structural variations between aldehydes and aceto- 
phenones. 

A second matrix without temperature effects 
must be considered. This matrix includes the six OV 
phases used at the same temperature of 120°C. The 
corresponding CFA is presented Fig. 3 in the form 
of the first factorial plane. This factorial plane in- 

eludes 79% of the information content, 57% for 
axis 1 and 22% for axis 2. The information content 
of the similar first factorial plane for the preceding 
matrix was 67% owing to a greater dispersion of the 
information induced by two supplementary temper- 
atures corresponding to three supplementary chro- 
matographic systems (OV-11 at 130 and 140°C and 
OV-25 at 130°C). This graph, corresponding only to 
Kovats retention indices determined at 120°C 
shows the same trends. Axis 1, determined by 
OV-101 and OV-25, reflects polarity. The projec- 
tion order of compounds on the first axis is similar. 
The greatest variations of dipolar moment are for 
the substituted benzenes. They induce a greater dis- 
persion of the representative points of the com- 
pounds. Axis 2 offers a better discrimination of the 
three series of compounds. The most deactivated 
compounds, i.e., benzaldehydes, acetophenones 
and nitrobenzene, are on the right-hand part of the 
diagram and the less polar compounds, with donor 
substituents, are on the left. 

To improve the sensitivity of the CFA analysis 
for the partially hidden disubstituted compounds, a 
new matrix will be considered. The set of mono- 
substituted benzenes which contribute the most to 

a-l 

0112 

BBr AOOM 

1712 

BOM mm2 

Fig. 3. CFA of the second matrix including the three subseries without temperature effects. The projection on the first factorial plane 
shows a better discrimination between the two substituted series, acetophenone and benzaldehyde. 
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the information content in the two previous analy- 
ses are removed. Then only the two more similar 
carbonylated subseries remain. A more extensive 
study of temperature effects can be envisaged simul- 
taneously. 

The third matrix is then based on a more homo- 
geneous population including only carbonylated 
compounds, i.e., substituted benzaldehydes or ace- 
tophenones. It includes a wider heterogeneity deal- 
ing with temperature effects by using the seven sta- 
tionary phases OV-101, OV-3, OV-7, OV-11, 
OV-17, OV-22 and OV-25 at four temperatures, 
120, 130,140 and 16o”C, except for OV-25 at 140°C. 
This represents a set of 26 compounds studied in 27 
different chromatographic systems. 

Projection on the first factorial plane is given Fig. 
4. The plane includes 72% of the information con- 
tent, 45% according to the first and 27% according 
to the second axis. This graph presents an interest- 
ing relationship order. A clear separation of the two 

AXIS 2 
27X 
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series of compounds is observed. Comparison with 
Fig. 3, corresponding to the second matrix, shows 
an apparent rotation of about 45” of the compound 
clusters due to the absence of monosubstituted 
phenyl compounds. The comparison of Figs. 3 and 
4 shows that the first axis is rotated counterclock- 
wise. The better separation of the two series is due 
to the absence of the levelling effect of the mono- 
substituted phenyl series, with its important varia- 
tion of the electronic effects of the substituent re- 
flected in the variation of the dipolar moments. 

The two populations, aldehydes and acetophe- 
nones, constitute two clouds admitting the origin of 
the axes 1 and 2 as a centre of symmetry, or, more 
precisely, the first bisector as an axis of symmetry. 
The better separation of the two chemical series ac- 
cording to their corresponding cloud is given by the 
first bisector. The variation of the polarity of the 
stationary phases is introduced by the second bisec- 
tor, from the non-polar OV-101 up to the most po- 

Fig. 4. CFA of the third matrix limited to carbonylated compounds with maximum temperature elects. Projection on the first factorial 
plane. A total discrimination is observed between the two disubstituted series acetophenone and benzaldehyde, circled with solid lines. 
Temperature effects, circled with dashed lines, are oriented according to the first bisector. 
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lar OV-25. Comparison of Figs. 2 and 4 shows that 
axes 1 and 2 in Fig. 2 play a similar role to the first 
and second bisectors, respectively. We have shown 
in Fig. 2 that the temperature effect with OV- 11 was 
parallel to axis 2. In Fig. 4, the temperature effect is 
parallel to the corresponding first bisector. The gen- 
eral trends of the temperature effects are directed 
according to the first bisector. Increasing temper- 
atures are noticed in this direction except for the 
non-phenyl-substituted OV- 10 1, a methylsilicone, 
and for OV-22 studied at 160°C labelled 2216, 
which shows a relatively large DZjdT variation in 
the range 140-160°C. For these two exceptions the 
directions of these temperatures effects are opposite 
to the preceding ones. 

We could have considered also a “supplemen- 
tary” Fig. 2, not given here, which corresponds to 
a CFA of the first matrix but with a projection on 
the second factorial plane, defined by factorial axes 
3 and 4. The analogy between this “supplementary” 
figure and Fig. 4 must be stressed. In Fig. 2, the 
major contribution of the monosubstituted phenyl 
derivatives to the information content is taken into 
account by axes 1 and 2. Hence the resulting in- 
formation corresponding to the two disubstituted 
phenyl derivative series is given chiefly and more 
clearly in the “supplementary” Fig. 2. In Fig. 4 the 
corresponding data matrix is strictly independent of 
the monosubstituted benzene series. This first facto- 
rial plane is a pure contribution of the aldehydes 
and acetophenones studied at different temper- 
atures. Despite three supplementary temperatures 
(OV-11 at 130 and 140°C and OV-25 at 130°C) in 
Fig. 2, the level of similarities between the CFA of 
matrices 1 and 3, that is, between the “supplemen- 
tary” Fig. 2 and Fig. 4, was not so evident, a priori. 

The influence of a relatively limited effect on Ko- 
vats retention indices, such as the temperature ef- 
fect, introduced only by three supplementary tem- 
perature effects can produce non-negligible pertur- 
bation. On comparing Fig. 2 and 3, a modification 
of the ordering of the three chemical series is ob- 
served. In Fig. 3, the cluster of acetophenones is lost 
among the aldehydes. The contribution of axis 3, 
i.e., factorial plane 2-3, must be considered also to 
observe a clear separation between these three 
chemical series. 
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CONCLUSION 

Despite the strong homogeneity of the data ma- 
trix, due to the choice of congeneric series of aro- 
matic solutes analysed on the same type of phenyl- 
silicone stationary phases, the present study demon- 
strate that CFA is a sensitive detector of the relative 
heterogeneity between solutes and/or stationary 
phases. The so-called heterogeneity corresponds to 
deviations from proportionality between rows or 
columns of the data matrix, that is, between partic- 
ular compounds or between particular chromato- 
graphic variables. 

The posibility of taking homogeneous systems, 
such as congeneric compound series and stationary 
phases of the same type, offers the possibility of 
identifying weak structural, electronic, polarity or 
temperature effects. To emphasise this point, let us 
consider the case of another experimental design, 
with a higher degree of heterogeneity of the com- 
pounds and/or of the stationary phases. The projec- 
tion of the compounds considered here would have 
been much less scattered and the corresponding fac- 
tors, detected here, more or less hidden. 

A progressive study with CFA of particularly 
chosen submatrices helps to delineate more precise- 
ly the abstract and/or the real factors which govern 
the chromatographic process. 
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