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SUMMARY 

For saturated aliphatic esters, topological analysis has been applied to the 
chromatographic data (Rowits retention indices and retention index increments Al) 
and to solute factors (a, c) resulting from previous factorial analysis_ These different 
sets of dam can be used to obtain a quantitative evaluation of the specific solute-sta- 
tionary phase interactions localized at the level of the skeletal carbon atoms of the 
solute molecules. 

JNTRODUCTION 

We recently presented topological analysis as a means for the physico-chemical 
exploitation of chromatographic retention datal. Starting from molecular infoma- 
tion, interest in topological analysis lies in obtaining physicochemical information 
localized, for example, at the level of the carbon atoms of the carbon skeleton of 
the solute molecules. Our purpose here is to show that it is possible in this way to 
achieve a quantitative evaluation of specific solute-stationary phase interactions. 

In chromatography, there are often several series of Kov&s retention indices 
relating to a simple set of compounds or to isotopologous sets of compounds. Their 
dependence can be expressed in thermodynamic terms by retention index increments 
(dr) or by isotopology factors (tr) (ref. 2), and their applications are either of a pre- 
dictive or of a physico-chemical nature. When we presented the first type of applica- 
tion for improving the prediction of Kovats indices, we showed, for example, how part 
of the information associated with new compounds (dibromoalkanes, isomers and di- 
astereoisomers) can he estimated from that for their parent isotopologous alkenes3. 
Therefore, we shall limit our discussion here. to physicochemical applications. 

The physico-chemical applications of topological analysis were.considered in 
a. previous paper dealing .with the topological analysis of the gas-liquid behaviour 
of dkenes’ based on the use of Kovzits indices for a set of about 50 alkenes anzdysed 
on five different stationary phases. In that paper, we showed that the contributions 
associated with the topological sites in the topology-information diagrams have a 
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clear chromatographic meaning that can be used for a physico-chemical purpose. 
However, stress was laid on the underlying ideas and principles of the method. In 
this paper, stress will be laid on results. 

Thus, ‘we have chosen a set of saturated esters from a major experimental 
study and data treatment by Ashes and Hake& in which factorial analysis wasused, 
So as to show the different levels of data treatment where topological analysis can 
come into play, we shall successively use the Kovats indices for 99 saturated esters 
measured with SE-30 as stationary phase (weakly polar), those measured with Silar 5 
cp as stationary phase (strongly polar), the corresponding Kov&s index increments 
(&) and substance polarity factors or solute factors (a, c). We shall then show that 
factorial analysis and topological analysis are complementary, and shall consider the 
evolution of statistical tests, in accordance with the criteria defmed by SouteF, de- 
pending on the quality of the information treated: raw experimental data (I& I& 
derived data (AI, . . .) or calculated data (solute factor, _ _ .)_ Thus, on a more general 
level, we shall show how, and up to which limits, it is possible to use these different 
sets of data in order to arrive at a quantitative evaluation of specific solute-stationary 
phase interactions. 

METHOD 

Calculations are based on the establishment of topology-information cor- 
relations, and require the organization of a set of compounds and the topological 
description of their moiecular environment starting from an origin taken as the focus, 
in accordance with the concepts of the DARC (Description, Acquisition, Retrieval 
and Computer-aided design) topological system’. The DARC/PELCO (Perturbation 
of an Environment that is Limited, Concentric and Ordered) procedure has been 
used for the establishment of the correlations*. 

As the principles of the DARC/PELCO method have already been discussed 
with respect to their applications in chromatography9, we shall not dwell on them 
here. However, certain terms and points shouid be recalled. Fig. 1 shows that the 
set of ten esters R-COO-R’ are derived from methyl formate by progressive sub- 
stitution. The pattern (COOC) is taken as the focus. A graph is associated with 
each of these esters. The topological sites correspond to the nodes of the graph. Here, 
these nodes correspond to the skeletal carbon atoms of the ester molecules. Super- 
position of these elementary graphs gives the characteristic imprint or trace of this 
set of compounds. The two development directions, DD, and DD2, are non-equivalent 
and correspond to the description of the alkanol and acid chain, respectively (i.e., 
R’ and R)_ 

Fig. 2 gives the imprint of Ashes and Haken’s4~5 population of 99 esters (Table 
I)_ The generation order of all sites whose appropriate information contribution must 
be taken into account is expressed by the concept of an Environment that is Limited 
Concentric and ordered (ELCO). Each site is localized in the ELCO by a- linear 
order labelling Ai or &, (Fig. 2b) and its influence is interpreted as a perturbation 
term. For example, the evaluation of term B12 of the first environ&W Ek of the 
second develqpment direction DD, (Fig. 2b) corresponds to the difference between 
information I9 and information I8 in Fig. 1. 

These perturbation terms are the components of vector &z) that characterizes 
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Fig. 1. Superposition of elementary ester graphs giving an imprint characteristic of the compound 
studied. Data I,, . . ., Ilo are used to calculate average perturbation terms associated with the sites in 
the topology-information correlation. 

Fkz. 2. (4 Imprint of the population of 99 esters having 17 topological sites g&g rise to an 18, 
Parameter correlation. (b) Organization of molecular environment by the ELCO concept. 
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the information for an experimental population made up of m compounds. This 
vector is defined by the basic topology-information relationship: 

I(&) = < ?(cq j $2) > 

where I(&=‘) is the contribution from the environment and Z?(&‘) is the topological 

vector of the environment. $5’) = (xl,. . . , ~3; thus x, = 1 when the nth site of the 
environment is occupied, and x, = 0 when it is not. The PELCO method consists of 

calculating the i(m) vector and in defining thereby a topo!ogy-information correlation 
which. can be presented as a topology-information diagram such as Figs. 4-6. 
Actually, the perturbation term of a site is an average value, and is optimized by using 
a multiple regression program that takes into account all the members of a given 
population containing this site. Information I(X) concerning compound X can be 
calculate% from information 1(X0) concerning reference compound X0 (methyl 
formate in the present case) and can be expressed by I(X) = I(&) -i- I(&‘). 

RESULTS AND DISCUSSION 

By using various factorial analysis methods, Rohrschneider’s” and McRey- 
nolds’” sets of data have fed to fundamental work on the characterization and selec- 
tion of stationary phases 12,13 . In order to characterize better the diversity of behaviour 
of the stationary phases, Rohrschneider and McReynolds sought the widest possible 
diversity of solutes on the level of the chemical function as well as on that of the 
structure. The absence of structural homology between most of these compounds 
explains why attempts to characterize solutes have attracted the attention of chro- 

lJ matographers to a lesser extent because the establishment of structure-retention 
s&-relations was impossible. 

All that is required in order to verify the structural homology between the 
compounds in any set is to ascertain whether every compound is derived from the 
reference compound by progressive substitution according to the principles of the 
DARC topological system. Thus, the saturated esters that we have chosen to study 
are structurally homologous. However, the series of data corresponding to a homo- 
geneous set of compounds can themselves be more or less precise, depending on their 
nature. 

Fig. 3 shows the four types-of chromatographic data that can be subjected 
to topological analysis. These are: 

(1) Raw retention data: Kovdts indices (IA, . .., I,,, . . . . I,) measured on sta- 
tionary phases with various polarities, and reIating to a single set of compounds (S,); 
Kovdts indices (I,, I,,,,) measured on a single stationary phase, but relative to two 
isotopologous sets of compounds (S, and S,.,). 

(2) Derived retenfion alzza: Kovzits index increments, zlr = IE, - I,, or 
isotopofogy factors, ZI = InSi - I,. 

(3) Lkstanahrdfzed derived retention data: AI’ or tl’ calculated from two sets 
of data determined under different chromato,mphic conditions (temperature, refer- 
ence series, . ..). 

(4) Solutefactors resulting from previous treatment by factor&i analysis. 
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Fig. 3. Four types of topo!ogical anaIysis of chromatographic data: (I) raw chromatographic data, 
Kov5t.s indices; (2) derived data, Kov&.s index increinent, d1, or isotopology factor, T& (3) ua- 
sQm&dkd derived data, AI’ or ~1; (4) solute factors or substance polarity factors established with 
Rohmhneickr’s equationd1 = ax + 6y + cz + & + es, where x, y. . . ., s are the stationary phase 
polarity factors. 

Levels of data treatment and statistical correlation tests 
Of the aliphatic esters analyzed chromatographically by Ashes and Haken’*‘, 

we chose the 99 saturated esters shown in Table 1 and their associated data. Of the 
four types of, data mentioned above, we have used some of those in categories 1, 
2 and 3, namkly Kov5ts indices obtained with SE-30 as the stationary phase (weakly 
polar) and with Silar 5 cp as the stationary phase (strongly polar), the corresponding 
Kov&.s index increments @I= Isilar s sP - IsE_s,,). and solute factors a and c deter- 
mined by Ashes and HakenS according to the principles defined by Rohrschneider 
and corresponding respectively to benzene and 2-pentanone as test compound. 

The results of the statistical tests for the 1%parameter (17 topological sites, 
plus the focus) topology-information correlation used for each df the five series of 
data on the 99 esters are shown in Table II. The quality of these tests decreases 
from left to right, i.e., starting from the analysis using the Kov6ts indices correspond- 
ing to the SE-30 stationary phase, up to the analysis using solute factor c. The tori 
relation coefficient, R, is excellent for indices obtained on SE-30 (I? = 0.9991), very 
good for those obtained on Silar 5 cp (I? = 0.9985), average for the dI increments 
(R = O-984), poor for solute factor a (R = 0.948) and very poor for solute factor 
c (R = 0.798). The root mean square of the deviations and the standard deviation, 
between experimental and calculated values, reflects the quality of the correlations. 
However, the standard deviation takes into account the number of parameters used 
in these correlations. 

SE-30, which is a methylsilicone, is weakly polar and, according to the sum 

of index increments for five reference compounds, is characterized by 5 = 217 (ref. 
1 
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15). it is with this stationary phase, used by Ashes and Haken’ as a reference, that 
the behaviour of the solutes under study is most homogeneous. In contrast to this 
stationary phase, Silar 5 cp, which is a phenylcyanopropylsilicone, is strongly polar 

and is cha&erized by 5 = 2428. 

For experimental’reasons related either to adsorption problems on the gas- 
liquid -interface or to the choice’ of the n-a&me reference series, it is well known 
that Kov&s indices are determined with lower precision with relatively polar sta- 
tionary phases than with those whose polarity is clearly weaker. Further, using SE- 
30 fkst and then going to the Silar 5 cp stationary phase increases the contribution 
of the non-ideal solute behaviour. These two reasons explain the slightly weaker 
ccherence in behaviour of the esters studied with Silar 5 cp than with SE-30. 

The precision of the derived AI data is simultaneously related to those of the 
data for 1, and I,. The statistical tests remain fairly satisfactory, and show that 
topological analysis of these derived data is possible_ 

For the correlaGons with solute factors a and c, successively corresponding 
to benzene and 2-pentanone as test compounds, the quality of the statistical tests 

TABLE II 

STATISTICAL TEST OF THREE TYPES OF CHROMATOGRAPHIC DATA CORRELA- 
TIONS 
Raw data, Kov&s indices; derived data, dl; and solute factors arising from previous faCtOrid 
analysis. The correlations are established for the same parameters and compounds. 

Parameter Kovrits indices Index increments: Solute factors 

SE-30 Sib 5 cp 
Al = hr.w - k-30 

a c 

Number of compounds 
used in the correlation 99 99 99 99 99 

Number of parameters 18 18 18 1s 18 
Correlation coefficient, R 0.9991 0.9985 0.984 0948 0.79s 
Standard deviation, Q 0.907 1.07 6.33 11.6 6.75 
Root mean square of 

standard deviation 0.821 0.966 5.72 10.5 6.11 
F-test 2710 1625 149 42.0 8.35 

decreases noticeably, and is most striking for solute facto? c (Table II). By sub- 

jecting the set of KovGts indices for saturated esters determined on 14 stationary 
phases to Benzecn “s “analyse factorielle des correspondances”‘, in the same way 
that Chastrettel’ applied it to Rohrschneider’s and McReynolds’ sets of data, it can 
be seen that the test compounds, benzene, 1-butanol, 2-pentanone, nitropropane and 
pyricline, are not in the cluster of esters. None of these test compounds particularly 
reflects the ester character. This results from the fact that ihese test compounds have 
been chosen to re%ct the diversity of different #types of interactions encountered in 
every possible kind of functional group. 

The determination of these solute factors by factorial analysis is conventionally 



-. 
-52 J. R. CHRi?FIEN, J.-E. DUROIS 

based on two considerations: the choice of test compounds, and the value arbitrarily 
set for them. It is therefore normal for fairly strong distortions in the various series 
of solute factors to be introduced when these are calculated using factorial analysis. 
These distortions strongly weaken the behavioural coherence found by topological 
analysis. 

The results in Table I are relative to the correlations carried out using the 
indices obtained with SE-30 and Silar 5 cp, the dl increments and solute factors Q. 
As indicated by the statistical tests shown in Table I, the results are better than the 
corresponding results in Table II. Eighteen parameters were used for the correlations 
carried out with the indices obtained with Silas 5 cp and for those carried out with 
the dl increments, but in the first instance, the number of data correla+M was reduced 
to 92 and in the second to 97. For example, both of these correlations were established 
without using the value for propyl pentanoate (compound No. 39), as the retention 
index proposed for this compound. (1221) with Silar 5 cp has probably been er- 
roneousiy miscopied. Linear interpolation yields a retention index of 1268 for this 
compound on Silar 5, thereby indicating a corresponding dl of 297; these two values 
are in excellent agreement with those calculated from the correlation, i.e., 1265.1 
and 296.2, respectively. The other six compounds that were eliminated for establish- 
ment of the correlation of the Silar 5 retention indices correspond to a behaviour 
which, statistically, is not good, mainly because of the distortions introduced by 
the first terms of the homologous series, notably by the formates. 

In order to -&e into account the distortions introduced by the first terms of 
the homologous series, when these distortions are coherent between the various sites, 
additional parameters of interaction between unrelated sites can be introduced. This 
explains the nineteenth parameter in the co~eiation of the solute factors. 

$~cific interactions between esters and the Silar 5 cp polar stationary phase 

A thermodynamic study of Kovdts indiceslB-Zo and other derived data makes 
it possible to attach a thermodynamic meaning to the perturbation terms associated 
with the topological sites in the topology-information correlations2. In general, the 
Kovzits index obtained on a polar phase, I,, cau be expressed as a function of the 
vapour pressures, P&, and of the activity coefficients, y&, of solute x and the reference 
alkanes r. Formally, this is expressed by 1, = f(P& y,“_r). 

The difference in behaviour between the esters studied on Silar 5 cp and those 
studied on SE-30 is expressed by the retention index increments, and gives the specific 
solute-stationary phase interactions on Silar 5 cp. Thus, dl = 1; - IA R+ f(yz.,). 

Topological analysis of the behaviour of esters on Silar 5 cp (Fig. 4a) can be 
extended by dissociating, at the level of each topological site, the relatively ideal 
behaviour of the solutes (given by their reference behaviour on SE-30) from the con- 
tribution of the specific solute-stationary phase interactions (given by dl) (Fig. 4b). 
An examination of these contributions follows below. 

The behaviour of the esters studied on Silar 5 cp is shown in the topology- 
information diagram in Fig. 4a. These diagrams have a clear meaning for cbromato- 
,graphers’. If the choice of focus is known to correspond here to the pattern 
(COOC), then pentyl acetate has an ordered graph (A,FO-A,-Brr-A,-Br) with 
a corresponding calculated index, i.e., Ials = 68.9 + 805.6 + 57.5 + 91.9 + 93.0 i- 
91.4 = 1208.3, and an experimental value of 1212 Kovaits indices (K.I.). Likewise, 
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Fig. 4. Specific interactions between esters and the polar Silar 5 cp stationary phase determined by 
topological analysis of Kov5t.s indices. (a) Behavior of saturated aliphatic esters on Sifar 5 cp for 
every topological site corresponding here to every skeletal carbon atom. (b) Dissociation of the ideal 
behaviour contribution (SE-30, values in upper part of boxes) from specific interattions with Silar 5 cp 
(values in lower part of boxes). 

B 11 

I 

the ordered graph for ethyl isobutyrate, A1-FO-A1, has a corresponding calculated 
I 
B 

index, i.e., I,,,, = 78.9 + 1.2 + 68.9 i_ 8Ok?6 + 57.5 = 1012.1, and anexperimental 
value of 1016 K.I. The strong contribution of the focus, 805.6 K.I., should be noted, 
as should the influence of the chain lengthening of the n-alkanols for which, in 
agreement with Ashes and Haken 4, the weight of the CH2 groups. does not tend 
towards 100 K.I. ; on the contrary, it decreases for those sites situated in the second 
and third environments, E& and Es. The chain lengthening of the n-acids indicated 
in the second development direction, DD2, is not symmetrical to that of the n- 
alkanols. In the fist development direction, DD1, site A2 of EL corresponding to 
the substitution of the focus has a very weak contribution, i.e., 5.4 K.1. ; this indicates 
that the index of the isopropyl esters is very close.to that of the .etbyl esters. In con- 
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trast, the branching of the alkanol chains moves away from the focus, and the con- 
tribution of the corresponding I& and AZ sites increases to 38.6 and 46.4, respectively. 

Similar behaviour is observed for the branchings of the acid chain in DD,. 
The formal contribution from the isobutyrates of site Blz in E& is very weak (1.2 
K.I.), and indicates that the isobutyrate indices are very near those of the propio_riates; 
indeed, the deviation between the comparable elements of these two homologous 
series is less than 1%. Sites A, and BIZ in Ek express the branchings introduced by 
the isopentanoates and the isohexanoates, respectively. Their contribution increases 
as their distance from the focus becomes greater, i.e., 27.8 and 43.0 K.I. _ 

The interpretation of the observed behaviour of the esters studied on Silar 5 
cp can be developed by consulting Fig. 4b. The values in the upper part of boxes 
representing the sites in Fig. 4b express the relatively ideal behaviour of these esters 
studied on SE-30, used as the reference behaviour; the values are mainly a function 
of the solute vapour pressures. The contribution of the focus is 434.6 K.I. The presence 
of site A1 related to the focus in DD1 introduces a perturbation of only 75.5 K-I.; 
this perturbation is related to the non-linearity of the variation in retention index 
in the homologous series. In contrast, site Al, related to the focus in DD2, has a 
higher value (90.6 ICI.). The branchings expressed by sites AZ, Blz and AZ in DD1 
increase in value (41.5, 57.6 and 61.2) as their distance from the focus becomes 
greater. Similar variations are observed for sites B1*, A, and Br in DDL, which cor- 
respond to branchings in the n-acid chain. 

The difference in the behaviour betweec the esters studied on Silar 5 cp and 
those studied on SE-30 give the additional specific solute-stationary phase interactions 
introduced by the change from the weakly polar SE-30 to the strongly polar Silar 
5 cp. These specific interactions are indicated by the values in the lower part of the 
boxes representing the sites in Fig. 4b, which are virtually identical with those ob- 
tained by the direct topological analysis of dl (cf-, results in Table I). 

It should be noted that the strong contribution of the focus (371 ICI.) is pos- 
itive, whereas all the other contributions of the topological sites are negative. This 
indicates that the strong interaction of the esters studied on Silar 5 cp is limited to 
the ester functional group. All of the other sites contribute more or less to the 
weakening of this spec& interaction. This weakening is fairly strong for most of 
the sites of the first environment, being ca. -20 K-1. on average. This weakening 
decreases fairly regularly when the n-acid or n-alkanol chain is lengthened, and results 
in an increase in the n-alkyl character of the esters whose behaviour is similar to 
that of the reference n-alkanes. Sites AZ and Blz, which are the ones nearest the 
focus in DD1 and DD2 of environment Ek, correspond to branchings of the alkanol 
and acid chains that most weaken the contribution of the focus: -36.1 and -39.2 
K-I., respectively. This might be explained by s+mric hindrances on the solutes which 
interact with the stationary phases. It should be recalled that, with alkenes analysed 
on #&p-oxydipropionitrile, tri- or a tetra-substitution at the ethylenic focus results 
in an electronic effect that causes a positive contribution of the activity coefficient on 
the corresponding topological sites related to the focus’. 

Topolcigid amiysik of solrcte factors a and c 
The-parameters of the topology-information correlation with solute factors 

Q are shown in Fig. 5. The corresponding statistical tests and the re-calculated values 
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- CID2 I DDl - 
Fig. 5. Topological analysis of solute factors Q for esters: comparison of esters and benzene (test 
compound). 

are given in Table I. Solute factor CL corresponds to the benzene test compound. Fig. 
6 shows the treatment of solute factors c, ‘established using 2-pentanone as the test 
compound. 

Comparison of Figs. 5 and 6 shows that, in the topological analysis of solute 
factors c, the value assigned to the focus is stronger, and that the contribution of 
the sites corresponding to a chain lengthening has a negative value that very rapidly 
nears zero. In contrast, in the topological analysis of solute factors a, the sites COF- 
responding to chain lengthenings have a strong and constant negative contribution. 
This indicates that the similarity in behaviour between the benzene test compound 
and the esters remains locahzed at the level of the focus of the esters, and that the 
similarity of the esters is greater with 2-pentanone than with benzene; The interest 
of this topological analysis thus lies in specifying the quantitative contribution of 
the different structural parameters_ 

-0Uq I DDl - 

Fig. 6. Topological analysis of solute factors, c for esters: comparison of esters and 2-pen&none (test 
compound). 

CONCJ&SION 

Topological analysis can be used to treat different types of chromatographic 
data, such as raw data, derived AI and 71 data and solute factors. Although we have 
not dealt here with any treatment of t& we have used it previouslyP for prediction 
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purposes, and know that it can be used fruitfully in physico-chemical applications. 
The possibility of subjecting solute factors resulting from a preliminary factorial anal- 
ysis to topoIogica1 analysis shows that both methods are complementary. Currently, 
however, the main interest k using topological analysis to treat chromatographic 
data resides in the possibility of calculating specific solute-stationary p&se inter- 
actions, at the level of topological sites, studied by gas-liquid, gas-solid or liquid 
chromatography, in order to investigate, for example, electrochemical, catalytic or 
biological problems. 
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