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SUMMARY

Retention indices of 44 alkenes in gas-solid chromatography were determined
on the Ni?>*+ form of a cation-exchange resin and on the corresponding unsulfonated
copolymer matrix. The Ni2+ form was prepared from a sulfonated Porapak Q ethyl-
vinylbenzene-divinylbenzene copolymer. DARC topological analysis (DTA) was
applied to the Kovits retention indices determined at 175°C. DTA helps to delineate
the evolution of specific # bond—Ni?* ion interactions with progressive variations of
the structural effects of the alkenes.

INTRODUCTION

Gas-solid chromatography (GSC) on metal-containing surfaces is of con-
tinuing interest, particularly for the analysis of unsaturated hydrocarbons'-?. Such
analyses are selective because of specific interactions due to the possibility of formation
of charge-transfer complexes®. Attention has also been drawn to the specific inter-
actions between olefins and cations in gas-liquid chromatography when solutions of
different salts or metal complexes are used*. The high selectivity of stationary phases
containing silver nitrate, particularly efficient for the separation of internal olefinic
isomers, is well knownS. Different complexes of rhodium have also been useds-”.
However, GSC has the advantage of enabling one to work at relatively high tem-
peratures, which significantly reduces the time of analysis. References to the use of

* Presented at the 6th International Symposium *“ Advances and Application of Chromatography in
Industry”, Bratislava, September 16-19, 1980.
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metal-containing packings in GSC are numerous. Different cationic forms of zeolites!
and ion-exchange resins® have been used for the separation of various types of organic
compounds.

The recent development of data processing methods applicable to chromato-
graphy, including topological analysis of structural effects®-!? and factor analysis of
trends!!, has led to better quantification of these specific interactions'>~'4. Such
information is useful both for improving the rapid analysis of hydrocarbons and for
a physico-chemical understanding of catalysis. Indeed, similarities between chro-
matographic and catalytic parameters, such as the type of support and its effects on
adsorbates, are evident. The reactivity of alkenes in catalysis and their chromato-
graphic adsorption on metal-ion-containing surfaces is governed by the strength of
the specific interaction between the carbon-carbon double bond and the cation. This
interaction is dependent on the nature of the cation, its environment and the structural
environment of the carbon—carbon double bond. An example of this dependence is
found in the work of Jacobson and Pittman'’, who used polystyrene-divinylbenzene
resin anchored nickel complexes for selective oligomerizations and hydrogenations.
McMunn et al.!é studied the influence of the environment of the catalyst sites on the
selectivity for various nickel and platinum forms as homogeneous and heterogeneous
catalysts. Steric control of the alkyl group can also govern the selectivity in me-
tathesis!’-!8. Furthermore, complementary information dealing with the possibilities of
approach of alkene molecules at the surface of a catalyst can be deduced from their
non-specific adsorption in GSC on graphitized carbon black?®,

Within the framework of our study of GSC on cation-exchange resins®-2° we
have recently reported on trends in the selectivity of various hydrocarbons with the
help of correspondence factor analysis (CFA)'. The role played by the cross-linked
ethylvinylbenzene—divinylbenzene copolymer matrix and the relative chromato-
graphic specificities of different cations (H*, K+, Tl*, Na*, Ag*, Ni2+, Zn2+, Cd?**)
have been delineated!'. We have now undertaken a more precise study of molecular
structural effects on specific interactions of a homogeneous series of alkenes with
selected cations using the principle of DARC topological analysis (DTA) based on
the concepts of the DARC topological system (DARC is an abbreviation for descrip-
tion, acquisition, retrieval and computer-aided design?'—2). In this paper we present
the first results, dealing with the specificity of the nickel form of the cation-exchange

resin.

EXPERIMENTAL

Apparatus
All chromatographic work was carried out using a Varian Model 200 chroma-

tograph with flame-ionization detectors (Varian Instruments, Palo Alto, CA, U.S.A.).
The instrument was modified slightly to accomodate a calibrated thermometer in

the oven.
Glass columns (10 cm x 6 mm O.D.) were used. The packing material was

held in the column by silanized glass-wool plugs at the ends.

Ultra-high-purity nitrogen (AGL Welding Supply, Clifton, NJ, U.S.A.) was
used as the carrier gas. All measurements were performed at 175°C and with a carrier
gas flow-rate of 40 m!/min.
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Packings
The preparation of lightly sulfonated resins was described previously!l. The

sulfonated resin (0.85 mequiv./g H¥) was converted into the nickel form by passing a
measured volume of 0.1 M nickel nitrate solution through a glass column filled with
dried resin. The converted resin was washed with water and then dried to 80°C in a
vacuum oven for 4 h.

The metal content of the resin was determined by atomic-absorption spectro-
photometry on acid-digested samples. The particular resin used in this study con-
tained 1.8 % of nickel. The unsulfonated form of the resin (UnS) consisted of Porapak
Q (80-100 mesh), obtained from Waters Assoc. (Milford, MA, U.S.A)).

Reagents and chemicals

All test compounds were of the highest purity commercially available and
were used as received (mainly from Aldrich, Milwaukee, WI, U.S.A., Tridom/Fluka,
Hauppauge, NY, U.S.A., and Pfaliz and Bauer, Stamford, CT, U.S.A.). About 50 gl
of compound were placed in an air-filled 30-ml butyl-rubber-stoppered bottle (Pierce
Hypo-Vial, Pierce Chemical Co., Rockford, IL, U.S.A.). After mixing the contents
of the bottle, 10-15-ul samples of the vapor were withdrawn in a disposable hypo-
dermic syringe fitted with a 25-gauge needle and injected into the instrument.

Retention data

Retention times were determined by measurement of distances on the recorder
chart tracings, after verifying that the chart speed control was accurate and precise.
Kovits retention indices were calculated using the customary method with the normal
hydrocarbons as reference compounds. The precision of the Kovdts retention indices
reported was - 3 units based on duplicate injections carried out in random sequence.

Data processing
Factor analysis of Kovdts retention indices and other numerical techniques

chiefly stress stationary phase behavior. In order to understand fully the interaction
between the solutes and the stationary phase with respect to the behavior of the
individual solute—carbon atoms, a topological analysis was carried out on a large
set of solutes.

Correlation between structure and chromatographic retention were set up by
the DARC/PELCO (perturbation of an environment limited concentric and ordered)
procedure developed by Dubois and co-workers?'—2*. The principles of this procedure
have been described previously with respect to their applications in chromato-
graphy®, which were developed for analytical®'®>*-?? or physico-chemical
purposes’?>~!* This procedure has been applied in other fields such as pharmaco-
chemistry*®—32 and spectroscopy>—3°. Only salient features will be mentioned here.

Fig. 1 shows the derivation for a set of eight alkenes from ethene, with the
carbon—carbon double bond taken as the focus. Each of the alkenes is associated
with a graph, with the topological sites of the molecule (the skeletal carbon atoms)
corresponding to the nodes of the graph. Superposition of the graphs gives a
composite trace characteristic of this set of compounds. Fig. 2a gives the trace for
the set of 44 alkenes used in this study (they are listed in Table I). Each site in this
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Fig. 1. Principle of superposition of the elementary graphs of some alkenes to give the characteristic

trace of the population studied.
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Fig. 2. (a) Characteristic trace of the population of 44 alkenes listed in Table I; (b) topological site
ordering of the molecular environment by the ELCO concept for the superposition of the elementary

graphs.

trace is specified unequivocally in the environment by a linear labelling order 4, or B;;

(Fig. 2b).

The influence of each site is interpreted as a perturbation term (P). For
example, the term A, in the first environment Ej is formally equivalent to the differ-
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ence in behavicrs of isobutene and propylene. As this site also appears in other
compounds (I, I; and I in Fig. 1), its perturbation term is estimated by an average
value obtained by a multiple regression program that takes into account all the mem-

bers of a given set of compounds containing this site'.
These perturbation terms are the components of a vector I(m) that charac-

terizes the information for an experimental population made up of m compounds.
This vector is defined by the basic topology-information relationship

I(z) = < T(e) | Iim) >

where I(¢) is the contribution from the environment and _j'(s) is the topological vector

of the emvironment. f(e) Xy, X3y ooy Xy <o X3); thus X = 1 when the jth site
of the environment is occupied and X; = 0 when it is not.

The PELCO method consists of calculating the I(m) vector and defining
thereby a topology information correlation which will be represented as the diagrams
in Figs. 3 and 4. Information concerning a compound X can be calculaied from
information I(X,) for a reference compound (here ethylene) and can be expressed as
I(X) = I(Xy) + I(¢). Some examples are shown in Fig. 3.

Fig. 3. Topological information diagram for retention on the unsulfonated copolymer matrix.

RESULTS AND DISCUSSION

Retention indices of the alkenes on the unsulfonated support (UnS) and on
the nickel form of the cation-exchange resin are given in Table I. Fig. 6 shows a plot
of the Kovdis retention indices of the alkenes on the unsulfonated ethylvinylbenzene—
divinylbenzene copolymer matrix versus the boiling point of the compounds. Regular
variations are observed for isomeric compound subpopulations defined by carbon
atom number.
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Fig. 4. Topological information diagram for reiention on the nickel form of the ion exchanger.

Alkene 1-Butene 2-Methyl-2-pentene cis-2-FPentene
Graph FO—o0——0o *—*—fo0—* ®—F0—e —e
e cis
92.7 1035 1035 1058

Topographic 200 1058 931 200 1058 25 200 93
information 964
Kovdt's retention  calc. 399 598 505
index exp. 404 S86 507

Fig. 5. Calculation of predicted retention index on the unsulfonated copolymer matrix, using the in-
formation in Fig. 3.

Fig. 7 gives the Kovats retention indices of the same alkenes on the Ni** form
of the cation-exchange resin versus their boiling points. The regular trend for every
subpopulation seen in Fig. 6 disappears. Specific structural effects occur within each
subpopulation, resulting in a larger dispersion of retentions.

The trends are not the same for butene or pentene as for the higher alkenes.
The range of Kovits retention indices for butene or pentene is 20 index units (I.U.)
on the UnS column, but it increases to about 50 I.U. on the Ni?>* form. This difference
is due to the retention of the geminal alkenes (isobutene and 2-methyl-1-butene) and
2-methyl-2-butene. In comparison, the range for the hexenes is 50 I.U. on the UnS
column (from the crowded 3,3-dimethyl-1-butene up to the cis- and zrans-2-hexenes
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Fig. 6. Retention index of alkenes (Z4ns) on the unsulfonated copolymer, in index units (I.U.), as a

function of beiling point of the alkene. Regular trends are observed for every subpopulation (from
Cs up to ;).
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Fig. 7. Retention index of alkenes on the nickel form of the ion exchanger as a function of boiling

point of the alkene. The dispersion of the data for each subpopulation suggests, in this instance, a
relatively complex law for the structural effects on the adsorption phenomena.
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and the cis- and frans-3-methyl-2-pentenes) decreasing to 25 I.U. on the Ni* form.
For the heptenes the range of Kovdts retention indices increases from 40 1.U. on the
UnS column to 70 L.U. on the Ni** form and for the octenes from 30 I.U. on the
UnS column to 70 I.U. on the Ni?*+ form. The increase in Kovits retention index
(A4I) from the UnS to the Ni** packing is shown in Fig. 8. The A7 shows the specificity
brought by the Ni** ion at the molecular level. AJ varies from the unexpectedly low
value of 12 I.U. for ethylene up to 139 1.U. for isobutene. Only the previously men-
tioned geminal 1-alkenes and 2-methyl-2-butene have a A7f in the range 115-130 L.U.
In the range 100-115 I.U. we find some hexene isomers, the crowded 3,3-dimethyl-
1-butene, the branched 3-methyl-1-pentene, 4-methyl-1-pentene and cis- and trans-
4-methyl-2-pentene. In addition to ethylene, the lower A7 values are observed for
tetrasubstituted ethylene, 2,3-dimethyl-2-pentene with A7 = 26 1.U., and for com-
pounds having steric strain in the vicinity of the carbon—carbon double bond. 2,4,4-
Trimethyl-1-pentene (A7 = 40 1.U.) and 2,4,4-trimethyl-2-pentene (A7 = 44 1.U.) are
two compounds that show this property.

The difficulty in discerning other than gross changes by classical means makes
the DTA treatment of this set of data particularly attractive as a method for delineating
the structural trends and placing them on a quantitative basis.

Fig. 8. Extent of specific interactions of alkenes with the nickel form of the ion exchanger. Upper val-
ues in each box are retentions on unsulfonated copolymer, lower values are the specific and supple-
mentary contributions due to the nickel form of the ion exchanger.

DT A behavior : unsulfonated support

The DARC topology information diagram (Fig.3) gives the behavior of
alkenes on the unsulfonated matrix and Fig. 5 demonstrates the ease of using the
diagram. Every substitution at the ethylenic focus contributes about 100 1.U., and
the chain lengthening results in an incremental increase of approximately 100 L.U.,
as expected. Branching in the first development direction, DDy, in such compounds
as 3,3-dimethyl-1-butene and 2,4 4-trimethyl-1-pentene results in a contribution of
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about 80 I.U. In addition, no noticeable specificity is observed for cis-alkenes relative
to the corresponding frans-isomers.

The contribution of topological sites is different here to those values observed
in gas-liquid chromatography (GLC) for a similar series of alkenes on the non-polar
stationary phases Squalane and Apiezon'3. The contribution of substitution at the
ethylenic focus was slightly higher and the contribution from branching was 10-20
I.U. lower for these liquid phases. The topological values for the UnS column are
very close to those obtained on a sulfonated packing in the hydrogen form, the data
for which will be published in a subsequent paper. This indicates that the sulfonated
and unsulfonated forms of the resin retain the compounds in the same manner. The
addition of the metal results in the differences in selectivity.

The statistical significance of the topological amalysis is high. Differences
between the experimental and the calculated retention indices using I(s) are small
(the average deviation is 2.6 I.U., the standard deviation 4.8 I.U.) and this reinforces
the validity of using the additivity of the contributions of the topological sites.

DT A4 behavior: nickel form of the resin
The DTA behavior of the alkenes on the Ni?* form of the sulfonated resin is

shown in Fig. 4. There are readily observable differences in topological site contri-
butions between this form and the unsulfonated form of the copolymer, particularly
with monosubstitution, tetrasubstitution and branching. The differences in values for
the various topological sites between Figs. 3 and 4 are due to the specific interactions
of the nickel form of the sulfonated support relative to the unsulfonated matrix. The
specific interactions due to the nickel form are given in Fig. 8; these will now be
examined in detail.

The carbon-carton double bond, which is the focus in the DTA treatment,
shows a slight specificity (412 1.U.) relative to the unsulfonated matrix. Mono-
substitution on the ethylenic focus given by site A, in the first environment E} of the
first development direction, labelled DD),, which refers to the first direction of develop-
ment of the graph according to a controlled algorithmic growth??, is very important.
This specificity of 96.4 1.U. shows a strong increase in the specific interaction between
Ni?* and the carbon-carbon double bond due to the monosubstitution of the sp?
carbon atom of the ethylenic focus. This is in agreement with the increase of 7 net
charge of —0.0133 e calculated by CNDO/2 ab initio calculations® for propylene
relative to ethylene.

Chain lengthening for 1-alkenes results in a decrease of about 10 L.U. from the
preceding specific interaction for every topological site. These negative contributions
(—9.9, —8.6, —6.3, —5.2 and —13.5) are in agreement with the influence on retention
index of the successive addition of a carbon atom to the chain from l-butene to
1-octene.

Geminal disubstitution, as exemplified by site A, in the DD, direction in the
Ej} region, shows no specific interaction (—2.3 I1.U.), except for isobutene, which will
be discussed later.

Disubstitution with frans-isomers is given by A, in EL of the second develop-
ment direction DD,. The specific interaction for a carbon in A, is —16.7 L.U. The
cis-isomer shows no i:nprovement in specificity (—1.1 L.U.). Site A, also appears in
trisubstituted ethylenes such as 2-methyl-2-butene.
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Tetrasubstitution, represented by site A, in E} of DD,, shows a substantial
negative interaction with the nickel form of the copolymer (—53.6 1.U.). Actually,
all branching seems to diminish the specific interaction between the carbon-carbon
double bond and the Ni** ion.

All of the preceding observations dealing with negative specific interactions,
which are most often opposite to electronic effects?, suggest that increasing the degree
of substitution diminishes the possibility of overlapping of the filled = orbital of the

alkene with the vacant d orbitals of nickel.

DTA behavior: nickel form of resin with interaction parameters

A decrease in the quality of the statistical tests of the correlations with the Ni?+
form of the resin relative to the correlation with the unsulfonated form of the resin
is observed. Both of the correlations, calculated in the same way, offer a good example
of the differences of the additivity of the structural parameters (i.e., the topological
sites) due to the particular physico-chemical effects in the adsorption phenomena.

Differences between experimental and calculated values for correlation 2 in
Table I are less than 59,. Most of the major deviating values are for the geminal
compounds for which the calculated values can be lower than experimental (com-

pounds 6, 7 and 8) or higher than experimental (compounds 27, 28 and 35).
With the flexibility of choice available for the parameters in DTAS-10 it is

possible to distinguish contrlbutlons of linear or branched 1-alkenes from the geminal
I-alkenes when different groups are present simultaneously or independently. Cal-
culation of the interaction parameters between A, (in EL of DD,) introduced by the
geminal alkenes is given in Fig. 9 and offers the possibility of working at a second-
order level of precision. Corresponding calculated values with this correlation 3
having 25 parameters are given in Table I. Improved agreement between experimental
and calculated retention indices, shown by the statistical tests (average deviation 4.1
I.U., standard deviation 9.5 1.U.) should be emphasized.

3 =
EB ) 81,351

Fig. 9. Topological information diagram for retention of alkenes on the nickel form of the ion ex-
changer showing some interaction parameters. The negative contribution of these parameters to
retention on the Ni** form underlines the sensitivity of the specific z double bond-Ni interactions to
branchings and bulky groups in the homologous series of geminal 1-alkenes.
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These new parameters take into account deviations due to adsorption phenom-
ena when different groups or, more specifically, when different topological sites are
present simultaneously. It can readily be seen that all of these interactions are negative
and contribute to a diminution of the relatively strong influence of site A, (in Ej of
DD,)) introduced by isobutene (147.4 1.U.). As an example, when site A, is present
together with a tert.-butyl group on the same sp® carbon, the weights of the inter-
actions between siie A, and By, By, and B,; (in E} of DD,) are —22.7, —57.9 and
—12 I.U., respectively. The sum of these interactions is —92.6 I.U. for the terz.-butyl
group and helps to explain why a difference of only 41 1.U. is observed between the
experimental retention indices of 2,3,3-trimethyl-1-butene and 3,3-dimethyl-1-butene
instead of 157 L.U., which is the difference between the experimental values for
propylene and isobutene.

The numerical expressions of these interactions are not just a mathematical
device; they also have a physico-chemical meaning. They show the decrease of the
specific interaction between the carbon—carbon double bond and the Ni** ion when
different sites are present simultaneously. These interactions are in agreement with
the Kovdts retention index increments, A7, which themselves are indicative of the
specific interactions, with the Ni** ion, for the whole molecule. The strong decrease
observed in 47 values for propene, 3,3-dimethyl-1-butene and 2,3,3-trimethyl-1-butene
of 139, 108 and 38 L.U., respectively, also shows the influence of the simultaneous
presence of a methyl and a tert.-butyl group on the same sp? carbon. Another example
that illustrates this point is the fact that A7 for 3,3-dimethyl-1-butene is 108 LU. but
only 73 L.U. for the geminal isomer 2,3-dimethyl-1-butene.

Specific interactions; ionization potentials

To evaluate the possibilities of charge transfer between the = bond of alkenes
and the empty orbitals of the Ni*>* ion, a frontier molecular orbital treatment that
would consider the energies and shapes of the highest occupied molecular orbital
(HOMO) of the donor and the lowest unoccupied molecular orbital (LUMO) of the
acceptor would be attractive®*-3¢, but difficult owing to the complexity of the studied
olefins. Photo-electron spectroscopy has been shown to be a valuable physical method
for evaluating substituent effects when reactivity is based on charge-transfer
possibilities3®.

The specific interactions of the alkenes with the Ni** ion, expressed as Kovats
retention index increments, A7, is plotted in Fig. 10 against the olefin ionization
potentials (IP) determined elsewhere by photoelectron spectroscopy®’. This figure
shows that for monosubstituted ethylenes, linear or branched, and for the lower
geminal alkenes (isobutene and 2-methyl-1-butene) the degree of specific interaction
(41) is closely related to the IP. For 1,2-disubstituted ethylene, trisubstituted ethylene
(2-methyl-2-butene), crowded alkenes with a tert.-butyl group and tetrasubstituted
ethylene (2,3-dimethyl-2-pentene) we can observe successive decreases in A7 despite

the availability of the = electron.
These trends are in good agreement with the DTA results in Fig. 9, in the

same way that DTA results dealing with alkenes in GLC have been compared
successfully with CNDOQY/2 ab initio calculations®3.
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Fig. 10. Specific contribution to retention (A7) due to the nickel form of the ion exchanger relative to
the unsulfonated copolymer matrix (uns.) as a function of ionization potential of the alkene (IP).
Decrease of the specific interaction with degree of substitution, branchings or bulky groups for di-
tri- or tetrasubstituted ethylenes suggest a dominant influence of steric effects.

CONCLUSION

DARC topological analysis of the behavior of alkenes in GSC on the Ni?+
form of a cation-exchange resin allows a determination of structural efiects on the
specificity brought by the Ni** cation relative to the unsulfonated matrix. Further-
more, DTA can be used to aid in explaining the behavior of molecules at the level of
their skeleton carbon atom. The contributions of all the possible groups (n-alkyl,
isopropyl, tert.-butyl, neopentyl, etc.) obtained by progressive substitution of ethylene,
taken as the reference compound, are easily deduced from the topology information
diagrams. DTA shows clearly the influence of structural effects on the ability of the
molecules to form charge-transfer complexes between Ni?* and the olefin. Specific
adsorption on Ni?* is related to the overlap of the = bonds and is very sensitive to
hindrance due to the degree of substitution or to the substitution of bulky groups.
This steric effect counteracts the electronic effect that would favor interaction.

The different spectroscopic methods used in the field of catalysis for the study
of adsorbed species are generally limited to very simple molecules. DTA of retention
indices, however, offers the possibility of studying any molecule that belongs to a
coherent series, with the precision of the DTA results being directly related to the
precision of the experimental results'*-*8. Indeed, as in every mathematical method,
our model is partly conventional. The use of topology-information diagrams needs
only 2 minimum of training, which is easily obtained with some examples showing
how to calculate retention indices for compounds whose graphs are included in the
trace of the population studied. This paper underlines the complementarity between
DTA and factor analysis methods, such as correspondence factor analysis (CFA)',
for the physico-chemical exploitation of tables of data and analyses of main trends
on structural bases.

Work is under way to study and elucidate the specificities brought about by
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the use of other cations (Ag*, Zn?*, etc.) that have shown interesting and comple-
mentary effects!’.

ACKNOWLEDGEMENTS

We thank B. Bigot for fruitful discussions. Y. Sobel and V. Fabart areacknowl-
edged for their contributions to the data processing.

REFERENCES

W. Szczepaniak, J. Nawrocki and W. Wasiak, Chromatographia, 12 (1979) 559.
G. E. Baiulescu and V. A. lie, Stationary Phases in Gas Chromatography, Pergamon Press, Ox-
ford, 1975, p. 312.

3 O. K. Guha and J. Janik, J. Chromatogr., 68 (1972) 325.

4 G. E. Bainlescu and V. A. llie, Srationary Phases in Gas Chromatography, Pergamon Press,
Oxford, 1975. p. 201.

5 B. Smith and R. Ohlson, Acta Chem. Scand., 16 (1962) 351.

6 E. Gil-Av and V. Schurig, Anal. Chem., 43 (1971) 2030.

7

8

[\

V. Schurig, R. C. Chang, A. Zlatkis, E. Gil-Av and F. Mikes, Chromatographia, 6 (1973) 223.
R. F. Hirsch, H. C. Stober, M. Kowblansky, F. N. Hubner and A. W. O’Connell, Anal. Chem.,
45 (1973) 2100.
9 J. E. Dubois and J. Chrétien, J. Chromatogr. Sci., 12 (1974) 811.

10 J. R. Chrétien and J.-E. Dubois, J. Chromatogr., 126 (1976) 171.

11 R. F. Hirsch, R. J. Gaydosh and J. R. Chrétien, Aral. Chem., 52 (1980) 723.

12 J. R. Chrétien, C. R. Acad. Sci., Ser. C, 281 (1975) 151.

13 J. R. Chrétien and J. E. Dubois, Anal. Chem., 49 (1977) 747.

14 J. R. Chrétien and J. E. Dubois, J. Chromatogr., 158 (1978) 43.

15 S. E. Jacobson and C. V. Pittman, Chem. Commun., (1975) 187.

16 D. McMunn, R. B. Moyes and P. B. Wells, J. Catal., 52 (1978) 472.

17 C. P. Casey, H. E. Tuinstra, M. C. Saeman, J. Amer. Chem. Soc., 98 (1976) 608.

18 M. Le Conte, J. L. Bilhou, W. Reimann and J. M. Basset, Chem. Commun., (1978) 342.

19 Z. Krawiec, M. F. Gonnord, G. Guiochon and J. R. Chrétien, Anal. Chem., 51 (1979) 1655.

20 R. F. Hirsch and C. S. Philipps, Anal. Chem:., 49 (1977) 1549.

21 J. E. Dubois, D. Laurent and H. Viellard, C.R. Acad. Sci., Ser. C, 263 (1966) 764.

22 J. E. Dubois, in W. T. Wipke, S. Heller, R. Feldmann and E. Hyde (Editors), Computer Represen-
tation and Manipulation of Chemical Information, Wiley, New York, 1974, p. 239.

23 1. E. Dubois, in A. Balaban (Editor), The Chemical Application of Graph Theory, Academic Press,
New York, 1976, p. 330.

24 J. E. Dubois, D. Laurent and A. Aranda, J. Chim. Phys., 70 (1973) 1608 and 1616.

25 G. Lenfant, M. Chastrette and J. E. Dubois, J. Chromatogr. Sci., 9 (1971) 220.

26 M. Chastrette and G. Lenfant, J. Caromatogr., 68 (1972) 19; 77 (1973) 255.

27 J. R. Chrétien, M. Lafosse and M. H. Durand, Bull. Soc. Chim. Fr.,(1975) 1013.

28 J. E. Dubois, D. Laurent, P. Bost, S. Chambaud and C. Mercier, Eur. J. Med. Chem., 11 (1976)
225,

29 B. Duperray, M. Chastrette, M. C. Makabeth and H. Pacheco, Eur.J. Med. Ckem., 11 (1976) 437.

30 C. Mercier and J. E. Dubois, Eur. J. Med. Chem., 14 (1979) 415.

31 J. E. Dubois, A. Massat and Ph. Guillaume, J. Mol. Struct., 4 (1969) 403.

32 J. E. Dubois, J. P. Doucet and B. Tiffon, J. Chim. Phys. Phys.-Chim. Biol., 70 (1973) 805.

33 J. E. Dubois and J. P. Doucet, Org. Magn. Reson., 11 (1978) 87.

34 P. A. Clark, Theor. Chim. Acta, 28 (1972) 75.

35 K. V. Houk aand L. M. Munchausen, J. Amer. Chem. Soc., 98 (1976) 937.

36 R. H. Donnay, F. Gamier and J. E. Dubois, J. Phys. Chem., 79 (1975) 1406.

37 P. Masclet, R. Grosjean, G. Mouvier and J. E. Dubois, J. Electron Spectrosc., 2 (1973) 225,

38 J. E. Dubais, J. R. Chrétien, L. Sojik and J. Rijks, J. Chromatogr., 194 (1980) 121.



