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SUMMARY 

Retention indices of 44 alkenes in gas-solid chromatography were determined 
on the Ni2+ form of a cation-exchange resin and on the corresponding unsulfonated 
copolymer matrix. The Ni” form was prepared from a sulfonated Porapak Q ethyl- 
vinylbenzene-divinylbenzene copolymer. DARC topological analysis (DTA) was 
applied to the KovBts retention indices determined at 175°C. DTA helps to delineate 
the evolution of specific z bond-Ni2+ 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 compIexes3. 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 used6*‘. 
However, GSC has the advantage of enabling one to work at reIativeIy high tem- 
peratures, which significantly reduces the time of analysis. References to the use of 

l Presented at the 6th International Syn~po~ium “Aivances and Appkafion of ChronurrograpI~y in 
Industry”, Brarisiava, September 16-19, I980. 
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metal-containing packings in GSC are numerous. Different cationic forms of zeolitesl 
and ion-exchange resins8 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 effectsgJO and factor analysis of 
trends”, has led to better quantification of these specific interactions12-1J. 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 Pittmanls, who used polystyrene-divinylbenzene 
resin anchored nickel complexes for selective oligomerizations and hydrogenations. 
McMunn et a/-l6 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”*‘*. Furthermore, complementary information dealing with the possibilities of 
approach of alkene molecuIes at the surface of a catalyst can be deduced from their 
non-specific adsorption in GSC on graphitized carbon black19. - 

Within the framework of our study of GSC on cation-exchange resinss*20 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’, Ni’+, Zn*+, Cdzf) 
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 design21-24). 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 csirrier gas. All measurements were performed at 175°C and with a carrier 
gas flow-rate of 40 ml/min. 
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Packings 
The preparation of lightly sulfonated resins was described previously”. 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 ‘A of nickel. The unsulfonated form of the resin (UnS) consisted of Porapak 
Q (SO-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 Pfaltz and Bauer, Stamford, CT, U.S.A.). About 50 ~1 
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, 10-15-4 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. 
Kova’ts retention indices were calculated using the customary method with the normal 
hydrocarbons as reference compounds. The precision of the Kovits retention indices 
reported was -& 3 units based on duplicate injections carried out in random sequence_ 

Data processing 
Factor analysis of Kovats 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<arbon 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 21-23_ The principles of this procedure 
have been described previously with respect to their applications in chromato- 

graphyg, which were developed for analyticalg~10*25-z7 or physico-chemical 
purposes _ 12-14 This procedure has been applied in other fields such as pharmaco- 
chemistry28-32 and spectroscopy33-35. 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. 

.’ 

I 
/ <- DD2 -_-_ -.-_-DC,__, 

Fig. 2. (a) Characteristic trace of the population of 44 alkenes listed in Table I: (b) topological site 
ordering of the molecuIar environment by the ELCO concept for the superposition of the ebmentary 
graphs. 

trace is specified unequivocally in the environment by a linear labeliing order Al or BiJ 
(Fig. Zb). 

The influence of each site is interpreted as a perturbation term (P). For 
example, the term A2 in the first environment G is formally equivalent to the differ- 
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enee in behaviors of isobutene and propylene. As this site also appears in other 
compounds (I,, I, and 1. in Fig. l), 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 site13. 

These perturbation terms are the components of a vector &z) that charac- 
terizes the information for an experimental population made up of m compounds. 
This vector is delined by the basic topology-information relationship 

1(E) = < F(E) I f(m) 7 

where I(E) is the contribution from the environment and 2(c) is the topological vector 

of the environment. g(e) = (X1, X2, _ .., X,, . . . . X,J; thus X, 6 1 when the jth site 
of the environment is occupied and X, = 0 when it is not.+ 

The PELCO method consists of calculating the 1(m) vector and defining 
thereby a topolo_gy information correlation which will be represented as the diagrams 
in Figs. 3 and 4. Information concerning a compound X can be calculated from 
information I(&) for a reference compound (here ethylene) and can be expressed as 
I(X) = 1(X,,) + I(E). Some examples are shown in Fig. 5. 

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 Kovdrs retention indices of the alkenes on the unsulfonated ethylvinylbenzene- 
divinylbenzene copolymer matrix WKSUS 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 retention on the nickel form of the ion exchanger. 

Alkene 1 -Butene 2-Methyl-P-pentene cis-a- Pentene 

Graph FO-O- 0 
m--,_._- 

te 
.-FO-o-0 
cis 

92.7 103.5 103.5 105.6 

Topographic 200 10% 93.1 105.6 
information MO 2.5 200 93.1 

96.4 

Kovdt’s retention talc. 399 598 so5 
index exp. 404 596 507 

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

Fig. 7 gives the Kovdts retention indices of the same alkenes on rhe NiZi form 
of the cation-exchange resin ver.~.r 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 Kovdts 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 NP form. This difference 
is due to the retention of the geminal alkenes (isobutene and 2-methyl-I-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-l-butene up to the cis- and trans-2-hexenes 
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b.p.(“C) 

Fig. 6. Retention index of alkenes (I.,,) on the unsulfonated copoIymer, in index units (LU ) as a 
function of boiling point of the alkene. Regular trends are observed for every subpopulatiod {from 
C4 UP to G)- 

b.p.(“c 1 
Fig. 7. Retention index of alkenes on the nickel form of the ion exchanger as a function of boiling 
point of the aIkene. 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 trans-3-methyl-2-pentenes) decreasing to 25 1-U. on the NiZ+ form. 
For the heptenes the range of Kov5ts retention indices increases from 40 1-U. on the 
UnS column to 70 I.U. on the Ni*+ form and for the octenes from 50 1-U. on the 
UnS column to 70 1-U. on the Ni 2c form. The increase in Kovits retention index 
(dr) from the UnS to the Ni*+ packing is shown in Fig. 8. The dl shows the specificity 
brought by the Ni2+ _ Ion at the molecular level. dl 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 d1 in the range 115-130 1-U. 
In the range lOU-115 1-U. we find some hexene isomers, the crowded 3,3-dimethyl- 
1-butene, the branched 3-methyl-1-pentene, Cmethyl-1-pentene and cis- and trans- 
4-methyl-2-pentene. In addition to ethylene, the lower dl values are observed for 
tetrasubstituted ethylene, 2,3-dimethyl-2-pentene with d1 = 26 I-U., and for com- 
pounds having steric strain in the vicinity of the carbon-carbon double bond. 2,4,4 
Trimethyl-1-pentene (dl = 40 1-U.) and 2,4,4trimethyl-2-pentene (Lfl = 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. 

DTA behavior : unsulfonated support 
The DARC topolow 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 I.U., and 
the chain lengthening results in an incremental increase of approximately 100 I-U., 
as expected. Branching in the first development direction, DD1, in such compounds 
as 3,3-dimethyl-l-butene and 2,4,4-trimethyl-l-pentene results in a contribution of 



about 80 I.U. In addition, no noticeable specificity is observed for cis-alkenes relative 
to the corresponding rrons-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 i3_ The contribution of substitution at the 
ethylenic focus was slightly higher and the contribution from branching was IO-20 
1-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 analysis is high. Differences 
between the experimental and the calculated retention indices using I(E) are smal1 
(the average deviation is 2.6 I.U., the standard deviation 4.8 1-U.) and this reinforces 
the validity of using the additivity of the contributions of the topological sites. 

DTA behavior: nickel form of the resin 

The DTA behavior of the alkenes on the Ni L+ 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-carbon double bond, which is the focus in the DTA treatment, 
shows a slight specificity (+12 1-U.) relative to the unsulfonated matrix. Mono- 
substitution on the ethylenic focus given by site Al, in the first environment EA of the 
first development direction, labelled DD1, 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 
Nizf 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 z net 
charge of -0.0133 e calculated by CND0/2 ab initio calculations” for propylene 
relative to ethylene. 

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

Geminal disubstitution, as exemplified by site A2 in the DD1 direction in the 
EL region, shows no specific interaction (-2.3 I-U.), except for isobutene, which will 
be discussed later. 

Disubstitution with irans-isomers is given by A, in EA of the second develop- 
ment direction DD,. The specific interaction for a carbon in A1 is -16.7 1-U. The 
cis-isomer shows no inprovement in specificity (- 1.1 I.U.). Site A1 also appears in 
trisubstituted ethylenes such as 2-methyl-2-butene. 
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Tetrasubstitution, represented by site A2 in Ei of DD2, 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 Ni2+ ion. 

All of the preceding observations dealing with negative specific interactions, 
which are most often opposite to electronic effects3J, suggest that increasing the degree 
of substitution diminishes the possibility of overlapping of the filled SE 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 Ni2+ 
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 5 %_ Most of the major deviating values are for the geminal 
compounds for which tpe calculated values can be lower than experimental (com- 
pounds 6, 7 and 8) or higher than experimeutal (compounds 27, 28 and 35). 

With the flexibility of choice available for the parameters in DTAg.lo it is 

possible to distinguish contributions 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 AL (in EA of DDJ 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. 

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 NP form underlines the sensitivity of the specific z double bond-F& interactions to 
branch&s and bulky groups in the homologous series of geminal I-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 Ei of 
DDJ introduced by isobutene (147.4 I.U.). As an example, when site A, is present 
together with a tert.-butyl group on the same spz carbon, the weights of the inter- 
actions between site A, and Blr, Blz and B13 (in Ek of DDJ are -22.7, -57.9 and 
- 12 I.U., respectively_ The sum of these interactions is -92.6 I.U. for the tert.-butyl 
group and helps to explain why a difference of only 41 I.U. is observed between the 
experimental retention indices of 2,3,3-trimethyl-I-butene and 3,3-dimethyl-I-butene 
instead of 157 LU., which is the difference between the experimental values for 
propyIene 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<arbon double bond and the Ni2+ ion when 
different sites are present simultaneously. These interactions are in agreement with 
the Kovaits retention index increments, d1, which themse!ves are indicative of the 
specific interactions, with the Ni2+ _ ion, for the whole molecule. The strong decrease 
observed in dlvalues for propene, 3,3-dimethyl-1-butene and 2,3,3-trimethyl-I-butene 
of 139, 108 and 38 I-U., respectively, also shows the influence of the simultaneous 
presence of a methyl and a rert.-butyl group on the same sp2 carbon. Another example 
that illustrates this point is the fact that dl for 3,3-dimethyl-I-butene is 108 I.U. but 
onIy 73 1-U. for the geminal isomer 2,3-dimethyl-I-butene. 

Specific interactions; ionization potentials 
To evaluate the possibilities of charge transfer between the n bond of alkenes 

and the empty orbitals of the Ni2+ 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 attractive35*36, 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 
possibilitiesJ6. 

The specific interactions of the alkenes with the Ni” ion, expressed as Kovats 
retention index increments, d1, is plotted in Fi g_ 10 against the olefin ionization 
potentials (IP) determined elsewhere by photoelectron spectroscopy3’. This figure 
shows that for monosubstituted ethylenes, linear or branched, and for the lower 
geminal alkenes (isobutene and Zmethyl-I-butene) the degree of specific interaction 
(dl) 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 dl despite 
the availability of the z 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 CNDOJ2 ab initio caIculations’3. 
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Fig. 10. Specific contribution to retention (4) 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 topolo,oical analysis of the behavior of alkenes in GSC on the Nir+ 
form of a cation-exchange resin allows a determination of structural effects on the 
specificity brought by the NiZ* 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, rert.-butyl, neopentyl, etc.) obtained by progressive substitution of ethylene, 
taken as the reference compound, are easily deduced from the topolo_q information 
diagrams_ DTA shows clearly the influence of structural effects on the ability of the 
molecules to form charge-transfer complexes between Ni2’ and the olefin. Specific 
adsorption on Ni2+ is related to the overlap of the z 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 studyin g any molecule that belongs to a 
coherent series, with the precision of the DTA results being directIy related to the 
precision of the experimental results 1J*38. Indeed, as in every mathematical method, 
our model is partly conventional. The use of topology-information diagrams needs 
only a 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”. 
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