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SUMMARY

The thermodynamic functions of adsorption (Henry constants, retention
indices, changes in internal energy and entropy at zero sample size) of geometric and
structural isomers of polymethylcyclohexanes on graphitized thermal carbon black
have been determined and their relationship to the structures of the molecules has
been established. A molecular statistical calculation of these functions for the adsorp-
tion of cyclohexane, methylcyclohexane and some di-, tri- and tetramethylcyclo-
hexanes has been carried out using the atom—atom approximation for the potential
function of intermolecular interaction with graphitized thermal carbon black. Ex-
amples of the separation of some mixtures of these hydrocarbons are given.

INTRODUCTION

A gas chromatographic (GC) investigation of polymethylcyclohexanes is of
theoretical interest with regard to the various conformational forms of their molecules.
It also is of great practical importance as polyalkylcyclohexanes are a major compo-
nent of the naphthene fraction of oil. Naphthenes with five- and six-membered rings
are isolated from the gasoline and kerosene fractions of oil by thermal diffusion and
adsorption separation (on active charcoal, Sephadexes and zeolites)'—3. Further
separation is achieved chromatographically. The very small boiling point range of
polymethylcyclohexane isomers makes their complete separation by gas—liquid chro-
matography (GLC) difficult and the separation of many mixtures of naphthene
hydrocarbons has been successful only with the use of capillary columns with different
liquid phases having a high performance (up to 100,000 theoretical plates)>~°. -

The relationship between the retention characteristics in GLC and the molec-
ular structures of alkyl-substituted cyclohexanes has been investigated by a number



454 " W. ENGEWALD et al.

of workers'*—*¢. Such a relationship should be much more evident in the case of gas—
solid chromatography (GSC) on a homogeneous surface!’-!8. Attempts to separate
isomers of dimethylcyclohexane by GSC on zeolite 13X in a column 1.2 m long
showed that even in this case of adsorption in the cavities of porous crystals, the
geometric structure of the molecule played the decisive role. Better results would be
expected for adsorption on the plane surface of graphitized thermal carbon black
(GTCB) as the retention properties in this instance are very sensitive to the geometry
of the molecule’®2!. GTCB has been used successfully to separate structural and
stereoisomers'’—2*. In addition, the thermodynamic characteristics of the adsorption
of hydrocarbons on GTCB can be calculated by means of the molecular statistical
theory of adsorption using the atom-atom approximation for the potential function
of intermolecular interaction!®—2!. In this investigation, a column packed with GTCB
was used for the analysis of the polymethylcyclohexanes. Some of the isomers were
separated earlier?s.

EXPERIMENTAL

The GC measurements were carried out on a Pye argon gas chromatograph
with a p-ionization detector and a glass column (120 cm x 0.25 cm L.D.). Sterling
MT (3100°) D4 GTCB with a specific surface area of 7.6 m?/g was used as adsorbent,
the size of the pellets being 0.3-0.4 mm. The pressure drop over the column was 255-
300 torr. The temperature in the thermostat was measured with mercury thermometers
accurate to 4-0.1 °C. The samples were injected from a hypodermic syringe, the
sample volume being 0.3 cm® of vapour diluted with air. The retention times of the
adsorbates were measured 3-5 times at each temperature and the error in the mea-
surement did not exceed 1 sec. As the peaks were narrow and symmetrical and the re-
tention time did not depend on the amount of sample injected, the retention volumes
at each temperature were calculated from the average time of the emergence of the
peak maximum. For each adsorbate 10-15 measurements were made in the tempera-
ture range from 90-220 °C.

In conformity with the thermodynamic theory of retention!®, the retention
volumes of very small (approaching zero) samples were used as Henry constants:
Vi = Kr., = K; ecm3/m? or um, where 4 denotes the surface area of the adsorbent
in the column, I" the Gibbs adsorption, ¢ the concentration of adsorbate in the bulk
gas and 1 indicates the first coefficient in the virial expansion of the equation of the
adsorption isotherm (I — 0). As well as the retention volumes, the Kovits retention
indices, I, were determined. As the retention indices are ratios of logarithms of relative
retention volumes (relative retention times), they are determined from the experiments
with greater accuracy than the absolute values of ¥ ,.The dependence of the logarithm
of the retention volume on the reciprocal temperature of the column is approximated
by a straight line and can be expressed by the following equation!®:

as;
R

-—A—l_(jl

111 Kl = RT

+ (- +1)

The coefficients in this equation, obtained by the least-squares method, give the molar
differential changes in internal energy (AU,) and in entropy (4S,*) of adsorbates.
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—AU, is equal to the limiting differential heat of adsorption, Gy, at I' — 0. In the
literature, the so-called isosteric heat of adsorption, 4,,, is often used. At small ¢ and

T, g, = —AU, + RT, and hence §,, depends on T in a more complex manner than
AU;.

The accuracy of the experimental measurements was not sufficient to reveal the
temperature dependence of AU, and AS,*, that is, for determining the change in heat
capacity, AC,, on adsorption.

Va1, I, AU, and AS," are related to the potential energy of the intermolecular
interaction of molecules with GTCB and therefore depend on their structures'®-2,

The adsorption of the following 31 C,~C,; alkylcyclohexanes differing in the
position of the substituents and their spatial orientation was studied: methylcyclo-
hexane, ethylcyclohexane, 1,1-dimethylcyclohexane, dimethylcyclohexanes (1r2c-,
1r2t-, 1r3c-, 1r3t-, 1rdc- and 1rdr-), isopropylcyclohexane, trimethylcyclohexanes
(1r3c¢5t-, 1r3c5c-, 1r2e3t-, 1r2c3c-, 1r2t3c-, 1r2cdc-, 1:2t4c-, 1r2c4t- and 1r2t4t-),
tetramethylcyclohexanes (1r2e325¢-, 1r2¢3e5t-, 1r2:3c¢5¢-, 1r2¢3c¢5c¢-,  1r2¢3t5¢-
1r2t3c5c-, 1r2t4c5t-, 1r2c4t5t-, 1r2cdcSc-, 1r2t415¢t- and 1r2t4t5¢-) and 1r2c3cdcSc-
pentamethylcyclohexane.

RESULTS AND DISCUSSION

Adsorption of C; and Cy alkylcyclohexanes on GTCB

The values of V,, ,, I, AU, and 4S," for cyclohexane and C; and C; alkylcyclo-
hexanes on GTCB are given in Table I (the Kovits indices in Tables I-III are com-
pared with the indices measured on a micropacked column with GTCB). With the
1,2- and 1,4-dimethylcyclohexanes, the trans-isomers (1r2f and 1r4t) are retained on
GTCB more strongly than the cis-isomers; the V', , (trans)/V ,_, (cis) ratios for the 1,2-
and 1,4-dimethylcyclohexanes are 1.77 and 2.51, respectively. With the 1,3-dimethyl-
cyclohexanes, the cis-isomer is retained more strongly and the ratio V, , (trans)/V 4,
(cis) is 0.57. This order of emergence of the compounds does not correspond to the
increase in boiling points but depends on the geometry of the isomers: the isomers
with an equatorial arrangement of the substituents, i.e., the more planar molecules,
are retained more strongly.

Ethylcyclohexane is retained on GTCB more weakly than any of the dimethyl-
cyclohexanes with the same maximal number of possible points of contact with the
flat surface. This can be explained by the conformational mobility of the ethyl
group'®-2°, The most weakly retained of all the Cg isomers is 1,1-dimethylcyclohexane,
the molecule of which is the least advantageously disposed on the surface of GTCB.
Fig. 1 shows that only the 1r2¢- and Irdc-isomers of dimethylcyclohexane were not
separated on GTCB.

Adsorption of C, alkylcyclohexanes on GTCB

The adsorption properties of isopropylcyclohexane and the 1,2,3-, 1,3,5-
and 1,2,4-isomers of trimethylcyclohexane are shown in Table II. As with the di-
methylcyclohexanes, the separation of the trimethylcyclohexanes on GTCB takes
place in conformity with the geometric structure of their molecules. The isomers with
eee configuration of the substituents are retained on GTCB more strongly than other
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] .

o] 10 20 min

Fig. 1. Chromatogram of a mixture of methylcyclohexane and dimethylcyclohexanes on GTCB at
125 °C. Peaks: 1 = methylcyclohexane; 2-7 = dimethylcyclohexanes; 2 = 1,1(ea); 3 = 1ric(ea) +
1r2c(ea); 4 = 1r3t(ea); 5 = 1r2t(ee); 6 = 1r3clee); 7 = 1rdt(ee).

isomers, despite the fact that the boiling points of the latter are higher. The difference
in the retention of isomers with the same number of axial substituents is significantly
less than that for isomers with different numbers of axial substituents.

For each of the structural isomers, an analytical separation into cis- and trans-
isomers was carried out. A satisfactory separation was not obtained only with the eea
and eae isomers of 1,2,3-trimethylcyclohexane. The chromatogram of the complete
mixture of the isomers of trimethylcyclohexane is shown in Fig. 2.

1

} i ) B 1

o 10 20 30 min

Fig. 2. Chromatogram of a mixture of isomers of trimethylcyclohexane on GTCB at 125 °C. Peaks:
1 = 1r2t4c(eea); 2 = lr2cdc(aee); = 1r2¢32(eca) + 1r2c3c(eae); 4 = 1r2c4t(eae) + 1r3cSt(eea);

5 = 1r2¢3c(eee); 6 = 1r3cSclece); 7 = 1r2tdt(ece).

Adsorption of Cy, and C,; polymethylcyclohexanes on GTCB

The adsorption properties of the higher polymethylcyclohexanes are shown in
Table IIL. The retention of the isomers of 1,2,3,5-tetramethylcyclohexane increases as
the number of equatorial substituents increases. An analogous dependence is ob-
served for the isomers of 1,2,4,5-tetramethylcyclohexane. With the tetramethylcyclo-
hexanes GTCB also shows a high selectivity for molecules of different geometry. For
instance, the retention volume of the eeee isomer of 1,2.4,5-tetramethylcyclohexane
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is almost three times greater than that of the eeea isomer. The range of the retention
indices of the tetramethylcyclohexanes investigated was 167 units while the boiling
points changed only from 159 to 174 °C. The separation of the 1,2,3,5- and 1,2,4,5-
isomers of tetramethylcyclohexane into geometric isomers is shown in Figs. 3 and 4.
The separation of all of the isomers of 1,2,3,5-tetramethylcyclohexane was achieved
in the temperature range under investigation. With 1,2,4,5-tetramethylcyclohexanes
the eaca and aeea isomers emerged from the packed column as one peak; a more ef-
fective micropacked column with GTCB resolved this peak incompletely (Fig. 4).

Of the isomers of 1,2,3,4,5‘pentamethylcyclohexane, only one, 1r2c3cde5c
(eaeae), was investigated. The retention of this isomer was close to that of 1r2e4£5c-
tetramethylcyclohexane (eece).

4
3 (@)
(b)
a 5
60 min
2.
2
5 6
3 1 5
| \
; L JL
1 [] 1 - — L 2 — — rs B SR 1 I I
o] 10 20 30 min o 1 2 3 4 5 6 7 8 9 min

Fig. 3. Chromatogram of a mixture of isomers of 1,2,3,5-tetramethylcyclohexane on GTCB at 155 °C
Peaks: 1 = aaee; 2 = eaea; 3 = ecea; 4 = eace; 5 = aeee; 6 = ecee.

Fig. 4. Chromatograms of a mixture of isomers of 1,2,4,5-tetramethylcyclohexane on GTCB: (a)
packed column, 145 °C; (b) micropacked column, 2.1 m x 0.34 mm 1.D., 0.08-0.09-mm fraction,
carrier gas hydrogen, 240 °C. Peaks: 1 = eeaa; 2 = eaea; 3 = aeea; 4 = eeca; 5 = eeee.

DISCUSSION

It is evident that the main factor that determines the adsorption of the alkyl-
cyclohexanes on the planar surface of the non-specific GTCB adsorbent is the
geometric structure of the molecules, which determines the poiential energy of their
intermolecular interaction with graphite!'®-2°. The strongest adsorption, as has been
noted previously, is observed for more planar molecules, independent of their boiling
points and molecular weights. Fig. 5 shows that the methylcyclohexanes are charac-

terized by the absence of a linear dependence of In V,; and —AU, on the number
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Fig. 5. Dependence of —AU, on the number of carbon atoms in 2 molecule for adsorption on GTCB
of n-alkanes (circles) and derivatives cyclohexane (vertical bars). The substances are numbered as in
Tables I-1I1.

of carbon atoms, 7, in the molecule. For example, —AU, for 1r2t4¢-trimethylcyclo-
hexane with an eee configuration and having a complete equatorial disposition of
substituents is 49.8 kJ/mole, but for 1r2¢3#5s-tetramethylcyclohexane with an aaee
configuration it is only 45.2 kJ/mole. The difference in retention volumes-is even
greater: at 160 °C they are 9.5 and 5.5 gm, respectively, despite the fact that the
molecular weight of the former compound is 14 units less and the boiling point 21°
less than those of the latter. )

A comparison of the retention data for the trimethylcyclohexanes on the solid
GTCB adsorbent and on a liquid phase demonstrates the higher selectivity of GTCB
with respect to compounds with similar physical properties and different molecular
structure. This is clear from Table IV, which gives the retention indices of trimethyl-

TABLE IV

RETENTION INDICES OF ALL ISOMERS OF TRIMETHYLCYCLOHEXANE ON GTCB
AND ON APIEZON L

Trimethylcyclohexane Igxce Igpiszon L

1r3c5t 793 893

1r3cSc 826 874

1r2¢3¢ 773 944

1r2c3c 777 940

1r2t3c 803 923

1r2t4c 753 914

1r2cdc 768 923 -
1r2c4t 787 925

1r2t4t 840 895
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cyclohexanes on GTCB (this work) and on Apiezon L13. The range of 7 values on
GTCB for the 1,3,5-isomers is 1.7 times greater than that on Apiezon L; for the 1,2,3-
isomers this range is 1.4 times greater and for the 1,2,4-isomers 3 times greater.

This high sensitivity of the retention on GTCB to the geometric features of
the molecular structure of the polymethylcyclohexanes permitted an analysis of this
series of compounds with similar physical properties on a short packed column of
low efficiency. While maintaining such a high selectivity of the adsorbent (GTCB or
carbochromes?®) the next task is to obtain a substantial increase in the efficiency of
the packed column and the preparation of suitable capillary adsorption columns.

Molecular statistical calculation of the adsorption properties
Table V gives the thermodynamic characteristics of adsorption (K;, 4U,,

/8,* and AC)) for the adsorption on GTCB of cyclohexane and some of its methyl
derivatives obtained by a molecular statistical calculation using the atom-atom ap-
proximation.

This method of calculation!®?° was developed for the adsorption of quasi-
rigid molecules; it assumes free movement of the molecules along a homogeneous
surface and harmonic oscillation perpendicular to the surface. When rotational
isomers were present, it was assumed!®-2® that each of the rotational isomers was
adsorbed as a quasi-rigid molecule. The potential energy of intermolecular interaction
of the molecule with the adsorbent is calculated for 625 combinations of Euler’s
angles,  and 0, characterising the orientation of the molecule on the surface; the
values zy, and @y, in Table V are the distance of the centre of mass of the molecule
from the surface and the potential energy in the deepest potential minimum, respec-
tively.

In this work we used two potential functions for the interaction of carbon and
hydrogen atoms in the molecules of the adsorbate with the carbon atoms of graphite,
which were obtained for alkanes!s-2%:29;

PCatkane) - - . Cigraphitey = —1.386-1073r7¢ —2.148-10~5r"8 +

4 1.89-10%exp (—35.7r)

PH(alkane) - - . C(graphite) —0.498-1073r=% —0.950-10"°r~% +

+ 3.60-10% exp (—35.7 1)
where the distance r is expressed in nanometres and ¢ in kilojoules per mole.

For cyclohexane in the chair form with tetrahedral angles (Fig. 6), the calcula-
tion was carried out with lengths of the C—C and C-H bonds of 0.154 and 0.110 nm
(curve 1) and 0.153 and 0.109 nm (curve 2). The decrease in the bond lengths leads
to an increase in the K, values, the difference being 4-11 9/ at different temperatures.

The calculation for the flattened chair form of cyclohexane (the angle CCC is
112°, the HCH angle is 108°, C-C = 0.154 nm and C-H = 0.110 nm) gives values of
K, that are 2-3 9/ less than those for the molecule with tetrahedral angles. This dif-
ference is not greater than the error of the chromatographic measurements. This
demonstrates the high sensitivity of the thermodynamic characteristics of adsorption
and retention on GTCB to the fine details of molecular structure.

To simplify the calculations, tetrahedral angles were assumed for the methyl-
cyclohexane (mono-, di-, tri- and tetra-); the bond lengths taken were C-C = 0.154
and C-H = 0.110 nm. The molecules were considered to be quasi-rigid with the
methyl groups in the staggered conformation relative to the cyclohexane ring. With
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Fig. 6. Calculated values (lines) and experimental values (circles) of Henry constants for adsorption
on GTCB of cyclohexane, methylcyclohexane, 1r2¢-dimethylcyclohexane (ee), 1r3c5z-trimethylcyclo-
hexane (eea) and 1r3c5c-trimethylcyclohexane (eee).

Fig. 7. Calculated values (lines) and experimental values (circles) of Henry constants for adsorption
on GTCB of 1,1-dimethylcyclohexane, 1rd4r-dimethylcyclohexane (ee), 1r2t3c-trimethylcyclohexane
(ece), 1r2c4t5r-tetramethylcyclohexane (eaea) and 1r2r415c¢-tetramethylcyclohexane (eeee).

methylcyclohexane and 1,1-dimethylcyclohexane, the calculation was also carried out
for the eclipsed conformation of the equatorial substituent relative to the ring. The
values of K, obtained are 2-6 ¢/ higher for methylcyclohexane and 6-14 9} higher for
1,1-dimethylcyclohexane.

The calculated line for methylcyclohexane with the axial substituent lies well
below experimental points, which shows the preferability of the equatorial conforma-
tion on the surface.

The agreement of the experimental data with the results of the molecular
statistical calculation can be considered to be reasonable. Although these results are
preliminary and the next task is to improve the precision of the chromatographic
measurements and to avoid the simplifications used in the calculation, we can draw
the conclusion that the atom-atom potential functions for the intermolecular inter-
action of carbon and hydrogen atoms with the carbon atoms of GTCB, obtained for
alkanes, can be applied successfully to the alkylcyclohexanes. Calculations using these
functions will enable us to predict the retention order of derivatives of cyclohexane
on GTCB and a comparison of the results of the calculation with the experimental
data makes it possible to discuss the conformation of the molecules on the surface.
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