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SUMMARY

Calculations have been made of the ratio of the retention volumes, the differences
in the isosteric heats and differential entropies of adsorption for the pairs of the
isotopic-substituted molecules CH,~CD,, C,Hq4-C,D,, C,H,~C,D,, C;H—CD4 and
CgH;5—CgD;q on graphitised carbon blacks. The differences in the potential functions
of the interaction between the isotopic molecules and the adsorbent surface and the
differences in the quantum effects for the vibrations of the isotopic molecules mass
centres normal to the surface have been taken into account. The results of the calcu-
lations are compared with experimental data found in theliterature. The differences in
the quantum effects for the vibrations of the mass centres of the hydrocarbon isotopic
molecules normal to the surface are small and only appreciable for the lightest mole-
cules. The isotopic effect on adsorption of the hydrocarbon molecules on graphitised
carbon blacks is mainly caused by the difference in the potential functions of the inter-
actions of isotopic molecules with the surface. The zero point energy effect can also
contribute to the isotopic effect for hydrocarbon molecules.

INTRODUCTION

The adsorption properties of isotopic molecules slightly differ—25, Depending
on the mass and the structure of the molecule, the nature of the surface and the
temperature, deuterated molecules may be adsorbed both more stronglyl-16,19-22 or
more weakly16-18,21,23-26 than the hydrogenated form.

The isotope effect on the adsorption is apparently caused by three following
factors: (1) the differences in the potential functions ® of the interaction between the
isotopic molecules and the adsorbent surface (the quantum mechanical effect) ; (2) the
differences of the quantum effects in adsorption for the external (translational and
rotational) degrees of freedom of isotopic molecules, due to the difference of their
masses and moments of inertia; and (3) the different change of intramolecular vi-
brational energy of the isotopic molecules on adsorption, due to the difference of the
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masses of the vibrating atoms (the zero-point energy effect). As a first approximation
these effects can be regarded as independent.

The potential functions @ for the deuterated and the hydrogenated forms of
hydrocarbon molecules must always apparently differ somewhat. In the case of
adsorption on a non-polar surface this effect causes a decrease in the adsorption of the
deuterated molecules, and in the case of heavier molecules, this is apparently the
main effect26,27,

The translational and rotational quantum effects always increase the adsorption
of deuterated molecules by comparison with the adsorption of the hydrogenated
form. These effects, however, decrease rapidly when the mass and moment of inertia
of the molecule and the temperature increase, but they are considerable for the lightest
molecules at low temperatures. In the case of hydrogen isotopes the quantum effects
for the external degrees of freedom are the main ones928,31,

Depending on the sign of the change of the force constants of intramolecular
vibrations in the adsorption, the zero-point energy effect can cause either an increase
or a decrease in the adsorption of deuterated molecules. With an increase of the
temperature, this effect decreases considerably more slowly than the quantum effects
for the external degrees of freedom. The contribution of this effect increases with an
increase in the number of substituted atoms. Therefore the zero-point energy effect
may be significant for hydrocarbon molecules with a great number of the substituted
a'toms23,82,33.

Of these three effccts only the quantum effects for the external degrees of freedom
have been investigated to any extent10.28—31, The quantum mechanical and the zero-
point energy effects have been investigated much less extensively?3:26,27,32,

We have calculated the potential functions @ of the interaction between a
number of the isotopic molecules (CH,~CD,; C,H;—C,Dq4; CoH,~C,D,; CcH—CgDy;
CeH;,-C4D;;) and the basal face of graphite on the basis of the physico-chemical
properties of the isotopic molecules and the graphite lattice. The ratio of the retention
volumes, differences of the isosteric heats and differential entropies of adsorption for
these systems of isotopic molecules at zero coverages were calculated from the calcu-
lated potential functions.

In a previous paper??, the groups of atoms were assumed to be the force centres
of the molecules. In this paper the atoms are assumed to be the force centres of the
molecules. This approximation allows for an apparently better representation of the
spatial structure of the molecules under consideration.

STATISTICAL EXPRESSIONS

The ratio of the retention volumes V, for a pair of isotopic molecules at zero
coverage and at a fixed temperature 7 and surface area 4 is given by the following
general expression®:

Vel [VsP = (Q:H/Q,°H —1)/(Q,P/Q,°P—1), (x)

where Q, and Q,° are the partition functions for one molecule in a volume ¥ in the
presence and in the absence of the adsorbent, respectively. The upper indices H and
D refer to the hydrogenated and deuterated forms of the molecule.
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In the classical approximation for the external degrees of freedom of a rigid
molecule, assuming that the energy of intramolecular vibrations and the rest of
energy are separable,

Q1/Q1°—1 =~ (1/87%V) (Quin/Q%in) J [exp(—DP/kT)—1]sinddxdydzdddedy, (2)

where @ is the potential energy of theinteraction between the molecule and the surface
of the solid as a function of the Cartesian coordinates x, y and z of the molecule mass-
centre and the Euler angles 8, ¢, y, which determine the orientation of the molecule
to the surface, Qyip and Q% are the vibrational partition functions of the adsorbed
molecule and the molecule in the gas phase. Putting (2) into (1) and assuming Qyip =

Q%1p, we obtain

VeH|VP =S ,H/S,D, (3)
where the configurational integrals S, are given by the expression:

S, = [ [exp(—D/kT) —1]sinddxdydzddédedy. (4)

If the potential function @ does not depend on the translational coordinates of
the molecule mass-centre parallel to the surface (coordinates x and y) and on the
rotational coordinates in the plane parallel to the surface (angle ¢), which is approxi-
mately correct, for instance, in the case of adsorption on the basal face of graphite,
and if we assume that the vibrations of the molecule mass-centre normal to the surface
are harmonic, then

D = Do + (P"2/2) (2—%0)?, ()

where @, (8, p) and @”, (3, p) are the values of @ and the second derivative of @ with
respect to the coordinate z at the equilibrium distance z, (3, ) of the molecule mass-
centre at fixed angles  and o, and

S,/2nAd = [ (27kT|®" ;) exp(—Po/kT)sinddsdy. (6)

If the system deviates from the classical one, but not significantly, and the
quantum corrections can be calculated by the Pitzer and Gwinn approximation3’, then

VSH/VSD p— SIH ’U"""H/S]_D ’U**D, (7)

where

hoy exp (—hvy/2kT)
R —
v IZ KT 1—exp (—hve/kT) (8)

Here v, is the frequency of the harmonic oscillations of the molecule near the potential
minimum for the »-th degree of freedom. The Pitzer and Gwinn approximation how-
ever, assumes that the degrees of freedom for which we calculate the quantum cor-
rections are harmonic oscillations.
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POTENTIAL FUNCTIONS @

In the case of the interaction between a non-polar molecule and the surface of
a non-polar solid, e.g. graphitised carbon black, the main attractive forces are dis-
persion forces. In this case the potential functions @ of the interaction between differ-
ent molecules and the same adsorbent are mainly determined by the chemical and
spatial structure of the molecule,-by the electromagnetic properties (polarisability c,
diamagnetic susceptibility ) and by the van der Waals radius », of the molecular
force centres.

The average length of the C-D bond is shorter than the average length of the
C—~H bond by 0.004-0.005 A3-49 and the polarisability of deuterated molecules is
0.5-1.59%, less than the polarisability of the hydrogenated form37:41-43, The van der
Waals radii 7o of the H and D atoms in molecules are apparently equal2¢,44—46, There-
fore the difference in the potential functions @ of the isotopic molecules is mainly
caused by the difference in the lengths of the C—H and C-D bonds and by the difference
in the electromagnetic properties of the force centres of the isotopic molecules. In
calculating @ both these factors are taken into consideration. Atoms are assumed as
the force centres of the molecules. It is assumed that @ is equal to the sum of the
potential functions ¢ of the interaction between the atoms of the molecule and the
C atoms of the graphite lattice, @ = 2Zp. For the interaction between the C and H
atoms of the molecules and the C atoms of thegraphite lattice we use the semi-emperical
potential functions3,47:

@c...c = —33L#%—513 »8 4 4.52-10% exp (—3.57 7), (9)
@H..c = —II19 ¥ %—227 8 - 0.86-10% exp (—3.57 7), (x0)

where the distance » between the atoms is in A and ¢ is in kcal/mole.

According to the Kirkwood-Miiller formula the ratio of the dipole—dipole con-
stants C, of the dispersion interaction between the D and H atoms of the molecule
and the C atoms of the graphite lattice is

C.P ap (1 n au/Xu—an/Xp ), (11)

CH 7T an ap/yp + ac/xc

where ay, ap, ¢ are polarisabilities and yu, ¥, xc are diamagnetic susceptibilities of
the H, D and C atoms. If we assume that the ratio C,P/C,H of the constants of a dipole-
quadrupole interaction is equal to the ratio C;P/C,¥ and the rest of parameters (the
separation of the atoms at the potential minimum and the constant in the exponential)
of the potentials gyu...c and @p...c are the same, then

PD...C = YPPH...C. (12)

Assuming that the decrease in the polarisability « of the hydrocarbon molecules on
the substitution of a D atom for an H atom is due to the smaller polarisibility of the
D atoms, then on the basis of the experimental results for the systems CH,~CD,%,
CeH 5~CgD 1,342 and C H —C D 44142 we obtain that ep/eny &~ 0.98. The diamagnetic
susceptibility ¥ of deuterated molecules apparently has not been measured. It is
assumed that the isotopic substitution does not change a/y (ref. 26) or x (ref. 48).
Using eqn. 11, we obtain 9y = 0.98 and y = 0.99, respectively.
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Fig. 1. Calculated (curves) and experimental (points) values of In V48[V D for the systems: CH,—
CDy4 (1); CaHg~CyDy (2); CH~CyDy (3); CoHg—CeDs (4); and CyH,3~CeDyy (5) as a function of
1/T.

Fig. 2. Calculated (curves) and expcrimental (points) values of ga¥ — gaP for the systems:
CHCDj (1), CiH~CyDg (2), C.H—CyD, (3), CeHg—CoDg (4) and CoH 3~CyDyyq (5).

In our calculations y is assumed to be equal to 0.985. The position of the force
centre of the D atom, compared with the position of the force centre of the H atom, is
assumed to be displaced in the direction of the C atom by 0.004 A in the CD, molecule
and by 0.005 A in the other deuterated molecules.

THERMODYNAMIC QUANTITIES

The calculated values of In V,,E/V,,P and gsH—¢geP are compared with the
corresponding experimental datal$,24,26 in Figs. 1 and 2. The calculated curves are
fairly close to the experimental data. In contradiction of the experimental data, how-
ever, the calculated values of In V,;E/V P for the system C,H,—C,D, are greater than
those for the system C,H ,~C,Dq; and also the calculated values of In V,H/V D for the
system C;H ,~C D, are greater than those for the system C4H ,—C¢D;,. This divergence
of calculated values and experimental data can be explained in various ways, for
example, it may be caused by neglecting the zero-point energy effect. The contribution
of the zero-point energy effect for the systems C,H—~C,D4 and C¢H,,—C¢D,, can be
greater than for the systems C,H ,—C,D, and CgH —C D4 because of the greater number
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T'ig. 3. Calculated (curves) and experimental (points) values of In V,H/V,P as a function of 1/T.
The calculated values are obtained assuming that the position of the force centres of the D and
H atoms coincide. The dcsignations arc the same as in Fig. 1.
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of the substituted H atoms in C;D4 than in C,D,, and in C¢D,, than in CgDy, as well
as the difference of the spatial structure of these molecules. This divergence can also
be caused by the errors in the estimation of the differencesin the positions of the force
centres of the H and D atoms. The variation in the value of this difference hardly
changes the results of the calculation for the plane molecules C,H,—C,D, and CoH
C4¢Dg, but has a comparatively strong effect on the results for the rest of the molecules.
If we assume, that the positions of the force centres of D atom and the H atom coincide,
then the calculated curves Iln V,H/V D vs. (x/T) (Fig. 3) should have the same sequence
as the experimental data. Moreover, the calculated values are very sensitive to the
value of the coefficient ¢ : a change in the coefficient ¢ of 0.005 causes a change in the
values of In V H/V,D and ggH—¢qsP of 30-509%,. Therefore, the above discrepancy
between the calculated values and the experimental data can also be caused by small
changes in the coefficient ¢ for these systems.

The translational quantum effect for the isotope substituted hydrocarbon mole-
cules is small: for the system CH,~CD, at 100°K the quantum corrections are equal to
—0.016 for In V ,B/V,P and —6 cal/mole for gg¥—gstP. The quantum corrections for
the rotational degrees of freedom must be added to this effect. However, the calculation
of the last effect for the polyatomic molecules is very difficult. Allowance for this
effect would lower the calculated values for CH,~CD, slightly. For heavier molecules,
not at very low temperatures, the quantum statistical effects for the external degrees
of freedom are not significant and may be neglected.

The calculated values of (4S5 ,H—A45,P)/R are 0.01-0.03.

Thus, the results of the calculations show that the isotopic effect on the ad-
sorption of hydrocarbon molecules on graphitised carbon blacks is mainly caused by
the difference of the potential functions @ of the interaction of isotopic molecules with
the surface. The comparison of the calculated values with the experimental data
shows that the zero-point energy effect apparently contributes significantly to the
isotopic effect for the hydrocarbon molecules. The quantum effects for the external
degrees of freedom are only significant in the case of the lightest molecules.
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