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PHYSICAL CHEMISTRY
A. V. KISELEV and D. P. POSHKUS

STATISTICAL-THERMODYNAMIC CALCU-
LATION OF THE ADSORPTION EQUILIB-
RIUM OF BENZENE ON GRAPHITE

(Presented by Academician A. N. Frumkin on 18 III 1961)

The calculation we carried out (1) of the change in the chemical potential Au
of argon on transfer from the gas to the surface of graphite showed that, by a
statistical method, based on the theoretical calculation of the potential energy
of adsorption, it is possible, to a satisfactory approximation, to calculate Ap
for monatomic molecules at small surface coverages #. In the present work a
calculation has been made of Ay for the polyatomic benzene molecule upon
adsorption on graphite.

At sufficiently small 6, for both localized and nonlocalized adsorption (*1),

fa/Na
fIN

where f,, f and N,, N are the state functions and the numbers of molecules in
the adsorbed layer and in the gas. According to the approximation (%)

Ap=—RTIn

(1)

f(z = faclassy**’ (2)

where

1
faclass = ﬁ/"'/e_H/kT dpldpndqldQn (3)

(n is the number of degrees of freedom of the adsorbate molecule, H is the Hamil-
tonian function; p,, and g,, are components of momentum and coordinates), and

v = fharm. osc. quant./fharm. osc. class» (4)
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where fi.im. osc. quant. 394 fharm. osc. class are the state functions of harmonic
oscillators, respectively in the quantum-mechanical and classical forms, calcu-
lated from the shape of the potential-energy surface of the adsorbed molecule
near the minimum.

For an adsorbed benzene molecule (4?)

2 2 2 2 2 2
>t o, + D0 — py cos v P

PO R N L S 5)
2m 2A 2Asin” ¥ 2C

where m is the mass of the molecule; A and C are its moments of inertia, respec-
tively with respect to a diameter and with respect to the axis perpendicular to
the plane of the benzene ring and passing through its center; p,, p,, p., Pys Py, Py
are components of momentum; x,y, z are the Cartesian coordinates of the cen-
ter of the benzene molecule (the plane x,y,z = 0 passes through the centers
of the carbon atoms of the basal face of graphite); ¢, 9, are the usual Euler
angles, and ® = ®(x,y, z, ¢, ¥, 1) is the potential energy of the adsorbed ben-
zene molecule. We obtained the function ® by summing the potential energies
of interaction of the force centers of the benzene molecule with the force centers
of the adsorbent.* We neglected the potential energy of interaction between
adsorbed molecules.**

*In (%), ® was obtained by integrating the interaction energy of the volume
elements of the benzene molecule with the volume elements of the graphite
lattice.

** Measurements of the differential heats of adsorption of benzene on graphitized
thermal blacks with a homogeneous surface showed that the energy of interaction
adsorbate-adsorbate in the case of benzene is indeed small (%).

Calculations of ® for different positions of a benzene molecule above the basal
face of graphite and different z at ¥ = 0 (7®) showed that, for a given z and
¥ = 0, ® depends only weakly on the position of the benzene molecule. In the
present work we neglected the dependence of ® and of the equilibrium distance
zpon x, y, and . In deriving the dependence of ® on z, 9, and 1, we considered
the benzene molecule as a regular plane hexagon, at whose vertices are located
the force centers i—the CH groups. For the dependence of the potential energy
®, of interaction of center ¢ (the CH group) of the adsorbate with the entire
lattice of the adsorbent on z;, the expression (1) was adopted

D, = ugra; T+ ugea; ?+ uope_("f?_1>zi0/l, (6)

where

_ -4 _ —42
ugp = —Cyp124 s ugy = —CoiPaz;9" (7)
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Ugp = Bike 70/l = _Zi)(uo1Q1 + Up2ga), o; = z;/ 2
The constants of dispersion attraction for the benzene molecule C; = 6C; and
Cy = 6C,; were calculated in (7 (respectively by the Kirkwood-Miiller formula
<9>) and by an analogous formula (1>7) and the constants D1,q1, D2, o, and I—
in M. For CH, z,, was taken equal to the sum of the effective van der Waals
radius of CH (1.85 A, i.e., one-half of the van der Waals thickness of the benzene
molecule) and one-half of the interplanar spacing of the lattice (1.70 A), i.e.,
equal to 3.55 A.

The energy @ is found by summing the ®,:
6 6 6
(o, B,9) = ugy Z(OH'B sin ;)1 gy Z(OH‘B sin ;)" +ug, Z em(otBsingi=l)zo/l,
i i=1 i=1

(8)

=1 %

where

o = 2/z szosinw*; b= G- 13+, (9)

Substitution of (5) into (3), integration, and allowance for the symmetry number
of the molecule o and for the state function of its internal vibrations j, lead to
expression (4):

1 2rmkT\*? 2rAKT (27CKT\"? 222
e (F) T ()

faclass - — 12 h2 L2 7 Q’ (10)

where

0= /ozﬂ w /od/zm [(d/zi(f;df ﬁQ]l/z /<1><0 P <7%) rf (7%) " da,
(11)

and s is the surface area of the adsorbent. The value of integral (11) was
calculated graphically; the results are given in Table 1. As can be seen from the
table, the subinte—

* The distance of the center of the CH group from the center of the hexagon of
carbon atoms, d, was estimated from the relation ()

P
d = ’I"cfc + TC*HT—?—HQ%: ad 187 A,
0 0
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where 7 ¢ = 1.39 A is the C—C bond length; ro i = 1.08 A is the C—H
bond length; @, and @, are the potential energies of interaction of the H and
C atoms of the molecule with the basal face of graphite at z; = z;y (z; is the
distance of force center ¢ from the z,y plane, z = 0; z;, is the corresponding
equilibrium distance). ®yy and @, were estimated from formulas (6) and (7).
It was assumed that the polarizability aq; and the diamagnetic susceptibility
Xcp of the aromatic CH group are additively composed of the a and x of the C
and H atoms, and that the ratios ac/ay and x¢/xy in the aromatic CH group
are equal to the corresponding ratios in the aliphatic CH group. For the H and
C atoms of the benzene molecule, z;, were taken equal to 2.90 and 3.55 A.

Table 1

Results of calculating integral (11) for a benzene molecule on the surface of
graphite at

T =293K; f(B,v)= /exp (—%) erf <—k—T> do

and

— . =0% oo, Y = 30°:
8 v=0 s Y rsw8
B 1/2f(ﬂ71/)) 1/2f(ﬂ,1/)) 72
[(d/zz‘())Z - 52] [(d/zzo)? - 52] [(d/zio)Q - 52]
0 0.00 2.21-108 0.00 — —
0.025 0.0475 1.92-10% 0.0912-106 — —
0.050 0.0953 1.53-10%  0.146 - 109 — —
0.100 0.1934  0.556-10° 0.108-10° 0.556-10° 0.108 - 10°
0.20 0.4103  0.049-10% 0.020-10° — —
0.30 0.6926 0.0072-10% 0.0050-10° 0.0063-10° 0.0044-10°
0.50 3.008 0.00079 - 0.0024-10° 0.00045 - 0.0014-10°
106 106
fy) = f() =
0.185-10° 0.185-10°

The integral function f(1) is practically independent of ). Hence @ = 270.185-
10° and f, . = 0.74 - 10%s5, /0.

class

Further, in our case (4)
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Figure 1

Figure 1: Figure 1

2

v* = (hv, /kT)(hvy/kT)* [1 — exp(—hl/z/k:T)r1 [1 —exp(—hvy/kT)] =, (12)

where v, is the frequency of vibration of the center of the benzene molecule
perpendicular to the surface, and v, is the frequency of its torsional vibrations.
Near the potential minimum

3D 3 Dd?
O = bz=2, (2 — z;0)? 77192 13
19:60 + Z,L-QO (Z 210) + 2 27;20 ’ ( )
where
22
D =wug1q1(qy + 1) + ugaga(qe +1) + uopl%' (14)
Hence
v, = L Jo0 _ 2.08 - 1012 sec 1, (15)
27727;0 m
d 3D _
T o, VA T 2:55 - 10 sec™. 10)

Fig. 1. Dependence of the change in the chemical potential of benzene on
the filling of the graphite surface at 20°; 1 —calculated from experiments with
graphitized carbon black, 2 —calculated theoretically.

Substituting these values into (12) and (2), we obtain v** = 1.8 and f, =
1.33 10255, /o.

The partition function for a benzene molecule in the gas phase (® = 0)

3/2

Fo j—”8ﬂ'2 (27rka>

(27rAkT> (27rOkT> 1/2
o h2 ’

e 2 (17)
where v is the volume of the gas. Substitution of (17) and (10), taking (2)
into account, into (1), under the assumption that o and j, do not change upon
adsorption, gives
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2 %, 0
25 QU p w

_ m
A= —RTIn =02 4 RT Ino, (18)

2
where p® = 760 mm Hg is the standard gas pressure; w,, = 40 A~ ('1:6) is the
area occupied by a benzene molecule in a dense monolayer, and 6 = w,,/s/N,.

Substituting the corresponding values in (18), we obtain, for the transfer of
benzene from the gas at 760 mm to the surface of the basal face of graphite at
293°K,

Ap = —3.154 1.341g 0 kcal/mole. (19)

In Fig. 1 the initial portions of the experimental and calculated dependences
—Ayp on 6 are compared. Experimental curve 1 was calculated from the ad-
sorption isotherm obtained in (®), using the thermodynamic formula —Ap =
RTIn760/p(6). Calculated curve 2 lies close to the experimental one. Thus,
also in the case of a polyatomic molecule, the complete theoretical calculation
gave values of Ay close to the experimental ones.

Table 2

Results of approximate calculations

Character

of the

approxi- Error in Error in Ap,
No. mations fa Class/1029 Sja fa class kcal/mOIG

1 The most 0.74 0 0
rigorous
variant:
the form
b =
D(z,9,)
is given by
expression

(8)
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Character

of the

approxi- Error in Error in Ap,
No. mations faclass/ 10255, foclass kcal/mole

2 Motion 0.72 3% 0.016
perpendic-
ular to the
surface is
a
harmonic
vibration
and ¢
does not
depend on
V:®(2,9) =
q)(z7 19)2220 +
k. (9)
—5
z9)?
3 Asin 0.68 9% 0.05
variant 2,
but it is
assumed
that
k. # (),
and is
equal to
its value
at 9 =0
4 Harmonic 0.23 by a factor of 0.68
vibration 3.2
perpendic-
ular to the
surface,
and
harmonic
torsional
vibra-
tions: ®(z,9) =
D=z +
9=0
kz (Z — ZO)2
k‘ 2
0 92
5 ¥

+
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Character

of the

approxi- Error in Error in Ap,
No. mations faclass/ 10255, foclass kcal/mole

5 Harmonic 44.5 by a factor of 2.4
vibration 60
perpendic-
ular to the
surface
and free
rota-
tion®(z) =

D=z, +
9=0
k.(z = 2)*

2

Let us now consider some other variants of the approximate calculation. In
Table 2 the result of calculating f, .j..s With expression (8) for ® is compared
with the results of calculations of f, .. for various assumptions about the state
of the benzene molecule at the graphite surface. Also given are the errors in
faclass and in Ay arising under these assumptions, relative to the corresponding
values of the first calculation variant. The table shows the admissibility of
approximations Nos. 2 and 3, which greatly facilitates the calculations.
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