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Classical statistical theory leads to an expression for the molecular orientation
polarization PY, of a system containing N = Z,‘Ni unlike molecules, of the form [1]:
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Here, m®? is the a-component of the total electric dipole moment of the p-th mole-
cule of species / immersed in the medium, and the brackets (> denote the statistical
average.

In this part of our paper Eq. (1) will be discussed for a system consisting of
quadrupolar unlike molecules. A problem analogous to the one considered here,
albeit for a system of identical quadrupolar molecules, was discussed by Buckingham
and Pople [2], Zwanzig [3], and by Jansen [4]. These authors considered only the
contribution to Py, arising from the mean square of the dipole moments induced
in the molecules by the quadrupoles of neighbouring molecules. We shall take
into account the two additional effects resulting from the tensorial quadrupole-
quadrupole and anisotropic-dispersional interactions between unlike molecules.
Numerical estimations for carbon dioxide show that the two last-mentioned effects
contribute to the second polarization virial coefficient so considerably that they
cannot be neglected in comparison with the contribution from the quadrupole-
induced dipole effect as calculated without considering the tensorial interactions.

Dense quadrupolar systems

We shall consider a system composed of unlike non-dipolar molecules, albeit
possessing a permanent electric quadrupole moment defined by the tensor
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with ¢ denoting the n-th electric charge of the p-th molecule of species 7, and #pp —
its radius vector; the summation in (2) extends over all the charges of the molecule.
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For a quadrupolar anisotropically polarizable molecule m®? is given by the
following equation (the hyperpolarizability and induced quadrupole will be neglected)
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where a%? is the electric polarizability tensor of the p-th isolated molecule of species i,

and
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is the electric field at its centre due to the quadrupoles of all the other molecules
of the system. The tensor T, describing the dipole-quadrupole interactions is
of the form
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where rypy is the distance between the centres of molecules p and r.
On substituting into Eq. (1) the moment of Eq. (3) and the field of Eq. (4), we
obtain for a system composed of unlike quadrupolar molecules:
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This equation can be put in the form
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where x; is the molar fraction of the i-th component of the system, and
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where ¢ = N/V is the number density, g7 (zp, T¢) and g3} (vp, Tq, 7r) are the binary
and ternary correlation functions, respectively, and the configuration 7p of the
p-th molecule is described by the positional vector rp and the orientational
variable wy.

In the first approximation, the correlation functions g{? and g{} are independent
of orientation, and we find from (8) and (9), by integration over all orientations
of the molecules,
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By (5), we have
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and thus we obtain from (10) and (11) for axially symmetric molecules
2
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where a; = (off +2¢{0)/3 and # = (o) — of?)/3a; are the mean polarizability
and anisotropy of polarizability of an isolated molecule of species i, and
0; = 0f) = — 200 — —20¥) — its quadrupole moment.

Quadrupolar gas mixture

In the case of a quadrupole imperfect gas mixture, Eq. (8) can be written as
follows:

(15) PP = 0 {B¥ 1 0 (9)}.

Here, BS? is the second polarization virial coefficient for unlike quadrupolar mole-
cules given by:
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with Q = [dw, = f dwg denoting the integral over the orientations of the mole-
cules.
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The total potential energy of the interaction between two quadrupolar mole-
cules of species i and j is of the form [5]
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where uy; (rpg) is the central force energy. The second term in (17) represents the
quadrupole-quadrupole interaction energy and the third — the anisotropic disper-
sion energy; v is the electron oscillation frequency and # — the Planck constant.

By (17), we obtain from (16)
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describes the quadrupole-induced dipole effect for axially-symmetric molecules,
with

i (rpg)
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If, in addition to the central forces potential in (17), tensorial quadrupole-qua-
drupole and anisotropic-dispersional interactions are present, we obtain the two
following contributions to B, respectively:
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Application to a one-component gas

For a one-component gas, we can simplify expressions (19), (21) and (22) to
(if the well-known Lennard—Jones 6 : 12 potential [6] is used for u; (rpg) of Eq. (20))

a2 a2 gN

@3 oiaBp = 5

(1 + - %2) Hg(y),



Orientation Polarization. I1I. Quadrupolar Systems 497

n2a2q? N 160
(24) !I—QBP = "'—"90 (1 + 4% + '4_9 %2> H13 (y),
872 a2 xgN 91 324 233
o AR § | Z_ T w2 4 77 w3V H R
(25) ams—dlspBP = 315 ( -+ 40 % 35 e+ 70 ® 14 (y)

where H, (p) are the functions defined and tabulated by Buckingham and Pople [7],
¢ and o the well-known force parameters having the dimensions of an energy and
length, respectively, and y = 2 (¢/kT)1/2, g = ©2/eos.

For the case of very small anisotropy, Eq. (23) becomes identical with the result
derived by Buckingham and Pople [2] for isotropically polarizable quadrupole
molecules. At the same time, we can see from Eq. (23) that the influence of the
anisotropy of the molecule on , 4Bp is here four times larger, amounting to
16/5 x2, than the value calculated by Jansen [4] (which was 4/5 x2).

We use the following data for the CO,-molecule [8] : ¢/k = 190°K, ¢ = 3.996 A,
a=292x10-24 cm.3, » = 0.27 and @ = 5Xx10-26 e.s.u. By substitution of these
parameters into Egs. (23)—(25), we obtain for T = 298°K:

a—taBp = (§7 4 13) X 1024 cm.6/mol = 70 X 10-24 cm.6/mol.,
a—aBp = — (8 4+ 10)x10-24 cm.6/mol. = — 18X 10-24 cm.6/mol.,
anis——dispBP == 12 X 10_24 Cm.6/1’n01.

As can be seen from these evaluations, the contributions to the second polariza-
tion virial coefficient of CO, from the quadrupole-quadrupole and anisotropic-
dispersional interactions constitute 26%, and 179, respectively, of the value of
g—taBp = 70X 10724 cm.6/mol. as obtained for the quadrupole induced dipole
effect alone. Eqs. (23) and (24) indicate that the effects of the anisotropy of polari-
zability are so large that they cannot be neglected in the case of strongly anisotropic
molecules such as CO,, O,, etc., for which » > 0.2.
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