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THE INTERMOLECULAR DIMER POTENTIAL OF NON-DIPOLAR LINEAR MOLECULES
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ABSTRACT

The intermolecular potentials of HZ’ DZ’ FZ’ 02, N2 and CO2 are
examined using three independent estimates:
i) The Kihara/Koide method, involving core anisotropy, van der Waals
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dispersion, quadrupolar interaction and octopolar induction terms.

ii) The ab initio calculation for dimers of these molecules, using
4 - 31G and 6 - 31G basis sets.
iii) The atom-atom (R.I.S.M.) method.

While some consistent features emerge, there is qualitative disagree-
ment in the majority of approach configurations which implies that the
Kihara/Koide potential is overestimating the attractive part of the potential
energy surface and underestimating the anisotropy of this surface in compari-~
son with the ab initio method.

The atom-atom and Kihara/Koide potentials agree almost quantitatively
in the majority of approach configurations, so that the extra electrostatic
features considered by Kihara et al seem generally to have little effect on

the atom—atom results.

INTRODUCTION

In the second of this series of papers1 we aim to compare from
different viewpoints some analytical potential forms for linear molecules.
For non-dipolar polyatomic molecules, Kihara et a1? have constructed an
intermolecular potential function.

wp= w [(BIP)*- 2 (21"

(1)

* Permanent address: Chemistry Department, Faculty of Science, Alexandria

University, Alexandria, Egypt

0378-4487/81/0000—0000/$02.50 © 1981 Elsevier Scientific Publishing Company

b

wl




-

216
which is similar to that of Lennard—Jonesa. The variable/o is set equal
to the minimum distance between impenetrable molecular cores. The core may

take any shape as long as it remains convex. If the cores are properly
chosen the sizes and shapes of the molecules can be taken into account in a
realistic way. In this representation a convex body is characterised by its
three fundamental measures: the volume V, the surface area S, and the measure
M, which is the mean curvature integrated over the surface of the convex body.
These can be related to measured second virial co-efficient data.
Although this describes the size and shape of a molecule in a realistic
way, the dependence of the potential depth on the molecular orientation is
not accounted for by consideration of the core potential alone. The depen~
dence of the potential depth on the molecular orientation is caused partly by
the electrostatic multipole interactions between the molecules. According
to Kihara et all’h the quadrupolar interaction is negligible for oxygen amd
probably for fluorine, but is not negligible for nitrogen and hydrogen, amd
is quite strong for carbon dioxide. However these speculations are not
borne out by far infra-red induced absorption Spectras’6, especially in
oxygen, where hexadecapolar forces seem to be as strong as the guadrupolar forces.
A scan of the core potential and the quadrupole interaction energy

takes the form

2
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Here r is the distance between the molecular centres, ©
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1 and Ql are the
polar angles of the axis of one molecule with respect to the line connecting
the two; 92 and ¢2 are those of the second.

Although this approximation to the intermolecular potential is simple
and useful, a more accurate description has been developedh to cover the
van der Waals attraction7 and to substitute this for the second term of the
core potential in eqn.(2). Taking into account the potential of the Londen
dispersion force, the role of electrostatic polarisabilities8 and the effects
of octopolar inductiong, Kihara and Koideh have developed a potential form
in nine typical orientatioms of the non-dipolar molecules, CO

2
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D2, NZ’ 02 and F2‘
A wide variety of basis sets has been used

calculations of the intermolecular interaction potentials. The interaction
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enerpy was found to be significantly sensitive to the type of basis set
12-14

used , but no attempt was made to consider explicit changes in the
poteniial energy parumeters in increasingly sophisticated basis sets.

In this paper we use the 4 — 31C and 6 - 31CG split valence basis sets
o calculate the potential energy surface for the dimers of the above
molecules and we wish to compare these ab initio calculations with the
Kihavra/Kolde potential forms4 which are among the most sophisticated in the
literature, A further comparison is made with the atom—atom potential for

these molecules.
COMPUTATIONAL METHOD

Calculations were carried out using the Gaussian 76 programme of

15_17. The configurations chosen by Kihara and Koide4 were used

Pople et al
with the monomer geometries kept at their experimental valuesl8. The
calculations were carried out on the Honeywell 6080 and CDC 7600 systems of

Aberystwyth/UMRCC.
RESULTS AND DISCUSSION

The ab initio calculated monomer properties are given in the following

table and the results are illustrated in Figs. (1) to (5) which we describe in turn.

TABLE

Monomer properties calculated by the ab initio method

Molecule? Total energy (in a.u.)

4 - 31G 6 - 31¢
i, - 1.1267 - 1.1267
N, - 108.7537 - 108.8678
0, - 149.3088 - 149.4614
r, - 198.4580 - 198.6457
c02b - 187.3279 - 187.5149

a. The calculated dipole moment for all the molecules is zero.
b. The calculated charges are: 0: - .4835;

C: + .9670 by 4 - 31C and O: - .4317;

C: + 0.8634 by 6 — 31G.

Atomic charges for other molecules are zero.
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Fig. 1, Hydrogen and Deuteriums:

(i) (zz) configuration

(a) atom-atom potential (€ (H) = 2.8 R; € /K (H) = 15.0 K).

(b) Kihara/Koide potential.
(¢) 6 = 31C ab initio calculations.

(i1) (zx); (iii)  (xx); (iv)  (xy); (v)

(zd);

(vii) (dd); (viii) (dd') and (ix) (dd ).

Ordinate: Kelvin; Abscissa .
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Hydrogen

Configurations are shown schematically in Fig. l: (a) on each
panel is the atom—atom potential; (b) is the Kihara/Koide estimate for
deuterium; and (c) is the ab initio estimate for hydrogen. It is obvious
that both the atom-atom and Kihara/Koide potentials overestimate the attractive
part of the potential compatred with the ab initio estimates. In paper 1 of

this series the former was thoroughly tested against the most comprehensive

" experimental data available for CH3F, agreement being much better with these

than with the atom-atom estimate. There are instances in the case of HZ/DZ
where the Kihara/Koide and atom-atom potentials are in qualitative disagree—
ment with the ab initio results, the latter being purely positiwve and the
former being megative. Despite a large qualitative discrepancy, the minimum
energy configuration is the same one in both Kihara/Koide and the ab initio

result,
Nitrogen

Nitrogen has a2 much bigger quadrupole moment. in three configurations
(Fig.2) the three potentials agree almost perfectly. These are low energy
configurations. In other instants where the ab initio potential 1s non-negative
it seems that the others are overestimating the effect of dispersion. Again

in the parallel approach (panel (iii)) there is qualitative disagreement.
Oxygen

‘In this case there is pronounced disagreement between the model and
ab initio results (Fig.3) in every configuration except the perpendicular one of
panel (iv). This crosswise configuration is that where the quadrupolar
attraction is strongest, and presumably also the hexadecapolar. This is
interesting because the far infra-red induced absorption of a compressed
oxygen has an anomalously broad band, stretching out to much higher frequen-—
cies than that of nitrogen and is explicable in terms of J —3% J + 4.
(hexadecapolar induced) dipole transitions. Again there is qualitative
disagreement in panel (iii), the parallel approach which is the minimum
energy configuration of the Kihara/Koide potential and is yepulsive in the
ab initio calculation. For 0, Kihara and Koide do not take into consideration
quadrupolar interaction, which in some instants, inciwding that of panel (iii)

is repulsive. 1n some cases (e.g. panel (v)) the ab initic result is an
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immensely strong repulsion field at no less than 7 2 intermolecular separating
while ihe Klhara/Kolde estimate allows am approach distance of less thaw 4 2.
This moy be aivributed to the existence of O2 in a etriplet state, thus
fucreasiug the latermolecular repulsion.

fluorine

In the fluorine molecule (Fig.4) the potential curves are always negative
(with both ab initio and model potentials) alchough the latter are deeper. The
disﬁances at which the potential curves cut the axis are similar in almost all
cases and there is no strong disagreement as in the case of oxygen. The minimum
energy configuration from the ab initio calculation is (v) and (iii) in the

Kihara/Koide representation, which is similar to the atom-atom behaviour.

Carbon Dioxide

In Fig.5, configuration (ii) (vii) and (viii) there is an inversion of the
trend of Figures (1) to (4) where the model potential wells are always deeper
than the ab initio. In these cases the three estimates agree fairly well in
position and depth. However in configurations (i), (ii1), (iv) and (ix)
there is qualitative‘disagreement once more, the ab initio results remaining
non—negative throughout. Both the ab initio and Kihara/Koide potentials
indicate that the configuration (vii) is the one of least energy, closely
followed in the ab initio representation by configuration (ii). However,
configuration (iv), which is the third deepest in the Kihara/Koide represen-
tation is entirely pon-negative in the ab initio calculations which is also
the case for configurations (i), (iii), (iv) and (ix). The characteristic
features of the orientation dependence of the intermolecular model can be
represented by Kihara's quadrupolar molecular models, made of two ferrite
magnets with plastic or wooden spherical caps. An assembly of such molecular
models simulates the crystal structure of carbon dioxide. It follows that
the ab initio calculations are not dominated to the same extent by quadrupolar

forces.

It is worth mentioning that the results obtained by both 4 - 31G and

6 - 31G basis sets are more or less the same. The crucial problem in the

—_ . . . . 19 .
variational calculations of intermolecular interactions are the coupling

of inter— and intra-correlation effects as well as the variation of the
intra~correlarion enérgy with distance, and in view of the smallness of these

forces, and due to overlap effects one may get a fully repulsive potential
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curve, so the exchange and overlap effects must be accounted for. As
previously noted_3 the interaction energies obtained by the SCF and CI method
are very similar but improved values for the total energy and thus the inter-
action energy of a particular basis set are obtainablé‘by optimization of the
orbital exponents at each internuclear separation. Dixon et 3114 have carried

out SCF calculations including configuration interaction for hexagonal He with
several basis sets. Adding polarization functions to the basis set was found
to improve the calculated potential energy paraﬁeters. So some improvements
may be made to the 4 - 31G and 6 - 31G results if we add P and/or D polari-
zation functions or with still higher angular momentum; combined with mini-
mization of orbital exponents at different intermolecular distances, and

this may play different roles in such geometrical arrangements considered here

in our study.

CONCLUSIONS

Intermolecular potential estimates have been comﬁared from three
sources: the atom—atom, the Kihara/Koide equation and ab imitio calculations.
In many configurations there is qualitative disagreement and it seems that
the Kihara/Koide and atom—atom representations overestimate the attractive

part in some configurations. The disagreement for oxygen is particularly

acute.
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