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The empirical or semiempirical theories of inter-
molecular forces seem to be able to yield satisfactory
results for the problem of the stability of solids and
for that of conformation of polymers, but in the
quatitative calculation of the interaction energy they
have more or less been clouded by ambiguous para-
meters or factors. This is also the result of the artificial
distinction between a long- and a short-range force
in the usual calculations of the interaction energy in
the region of the van der Waals minimum. Thus,
it is necessary now to seek a method by which these
forces can be unified.

The possibility that a molecular orbital theory could
yield an attractive interaction between two closed-
shell atoms or molecules has often been discussed.)
A careful CI calculation for He::He was done
recently? using very elaborate multiconfigurational
wavefunctions, and successful result was thus obtained.
However, it is doubtful that this method can be prac-

- tically applied to larger systems.

The energy of interaction, U(M--M), is generally
defined as follows:

U(M---M) = E(M---M) — 2E(M) (1
where M is a molecule or an atom and where M--M
is a dimer.

Assuming that intermolecular bonding is mainly
brought about by an overlap between two molecular
orbitals, we will calculate U(M:--M) by means of
the CNDO/2 SCF MO method® and will study the
applicability of this method to the molecular-interac-
tion problem by considering the contribution to the
lattice energy of the molecular crystal.

The molecules treated in the present work are N,,
C,H,, and CO,, which form crystals belonging to
Pa3 space group, and C;H,, which forms a crystal
belonging to the P2,/n space group.

Theoretical

Dimer Orbitals and Energies Obiained by the CNDO/2
Method. In this work, the dimer can be treated
as one species, and there is essentially no difference
between the intermolecular bond and the intramole-
cular bond so long as the LCAO MO approximation
is used. The dimer orbitals and energies can, then,
be obtained in the usual way, like the monomer or-
bital, from the following matrix elements:

1 1
Frr = =g ) + | (Paa=Z) =~ Prr=1) | raa
+ 3 (Psp—Zp)yap (orbital r on atom A) 2
B(x4)
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The total electronic energy of the dimer is expressed
as follows:

1
2

The Coulombic repulsion energy between cores is
as follows:

Ealec = 2 Prs (Hr.l+Fra) . (4)
7,5

Eeoro = A§B Z4Zp/Ryp . (%)

The total dimer energy, E(M---M), is, therefore:
Eirar = Eotee + Ecoro - (6)

The intermolecular interaction energy is, then:
UM M) = Eyga1(M-+M) — 2Eo001(M) (7)

The pair interaction energy (7) was summed over
all the pairs in the crystal, assuming the pairwise
additivity of the intermolecular forces. One half of
the above sum was compared with the experimental
heat of sublimation.

The assumption of the pairwise additivity is based
upon the finding® that, in the system of He,, the non-
additive contribution in the neighbourhood of the
van der Waals minimum is negligible.

Modification of Slater Atomic Functions at Larger Value.
Simple Slater atomic orbitals are usually used for the
calculation of the electronic states of molecules; they
are expressed, for example, as follows:

X2p, = (ob/m)Y/2 exp (—ar)r cos 0 8

X in (8) gives a satisfactorily correct charge distribution
when r is small, but it gives incorrect results when 7
becomes large.

One of the atomic functions accurate also in the re-
gion of large r values is the linear combination of (8)
with different orbital exponent o’s:

X'2p, = 1 €08 0 3 ay(os®/m)"/? exp (— 1) )

The coefficients, a,’s, and orbital exponents, «,’s, have
been determined by the Hartree-Fock-Roothan Me-
thod by Clementi.¥ In the present paper the above
types of Clementi’s atomic orbitals will be used as
basic functions, unless otherwise stated.

The CNDO/2 parametrization was done as usual®
except for the use of Slater’s p-values; the FORTRAN
program for CNDO/2 written by Kikuchi® was mo-
dified so as to be applicable to Clementi’s AO basis,
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In the present work, u-values appear, for example,
as «; in (9).

All the numerical calculations were done on a
NEAC-2200 model 700 computer system at the Com-
puter Center of Tohoku University.

Results and Discussion

Figures 1 and 2 indicate the dependency of the
U(M--M) of C;H, on the intermolecular distance,
R, when the two molecules have a parallel and per-
pendicular configuration respectively.

The summation of (7) over all the pairs of mole-
cules in the crystal was approximated by that over
the nearest and the second-nearest neighbour molecules,
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Fig. 1. The dependency of U(M---M) of C,H,; on inter-

molecular distance R when the two molecules have a
parallel configuration.
(a) using Clementi’s AO; (b) using simple Slater’s AO.
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Fig. 2. The dependency of U(M---M) of C,H, on inter-
molecular distance R when the two molecules have a
perpendicular configuration (using Clementi’s AO).

NOTES

[Vol. 46, No. 8
TasLe 1.2
M 1/233 U(M.--M) heat of Sublimation (obs.)
N, —0.06480 —0.0716412
C,H, —0.24834 —0.238511
C.H, —0.11360 —0.18213@
CO, —0.28465 —0.28621®

a) In electron volt, error +0.00025

since the third-nearest neighbour molecules in the
crystal are from 11.1 to 19.4 A away from the central
molecule and in this region the U(M---M) might be
negligible, as may be seen from Figs. 1(a) and 2.
More or less similar situations are observed for the
other crystals.

In Table 1, the experimental heat of sublimation,
which does not include the zero-point energy, and a
half of the calculated interaction energy summed over
the nearest and the second-nerarest neighbour mole-
cules in the crystals are compared. The consistency
seems to be quite good.

In Fig. 1" the U(M--M) (a) calculated by using
Clementi’s AO is compared with that (b) calculated
using the simple Slater AO.

The overlap integrals among the simple Slater AOs
are very small and negligible in the region of the inter-
molecular distances. However they become effective
if Clementi’s AOs are used.

To show the partial reliability of the present work,
we wish to cite two example: 1) Many authors
have examined the refinement of Bunn’s crystal st-
ructure for ethylene,”) and it is known today to have
P2;/n space group.®) If the IU(M---M) of C,H, is
calculated for Bunn’s structure, it becomes +3.37 eV
and is strongly repulsive. This does not explain the
formation of the stable crystal. 2) The lower-tem-
perature form of the crystalline acetylene has already
been suggested to be Cmca.?1? The present calcul-
tion of JIU(M---M) of CyH, for the Cmca structure is
—0.51456 eV, surely lower that of the high-temperature
form, —0.49668 V.

Furthermore, the staggered configuration of CH;OH
molecule was found to have an energy lower by 0.04486
eV or 1.03 kcal/mole than the eclipsed configuration.
This is in good agreement with the experimental value
of 1.07 kcal/mole.1®)
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