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A variation-perturbation method for atomic and molecular interactions. Il.
The interaction potential and van der Waals molecule for Ne-HF

G. A. Gallup® and J. Gerratt

Department of Theoretical Chemistry, School of Chemistry, University of Bristol, Bristol BS8 1TS, England

{(Received 11 February 1985; accepted 26 March 1985)

A recently developed variation-perturbation theory for calculating intermolecular forces has
been applied to the Ne—~HF system for fixed H-F distances. The maximum well depth is 0.49 kJ/
mol (41 cm ™) for a linear configuration with the H between the Ne and F and the Ne-H distance
approximately 5.5 bohr. A secondary minimum of depth 0.24 kJ/mol (20 cm ~!) was found for the
other linear configuration at a Ne—F distance of about 7.0 bohr. A saddle point, about 0.20 kJ/mol
(17 cm™!) deep, for the T-shaped configuration is present also at about 7.0 bohr. The potential has
been used to calculate some of the bound state internal energies of the Ne-HF van der Waals
molecule. The dissociation energy is 15 cm ™! from the lowest state.

I. INTRODUCTION

In the first article of this series' (hereafter called I) we
have developed a general variation-perturbation method for
calculating intermolecular forces. In this article we give the
results of applying this theory to the calculation of the inter-
molecular potential between a Ne atom and a rigid HF mole-
cule. We have also fitted the potential to an analytic expres-
sion that can be used to calculate the properties of the van
der Waals molecule formed from these two substances.

The van der Waals molecules formed between inert gas
atoms and hydrogen halide molecules are an important ex-
ample of such systems. Ar—-HCI has been the subject of a
number of experimental studies” and values for a number of
spectroscopic constants have been reported. The He—HF in-
teraction surface has been the subject of a recent theoretical
study.?> Among these molecules, Ne~HF occupies a unique
position, for its properties are such that one expects a stabil-
ity that will aliow it to be studied experimentally without too
great a difficulty, while at the same time, with only 20 elec-
trons, it is small enough to expect theory to produce a rea-
sonable accurate surface. We are thus in the position of hav-
ing a van der Waals molecule that will provide an excellent
test of a theory of intermolecular forces.

There have been two other calculations of the Ne-HF
potential reported in the literature. The calculation of Stone
and Hayes* employs a procedure broadly similar to ours in
that the total wave function for the system is expanded in a
series of antisymmetrized products of wave functions for the
individual subsystems. The subsystems are not orthogona-
lized, and the matrix elements are determined by an expan-
sion in powers of electron interchange.>® They obtained a
potential well of depth 42 cm~! for Ne approaching the H
and 5 cm ! for Ne approaching the F. They considered col-
linear geometries only.

Fowler and Buckingham, '® using an extremely large ba-
sis set, carried out an SCF calculation on the Ne—-HF super-

* On leave during the 1983-84 academic year from the University of Ne-
braska under the auspices of the S.E.R.C., United Kingdom and the Uni-
versity of Nebraska Research Council. Permanent address: Department
of Chemistry, University of Nebraska, Lincoln, Nebraska 68588.
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molecule for collinear geometries. The Ne—~HF well depth is
11 cm~! and that for Ne-FH is less than 1 cm~'. Such a
calculation includes induction and charge transfer effects
but no dispersion. However, its purpose was to examine the
nature of the basis set superposition error and in particular,
to show that the usual correction by means of the Boys coun-
terpoise methods serves only to introduce further unphysical
effects.

We have used our potential in a preliminary determina-
tion of the bound states of Ne?’~HF. This isotopic species
does not have a mass coincidence that complicates experi-
ments. However, most of the internal states of Ne-HF are
quasi-bound, and a detailed study of these will be reported in
a subsequent publication.

1. DETAILS OF CALCULATION
A. The AO basis

Table I gives the Slater basis used for each atom. It will
be seen to be between double-{ and triple-{-plus-polariza-
tion functions in quality. The original double-{ set is taken
from Clementi and Roetti.!' The third 2s and 2p and the 3d
orbitals on Ne have their scale factors adjusted to optimize

TABLE 1. Slater orbital basis sets for Ne, H, and F.

Ne* H F
n ! n I n I
1 0 114216 1 0 10 1 0 10.424 5
1 0 8.501 82 1 0 13 1 0 7.665 85
2 ) 3.568 83 2 1 1.0 2 0 3.13578
2 0 2.192 85 2 0 1.444 56
2 0 1.256° 2 1 4.183 89
2 1 4,687 73 2 1 1.850 62
2 1 2.056 84 3 2 2.50°¢
2 1 0.759°
3 2 1.820 72°

#The orbitals unmarked with superscripts are the double-{ basis sets from
Ref. 11.

" These values were determined to maximize the calculated polarizability of
Ne.

°This scale factor gives the correct dipole moment to the SCF function for
HF.
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the Ne polarizability determined using the functional of I
[Eq. (8]}

The 3d orbital set on F has its scale factor adjusted so
that the SCF function for HF yields the correct experimental
value for the electric dipole moment. This produces an in-
crease of only 0.0002 a.u. in the energy above the optimum
SCF energy possible with this basis. This discrepancy is not
expected to influence the calculated potential because of the
systematic cancellation of errors of the type discussed in 1.

The orbital scale factors of the H atom conform to the
commonly used values for H attached to F.

B. Pseudo-state orbitals and level shifts

The experimental value for the polarizability of Ne is
2.67 bohr>.'> Without a level shift, the basis of Table I gives a
polarizability of 2.37 bohr?, which is about 11% low. The
level shift required to make the calculation match experi-
ment is — 0.150 a.u.

In our calculations the Ne ls orbital was kept doubly
occupied in all configurations. This leads to a set of pseudo-
state orbitals for Ne that we denote as 3s, 3p, and 34. With
the high symmetry of the Ne atom only one orbital set of
each angular momentum is required.

The spherically averaged polarizability of HF has ap-
parently not been measured, although the anisotropy
a; — a, has been given as 1.620 bohr*."* Lipscomb'* has
given theoretical values of 5.803 and 4.183 bohr? for a; and
a,, respectively, and these values accurately reproduce the
difference. With the basis of Table I, and no shift correction,
we calculate @y and a, values of 4.197 and 3.116 bohr’,
respectively. The required level shift is the same for both
tensor components and is — 0.123 a.u. The level shift in-
creased the calculated polarizability by 25% (see Ref. 15).

In our calculations the HF 1o orbital was kept doubly
occupied in all configurations. This gives rise to a pseudo-
state orbital set on HF denoted by 40, 50, 60, 27, 37, and 16.
It is seen that both Ne and HF require nine pseudo-state
orbitals, but the higher symmetry of Ne produces a set with
less duplication of symmetry species.

C. Classification and calculation of integrals

In 1 we categorized the two electron integrals as “on-
board” and “intersystem” types. It is useful to give a some-
what finer classification with general formulas for the
numbers of each type. If we have a van der Waals system
with two subsystems, @ and b, having n, and n, orbitals in
their descriptions, there are

pa(pa + 1)/2 +Pb(pb + l)/z

on-board integrals, where p, = n;(n; + 1)/2, and i = a,b.

The intersystem types can be classified as generalized
Coulomb, generalized hybrid, and generalized exchange.
These terms are related to the names traditionally used for
diatomic molecules. The generalized Coulomb integrals fall
off asymptotically as some inverse power of R. There are, in
general, p,p, of these.

The generalized hybrid types involve a pair of orbitals
on one subsystem interacting with the product of two orbi-
tals, one from each subsystem. There are (p, + p,)n,n, of
this type.

G. A. Gallup and J. Gerratt: Atomic and molecular interactions. |l

The last type consist of the generalized exchange inte-
grals. There are n_n,{n,n, + 1)/2 of these.

For the calculation described here, with 19 orbitals on
Ne and 20 orbitals on HF, these formulas give

40 300 on-board,

39900  generalized Coulomb,
152 000 generalized hybrid,

72390  generalized exchange

types. This is a total of 304 590 possible two electron inte-
grals, of which a relatively small number are normally zero.

The on-board integrals were calculated with the Gaus-
sian transform method using the Stevens integral package,
POLYCAL.'® As was emphasized in I, this was done only once
and took only a few minutes on an IBM 3081 computer.

Referring again to I, we used the multipole expansion
method for the generalized Coulomb intergrals. For these
calculations the expansions were taken as far as quadrupole
terms. This is sufficient to give values of the integrals typical-
1y within 0.01% of those from the Stevens program. On the
IBM 3081 machine the 39 900 integrals of this type could be
calculated in 4-6 s.

The generalized hybrid and exchange integrals consti-
tute 74% of the total in our system, and it is clearly impor-
tant to calculate them efficiently. The Fourier transform ap-
proximation scheme of I was used on both these types of
integrals. The numerical quadrature formulas involved were
implemented with four quadrature pointsin the k and the 5,
directions and eight in the ¢, direction. These integrals are
typically accurate within 1% of the value given by the Ste-
vens program and required 3—4 min on the IBM 3081 com-
puter.

D. Cl calculation

The orbital basis set used in the calculations was as fol-
lows:

Ne: Is 2 2p; 35 3p 34,

R N,

pseudo-states

HF: lo 20 30 1m 40 50 60 27 37 16.
W

pseudo-states

It should be recalled that the Ne and HF sets are not orthog-
onal to one another, and are used directly in the VB calcula-
tion.

The 15 and 1o orbitals were kept doubly occupied
throughout. Inclusion of all single and double excitations of
the types discussed below from the 14 remaining orbitals
gives rise to 720 configurations of 4 ' symmetry (even with
respect to a reflection in the plane of the system). These con-
figurations may be grouped into three classes as described in
I and give rise to the following contributions to the intermo-
lecular potential:

(ia) Single excitations; occupied pseudo-state orbital on
Ne atom: Polarization of Ne by HF.

(ib) Single excitations; occupied pseudo-state orbital on
HF molecule: Polarization of HF by Ne.

(ii) Double excitations; occupied Ne pseudo-state Ne;
occupied HF pseudo-state HF: dispersion interaction.

J. Chem. Phys., Vol. 83, No. 5, 1 September 1885
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TABLE II. The intermolecular potential of Ne-HF at 50 points. (Energies in m hartrees). The asymptotic energy is — 228.590 621 54 a.u.

6 (deg)

R 0.0 450 90.0 135.0 180.0
20.0 —~0.001 708 9 —0.0010780 —0.000133 4 —0.000 182 3 —0.000 194 3
15.0 ~0.016 409 8 —0.0190840 —0.001 006 8 —0.009 0210 — 0.008 968 7
12.0 ~0.028 1769 —0.0314167 —0.021 6049 —0.0221777 —0.018 6637
10.0 ~0.0503485 —0.053 343 4 —0.0343379 —0.0407525 —0.034 3502

9.0 ~0.077 946 2 —0.068 3273 —0.047 4400 —0.048 296 8 — 0.047 699 1

8.0 ~0.1329275 —0.0972377 —0.057 6612 —0.0613196 —0.0617196

7.5 ~0.176 728 3 —0.106 441 2 —0.057 405 2 —0.064 0349 —0.074 206 5

7.0 ~0.189 608 2 —0.106 555 8 —0.048 689 0 — 0.049 046 8 —0.0743224

6.5 ~0.112 1432 —00732230 —0.0129399 0.021 750 4 0.045 5650

6.0 0.056 051 0* —0.0027279 0.055 1343 0.268 393 0 0.260 176 1

“The accuracy of the quadrature formulas used in obtaining the generalized hybrid and exchange integrals was insufficient for this point and the Stevens
program was used. This point fits smoothly into the others with no difficulty, however.

(iiia) Single excitation; occupied Ne pseudo-state HF;
Ne"HF™ charge transfer.

(iiib) Single excitation; occupied HF pseudo-state Ne:
Ne HF™ charge transfer. There are further double excita-
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FIG. 1. Two different views of a pseudo-perspective three-dimensional rep-
resentation of the intermolecular potential between Ne and HF. In each
case half of the surface is shown. (a) is a section through the HF molecule
with a stick drawing showing the relation of the coordinates of the atom
positions to the surface. The “front edge” of the surface shows the potential
along the two possible linear configurations. The vertical scale is in cm ™.
(b} is the same surface seen from the *“backside.” In both cases the portion of
the surface where the two molecules are approaching closely to one another
is truncated at 100 cm ™.

tions within Ne along and within HF alone that provide cor-
relation effects within the isolated subsystems. Such configu-
rations were not included in the present calculations. The
use of the level shift technique compensates—at least partial-
ly—for their absence as far as the intermolecular interaction
is concerned. No charge transfer excitations [(iiia), (iiib)]
were included either. The omission of these configurations is
discussed below.

The double excitations (ii), which describe the disper-
sion interactions, are all of the form:

(102202302 17 40( IT; *IT }; 15°25°2p°3s('P; °P)},

i.e., both singlet-singlet and triplet-triplet couplings
between HF and Ne are included for each case.

The Hamiltonian and overlap matrices were evaluated
for the functions, and the potential of the interaction was
obtained directly according to the procedure described in 1.

The potential is expressed in terms of the distance
between the two subsystems R measured from the center of
mass of normal isotope HF to the Ne nucleus and the angle
measured from the H end of the molecule. We have calculat-
ed energies for 50 different geometries: R = 6.0, 6.5, 7.0, 7.5,
8.0,9.0, 10.0, 12.0, 15.0, and 20.0 bohr for each of the angles,
6 =0.0,45.0, 90.0, 135.0, and 180.0 deg. The specific values
are given in Table II.

lIl. INTERMOLECULAR POTENTIAL BETWEEN Ne AND
HF

The energies of Table II have been fitted to an expres-
sion of the form

V(R,0) = ZI‘, Vi(R)P(cos 6) (3)
for values of / up to 4. The V,(R ) have been represented by
exponential functions, splines, and inverse powers of R de-
pending upon the range. A general purpose FORTRAN
function subprogram that gives this potential has been writ-
ten and is available from the authors.

The depth of the potential in the & = 0 direction is 41.6
em™}, in the 8 = 90 direction it is 17.0 cm™!, and in the
6 = 180 direction it is 20.4 cm~'. A simulated three-dimen-
sional altitude drawing of the fitted energies is shown in Fig.
1.

J. Chem. Phys., Vol. 83, No. 5, 1 September 1985
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IV. BOUND STATES OF THE Ne-HF VAN DER WAALS
MOLECULE

We have used the potential ¥ (R,8 ) of Eq. (5) to carry out
a preliminary calculation of the bound states of the Ne?’-HF
system. The wave functions are expressed as

U =3 fin(R)p M (w.12). (6)
J

In this equation ¢ ;¥(w,£2 ) is an angular function in which

the orbital angular momentum of Ne about HF, /, is coupled

with the rotational angular momentum of HF, j, to give the

resultant J:

g =3 (jlm;m,|IM)Y,,, (@)Y, (2).
mymy
The angular coordinates @ and {2 refer to space fixed axes.

The radial functions f7, (R ) are determined by an ex-
pansion in a basis set of harmonic oscillator functions, ac-
cording to the procedure of Bratoz and Martin."’

These calculations predict two bound states in the well.
The energies are shown in Table III and Fig. 2 forJ =0, 1,
and 2. The value of D, is 14.7 cm ™!, and the zero point
energy is 26.3 cm ™',

The value of B, for HF is 20.939 cm™','® and conse-
quently all states of Ne—-HF where HF is executing internal
rotations with respect to the Ne-HF framework will be qua-
si-bound. A more detailed study of the energies and the life-
times of these states will be reported in a subsequent publica-
tion."

The pattern of the bound state energy levels is shown in
Fig. 2. These are what one would expect for a linear molecule
and are easily fitted to the formula

E,/hc=B,J(J+1)—D,[J(J + 1]
with

B,=0.106 cm™!, D,<5x 10 *cm™,

B, =008 cm~!, D, =0.

A sizable effect of an excitation of the Ne-HF stretching
motion is evident.

E. Discussion

The present calculations show that the Ne-HF poten-
tial has a well-depth of 41.6 cm ™! in the collinear Ne-H-F
configuration and a secondary well 20.4 cm ™' deep in the
Ne-F-H configuration. The pattern of the energies of the
bound levels indicates that the motion of Ne-HF is almost
completely linear.

As explained in I, the purpose of the level shift correla-
tion is to yield the correct dipole polarizabilities for both Ne
and HF. A small adjustment of the exponent of the 3d basis
function of F also provides the correct dipole moment of HF.

TABLE III. Energies of Ne~HF van der Waals molecule (in cm™!).

L k=0 k=1
— 14.72 —5.47

1 — 14.52 —5.31
— 14.14 —4.99

SIX ENERGY STATES OF Ne-HF

9.73
9.41 -7
noe 1 9.26 _-~---
_8.58
8.2 -7
n=@ 8.6 .---
J = ) 1 2

FIG. 2. Pattern of energy levels of the bound states of Ne-HF. The energies
are given in cm ™’

Consequently we are reasonably confident that the R ~° part
of the potential, which arises from induction and dispersion
effects, is accurate.

The succeeding terms in R ~7 and R ~%, which respec-
tively arise from dipole—quadrupole induction and quadru-
pole—quadrupole induction + quadrupole dispersion inter-
actions, although present in the calculations [as excitations
(ia) and (ii)}, have not been optimized in the same way. We
regard this as the most significant shortcoming of our calcu-
lation.

Our calculations do not include any correlation effects
on the isolated Ne and HF subsystems (double excitations
for each subsystem, giving rise to double + quadrupole exci-
tations in the interacting system). As argued above the level
shifts compensate at least partially for this absence as far as
intermolecular interactions are concerned. In several pre-
vious studies the MO-CI approach have focused on the in-
teraction between intramolecular (subsystem) correlation
and intermolecule (dispersion) correlation,?® and conclude
that this is significant. A careful study of He-He using VB
theory?! found on the contrary that there is no significant
interaction between these two types of correlation. It would
appear that, at least for He-He, the manifestation of an inter-
action between the two types of correlation is an artifact of a
particular model. If this turns out to be generally true, it
would represent a useful additional feature of the VB ap-
proach.

The absence of charge transfer (CT) configurations in
our calculation ensures that there can be no basis set super-
position error. The straightforward inclusion of CT in VB
calculations is known to produce this error,’’?? and can re-
sult in potential wells that are far too deep. The essential
cause of this [for excitations of type (iiia) and (iiib)] is that CT
configurations provide spurious improvements in the de-
scriptions of the subsystems as they approach one another.
With well optimized subsystem orbitals this type of error is
completely missing, and we are confident of having ap-
proached this level of accuracy.

In the present case if one considers genuine single excita-
tion CT affects, this would mean the inclusion of the configu-
rations pertaining to the structures Ne™, HF~ and Ne~,

J. Chem. Phys., Vol. 83, No. 5, 1 September 1985
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HF™. Simply to state these is to emphasize how negligible
such contributions are likely to be. Although HF ~ is stable,
the disparity between its electron affinity and the ionization
potential of Ne indicates that {Ne*HF~} configurations
may be safely neglected. When we consider the other direc-
tion of CT we see that all states of Ne™ (2p5, S; nl; ) are
metastable and strongly coupled to the continuum. This and
the ionization potential of HF indicate that Ne has no parti-
cular interest in another electron from HF and these config-
urations can also be safely neglected.

More complicated CT configurations (double and high-
er excitations with charge transfer) produce a basis set super-
position error that results from a spurious increase in the
intramolecular correlation as the subsystems approach one
another. This error could be effectively eliminated if the sub-
systems were thoroughly correlated by other configurations.
However, this is impractical in a system of the size we are
discussing here, and we have not included any CT configura-
tions of the type that cause this difficulty.

Our present results for the Ne-H-F well depth (41
cm™") are in almost perfect agreement with the results of
Stone and Hayes.* There is, however, a considerable discrep-
ancy for the Ne-F-H well, which we find to be ~4 times
deeper (20 cm~! compared to 5 cm ™ *). The Stone and Hayes
calculations made use of considerably smaller basis sets than
the present work, a fact that almost certainly accounts for
this disagreement.

It is perhaps worthwhile pointing out the extreme long
range of the Ne-HF interaction. For R (Ne-HF) = 20a,, the
potential is still ~ — 0.4 cm ™. This conforms to features of
potentials calculated with semiempirical HF {Hartree—
Fock) + damped dispersion procedure, but is not usually
found in ab initio calculations. While the ab initio work does
indeed possess the correct long range R " character, the
potentials generally fall off too rapidly. This shortcoming, it
seems to us, can be attributed to the use of too few long range
Gaussian basis functions, so that the tails of these wave func-
tions fall off too rapidly.

2327

Our potential indicates that the H end of HF is “softer”
to Ne approach than the F end. We attribute the larger depth
of the well there to a lower electron density and a lower
repulsion that allows the Ne to approach the H end more
closely so that the attractive part of the potential can become
larger before being cut off by the repulsive part. One result of
this is that the geometric surface in space defined by (9V /
dr) = 0 is surprisingly close to spherical with the center at
the normal isotopic HF center of mass. Because this center of
mass is very close to the F nucleus, Ne can approach the H
rather more closely than it does the F.
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