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Electron tunneling, charge transfer, and the intermolecular

forces between two H, molecules
G. A. Gallup

Department of Chemistry, University of Nebraska, Lincoln, Nebraska 68588

(Received 19 January 1976)

The spherically averaged van der Waals potential for the system H,~H, has been calculated using a
nonorthogonal CI method based on SCF orbitals for the individual molecules. With suitable restrictions on
the CI calculation we have isolated various contributions to the van der Waals potential, and have found
that charge transfer and dispersion effects are comparable to distances corresponding to the potential
minimum. The charge transfer contribution is further discussed in terms of a mechanism involving electron
tunneling through the intervening space between the molecules. Our calculation gives a spherically averaged
van der Waals well depth of 2.96 meV at 3.49 A. Experimental values are 3.00 meV at 3.49 A.

I. INTRODUCTION

Attempts to elucidate the nature of the forces between
molecules have occupied many workers over a long pe-
riod of time. The treatises by Hirschfelder, Curtiss,
and Bird! and by Margenau and Kestner? give complete
discussions of most aspects of the problems. The lat-
ter work gives an excellent historical perspective.

Quantum mechanical investigations commenced with
the work of Epstein® and Eisenschitz and London.* In
the ensuing years both the perturbation and the varia-
tional approaches were used to examine intermolecular
forces. As the simplest molecule~molecule system,
the H,—H, pair has engaged the attention of many work-
ers. Perturbation techniques have been used since ear-
ly times, 5=% while the development of computers over
the last 15 years has recently increased the use of the
variational approach.!®!® The AQ bases used in these
calculations have varied from a minimal set consisting
of a 1s orbital at each proton to the 2s 1p set of Bender
and Schaefer.'® The last study is of particular interest
to us, and we wish to examine the results closely.

Bender and Schaefer report on both a full and a re~
stricted CI calculation for Hy—H; in linear configura-
tions. Both calculations show an apparent van der
Waals minimum of depth 1.89 meV at 3.78 A distance
between the centers of mass. The experimental values'®
are R=3.49 A and ¢ =3. 00 meV, for the spherically
averaged potential. Although the calculation and exper-
iment refer to very different situations, Bender and
Schaefer attribute the discrepancy to “the known incom-
pleteness of , .. [the] basis.” Their explanation ignores
the electrostatic interaction of two H, molecules, how-
ever.

H, is an axial quadrupole!” with a moment @ =0. 38
a.u.'® When two axial quadrupoles are colinear, the
mutual potential is at its repulsive maximum and one
has

V=6Q* R® (linear configuration) . (1)

If the above linear geometry calculation is corrected for
the quadrupole—quadrupole repulsion, a closer agree-
ment with the spherically averaged experimental results
is expected. This indeed happens, and a spherically
averaged well depth of — 2. 62 meV at 3.44 A is esti-
mated from the calculations. The depth is still too
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small, and, in addition, excludes any effects of the

change in quadrupole moment when the two molecules
are mutually polarized by one another. Nevertheless,
the gloomy assessment of the basis appears overdone.

In this article we examine the theoretical spherically
averaged van der Waals potential for H,-H, by calcu-
lating the R dependence of the energy for four different
orientations of the two molecules, and obtaining the
spherical average numerically. We use a method in-
volving a nonorthogonal CI constructed with basis func -
tions which are SCF orbitals for an individual H,, and
therefore, completely localized to one of the molecules.
This basis is of the kind typically used in perturbation
treatments of long range forces, and its use allows us
to analyze separately the physical nature of the many
contributions to van der Waals forces. Wormer and van
der Avoird!® have recently done calculations very simi-
lar to this on the ethylene dimer.

Il. QUANTUM MECHANICAL CALCULATIONS

In recent calculations on H, Norbeck and Certain®®
carefully optimized the scale factors for a 1s, 1s’, 2p
set for H,. We have adapted this basis to our use, with
the single modification of replacing the 1s ten contracted
Gaussian functions used in Ref. 20 with a five Gaussian
function period due to Whitten.?! Table I shows the SCF
and MOCI energies of this basis compared to values
from other studies and that the five Gaussian 1s function
is only slightly inferior to the 1s function used in Ref.
20.

Figure 1 shows the four geometric orientations used
in this study. Calculations were made at intermolecu-
lar distances of 6.0, 6.6, 7.2, 7.8, 10.0, and 50.0
a.u. for each arrangement.

The AQ’s used here give rise to 10 MO’s for each H,
molecule, 10, 20,, 39,, 10, 20,, 30,, 17,,, 17,, 17, , and
l7,,. We use a subscript 1 or 2 to designate the loca-
tion of the orbital on molecule 1 or molecule 2. The
principal configuration for the system is (10,,)?(10,,)%,
which at infinite separation has twice the SCF energy of
Table I.

For our CI calculation we have used the 12 SCF orbit-
als 10{1’ 10{2: 10'“1, louz 20’,‘1, 20142: lﬂ'uxl.’ 117:4::2: lﬂuﬂ,
and 1g7,,,, augmented with six Rydberg-like orbitals ro,,,

Copyright © 1977 American Institute of Physics

Downloaded 29 Nov 2006 to 129.93.16.206. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



G. A. Gallup: Forces between two H, molecules 2253
p 2

TABLE I. Comparison of various calculations of the energy of

the H, molecule, - ------ — / ““““““

i. D I. C

Basis Reference SCF Full CI o 2

1s, 1s’ 12 —1.151

1s, 1s’, 2p 14 -1,13119 -~1.16570

1s, 1s’, 2p This work -1.13281 —~1.16945

1s, 1s’, 2p 20 -1.13324 -1.17001

Exact 18 —1.13364 -1.17447

YOy, PMugt, PMuxzs VMuy, and 7m,,,. The latter orbitals
are single component p type Gaussians located at the
center of the mass of each H, and have a scale factor of
0.125, This value gives rough correspondence to hy-
drogenic 2p orbitals and was not further optimized. The
maximum of such orbitals occurs around 2 a.u. from
the center, somewhat outside the normal boundaries of
the H, molecule. The CI calculation consists of all sin-
gle and double excitations out of the principal configura-
tion into the remaining 16 orbitals. Values of the ener-
gy for each of the geometrical arrangements are given
in Table II.

We assume that the angular dependence of V may be
expressed as

V(R, 6y, 6, ) = Vapn(R) + A[P5® (cos6,) + P? (cos,)]
+BP{? (cos6,)P{? (cosb,)
+ CP{Y (cos6,) P (cos6,) cose
+DP? (cos6,) P (cosb,)cos2s, @)

where P{™ is a conventionally defined associated Le-
gendre function, ¢ is the dihedral angle between the two
molecules, and §; is the angle between molecule ¢ and
the line connecting the two centers of mass. A more
complete discussion of the angular dependence of the
H,~H, potential appears elsewhere.'®

It is not difficult to show that the four geometries cal-
culated are sufficient to determine V;,, for a function of
the form of (2). Referring to Fig. 1 for the meaning of
the subscripts we have

Vapn(R) =[ — Ex(R) + 4E11(R) + 4E;1(R) + 2E1(R))/9 , (3)

and values of this spherical average are also given in
Table II. The depth of the van der Waals well here is
2.96 meVwhich compares very favorably with the recent
molecular scattering results of 3.00 meV.!®

In addition to the CI resulting from all single and dou-
ble excitations out of (1o, ¥ (10,,)?, we performed cal-

/ . C,,
FIG. 1. Geometrical arrangement of the two H, molecules for
the calculation of the spherical average.

culations with restrictions. This was done to test for
the importance of various contributions to the van der
Waals potential by an analysis similar to perturbation
theory treatments.

A basis such as ours, with each orbital strictly lo-
calized to one or the other of the molecules, possesses
a natural classification of each of the excited configura-
tions into different types involving different physical
phenomena and with varying contributions to the inter-
molecular potential.

Examination of the configurations shows evidence of
two main types: neutral configurations (N), in which
there are two electrons associated with each of the mol-
ecules, and charge transfer configurations (C), in which
there are net charges at each of the molecules. We
consider the N class first.

The category of neutral configurations may be further
subdivided into those producing dispersion forces, Np,
and those giving the distortion of the molecules and the
electron correlation within the molecules, N;. In prac-
tice the Np class involves simultaneous single excita-
tions at each molecule, and the N; class single and dou-
ble excitations at just one molecule. Physically, the
classification places the ground configuration with the
N; group.

The C category also has two subclasses, but here we
use the net charge as the criterion. C,; contains those
configurations with + 1 net electrical charge at the mol-
ecules and C,, those with + 2 net electrical charges.
The C category could perhaps be subdivided on a differ-
ent basis, but various physical criteria which might be
used do not apply well to H, molecules themselves, but
rather to H; and more highly charged species. In Ta-

TABLE II. Energies for four mutual orientations of two H, molecules and the spherical

average. Energies and distances given in atomic units.

R E, En En Eyy Eyp
6.0 - 2.3310626 —-2,3313605 —-2,.3312154 —2.3313585 -2,3313287
6.6 —2.3312869 —2.3314379 -2, 3313506 —2,3314167 —2,3314112
7.2 —-2.3313349 —2.3314223 —2,3313656 —2,3313999 —2,3314018
7.8 - 2.3313360 —-2.3313898 -2,3313517 —-2.3313701 —-2,3313744
10.0 —2.3313074 —-2.3313207 - 2,3313099 -2,3313123 -2.3313155
50.0 - 2.3313025 —2.3313023 —2.3313029 —2,3313022 -2.3313025
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TABLE II. Numbers of configurations corresponding to each
of the classifications discussed in the text.

Orientation Ny Np Cy C, Total
I 18 26 44 13 101
bid 31 46 88 24 189
I 30 49 86 24 189
v 21 22 46 15 104

ble III we give the number of symmetry functions in
each of the classifications.

The spherical average energy for the calculations
with the configuration sets N;, N;+ Np, N;+ C, Ny+C,,
have been determined, and Table IV gives the energies
of N; and the contributions due to Ny, C,, and C,, ob-
tained by difference assuming additivity, The sums of
these four energies give the correct value within 10%.
The error corresponds to interactions between the
groups from third order and higher perturbation terms.
Figure 2 shows curves for these contributions, and the
correct total.

i1l. DISCUSSION

Previous numerical perturbation treatments of the
van der Waals forces in Hy—H, have neglected charge
transfer phenomena completely. It is, of course, im-
plicit in MOCI calculations, but mixed inextricably with
other phenomena. Murrell, Randic, and Williams® in
their general theory of intermolecular forces include
such terms, but seem to feel that the contributions are
small. Certain and Hirschfelder®® have also discussed
such charge effects in terms of perturbation theory,
with applications to H; and H,.

Examination of the present results show that charge
transfer, particularly those of set C;, and dispersion
effects have nearly equal contributions for our basis.

From Table IV it is seen that the contribution from
the C, configurations is minimal throughout the range of
interest here., We say no more about these.

There are a large number of C; configurations, and
it is of considerable interest to see which ones predom-
inate. However, a quick examination of the results in-
dicate that no one of these configurations stands out,
and the relatively large contribution of C, is an accumu-
lative effect due to all. There does seem to be some
preference of single over double excitation configura-
tions, but the difference is small.

The contribution from N, configurations is just the
well understood London dispersion energy. This our
basis; there is only partial contribution from dipole-
quadrupole and quadrupole —quadrupole dispersion
terms. To get all of this would require addition to the
basis of orbitals with local 7, and 5, symmetry. A test
calculation at R=6. 6 a.u. was made using 7, orbitals
and the energy was lowered only 0.1 meV, and such or-
bitals were not used further.

The value of the dispersion energy is closely equal
to the total energy at the minimum. It would appear

4.0

2.0r

E (mev)

-20

-40t

L 1 -1 L

_60 1 ! 1 !
40 6.0 80 100

R (au)

FIG. 2. Various contributions and the total energy of the
spherically averaged mutual potential of two H, molecules. (1)
Calculated, this work; (2) experimental, Ref. 14; (3) repulsive
potential, configuration class N;; (4) charge transfer, configura-
tion classes Cy+ C,; (5) dispersion contribution, configuration
class Np; (6) spherically averaged SCF energy.

2.0

that this fact explains in part the success that previous
workers have had in calculating the depth of the van der
Waals well without including charge transfer effects. It
is also seen that the N; configurations (which include the
first order effects) show a strong, long distance repul-
sion, This is due in part to the inclusion of the diffuse
orbitals in the basis. However, the diffuse orbitals
also contribute to dispersion energy, and so there is a
tendency for the effects to cancel. The same cancella-
tion occurs to a somewhat lesser extent with the charge
transfer.

It is reasonable to conclude that previous calculations
of the van der Waals forces in H,~H, have been suc-
cessful because of cancellation of errors., We also can-
not claim that our calculation is completely free from
this problem, but the calculation of both the attractive
and repulsive parts of the potential have been pushed
closer to their correct values.

TABLE IV. Spherically averaged contributions to the energy
from each configuration type. All energies and distances given
in atomic units.

R Ny Np lo} C,
6.0 —2.3310252 —0.0002101 —0.0001162 —0.0000042
6.6 —2.3312219 ~—0.0001213 —0,0000852 —0.0000020
7.2 —2.3312795 —0.0000681 —0.0000553 —0.0000009
7.8 —2.3312972 —0,0000423 —0,0000364 —0.0000004
10.0 —2.331303¢ —0.0000094 —0,0000028 0.0
50.0 —2.3313025 0.0 0.0 0.0
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IV. ELECTRON TUNNELING AND CHARGE
TRANSFER

In his classic discussion of the theory of charge
transfer complexes, Mulliken®® suggests that forces due
to charge transfer may be competitive with dispersion
forces even between like molecules. Our results ap-
pear to verify this early prediction.

However, the inclusion of charge transfer configura-
tions in intermolecular force calculations has been
criticized recently. The general problem, arising in
any LCAO basis calculation which compares energies
at two or more geometries, has been called the basis
set enhancement errors.?® In the simplest molecular
interaction cases, the error is considered to occur be-
cause the quality of the basis for one molecule in a
composite system is affected by the presence of the ba-
sis located at the other molecule, and depends upon dis-
tances between molecules, It is convenient to consider
the enhancement error at two levels.

The first level was first identified by Kestner?? in
interpreting correctly the spurious minimum in the He,
SCF calculation of Ransil.?® A similar spurious well
can be produced in a minimal 1s basis calculation of the
interatomic potential of the 337 state of H, by the sim-
ple expedient of using (for example) £ =0, 9 at all dis-
tances. This value of ¢ is not optimum for infinite sep-
arations but is appropriate for a smaller distance. We
emphasize that the minimum produced in such a calcu-
lation is completely unconnected with the real van der
Waals well in 332 H,.

Wormer and van der Avoird!? have suggested a test for
the enhancement effect. They propose to calculate the
energy of one molecule in the presence of the empty ba-
sis from the other. This test is easily applied to 33 H,
and shows the expected effect: the calculated energy of
a single H atom is improved by the presence of the ex-
tra 1s orbital for £+ 0.1. This shows, by counterex-
ample, that the test is not sufficient, however. The
spurious minimum in H, occurs only for {<1, whereas
the test is positive for either {<1 or {>1. The ques-
tion of necessity of the test is unanswered.

It is fortunate that this level of difficulty with the en-
hancement error shows at the SCF level. Figure 2 also
includes the spherical average SCF energy for our ba-
sis, and there is no evidence of a minimum. In our
calculation the scale values of the orbitals are optimal
for separated H,. Tests at several distances and ge-
ometries showed that the optimum values changed by
less than 1% throughout the whole range of our calcula-
tions,

The second level of possible enhancement error is
much more subtle, occurring only with CI calculations
and affecting electron correlation. The error here has
been called distance dependent intramolecular electron
correlation, and happens if the orbitals of a second
molecule provide additional flexibility for electron cor-
relation over that provided by the basis for the first
molecule. Some workers suggest the elimination of the
offending configurations to overcome the problems. %1°
In our case, the configurations giving these effects are

2255

the C, and C, groups, and as before we ignore the C,
set.

The analysis here is very complicated, since reason-
able arguments lead to the conclusion that real physical
processes occur, requiring C; configurations for their
correct description. The well-known phenomenon of
tunneling allows the electrons from one molecule to get
into the region of the other, Classical or quantal de-
scriptions suggest that the electron will spend some
time with the other molecule before returning. Recent
experiments indicate that slow electrons are captured
momentarily by molecules.?® Similar captures are ex-
pected to occur between pairs of molecules separated by
distances near the van der Waals minimum, These
physical processes allow for a certain amount of elec-
tron delocalization, which also contributes to the at-
tractive well between the two molecules. All of these
phenomena are expected to react upon the electron cor-
relation within the molecules, and hence cause a real
distance dependent intramolecular correlation effect to
occur.

C, configurations can thus contribute both to real ef-
fects and to a possible enhancement errors. An even
crude estimate of the division here appears to present
great difficulties. In their ethylene calculation, Worm-
er and van der Avoird!® agree that their enhancement
error test is too severe and overestimates the problem
at the second level. Further study is needed to settle
the question.

As was mentioned above, some workers have chosen
to eliminate these terms. We have included them in our
calculation. It appears that no rationale for a compro-
mise between these two positions is available today.
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