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Summary. We present calculations of the deuterium electric field gradients in
the HD and LiD molecules obtained with a variation-perturbation method
using Gaussian atomic orbitals. The differences between our theoretical
values and the corresponding experimental or best calculated values are 2%.
We conclude that high accuracy can be obtained with the variation-perturba-
tion method using either Gaussian or Slater orbitals.
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1. Introduction

In a recent series of papers we reported calculations of the deuterium electric field
gradients (EFG) on the HD molecule [1], the LiD molecule [2} and the DF
molecule [3]. We also computed the vibrational dependence of the field gradient
in the HD molecule [4]. The above calculations were all based on the use of
Slater atomic orbitals using a variation-perturbation method [5). Since we wish
to extend the scope of our calculations beyond diatomics it is necessary to make
use of Gaussian atomic orbitals. In order to judge the accuracy of EFG
calculations based on Gaussians we present a study on the HD and LiD
molecules.

All our calculations are based on a variation-perturbation method that one of
us introduced some years ago [5]. Here, a zero-order approximation to the EFG
(which we denote by ¢%) is obtained as the expectation value of the EFG
operator with respect to the molecular wave function, and a correction term g7,
is calculated by solving a variation perturbation equation. The final result g, is
then obtained as the sum of the two contributions.
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Some other recent work on EFG by Cummins et al. [6, 7] is based on the use
of Gaussians. Here the wave functions are derived from ab initio procedures
employing extensive Gaussian basis sets at the SCF level, with singles and
doubles CI and at the coupled pair functional levels of theory. The EFG values
were then obtained as the expectation value of the EFG operator and also by
using the finite field method. An earlier calculation by Sundholm et al. [8] on
LiD uses a similar procedure: an SCF calculation with Gaussians supplemented
by configuration interaction involving 993 configurations. In Sect. 3, we compare
the LiD result of Sundholm et al. with ours. The other work by Cummins et al.
involves different molecules and it is not possible to make comparisons.

2. Calculations

We start our calculations with an approximate molecular function ¥,, an SCF
molecular wave function which is an antisymmetrized product of molecular
orbitals @,. The molecular orbitals @, are linear combinations of Dunning and
Hay contracted Gaussian orbitals [9]. The expectation value g% of the EFG at
the deuterium position is then given by

gd(el) = (Po|V..(el)| o>
= 2; (P | Vo (eD)| e, (D

where
V..(el) = Z V,.(0) = (rp; — 323:) [rone (2)

The summation in Eq. (1) is to be performed over all occupied molecular orbitals
and that in Eq. (2) is to be performed over all electrons.

The next step in the calculations is to derive a function F by minimizing the
functional

(F|H = Ey|Fy + (F|V_.(el)| o) + {¥o|Voc(eD)| F) 3)
subject to the condition
(F|¥y>=0. (4)
The correction term to ¢%(el), qp(el), is given by
qp(el) = F|H — Eg|¥o) + {Wo|H — Eo|F) (5
and the corrected EFG value g,(e/) is
qp(el) = gp(el) + gblel). (6)

The details of the procedure have been presented previously [1, 5].
In order to perform the calculations we made use of a program “GOTH-
LAND?”, which was made available to us by J. R. de la Vega. It was originally
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written by R. Carbo and was modified for use on a personal computer by J. R.
de la Vega and J. Busch. The GOTHLAND program determines molecular wave
functions by means of the SCF method based on the use of Gaussian orbitals. It
is similar to the GAUSSIAN 82 Program Package but it has the advantage that
the intermediate results which we need can be extracted.

We performed one calculation for HD at R = 1.4 a.u. and two calculations
for LiD at R =3.015 a.u.: the HD basis set was a Dunning—Hay [2s] hydrogen
set plus a polarization function (¢, = 1.0) for both centers, the first LiD basis set
(I) was a Dunning—Hay [3s] contracted basis set for Li with a [2s] hydrogen set,
and the second LiD basis set (IT) consisted of a Dunning—Hay [3s2p] contracted
basis set for Li with a [2s] hydrogen set plus a polarization function (g, = 1.0) for
H. For both molecules we also used two 3d orbitals centered on deuterium with
orbital exponents 6.14092 and 0.69436; these orbitals were chosen by maximizing
the overlap with 1d and 0d orbitals, which are the solutions of the variation
perturbation equations for atomic hydrogen [1]. We substituted these basis sets
into the GOTHLAND program and we obtained a set of molecular orbitals in
each case. In the case of HD there were 8 molecular orbitals @;, the orbital @,
being filled with a pair of electrons while the others were orthonormal virtual
molecular orbitals. For LiD, both the &, and @, orbitals were filled while the
others, @5 to @, in the first calculation and @, to &, in the second calculation,
were virtual orbitals.

We first calculated the expectation value ¢%(e/) of the EFG operator
according to Eqgs. (1) and (2), evaluating the atomic integrals over the EFG
operator according to the procedure reported by McMurchie and Davidson [10].

The next step was to derive the function F by minimizing the functional of
Eq. (3). In all cases we took F to be a linear combination of singly excited
molecular wave functions

F=;Zc(j, m)P(j, m). @)

In the case of HD j = 1, whereas j = 1, 2 for LiD; the summation over m involves
all available virtual molecular orbitals. The matrix elements involving the
Hamiltonian were derived from the GOTHLAND program and the other
integrals were again obtained by a slight modification of the method of
McMurchie and Davidson [10]. After determining the various functions F by
minimizing the expression of Eq. (3) the correction terms ¢, were evaluated from
Eq. (5) and the corrected quantities g,(el) were calculated from Eq. (6).

In Table 1 we list the results of our calculations for g%(el), gp(el), qp(el),
and the energies that we obtained for the GOTHLAND SCF calculations for
HD and LiD. Table 1 also contains the results gp(el)g... that we obtained
previously by using Slater orbitals [1, 2]. For LiD we list the experimental value
which we derived from the measurements by Wharton et al. [11]. In the case of
HD we list the most precise theoretical value available, derived by Bishop and
Cheung [12] for a fixed internuclear distance R = 1.4. We believe that this value
is more accurate for our purpose than the experimental value since the latter
includes the vibrational motion.
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Table 1. Results of deuterium EFG calculations for HD and LiD using Gaussians.
Results based on Slater orbitals and experimental values are listed for comparison, All
values are in atomic units

HD LiD(I) LiD(II)
Energy (a.u.) —1.131198 —7.967622 —7.981163
q%(el) —0.368041 —0.141584 —0.149818
qplel) —0.014427 —0.020230 —0.015966
qplel) —0.382468 —0.161814 —0.165784
qp(eDgtater —0.38305 — —0.16438
qD(el )Sundholm - - —0.168
qp(el)exp —0.39094 — —-0.169

3. Discussion

From our results we may conclude that the Gaussian results are comparable in
accuracy with the Slater results based on the variation-perturbation method. In
the case of HD the difference between the two sets of theoretical results is only
0.15% and the difference between the Gaussian result and the “exact” value of
Bishop and Cheung [12] is 2.17%. In the case of LiD the result from our
Gaussian calculation II is significantly better than the result from Gaussian
calculation I; this indicates that it is desirable to include 2p atomic orbitals in the
deuterium basis set. The difference between the Gaussian II result and the
experimental result [11] is 1.9% and the difference between the Slater result [2]
and the experimental value [11] is 2.7%. It should be noted, though, that the
Gaussian II basis set includes a 2p, orbital on deuterium and that the Slater basis
set [2] contains only s atomic Slater orbitals on deuterium.

It may be instructive to compare our result for the deuterium EFG value in
LiD with that obtained by Sundholm et al. [8]. In [2] we presented the
experimental value of g, (el) derived from the measurements of Wharton et al.
[11] as gp = —0.169 +0.0015 a.u. Our value is g, = —0.168 a.u.; however, it
should be noted that this slightly better result required 993 configurations in a CI
treatment whereas our value required only 16 correction terms.

We may conclude from our present results that the determination of deu-
terium EFG based on the variation-perturbation method can be calculated just
as effectively from Gaussian atomic orbitals as from Slater atomic orbitals. We
also conclude that our variation-perturbation method seems to be more effective
than the other procedures, since the slight decrease in accuracy is more than
compensated for by the decrease in computational effort. We will therefore
proceed to calculate deuterium EFG in some larger systems by using Gaussian
atomic orbitals in the GOTHLAND program.
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