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The convergence of the full perturbation theory expansion for the Fermi contact term in the
spin-spin coupling constant of hydrogen fluoride has been studied. By examining the contribution
of higher virtual states as the basis set is expanded to 18 atomic orbitals, it is shown that at this level
of approximation the expansion does not converge. The need to also establish convergence before
accepting values calculated from configuration interaction wavefunctions is discussed.

Introduction

The perturbation theory for the calculation of nuclear-spin spin coupling
constants was first formulated by Ramsey [1a, 1b], and has been applied to
molecular orbital wavefunctions in a number of calculations at various levels
of sophistication [1b, 2—10].

While the earlier calculations simplified the calculation by the use of a
“mean excitation energy” approximation [2], this has proved unsatisfactory,
and more recent calculations explicitly include the excited state contributions
[6-10]. It has been demonstrated that there can be a significant contribution
from inner-shell atomic orbitals [10, 11] so that neglect of these contributions
requires corrective parametrization, usually made in the atomic orbital densities
at the nuclei [9-12]. We have found that for best accord with experimental
coupling constants (i) the expression for the triplet state excitation energies must
retain the Coulomb integral J;; between molecular orbitals ¢; and ¢;

AE=¢;—¢—J,

i if

(ii) that inner shell orbitals contributions are very significant with a Slater A.O.
basis set, as a result of the large density of the 1s orbital at the nucleus for the
second-row elements (iii) retaining two center integrals permits the use of
purely theoretical atomic orbital densities at the nuclei, and greatly improves the
calculated values. Exactly similar conclusions were reached by Barbier and
Berthier [10].
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Armour and Stone [8], and Ditchfield and Murrell [9] further demonstrated
the improvement in the calculated coupling constants by the inclusion of
correlation effects, through a limited configuration interaction treatment. We
shall have reason to refer back to this conclusion later.

By far the most penetrating analysis of the fundamental usefulness of the
perturbational treatment was that of Kato and Saika [7]. These authors appear
to have been the first to question the convergence of the truncated perturbational
theory expansion as higher virtual states are included. Hydrogen fluoride was
used as the model system, in view of the range of basis sets available [13—16].
In addition to the Fermi contact term, Kato and Saika evaluated the spin-
dipolar contribution to the H-F coupling constant. All two-center integrals
were retained, all the basis sets explicity involved inner-shell orbitals, and one-
electron excitation energies were corrected for the Coulomb repulsion. Their
theoretical value for HF, using Ransil’s molecular orbitals [13] was — 1483 hz,
compared to the experimental magnitude (sign not established) of 614 hz [17].
The use of Nesbet’s molecular orbitals [16], which correspond to a larger
basis set (9 Slater atomic orbitals) was + 612 hz. While this latter value is in
excellent agreement with the magnitude of the experimental coupling constant,
Kato and Saika point out that their results do not permit them to conclude
whether the ordinary perturbation treatment of spin coupling converges or not.
They showed that the coupling constant contributions from progressively higher
excitation varied erratically in sign and in magnitude. Similar results were
obtained for ammonia [18].

Present Calculation and Discussion of the Results

We are at present engaged in a very critical examination of the convergence
of the spin coupling perturbation expression. We have repeated the type of
calculation carried out by Kato and Saika, since the present concern is with the
convergence, rather than a close (and possibly fortuitious) fit with the
experimental data. We have attempted to resolve the questions raised by Kato
and Saika’s work by extending this analysis to larger basis-set calculations on
HF by McLean and Yoshimine [19] (16 Slater orbitals) and by Cade [20]
(18 Slater orbitals).

The contributions of the individual excitations to the coupling constant are
summarized in theTable for the basis sets of Nesbet [16], McLean and Yoshimine
[19] and Cade [20]. The results for Nesbet’s wavefunctions are in very close
correspondence with the values quoted by Kato and Saika, as is to be
expected, although there is a difference of around 2% in the actual numerical
values. The most revealing feature of this table are the horizontal summations, at
the right hand side of each block in the table, of all coupling constant
contributions arising from excitations from a particular occupied level to the
various empty levels. The contributions of the excitations from the lowest
occupied level are all positive, but relatively small. Irrespective of the basis set
used, the sum of contributions from the second occupied level is always large
and positive, while that from the highest occupied level is always large and
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negative. The vertical summations show no sign of convergence as higher
virtual levels are included. Consequently, as more and more virtual states are
included, the individual contributions become larger and larger and fluctuate
in sign.

Conclusion

We can therefore conclude that with the single-determinant wavefunctions
at present available, there is no sign of convergence of the perturbation theory
expansion as the size of the basis sets is increased. This defect can obviously be
related to the poor description provided of the virtual orbitals. It has been
pointed out [8, 9], that it is necessary to include electron correlation effects
by the use of configurationally-interacted wavefunctions to improve the agreement
with experimental values. However, it is imperative to point out that even this
process cannot be considered rigorously justified at present. It is still necessary
to establish the convergence of the perturbation theory expansion as a function
of the number of excited configurations included. We are currently carrying
out a full examination of this further question, using hydrogen fluoride as a
model system.
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