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Summary. Analytical gradients were used to optimize the polarization function
exponents in the 6-31G(d) and 6-31G(d, p) basis sets for the reactants, transition
structures and products in the reactions H,SO - HSOH and CH,SH —» CH,SH,. The
optimized d exponents on the heavy atoms change by +10% in the course of the
reactions and depend on the bonding of the heavy atoms. The p exponents on the
hydrogens change by as much as a factor of 5 and depend on the element to which
the hydrogen is bonded and its valency. The effect of exponent optimization on the
relative energies is small ( & 3 kcal/mol). With the 6-31G(d, p) basis set, optimization
of the polarization exponents can make some of the bonds significantly more polar,
as judged by the Mulliken charges.
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introduction

In ab initio LCAO-MO calculations, the total energies and molecular properties
depend strongly on the choice of atomic basis sets. Computational economy imposes
serious restrictions on the number and types of functions that can be included in a
basis set. Thus, considerable care is needed in choosing a basis set small enough to be
computationally practicai, yet flexible enough to describe the chemistry correctly. A
number of recent reviews are available on the construction and selection of basis sets
for MO calculations [1, 2]. Most basis sets currently in general use are obtained by
minimization of the total energy for atoms [1, 2], with possibly some adjustment for
the average molecular environment (e.g. [3]). Even for atoms, basis set optimization
is very tedious and is best done using analytical gradients. Early examples of
exponent derivative calculations include [4—6]; more recent gradient based exponent
optimizations are reviewed in [7]. Lately, quasi-Newton methods with analytical
second derivatives have been used to improve the efficiency of exponent optimizations
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[7). For molecules, the question of balance between basis sets for different atoms in
the molecule further complicates the optimization problem. For example, optimizing
the basis functions for only one atom will improve the total energy, but may degrade
some of the calculated molecular properties [8—11]. Basis sets for molecules are often
extended by adding polarization functions and/or diffuse functions to atomic basis
sets [1, 2]. These cannot be optimized readily for atoms alone, but must be chosen
based on molecular calculations.

There have been several studies involving direct exponent optimization in
molecules [1-3, 8-11]—a few carried out full optimizations, some optimized subsets
of the exponents (e.g. valence shells, polarization functions) and others varied fixed
distributions of exponents. So far, only one study has used analytical gradients to
optimize exponents for molecular calculations [11]. The purpose of the present note
is to examine the effects of optimizing polarization function exponents in two simple
reactions:

H,SO - HSOH, (1)
CH,SH - CH,SH,. 2

These reactions were chosen to highlight possible changes in the effect of the
polarization functions in the course of the reaction. In the first reaction, 4 orbitals are
necessary for a proper description of the hypervalent sulfur in H,SO [12], but are much
less important in the normal valent HSOH. In the second example, the carbon and
sulfur are neutral in the reactant thiol, but are formally charged in the product ylide
(d orbitals are also needed for a correct description of the bonding in the ylide [13]).
Both charge and valency should affect the optimized values of the exponents. There
is also a question of whether the partial bonding in the transition states affects the
optimal values of the polarization exponents.

Method

Analytical gradients of the molecular energy with respect to the basis set exponents can
be calculated readily for s, p and d type gaussians [14]. These codes have been
incorporated in a local version of GAUSSIAN 88 [15]. For the present application,
only the exponents of the uncontracted polarization functions of the 6-31G(d) and
6-31G(d, p) basis sets [3] were optimized. The logarithms of the exponents rather than
the exponents themselves are the preferred coordinates for the optimization. The
BFGS algorithm [ 16, 17] was used to carry out the minimization with respect to In a;,
where o, are the exponents. The initial hessian can be taken as a unit matrix, but better
convergence is obtained with a hessian computed by numerical differentiation of the
analytical gradients. A trust radius [17] of 5 x 10~2 (with no updating) was used to
control the step size when the hessian eigenvalues were smaller than 5 103, The
convergence threshold for the optimization was set at 5 x 10~ for the root mean
square of the energy derivatives with respect to In a.

Results

The reactions H,SO — HSOH and CH,SH — CH,SH, have been studied previously
[12, 13]. The optimized geometries at the HF/6-31G(d) level with standard polarization
exponents are shown in Figs. 1 and 2 and were used for all calculations. The optimized
polarization exponents, energies and Mulliken charges are listed in Tables 1 and 2.
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1.3811 1.4446

Fig. 1. Geometries of reactant,
transition state and product for
H,SO - HSOH optimized at the
HF/6-31G(d) level with standard
exponents

For both the 6-31G(d) and 6-31G(d, p) basis sets, the optimized d exponents for sulfur
in the reactant and product are quite similar to each other, but the exponent in the
transition structure is ca. 10% smaller. This may reflect the partially broken/partially
formed bonds in the transition state. The changes in the oxygen d exponent parallel
those of the sulfur. In the 6-31G(d, p) basis set, the optimized exponents for the
hydrogen p orbitals are 2—5 times smaller than the values assigned in the standard basis
set. The changes in the p exponent of the hydrogen migrating from sulfur to oxygen
(H,) is much larger than for the hydrogen that remains on sulfur (H,); however, the
exponent for H; depends on whether the sulfur is hypervalent or not. This suggests that
the p functions on hydrogen are being used to correct deficiencies in the basis set of
the adjacent heavy atom. Despite the sizeable changes in the exponents, optimization
changes the relative energies of reactants, transition state and products by only
1-3 kcal/mol. For the 6-31G(d) basis set, optimization of the d functions does not
change the Mulliken charges significantly. However, with the 6-31G(d, p) basis,
optimization of the p functions on hydrogen results in a marked polarization of the
S—H bond.

CH,SH - CH,SH,.

Similar to H,SO, the polarization exponents for the heavy atoms are smaller in the
transition state than in the reactant or the product. Likewise, the p exponent on the
hydrogen involved in the 1, 2 shift (H,) changes the most. Differences in the relative
energies on optimization are small for both basis sets. Optimization of the polarization
exponents causes the C—S bond to become significantly more polarized for the
6-31G(d, p) basis but not for the 6-31G(d) basis.
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Fig. 2. Geometries of reactant,
transition state and product for
CH;SH - CH,SH, optimized at the
HF/6-31G(d) level with standard
exponents

Conclusions

The optimized d exponents in the simple systems considered in this paper are
5%—-20% lower than the values in the standard 6-31G(d) basis set and vary by
+10% from structure to structure. The optimized d exponents in the transition states
are generally smaller than in the equilibrium structures, possibly reflecting the bond
making/breaking occurring in the transition state. On the other hand, the p exponents
for the hydrogens differ from the value assigned in the standard basis set by up to a
factor of 5. The optimized values for the p exponents depend strongly on the element
to which the hydrogen is bonded and also the valency of that element. The effect of
optimization of the polarization exponents on the relative energies is comparatively
small. For the 6-31G(d, p) basis set (but not the 6-31G(d) basis), some bonds become
significantly more polar when the polarization functions are optimized. Exponent
optimization is a rather costly means of improving a wavefunction; hence it is
probably more economically to expand the basis set rather than optimize the basis set
parameters for routine MO calculations. Nevertheless, exponent optimizations may
be useful in selected cases to test for deficiencies in the basis sets.

References

1. Davidson ER, Feller D (1986) Chem Rev 86:681
2. Huzinaga S (1985) Comp Phys Rep 2:279



MO calculations on H,SO —»HSOH and CH,SH - CH,SH, 287

3.

D 00 N1 AN

10.
11.
12.
13.

14.
15.

16.

17.

Hehre WJ, Ditchfield R, Pople JA (1972) J Chem Phys 56:2257; Francl MM, Pietro WJ, Hehre
WIJ, Binkley JS, Gordon MS, DeFrees DJ, Pople JA (1982) J Chem Phys 77:3654; Hariharan PC,
Pople JA (1973) Theor Chim Acta 28:213

. Dehn JT (1962) J Chem Phys 11:2549

. Moccia R (1967) Theor Chim Acta 8:8

. Kari R, Sutcliffe BT (1970) Chem Phys Lett 7:149

. Faegri Jr K, Almlof J (1986) J Comp Chem 7:396

. Roos B, Siegbahn P (1970) Theor Chim Acta 17:199

. Goddard JD, Csizmadia IG, Mezey PG, Kari RE (1977) J Chem Phys 66:3545; Poirier RA,

Daudel R, Csizmadia IG (1980) Int J Quantum Chem 18:715, 727; (1981) ibid 19:711; Daudel R,
Poirier RA, Csizmadia IG (1982) Int J Quantum Chem 21:699

Mezey PG, Haas E-C (1982) J Chem Phys 77:870; (1983) J Comp Chem 4:482

Hashimoto K, Osamura Y (1989) Chem Phys Lett 164:353

Wolfe S, Schlegel HB, Gazz Chim Ital in press, and references therein

Mitchell DJ, Wolfe S, Schiegel HB (1981) Can J Chem 59:3280; Eades RA, Gassman PG, Dixon
DA (1981) J Am Chem Soc 103:1066; Dixon DA, Dunning Jr TH, Eades RA, Gassman PG
(1983) J Am Chem Soc 105:7011

Schlegel HB (1982) J Chem Phys 77:3676; Tonachini G, Schlegel HB (1987) J Chem Phys 87:514
Frisch MJ, Head-Gordon M, Schlegel HB, Raghavachari K, Binkley JS, Gonzalez C, DeFrees
D, Fox DJ, Whiteside RA, Seeger R, Melius CF, Baker J, Martin R, Kahn LR, Stewart JJP,
Fluder EM, Topiol S, Pople JA (1988) GAUSSIAN 88, Gaussian, Inc, Pittsburgh, PA
Broyden CG (1970) J Inst Math Appl 6:76; Fletcher R (1970) Comput J 13:317; Goldfarb D
(1970) Math Comput 24:23; Shanno DF (1970) ibid 24:647

Fletcher R (1980) Practical methods of optimization. Wiley, New York



