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ATOMIC POLAR TENSORS AND ACID-BASE PROPERTIES OF METAL-
OXIDE BUILDING BLOCKS

KIM F. FERRIS
Materials Sciences Department, Pacific Northwest Laboratory, Richland, WA 99352

ABSTRACT

The sensitivity of the atomic polar tensor to compositional substituents is reported for
the alkali silicate series. The rotational invariants, effective atomic charge (GAPT) and
charge normalized anistropy and dipole (an and _'n)are used to characterize the charge
distribution and chemical environment of the atomic sites. Comparison of Un and _ with a
series of known Bronsted and Lewis acids and bases suggests that these rotational
invariants may act as indicators for metal-oxide site acidities. Basis set and electron
correlation particularly affect the determined effective large, but show minimal effect on
and _,quantities.

INTRODUCTION

While the traditional framework given by 'net formal' charges can provide a general
description of silicate morphology, it is too crude to differentiate among the characteristics
of the Q1-4 site definitions and the relative acidities of metal-oxide subunits. By definition,
the net formal charge is the difference between the number of valence electrons and those
involved in chemical bonding with its nearest neighbors. For a silicate example, while
formal charge defines the difference for the silicon sites for defect models (a) and (b), the
latter has the same fomaal charge as the Q4 site (c) shown here. The oxygen formal charge
for each of these examples is zero. In this sense, we need a method which is sensitive to
structural changes and provides a relative basis for comparing different series of metal-
oxides, while still being based upon atomistic level information.
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The atomic polar tensor (APT) was first introduced by Morcillo et.al. [1] for the analysis
of the integrated infrared intensities. While originally defined in normal coordinates for
correlation with experimental data, the APT can be transformed to Cartesian coordinates
where the connection to quantum theory can be easily seen [2]. King and Kim explored the
rotational invariants of the APT using normalized measures of the bond pair dipole moment
andanisotropy to describe chemical environments, while noting the consistency of the
atomic charge analysis [3]. More recently, the effective charges derived from the APT have
been referred to as the generalized atomic 12olartensor (GAPT) charges [4], and been
proposed as an alternative method to Mulliken and Lowdin charge partitionings.

In this paper we report on the rotational invariants of the APT for a series of model
silicates in order to characterize their chemical environment. The results of ab initio
electronic structure calculations are compared against experimental data for a series of
known acids and bases.
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COMPUTATIONAL METHODS

Ab initio electronic structure calculations have been performed with the GAUSSIAN 90
electronic structure program [5] using the 3-21G* basis set and a double zeta quality basis
set derived from the Dunning (9s,5p) contraction [6] of the Huzinaga basis set [7]
augmented with polarization functions (DZP). The molecular geometries of SiO4H3X
(X=Li, Na, K, Rb) were force optimized at the SCF level, and the atomic polar tensors
were determined at these geometries. For the SiO2 series, the molecular geometries were
force optimized within the D_h symmetry constraint at a level consistent with the treatment
of electron correlation prior to evaluation of the dipole moment variations. Standard
designations for the electron correlated methods are given in references 8 and 9 in addition
to technical details of the methods.

RESULTS AND DISCUSSION

Atomic polar tensors are orientationally dependent making comparisons between series
of molecules difficult unless they are based upon the tensor invariants (zero-th rank order).
In Figure 1, we present the effective charge normalized anisotropic a and dipolar _,
invariants [10] for a series of known acids and bases, along with those for the most acidic
hydrogen in the SiO4H3X (X=Li, Na, K, Rb) molecules of alkali silicate series [11]. For
reference, the o_and Tvalues for both protonic and other atomic sites are also plotted for a
series of commonly known acids and bases. Hydrogen sites for the alkali silicates are
denoted by "h" followed by the alkali substituent (for example, "h-k" for SiO4H3K).
Oxygen and nitrogen atomic sites are denoted by the "o" and "n" prefixes respectively.

As can be readily seen, the Bronsted acid strength of the alkali silicate correlates with
increasing electronegativity of the alkali substituent. Direct evaluation of the adiabatic
proton affinity for SiO4H2X" (AE for SiO4H3X --> SiO4H2X- + H+) has also found the
same order - 368, 381,390, and 402 kcal/mole respectively. However, there is also the
question of the Lewis acid behavior of these systems and whether ot and _,can provide
insights in this type acidity. In this light, o_and yplace the well known basic nitrogen
compounds in the Bronsted basic realm, and the oxides in the acidic region as would be

._ expected from chemical intuition. Further detail in Figure 1 shows the electronegativity
, effect on the acidity of the oxide sites.

I Both basis set and electron correlation effects are relevant issues for the atomic polar
, tensor because of the dependence of the dipole moment on both these influences [8,9].

However, while the dipole moment itself may be strongly influenced by these effects, that
does not necessary include the displacement differential of the dipole moment. In Figure 2,
the variation of the dipole moment tor SiO2 as a function of an incremental nuclear
displacement for different basis sets and inclusion of electron correlation is given. Since the
invariants of the atomic polar tensor can be directly evaluated from the numerical differences
of the dipole moment, we examined the tensor components using the same coordinate
system to see if there was a differential effect from axial and off-axial interactions.

At first glance, there is a small shift in the variation of the dipole moment in changing
from the 3-21G* to the DZP basis sets at the SCF level, in agreement with previous
observations on the relative invariance of the effective atomic charges with electron
correlation for organic compounds. However, electron correlation effects are noted to be
greater for second row compounds at_dfor multiply bonded situations [8]. The inclusion of

= electron correlation via second order many body perturbation (MBPT(2)) and coupled
cluster (CCSDT(-1)) theories [8,9] dramatically reduces the slope of these curves, in some
cases by a factor of two over the original 3-21G* values. This sensitivity ,;xtends in both the
off-axial and axial components. As a result, the silicon effective charge varies from 1.50
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(DZP/CCSDT(-1)) to 2.89 (DZP/SCF), showing that the axial and off-axial components do
not compensate f,',"each other.

On the other hand, the _,values for this same data set is 0.9624 (DZP/CCSDT(- 1)) to
0.9995 (DZP/SCF). A similar investigation of singly bonded Si-O networks has shown
only a minimal reduction in effective charge and _,values with inclusion of electron
correlation. For SiO4H4, the silicon effective charge varies from 2.27 (DZP/MBPT(2))) to
2.53 (DZP/SCF), and _,from 0.999 (DZP/MBPT(2)) to 0.998 (DZP/SCF), Thus, we
expect the APT formalism using _,to characterize acid/base properties to perform well in a
variety of chemical bonding situations, while those using the effective charge will need to
have their basis set and electron correlation dependencies established

CONCLUSIONS

We have evaluated the rotational invariants of the atomic polar tensor for a series of
model compounds for silicates, and investigated both the basis set and electron correlation
effects on these quantities. The rotational invariants provide insight into the chemical
environment of the atomic sites, with the normalized anisotropic measures (c_,_,)holding
potential for characterizing the Bronsted andLewis acid/base character. Basis set and
electron correlation effects affect the rotational invariants for multiply bonded atoms,
particularly the effective atomic charge.
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FIGURE CAPTIONS

Figure 1 - Comparison of invariants of the atomic polar tensor for the SiO4H3X series with
experimentally determined species [3].

Figure 2 - Comparison of principal components of the atomic polar tensor as a function of
basis set and electron correlation.
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