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1 INTRODUCTION

More than fifty years ago, John C. Slater (1939), Institute Professor at MIT,
noted that the bond lengths and angles of the Cg¢ skeletal ring of the
cyclohexane molecule are strikingly similar to those observed for the C
framework of diamond. Structural analyses have since revealed that the bond
lengths and angles of the C skeletons of several other aliphatic molecules
(neopentane, adamantine, congressane, anti-tetramantine) are also similar to
those observed for diamond. As observed for the skeletal ring of cyclohexane,
the skeletal pattern of the C atoms of any one of these molecules has only to be
extended in three-dimensional space to generate the diamond structure. The
close correspondence between these structures provides the basis for Slater’s
(1939) statement that ‘A diamond is really a molecule of visible dimensions
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held together by just the same forces acting in small molecules’. More recent
studies indicate that a similar connection exists between the force field of silica
and that of the Si—O-Si skeleton of small silicic acid and siloxane molecules,
demonstrating that Slater’s observations are more prescient and general than
was perhaps originally thought. This paper examines the experimental and the
theoretical evidence upon which these observations are based.

2 CONNECTION BETWEEN THE FORCE FIELD OF
SILICA AND SMALL MOLECULES

2.1 Structural Evidence

There is a wealth of experimental data reported over the past 35 years for silica
and silicate crystals and siloxane and silicic acid molecules that indicate that a
close connection exists between the shape of an Si—O-Si unit in silica and the
shape of the unit in small siloxane and silicic acid molecules. The data show, for
example, that the average Si—O bond length and Si—O-Si angle observed for
the crystals (1.63 A and 144° ) are virtually the same as those (1.63 A and 142 °)
observed for the molecules. Almennigen ez al. (1963) were possibly among the
first to report this correspondence in a study of disiloxane H¢Si,O, the simplest
gas phase molecule to contain the skeletal Si—O—-Si unit of a silicate crystal.
Despite the small size of the molecule, they found on average that the shape of
the unit closely resembles that observed for silicate crystals. From these results,
they asserted that the bonding picture of the Si—O-Si unit of the molecule is
similar to that in a silicate crystal. Additional evidence for this picture was
provided by a structure analysis of an HgSi,O crystal formed by cooling a gas
of disiloxane molecules. An X-ray diffraction study shows that the bond
lengths and angles (R(SiO) = 1.632 A; <Si-O-Si = 142.2°) of the crystal
closely resemble those observed for the gas phase molecule (R(Si—O) = 1.634 A;
<Si—-O-Si = 144.1°; Barrow et al, 1979). This was an unexpected result
considering the very compliant nature of the Si—O-Si angle and the expected
difference between the force field of the gas phase molecule and that of the
crystal.

For the silica polymorphs, a correlation has also been reported between Si—
O bond length and Si—O-Si angle, with shorter bonds tending to involve wider
angles (cf. Gibbs er al., 1994). A similar correlation has also been reported for a
variety of siloxane and silicic acid molecules (Chakoumakos er a/., 1981; Karle
et al., 1986; Biirgi et al., 1993). The similarity of these correlations and the
similarity of the structural properties of siloxane and silicic acid molecules and
those of the silica polymorphs not only provide a basis for the observations
made by Almennigen er al. (1963), but also a basis for explaining why
molecular force fields have been successful in the reproduction of the structures
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of the silica polymorphs (Gibbs, 1982; Lasaga and Gibbs, 1987). They also
provide a basis for understanding why the scaled force constant of the Si—-O
bond (Hill er al., 1994) and the electron density distribution, p(r), recorded for
the silica polymorphs and that calculated for the Si,O; skeletal unit of the
disilicic acid molecule are similar (Gibbs et al., 1994).

2.2 Evidence Provided by Electron Density Distributions

The electron density distribution of molecules and crystals is an observable
property that can be determined experimentally and theoretically, in sharp
contrast to wave functions which are unobservable. As the forces in molecules
and crystals are closely connected to their electron density distributions,
Geisinger et al. (1987) completed a mapping of the deformation electron
density distribution, Ap(r), for coesite, a high-pressure polymorph of silica,
and compared the distribution with deformation density distributions
calculated for several molecules. The experimental Ap(r) maps were found to
be in rough agreement with those calculated for the Si—O-Si skeletal units of
the siloxane and silicic acid molecules H¢Si,0, HgS1,07 and HgSi4O4. However,
because of the qualitative and arbitrary nature of such maps, Downs (1995)
used the data recorded by Geisinger et al. (1987) to represent p(r) for coesite
with a generalized X-ray scattering factor model. He then located the (3, —1)
critical points, r., along each Si—O bond, determined the value of the electron
density and the Laplacian of p(r) at each of these points, p(r.) and V?p(r.).
respectively, and mapped V2p(r) in a plane of each Si—O-Si skeletal unit.

A mapping of p(r) for a molecule or a crystal and its topological properties
has a distinct advantage over a mapping of Ap(r) in that ‘The derivation of a
unique and physically meaningful difference (deformation) electron density is a
problem that cannot be solved since the choice of the promolecular reference
density always implies some arbitrariness’ (Cremer, 1987). This statement is
consistent with the observations (a) that the heights of the peaks in the Ap(r)
maps recorded along the Si—O bonds of coesite fail to show any obvious trends
with the observed bond lengths and (b) that the peaks in deformation maps
calculated for the Si—O bridging bonds of the H¢Si,O7; molecule used to model
the Si—O-Si units in the mineral were actually found to increase in height as
the lengths of the bonds increased (and as the Si—O-Si angle decreased). On
the other hand, the value of p(r;) provided by calculations of the total electron
density distribution for the molecule shows that the value of p(r.) increases in a
regular way as the Si—O bond decreases (and as the Si—O-Si angle widens)
(Gibbs et al., 1997). In other words, some sense can be made of the bond length
variation when examined in terms of the value of p(r) at each critical point.
However, little or no sense can be made of the bond length variations when
examined in terms of the heights of the peaks in Ap(r) maps.
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For purposes of comparison, p(r) of a minimum energy conformer of
H¢Si,07, has been generated using the wave functions obtained in a
Becke3LYP/6-311G(2d,p) level calculation which models electron correlation
and exchange effects (Gibbs, in preparation). Earlier calculations of the p(r)
properties for the H¢Si,O7 molecule obtained at Hartree—Fock/6-311++G™**
level have yielded values that departed from those observed for coesite by as
much as ~30 % (Gibbs ef al., 1994). This is not surprising inasmuch as V2p(r)
is very sensitive to slight differences in p(r) and as model HF calculations
neglect electron correlation and exchange effects. The total electron density
distribution measured for coesite attains an average value of 1.05 ¢/A? at an
average distance of 0.936 A measured along the Si—O bond from the oxide ion
to the critical point r¢ (the average bonded radius of the oxide ion), with an
average V2p(r.) value at this point of +20.4 e/A’. These observations together
with the average bonded radius of the oxide ion (Gibbs et al., 1994) and the
negative value of the local energy density, H(r.), at r. (Cremer and Kraka,
1984) suggest that the Si—O bonds in coesite have a substantial component of
covalent character. The curvatures of p(r.), A\; and )X,, measured at r,
perpendicular to the Si—O bonds, are on average —7.2 and —6.8 e//o\S,
respectively, while the average curvature of p(r) at r. along the bond path, Az, is
observed to be 34.4 G/AS (Downs, 1995), resulting in an average V (r.) value of
20.4 e/A°.

Unlike the topological properties calculated at the Hartree~Fock/6-
311++G** level, the properties calculated for the molecule at the Becke-
3LYP/6-311G(2d,p) level are in good agreement with those observed on
average for coesite (Gibbs er al., 1998). The value of p(r.) calculated for
bridging bonds of the molecule is 1.00 C/A3 (~5 % less than that observed, on
average, for coesite) at a distance of 0.943 A from the bridging oxide ion
(~1 % larger than observed on average for coesite). The curvatures of p(r), A,
Az and )3, for the bridging bonds of the molecule, evaluated at r., are —7.41,
—7.35 and 35.6 ¢/A® respectively, resulting in a V?p(rc) value of 20.9 e¢/AS,
~2 % larger than observed, on average, for coesite. In addition, the anisotropy
of the electron density of the Si—O bond increases regularly as the Si—O-Si
angle narrows, a feature that has been interpreted in terms of a weak 7 system
(Gibbs et al., 1994). As the curvature of p(r) is a very sensitive probe of the
topography of p(r), as discussed above, the close connection between the
topological properties observed for coesite and those calculated for the
molecule indicates that the force fields and the properties of electron density
distribution of the two systems are very similar, particularly in the vicinities of
the critical points. In view of this result, it may not be surprising that
considerable success has been made in modeling the structures, the force
constants and the elastic properties of the silica polymorphs using potentials
based on molecular force fields.
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2.3 Evidence Provided by Molecular Modeling of the Structure of
Silica

Lasaga and Gibbs (1987) were the first to show that a molecular force field can
be used to reproduce the structures and volume compressibilities for the silica
polymorphs with a simple covalent potential energy function derived for the
Si,07 skeleton of the disilicic acid molecule, H¢SiO;7. The model structure
generated for low quartz was found to agree with that observed to within
~2 %, with the zero-pressure compressibility calculated for the structure being
only 5 % smaller than that observed. However, the calculated zero-pressure
derivative of the compressibility, K,, which can be difficult to determine
experimentally, was found to have a negative sign, in poor agreement with the
experimental value. The negative K(') value of the model structure indicates that
quartz should actually soften rather than stiffen with increasing confining
pressure which, of course, is contrary to the experimental observation (Levien
et al., 1980). However, when the potential energy function of the disilicic acid
molecule was derived with a more robust basis set, not only was the K, value of
the model structure found to be positive in sign, but it was also found to be in
better agreement with the experimental value (2.7 versus 6.4 obs.). In addition,
the dynamic properties of the Si—O bonds of the model structure were found to
be in reasonable agreement with the values observed for the bonds in quartz
and silica glass (Lasaga and Gibbs, 1987, 1988).

With the success of these calculations, a myriad of other molecular-based
potential energy functions were derived. For example, Stixrude and Bulowinski
(1988). Tsuneyuki et al. (1990). Gibbs et al. (1988), van Beest et al. (1990).
Purton et al. (1993) and Boisen and Gibbs (1993) have since derived potential
energy functions based on a variety of molecules ranging in size from that of an
SiO4™* anion embedded in an array of neutralizing point charges to that of the
Si5s01¢ skeleton of the pentasilicic acid molecule. These functions were not only
used with varying degrees of success in the reproduction of the quartz structure
at room pressure and at high pressures, but they were also used in the successful
generation of the photon spectra, NMR spectra and quadrupole parameters and
chemical shifts, the force constants of the Si—O bond and the Si—O-Si angle, the
correct distribution of the infrared and Raman vibrational modes, the shifts of
the modes with pressure, the elastic constants, the piezoelectric properties of
quartz and the observed trends in photoelectron, X-ray emission and UV
excitation energies recorded for silicate glasses (cf. Tossell and Vaughan, 1992).

Structures generated for these silica polymorphs with the geometry and force
field calculated for the molecule at the Becke3lyp/6-311G(2d,p) level are in
better agreement, as may be expected, with the observed structures than those
calculated with the HF force field. For example, the cell dimensions generated
for low-quartz agree with those observed to within ~0.5 %, on average, while
those generated for low cristobalite and coesite agree to within ~1 %, on
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average. The two non-equivalent Si—O bond lengths in quartz are 1.602 and
1.614 A while the Si—O-Si angle is 143.7°. The Si—O bond lengths of the
model structure of quartz are both 1.612 A and the Si—O-3Si angle is 145.0°. A
correction of the Si—O bond lengths of quartz for thermal motion, using a
strategy devised by Downs et al. (1992), yields lengths of 1.611 and 1.619 A,
respectively, with an average value of 1.615 A slightly longer than that
generated for the model structure. Although there are two non-equivalent Si—
O bond lengths in cristobalite, they are both observed to be identical in length
(1.603 A) with an observed Si-O-Si angle of 145.5°. A correction of the
observed bond lengths for thermal motion yields a value of 1.615 A for both
bond lengths compared with 1.612 A calculated for the model structure. Like
the quartz model, the Si—O-Si angle in the cristobalite model is 145.0°, 0.5°
narrower than observed. The observed Si—O bond lengths in coesite range
between 1.595 and 1.621 A. The shorter of these two is involved in a 180° Si-
O-Si angle and the longer one is involved in the narrowest Si—O-Si angle
(137.2°) in the structure. A thermal correction of the bond lengths yields values
of 1.598 and 1.626A, respectively, for these two bonds. The corresponding
bond lengths in the coesite model structure are 1.602 and 1.614 A, respectively,
with the shorter of the two again involved in the 180.0° angle and the longest
bond length involved in the narrowest angle, 141.9°. However, the model
structure, when generated with the HF force field, was found to be significantly
softer than that observed (Boisen and Gibbs, 1993). On the other hand, the
structures, volume compressibilities and K(') values generated for low quartz,
low cristobalite and coesite, with a potential energy function based on an
SiO4** molecule embedded in a tetrahedron of four e* point charges, were
found to be in reasonably good agreement with observed values (Tsuneyuki et
al., 1990). Even though the potential energy function observed by Tsuneyuki et
al. (1990) is based on a molecule with four-coordinated Si, it was used with
reasonable success in the generation of the structure and the volume
compressibility of stishovite, a natural form of silica with six-coordinated Si.
The success of these calculations provoked Cohen (1994) to exclaim that ‘The
versatility of these potentials is quite astounding’. Accordingly, it may not be
surprising that a derivation was recently undertaken of a large number of stable
and metastable structure types for silica, starting with a random arrangement
of Si and O atoms and using the geometry and a penalty function based on the
force field of the disilicic acid molecule (Boisen et al., 1994).

3 GENERATION OF SILICA STRUCTURE TYPES USING
A MOLECULAR-BASED POTENTIAL

As observed by Hawthorne (1994), the derivation of the structure types of such
a material as silica starting with a random arrangement of atoms is a stubborn
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problem that has yet to be solved even for a relatively simple system like NaCl.
Despite the challenging nature of the problem, Deem and Newsam (1992) made
important progress in this direction when they derived model structures for a
large number of zeolite framework structures together with several high-silica,
porous zeolite structures. Their goal was to build a catalogue of viable
framework structure types as well as to design structures with channels and
large pore space architectures. With the availability of a catalogue of calculated
powder patterns for these structures, workers in the field could more easily
identify and characterize the structures of new zeolites which are often too fine
grained for single-crystal structural analyses. In their study, a generation of the
known structure types was completed using simulated annealing strategies and
a penalty function based on histograms of TT separations (T represents either
tetracoordinated Si or Al) and TTT angles recorded for the structures. The
calculations, completed using the observed cell dimensions with the T atoms
randomly distributed in the given unit cell arranged to conform with the
observed space group symmetry, resulted in the generation of more than 60
known four-connected T atom framework structures and several silica
structure types. To complete the derivation of each of the tetrahedral
frameworks, an oxide anion was placed at the mid-point between each pair
of adjacent T atoms and the structure was refined using distance least squares
methods. In addition to the known framework structure types, more than 5000
new, low-symmetry framework structures with their cell dimensions were
derived. The addition of these structures to the catalogue resulted in a wealth of
viable framework structure types for the zeolites and silica. In a related paper,
Wood and Price (1992) also used simulated annealing strategies to generate
periodic two-dimensional, three-connected nets of T atoms that replicated the
layers of a number of known zeolite structure types.

More recently, Boisen et al. (1994, 1999) derived a large number of structure
types for silica with a penalty function based on a force field and a geometry
calculated for the Si,07 skeleton of the disilicic acid molecule with simulated
annealing strategies. However, unlike previous studies, the derivations were
completed starting with a random arrangement of atoms in a periodic structure
with triclinic symmetry. In other words, no assumptions are made about the
starting atomic arrangement, nor about the symmetry other than that the unit
cell contains a given number of SiO; formula units and that periodic boundary
conditions are imposed on the structure by Pl translational symmetry.

The first set of calculations was undertaken for four SiO, formula units with
the Si and O atoms randomly distributed in a unit cell. Of the 400 calculations
completed, 106 resulted in viable model framework structures of corner-
sharing silicate tetrahedra, where each Si atom is linked to four O atoms and
each O atom is linked to two Si atoms. The remaining structures were of higher
energy and exhibited such features as five- and six-coordinated Si and two- and
three-coordinated O, and four-coordinated planar and pyramidal Si. Also,






