
Si-O Bonded Interactions in Silicate Crystals and Molecules: A Comparison

G. V. Gibbs,*,† D. Jayatilaka,‡ M. A. Spackman,‡ D. F. Cox,| and K. M. Rosso§

Department of Geosciences, Materials Science and Engineering and Mathematics and Department of Chemical
Engineering, Virginia Polytechnic Institute and State UniVersity, Blacksburg, Virginia 24061, School of
Biomedical, Biomolecular, and Chemical Sciences, UniVersity of Western Australia, Perth, Australia, and
William R. Wiley EnVironmental Molecular Sciences Laboratory, Pacific Northwest National Laboratories,
Richland, Washington 99352

ReceiVed: June 21, 2006; In Final Form: September 21, 2006

Bond critical point, local kinetic energy density,G(r c), and local potential energy density,V(r c), properties
of the electron density distributions,F(r ), calculated for silicates such as quartz and gas-phase molecules
such as disiloxane are similar, indicating that the forces that govern the Si-O bonded interactions in silica
are short-ranged and molecular-like. Using theG(r c)/F(r c) ratio as a measure of bond character, the ratio
increases as the Si-O bond length, the local electronic energy density,H(r c) ) G(r c) + V(r c), and the
coordination number of the Si atom decrease and as the accumulation of the electron density at the bond
critical point,F(r c), and the Laplacian,∇2F(r c), increase. TheG(r c)/F(r c) andH(r c)/F(r c) ratios categorize the
bonded interaction as observed for other second row atom M-O bonds into discrete categories with the
covalent character of each of the M-O bonds increasing with theH(r c)/F(r c) ratio. The character of the bond
is examined in terms of the large net atomic charges conferred on the Si atoms comprising disiloxane, stishovite,
quartz, and forsterite and the domains of localized electron density along the Si-O bond vectors and on the
reflex side of the Si-O-Si angle together with the close similarity of the Si-O bonded interactions observed
for a variety of hydroxyacid silicate molecules and a large number of silicate crystals. The bond critical point
and local energy density properties of the electron density distribution indicate that the bond is an intermediate
interaction between Al-O and P-O bonded interactions rather than being a closed-shell or a shared interaction.

Introduction

The electron density distribution,F(r ), for a material strives
to adopt a configuration wherein the forces on the atoms are
zero, and the energy of the resulting configuration is minimized.
When these conditions prevail, the distribution embodies the
bulk of the information about the system, including its structure,
bonded interactions, and sites of potential chemical activity.1

In an effort to retrieve this information, Bader and co-workers2

forged a theory that pictures a material as a network of
interacting atoms with the bonded atoms connected by pathways
of electron density. Within this framework, they found that the
interactions can be characterized by a set of well-defined bond
critical point and local energy density properties measured at
stationary points inF(r ), where∇r(r ) ) 0 andF(r ) adopts a
local minimum value. The properties were not only found to
serve as a basis for determining whether a pair of atoms is
bonded, but they were also found to provide a basis for
classifying the bonded interactions. The theory also provided
strategies for making a quantitative comparison of the bonded
interactions displayed by a variety of systems including
molecules and crystals.

The theory will be used in this study to clarify our
understanding of the properties of the Si-O bonded interactions
comprising molecules and crystals by addressing such questions

as (1) why can gas-phase molecules such as disiloxane,
H3SiOSiH3, be successfully used as model structures in the
geosciences to advance our understanding of the reaction of
the silica polymorph quartz, for example, with water and related
molecules at the atomic level?3-7 and (2) why can the force
field and the structure of the tiny hydroxyacid silicate molecule
(OH)3Si-O-Si(OH)3 be used successfully to generate the
structures of more than 1400 structure types for crystalline silica,
including quartz and cristobalite?8,9 In addressing these ques-
tions, the properties ofF(r ) calculated for the Si-O bonded
interactions observed for a large number of silicate crystals,
including the silica polymorphs, will be compared with those
calculated for a variety of hydroxyacid silicate molecules. The
comparison will indicate that the properties of the electron
density distributions for the Si-O bonded interactions for
molecules and crystals are similiar, suggesting that the bond
energies are similar. On the basis of the agreement, it is
concluded that the properties of the Si-O bonded interactions
in molecules and crystalline silica are similar, providing an
experimental and theoretical basis for clarifying why model
representative silicate molecules can be successfully used in the
study of the structure, the emission spectra, the critical point
properties, and the dissolution of Earth materials.10,11

The properties of the bond will also be examined with the
goal of clarifying whether the bonded interactions comprising
an SiO4 silicate tetrahedral oxyanion in quartz with four-
coordinated Si have a greater shared character than those that
comprise an SiO6 octahedral oxyanion in stishovite with six-
coordinated Si. In several earlier studies of bonded interactions,
it was demonstrated that the covalent character of an M-X bond
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increases as the coordination number of the M atom decreases
for a large variety of MiX j (i,j ) 1, 2, or 3; M) Na, Mg, Ca,
Si, etc.; and Y) F, Cl, O, S, etc.) solid-state materials.12,13 In
general, it was found that the smaller the coordination number,
νM, of the M atom, the more covalent and the more directed
the M-X bond vectors and conversely, the larger the value of
νM, the more ionic and the less directed the bond vectors. Our
study will show that a similar connection exists between the
covalent character of the Si-O bond and the coordination
number of the Si atom,νSi.

Despite the great abundance of silica in nature (comprising
45% of the Earth’s crust and mantle14), and the importance of
SiO2 and the Si-SiO2 interfaces in physics and chemistry, the
nature of the Si-O bond has eluded a universally accepted
classification, being considered as strongly ionic by some,15,16

or intermediate,17,18 substantially covalent,19,20 or covalent by
others.21 With the goal of advancing our understanding of its
properties and the connection between the bonded interactions
in molecules and crystals, the bond critical point and local
energy density properties for a number of silicate crystals will
be compared with those calculated for a variety of representative
hydroxyacid silicate molecules. The comparison will suggest
that the Si-O bonded interaction is intermediate with the shared
character of the bonded interaction increasing with the local
electronic energy density and the accumulation of electron
density in the internuclear region.18

Bond Critical Point Properties

According to Bader and his colleagues,1 a bonded interaction
is defined to exist between a pair of atoms only if the pair is
connected by a line of maximum electron density inF(r ),
denoted the bond path, with a saddle point along the path at a
stationary bond critical point,r c, where∇r(r ) ) 0. The assertion
is made that a pair is considered to be bonded in a chemical
sense only if they are connected by such a path and the path is
mirrored along a similar path of maximally negative potential
energy density linking the pair.22 The electron density along
the path atr c is at a minimum value with respect to any
displacement parallel to the path but a maximum with respect
to any radial displacement perpendicular to the path. The value
of F(r c) has been observed to be a direct measure of the strength
of a given metal oxygen M-O bond; the greater the value of
F(r c), typically the shorter the bond.23 The trace of the Hessian
of F(r ), Hij ) ∂2F(r )/∂xi∂xj, when evaluated atr c and diagonal-
ized equals the sum of eigenvaluesλ1 + λ2 + λ3 ) ∇2F(r c).
The positive eigenvalueλ3 for the Hessian defines the positive
curvature ofF(r c) along the bond path, and the two eigenvalues
λ1 andλ2 define the negative curvatures ofF(r c) perpendicular
to the path. As the magnitudes of the three curvatures and the
value ofF(r c) each increase, the length of a given M-O bond
usually decreases in a regular way as electron density is
accumulated and locally concentrated in the internuclear region
between a pair of atoms.23 Further, the local kinetic and potential
density energies each increase in magnitude atr c as the
magnitudes of the curvatures each increase.

The sign of the Laplacian,∇2F(r c) ) 4(2G(r c) + V(r c)),
determines whether the local potential energy density,V(r c), or
the local kinetic energy density,G(r c), dominates atr c

1 where
G(r c) is always positive andV(r c) is always negative for a
geometry optimized minimum energy structure. When|V(r c)|
> 2G(r c), ∇2F(r c) is negative,F(r c) is relatively large in value,
and electron density is locally concentrated atr c, the bond is
indicated to be a shared interaction, whereas when 2G(r c) >
|V(r c)| and∇2F(r c) are positive,F(r c) is relatively small, and

the electron density is locally depleted atrc, the bond is indicated
to be either a closed-shell or a bond of intermediate character,
depending on the location ofr c relative to the nodal surface of
the∇2F(r c).1,24 Whenr c is in close proximity with the surface,
the bond is indicated to be an intermediate interaction, but when
it is distant from the surface, the bond is indicated to be a closed-
shell interaction; the greater the distance, the more closed-shell
the interaction.24

In contrast, Cremer and Kraka25 classify bonded interactions
on the basis of the sign of the local electronic energy density,
H(r c) ) G(r c) + V(r c). When|V(r c)| > G(r c) such thatH(r c) is
negative and the value ofF(r c) is relatively large, a bond is
indicated to be a shared interaction in that the electron density
at r c is considered to have a stabilizing impact on the structure
of a material. Conversely, whenG(r c) > |V(r c)| such thatH(r c)
is positive andF(r c) is relatively small, the bond is indicated to
be a closed-shell interaction. In this case, the electron density
at rc is considered to have a destabilizing impact on the material.
Moreover, asH(r c) decreases andF(r c) increases in value for a
given bonded interaction, the shared character of the interaction
is indicated to increase as well.

More recently, Espinosa et al.26 proposed a third classification
based on the|V(r c)|/G(r c) ratio rather than on signs and
magnitudes of∇2F(r c) andH(r c). They assume that a bond is a
closed-shell interaction whenH(r c) g 0 and that it is a shared
interaction when∇2F(r c) e 0. For the case whereH(r c) ) 0,
G(r c) + V(r c) ) 0 and|V(r c)|/G(r c) ) 1. For the case where
∇2F(r c) ) 0, 2G(r c) + V(r c) ) 0 and|V(r c)|/G(r c) ) 2. With
these equalities, a bonded interaction is asserted to be a closed-
shell interaction when the ratio|V(r c)|/G(r c) < 1, a shared
interaction when|V(r c)|/G(r c) > 2, and an intermediate interac-
tion is asserted when the ratio falls in the interval between 1
and 2. Thus, the greater the value of|V(r c)|/G(r c), the more
there is a shared bonded interaction.

Si-O Bonded Interactions of Hydroxyacid Silicate
Molecules and Silicate Crystals

Using a relatively robust BLYP/6-311G(2d,p) basis set and
level of theory, Gibbs et al.27 optimized the bond lengths and
angles for more than a dozen hydroxyacid silicate molecules
including molecules with SiO4, SiO6, and SiO8 coordination
polyhedra with four-, six-, and eight-coordinated Si atoms,
respectively. Using the software EXTREME, kindly donated
by Prof. Richard Bader, the Si-O bond critical point and the
local electronic energy density propertiesH(rc) for the molecules
were evaluated. The resulting bcp properties were found to
correlate with Si-O bond lengths, R(Si-O). As F(r c), λ3, and
∇2F(r c) each increase and as the bonded radius of the O atom,
rb(O), andλ1 andλ2 each decrease, the length of the Si-O bond
decreases asF(r ) is progressively localized atr c and progres-
sively locally concentrated perpendicular to the bond path and
in the direction of the bonded atoms, progressively shielding
the nuclei of the Si and O atoms.27-29 Unlike the other trends,
those displayed by R(Si-O) versusF(r c), λ3, and∇2F(r c) appear
to depart from linearity, suggesting a nonlinear power law-like
relationship. Also,G(r c) increases whileV(r c) and H(r c) are
both negative and decrease nonlinearly as R(Si-O) decreases.

As observed previously, when the Laplacian is positive, a
bond is classified as either a closed-shell or an intermediate
interaction, depending on the proximity ofr c with the nodal
surface of the Laplacian distribution.24 In the case of the
hydroxyacid silicate molecules,r c was observed to move in
succession in the direction of the nodal surface of the Si atom
asνSi decreased from 8 to 6 to 4 withr c advancing from 0.65
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Å to a distance of 0.15 Å from the surface for the four-
coordinated Si atom for the (OH)3Si-O-Si(OH)3 molecule.27,29

Accordingly, the Si-O bond for the molecule is indicated to
be of intermediate character, while that for the H8SiO6 molecule
with six-coordinated Si is indicated to be a more closed-shell
interaction and that for the H12SiO8 molecule with eight-
coordinated Si is indicated to have an even greater closed-shell
character. The observation that the experimental atomic basin
charge for the six-coordinated Si atom for stishovite30 is larger
(+3.39 e) than that (+3.17 e) for the four-coordinate Si atom
for forsterite31 and for quartz (+3.20 e)18 lends support to the
connection between bond character andνSi. It is also consistent
with trends established between Si-O bond length and ionicity
with the substantially longer bond lengths in stishovite involving
the Si atom with the largest net charge.32

However, on the basis of these large net atomic charges, it
would appear that the Si-O bond has a substantial component
of closed-shell character. Indeed, Gillespie and Johnson16 have
concluded that the bond comprising the H3Si-O-SiH3 molecule
is a highly ionic bond with net atomic charges conferred on Si
and O of +3.02 and-1.72 e, respectively. Given the small
bending force constant of the Si-O-Si angle, ∼5 N/m,
calculated for the (OH)3Si-O-Si(OH)3 molecule,23 together
with a large net atomic charge on Si, it is difficult to reconcile
why the angle observed for the molecule is bent at 144°, as
observed for cristobalite,18 rather than straight if the bond is a
closed-shell interaction and the charges on the Si atoms are large.
Further, it is also notable that Cohen,15 in a first principles study
of crystalline silica, concluded that “SiO2 is held together by a
combination of covalent spσ bonding and ionic bonding between
the highly charged tetravalent Si4+ and O2- ions”. In contrast,
the net atomic charges determined for the P atoms comprising
the PO4 tetrahedra and the Al atoms comprising the AlO6
octahedra in the AlPO4-15 molecular sieve were found to be
+3.47 and+2.42 e, respectively.33 Further, net charges calcu-
lated at the BLYP/6-311++(df,p) level for the molecules
H3PO4 and H2SO4 are+3.59 and+3.85 e, respectively. Given
the relatively large charges generated in these studies and
calculations, it is not clear what significance and meaning should
be attached to their magnitudes as they relate to the nature of
the bonded interactions.34-39 Nonetheless, it is apparent that the
magnitudes of the charges increase systematically from left to
right in the periodic table from Al to S as the number of valence
electrons and the electronegativities of the atoms increase.

According to the Cremer and Kraka25 classification, the Si-O
bonded interaction is indicated not only to be a shared
interaction, as asserted by Harrison,21 but that the shared
character is indicated to increase asνSi decreases from 8 to 6
to 4,F(r c) increases systematically from 0.489 to 0.801 to 0.987
e/Å3, andH(r c) decreases from-0.035 to-0.058 to-0.071
au, respectively.40

The bcp properties for more than 125 Si-O bonded interac-
tions have been calculated in a study of the bonded interactions
for a wide variety of silicate crystals23,40 with the programs
CRYSTAL9841 and TOPOND.42 As observed for the silicate
molecules, as R(Si-O) decreases,F(r c), λ3, and∇2F(r c) each
increase andrb(O), λ1, andλ2 decrease in value. It is evident
that the trends displayed by the bcp properties for the crystals
are similar to those displayed by the hydroxyacid silicate
molecules. The trends differ, however, in that gaps exist in the
scatter diagrams for the molecules where the number of Si-O
bonded interactions for the molecules is far fewer than those
observed for the crystals. The R(Si-O) versusrb(O) trend is
linear as observed for the molecules, but the remaining trends

appear to be nonlinear as observed for several of the scatter
diagrams displayed by the molecules.

Accurate single-crystal diffraction data, measured for the silica
polymorphs stishovite and coesite, have been examined using
multipole model refinement strategies.30,43 The Si-O bcp
properties generated for the multipole model representations of
the experimental electron density for the two polymorphs were
found to be in close agreement with those calculated for the
silicate crystals, affording support for the accuracy of the
experimental data. The agreement between the theoretical and
the experimental bcp properties serves to support the assertion
that the properties generated with computational quantum
methods rival the accuracy of those determined experimen-
tally.31,43 It is notable that the values ofF(r c) observed for the
Si-O bonds for the two silica polymorphs coesite and stishovite
are in a fortuitious one-to-one correspondence with the Pauling44

bond strengths,s.For example, the average value observed for
the Si-O bonds of coesite (0.998 e/Å3) with four-coordinate
Si matches the Pauling bond strength ofs ) 1.0. Also, the
average value observed for the Si-O bonds for stishovite (0.663
e/Å3) with six-coordinate Si likewise matches the Pauling bond
strength ofs ) 2/3.

The Si-O bond lengths and bcp properties calculated for the
silicate molecules are compared with those calculated for the
silicate crystals in Figure 1. The molecular data scatter close to
the trends defined by the crystals, and the agreement of the bcp
properties is credible evidence that the electron density distribu-
tions and the properties of the crystals and molecules are similar.
Further, it supports the statement by Stewart and Spackman45

that a quartz crystal can be viewed as a giant complex molecule,
linked together by the same forces that link the Si-O-Si atoms
together in a small gas-phase molecule like H3SiOSiH3. As
observed by Gibbs,10 the end result is a set of experimental bond
lengths and angles (R(Si-O) ) 1.640 Å and∠SiOSi ) 144°)
for the gas-phase molecule46 and for the molecular crystal47

(R(Si-O) ) 1.640 Å and∠SiOSi ) 142°) that match those
observed for a quartz crystal (R(Si-O) ) 1.610 Å and∠SiOSi
) 144°). In short, the close similarity of the Si-O bond lengths
and Si-O-Si angles and the electron density distributions for
a quartz crystal and a gas-phase molecule like H3SiOSiH3

implies that the forces that govern the two structures are short
ranged and molecular-like. Also, the bond lengths and angles
observed for a relatively large number of silica polymorphs such
as quartz have been shown to conform closely with a potential
energy surface calculated for the (OH)3SiOSi(OH)3 molecule,23

again suggesting that the forces that govern the energy of the
Si-O bond, Si-O bond lengths, and Si-O-Si angles are
molecular-like.

Local Energy Density Properties for the Si-O Bonded
Interactions Comprising Silicate Crystals and Molecules

A recent analysis of the M-O bonded interactions for the
silicates considered in this study and other earth materials shows
that theG(r c)/F(r c) ratio correlates with bond length with the
ratio increasing asνM and R(M-O) both decrease, asF(r c)
increases, and as H(r c) becomes progressively more negative.48

In other words, the ratio appears to be a direct measure of the
strength and covalent character of a given M-O bond; the larger
the ratio, the more covalent the bond. Combined, theG(r c)/
F(r c) and H(r c)/F(r c) ratios were also found to categorize the
M-O bond data into distinct categories with the shared character
of the M-O bonds increasing asH(r c)/F(r c) decreases. A scatter
diagram of theG(r c)/F(r c) andH(r c)/F(r c) ratios is displayed in
Figure 2 for the second row Na-O, Mg-O, Al-O, Si-O,
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P-O, and S-O bonds observed for the Earth materials. It is
apparent that these ratios categorize the data into discrete
domains withH(r c)/F(r c) becoming more negative from right
to left in the figure as the electronegativities of the M atoms
increase. Further, the shared character of the M-O bonds is

indicated to increase with the increasing value ofG(r c)/F(r c) as
observed above. With the location of the Si-O bond data
between the Al-O and P-O data, we are inclined to classify
the Si-O as a bond of intermediate character rather than either
closed-shell or shared as done earlier on the basis of the bcp
properties.18

The values ofG(r c) andV(r c) were not recorded in the earlier
study of the hydroxyacid silicate molecules. However, for pur-
poses of comparison, the geometries of the molecules H4SiO4

(S4), H8SiO6 (Oh), and H12SiO8 (Oh) were optimized for this
study at the BLYP/6-311++(df,p) level, and theirG(r c), V(r c),
and F(r c) values were evaluated. TheG(r c)/F(r c) and H(r c)/
F(r c) values for the molecules were added to Figure 2 in a
comparison with those displayed for the crystals. Clearly, the
molecular data fall well within the trend displayed by the data
for the silicates, indicating that the local kinetic and potential
energy densities for the molecules and crystals are similar and
further evidence that the bonded interactions in a silicate crystal
are molecular-like. However, theG(r c)/F(r c) ratios calculated
for the molecules are somewhat smaller than those displayed
by the crystals. Also, as observed for the crystals,νSi increases
asH(r c) decreases andG(r c)/F(r c) increases, indicating that the
covalent (shared) character of the Si-O bond increases with
decreasing coordination number in agreement with the trends
established earlier by Mooser and Pearson12 and Phillips.13 When
an array of separated atoms coalesce into a stable bonded
array,G(r ) increases whileV(r ) decreases, the end result being

Figure 1. Scatter diagrams of the bond critical point (bcp) properties plotted against the experimental bond lengths, R(Si-O) (squares), for a
relatively larger number of silicate crystals:23 (a) R(Si-O) vs F(r c), the value of the electron density,F, at the bond critical point,r c; (b) R(Si-O)
vs rb(O), the bonded radius of the O atom; (c) R(Si-O) vs |λ12|, whereλ12 ) 1/2(λ1 + λ2) and λ1 + λ2 measure the negative curvatures ofF
perpendicular to the bond path atr c; (d) R(Si-O) vs λ3, the positive curvature ofF measured parallel to the bond path atr c; and (e) R(Si-O) vs
∇2F(r c), the Laplacian ofF measured atr c. Superimposed on each diagram are the bcp properties (spheres) calculated for a variety of geometry
optimized molecules containing Si-O bonds.27 In preparing these plots, it was discovered that the bcp properties for the H3Si-O-SiH3 molecule
were incorrectly reported in Table 1 of ref 27. They should readF(r c) ) 0.906 e/Å3, r b(O) ) 0.966 Å,λ12 ) -6.212 e/Å,5 λ3 ) 30.88 e/Å5, ∇2F(r c)
) 14.46 e/Å5, andH(r c) ) 0.238 au/Å3.

Figure 2. Scatter diagram ofG(r c)/F(r c) vs V(r c)/F(r c) for second row
M-O bonded interactions for Earth materials (open symbols) where
G(r c) is the local kinetic energy density,H(r c) ) G(r c) + V(r c) is the
local electronic energy density, andF(r c) is the value of the electron
density, each evaluated atr c. The figure was adapted from Figure 4 in
ref 48. Plotted as spheres along the Si-O data trend are theG(r c)/
F(r c) vs V(r c)/F(r c) values calculated for H12SiO8, H12SiO6, and
H4SiO4 molecules withνSi increasing from 8 to 6 to 4 from the bottom
upward.
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a negativeH(r c) value for a shared interaction, resulting in the
stabilization of the array.25 The similarity of theH(r c) and
F(r c) values for the molecules and crystals indicates that the
accumulation of the electron density at the bond critical points
has a similar impact on the stabilization of their structures.

Conclusion

As we have seen, the character of the Si-O bonded
interaction has eluded a universally accepted classification with
the bond being classified as either a closed-shell, a shared, or
an intermediate interaction.16,19-21 The large net atomic charges
calculated for the Si atoms for the H3SiOSiH3 molecule, those
observed for stishovite and forsterite, and those calculated for
quartz indicate that the interaction is a closed-shell interaction.
In contrast, the proximity ofr c to the nodal plane of the
Laplacian indicates that it is an intermediate interaction. Further,
the Si-O-Si bonded interactions for the silica polymorph
coesite display well-developed bond electron pair domains along
the Si-O bond vectors and well-developed nonbonded electron
pair domains on the reflex side of the Si-O-Si angle, features
expected for a bond with a component of shared character.43,49

Bond and lone pair domains are also observed for stishovite,
despite its apparent greater closed-shell character.30,50 Also, it
is unclear what significance should be attached to the large net
charge conferred on the Si atom and the nature of the Si-O
bond, given that the charges conferred on the P and S atoms
are both larger and that conferred on Al is smaller, other than
that the bond is an intermediate interaction.

An examination of the Si-O bond in terms of theG(r c)/
F(r c) ratio indicates that the character of the interaction is not
fixed but that it depends onF(r c), νSi, andH(r c); the smaller
the value ofνSi, the greater the accumulation of electron density
at the bcp, the more negative the value ofH(r c), and the more
shared the interaction. The categorization of M-O bond data
in terms ofG(r c)/F(r c) versusH(r c)/F(r c) ratios also indicates
that the Si-O bond is intermediate in character between the
Al-O and P-O bonds, in agreement with Pauling’s classic
classification of the bonded interaction.17,18 The similarity of
the bond critical point and local energy density properties of
the electron density distributions displayed by silicates such as
quartz and small representative molecules indicates that the bond
has a shared component and behaves as if governed by short
ranged molecular-like forces rather than by long range forces
typically associated with ionic crystals with highly charged
atoms.

Finally, the similarity of the bond lengths and angles displayed
by the molecules and the silicate crystals together with the
similarity of the bond critical point and local potential and
kinetic energy density properties provides a basis for under-
standing why the force field of a molecule-like (OH)3Si-O-
Si(OH)3 is similar to that of quartz and why it can be used
successfully to generate the structures of a large number of silica
polymorphs. The close similarity of the properties of the electron
density distribution for the molecule and quartz also indicates
that the energies of the Si-O bonded interactions are similar.
Indeed, the energy of the bridging Si-O bond for quartz (465
kJ/mol) is virtually the same as that for the (OH)3Si-O-
Si(OH)3 molecule (462 kJ/mol).51 As such, the energy involved
in the formation of the bond for a quartz crystal can be expected
to be similar to that for the molecule, explaining why molecular
models have been useful in the derivation of the structures of
a large number of silica polymorphs and in advancing our
understanding of the reaction of silica with water at the atomic
level.
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