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The empirical bond strength of the SiO bond correlates with the value of the electron density at the bond
critical point calculated for a large number of silicates and observed for the silica polymorphs stishovite and
coesite. The greater the bond strength, the greater the localization of the electron density at the critical point,
the shorter the bond, and the greater the covalent character of the bonded interaction. Bond strength and
resonance bond number are considered to represent similar properties of the electronic structure of the bond.

The average strength (s) of the MO bonded interactions that
comprise an M+zOV M-cation-containing oxide coordinated
polyhedron in a complex ionic crystal was defined by Pauling1

ass ) +z/V, where+z is defined to be the formal ionic valence
of the M-cation. With this definition, he found the remarkable
result that the sum of the bond strengths (ú) for each of the
individual bonded interactions reaching each oxide anion in the
structures for a variety of silicates and oxides is exactly equal
to 2.0, which is the magnitude of the defined ionic valence of
the oxide anion. However, with the discovery thatú can deviate
from 2.0 (in some cases, by as much 40%), Baur2 found that
the observed SiO bond lengths in these cases correlate withú,
and, as observed earlier by Smith,3 the larger the value ofú,
the longer the bond. However, with the observation by Pauling4

that the bond lengths in metals and related materials can be
ranked in terms of bond number with a power-law relationship,
Brown and Shannon5 modeled the connection between SiO bond
length and SiO bond strength with the power-law expressions
) (R(SiO)/1.625)4.5, wheres is defined to be the empirical bond
strength for a given SiO bonded interaction andR(SiO) is the
observed bond length. The regression estimates 1.625 and 4.5
were obtained for the individual SiO bond lengths for a large
number of silicate structures with the side constraint that the
sum of the strengths of the bonded interactions reaching each
Si cation and oxyanion in a structure equals their formal
valences.

Recently, the theoretical bond critical point (bcp) properties
for the electron density distributions6 generated for the silica
polymorphs stishovite7 and coesite8 were determined to agree
relatively well with those observed. Equally important, model
crystal structures for the two polymorphs, together with that
for low quartz, which also was generated with first-principles

quantum mechanical methods, were determined to agree with
those observed,9-11 with the theoretical bond lengths and angles
of the three materials rivaling the accuracy of those determined
experimentally (see Table 1 for a comparison of the experi-
mental and theoretical SiO bond lengths and SiOSi angles7-12).
Theoretical model deformation electron density maps generated
for both coesite8 and stishovite7,13,14 and -∇2F(rc) isosurface
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TABLE 1: Experimental and Theoretical Nonequivalent SiO
Bond Lengths and SiOSi Angles for the Silica Polymorphs
Stishovite, Low Quartz, and Coesite

experimental theoretical

SiO Bond Length (Å)
stishovitea

equatorial 1.757 1.761
axial 1.808 1.801

low quartzb

1.612 1.608
1.613 1.614

coesitec

Si1O1 1.596 1.592
Si1O4 1.613 1.611
Si2O2 1.612 1.610
Si2O4 1.607 1.605
Si1O3 1.614 1.614
Si1O5 1.622 1.621
Si2O3 1.616 1.614
Si2O5 1.620 1.621

SiOSi Bond Angle (°)
stishovitea 130.7 130.6
low quartzb 142.4 142.2
coesitec

Si2O2Si2 142.0 141.9
Si1O3Si2 144.2 144.0
Si1O4Si2 149.7 149.1
Si1O5Si2 136.9 136.1

a From refs 7 and 11.b From refs 9 and 12.c From refs 8 and 10.
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maps generated for coesite also agree relatively well with those
observed.8 Furthermore, electron density distributions and the
bcp properties have been calculated for the SiO bonded
interactions for a large number of silicates, using the local
density approximation, Gaussian crystal basis sets, the experi-
mental cell dimensions, and the coordinates of the nonequivalent
atoms for each.15 Scatter diagrams of these data (Figure 1) show
that the value of the electron density (F(rc)) calculated for the
bonded interaction at the bond critical pointrc, along each SiO
bond path (see Figure 1a), the average of the two curvatures of
F(rc) (λ1,2 ) (|λ1| + |λ2|)/2, calculated perpendicular to each
path; see Figure 1b), the curvature ofF(rc) (λ3, calculated parallel
to each path; see Figure 1c), and the Laplacian ofF(rc) (∇2F(rc))

(see Figure 1d) each increases as the SiO bond length (R(SiO))
decreases.15 On the other hand, the bonded radius of the oxide
anion (rb(O)) decreases as the bond length decreases (see Figure
1e). As the electron density is progressively localized atrc, the
SiO bond decreases in length. Concomitant with the localization,
the electron density is progressively locally concentrated both
perpendicular to the bond path towardrc and along the path
away fromrc toward the Si and O atoms, thereby enhancing
the shielding of the nuclei of both atoms. Furthermore, the bcp
properties determined for multipole representations of the
experimental electron density distributions16-18 for both stisho-
vite and coesite agree with the theoretical values of the SiO
bonded interactions, within∼3%, on average (see Figure 18).

Figure 1. Plot of the observed SiO bond length (R(SiO)) observed for a large number of silicates (denoted by open diamonds,]) versus the
calculated bond critical point (bcp) properties for the bond:15 (a) the value of the electron density (F(rc)) at the bond critical point; (b) the average
of the two curvatures ofF(rc) (λ1,2) measured perpendicular to the bond path, (c) the curvature ofF(rc) measured parallel to the bond path in the
direction of Si and O, (d) the Laplacian ofF(rc), and (e) the bond radius of the oxide anion. The bond length and bcp properties observed for
coesite8 are plotted in the figures as solid triangles (2), and those for stishovite7 are plotted as solid squares (9).
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The value ofF(rc) is a measure of the localization ofF at rc;
therefore, the strength of the SiO bonded interaction is indicated
to increase as the length of the bond decreases.

A Connection between Electron Density and Empirical
Bond Strength

As noted earlier,15 a close connection exists between the
average value of the Pauling bond strengths and the average
theoretical value ofF(rc) for the MO bonded interactions for a
large data set of silicates, involving first- and second-row
M-cations (M) Li, ..., C; Na, ..., S). A similar connection has
also been established between the resonance bond number and
the bond strength, with the SiO bond length similarly decreasing
with increasing bond number.19 In this letter, we establish a
connection between theF(rc) values for the SiO bonded
interactions displayed in Figure 1 and the empirical SiO bond
strength values (s) determined with a power-law expression,
based on the observed SiO bond lengths for the silicates.5

Empirical bond strengths, which have been calculated for each
of the observed SiO bond lengths comprising the large silicate
data set, are plotted in Figure 2 against the calculatedF(rc) values
used to prepare Figure 1a. The correlation between the two
variables is not only well-developed but the regression line has
a slope of∼45°. The empirical bond strengths, which have been
calculated using the observed bond lengths for stishovite and
coesite, are plotted in the figure against theF(rc) values that
have been observed for the two. With the exception of two data
points, the experimental data fall within the scatter of the
calculated data. Despite the different bases upon whichF(rc)
andsare defined, the correlation in Figure 2 indicates that they
measure similar properties of the SiO bond: the greater the value
of s, the greater the localization of the electron density at the
bcp. Becauses correlates withR(SiO), it follows thats must
not only correlate withF(rc), as observed in Figure 1a, but also
with λ1,2, λ3, ∇2F(rc), andrb(O).

Concluding Remarks

The connection between the empirical bond strength (s) and
the electron density at the SiO bond critical point (F(rc)) provides
a basis for understanding why the Brown-Shannon bond

valence model5 has been successful in the prediction of inorganic
structures and the modeling of defect structures, as well as
providing a rationalization for acid-base bonded interactions.20

Given that theR(SiO) bond critical point (bcp) properties
observed for silicates closely parallel the values and trends
calculated for representative hydroxyacid silicate molecules,21

we believe that the trend displayed in Figure 2 applies to the
SiO bonded interactions for a variety of similar materials,
including siloxane molecules, silicone polymers, silica, and
silicate glasses.22 Finally, because theR(MO) value for first-
and second-row M-cations has been determined to correlate with
the theoretical values ofF(rc),15 the connection between s and
the bcp properties is expected to hold for the MO bonded
interactions for a wide variety of oxide materials.
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Figure 2. Plot of the value ofF(rc) calculated for the large silicate
data set used to prepare Figure 1a (denoted by by open diamonds,])
versus the empirical bond strength of each bond (s), wheres) (R(SiO)/
1.625)4.5 andR(SiO) is the observed SiO bond length.5 The F(rc) data
observed for coesite and stishovite are plotted as solid triangles (2)
and squares (9), respectively, against thes values calculated with the
observed bond lengths.
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