American M neralogist
Vol. 57, pp. 1643-1663 (1972)

VARIATION OF Si-O DISTANCES IN OLIVINES,
SODAMELILITE AND SODIUM METASILICATE AS
PREDICTED BY SEMI-EMPIRICAL MOLECULAR
ORBITAL CALCULATIONS

S. Joun LouisNATHAN axD G. V. Gigss, Department of Geological
Sciences, Virginia Polytechnic Institute and State University,
Blacksburg, Virginia 24061

ABsTrACT

Mulliken bond overlap populations, n(8i-0), are calculated in the extended
Hiickel molecular orbital (EHMO) approximation for the silicate fons in eleven
olivines using the observed O-8i-O angles but with all Si-0 = 1.63%. The
caleulated overlap populations decrease in the order n[Si-0(1)1 > n[8i-0(3)] >
n[Si-0(2)] and are consistent with the observed variation in individual bond
lengths where Si-0(1) < 8i-0(3) < Bi-0(2)., The n(8i-0) ecaleulated using
the observed dimensions of the silicate ions show a well-developed correlation
with the observed Si-O distances. Because of the simplifying assumptions in-
volved in ealeulating Pauling’s sum of clectrostatic bond strengths to oxygen,
all the oxygen atoms in the olivine structure have ¢(0) = 2.0. However, our
caleulations suggest that the charges on the oxygen atoms 0O(1), 0(2), and 0(3)
are not all equal. The apical oxygen O(1) is “electrostatically underbonded”
relative fo the basal oxygen atoms O(2) and O(3),

8i~0 bond overlap populations ealeulated for artifieially ‘solated’ tetrahedra
(thus removing the effect of Si-O-Si angle on n(Si-0)) from the structures of
sodamelilite and sodium metasilicate, prediet bond length variation in the right
direction, suggesting that af least part of the bond length changes in a silicate
ion can be rationalized in terms of non—equivalent hyhbridization characteristics
of the 8i atom resulting from O-8i-0 angular distortions,

INTRODUCTION

In a previous paper (Louisnathan and Gibbs, 1972b), we found that
semi-empirical molecular orbital calculations based on extended
Hiickel theory (EHMO) appear to give a meaningful though qualita-
tive description of the electronic structure of orthosilicie acid, HSi0y,
in that they bear a reasonably close similarity with results obtained
by ab initio methods (Collins, Cruickshank, and Breeze, 1972). More-
over, we found that when O-Si-O valence angle distortions are present,
the EMO results predict a stabilization of the distorted (Si0y)
configuration by strengthening one or more Si-O bonds relative to
others. The specific results and prediction of the ecalculations for
hypothetically distorted SiO, tetrahedra (with all Si-Q = 1.634) may
be summarized as follows:

1. When the distortion of a silicate ion corresponds to local
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C3, point symmetry, the caleculated bond overlap populations,
n(8i-0), for the basal bonds differ from that of the apical bond
parallel to Cs. If the O(apical)-Si-O (basal) angles («) are
wider than the O(basal)-Si-O (basal) angles (8), then n[8i-O
(apical)] calculates larger than the n[Si-O(basal)], whereas
if B is larger than a, then the basal bonds show larger popula-
tions.

2. Similar results were obtained for silicate ions of local C,
point-symmetry. When the O-Si-O angles associated with the
apical bond are the widest, and those associated with basal
bond in the mirror plane are the narrowest (see Si-O(2) bond
in Figure 1g of Louisnathan and Gibbs, 1972b), the overlap
populations decrease in the order n[Si-O (apical bond® in mir-
ror)] > n[Si-O (basal bonds not in mirror)] > n[Si-O(basal
bond in mirror) ].

3. If the distortion of O-S8i-O angles corresponds to a local Ca,
point-symmetry, the two Si-O bonds that enclose the widest
angles are predicted to have larger overlap populations than
those that are involved with narrower angles.

4. In general, the largest overlap populations are predicted for
the Si—O bonds that are involved in the widest O-Si-O angles,
suggesting such bonds should be the shortest ones in the silicate
ion. Conversely, the smallest overlap populations are predicted
for the bonds involved in the narrowest O-Si—-O angles.

5. Our calculations indicate that there need not be a single
relationship between bond length and bond overlap population,
even within a series of distorted tetrahedra all having the same
local symmetry. For example, for a series of orthosilicic acid
molecules with Cj, point symmetry, the n[Si-O (apical)] and
n[8i-O (basal)] show two different trends when plotted as a
function of O-8i-O angle.

6. The predictions regarding bond length variations in distorted
tetrahedra are identical whether or not the five Si(3d) valence
orbitals are included in the computations.

Although these results are suggestive, they lack a quantitative basis
because the various quantities (like n(Si-O), the net atomic charges
Q(8i), ete.) obtained in the EHMO approximation are not absolute.
The main purpose of this paper will be to compare the EHMO pre-
dictions against experimental observations, thereby placing the results

'For the sake of convenience the Si-O bond involving the three widest
0-8i-0 angles, like the Si-O(1) bond in olivines, will be called the apical bond.



VARIATION OF 8i-O DISTANCES 1645

of the calculations on a semi-quantitative basis for purposes of order-
ing and classifying Si-O bond length variation.

EHMOQO CALCULATIONS FOR THE SILICATE Ions IN OLIVINES

The observed Si-O bond lengths for the silicate ions in the olivines
studied by Birle, Gibbs, Moore, and Smith (1968) and Brown and
Gibbs (in prep.) show three distinct distances®: apieal (Si-O(1)) =
1.617[0.001] and basal (Si-0(2)) = 1.658[0.005], and (Si-O(3,3))
= 1.635[0.001]A. A negative correlation between the mean
81-0(2,3,3")) and M-Si distances has been interpreted as due to
electrostatic repulsions between the Si and M cations across a shared
edge (Ribbe and Gibbs, 1971; Brown and Gibbs, in prep.). Apart
from this interpretation of the variation of the mean Si-O distances,
no other mechanisms have been advanced to explain the variation of
the individual Si-O distances. For example, there is no correlation
between Si-O bond length and the electronegativity of M-site cations
(Brown and Gibbs, in prep.) nor between the bond lengths and A¢(O)
(Baur, 1971) because all the oxygen atoms in the structure are charge-
balanced.

The silicate ion in the olivines exhibits C, point-symmetry; the
0-8i-0 angles associated with the apical Si—-O(1) bond are the widest,
and two of those associated with the basal Si-O(2) are the narrowest
(Fig. 1). The EHMO calculations for such a distorted silicate ion
predict that the Si-O(1) bond should be the shortest, Si-O(2) the
longest, and Si-O(3) intermediate (Louisnathan and Gibbs, 1972b).
The n(Si-O)s calculated® using the O-Si—O angles as observed in
forsterite and with (1) all Si-O = 1.634, and (2) the observed Si-O
distances are plotted (Fig. 1) against the observed Si-O distances of
forsterite. The overlap populations decrease in the order n[Si-O(1)] >
n[Si-0(3)] > n[Si-0(2)] even when all Si-O distances are assumed
to be 1.634 in the calculation, suggesting that the variation in the
0-8i-O angles may account, in part, for the observed variation of the
Si~O distances.

*Distances given here are the mean Si-O(1), Si-0(2), and Si-O(3) bond
lengths observed in first eight structures of Table 1, where the calculated
esd.’s are less than 0.005& for individual bonds. Numbers in brackets are the
estimated standard deviations of the mean distances.

®In all the calculations observed interatomic distances and bond angles
(hortonolite structure, Brown and Gibbs, in prep.) were used. Valence orbital
ionization potentials used in generating the Hi: and H; terms were taken from
the work of Basche, Viste, and Gray (1965), Slater exponents from Clementi
and Raimondi (1963). The Si(3d) orbitals were included for which we have
used Hsae = —5.5eV and fe = 1.0 after Gibbs et al. (1972).
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Fia. 1. Bond overlap populations for the (SiOu)* tetrahedron of forsterite.
Inset tetrahedron at left shows the observed dimensions, and the one at the
right shows overlap populations with maximum range of n(Si-0), in square
brackets, for the es.ds. in the bond length.

The nature of the chemical bond in an isolated silicate ion is not the
same as when the ion occurs in a complex crystal structure like olivine.
In order to learn how the EHMO predictions for the Si-O bond are
affected by including the nearest neighbor Mg atoms and their ligands
in the olivine structure, calculations for the following closed-shell
complexes were undertaken:

I. (MgeSiO4)*** group with Mg atoms in the nine nearest
neighbor M-sites that surround the silicate ion. Only the 3s
valence orbitals of Mg were included in the calculation.

IT. [Mgy(SiO4)F3]'™ complex where the F atoms were chosen
to represent (1) the octahedral ligands of the Mg atoms, and
(2) the second and third anion—neighbors of Si. Ounly the 3s
orbitals on Mg and 2p on F were included in the calculation
(the VOIP of F(2s) are considerably larger than those of F (2p)
and accordingly may be considered as not appreciably involved
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in o—bonding (Gray, 1964). Fluorine rather than oxygen atoms
were chosen because with F atoms the residual charge on the
complex is smaller, more closely approximating a neutral com-
plex. Moreover, with the existing capabilities of our version of
the EHMO program, substantial computational time is saved
by using only three valence orbitals on F (three 2p) rather than
four (2s plus three 2p) on each of the thirty—one second or
third neighbor oxygen atoms of central Si atom.

TIT. [Mg(SiOy4)Fas]'~ complex where the most distant six F
atoms from Si were omitted and where the computation was
made with the 3s and 3p orbitals on Mg.

In calculation (I), the Si---Mg interactions turned out to be weakly
bonding, i.e., n(Si-Mg) > 0, but on including the ligands of the Mg
cations (II and ITI) the Si---Mg interactions became antibonding and
repulsive, such repulsions being strongest when a Mg(sp) basis set is
used (ITI). With only 3s orbitals on Mg, calculation (II), Si---F (ze.,
silicon vs. its second or third anion neighbors) interactions are repul-
sive, while Mg-F (second coordination sphere) are weakly bonding.
But on including the 3p orbitals on Mg, calculation IIT, all ¢ation—
anion interactions other than those of first coordination sphere are
repulsive. In all the three calculations (I, II, and III), the ¢rends, in
n(Si—0) for the silicate ion remain unaltered: the apical n[Si-O(1)]
is the largest, n [Si—0(2)] the smallest and n[Si-0(3)] is intermediate
(Fig. 2). This is in part due to the complete neglect of long range
forces in the EHMO calculation and in part to the significant covalent
character of the Si-O bond (Collins, et al., 1972; Louisnathan and
Gibbs, 1972b; Gibbs et al., 1972). Results of the above calculations
suggest that if we are interested in a theoretical reason for the ob-
served trends in the variation of the Si-O bond length, then it may be
legitimate as a first approximation to compute the overlap populations
for isolated or for polymerized silicate ions, neglecting all neighboring
atoms at least for structures where AZ(O)~0. When EHMO calcula-
tions are performed for a series of these ions then the results may be
placed on a semi-quantitative basis by correlating such results with
observed quantities like bond length, bond angle, etc. This necessitates
the use of observed distortions, both in bond lengths and bond angles,
in the computation. However, when ebserved bond lengths are used,
it is difficult to assess whether the computed variation in n(81-O) is
due to the 0-Si-O angles or to the calculated overlap integrals, Sy,
which are usually proportional to the internuclear separation, r;; used
in the calculation. In order to avoid this complication, two sets of
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Fie. 2. Comparison of n(Si-0) obtained for the isolated (SiO.)* group with
those obtained by introducing the M-cation neighbors and their ligands (see
text for details).

calculations were performed using (1) a constant Si-O distance of
1.63A and (2) the observed distances, both with observed tetrahedral
valence angles (see Table 1) for eleven olivine type structures (Brown
and Gibbs, in prep.). For every case a pair of calculations, one with
the valence Si(sp) basis set and another with Si(spd) basis set, was
undertaken,

The overlap populations computed assuming all Si-O = 1.63& show
(Fig. 3) three separate and nearly constant values for the first eight
olivine structures of Table 1: 0.516 (1), 0.478(5), and 0.489(1) in the
Si(sp) basis set calculations and 0.935(2), 0.876(7), and 0.896(1) in
the Si(spd) basis set for the Si-O(1), Si-O(2), and Si-O(3) bonds,
respectively.* The approximate constancy in 2[Si-O(1)], n[Si~O0(2)],
or n[Si-0(3)] values apparently reflects the similarity of angular
geometry (Table 1) of the silicate ions in the eight olivines. In kirsch-
steinite and glaucochroite the O(2)-Si-O(3) angles are relatively
larger (by ~ 3 to 4°) than in the first eight structures, thus imparting
an approximate Cs, symmetry to their silicate ions whereby n[Si-0(2) ]
and n[Si-O(3)] become approximately equal. With »[Si-O(2)] of

*Mean values, with es.d. about the mean in parentheses are given.
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these two structures plotting close to 7[Si-O(3)] of these and other
structures, an apparent single trend between n[Si-0(2,3)] and Si-O
bond length is developed (Fig. 3). Returning to our discussion on the
first eight olivine structures, we should note that in spite of a remark-
able similarity of angular distortions in the SiO4 tetrahedra, individual
Si-O distances do show a small range of variation in length (0.009-
0.14A). The S8i-O(1) distances range between 1.610 and 1.6254,
Si-0(2) between 1.654 and 1.663& and Si-O(3) between 1.629 and
1.641A. Such variations are not reflected in the EHMO overlap popu-
lations (Fig. 3). Elsewhere we have suggested that the relation

—An/n, = Ar(Si-0)/r.(Si-0) 1)

can be used to give a very crude estimate of bond length changes in
distorted tetrahedra (Louisnathan and Gibbs, 1972a and b). Assuming
an equilibrium distance, r,(Si-O) = 1.634, and an equilibrium z, (Si-O)
= 0.906 [for a silicate ion of T, symmetry, with Si(spd) basis set,
Louisnathan and Gibbs, (1972b)] equation (1) predicts nearly con-
stant distances of Si-O(1) ~ 1.58, Si-0(2) ~ 1.68, and Si-0(3) =~
1.65A for all the eight structures. Setting aside the approximations in-
volved in equation (1), the inability of the EHMO overlap populations
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Fia. 3. Si~O bond overlap populations, n(Si-0), for eleven olivines (assuming
all 8i-O = 1634, and observed angles) plotted as a function of observed Si—O
distances: calculated in the (a) Si(sp), and the (b) Si(spd) basis sets. Open
circles depiet Si-O(1, apical), halffilled circles, Si-O(3), and filled circles, Si-0(2)
bonds.
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Fia. 4. Si-O bond overlap populations, n(Si-0), for eleven olivines, with
observed dimensions, plotted agajnst observed distances: calculated for the (a)
Si(sp) and (b) Si(spd) basis sets. Symbols as in Fig. 3.

to predict small variations within each bond type [Si-O(1), Si~0(2),
or Si-0(3)], may be attributed in part to (1) the total neglect of
M---8i, M-O, and other types of nuclear repulsive and electrostatic
interactions, and (2) not simulating the non—equivalent hybridization
characteristics of the oxygen atoms by omitting their nearest non-
tetrahedral neighbors. The first argument is supported by the empirical
evidence that the mean Si-0(2,3,3’) distances increase as the distor-
tions in the crystal bring Si and M ions closer together (Ribbe and
Gibbs, 1971; Brown and Gibbs, in prep.) and as the M~-O bonds de-
crease in length.

When the observed Si-O bond lengths are used in the calculations,
two separate and well developed® trends emerge, (Fig. 4), one for the
apical bonds, Si-O(1), and the other for the basal bonds, Si~0(2,3).
The bond length-bond overlap pepulation relationships are:

Si(spd) basis set: Si-O(1) = 2.273 — 0.694n 2
Si-0(2, 3) = 2.263 — 0.704n 3)
Si(sp) basis set: Si-O(1) = 2.210 — 1.153n @)
Si-0(2, 3) = 2.195 — 1.146n 5)

® The correlation coefficients are all greater than 0.93 and the student |[¢] are
all larger than 7.5.
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The inherent, differences in the molecular orbital characteristics about
the apical and basal bonds is a cause for the two separate trends seen
in Figure 4 (Louisnathan and Gibbs, 1972b). However, no quantitative
significance can be attached to the separation because of the assump-
tion that the exchange integrals, H;;, are equal for all the basal as well
as the apical bonds.

TaE VArIATION oF THE Si—O ELECTROSTATIC BOND
STRENGTH IN OLIVINES

In a previous paper (Louisnathan and Gibbs, 1972b), we have noted
that Pauling’s £(0) (the sum of electrostatic bond strengths reaching
an oxygen) appears to simulate the electrostatic attractive energy,

U,

10) = L2~ ) = XL ®)

Because £(0) is calculated by using the nominal valences (z;) and
coordination number (y;) rather than the actual charges (g;) and
internuclear separation (r;), £(0) lacks an uniform energy secale for
comparing the electrostatic bond strengths of different bonds (1) in
structures like olivine where neither 2y nor vy show any variation, or
(2) in going from one structure type to another. We have suggested
(Louisnathan and Gibbs, 1972b) that Mulliken’s (1955) donic bond
order

Pionte (5i-0) = —Q(SDQ(0)[0.529(R) /r(8i-0) (A)] )

may be a better measure of the electrostatic bond strength, especially
in such structures as olivine where all the oxygen atoms are charge—
balanced in Pauling’s model.

The net charges Q(Si) or Q(0), calculated in the EHMO approxi-
mation, are not absolute. However, within a given series of compounds
the EHMO charges may be expected to show a correlation with the
Si-O bond length. Moreover, the charges on Si or O calculated for
isolated silicate ions using the observed dimensions cannot be the same
as when the ions occur in a complex structure. However, our calcula-
tions (I, II, III described earlier) indicate that the trends in the
relative charges and ionic bond orders remain unchanged (Table 2)
when the next-nearest neighbors and their ligands are included. The
ionic bond order of the apical Si-O(1) bond is calculated to be smaller
than those of basal bonds suggesting a relative electrostatic “under-
bonded” character or a stronger covalent character [larger n(Si-0)]
for the apical bond. The EHMO charges on apical oxygens are con-
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Table 2. EHMO charges and ionic bond orders in forsterite.

(100" T. (eos10n) ™ 11. [Mgg(S10)F51'7"  IIL. [Mge(S104)Fasl''”
a(st) +1.349¢ +1.354e +1.362e +1.171e
Q(o,1) -1.297 -1,140 -1.173 b -1.159
a(0,2) -1.370 1.243 -1.269 -1.245
Q(0,3) -1.341 ~1.223 -1.245 =1.221
gionic(si-o,l) 0.569%a.u. 0.502a,u. 0.520a.u. 0.442a.u.
Eionic(si-o,z) 0.592 0.539 0.553 0.467
p_ionic(Si—O,3) 0.586 0,537 0.550 0.463

sistently lower than those for the basal oxygen atoms for all the eleven
olivines, and a plot of Si~O as a function of @ (O) shows two separate
trends, one for the apical oxygens and the other for the basal ones
(Fig. 5).

Smith (1953) was the first to suggest that the bonds to underbonded
(¢(0) < 2.0) oxygens are more covalent and stronger than those to
overbonded oxygens. Baur (1970, 1971) has since shown that a well-
developed correlation exists between ¢(0O) and Si-O bond length in
structures where all oxygen atoms are not charge balanced. When
£(0) is plotted as a function of n(Si-0O), Figure 6, a well-developed
correlation (r = —0.94) results, which is consistent with Smith’s
(1953) original suggestion. Obviously no correlation can be made
between ¢(0O) and n(Si-0) in structures where ¢(0) = 2.0 for all
oxygen atoms, or for those structures where the bridging oxygens
(Si-O-S1) are two—coordinated.

Tur Errect or 0-Si-O ANGULAR DISTORTIONS
O~ TuE Si-O Bonp LENGTH

The EHMO calculations for the (8i0Q4)+ tetrahedra in the olivine
structures have borne out the predictions of our earlier calculations
on hypothetically distorted tetrahedra that longer Si-O bonds should
be associated with narrower O-Si-O angles and shorter ones with
wider angles. When the n(Si-O) obtained for a series of orthosilicic
acid molecules with Cj, symmetry (Louisnathan and Gibbs, 1972b)
are plotted as a function of (O-Si-O); (i.e., mean of three 0-Si-O
angles involving a common Si-O bond) two nonlinear trends emerge
(Fig. 7), both of which indicate that n(Si-O) of the common bond
should increase with increasing (O-Si-0);. Figure 8, a plot of ob-
served Si~O distances (from a number of silicates containing isolated
tetrahedra, Si,O; ions, rings, single or double chains, and frameworks)
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as a function (O-S8i-0);, corroborates and generalizes the aforemen-
tioned relationship -between Si-O bond lengths and O-S8i-O angles.
McDonald and Cruickshank (1967) and Brown and Gibbs (1970)
have also found that shorter Si-O distances tend to be involved in
wider O-Si-O angles. The relatively large scattering of data points in
Figure 8 reflects the widely varying environments of the Si-O bonds,
and the existence of different nonlinear relationships for different bond
types.

Baur (1970) has argued that the observed variations between Si-O
distance and O-Si-O angle are a simple geometrical consequence of
the movement of the silicon atom in a coordination polyhedron where
all the oxygen-oxygen distances remain invariant and at constant
separation. If this were approximately true, we would expect in a plot
of (Si-0) vs. O---0O that the data for silicates would be disturbed
about a line normal to the O---O axis (see Fig. 4, McDonald and
Cruickshank, 1967; Fig. 7, Brown and Gibbs, 1970). But the data
actually fall about a line more nearly parallel to the O---O axis,
demonstrating quite clearly that the oxygens in 8iO, tetrahedra are not
at constant separation as concluded by Baur but range between ~2.5
and ~2.8A. Assuming & rigid polyhedron of four tetrahedrally disposed
oxygen atoms (T symmetry for the configuration of oxygens, with
O:+:O distances fixed at 2.662A4) and allowing the silicon atom to
move along one of the three Si-O bond directions (i.e., when Si atom
is considered, the silicate group would have C3, point symmetry unless
all Si-O = 1.634) the geometrical relationship between Si-O bond
length and (O-Si-O); angle is given by

Si-0 = 4.9422 — 0.0303[(0-8i-0).], ®

which trend is shown as a dotted line in Figure 8. This trend is sig-
nificantly different from a least squares trend obtained for the ob-
served data, '

Si-0 = 2.5589 — 0.0086(8)[(0-S8i-0)], 9)

which is shown as a dashed line in Figure 8. This result suggests that
although part of the relationship between Si-O bond length and
0-81-O angles can be rationalized in terms of geometrical effects, a
purely geometrical model of a small hard sphere (Si-atom) rattling
within a tetrahedral cavity of four larger hard spheres (O-atoms) at
constant separation is inadequate to model the bond length-bond angle
relationships within the SiO4 tetrahedra. We assert, backed by numer-
ous experimental observations, that O---O distances do vary as a
result of polyhedra sharing their elements (Pauling, 1929 and 1960).



VARIATION OF Si~O DISTANCES 1657

Such variations of O:--O distances combined with other crystallo-
chemical factors cause distortions in the tetrahedral angles (Louis-
nathan and Gibbs, 1972b), and the energy and shape of the MO
wavefunctions respond to such angular distortions in establishing
different 7 (Si-0) for the individual bonds in the resulting silicate ion.

The observed tetrahedral angular distortions in a series of five
melilites (Smith, 1953; Louisnathan, 1969b and 1970) are similar to
those observed in the olivines (Brown and Gibbs, in prep.). In melilites
the variation of ¢(0O) is quite pronounced (e.g., £(04) = 2.75,¢(0p) =
1.75, and ¢(Oz) = 2.00 in hardystonite). On the other hand in olivines
there is no variation in £(0) because all oxygens are charge balanced.
Yet the observed variation of individual Si-O bond lengths in melilite
is quite similar to that observed in olivines. The common factor in
these two series of structures is the remarkably similarity in O-Si-O
angular distortions and not the variation in ¢(0). This led one of us
to attempt to rationalize the variation of individual bond lengths in
melilites using a qualitative MO theory that takes into account tetra-
hedral angular distortions (Louisnathan, 1969b). If the variation in
£(0) is assumed to be the only factor in bond length variations, and
if the tetrahedral angular distortions are a mere geometrical conse-
quence of the 8i-O distances that have varied due to ¢(0), as proposed
by Baur (1970, 1971), then (1) for the olivine series neither the varia-
tion in Si~O bond lengths nor the variation in O-Si-O angles can be
accounted for, and (2) the predicted (using the geometrical model)
0-8i-O angular distortions in melilites are gross underestimations of
observed distortions as shown below for the case of hardystonite
{Louisnathan, 1969a) :

using the dotted  using Baur’s (1971)

line in Figure 7 equation from observed
angle (equation 8) his table IV value
(O-8i-0;)s 108.7° 104.6°
(02=S8i-0;), 110.9 - 116.0
(081-0;); 109.7 107.8
0,-8i~0, 109.50 111.0
0-8i-0; 107 .4 101.4
058103 109.1 103.5
04S8i-0, 111.3 118.5

In order to further assess the importance of the O-Si-O angles
within a polymerized ion of 8iO, tetrahedra, EHMO calculations were
undertaken for the (Si,0;)¢ ions in sodamelilite (Louisnathan, 1970)
and for the (8i0;),, metasilicate chain in NasSiOs (McDonald and
Cruickshank, 1967). The calculation for the pyrosilicate ion consisted
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of two sets of computations, one for an ‘hypothetically isolated’
(8i04)* ion and another for the (Si;O7)% group, with observed dimen-
sions, and with Si(spd) as well as Si(sp) basis sets. Similarly two sets
of computations were made for the metasilicate chain; in one the
(Si04)*+ tetrahedron was again treated as “isolated” but in the other
four tetrahedra, (Sig013)**, were considered polymerized as part of a
single chain like the one in Na,SiOs.

In sodamelilite, the Siz0; group exhibits Cs, symmetry (Cz axis
contains the bridging oxygen O(1), and nearly parallels the apical
bond Si-0(2) where the symmetry of the individual (SiO4)*- groups
are C,, as in olivines. Using the O-8i-O angles given in Figure 9 one
can qualitatively predict the bridging Si—O(1) to be the longest and
the apical Si—O(2) to be the shortest bond in the pyrosilicate ion. To
obtain a semi-quantitative estimate of bond length variations, one may
use the calculated n(Si-0) for the “solated’ (SiO4)* group (Fig. 9b)
and using equations (2) and (3). The predicted bond lengths, Si-O(1)

Fre. 9. Results of EHMO calculations for the (81:07)* ion in sodamelilite.
(a) Dimension of the pyrosilicate ion. (b) n(Si-0) and @(r) for the “hypotheti-
cally isolated” (SiO.)* group, and (c) for the actual (8i:0.)* group with Si(spd)
basis set. (d) and (e) are similar results for Si(sp) basis set calculations.
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=160 =16l e

_ Fia. 10. Results of EHMO calculations for the (SiOs). single chain in NasSiOs.
(a) Dimensions of the chain. (b) n(8i-0) and Q(r) for the hypothetically isolated
(8i0,)* group calculated with Si(spd) and (c) Si(sp) basis sets. (d) and (e) are
similar caleulations for a four-membered single chain.

= 1.65, 5i-0(2) = 1.59, and 8i-O(3) = 1.634, suggest that (the
nature of tetrahedral angular distortions being similar to those in
olivines, i.e., C;, point symmetry) Si-O(1) and Si-0(2) will plot on
the line of basal bonds and the apical Si-O(2) with the apieal bonds
of olivines (Fig. 4). In Na,SiO; metasilicate, the local symmetry of
the (SiO4)* group is nearly Cq, (Fig. 10). The 0(1)-8i-0O(1m) is the
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largest tetrahedral angle (116.9°); therefore, it is expected Si-0(1)
be shorter than Si-0(2) as observed (Louisnathan and Gibhs, 1972b).
With an Si-O-Si angle of 133.7°, the general relationship between
8i—O(br) and Si-O-Si angle suggests a significantly shorter (~1.6354)
Si~0(2;br) bond than the observed lengths of 1.677-1.668A (McDon-
ald and Cruickshank, 1967; Brown and Gibbs, 1970; Gibbs et al.,
1972). Our calculations suggest that the ‘extra’ lengthening of 8i-0(2)
may be explained in part in terms of the narrow 0-Si-0 angles asso-
ciated with it. The observation that EHMO results for ‘hypothetically
isolated’ (Si04)* groups with observed distortions as in 8 polymerized
tetrahedral ion, can reasonably predict the observed variations in 8i-0
bond length, suggests that the O-Si-O angles within a tetrahedron
may play a more important role than forees from outside the tetra-
hedron. When polymerized ions, rather than hypothetically geparated
ions are considered, the role played by Si-O-Si valence angles is prop-
erly taken into account in the EHMO ecalculations, a problem that
has been investigated at length by Gibbs et al. (1972). In the erystal
structure of zunyite (Louisnathan and Gibbs, 1972a), the 8i-0-8i
bonds are all linear within the (SizOsq)'*~ ion, which according to a
more commonly ohserved trend between Si-O-S8i and Si-O (br) would
indicate 8i-O(br) bonds to be shorter than the 8i-O (nbr) bonds.
However, all the 8i-O bonds are statistically identical, 1.634, and all
the 0-Si-O angles close to the ideal angle of 109.5°. Fairly extensive
EHMO ecaleulations for the (Si:0;)% ion (Dg symmetry) predicts
that the 8i-O(br) will be shorter than the 8i-OQ(nbr) only when the
0 (br)-8i-O (nbr) angles are wider than O (nbr)-8i-0O (nbr), but that
8i-O(br) will be longer than 8i-O(nbr) when O (br)-8i-0O(nbr) are
narrower than O(nbr)-S8i-O (nbr) and 8i-O (br) and 8i-O(nbr) will
nearly equal when all O-Si-O angles are close to 109.47°, even though
the 8i-O-8i linkage is linear (Louisnathan and Gibbs, 1972a).

Tur DousLe Bonp CHARACTER IN THE Si-O BoND

Theoretical investigations based on EHMO caleulations (Louis-
nathan and Gibbs, 1972b) indicate that only in the case of ideal
T, 8i0, tetrahedron the 3d(e)-2p =bonds contribute significantly to
the n(8i-0). When O-8i-O angular distortions are present, the d-p
~—bonding is established by the use of such 3d orbitals that are
consistent with the point-group of the silicate jon and the 3p-2p
~bonds also begin to contribute significantly to the n(8i-0). In
fact, the relationship between Si-O-Si angle and 8i-O(br) bonds can
be explained on the basis of the 3p-2p =bond order as well as by the
3d-2p =~bond order. Despite that our calculations are not designed
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to test whether or not silicon ‘uses’ its 3d orbitals, the calculations
clearly suggest that =—bonding plays an important role in determin-
ing the variations in Si-O distance. When an Si-O bond is involved
with widest O-Si-O angles both o— and =—bond populations increase,
or when the tetrahedral angles associated with bond are the narrowest
both o and z—bond populations decrease. Thus empirical correlations,
like the relationship between Si-O(br) bond length and Si-O-Si
angle, become amenable for interpretation by using the =—bonding
theory (d-p or p—p) alone without having to closely examine the
bond order pertubations in the o—framework. Pauling (1952) ration-
alized a semi-empirical relationship between bond length and the
wbond character, n,(Si-O). When the n,(Si-O) calculated using
the observed bond lengths are plotted as a function of n(Si-O),
strong correlations emerge (Fig. 11), suggesting that arguments based
on =bonding model are not contradictory to arguments based on o—
plus =~bonding schemes. In this respect the Si-O =bonds behave very
much like C-C, C-N, C-O, etc. =~bonds in hydroearbons and other
conjugated systems, where the simple m—electron Hiickel theory has
found a large measure of success in explaining bond lengths, chemical
reactivities and many other properties.
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