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1. When the distortion of a silicate ion corresponds to local

Ansrnacr

ImrnonucrroN
In a previous paper (Louisnathan and Gibbs,lgT2b), we found that

semi-empirical molecular orbital calcurations based on extended

over' we found that when o-si-o valence angle distortions are present,,
the EHMO results predict a stabilization of the distorted (sior)
configuration by strengthening one or more si-o bonds relative to
others. The specific results and prediction of the calculations for
hypothetically distorted SiO+ tetrahedra (with all Si-O = 1.68A) may
be summarized as follows:
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C6, point symmetry, the calculated bond overlap populations,
ra(Si-O), for the basal bonds differ from that of the apical bond
parallel to Ca. If the O(apical)-Si-O (basal) angles (a) are
wider than the O(basal)-Si-O(basal) angles (F), then n [Si-O
(apical)] calculates larger than the z[Si-O(basal)], whereas
if p is larger than o, then the basal bonds show larger popula-
tions.
2. Similar results were ob,tained for silicate ions of local Co
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(ap cal bond' in mir-
ror)l ) n [Si-O(basal bonds not in mirror)] > ra[Si-O(basal
bond in mirror) l.
3. If the distortion of O-Si-O angles corresponds In aTocal Cz,
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 C3, point symmetry, the z[Si-O(apical)] and
n[Si-O(basal)] show two different trends when plotted as a
function of O-Si-O angle.
6. The predictions regarding bond length variations in distorbed
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(Si), etc.) 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

lFor the sake of convenience the Si-O bond involving the three widest
O-Si-O angles, like ihe Si-O(l) bond in olivines, will be called the apical bond.
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of the calculations on a semi-quantitative basis for purposes of order-
ing and classifying Si-O bond length variation.

EHMO Cer,cur,erroNs poR rnn Srr,rcerp IoNs rN Or,rvrNns

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 distances2: apical (Si-O(l)) =
1.617[0.001] and basal (Si-O(2)) : 1.658[0.005], and (Si-O(3,3'))
= 1.635 [0.001]4. A negative correlation between the mean
(Si-O (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.). Aparb
from this interpretation of the variation of the meq,n Si-O distances,
no other mechanisms have been advanced to explain the variation of
the indiuiil"ttol Si-O distances. For exarnple, there is no correlation
between Si-O bond length and the electronegativiiy of M-sitre cations
(Brown and Gibbs, in prep.) nor between the bond lenglhs and a((O)
(Baur, 1971) because all the oxygen atorns in the structure are charge-
balanced.

The silicate ion in the olivines exhibits C, point-symmetry; ihe
O-Si-O angles associated'with the apical Si-O(1) bond are the widest,
and two of those associated with the basal Si-O(2\ arc the narrowest
(Fie. 1). The EHMO calculations for such a distorted silica'fle ion
predict that the Si-O(l) bond should be the shorbest, Si-O(2) the
longest, and Si-O (3) intermediate (Louisnathan and Gibbs, 1972b) .
The z(Si-O)s calculateds using the O-Si-O angles as observed in
forsterite and with (1) all Si-O : 1.63A, 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-O(3)] > ,n[Si-O (2)l euen when aIL Si-O distanaea clr'e assumed
to be 1.634 in the calcwlation, suggesting that the variation in the
O-Si-O angles may account, in part, for the observed variation of the
Si-O distances.

sDistances given here are the mean Si-O(l), Si-O(2), and Si-O(3) bond
lengths observed in first eight structures of Table 1, where the ealculated
e.s.d.'s are less than 0.0054 for individual bonds. Numbers in bra,ckets are the
estimated standard deviations of the mean dista.nces.

" 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 Hu ar'd Htt 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 l/"ac - -5.5eV and fsa - 1.0 after Gibbs e, al. (L972).
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Fro. l. Bond overlap populations for the (SiO*)- tetrahedron of forsterite.
rnset tetrahedron at left shows the observed dimensions, and the one at the
right shows overlap populations with maximum range of z(Si-O), in square
brackets, for the e.s.d.s. 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 rigands
in the olivine structure, calculations for the following closed-shell
complexes were undertaken :

I. (MgeSiOa)la* group with Mg atoms in the nine nearest
neighbor M-sites that surround the silicate ion. Only the Bs
valence orbitals of Mg were included in the calculation.
II. [Mgg(SiOn)Fur]"- complex where the F atorns were chosen
to represent (1) the octahedral ligands of the Mg atoms, and
(2) the second and third anion-neighbors of Si. Only the Bs
orbitals on Mg and 2p on F were included in the calculation
(the YOIP of tr. (2s) are considerably larger than those of. F (2p)
and accordingly may be considered as not appreciably involved

I
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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 2; ) on each of the thirty-one second or
third neighbor oxygen atoms of central Si atom.
III. [Mgs(SiO4)F2b]"- complex where the most distant six F
atoms from Si were omitted and where the computation was
made with the 3s and Sp,orbitals on Mg.

In calculation (I) , the Si. . .Mg interactions turned out to be weakly
bonding, f.e., rr,(Si-Mg) > 0, but on including the ligands of the Mg
cations (II and III) the Si. . .Mg interactions became antibonding and
repulsive, sueh repulsions being strongest when a Mg(sp) basis set is
used (III). Wiih only 3s orbitals on Mg, calculation (II), Si' ' 'F (i.e.,
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 III, all cation-
anion interactions other than those of first coordination sphere are
repulsive. In all the three calculations (I, II, and III), the trends, in
n (Si-O) for the silicate ion remain unaltered: the apical n [Si-O(l)l
is the largest, a [Si-O (2) ] the smallest and n[Si-O (3) ] is intermediate
(FiS. 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 aI., 1972; Louisnathan and
Gibbs, L972b; 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
atorns at least for structures where a((O)-0''When EHMO calcula-
tions are performed ior 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 observed bond lengths are used,
it is difficult to assess whether the computed variation in n (Si-O) is
due to the O-Si-O angles or to the calculated overlap integrals, Sai,
which are usually proportional to the internuclear separation, ra1, us€d
in the calculation. In order to avoid this complication, two sete of
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Fro. 2. Comparison of z(Si-O) obtained for the isolated (SiO*)F group with
those obtained by introducing the M-cation neighbors and their ligands (see
text for deiails).

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 wiih Si (sp'd) basis set, was
undertaken.

The overlap populations computed assuming all Si-O '= 1.63A 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(l), Si-O(2), and Si-O(3) bonds,
respectively.a The approximate constancy in n [Si-O(1) ], rz[Si-O(2)],
or ra[Si-O(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 4o) than in the first eight structures, thus imparting
an approximaLe C6, symmetry to their silicate ions whereby a[Si-O (2) I
and za[Si-O(3)] become approximately equal. With n [Si-O(2)] of

t Meaq values, with e.s.d. about the mean in parentheses are given.
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these two structures plotting close to n[Si-O(B)] of these and other
structures, an apparent single trend between rz[Si-O(2,8)] and Si-O
bond length is developed (Fig. B). Returning to our discussion on the
first eight olivine structures, we should no'te that in spite of a remark-
able similarity of angular distortions in the sioa tetrahedra, individual
Si-O distances do show a small range of variation in length (0.009-
0.144). The Si-O(l) distances range between 1.610 and 1.62bA,
Si-O(2) between 1.654 and t.66BA and Si-O(B) beiween 1.629 and
1.6414. Such variations are not reflected in the EHMO overlap popu-
Iations (Fig. 3). Elsewhere we have suggested that the relation

.An/n" : ar(Si-O)/r"(Si-O) (1)

can be used to give a very crude estimate of bond length changes in
distorted tetrahedra (Louisnathan and Gibbs ,lg72a and b). Assuming
an equilibrium distance, r"(Si-O) ,= l.68A, and an equilibrium n,(Si-O)
= 0.906 [for a silicate ion of ?a symmetry, with Si (spd) basis set,
Lotrisnathan and Gibbs, (l}T}b)l equation (1) predicts nearly con-
stant distances of Si-O(l) - 1.b8, Si-O(2) - 1.68, and Si-O(B) =
1.654 for all the eight structures. Setting aside the approximations in-
volved in equation (1), the inability of the EHMO overlap populations

o.55 " O.80

n ( S i - O )

Fra. 3. Si-O bond overlap populations, z(Si-O), for eleven olivines (assuming
all Si-O - 1.634, 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 depict Si-O(1, apical), half-filled circles, Si-O(B), and filled circles, Si-O(2)
bonds.
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Frc.4. Si-O bond overlap populations, n,(Si-O), for eleven olivines, with
observed dimensions, plotted against observed distances: calculated for the (a)

Si(sp) and (b) Si(spd) basis sets. Symbols as in Fig. 3.

to predict srnall variations within each bond type [Si-O(1), Si-O(2),
or Si-O(3)1, may be attributed in part to (1) the total neglect of
M"'Si, 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-O (2,3,3') distances increase as the distor-
tions in the c'ryshal 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 developedu trends emerge, (Fig.4), one forthe
apical bonds, Si-O(1), and the other for the basal bonds, Si-O(2,3).
The bond length-bond overlap population relationships are:

Si(spd) basis set: Si-O(l) : 2.273 - 0.69*n (2)

Si-O(2, 3) : 2.263 - 0.704n (3)

Si(sp) basis set: Si-O(l) : 2.210 - l.l53n (4)

Si-O(2, 3) : 2.195 - l.L46n (5)

sThe correlation coefficients are all greater than 0.93 and the student ltl 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, l972b). However, no quantitative
significance can be attached to the separation because of the assump-
tion that the exchange integrals, Hii, affe equal for all the basal as well
as the apical bonds.

Trrp VenrerroN oF rHn Si-O Er,ocrnosrerrc BoND
StnnNcrrr ru OuvrNns

In a previous paper (Louisnathan and Gibbs,lg72b), we have noted
that Pauling's ((O) (the sum of electrostatic bond strengths reaching
an oxygen) appears to simulate the electrostalic attractive energy,
u(o),

r(o): +7- u(o): 4tr
Because ((O) is calculated by using the nominal valences (ar) and
coordination number (va) rather than the actual charges (qr) and
internuclear separation (rot), ((O) lacks an uniform energy scale for
comparing the electrostatic bond strengths of different bonds (1) in
structures like olivine where neithet zy rror zna. show any variation, or
(2) in go'ing from one structure type to another. We have suggested
(Louisnathan and Gibbs, 1972b) that Mulliken's (1955) i,oruic'bond
order

p,."1 " (si-o) : - Q(si)a (o) t0.52e (A) /r(si-o) (A)l \ t )

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 0 (Si) or I (O), 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 trsnds 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 flarger n,(Si-O) ]
for the apical bond. The EHMO charges on apical oxygens ane con-

(6)
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Table 2. EHMo charges and lonlc bond orders 1n forster l te.

( s 1 0 4 ) q -  I .  ( M g e S i o q ) l q +  r r ,  [ M g e ( S 1 0 a ) F 3 r ] r 7 -  l r l .  [ M g g ( S 1 0 + ) F z s l r r -

Q(s{ )

a ( 0 , 1 )

Q ( 0 , 2 )

Q ( 0 , 3 )

+1.349e

-L.297

- 1 . 3 7 0

-1 . r40

-t.243

+1.352e

-7.269

0.520a.u ,

0 . 5 5 3

0 . 5 5 0

O . 4 4 2 a . 8 .

o . 4 6 7

0 . 4 6 3

+ 1 . 1 . ' r e

.  -1 .159

p .  ( S i - 0 . 1 )  0 . 5 6 9 a . u .  0 . 5 0 2 a , u .

D .  ( S i - 0 . 2 )  0 . 5 9 2  0 . 5 3 9

D .  ( s 1 - 0 . 3 )  0 . 5 8 6  0 . 5 3 7

sistently lower than those for the basal oxygen atoms for all the eleven
olivines, and a plot of Si-O as a function of 8(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
(((O1 4 2.0) oxygens are more covalent and stronger than those to
overbonded oxygens. Baur (1970,1977) has since shown that a well-
developed correlation exists between ((O) and Si-O bond length in
structures where all oxygen atorns axe not charge balanced. When
((O) is plotted as a function of z(Si-O), 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 ((O) and rz(Si-O) in structures where ((O) = 2.0 for all
oxygen atoms, or for those structures where the bridging oxygens
(Si-O-Si) are two-coordinated.

Tnn Empcr on'O-Si-O Ancur,en Drsronrrows
Olr rlrn Si-O Boul LpNcrn

The EHMO calculations for the (SiO+) * 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 a(Si-O) obtained for a series of orthosilicic
acid molecules with Cso symmetry (Louisnathan and Gibbs, 1972b)
are plotted as a function of (O-Si-O)s (i.e., mean of three O-Si-O
angles involving a common Si-O bond) two nonlinear trends emerge
(Fig.7), both of which indicate ihat n (Si-O) of the common bond
should increase with increasing (O-Si-O[. Figure 8, a plot of ob-
served Si-O distances (from a number of silicates containing isolated
tetrahedra, Si2O7 ions, rings, single or double chains, and frameworks)
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Fra. 5. EHMO charges on oxygen atoms, calculated using the observed
dimensions of the Sion group, are plotted as a function of observed Si-O dis-'
tances. Symbols as in Fig. 3.
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Frc. 6. f(O) vs. n.(Si-O) for tetrahedral bond lengths in tourmaline and
margarosanite. zr^(Si-O) values, calculated with the Si(sp) basis set with Si-O
clamped at 1.63A, are from Gibbs et al. (1972).
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as a function (O-Si-O)e, corroborates and generalizes the aforemen-
tioned relationship-between Si-O bond lengths and O-Si-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-O) vs. O'.'O that the data for silicates would be disturbed
about a line normal to the O..'O axis (see Fig.4, McDonald and
Cruickshank,Ig6T; 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 SiO+ tetrahedra are not
at constant separation as concluded by Baur but range between -2.5
and -2.8A. Assuming a rigid polyhedron of four tetrahedrally disposed
oxygen atoms (?6 symmetry for the configuration of oxygens, with
O"'O distances fixed at 2.662L) 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 Cg, point symmetry unless
all Si-O - 1.63A) the geometrical relationship between Si-O bond
length and (O-Si-O)s angle is given by

Si-O : 4.9422 - 0.0303[(O-Si-O)'], (8)

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

si-o : 2.558e - 0.0086(8)[(o-si-o),1, (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
O-Si-O angles can be rationalize{ 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 SiOr 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).
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such variations of o:.'o distances combined with other crystalo-
chemical factors cause distortions in the tetrahedral angles (Louis-
nathan and Gibbs, lg72b), and the energy and shape of the MO
wavefunctions respond to such angular distortions in establishing
different n (si-o) 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 tg70) are similar to
those observed in the olivines (Brown and Gibbs, in prep.). In melilites
the variation of ((O) is quite pronounced (e.5., {Or) = 2.25, ((Os) =
1.75, and ((Ou) = 2.00 in hardystonite). On ttre other hand in olivines
there is no variation in ((o) because all oxygens are charge balanced.
Yet the observed variation of individuat 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 remarkabry similarity in o-si-o
angular distortions and not the variation in ((o). This led one of us
to attempt to rationalize the variation of individuar bond lengths in
melilites using a qualitative Mo theory that takes into account teua-
hedral angular distortions (Louisnathan, rg6gb). rf the variation in
((O) is assumed to be the only factor in bond length variations, and
if the tetrahedral angular distortions are a mere geometricar conse-
quence of the Si-O distances that have varied due to ((O), 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)
o-si-o angular distortions in melilites are gross underestimations of
observed distortions as shown below for the case of hardvstonite
(Louisnathan, 1969a):

using the dotted using Baur's (1971)
line in Figure 7 equation from observed

(equation 8) his table IV valueangle

(O'-Si-O;)a
(OrSi-O;)e
(OrSi-O;)a
Or-Si-Os
Or-Si-Os
OrSi-Oa,
Oa-Si-Oe

108.70
1 1 0 . 9
109.7

109.50
r07.4
109 .1
1 1 1 . 3

104.60
116 .0
107.8
1 1 1 . 0
101 .4
103.5
118 .5

In order to further assess the importance of the O-Si-O angles
within a po ymerized ion of sio+ tetrahedra, EHMO calculations were
undertaken for the (si2o?)6- ions in sodamelilite (Louisnathan, 1970)
and for the (SiOs)- metasilicate chain in NazSiOg (McDonald and
ciuiokshank, 1967). The calculation for the pyrosilicate ion consisted
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of two sets of computations, one for an 'hypothetically isolated'
(SiOn)- ion and another for the (SizO?)6- BrouP, with observed dimen-
sions, and with Si(qpd) as well as Si(sp) basis sets. Similarly two sets
of computations were made for the metasilicate chain; in one the
(SiOn)* tetrahedron was again treated as "isolated" but in the other
four tetrahedra, (Si+Ora)'r, were considered polymerized as part, of a
single chain like the one in Naa/SiOs.

In sodamelilite, the SigOz group exhibits C22 slrnmetrj (Cz axis
contains the bridging oxygen O(1), and neally parallels the apical
bond Si-O(2) where the symmetry of the individual (SiOa)* groups
are Cu, as in olivines. Using the O-Si-O angles given in Figure I one
can qualitatively predict the bridging Si-O(l) 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-O) for the'isol'ated' (SiO+)'- group (Fig.9b)
and using equations (2) and (3). The predicted bond lenglhs, Si-O(1)

Frc. 9. Results of EHMO calculations for the (SLO")* ion in sodamelilite.
(a) Dimension of the pyrosilicate ion. ft) z(Si-O) and.O(r) for the "hypotheti-
cally isolated" (SiOn)* group, and (c) for the actual (SLO')* group with Si(spd)
basis set. (d) and (e) are similar results for Si(sp) basis set calculations.
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Fra. 10. Results of EHMO calculations for the (SiO")" single chain in Na,SiO,.
(a) Dimensions of the chain. (b) z(si-o) and O(r) for the hypothetically isolated
(SiOn)* group calculated with Si(spd) and (c) Si(sp) basis,"tu. (a) and (e) are
similar calsulations for a four-membered single chain.

- 1.ffi, Si-O(2) - 1.59, and Si-O(3) : 1.OBA, suggest that (the
nature of tetrahedral angular distortions being similar to those in
olivines, 'i.e., Cu point symmetry) Si-O(l) and Si-O(2) will plot on
the line of basal bonds and the apical si-o (2) with the apieal bonds
of olivines (Fig. a). In NasSiOe metasilicate, the local symmetry of
the (SiOe)'group is nearly Cz, (Fig. f0). The O(l)-Si-O(lna) is the

c

6 e
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Mull iken's n(Si-O)

Frc. 11. Pauling's n"(Si-O) vs. Mulliken's n (Si-O) for the eleven olivines calcu_
lated with Si(spd) basis set.

to test whether or not silicon ruses' its 3d orbitals, the calculations
clearly suggest that o'-bonding plays an important role in detennin-
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 .-bond populations decrease. Thus empirical correla'tions,
like the relationship between Si-O (br) bond length and Si-O-Si
angle, become amenable for interpretation by using the zr.-bonding
theory (d-p or p-p) alone without having to closely exarnine the
bond order pertubations in the o-framework. Pauling (lg,E2) ration-
alized a semi-empirical relationship between bond length and the
,'-bond 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 argumenLs based
on z-bonding model are not contradictory to arguments based on o-
plus 

".-bonding schemes. In this respect the Si-O o-bonds behave very
much like C-C, C-N, C-O, etc. o-bonds in hydrocarbons and other
conjugated systems, where the simple zr-electron Hiickel theory has
found a large measure of success in explaining bond lengths, chemical
reactivities and many other properties.
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