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Auszug
Wegen ihrer hohen Symmetrie weisen die meisten Si02-Modifikationen nul'

wenige unabhangige (Si-O)-Abstande auf. Jedoch die Struktur des Coesits
ent.halt zwei unabhangige SrOa-Tetraeder, acht (Si-O)-Bindungen, fiinf
(Si-O-Si)- und zwolf (O-Si-O)-Winkel und bietet sich somit als ein ausge-
zeichnetes Objekt zur Priifung del' Theorie del' (Si-O)-Bindungen an. Urn den
bestmoglichen Satz von (Si-O)-Abstanden zu erhalten, haben die Verfasser die
Struktur eines synthetischen Kristalls bis zu R = 0,024 verfeinert. Die Gitter-
konstanten dieses Kristalls sind: a = 7,135(1), b = 12,372(1), c = 7,173(1),
/-]= 120,36 (1) -.

Eine Elektronenpopulations-Analyse nach MULLIKENwurde unter Annahme
r-iner mit.t.leren Lange von 1,614 A fiir aIle (Si-O)-Bindungen berechnet bei
Verwendung sowohl del' von ARAKIund ZOLTAI1969 gefundenen Valenzwinkel
(R = 0,076) als auch von denjenigen del' vorliegenden Untersuchung. Es
zeigte sich, daB die Uberlappungsdichten del' (Si-O)-Bindungen, die aus den
neuen Koordinatenwerten berechnet wurde, den beobachteten Bindungslangen
bessel' korreliert sind als die sich aus den altorcn Werten ergebenden Dichten
(r2 = 0,91 gegeniiber r2 = 0,60). Das ist ein Hinweis darauf, daB fiir eine
lineare Korrelation zwischen Bindungs-Ubcrlappung und -Lange genaue
Strukturdaten erforderlich sind. Die individuellen (Si-O)-Abstande verhalten
sich nicht-linear in bezug auf die (Si-O-Si)-Winkel, jedoch linear in bezug
auf -l/cos(Si-O-Si), wobei kiirzere Bindungen grbBeren Winkeln Si-O-Si
und O-Si-O entsprechen. Die Ergebnisse del' Untersuchung zeigen, dafl es
im Coesit keine Abweichung von del' stochiomet.rischen Zusammensetzung gibt,
daB keine ungewohnliche Warmeschwingung des O-Atoms in del' line~ren Bin-
dung Si-O-Si vorhanden ist und daf die Schwankungen del' individuellen
(Si-s-Ot-Abstandslangen eng mit del' beobachteten Bindungsiiberlappung, den
gegenseitigen AbstoBungen del' nicht-gebundenen ...Atome und del' Ladung des
O-Atoms zusammenhangt,

* Blacksburg, Virginia.
** Stony Brook, N.Y.
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Abstract

Because of their high symmetry, most of the silica polymorphs contain only
a few nonequivalent Si-O distances. However, the structure of coesite contains
t\VO nonequivalent silicate tetrahedra, eight Si-O bonds, five Si-O-Si and
t welve O-Si-O angles. thus making it an excellent candidate for testing
Si-O bonding theory. In order to obtain the best possible set of Si-O distances,
we refined the structure using single-crystal diffraction data from a synthetic
crystal (unweighted R = 0.024). Cell parameters for this crystal are
a = 7.135(1) A, b = 12.372(1), C = 7.173(1), and f3 = 120.36(1).

A Mulliken population analysis was calculated with all Si-0 bond lengths
clamped at 1.614 A and using the valence angles determined by ARAKI and
ZOLTAI (1969) for which R = 0.076, and those obtained from the present experi-
ment., The Si-0 bond overlap populations calculated using the valence angles
()btained for the new coordinates were found to be more highly correlated
(r2 = 0.91 V8. r2 = 0.60 for the older data) with the observed Si-O bond
lengths, suggesting that precise structural data are necessary to obtain a near-
linear correlation between bond-overlap population and bond length. The
individual Si-O bond lengths to the oxygen in the Si-O-Si linkages in coesite
vary (1) non-lineary when plotted against Si-O-Si angle and (2) linearly when
plotted against -ljcos 4 (Si-O-Si), shorter bonds being associated w it h
wider angles. Shorter bonds also tend to be involved in the wider 0 -Si -C)

angles. The results of this experiment show that there is no evidence for depar-
ture from stoichiometry, that there is no unusual thermal vibration of tilt>
uxygen atom in the linear Si-O-Si linkage, and that variations in individual
~i-O distances are closely related to calculated bond-overlap populations, to
the geminal nonbonded repulsions and to the charge of the oxygen atom.

Introduction
CRUICKSHANK (1961) has asserted from symmetry considerations

that the orbitals comprising the a framework of a silicate ion may be
neglected and that the Si-O bond-length variations, d (Si-O), in
silicates may be rationalized in terms of a n system comprising the
3d orbitals on Si and the 21) orbitals on oxygen. Using an algorithm
based on simple valence-bond theory, he calculated larger n-bond
orders for Si-O bonds involved in wider Si-O-Si angles, a result
which implies that wider angles should involve shorter bonds. BROWN,

GIBBS and RIBBE (1969) have since presented a scatter diagram of
d(Si-O) versus -1= (Si-O-Si) for the silica polymorphs which seemed
to support the prediction. Two years later, BAUR (1971) noted that
the keatite data used by BRO'VN et ale (1969) were too imprecise and
that the tridymite data were not corrected for thermal motion. This
warranted a reexamination of the correlation. Using corrected Si-O
bond-length and angle data for tridymite and uncorrected bond-length
data for the remaining silica polymorphs and for four pyrosilicates,
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BAUR undertook a weighted linear regression analysis that indicated
that the correlation between d (Si-O) and <J:(Si-O-Si) might not
exist and that CRUICKSHANK'Sn-bonding model should be reevaluated
as a general bonding theory for the silicates. Later that year, the
relationship between d(Si-O) and (Si-O-Si) angle was examined
again by TAYLOR(1972), who used only data for the silica polymorphs.
After correcting all the Si-O distances for the thermal motion of
the oxygen atoms, he calculated a regression line for d(Si-O) versus
Si-O-Si angle. The resulting line was found to be less steep than
that obtained earlier by BROWN et al. (1969) but statistically identical
with the one calculated by GIBBS, HAMIL, LOUISNATHAN,BARTELLand
YO\V (1972). More recently, MEAGHER and GIBBS (1976) completed
a weighted linear regression analysis on the d (Si-O) and <J:Si-O-Si
data for the five silica polymorphs studied by BAUR (1971); the data
for the four pyrosilicates were excluded because their bond -length
data were considered to belong to a population distinct from that of the
silica polymorphs. The analysis yielded a linear correlation coefficient
of r == - 0.44 and permitted MEAGHER and GIBBS to reject the null
hypothesis that there is no relationship between d (Si-O) and
<J:Si-O-Si for the five silica polymorphs at the 0.001 level.

Recent ab initio calculations by COLLINS, CRUICKSHANK and
BREEZE (1972) using a limited basis set have indicated that there is
considerable Si(3d)-orbital involvement in the wavefunction of the
silicate ion. On the other hand, SCF X.« scattered-wave calculations
published by TOSSELL, VAUGHANand JOHNSON (1973) for the silicate
ion and SCF calculations by GILBERT, STEVENS, SCHRENK,YOSHIMINE
and BAGUS (1973) for a linear Si20 molecule indicate that the 3d
orbitals make a somewhat smaller contribution to the wavefunctions
for the silicate ion. In 1972, GIBBS et al. completed two sets of semi-
empirical molecular-orbital calculations (with and without 3d orbitals)
to learn whether the steric details of isolated and polymerized silicate
ions in ten minerals might be rationalized in terms of a covalent model.
When all the Si-O bond lengths were clamped at 1.63 A, all the
O-Si-O and Si-O-Si valence angles were clamped at observed
values and all the nontetrahedral cations were ignored, the calculated
bond overlap populations, n (Si-O), were found to correlate with the
observed bond lengths, shorter bonds tending to be involved with
larger n (Si-O) values. Furthermore, it was discovered in a study of
the feldspars (GIBBS, LOUISNATHAN,RIBBE and PHILLIP~, 1974) that
the model predicts essentially identical trends in bond -length and
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valence-angle variations whether or not the 3d orbitals on Si are in-
cluded in the calculations. This result is consistent with the assertion
that experimental evidence like bond-length and valence-angle cor-
relations cannot be used as evidence to prove whether 3d orbitals are
involved in bonding between Si and 0 an~y·more than they can be
used to prove whether the 8 and 1J orbitals are involved (MITCHELL,
1969; BARTELL,Su and YO\Y, 1970). Since GIBBS et ale (1972) ignored
the hontetrahedral cations in their calculations, it is not surprising
that only about 60 percent of the variation in d(Si-O) could be
explained in terms of a linear dependence on n(Si-O). To determine
whet.her improved correlations may be obtained for silicates which
lack nontetrahedral cations, n (Si-O) values were calculated for the
silica polymorph coesite. We selected coesite to test this possibility
because, unlike the other known silica polymorphs, it contains two
nonequivalent silicate tetrahedra with eight nonequivalent Si-O bond
lengths and it shows a relatively wide range in Si-O-Si angles from
138 0-1800. In addition, each of its oxygen atoms is two-coordina ted
and bridges two silicate tetrahedra. Accordingly, all the bonds are
Si-O(br) bonds requiring that the sum of the Pauling valence-bond
strength to each oxygen be exactly two. It is impossible, therefore.
to rationalize the observed bond-length to valence-angle variations
in terms of BAUR'S (1970; 1971) extended electrostatic-valence rule.
Since coesite lacks nontetrahedral cations, the bond-length variations
should be related to variations in the valence angles within and be-
tween the silicate tetrahedra. Our first calculations for coesite were
completed several years ago (unpublished) using the ARAKI and
ZOLTAI (1969) atomic coordinates and the procedure outlined in
the NATO feldspar volume (GIBBS et al., 1974). In the calculations
all the Si-O distances were clamped at 1.614 A but the observed
valence angles within and between the tetrahedra were assumed.
Since the participation of the 3d orbitals in the wavefunctions of the
silicate ion may be small, a minimum-valence basis set was used in
all of our calculations. The resulting. n (Si-O) values are plotted in
Fig. 1 against the observed Si-O bond lengths. Although the correla-
tion is negative, it is clear that the scatter of the data about the
regression line is fairly large. Indeed, the scatter is similar to that ob-
tained in similar calculations for the feldspars (GIBBS et al., 1974)
where the neglect of the nontetrahedral cations may be expected to
have contributed to the spread of data points. However, since coesite
lacks nontetrahedral cations, the scatter of the data in Fig. 1 suggests
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Fig.1. A scatter diagram of the observed Si-O bond lengths, d (Si-O), in
coesite determined by ARAKI and ZOLTAI (1969) V8. the Si-O bond overlap
populations, n (Si-O), calculated assuming all the Si-O bond lengths equal to
1.614A and using the observed valence angles within and between the silicate
tetrahedra. The vertical bars drawn through each data point mark off one
estimated standard deviation in the observed Si-O bond length. The dashed

line was calculated by a weighted linear regression analysis

that either the covalent-bonding model is deficient or that the ARAKI

and ZOLTAI (1969) structural refinement is too imprecise to yield an
improved correlation. To resolve this problem, we collected a new set
of intensity data for coesite, calculated a refinement of its structure
and compared the resulting bond-length and valence-angle data with
the results provided by a Mulliken population analysis.

Experimental
The coesite crystal selected for the single-crystal analysis was

grown at 65 kbar and 110°C. It is approximately equi-dimensional
( ---0.2 mm in diameter) without plane faces. Precession photographs
are consistent with the space group C 2jc previously determined by
ZOLTAI and BUERGER (1959) and ARAKI and ZOLTAI (1969). The cell
parameters refined by least squares using 19 single-crystal reflections
are given in Table 1 along with those determined by ARAKI and
ZOLTAI. The differences in reported cell parameters may be a result of
experimental errors or differences in stoichiometry, as discussed by
ARAKI and ZOLTAI. It should be noted, however, that the {3angle of
the coesite cell determined in our work is the first to be reported as
statistically different from 120 0.
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The reflection intensities were measured using the ()-2()scan
technique with two 20-second background counts for each peak and
a scan speed of 1 0 per minute. Peak position and intensity data were
obtained' with a Picker single-crystal diffractometer using MoKex
x-radiation and a graphite monochromator. In all, 941 reflections
were measured, 805 of which were considered to be significantly above
background. Details of the weighting scheme used for least-squares
structure refinement and data reduction are given in PREWITT and
SLEIGHT(1968). No corrections were made for x-ray absorption.

Table 2 gives the final refinement results obtained using the com-
puter program RFINE written by Dr. L. FINGER. The unweighted

Table 1. Cell parameters for coesite

Reference
I

a b c (3 V

ARAKI and
ZOLTAI (1969) 7.173(4) A 12.328(6) A 7.175(4) A 120.00 549.5 A3
This work 7.135(1) 12.372(1) 7.174(1) 120.36( 1) 546.4(:3)

Table 2. Atom coordinates and temperature factors ( X .105) for coesite*

x y z

Si(1) 0.14027(7) 0.10838(3) 0.07234(7)
Si(2) 0.50658(7) 0.15796(4) 0.54049(7)

0(1) 0 0 0
0(2) 0.5 0.11608(14) 0.75
0(3) 0.2660(2) 0.12327(11) 0.9400(2)

0(4) 0.3110(2) 0.10374(11) 0.3280(2)
0(5) 0.0177(2) 0.21188(~0) 0.4784(2)

{311 {322 {333 {312 {313 (323 o.;

Si(1) 339(11) 66(3)
,

352(11) 1-32(4) 188(9) -24(4) 0.52 A
Si(2) 359(11) 77(3) 318(11) , - 3(4) 191(9) -14(4) 0.49

0(1) 477(38) 98(10) 575(40) -90(15) 219(33) -28(16) 0.88
0(2) 625(40) 113(10) 881(37) 0 385(33) 0 0.99
0(3) 508(28) 154(7) 637(30) -63(12) 424(25) -27(12) 0.89

0(4) 593(29) 155(8) 356(27) -70(11) 119(24) -35(11) 0.98
0(5) 566(28) 66(7) 731(32) - 2(11) 357(24) 14(11) 0.78

* estimated standard deviations are given in parentheses. Beq = t 1:l: aiaj{3ij
i j

z. Kristallogr. Bd. 145, 1/2 8
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R for all observed reflections is 0.024 and the weighted R is 0.037.
ARAKI and ZOLTAI reported that they had difficulty in refining an-
isotropic temperature factors; however, no such difficulty was encoun-
tered in our calculations and it must be assumed that some kind of
systematic error was present in their data or structure model. The
equivalent isotropic temperature factors in both refinements are
somewhat larger than expected; this may be a result of imperfection
introduced in the crystals on quenching from high pressure.

The interatomic distances, the valence angles and their estimated
standard deviations calculated from the results of our refinement
are given in Table 3. The differences between these values and those
previously published by ARAKI and ZOLTAIare small but significant.
LIEBAU (1961) noted that the Si-O-Si angle of 1800 might be an
average caused by O( 1) statistically occupying t\\TO lower-symmetry
positions on either side of the center of symmetry. If this were true,
the O( 1) temperature factor should be anomalously larger than those
of the other oxygen atoms. However, this is not the case; the B value
for O( 1) is actually smaller than those calculated for 0(2), 0(3) and
0(4).

Molecular orbi tal calculations
The electronic population parameters for the atoms in coesite

(Table 3) were estimated using a modified version of HOFFMANN'S
extended Hiickel molecular orbital (ERMO) program. In the program,
the overlap integrals, Sij, between the ith and jth valence atomic
orbitals are explicitly evaluated even for next-nearest-neighbor atoms,
the Coulomb integrals hii are set equal to the negative of the valence-
orbital ionization potentials (VOIP) and the resonance integrals hij are
set equal to the parameterization Sij(hii + hjj). Following the con-
struction and solution of the secular determinant, the program com-
putes the electronic-population parameters by completing a Mulliken
population analysis (1955). The VOIP's and the exponents for the
Slater-type atomic orbitals used as input in our calculations are given
in Table 4. An inherent flaw in the EHMO method is that the resulting
energies and wavefunctions are highly dependent on the form of the
parameterization. On the other hand, BASCHet al. (1965) have shown
that trends in bond-overlap populations and electric charges for a series
of chemically and structurally related molecules are virtually independ-
ent of the exact parameterization. Hence, it is the correlations that
seem to be significant, not the absolute numbers. We believe that
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Table 3. Bond lengths, interbond angles, and Mulliken population parameters for
coesite

Atom pair Q(O)Distance n(Si-O) nb(Si-O)

Si(l)-O(l)
-0(3)
-0(4)
-0(5)

Si(2)-0(2)
-0(3)
-0(4)
-0(5)

1.5950(4) A
1.613(1)
1.610(1)
1.621(1)

< 1.6014(3) >*

0.512
.503
.506
.495

0.500
.502
.504
.500

-1.2451.6126(7)
1.615(1)
1.604(1)
1.618(1)

< 1.6124(4) >

-0.086
-0.091
-0.089
-0.094

-1.223
-1.246
-1.241
-1.254

-0.090
-0.091
-0.090
-0.092

Atom pair O-Si-O angleDistance

Around Si(l)

0(1)-0(3)
-0(4)
-0(5)

0(3)-0(4)
-0(5)

0(4)-0(5)

Around Si(2)

0(2)-0(3)
-0(4)
-0(5)

0(3)-0(4)
-0(5)

0(4)-0(5)

2.634(1) A
2.613(1)
2.633(1)
2.646(2)
2.615(2)
2.629(2)

< 2.6273(5) >

110.41(6)C
109.26(5)
109.f)O(;'))
110.41(7)
107.93(7)
108.90(7)

< 109.54(2) >

2.637(1) A
2.623(1)
2.650(2)
2.619(2)
2.638(2)
2.629(2)

< 2.6313(6} >

109.58(6) 0

109.30(7)
110.22(8)
108.94(7)
109.39(7)
109.38(7)

< 109.45(3) >

Si-Si distance Angle

Si(1)-O( 1)-Si( 1)
Si(2)-0(2)-Si(2)
Si(1)-0(3)-Si(2)
Si(1)-O( 4)-Si(2)
Si(1)-0(5)-Si(2)

3.190(1) A
3.055(1)
3.073(1)
3.101(1)
3.016(1)

< 3.0870(4) >

* weighted average with e.s.d.'s in parentheses.

1800

142.52(13)
144.39(10)
149.54(9)
137.29(9)

8*
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Table 4. Valence orbital ionization potentials (VOIP) and orbital exponents (C)

Atom Atomic orbital VOIP C

Oxygen 2s -32.33 eV 2.246
2p -15.79 2.226

Silicon 3s -14.83 1.634
3p -7.75 1.428

EHMO results (bond-overlap populations, geminal antibonding-over-
lap populations and electric charges) can be useful in ordering bond-
length and valence-angle variations but they cannot be used in any
sense to prove the experimental data. We also believe that the interplay
between molecular orbital and experimental results can serve to
improve our understanding of the crystal chemistry of minerals by
yielding important information about their electronic structures and
the nature of the bonding forces involved.

Discussion
The silicate tetrahedra in coesite are arranged in a complicated

way to form a framework structure that bears a topological resem-
blance to that of feldspar (ZOLTAIand BUERGER, 1959; MEGA'V,1970).
Chains of four-membered rings of silicate tetrahedra along [010] are
cross-linked to form "corrugated layers" of crankshaft chains parallel-
ing [110]. However, unlike feldspar the linkage between the corrugated
layers is affected by straight Si-O-Si bonds, resulting in a denser
arrangement of tetrahedra. The two nonequivalent silicate tetrahedra
in coesite, Si(1)04 and Si(2)04, are nearly regular with d(Si-O)
ranging between 1.595 and 1.621 A and O-Si-O angles ranging
between 108.9° and 110.4°. Despite the small variation in d(Si-O),
a surprisingly strong correlation (r == -0.95) obtains between d(Si-O)
and n(Si-O) calculated assuming a constant Si-O distance == 1.614 A
and using the angles within and between the silicate tetrahedra deter-
mined in this study (Fig. 2). The maximum deviation of any point
from the regression line is 0.004 A with the average deviation being
about 0.003 A. This result suggests that the ARAKI and ZOLTAI
refinement of the structure of coesite is too imprecise to yield a similar
correlation between d(Si-O) and n(Si-O). A comparison of the bond-
length data obtained by ARAKI and ZOLTAIwith that determined in
this study shows that the two data sets are statistically identical with
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Fig.2. A scatter diagram of the observed Si-O bond lengths, d(Si-O). in
coesite determined in this study V8. the Si-O bond overlap population, n (Sis-O J.

calculated assuming all the the Si-O bond lengths equal to 1.614 A and usim;
the O-Si-O and Si-O-Si angles observed in this study. The vertical hnr..;
drawn through each data point mark off one e.s.d. in the bond length. TIl'"
regression line (dashed) was calculated in a weighted linear regression of d (Si- ()
on n (Si-0) where the inverse squares of the estimated standard deviation- I If

the individual Si-O bond lengths were used as weights. The null hypot}}.·..l >

that the value of the slope of the line, bI, is zero [i.e., that there is no relatif'!.-
ship between n(Si-O) and d(Si-O)] may be rejected at the 0.001 level bee-nil ... ·

t = b1/a(bI) = 33

1.59L--.-_--L.... __ --1....-_---J

0.49 0.50 0.51
n(Si-O)----.

the exception of the Si(2)-O(4) bond lengths which differ by more
than three estimated standard deviations. It may be noted that the
n(Si-O) value calculated for this bond from the angles determined
by ARAKI and ZOLTAI indicates that the bond is too long and that it
should be the shortest bond in the Si(2)04 tetrahedron rather than the
longest one. In agreement with this indication, our refinement of the
structure shows the Si(2)-O(4) bond to be the shortest bond in the
Si(2)04 tetrahedron. In fact, when a linear-regression analysis is
completed using the Si-O bond-length data observed in this study
and the bond-overlap populations calculated for coesite using the
valence angles determined by ARAKI and ZOLTAI (1969), a significant
improvement in the correlation is obtained as evinced by the correla-
tion coefficient of r == 0.89. If this result is not fortuitous, it suggests
that the n(Si-O) values calculated from the observed valence angles
may serve as a crude test of the ordering of the bond lengths in the
silicate tetrahedra for other silica polymorphs.

Since there is a strong correlation between d(Si-O) and n(Si-O)
and since the observed valence angles were used in the calculations,
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Fig. 3. Scatter diagrams of d(Si-O) V8. (a) Si-O-Si angle and (b) -l/cos
<?= (Si-O-Si). A weighted linear regression analysis completed for d (Si-O) V8.

-l/cos <?= (Si-O--Si) yielded a correlation coefficient ofr = 0.98. Since Student's
! t I calculates to be 35, the hypothesis that d (Si-O) might not be dependent on

-l/cos -1: (Si-O-Si) may be rejected at the 0.001 level

we may expect d(Si-O) to correlate with the valence angles within
and between the silicate tetrahedra. The individual Si-O bond
lengths in coesite are plotted against <?= Si-O-Si and -1/ cos <
(Si-O-Si) in Fig.3 and against the average of the three O-Si-O
angles common to the bond, < O-Si-O >3, in Fig. 4, shorter bonds
in each case tending to involve wider angles. ERMO theory predicts
that n (Si-O) should increase nonlinearly when plotted against

<?= Si-O-Si and linearly when plotted against -l/cos <?= (Si-O-Si)
(GIBBS et al., 1972). Since d(Si-O) appears to vary linearly with
n(Si-O), shorter bonds involving larger n(Si-O) values, the trends
evinced by Fig.3 are as expected. The theory also predicts that
< O-Si-O >3 is a measure of the strength of the bond common to
the three angles comprising < O-Si-O >3, larger n(Si-O) values
tending to involve bonds with larger < O-Si-O >3 values. Despite
the small range of < O-Si-O >3 angles (108.~)-109.9°) exhibited by
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:Fig.4. A scatter diagram of d(Si-O) V8. < O-Si-O >3, the mean O-Si-O
angle common to the Si-O bond. The hypothesis that d(Si-O) might not be

dependent on < O-Si-O >3 may be rejected at the 0.001 level
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Fig.5. A scatter diagram of d (Si-O) V8. geminal nonbonding overlap popula-
tions, nb (Si-O), taken to equal the algebraic sum of all the antibonding popula-

tions across a Si-O bond (BARTELL et al., 1970)

the silicate tetrahedra in coesite, a weighted regression analysis of the
data plotted in Fig.4 shows the correlation to be highly significant
with shorter bonds tending to involve wider valence angles.

The Si-O bond lengths in coesite also correlate with the geminal
nonbonding overlap populations, nb (Si-O), taken to equal the
algebraic sum of all antibonding populations across a Si-O bond
(Fig.5). According to BARTELL et ale (1970), nb(Si-O) gives a measure
of the repulsion forces that tend to stretch bonds as bond-overlap
populations decrease. This assertion agrees with Fig. 6 which indicates
that repulsion forces become more important as the angles between
silicate tetrahedra narrow, as the Si-Si separations decrease and as
the nonbonding populations become more negative. Moreover, it
appears that nb(Si-O) interactions may be as important as n(Si-O)
interactions in governing trends in Si-O bond-length variations in
coesite. A similar conclusion was reached by BARTELL et ale (1970)
in an EHMO examination of the tetrahedral bond-length variations
in phosphate and sulfate tetrahedral oxyanions.

In addition to bonding- and nonbonding-overlap populations,
EHMO theory also provides crude estimates of the electrical charges
on the atoms in coesite. As observed for the feldspars, a correlation
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F'ig. 7. Scatter diagrams of the ERMO electric charges, Q (0), calculated for the
oxygen atoms V8. (a) the observed length of the Si-O bond involving the

oxygen atom and (b) the Si-O-Si angle involving the oxygen atom

can be made between the electrical charges, Q(O), calculated for oxygen
and d (Si-O). As evinced by Fig. 7a, a well-developedcorrelation exists
between d (Si-O) and Q (0), with longer bonds involving oxygen
atoms with larger charges. Since d (Si-O) is strongly correlated with
the Si-O-Si angle, the correlation between Q (0) and Si-O-Si angle
is expected (Fig.7b). Hence, EHMO theory predicts that longer
Si-O bonds involved in narrower Si-O-Si angles also involve the
more highly charged oxygen atoms. )

The weighted mean Si-O bond length of the Si(1)04 tetrahedron
is slightly but significantly shorter, 1.601A, than that of the Si(2)04
tetrahedron, 1.612A. Since the bonds in the Si(1)04 tetrahedron tend
to be involved in wider Si-O-Si angles and longer Si-Si distances,
we may expect the Si(1)04 ion to possess shorter bond lengths on the
average.
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Finally, it is well known that the observed C-C bond-length data
for such hydrocarbons as ethane, ethylene and acetylene may be
ranked very nicely in terms of bond number and total bond order
(PAULING,1960; COULSON,1961). Moreover, if EHMO calculations
are completed for these same hydrocarbons assuming constant bond
lengths, d (C-C) == 1.43 A and d (C-H) == 1.05 A and observed valence
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I I
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\ ..•....•../.........-.
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Fig. 8. A plot of the observed C-C bond lengths, d (C-C), in ethane, C2H6,

ethylene, C2H4, and acetylene, C2H2 VB. n (C-C) calculated assuming d (C--C)
= 1.43 A, d (C-H) = 1.05 A and using the observed valence angles. It is
generally asserted that the bond-overlap population relates to the electron
density between bonded atoms, a larger overlap population implying a larger
density in the region of the bond. If we consider the binding forces acting on
the nuclei of the two bonded atoms, we may expect a large binding force and
accordingly a shorter bond when the electron density in the bond is large.
Since the Mulliken bond-overlap population is a crude measure of this electron
density, the negative correlation observed between bond overlap population

and bond length is expected

angles as done for coesite, we see that a strong correlation obtains
between the observed C-C bond length, d (C-C), and n (C-C),
shorter bonds involving larger overlap populations as expected.
Moreover, the n(C-H) values calculated for the C-H bonds are
constant for all three molecules, in agreement with the fact that these
bonds have the same length in all three molecules. It is our belief that
the correlations presented here and elsewhere between observed
Si-O bond length and Si-O bond overlap populations have the same
meaning and significance as that obtained for the hydrocarbons
(Fig. 8).
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