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The crystal structure of stishovite, SiO,, a = 4.1773(1), ¢ = 2.6655(1) A, space group P4,/mnm, with Z
= 2, has been refined with 217 graphite-monochromatized Mo K« data (26 max = 120°) to R = 0.012
(R,, = 0.014). Electron deformation density maps show a modest accumulation of charge density
ascribed to partial covalent bonding in both the equatorial and axial bonds together with a delocaliza-
tion of density in and around the shared octahedron edges with the shorter equatorial bonds showing
higher peaks (0.47 e A-?) than the longer axial bonds (0.29 e A-3). Net atomic charges for Si and O
determined by a population and « refinement by varying the occupancy and shape of their valence
shells are +1.71 and —0.86(15) e, respectively. The observed structural distortions and charge distri-
butions conform with the results of ab initio molecular orbital calculations undertaken on molecules
designed to mimic-the local geometry of the structure of stishovite. The Si-O bond length (1.73 A)
calculated for a neutral molecule with 6-coordinated Si is slightly shorter than that observed on the
average (1.76 A) for silicates and molecular crystals with 6-coordinated Si. In addition, the calculated
geometrical parameters of two edge-sharing octahedra agree to within ~5% of the observed geometry
of stishovite. The calculated charge on Si is indicated to increase with coordination number and bond
length in agreement with the larger net charge recorded for stishovite as compared with that recorded
for a-quartz, Q(Si) = +1.0 e¢. Observed deformation maps are compared with theoretical ones calcu-
lated in the equatorial plane of the 6-coordinated molecule using molecular orbital theory with a split
valence s,p basis supplemented with d-type polarization functions on Si.

Introduction by silicon and oxygen. Indeed, almost 60%,
by weight, of the Earth’s continental crust,

Whereas the chemistry of the animal and  and more than 45% of the oceanic crust and
vegetable worlds is dominated by carbon, mantle, consists of the component oxide
oxygen, and hydrogen, that of the world of  SiO,. It is, therefore, not surprising that a
minerals is almost completely dominated detailed knowledge of the properties of the
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Si~O bond is of central importance in at-
tempts to understand inorganic materials in
the natural environment.

The polymorphs of SiO, are of particular
interest, not only because they constitute
some 12 wt% of the entire crust (chiefly as
the mineral a-quartz in igneous rocks), but
also because they are among the most com-
mon and utilitarian materials in human soci-
ety and its technology. As a result, the liter-
ature abounds with experimental and
theoretical studies devoted to the elucida-
tion of the crystal and electronic structures
of these dozen or so forms of silicon diox-
ide (see, for examle, the reviews by Gris-
com (1), Hubner (2), Pantelides (3), New-
ton and Gibbs (53), and Gibbs et al. (4, 5)).
However, in all but one of these poly-
morphs the silicon atoms are surrounded by
an approximately tetrahedral array of oxy-
gen atoms, where each oxygen is bonded to
two silicon atoms. Understandably, there-
fore, the vast majority of previous work has
concentrated on the properties of silicon
tetrahedrally coordinated by oxygen.

The exception to the rule is the mineral
stishovite, first synthesized at high pressure
and temperature in the laboratory (6), and
later discovered in an impact breccia at Me-
teor Crater, Arizona (7). In this structure
each silicon atom is coordinated by six oxy-
gen atoms in octahedral configuration, and
each oxygen is bonded to three silicon at-
oms. As a result of its higher coordination
numbers and its shorter O . . . O non-
bonded contacts relative to those in the
other silica polymorphs, the density of
stishovite (4.28 g cm~3) is some 46% greater
than that of the densest of the 4-coordi-
nated polymorphs (coesite), and it has
therefore been suggested to be one of the
predominant phases at depth in the Earth’s
mantle, produced either by transformation
of a-quartz or as a disproportionation prod-
uct of common silicate minerals (8). Octa-
hedral coordination of silicon by oxygen
has also been observed in a number of other
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high pressure structure types including hol-
landite (9, 10), garnet (11), and perovskite
(12), but it is not unknown in phases
formed at low pressure. In fact, the synthe-
sis of solids with 6-coordinate Si at low
pressures is possible and well documented
(13-17). However, in these cases the other
atoms bonded to the coordinating oxygen
atoms are atoms of relatively high electro-
negativity like (15, I8) carbon, as in the re-
cent report of 6-coordinate Si in two molec-
ular crystals (719). Stishovite itself,
however, remains the most attractive can-
didate for a detailed study of 6-coordinated
silicon, firstly because of its chemical sim-
plicity, and secondly because of its direct
relevance to studies of the geophysics and
mineralogy of the mantle.

Earlier structurai studies of stishovite
were based on powder X-ray diffraction
data (20-22), but the recent synthesis of
crystals up to 0.23 mm in length have, for
the first time, enabled the precise determi-
nation of its structure from single crystal
data (23). In the present work we extend
the analysis of stishovite in two ways: (i)
the X-ray scattering formalism embodied in
the usual least-squares refinement proce-
dure has been made more flexible by the
incorporation of parameters representing
variable occupancy and expansicn/contrac-
tion of the atomic valence shell (24),
thereby allowing an estimation of net
atomic charges on Si and O and the defor-
mation density, and (ii) the experimental
results are compared with those from ab
initio molecular orbital calculations under-
taken on molecules designed to mimic the
stishovite structure in an attempt to ration-
alize the observed bond and shared-edge
lengths, valence angles, and electron defor-
mation density distribution.

Experimental

Crystals of stishovite synthesized by the
method described in Ref. (23) were kindly
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made available for study by Mr. W. Sinclair
and Professor A. E. Ringwood of the Re-
search School of Earth Sciences at the Aus-
tralian National University. The crystal se-
lected for data collection was a transparent
rectangular {110} prism, of length 0.082 mm
and base 0.078 x 0.052 mm, terminated by
pyramidal faces of the form {111}. The
specimen was mounted on a Philips
PW1100 four-circle automatic diffractome-
ter in an arbitrary ortentation and the unit
cell parameters refined by a least-squares
technique from the observed 26 values of 25
automatically centered reflections in the
range 26 = 106-116°, measured at 22°C
with Mo Ke, radiation (A = 0.70930 A). The
resultant tetragonal cell dimensions, a =
4.1773(1) and ¢ = 2.6655(1) A, are in close
agreement with those determined on the
same material by Sinclair and Ringwood
(23), and with previous powder X-ray dif-
fraction measurements (7, 25).

Intensity data for the structure analysis
were collected with MoKa radiation
monochromated by a flat graphite crystal
(26, = 12.17°) using a #-26 scan technique
and a 26 scan rate of 2° min~!. Backgrounds
were determined from 20-sec stationary
counts at both ends of each dispersion-
modified (A26 = 1.8 + 0.76 tan 6) scan
range. All 2780 reciprocal lattice poinis
within a sphere of radius 1.22 A 2050k =
120°) were sampled, but the last 20% of the
data was subsequently deleted due to X-ray
tube softening and eventual failure. Up to
this point three noncoplanar reflections
monitored every 60 min showed no signifi-
cant variation in either intensity or posi-
tion. The resultant 2173 reflections were cor-
rected for background, Lorentz, and
polarization effects using a program written
specifically for the PW1100 diffractometer
(26). Since the plane of reflection of the
graphite monochromator was perpendicu-
lar to that of the specimen crystal, the
Lorentz—polarization correction was of the
form (Lp)~! = sin 26 (1 + cos?26,,)/(cos?20
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+ cos?26,). Absorption corrections were
then applied to the data with the Gaussian
quadrature method as coded in the
XRAY76 system of programs (27) using a 6
X 6 X 6 grid and a u value of 15.72 cm™":
the minimum and maximum transmission
factors were 0.887 and 0.926, respectively.
Multiply measured and symmetry-equiva-
lent reflections consistent with point group
4/ mmm were then averaged to yield a set of
221 unique structure factors, F,, each with
a standard deviation estimated from the ex-
pression

ar. = af + (0.0312)%321°5

o

where I is the corrected raw intensity and
oy is derived from counting and averaging
statistics (Table I). The overall internal
consistency factor between averaged inten-
sities was 0.023 and only four were consid-
ered to be ‘‘unobserved’’ at the 1oy level.

Refinement

The refinement of the structure was initi-
ated in space group symmetry P4,/m2,/
n2/m with the atomic positions and thermal'
parameters determined by Sinclair and
Ringwood (23), using the modified full-ma-
trix least-squares program RADIEL (24).
All scattering factors (including both real
and imaginary anomalous dispersion com-
ponents) were obtained from ‘‘Interna-
tional Tables for X-ray Crystallography”
(28) and were normalized to one electron.
Si and O were assigned core-scattering fac-
tors equivalent to Ne and He configura-
tions, respectively, while their valence
form factors were calculated as weighted
averages (based on neutral atom electronic
configurations) of the appropriate ground
state orbital scattering factors.

! The anisotropic ellipsoids were converted to the
form

exp[—sz(U”hza*z + Uzzkzb*z + U}}[ZC*Z
+ 2Uphka*b* + 2Uhla*c* + 2Upklb*c*)].
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TABLE 1
OBSERVED STRUCTURE FACTORS F,, AND THEIR ESD’s o FOR STISHOVITE

b

x=

—

F, or h k { F, ar h k ! F, oF
0 0 2 325.18 3.33 4 1 0 141.93 0.74 6 0 2 161.83 0.86
0 0 4 221.54 3.25 4 1 1 185.48 0.68 6 0 4 116.99 0.92
0 0 6 137.72 2.10 4 1 2 113.93 0.43 6 1 0 83.47 0.49
1 0 1 169.16 0.86 4 1 3 126.56 0.68 6 1 1 114.73 0.44
1 0 3 140.77 1.05 4 1 4 83.12 0.50 6 1 2 76.04 0.33
1 0 5 64.34 0.63 4 1 5 72.05 0.47 6 1 3 82.44 0.50
1 1 0 267.99 1.93 4 2 0 179.78 0.93 6 1 4 61.27 0.44
1 1 1 243.11 1.24 4 2 1 86.75 0.34 [ 1 5 50.74 0.39
1 1 2 232.29 1.19 4 2 2 146.13 0.54 6 2 0 89.99 0.52
1 1 3 117.74 0.89 4 2 3 64.24 0.42 6 2 1 56.56 0.28
1 1 4 140.31 1.06 4 2 4 87.46 0.52 6 2 2 73.29 0.33
1 1 5 75.80 0.68 4 2 5 48.40 0.41 6 2 3 48.61 0.41
1 | 6 76.45 0.67 4 3 0 61.97 0.38 6 2 4 44.80 0.41
2 0 0 42.15 0.35 4 3 1 182.43 0.67 6 2 5 36.51 0.38
2 0 2 94.57 0.50 4 3 2 53.28 0.26 6 3 0 39.70 0.37
2 0 4 50.09 0.54 4 3 3 130.20 0.71 6 3 i 152.27 0.58
2 0 6 13.51 1.09 4 3 4 40.77 0.41 6 3 2 36.04 0.28
2 1 0 185.35 0.95 4 3 5 80.75 0.49 6 3 3 120.10 0.67
2 1 1 274.72 0.99 4 4 0 149.83 1.12 6 3 4 29.39 0.44
2 1 2 101.52 0.38 4 4 1 106.38 0.59 6 4 0 116.80 0.65
2 1 3 195.08 1.01 4 4 2 124.78 0.68 6 4 1 74.11 0.33
2 1 4 61.80 0.41 4 4 3 88.43 0.74 6 4 2 102.11 0.42
2 1 5 110.18 0.62 4 4 4 81.44 0.71 6 4 3 64.50 0.45
2 1 6 42.39 0.39 4 4 5 66.21 0.62 6 4 4 74.20 0.47
2 2 0 316.69 2.28 5 0 1 51.39 0.35 6 5 0 18.22 0.58
2 2 1 92.37 0.49 5 0 3 23.54 0.61 6 5 1 47.23 0.29
2 2 2 265.69 1.36 5 0 5 1.67 8.71 L 6 5 2 16.27 0.46
2 2 3 48.48 0.49 5 1 0 204.91 1.06 6 5 3 34.16 0.42
2 2 4 167.42 1.25 5 1 1 22.89 0.25 6 5 4 14.17 0.67
2 2 S 34,07 0.58 5 1 2 172.87 0.64 6 6 0 96.64 0.80
2 2 6 102.03 0.81 5 1 3 17.69 0.52 6 6 1 54.05 0.42
3 0 1 317.03 1.62 S 1 4 115.59 0.65 6 6 2 86.20 0.52
3 0 3 235.97 1.71 5 1 5 12.76 0.86 6 6 3 48.70 0.55
3 0 S 149.67 1.14 5 2 0 13.07 0.53 7 0 1 157.86 0.84
3 1 0 178.79 0.92 5 2 1 224.32 0.82 7 0 3 128.30 1.00
3 1 1 88.59 0.34 5 2 2 10.83 0.63 7 1 0 88.94 0.52
3 1 2 156.22 0.57 5 2 3 171.32 0.91 7 1 1 66.20 0.31
3 1 3 54.42 0.37 5 2 4 10.35 1.02 7 1 2 75.38 0.34
3 1 4 85.61 0.51 b 2 5 116.75 0.65 7 | 3 58.12 0.43
3 1 5 37.60 0.41 S 3 0 54.42 0.37 7 1 4 51.63 0.41
3 1 6 43.05 0.38 5 3 1 15.36 0.35 7 2 0 43.20 0.39
3 2 0 58.28 0.34 5 3 2 39.90 0.26 7 2 1 61.44 0.30
3 2 1 114.05 0.43 5 3 3 10.50 1.20 7 2 2 40.75 0.29
3 2 2 47.74 0.23 h) 3 4 13.86 0.79 7 2 3 43.42 0.41
3 2 3 73.53 0.44 5 3 5 8.32 3.02 7 2 4 33.14 0.41
3 2 4 30.89 0.40 5 4 0 18.32 0.49 7 3 0 141.25 0.77
3 2 5 29.02 0.44 5 4 1 108.49 0.43 7 3 1 33.94 0.29
3 2 6 22.24 0.46 5 4 2 15.89 0.43 7 3 2 127.06 0.50
3 3 0 287.93 2.08 5 4 3 79.35 0.50 7 3 3 29.61 0.44
3 3 1 32.33 0.29 5 4 4 13.93 0.74 7 3 4 97.05 0.55
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TABLE I—Continued

Bk F, or Bk F, or ok F, oF
303 2 24003 1.23 5 4 5 50.80  0.38 7 4 0 6313 044
33 3 25.60  0.54 55 0 18991 1.4l 7 4 1 88.63  0.38
303 4 16119 1.21 5 5 1 442 437L 7 4 2 5886  0.31
3 3 s 19.69  0.76 s 5 2 17016 0.90 7 4 3 7210 0.46
4 0 0 224 161 5 5 3 314 7U5L 7 5 0 3277 043
4 0 2 18771 097 5 5 4 13084 1.0l 705 1 8.57 1.88
4 0 4 11661 091 6 0 0 18694 138 7 5 2 2179 032
7 5 3 629 281 8 2 3 16.06  0.63 9 1 0 7110 047
7 6 0 4728  0.40 8 3 0 8.76  2.62 9 1 1 64.96 031
7 6 1 91.93  0.38 8 3 1 1581 0.48 9 1 2 6442 033
76 2 4463 0.8 8 3 2 827  1.09 9 2 0 4544 040
7 7 0 8059 0.69 8 3 3 776 1.51 9 2 1 63.16 031
7 07 1 36.83  0.37 8 4 0  60.14 043 9 2 2 4216 029
8 0 0 1290 1.1 g8 4 1 23.57 035 9 3 0 6509 0.44
8 0 2 8.97 143 8 4 2 54.14 031 9 3 1 3278 029
8 0 4 258 828L 8 4 3 2037 0.48 9 3 2 $9.40  0.31
8 1 0 2429 048 8 5 0 8.55  2.37 9 4 0 6212 042
8 1 1 10879  0.44 8 5 1 12427 048 9 4 1 63.61  0.30
g8 1 2 71 039 8 5 2 6.01 229 0 0 0 11420 089
8 1 3 89.68  0.53. 8 6 0 2903 04l 0 1 0 2171 047
8 2 0 13833 075 8 6 1 1210 0.59 0 1t 37.34  0.26
8 2 1 17.18  0.44 9 0 1 7121 0.47

8 2 2 12622  0.53 9 0 3 60.77  0.57

Note. L indicates that the reflection is unobserved at the 1 o, level.

Conventional Refinement

With core and valence populations fixed
at values appropriate to neutral atom con-
figurations, the positional and thermal pa-
rameters of the two atoms in the asymmet-
ric unit were refined by least-squares
minimization of the function Zw(|F, —
| F|)?, where F, and F, are the observed and
calculated structure factors respectively,
and w = 1/o}_. Inclusion of an isotropic ex-
tinction parameter (type I, Lorentzian), as
defined and scaled by Coppens and Hamil-
ton (29), resulted in convergence at con-
ventional R and R, values of 0.013 and
0.021, respectively, with a goodness-of-fit
parameter of 3.324. Further details of the
refinement are given in Tables 1I and III;
the results are essentially identical with
those obtained by Sinclair and Ringwood
(23).

As expected, the structural parameters
obtained from a refinement of the high-an-
gle data (sin 9/ > 0.65 A~1) were identical,
at the 20 level, with those obtained from
the full-data refinement. This result is con-
sistent with similar studies of other topolog-
ically close-packed compounds in which
the atoms are in largely symmetric bonding
environments of high coordination number
(30-32), but may be contrasted with many
of the simple organic molecular compounds
in which small but systematic shifts of the
atoms away from their true positions, to-
gether with decreases in thermal vibration
parameters, are observed when the low-an-
gle data are ignored (33).

Population and k Refinement

With the net charge in the crystal con-
strained to be zero, the valence shell popu-
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TABLE 11
SUMMARY OF LEAST-SQUARES REFINEMENTS
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TABLE III

FRACTIONAL ATOMIC COORDINATES, POPULATION
PARAMETERS, AND TEMPERATURE FACTOR

Valence COEFFICIENTS
Conventional population
Refinement (neutral atoms) and «

Valence
sin 6/A max 1.22 A1 122 A~ Conventional pop"/i
No. of observations 217 217 Atom Parameter refinement refinement
No. of unobserveds 4 4
No. of variables 9 12 Si x=y=7z 0.0 0.0
R 0.013 0.012 Uy =Uyp 0.00235(6) 0.00253(6)
ﬁ" ggg(l) gg;g U;; 0.00177(9) 0.00196(8)

F2 . - =
R.p 0.045 0.029 Ui = Un 0.0 0.0
SwllFo| - [P 7298 1059 Uy, 0.00014(4) 0.00014(3)
W ol — c '
Goodness of fit 332 2.28 valence pop 4.0 2.29
Scale factor k 4.49Q2) 4.58(2) K 1.0 1.11(8)
P 4 -4
Extinction parameter® 0.093(4) x 10 0.105(4) x 10 0 x=y 0.30608(6) 0.30616(4)
. . . . z 0.0 0.0
2 Figures in parenthesis here and elsewhere in the tables and
figures represent the ESD in terms of the least significant Uy = Uy 0.00306(7) 0.00327(7)
figure to the left. Uy 0.00231(11) 0.00248(9)
Uy = Uy 0.0 0.0
U, —0.00094(7) —0.00095(5)
lation parameters of both atoms were re- valence pop” 6.0 6.86(15)
fined, together with all previous variables, K 1.0 0.961(8)

using the full data set of 217 observed re-
flections. After 4 cycles, the valence-shell
expansion/contraction parameter x was
also added, but the parameter shifts (when
small) began to oscillate. Convergence was
eventually achieved with the application of

R = -
........ 2. 2903(3) / _

.c.’g—;/_"'i':i‘/.,~‘
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66% damping factors on all parameters. Al-
though the thermal and positional parame-
ters changed by less than 3o during this re-
finement, R, and the goodness-of-fit

r

E—

F1G. 1. Unit-cell diagram of the stishovite crystal structure drawn with the program ORTEP (36).
Silicon-oxygen interactions are indicated by solid lines, and selected edges of the central octahedron
of oxygen atoms by dotted lines. All distances and angles are in angstroms and degrees, respectively.
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parameter dropped significantly to values
of 0.014 and 2.279, respectively. Using
Hamilton’s R-factor level of significance
test (34), the hypothesis that there is no
improvement in R,, as a function of the pop-
ulation and « refinement can be rejected at
the conservative 0.005 confidence level
(R3.205, 0.00s < 1.05), and we are therefore
justified in discussing the results of the re-
finement in detail. The detailed results are
collected in Tables II and III.

Discussion

Structure

Stishovite crystallizes with the well
known rutile-type (C4) structure (35) with
the bond lengths, nonbonded separations,
and valence angles summarized in Fig. 1. In
this structure, octahedra of anions around
cations share opposite edges to form chains
running parallel to the z axis. Each chain is
connected sideways to four other neighbor-
ing chains by corner sharing so that each
anion in the structure is coordinated by
three cations.

For a C4-type structure consisting of
completely regular octahedra, the two inde-
pendent geometric parameters, namely the
ratio of the two cell edges (¢/a) and the sin-
gle anion positional parameter (x), have val-
ues of c/la = 2x = (1 + 1/V2)~! = 0.5858.
However, studies of (strictly tetragonal)
C4-type oxides and fluorides (22, 37, 38)
have shown that the angles subtended by
the shared octahedral edges at the central
cation are closed up? to the range 75-84°,
while the ratio of the length of the four
bonds in the (110) ‘‘equatorial’’ plane of the
central octahedron to the length of the two
“‘axial” bonds varies from 0.97 to 1.06. As

2 Exceptions to this rule occur for those compounds
in which there is metal-metal bonding across the
shared octahedron edges, resulting in an increase in
both the edge length and angle (37).
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a result, the observed values of ¢/a and x
are increased to 0.626-0.708, and 0.301-
0.310, respectively.

The narrowing down of the valence an-
gles opposite the shared edges, together
with the shortening of the edges them-
selves, is generally explained in terms of
the competition between cation—cation and
anion-anion  electrostatic  interactions
across and along the shared edges (39, 40).
However, this same ionic model predicts
that the ratio between the equatorial and
axial bond lengths should always be greater
than unity (40). The case of stishovite (Fig.
1) is particularly interesting in this regard
since the equatorial bonds are some 0.05 A
(3%) shorter than the axial bonds. Further-
more, the nonbonded O . . . O separation
in the shared edge (2.29 A) is considerably
shorter than twice the traditional ionic ra-
dius of oxygen (2.64-2.80 A), and ranks
among the shortest of the nonbonded
O . . . O separations observed in a variety
of oxides (4I). As a matter of fact, the
shortening of O . . . O contacts with in-
creasing coordination number must not be
overlooked in explaining why the density of
stishovite is 46% greater than that of
coesite.

Although some of the geometric irregu-
larities of the (transition-metal) C4-type ox-
ides can be related either to asymmetries in
the d-orbital occupation or to the occur-
rence of metallic conductivity (37, 38), it is
clear that a complete understanding of the
characteristics of this structure type will
only come from a detailed knowledge of the
total electron density distribution.

Electron Density Maps

The effect of chemical bonding on the
electron density distribution of the atoms in
a crystal may be conveniently displayed by
the Fourier transform of the differences be-
tween the observed and calculated struc-
ture factors



FiG. 2. Experimental deformation density map for
the octahedron axial/equatorial bond plane in
stishovite calculated with atomic parameters from the
full-data population/x refinement using a data cutoff of
1.0 A-1. The contour interval is 0.05 ¢ A-3; negative
and zero contours are short dashed and long dashed,
respectively.

1
Ap =5 D (FJlk
V hki
— F,) exp{—2mithx + ky + Iz}

where F; is the structure factor calculated
from a superposition of isolated spherical
atoms with positional and thermal parame-
ters essentially free from the bias due to the
nonspherical electron redistribution upon
bond formation. In the absence of a set of
atomic parameters from an independent
neutron diffraction experiment, the least bi-
ased parameters for stishovite represent
those obtained by the population and « re-
finement described above.

The difference, or so-called deformation,
electron density in an axial/equatorial bond
plane of the octahedron, and in a section
through the equatorial plane of the oxygen
atoms, is given in Figs. 2 and 3, respec-
tively. Both maps were calculated with the
computer program FOPROP (42) using
atomic parameters from the full-data popu-
lation and « refinement, but including only
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those data with sin /A < 1.0 A~!. The aver-
age standard deviation of the observed
electron density at a general position in the
unit cell was estimated (43) to be 0.031 e
A3 for the same data cutoff (0.047 e A3 for
all the data), and residual electron density
features of magnitude greater than about
0.1 ¢ A—3 may therefore be considered to be
significant.

The most striking features of these maps
are the residual peaks of electron density
located along the two kinds of silicon—oxy-
gen bonds. The bonds to the axial, O,, and
equatorial, O, oxygen atoms have maxi-
mum densities of 0.29 and 0.47 ¢ A3, re-
spectively, with the shorter equatorial
bonds possessing the larger peak maxima.
Also, as is typical of a material with polar
covalent bonds, both bond maxima are sig-
nificantly closer to the more electronega-
tive O atom than to Si.

The comparable features of these chemi-
cally, but not crystallographically, equiva-
lent Si-O bond peaks lends considerable
support to the accuracy of the results and to
the conclusion that they represent an accu-
mulation of covalent-bond electron density.

FiG. 3. Experimental deformation density map for
the coordination plane of the oxygen atom in
stishovite. Calculated and presented as for Fig. 2.
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In fact, peaks of similar magnitude have
been observed between (tetrahedrally coor-
dinated) Si and O atoms in olivines and
pyroxenes (44), low quartz (45), silicate
spinels (46), pectolite (47), and coesite
(30). The results for 6-coordinated Si in
stishovite therefore contrast with the obser-
vation of a significant decrease in the cova-
lency of Al-O bonds (as measured by resid-
ual electron densities) in passing from 4
coordination in berlinite (48) to 6 coordina-
tion in CoALQ, (49) and diaspore (32). It is
worth noting, however, that the equivalent
isotropic thermal parameter’ for the Si
atom in stishovite is less than half the aver-
age magnitude of the corresponding Al or Si
parameters in the other compounds listed,
while the value for the O atom in stishovite
is smaller by a factor of 3. Indeed, the
stishovite values are also smaller than the
typical thermal vibration parameters of mo-
lecular compounds determined at low (i.e.,
liguid N, or He) temperature. For
stishovite, the markedly smaller thermal vi-
bration is no doubt a function of its high
density, relative to the other compounds,
brought about by the high synthesis pres-
sure of 90 kbar. As a result, the electron
density is not as severely smeared by ther-
mal effects and the residual peaks may
therefore by expected to appear as sharper,
more pronounced features, as in the defor-
mation maps of Figs. 2 and 3.

Perhaps the most intriguing features of
the electron density maps are those in the
equatorial plane of the SiO¢ octahedron
(Fig. 3). Whereas the bond peaks in the ax-
ial/equatorial plane of Fig. 2 are well sepa-
rated features, the maxima in the equatorial
bonds are connected by bridges of electron
density of magnitude approximately half
that of the bonds themselves. Indeed, these
bridges of electron density are considered
to be energetically favorable due to their
shielding effect and consequent reduction

3 Defined as the cube root of the product of the an-
isotropic temperature factor coefficients U;, i = 1-3.
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of repulsive forces between the Si atoms in
the edge-sharing octahedra of the structure
(50). Note also that whereas the axial bond
density maximum lies centrally disposed
about the bond axis in Fig. 2, the equatorial
bond maxima in Fig. 3 are displaced out-
wards from the shared edge, probably re-
flecting strain in the four-membered ring
system.

Molecular Orbital Calculations on
Molecules with 4- and 6-Coordinate Silicon

The Shape of the SiOSi Group in
Molecules and Solids with 4-Coordinate
Si

Studies of the disiloxy SiOSi group have
shown that its shape is essentially the same
regardless of whether the group occurs in a
gas phase molecule or in a molecular crys-
tal (4, 5). Moreover, the group’s shape is
indicated to persist even in silicate miner-
als, suggesting that the forces that govern
its geometry in a molecule prevail even in
the solid state. Because of this likelihood,
several workers (51, 52) have argued that
molecular orbital (MO) studies on siloxane
and silicate molecules can be used to im-
prove our understanding of the shape and
charge density distribution of the group in a
silicate mineral. In exploring this possibil-
ity, Newton and Gibbs (53), Gibbs et al.
(4, 5), Meagher et al. (54), and Chakouma-
kos et al. (55) have analyzed the configura-
tion and energetics of the SiOSi group in a
variety of siloxane and silicate molecules
with ab initio MO theory and have obtained
a quantitative account of the bonding in
solid silicates and siloxanes. In particular,
this includes (i) a mimicking of the experi-
mental correlations between Si-O bond
length, SiOSi angle, and the total bond
strength sum reaching the oxygen atom
bonded to Si, (ii) the generation of the
Brown-Shannon bond length versus bond
strength curves for M-O bonds involving
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first and second row M atoms, (iii) the suc-
cessful calculation of the bulk modulus of
a-quartz, and (iv) the computer simulation
of SiO; in the a-quartz and «-cristobalite
structures. In short, MO studies of silicic
acid and siloxane molecules containing 4-
coordinated Si are indeed capable of mim-
icking experimental trends and static prop-
erties of silicates. An examination of the
resulting wave functions and potential en-
ergy surfaces has also provided new in-
sights into the energetics and the nature of
bonding in the SiOSi group.

Optimization of the Si—-O Bond Length for
6-Coordinated Si in (% H),Si0q

It is noteworthy that the Si-O bond
lengths (1.77-1.79 A) recorded for two re-
cently refined molecular crystals with 6-co-
ordinate Si (/9) lie in the range of bond
lengths (1.72-1.80 A) recorded for silicates
with 6-coordinate Si. In view of this close
agreement, we completed a series of MO
calculations on a neutral 6-coordinate
(3H)1,Si0¢ molecule with T, point symme-
try (where ‘4 H”’ refers to a hydrogen-like
atom with a core charge of two thirds as
described below) to explore how well its
calculated geometry mimics the Si-O bond
lengths in stishovite as well as those in
other silicates with 6-coordinate Si. The as-
signment of an effective core charge of two
thirds to the hydrogen-like atom allows the
molecule to be charge neutral and also al-
lows the proper bond strength relationships
to be maintained, i.e., the sum of the bond
strengths reaching each oxygen atom is ex-
actly 2.0 as required by Pauling’s electro-
static valence rule (this is based on a nomi-
nal population of two thirds of an electron
on each hydrogen-like atom).

In contrast to the molecule with T, sym-
metry, we have also generated a second
molecule with the same topology but with
Dy, point symmetry which matches the
stishovite structure more closely. How-
ever, because this model required four of
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Fi1G. 4. Diagram of the (§ H),SiO¢ molecule ( T}, point
symmetry) used in STO-3G molecular orbital calcula-
tions of the optimal Si—-O bond length for 6-coordi-
nated Si. The central sphere is Si, the large spheres are
0, and the small spheres are hydrogen-like atoms (as
defined in text and Fig. 9 caption). No significance is
attached to the relative sizes of the spheres used to
represent the atoms in this figure and Figs. 8 and 9.

the hydrogen-like atoms to be in rather
close proximity, we have chosen not to use
this structure for geometry optimization. In
a later section, we will use this more realis-
tic model to calculate the deformation den-
sity. The Si—O bond length of the T, mole-
cule (Fig. 4) was optimized in a minimal
basis STO-3G MO calculation. The poten-
tial energy curve for the molecule calcu-
lated as a function of the Si—O bond length
is compared in Fig. 5 with a histogram of 41
observed bond lengths from silicates with 6-
coordinated Si (the average bond length for
this distribution (1.76 A) is within 0.03 A of
the minimum energy value of 1.73 A). The
quadratic stretching force constant calcu-
lated from the curvature of the potential en-
ergy curve is S20 N m~!, about 10% less than
that calculated for the 4-coordinated Si
atom in monosilicic acid, H;SiO4 (4). The
smaller force constant of the Si—O bond in
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F1G. 5. A potential energy curve calculated for the
molecule (3 H);,Si0; (see Fig. 4) as a function of the Si-
O bond length (Si-0O). In the calculation of the total
energy E7 all (Si—O) values were considered as equiva-
lent. A frequency distribution of 41 experimental Si-O
bond lengths in silicates and siloxane molecular crys-
tals with 6-coordinated silicon is superimposed on the
drawing. The average bond length for the observed
bond length distribution is 1.76 A compared with a
minimum energy bond length of 1.73 A.

the molecule with 6-coordinated Si is con-
sistent with its longer length and the larger
coordination number of Si.

Dependence of Charge and Si—-O Bond
Length on Coordination Number

The charge, Q(Si), calculated for the Si
atom in the (3 H);SiO¢ molecule (+1.51 ¢)
in Fig. 4 using a STO-3G basis is =0.2 e
larger than that (+1.36 e) calculated for
H,SiOy4 (53). The pertinent charges are pre-
sented in Table IV which also includes the
charges obtained with larger basis sets. The
charges calculated with the split valence
basis will be discussed in the last section of
this paper in conjunction with the calcu-
lated deformation density. In contrast with
the STO-3G charges, the net atomic
charge obtained for Si in the least-squares
refinement of the crystal structure of
stishovite, Q(Si) = +1.71 e (Tables 11 and
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TABLE IV

EXPERIMENTAL AND THEORETICAL NET ATOMIC
CHARGES (€) FOR THE ATOMS IN a-QUARTZ AND

STISHOVITE
a-quartz (60) H,Si0O,
STO-3G STO-3G* 66-31G*
Q(S) +1.0 1.36 0.81 1.10
[o,(8)] ~0.5 -0.52 —0.40 -0.72
Stishovite
(this study) (% H);5SiO¢°
STO-3G STO-3G* 66-31G*
Q(Si) +1.71 1.51 0.87 1.78
[e/(0)] —0.86 -0.54 —0.46 ~0.99

4 Calculated for the (§ H),;SiO¢ molecule depicted in Fig. 4.

IV), is indicated to be ~0.7 e larger than
that refined experimentalty for the 4-coordi-
nate Si atoms in the other silica polymorphs
(0.9 to 1.0 e). In view of the smaller differ-
ence between the calculated charges, we
optimized the Si—O bond lengths for three
additional molecules (linear SiO and SiO,,
and planar H,Si0,), so that the relationship
between the charge and coordination num-
ber of Si could be examined in more detail.
For the H,S10; molecule, the OSiO angles
were fixed at cos™!(—3), the SiOH angles
were fixed at cos~!(—3), and the OH bonds
were set in the plane of the molecule with a
length of 0.96 A. The optimized Si-O bond
lengths of the three molecules and those for
H,SiO,4 and (3H)1,SiO¢ are plotted against
the coordination number of Si, CN(Si), in
Fig. 6. The trend between these two param-

T T T 1 T
a

170 + /‘—1

- . .

1.60 + -

1.50 —//
1
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F16. 6. STO-3G optimized Si—O bond lengths versus
Si coordination number CN(Si) for the molecules SiO,
Si0,, H,Si0;, H,Si04, and (% H),,SiO0s.
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Fi1G. 7. STO-3G calculated charges on the Si atom
Q(Si) versus Si coordination number CN(Si) for the
molecules SIO, SiOZ, HzSiO;, H4Si04, and (i H)uSiOg.

eters is indicated to be linear (with a corre-
lation coefficient of 0.995) in agreement
with several such trends reported by Shan-
non and Prewitt (4]). On the other hand,
the trend between CN(Si) and Q(Si) is indi-
cated to be nonlinear (Fig. 7) with the larg-
est increase in Q(Si) involving the smaller
coordination numbers and the smallest in-
crease involving the larger coordinations.
Nonetheless, the calculations indicate, as
suggested earlier, that the ionicity of the
bond increases with coordination number
and Si—O bond length.

Note that both the experimentally deter-
mined Si charge, and the STO-3G estimate,
are less than half the magnitude of the
charge corresponding to a completely ionic
model, thereby supporting the postulate
that molecular charge distributions tend to-
ward electroneutrality (56, 57). Moreover,
as expected, the Si atom is contracted (x >
1 as shown in Table III) relative to an iso-
lated Hartree—Fock atom, whereas the neg-
ative O atom is expanded (x < 1), in agree-
ment with Slater’s rules for atomic
screening factors.

Previous experimental estimates of the
atomic charge of Si in oxides are few in
number and have been restricted to those
compounds in which the atom is tetrahe-
drally coordinated. Although the net charge
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on Si for the silicates in general shows a
wide variation up to +2.7 e (4447, 58, 59),
we note that when the influence of other
cations can be ignored, as in the case of the
SiO; polymorphs, the charges on the Si at-
oms appear to be much closer to electro-
neutrality. For example, in coesite (30) the
two Si atoms have charges of +0.9(3) and
+0.8(3) e, while in low quartz (60), the
charge is +1.0(1) e. Therefore, using the
definition of experimental ionicity as the ra-
tio of actual charge to formal charge (60),
the ionicity of the Si-O bond is indicated to
change from a value near 25% in the case of
tetrahedral coordination (where the mean
bond length is around 1.61 A) to a value
near 40% for octahedral coordination
(mean bond length around 1.76 A).

Octahedral Shared Edge Distortions in
Si(OH), F§~

As discussed earlier, each Si-containing
octahedron in stishovite shares 2 of its 12
edges with adjacent octahedra and, as ex-
pected, these edges are the shortest O . . .
O contacts in the structure. The sharing of
edges between cation-containing polyhedra
and their shortening relative to the un-
shared edges are features common to many
solids. However, according to Pauling (39),
a structure is destabilized by the presence
of shared edges, the effect being greatest
for cations with large ionic valence and
small coordination number. This rule,
known as his third rule, was deduced from
the ionic model and has since been used to
account for polyhedral distortions in a large
number of solids. Nevertheless, recent mo-
lecular orbital studies (61, 62) of shared
edge distortions in molecules indicate that
an important determinant of the total en-
ergy of the shared edge configuration is the
antibonding interactions between juxta-
posed metal atoms on opposite sides of the
shared edge. In other words, antibonding
rather than ionic repulsions may be respon-
sible, in large part, for increasing the metal-
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FiG. 8. Diagram of the Si,(OH),F3~ molecule used in
STO-3G molecular orbital calculations of the optimal
geometry of the shared edge between two octahedrally
coordinated Si atoms.

metal separation and for shortening the
shared edge length. In contradiction to the
ionic model, this result suggests that the de-
gree to which a shared edge is shortened
may be a measure of the antibonding inter-
action between the metal atoms, the greater
the interaction, the shorter the edge.

In our study of the shared edge configura-
tion in stishovite, we optimized the geome-
try of the shared edge molecule
Si,(OH),F3~ (Fig. 8) with STO-3G MO cal-
culations. The topology of the shared edge
was assumed to consist of two oxygen at-
oms each bonded to two silicon atoms and
one hydrogen. The hydrogen atom was lo-
cated in the SiOSi plane at a fixed distance
of 0.96 A from the oxygen. The octahedral
coordination of each Si was completed by
four additional fluorine atoms with each

TABLE V

BOND LENGTHS AND ANGLES FOR THE SHARED
EDGE CONFIGURATION OF THE MOLECULE

Si(OH),F§~
Parameter Calculated® Observed?
d(Si-0) 1.80 A 1.757 A
do...0) 2.16 A 2.290 A
0Si0 73° 81.3°
SiOSi 106° 98.7°

4 Calculated with STO-3G MO theory.
¢ Equivalent observed parameters in stishovite.
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FSiF angle fixed at 90°. Optimization of the
Si—F bond lengths yielded a value of 1.66 A
in agreement with an experimental value
(1.64 A) reported for 6-coordinated Si in the
molecular crystal tetrafluorobispyridinesili-
con (63). The optimized geometry of the
shared edge of the molecule is compared
with that observed for stishovite in Table
V. Despite the long-range Madelung poten-
tial in the solid and the necessary substitu-
tion of several O ions by F to permit the
calculations to be undertaken, the angles
calculated for the molecule agree to within
about 8° of the observed value, and the cal-
culated Si-O bond lengths agree within
0.05 A. On the other hand, the calculated
value of the shared edge is 0.13 A shorter
than that observed in stishovite. Nonethe-
less, the overall configuration of the opti-
mized geometry of the shared edge in the
molecule is in reasonably good agreement
with that observed for stishovite.

Theoretical Deformation Maps of the
Si~O Bonds for 4- and 6-coordinate Si

In devising a suitable molecular model
for theoretical charge density calculations
relevant to stishovite, we considered the
following factors: (i) adequate flexibility of
the atomic orbital (AO) basis set, (ii) simu-
lation of the bonding environment of both
the Si and O atoms, and (iii) computational
feasibility. Although a previous study has
shown that a minimal atomic orbital basis
set (i.e., the STO-3G basis) may in some
cases yield useful qualitative charge density
distributions pertinent to silica (53), a more
flexible basis is necessary in general for reli-
able results. Studies on disiloxane (64, 65)
suggest that a so-called split valence s,p ba-
sis (i.e., a minimal basis for core electrons,
and two sets of valence s and p functions)
on Si and O, coupled with a set of 3d po-
larization functions on Si, yields quantita-
tively meaningful deformation densities in
the Si—-O bond region. If detailed informa-
tion is required in the immediate vicinity of
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F1G. 9. Diagram of the (§ H),SiO¢ octahedral mole-
cule (D, point symmetry) used in split valence 66-
31G* basis molecular orbital calculations of the defor-
mation electron density in the Si-O bond for
6-coordinated Si. The central sphere is Si, and the
large and small spheres on the periphery of the cluster
are O and “‘§ H' hydrogen-like atoms, respectively.
The hydrogen-like atoms have been assigned a core
charge of two thirds, so that the molecule is neutral
and the sum of bond strengths reaching each oxygen is
exactly 2.0. The bond angles associated with the hy-
drogen-like atoms are the same as the corresponding
SiOSi angles in stishovite (Fig. 1) with the exception of
the four hydrogen-like atoms used to mimic the two Si
atoms opposite the shared edges at 4, 4, 4. To avoid
undue steric repulsions, the HOSi angles were set at
130° instead of 100° observed for the corresponding
SiOSi angle in stishovite. :

the O atoms, it is necessary to place a set of
3d orbitals on O as well. This was not done
in obtaining the results reported below,
since the primary focus is on the Si-O bond
densities.

The following calculations used the split
valence 66-31G* basis with d orbitals* on Si
and were completed on the D,, molecule
(Fig. 9) based on the stishovite structure as
discussed above. The calculated deforma-
tion map through the equatorial SiO, group
of this molecule is presented in Fig. 10, and
is seen to correspond closely in many re-
spects to the experimental map in Fig. 2.

* We used a preliminary version of this basis set.
The results are essentially the same as those obtained
from the final version of the basis set (66).
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For comparison, an analogous map through
an SiO, group of the H4SiO; molecule (a
model for tetravalent Si and divalent O) is
given in Fig. 11. The peak vaiues of the
calculated deformation densities in the Si—
O bond regions are 0.26 ¢ A~? for ¢ H);
SiOs and 0.33 ¢ A-® for H,SiO,, some-
what less than the observed values (Figs. 2
and 3), which average out at 0.38 ¢ A3,
Moreover, both calculated and experimen-
tal bond density maxima are appreciably
shifted from the Si-O bond midpoint to-
ward the oxygen, as expected from electro-
negativity considerations. Therefore, in
spite of the limitations of the orbital basis
set and the discrete molecular model in the
case of the calculated data, and the differ-
ent degrees of thermal smearing, presence
of different cations, etc., in the case of the
observed data, both theory and experiment
are in quite reasonable agreement and give
strong indications of partial covalency in
Si-O bonding associated with 6-coordi-
nated, as well as 4-coordinated, silicon.
Finally, it is noteworthy that the atomic

F16. 10. Split valence basis deformation density map
calculated through the SiO, group of the (3 H);;SiOs
molecule displayed in Fig. 9. The contour interval is
0.07 ¢ A3 with all negative contours deleted except
the first.
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FicG. 11. Split valence basis deformation density calculated for one of the SiO, groups in the molecule
H,SiO,. The contour interval is 0.07 A~ with all negative contours deleted except the first.

charge on 6-coordinate Si provided by
these more sophisticated split valence cal-
culations (Table 1V) is ~0.7 ¢ larger than
that (1.10 ¢) provided by a comparable cal-
culation for H,SiO,4 (53). This increase in
Q(Si) with increase in coordination number
from 4 to 6 compares well with an increase
of ~0.7 e recorded in the least-squares re-
finement of the materials with 4- and 6-co-
ordinate Si discussed earlier. Moreover, in
agreement with the earlier calculations on
H4Si04 and H6Si207 (53), the ratio of the
charges on Si and O in (3 H)»SiO deter-
mined with the split valence basis is ap-
proximately 2:1 (Table 1V), the expected
ratio for a silicate, despite the lack of con-
straints in the calculations.
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