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The crystal structure of a natural coesite from an eclogite rock fragment in the Roberts Victor kimberlite, South Africa, 
was determined at 15 K by neutron diffraction ( a  = 7.1357 (13) A, b = 12.3835 (26) A, c = 7.1859 (1 1) A, p = 120.375 
(16)", G / c ) ,  and at -298 K by X-ray diffraction. Cell dimensions measured by neutron diffraction at 292 K (7.1464 (9), 
12.3796 (19), and 7.1829 (8) A, 120.283 (9)') differed from those determined by X-ray diffraction, probably because of 
a systematic absorption error for the latter. The strongly anisotropic nature of the thermal expansion is explained qualitatively 
by the relatively large changes (- 1%) in the distances between the nonbonded oxygen neighbors and the relatively small 
changes of Si-0-Si and 0-Si4  angles in the compact three-dimensional framework. There is a good, but not perfect, negative 
correlation between the eight independent Si-0 distances and the five independent values for sec S(Si-O-Si) at 15 K.  It 
is weaker than that for 298 K, and the scatter from a straight-line prediction from molecular-orbital models for small clusters 
(e.g., H6Si207) implies that it is desirable to consider additional forces, including repulsive forces between nonbonded oxygen 
neighbors. The combined data for Si-0 and Si-0-Si in coesite, quartz, and cristobalite at 10-15 K show less scatter than 
those for -298 K, in accordance with the greater thermal response of framework geometry in the more open structures. 

Introduction 
This study is part of a program to obtain highly precise crystal 

structures of inorganic materials suitable for testing theories of 
chemical bonding and thermal expansion. Neutron diffraction 
is used to obtain high precision and accuracy for the atomic 
positions. For tests of chemical bonding, measurements are made 
at  low temperature to reduce experimental and theoretical com- 
plications from thermal motion. The silica polymorphs are 
particularly good for testing ideas about the chemical bonding 
and thermal motions in framework structures because they lack 
chemical substituents and extraframework species which com- 
plicate the interpretation of data for feldspars' and  zeolite^.^-^ 

The structures of quartz6 and cristobalite' were determined from 
Rietveld powder refinement of time-of-flight diffraction data from 
the Intense Pulsed Neutron Source at 13 and 10 K, respectively. 
Especially suitable for testing chemical models is the crystal 
structure of coesite, a dense variety of Si02 stable between ap- 
proximately 2.5 and 9.5 GPa. Because neutron powder techniques 
would not give an accurate refinement of the eight independent 
Si-0 distances and five independent Si-0-Si angles, we deter- 
mined the crystal structure of coesite from a single crystal at 15 
K using monochromatized neutrons from the High Flux Beam 
Reactor a t  Brookhaven National Laboratory. Synthetic crystals 
of coesite used for refinement of the crystal structure by X-ray 
methods at  room temperature and atmospheric and 
at pressures up to 5.2 GPa9 were too small for neutron study, but 
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a large enough crystal was found in a coesite-kyanite-eclogite 
rock fragment transported from the Earth's mantle by kimberlite 
at the Roberts Victor mine, South Africa.lo To check the earlier 
work at room temperature, the cell dimensions of the crystal of 
natural coesite were determined by neutron diffraction, and the 
crystal structure was determined by X-ray diffraction. 

Experimental Section 
Coesite rimmed with polycrystalline quartz occurs as crystals 

up to 3 mm long in the Roberts Victor eclogite. Because an 
electron microprobe analysisI0 revealed only 0.05 wt. % A1,03, 
0.03 wt. % FeO, and 0.04 wt. % Na20,  the coesite will be assumed 
to be essentially pure Si02. Three crystals sawed from a section 
1.5 mm thick were etched with H F  to remove quartz and other 
mineral grains. X-ray precession photographs confirmed the space 
group (C2/c)  and ruled out twinning. A crystal of 0.8 mm length 
and 1.3 mg weight was mounted in a Displex CS-202 refrigerator 
on a 4-circle diffractometer a t  the Brookhaven National Labo- 
ratory High Flux Beam Reactor. Neutrons of wavelength 1.04997 
(12) A were obtained with a Ge (220) monochromator calibrated 
by least-squares fit of 32 sin 28 values from a KBr crystal at 298 
K (ao = 6.6000 (1) A). Unit cell parameters of coesite at 15 K 
(Table I) were refined from a least-squares fit of 20 sin 28 values. 
A total of 2168 reflections was collected with sin 8/h  I 0.784 A-' 
and -11 < h < 10, -18 < k < 18, 0 < 1 < 11, using w/20 step 
scans (A28 = 3.2' for 28 < 60' and A20 = 1.5(1 + 2.5 tan 0 ) O  

for 60" < 28 < 11 1 "). The background was taken as 5 times the 
sum of the first and last tenth of a scan. The data were corrected 
for the Lorentz effect and for absorption with a 6 X 6 X 6 
Gaussian grid. An absorption coefficient = 0.0014 cm-' gave 
transmission factors effectively equal to 1 .OO. 

The data set of 2046 symmetry-independent intensities con- 
tained 1410 intensities above background (3u). A full-matrix 
least-squares refinement minimized Cw(F,Z - F:), with final w-' 
= ( u , ( P ) ) *  + 0.10 and u ( P )  from counting statistics. Starting 

(10) Smyth, J .  R.; Hatton, C. J. Earth Planet. Sci. Lett. 1977, 34, 
284-290. 

0022-3654/87/2091-0988$01.50/0 0 1987 American Chemical Society 



Crystal Structure of Coesite The Journal of Physical Chemistry, Vol. 91, No.  4, 1987 989 

TABLE I: Cell Dimensions of Coesite" 
temp, K 

15 -292 - 298 296 -298 
a b C d e 

a, A 7.1357 (13) 7.1464 (9) 7.1374 (14) 7.1356 (3) 7.135 (1) 
b,  A 12.3835 (26) 12.3796 (19) 12.3725 (22) 12.3692 (8) 12.372 (1 )  
e, A 7.1859 (11) 7.1829 (8) 7.1746 (13) 7.1736 (3) 7.173 (1) 
P, deg 120.375 (16) 120.283 (9) 120.351 (12) 120.34 (2) 120.36 (1) 
v, A3 547.82 (30) 548.76 (22) 546.74 (30) 546.44 (8) 546.4 (1) 

" a, b, single-crystal neutron diffraction (this study); c, single-crystal X-ray diffraction (this study); d, single-crystal X-ray diffra~tion;~ e, single- 
crystal X-ray diffractiom8 

TABLE 11: Positional and Displacement Parameters for Coesite at 15 and 292 K" 
atom T,  K X Y Z B,  PI1 822 P 3 3  * P I 2  013 P23 

Si(1) 15 13998 (13) 10847 (8) 7211 (14) 0.13 (2) 80 (17) 22 (5) 96 (17) 5 (8) 47 (15) 3 (8) 
292 

Si(2) 15 
292 

0 ( 1 )  15 
292 

O(2) 15 
292 

O(3) 15 
292 

O(4) 15 
292 

O(5) 15 
292 

14032 (4) 
50722 (15) 
50677 (4) 

0 
0 

50000 
50000 
26400 (1 1) 
26631 (12) 
31277 (11) 
31144 (12) 

1900 (11) 
1746 (11) 

10832 (2) 
15785 (7) 
15800 (2) 

0 
0 

11524 (8) 
11643 (7) 
12452 (6) 
12320 (6) 
10319 (6) 
10379 (6) 
21178 (6) 
21192 (5) 

7231 (4) 0.38 (1) 
54153 (15) 0.14 (2) 
54073 (4) 0.37 (1) 

0 0.28 (2) 
0 0.68 (2) 

75000 0.25 (2) 
75000 0.63 (3) 
93830 (11) 0.28 (2) 
94031 (12) 0.74 (3) 
32768 (11) 0.30 (2) 
32785 (12) 0.81 (3) 
47664 (12) 0.26 (2) 
47851 (12) 0.72 (2) 

"All parameters multiplied by lo5, except B,(Az). 

coordinates from Levien and Prewitt9 refined after six least-squares 
cycles with all (parameter shift)/(parameter esd) < 0.1. Neutron 
scattering lengths were taken from Koester et al." An isotropic 
extinction parameter, with final value 0.66 (8) (type I, Lorentzian 
mosaicity)'* was refined. Fifty-eight parameters were refined 
including atomic coordinates and anisotropic displacement factors 
(Table 11). Final R factors are R ( p )  = 0.048 (0.064 including 
zero-weighted reflections), R,(F) = 0.044, and S = 1.607. The 
computer programs were described by Lundgren.13 

Upon completion of the refinement, it was noticed that the cell 
volume at  15 K for the natural coesite (Table I, column a) was 
larger than that measured a t  room temperature by X-ray sin- 
gle-crystal diffractometry of synthetic crystals (Table I, columns 
d,e). Because negative thermal expansion is unusual, X-ray data 
were collected at  room temperature to test this observation. A 
crystal 0.40 X 0.30 X 0.15 mm was selected from crushed rock, 
and etched in HF. X-ray precession photographs confirmed the 
space group, ruled out twinning, and revealed some residual 
polycrystalline quartz. The crystal was mounted on a Nicolet 
automated X-ray diffractometer. Unit-cell dimensions (Table I, 
column c) were refined from the centering of 20 strong X-ray 
reflections with 28 > 45" for a weighted average of graphite- 
monochromatized MoKa1,aZ (A = 0.71073 A). Because they 
agreed at 1 (r with those obtained by Levien and Prewitt: it appears 
that natural and synthetic coesite have essentially the same cell 
dimensions. 

The cell dimensions were then measured for the first crystal 
with neutron diffraction both at  15 K ( f l )  and 292 K (f0.5). 
The monochromator was recalibrated, and the new set of cell 
dimensions (Table I, column a) matched the earlier ones within 
experimental precision. Those at 292 K (Table I, column b), which 
were obtained by least-squares refinement of 48 reflections, do 
not match those obtained from X-ray single-crystal diffractometry, 
and the new cell edges are about 1 part in 900 larger than the 
earlier ones. The most likely explanation is that unequal absorption 
of the X-rays across the crystal distorted the intensity profile 
~~~~ ~ ~ 

(1 1) Koester, L.; Rauch, H.; Herkens, M.; SchrMer, K. Kernforschung- 

(12) Becker, P.; Coppens, P. Acta Crystallogr. 1994, A30, 129-147. 
(1 3) Lundgren, J. 0. Report No. UUIC-B13-4-05, University of Uppsala, 

sanlage 198 1, Report Jul- 1755. 

Sweden, 1983. 

270 (5) 
85 (17) 

295 (5) 
185 (20) 
477 (18) 
231 (18) 
577 (20) 
170 (13) 
477 (14) 
187 (13) 
553 (14) 
178 (14) 
517 (13) 

310 (6) -28 (2) 
92 (19) -7 (8) 

260 (5) -9 (2) 
248 (22) -35 (8) 
558 (18) -73 (7) 
136 (18) 0 
368 (18) 0 
178 (12) -9 (6) 
570 (15) -50 (5) 
106 (14) -14 (6) 
342 (13) -64 (5) 
222 (15) -5 (6) 
712 (15) -9 (5) 

173 (4) 
37 (16) 

176 (4) 
117 (18) 
237 (15) 
122 (15) 
338 (16) 
121 (11) 
399 (12) 

21 (11) 
124 (12) 
103 (12) 
353 (12) 

-19 (2) 
-3 (8) 
-7 (2) 

-10 (8) 
-44 (7) 

0 
0 

-4 (6) 
-23 (5) 
-24 (6) 
-45 (5) 

1 (6) 
9 (5) 

toward higher 28, which biased the cell dimensions to lower 
v a 1 ~ e s . I ~  The value of /3 = 120.283 (9)" obtained by neutron 
diffraction at 292 K is surprisingly different from the X-ray 
determinations of 120.34-120.36O, but was confirmed by re- 
finement of a triclinic cell for which cy and y turned out to equal 
90' within experimental error. 

Returning to the present X-ray diffraction study of the second 
crystal, 8234 intensities were measured with a 8/28 scan for four 
octants of reciprocal space (0 < h < 11, -22 < k < 22, -1 1 < 
1 < 11) up to 28 = 90°, and corrected for Lorentz and polarization 
effects. An empirical absorption c o r r e c t i ~ n ' ~  was based on ten 
360" psi scans from 28 = 7.9 to 59.9O. Using a calculated linear 
absorption coefficient of 10.1 cm-I, transmission factors varied 
from 0.722 to 0.93 1. Symmetry-related intensities were averaged 
to yield 1707 independent values with R(F") = 0.013. 

Four cycles of least-squares refinement with program R F I N E ~ ~  
yielded the positional and anisotropic displacement parameters 
in Table 11. Because of extinction errors, the structure factors 
of five strong reflections were deleted from the final cycles of 
refinement. Final R factors are R(F) = 0.027 (0.029 including 
zero-weighted reflections), R,(F) = 0.033. Scattering factors used 
were those for Si2+ and 0-. The final observed and calculated 
structure factors for the neutron and X-ray refinements are 
available as supplementary material. Interatomic distances and 
angles are presented in Table 111. 

Discussion 
The structure of coesite is well illustrated in ref 8, 9, and 17. 

Topologically the linkages between adjacent Si atoms generate 
a 4-connected 3-dimensional net, and each 0 atom lies near the 
middle of each edge between two Si atoms. Along the c axis is 
a bifurcated chain of 4-rings displayed in detail in ref 9 and 17. 
Each 4-ring also belongs to a double-crankshaft chain along the 
[ 1011 axis. Interconnections between these chains generate 6- 

(14) Klug, H. P.; Alexander, L. D. X-ray Dqfraction Procedures; Wiley: 

(15) Sheldrick, G. M. 1976, SHELX76 Computer Program, University of 

(16) Finger, L. RFINE Computer Program. Geophysical Laboratory, 
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TABLE 111: Selected Distances (A) and Angles (deg) in Coesite 
atoms 15  K' 292 K b  atoms 15 K" 292 Kb 

Si( 1)-0(1) 
Si( 1)-0(3) 
Si( 1)-0(4) 

(Si( 1)-0) 
Si( 1)-O(5) 

O( 1)-Si( 1)-0(3) 
O( l)-Si(l)-O(4) 
O( I)-Si( 1)-O(5) 
O(3)-Si( 1 )-0(4) 
O(3)-Si( 1)-0(5) 
O(4)-Si( 1)-0(5) 

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

Si( 1)-Si( 1) 
Si(1)-Si(2) 
Si( 1)-Si(2) 
Si( 1 )-Si( 2) 
Si(2)-Si(2) 

mean 

1.5960 (10) 
1.6149 (11) 
1.6147 (12) 
1.6262 (12) 
1.6130 (7) 

110.59 (6) 
109.14 (6) 
109.77 (6) 
110.43 (6) 
107.91 (7) 
108.98 (6) 

2.6400 (7) 
2.6161 (7) 
2.6358 (7) 
2.6524 (10) 
2.6206 ( I O )  
2.6384 ( I O )  
2.6339 
1.0003 (0) 
2.1525 (12) 

180 
141.81 (9) 
144.11 (7) 
149.66 (7) 
136.54 (7) 

3.1929 (10) 
3.1113 (10) 
3.0753 ( I O )  
3.0181 (10) 
3.0495 ( I O )  

3.0894 

Intratetrahedral Distances 
1.5964 (4) Si(2)-0(2) 
1.6138 ( I O )  Si(2)-0(3) 
1.6136 (11)  Si(2)-O(4) 
1.6230 (IO) Si(2)-0(5) 
1.6117 (6) (Si(2)-0) 

Intratetrahedral Angles 
110.47 (4) 0(2)-Si(2)-0(3) 
109.41 (4) O(2)-Si (2)-0(4) 
109.84 (4) 0(2)-Si(2)-0( 5) 
110.18 (6) 0(3)-Si(2)-0(4) 
107.93 (6) 0(3)-Si(2)-0(5) 
108.99 (6) 0(4)-Si(2)-0(5) 

Intratetrahedral Distances 
2.6372 (8) 0(2)-0(3) 
2.6199 (8) 0(2)-0(4) 
2.6346 (8) 0(2)-0(5) 
2.6467 (1 1) 0(3)-0(4) 
2.6175 ( I O )  0(3)-0(5)  
2.6305 (10) 0(4)-0(5) 
2.6311 mean 
1.0002 (0) 
2.1481 (12) 

Intertetrahedral Angles 
180 At 
142.78 (4) B 
144.53 (4) C 
149.76 (4) D 
137.30 (4) E 

Intertetrahedral Distances 
3.1926 (4) 0(2)-0(4) (1 ) c  

3.1097 (4) 0(3)-0(3) (2) 
3.0763 (4) 0(3)-0(3) (3) 
3.0187 (4) 0(4)-0(4) (4) 
3.0563 (4) 0(5)-0(5) (5) 

0(5)-0(5) (6) 
3.0907 mean 

1.6135 ( I O )  
1.6178 ( I O )  
1.6089 (12) 
1.6229 (1  2) 
1.6158 (7) 

109.75 (6) 
109.40 (6) 
110.09 (7) 
108.79 (7) 
109.33 (6) 
109.45 (7) 

2.6427 (7) 
2.6295 (7) 
2.6526 (11) 
2.6235 (IO) 
2.6439 ( I O )  
2.6385 ( I O )  
2.6384 

2.1436 (14) 
1.0002 (0) 

3.1886 (14) 
3.3477 (14) 
3.2655 (14) 
3.3768 (14) 
3.1289 (14) 
3.2799 (14) 
3.2646 

1.6124 ( I O )  
1.6159 (10) 
1.6076 (11) 
1.6181 ( 1 1 )  
1.6134 (7) 

109.69 (6) 
109.49 (6) 
110.18 (6) 
108.78 (6) 
109.40 (6) 
109.27 (6) 

2.6395 (8) 
2.6294 (7) 
2.6493 ( I O )  
2.6208 (1 1) 
2.6394 ( I O )  
2.6349 (IO) 
2.6356 

2.1556 (14) 
1.0001 (0)  

3.2126 3.3864 (14) (14) 

3.2935 (14) 
3.3991 (14) 
3.1642 (14) 
3.3160 (14) 
3.2953 

'From Table I, column a, and Table 11. bFrom Table I, column b, and Table 11. <Labels from ref 9. 

and 8-rings. Unique to the coesite net is the interpenetration of 
each 8-ring by another 8-ring like two links of a chain. This 
feature results in the Occurrence of several short distances between 
oxygen atoms of different SiOd tetrahedra (Figure 4 of ref 9 and 
Table HI), and allows the coesite structure to have a greater 
density than for cristobalite and quartz. 

Thermal Expansion. The cell dimensions measured by neutron 
diffraction (Table I) indicate that a expands by 0.15 (3)% and 
that b and c contract a t  the 1 cr error level by 0.03 (3) and 0.04 
(3)%, respectively, between 15 and 292 K. The change of cell 
volume, 0.17 (lo)%, is less than those for quartz (0.61 (2)%)6 and 
cristobalite (1.11 (2)%)' in accordance with the decreasing se- 
quence of restraints on expansion of Si-0-Si intertetrahedral 
angles. This sequence changes from the dense interlocking 
structure of coesite, via the linked spirals of quartz, to the po- 
tentially microporous structure of cristobalite. 

The anisotropy of the thermal expansion of coesite is even 
greater than that of the compressibility. Levien and Prewitt' 
explained the anisotropy of the pressure-induced contraction (0-5.2 
GPa; a 2.04 ( I ) % ,  b 1.10 (2), c 0.87 (1)) in terms of relatively 
weak bonding between the relatively rigid bifurcated chains which 
lie parallel to c. The a axis is also shown to have weak bonding 
because of the strong thermal expansion in this direction, but the 
response in the other two directions is in the opposite direction 
for thermal and pressure changes. These differences will be studied 
further when a better understanding is obtained of the nature of 
the chemical forces in the silica polymorphs. Although the ori- 
entation of the thermal expansion ellipsoid of coesite is indeter- 
minate from the present data because the indicated contractions 
along b and c are close to the experimental error, it is clearly very 
strongly prolate with its long axis near a. 

Atomic Displacements. All the displacement parameters in 
Table I1 are comparable with those for other compact framework 
structures with ordered tetrahedral atoms at  comparable tem- 
peratures, and thermal vibration about a single center-of-motion 
for each atom is a sufficient explanation. For example, the values 
for the isotropic approximation to the root-mean-square dis- 
placement, V, at 15 K (Si 0.041, 0.042; 0 0.056-0.062 A) are 
similar to, and even lower than, those for low albite] (Si 0.049- 
0.050; 0 0.061-0.073), natrolite3 (Si 0.058; 0 0.068-0.075 A), 
and scoleciteS (Si 0.046-0.048; 0 0.060-0.066 A) at low tem- 
perature. These data are consistent with zero-point motion, and 
indicate the absence of any positional disorder of the centers of 
motion, including that for O( 1) which has a 180-deg bond between 
two Si atoms.I8 

The magnitudes and orientations of the major axes of the 
thermal vibration ellipsoids are presented in Table IV. Within 
experimental error, all the root-mean-square displacements, b,, 
increase about 1.6 times from 15 to 298 K, and the orientations 
of most of the ellipsoids remain the same within 4a error (Table 
IV). The ellipsoids for the two Si atoms are nearly spherical, and 
those for each of the five 0 atoms are elongated out of the plane 
of the Si-0-Si linkages in conformity with the expected rocking 
motion of the Si-0 bonds. 

Thermal Expansion of the SO, Tetrahedra. Any comparison 
of distances and angles must take into account the swinging-arm 
effect which results in a shorter measured distance between 
centroids of electron or neutron scattering density than for the 
unaveraged atomic positions.I9 Without a correction for riding 

(18) Baur, W. H. Acta Crystallogr. 1980, 836, 2198-2202. 
(19) Busing, W. R.; Levy, H. A. Acta Crystallogr. 1964, 17, 142-146. 
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TABLE IV: Maenitudes and Orientations of Thermal Vibration Ellipsoids 
~ 

15 K 292 K 
angle with angle with 

axis RMS amp1 a b C RMS amp1 a b C 

S i ( l )  
1 
2 
3 

Si(2) 
1 
2 
3 

O(1) 
1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

O(2) 

o ( 3 )  

o ( 4 )  

O(5) 

0.037 (1) 
0.042 (1) 
0.044 (4) 

0.038 (3) 
0.044 (6) 
0.046 (5) 

0.038 (2) 
0.066 (2) 
0.070 (4) 

0.043 (2) 
0.058 (3) 
0.067 (3) 

0.045 (2) 
0.061 (2) 
0.070 (3) 

0.039 (2) 
0.068 (3) 
0.072 (3) 

0.048 (2) 
0.058 (3) 
0.066 (3) 

30 (5) 
60 (2) 
85 (12) 

51 (2) 
80 (35) 

55 (2) 
36 (5) 

139 (27) 

89 (15) 

123 (3) 
90 
33 (3) 

154 (2) 
113 (2) 
99 (4) 

78 (2) 
108 (2) 
22 (2) 

76 (14) 
161 (11) 
103 (8) 

118 (4) 
44 (16) 
59 (12) 

59 (10) 
52 (46) 
54 (14) 

36 (2) 

100 (12) 

90 
180 
90 

94 (2) 

14 (8) 

72 (5) 
23 (3) 
77 (3) 

77 (12) 
87 (8) 

125 (6) 

103 (6) 

14 (14) 

106 (2) 
131 (18) 
46 (18) 

80 (4) 
139 (34) 
51 (24) 

101 (2) 
120 (19) 
32 (19) 

3 (3) 

87 (3) 

35 (2) 

90 

124 (2) 
94 (14) 

46 (3) 
93 (5) 

136 (3) 

96 (11) 
74 (8) 
18 (5) 

TABLE V: Si-0 Distances (A) with Corrections for Thermal Motion 
15 K 292 K 

atoms uncor riding uncor riding 

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

1.5960 (10) 1.5978 
1.6149 (11) 1.6165 
1.6147 (12) 1.6166 
1.6262 (12) 1.6272 
1.6130 1.6145 
1.6135 (10) 1.6147 
1.6178 (10) 1.6191 
1.6089 (12) 1.6107 
1.6229 (12) 1.6241 
1.6158 1.6172 

1.5964 (4) 
1.6138 (10) 
1.6136 (11) 
1.6230 (12) 
1.6117 
1.6124 (10) 
1.6159 (10) 
1 A076 (1 1) 
1.6181 (11) 
1.6134 

1.5998 
1.6180 
1.6185 
1.6265 
1.6157 
1.6152 
1.6195 
1.6125 
1.6221 
1.6173 

motion, the mean Si-0 distances (Table V) are slightly greater 
a t  15 K (1.6130 (7), 1.6158 (7) A) than at  298 K (1.6117 (6), 
1.61 34 (7) A), but with a correction for riding motion (1 5 K, 
1.6145, 1.6172 A; 298 K, 1.6157, 1.6173 A) the Si-0 distances 
are invariant within experimental error. 

Significance of Distance-Angle Correlations for  Bonding 
Theory. Tetrahedral distances and intra- and intertetrahedral 
angles in silica polymorphs, silicates, and other oxygen-bearing 
materials have been interpreted by a spectrum of models ranging 
from ionic (e.g., ref 20, 21) to molecular-orbital ones (reviews in 
ref 22-24; further calculations in ref 25, 26). All the molecu- 
lar-orbital models are based on small clusters such as H,zSi5016z7 
and H6Si20726 which are treated with different levels of ap- 
proximation; in particular, the assumed degree of hybridization 
of the atomic orbitals has an important effect on the directionality 

(20) Baur, W. H. Trans. Am. Crystallogr. Assoc. 1970, 6, 129-155. 
(21) Baur, W. H. Structure and Bonding in Crystals; Academic: Boston, 

(22) Newton, M. D. Structure and Bonding in Crystals; Academic: 

(23) Gibbs, G. V. Am. Mineral. 1982, 67, 421-450. 
(24) Geisinger, K. L.; Gibbs, G. V.; Navrotsky, A. Phys. Chem. Miner. 

(25) OKeeffe, M.; Domhges, B.; Gibbs, G. V. J. Phys. Chem. 1985,89, 

(26) O’Keeffe, M.; McMillan, P. F. J. Phys. Chem. 1986, 90, 541-542. 
(27) Meagher, E. P.; Tossell, J. A.; Gibbs, G. V. Phys. Chem. Miner. 1979, 

MA, Vol. 11, pp 31-52. 

Boston, MA, 1981; Vol. 11, pp 175-193. 

1985, I ] ,  266-283. 

2304-2309. 

4, 11-21. 
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Figure 1. Correlation between d(Si -0)  and S(Si-0-Si) for silica poly- 
morphs at 10-15 K (filled symbols: circle with error bar, coesite, Table 
111; triangle, mean value for qua& square, mean value €or cristobalite’) 
and at  elevated temperature (open symbols; circle, coesite a t  298 K; 
upright triangle, quartz at 298 K;6929*30 reversed triangle, quartz a t  893 
K refined with three different oxygen positions;29 square, cristobalite a t  
293 and 473 K’). The continuous line is a least-squares fit for coesite 
a t  15 K assuming that e(Si-0-Si) is the independent variable. The 
dashed line is a theoretical p r e d i ~ t i o n . ~ ~  

and the overlap populations of the localized molecular  orbital^.^^^^^ 
At the other extreme are ionic models which involve summation 
of the electrostatic forces over the entire crystal structure 
(“lattice”). Various types of attractive and repulsive potentials 
have been used for computer simulation of ionic solids. A mod- 
ified-electron-gas theory2* predicted an Si-0-Si angle  of 163’ 
for quartz in poor agreement with the observed values of 142.4’ 
for low quartz a t  13 K6 and -151’ for high quartz at 863 K.29 
Because of the poor success of ionic models involving simple 
two-body central forces, a model, was developed30 in which the 

(28) Post, J. E.; Burnham, C. W. Am. Mineral. 1986, 71,  142-150. 
(29) Wright, A. F.; Lehmann, M. S. J. Solid State Chem. 1981, 36, 

(30) Sanders, M. J.; Leslie, M.; Catlow, C. R. A. J. Chem. SOC., Chem. 
371-380. 

Commun. 1984, 1271-1273. 
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predicted by O'Keeffe et alez5 for a 6-31G split-valence set with 
a polarization function on the bridging oxygen of a H2Si20, cluster. 
Fifth, there is a poorer correlation between d(Si-0) and e(0- 
Si-0) than for O(Si-0-Si), where e(0-Si-0) is the mean of the 
three 0-Si-0 angles adjacent to the Si-0 distance (Figure 2). 
The calculated least-squares fit for the data at 15 K 

d(Si-0) = 3.4215 - 0.016518(0-Si-O), r = -0.516 

is closer to that predicted from a simple geometric displacement 
of the Si atom in an ideal tetrahedron than to that predicted by 
Louisnathan and G i b b ~ . ~ ~  However, the correlations to any linear 
trend are poor, and neither model is likely to yield a significant 
predictive capability of this relationship. 

We conclude that comparison of the geometrical properties of 
the silica polymorphs at  low temperature strongly reduces the 
effects caused by the different responses to thermal energy at 
elevated temperature and allows better testing of chemical models; 
however, there is still an effect from the zero-point motion. Models 
based on simple clusters provide valuable insight into the chemical 
bonding and geometrical properties of the silica polymorphs, but 
are insufficient to give complete quantitative explanations of all 
the geometrical relations. We suggest that additional terms, 
including repulsive forces between oxygen atoms not bonded to 
the same tetrahedron, should be considered as the next step in 
obtaining a comprehensive summation over the entire crystal 
structure of a silica framework. 
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Figure 2. Correlation between d(Si-0) and the mean of the three ad- 
joining intratetrahedral angles O(0-Si-0) for silica polymorphs at 10-1 5 
K. The continuous line is a least-squares fit for coesite at 15 K assuming 
that O(0-Si-0) is the independent variable. The dashed line is that 
expected from movement of the Si atom along the Si-0 distance in an 
ideal tetrahedron. The dash-dot line is a theoretical p r e d i ~ t i o n . ~ ~  

classical Born potentials are supplemented by empirically derived 
bond-bending terms; for S i02  polymorphs, the bond-bending term 
is for the 0-Si-0 angle. 

The present data at 15 K for coesite, taken together with the 
data for quartz6 at 13 K and cristobalite' at 10 K, provide a useful 
test of the molecular-orbital cluster models. In particular, em- 
phasis has been placed on the Correlation between observed values 
at room temperature of d(Si-0) and O(Si-0-Si) for the silica 
polymorphs3' and its interpretation in terms of change in the 
overlap of molecular orbitals. Figure 1 is a plot of d(Si-0) vs. 
sec 6 ( S i - 0 4 )  for coesite, quartz, and cristobalite a t  both low 
and elevated temprature. An average is used for the two inde- 
pendent distances in quartz and cristobalite to reduce clutter. First, 
the combined data for the three polymorphs at 10-15 K scatter 
less than for the combined data a t  room temperature. Second, 
the data for coesite a t  both 15 and 298 K do not fit a straight 
line within 20 experimental error. Third, the scatter from a 
straight line is greater for coesite at 15 than at  298 K, and it is 
not possible to obtain an excellent correlation simply because the 
distances for Si(2)-0(2) and Si(l)-O(4) at 15 K are equal within 
1 u whereas their values of secant O(Si-0-Si) differ by 0.1. The 
least-squares fit with O ( S i - 0 4 )  the independent variable and 
an equal weight for each of the eight points is 

d(Si-0) = 1.5184 - 0.07824 sec e(Si-O-Si), r = -0.945 

For d(Si-0) the independent variable, the least-squares fit is 
d(Si-0) = 1.5286 - 0.06989 sec O(Si-O-Si), r = -0.945 

Fourth, the slope of the line is about 50% greater than that 

(31) Hill, R. J.; Gibbs, G. V. Acta Crystallogr. 1979, 835, 25-30. (32) Louisnathan, S. J.; Gibbs, G. V. Am. Mineral. 1972,57 1643-1663. 


