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Structural Systematies in the Binary System Ta2Os-WO3. I. The Structure of Ta2zW4067 
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The orthorhombic unit cell of the compound Ta22W4067 has dimensions a= 6.136, b= 47"40, c= 3.84 A 
and, on the average, contains one formula unit. The structure was solved in projection from the Patter- 
son function and refined to a conventional R value of 0.089 using full-matrix least-squares methods. 
The metal atoms lie in sheets which are separated by c = 3.84/~. Within each sheet these atoms have a 
close-packed hexagonal arrangement. Oxygen atoms complete a coordination polyhedron around each 
metal atom in the form of either a distorted pentagonal bipyramid or octahedron. These polyhedra 
are joined by edge-sharing within the (001) planes. Extension of the structure along [001] occurs by 
corner-sharing. The structure differs from one having C-centered orthorhombic symmetry only in cer- 
tain areas where metal atoms have reduced coordination numbers. These metal atoms lie in sheets 
parallel to (010) and the 'distortion planes' minimize the anionic packing distortions that would other- 
wise arise. In this structure there is, on the average, one distortion plane per unit cell. 

Introduction 

The X-ray diffraction patterns of each specimen from 
pure TazO5 to 26] mole per cent WO3 all exhibit a slight 
but steady change in subcell dimensions and large 
changes in the positions of the superstructure peaks. 
Also, the positions of the superstructure peaks of a 
given composition change continuously with heat treat- 
ment, gradually approaching equilibrium values with 
increasing time and/or temperature. 

To determine the structural mechanism responsible 
for these changes, crystal-structure determinations for 
the simplest members of the series were made and are 
reported in this and the following papers. Based on 
these structure determinations a building-block scheme 
has been developed (Roth & Stephenson, 1969) which 
enables the ideal or undistorted structure to be pre- 
dicted for any member of the series 
TazOy--11TazO5.4WO3. 

The compound Ta22W4067 is an end member of the 
above series and its crystal-structure determination is 
reported below. Crystals of this compound can be pre- 
pared by heating a 30 mole per cent WO3 mixture at 
1583 °C for 64 hours in a sealed platinum tube and then 
quench cooling. At this temperature the mixture melts 
to the 11TazOs. 4WO3 compound and liquid containing 
a higher concentrations of WO3. Crystals are therefore 
formed under solid-liquid equilibrium conditions and 
are large enough for X-ray work. 

Experimental 

Crystals of Ta22W4067 are very small, colorless and 
near-spherical in shape. X-ray data were collected from 
one of the larger crystals, a prolate spheroid with a 
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maximum dimension of 0.074 mm. The crystal data 
are: Ta2zW4067, M=5787 ;  a=6.136,  b=47.40, c=  
3.84 A, Vo= l l17  A 3, Z = I ,  De=8"602 g.cm-3; space 
group C2mm (C TM, no. 38). Unit-cell dimensions were 
obtained using a Philips powder diffractometer with 
Cu K~ radiation, and are considered accurate to + 1 in 
the last decimal place. 

Integrated intensities, hkO were obtained on a Sie- 
mens A.E.D. single-crystal diffractometer with Ni-fil- 
tered Cu Ke radiation. The five-values 0-20 scan method 
was used. (Hoppe, 1965). Attenuation filters and scan- 
ning times were adjusted automatically to give an ap- 
proximately equal number of counts for each measur- 
able reflection. Those reflections for which the integra- 
ted intensity was less than, or equal to, three standard 
deviations based only on counting statistics were re- 
garded as unobserved and were assigned a value of 
half the minimum observed intensity. All reflections 
with a 20 value below 140 ° were measured and Lorentz, 
polarization and absorption corrections (/zR=4.4 for 
a spherical crystal) were applied. The atomic scattering 
factors for 0 2- and Ta s+ were taken from Suzuki (1960) 
and Cromer & Waber (1965) respectively, and the real 
part of the anomalous dispersion correction was ap- 
plied to the scattering curve for tantalum (Dauben & 
Templeton, 1955). Since the Ta 5+ and W 6+ atomic scat- 
tering curves are practically identical, the atomic scatte- 
ring factor of Ta 5+ was used for W atoms. 

Determination of the structure 

The principal structural features were determined by 
projection along the short c axis. The intensity distri- 
butions on zero and upper-level Weissenberg photo- 
graphs taken about the c axis were visually identical so 
that atoms are predominantly located in the (001) 
planes. The Laue symmetry and systematic absences 
in spectra indicated an orthorhombic C-centered space 
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group,  p robab ly  C2mm, in which case most  a toms  
would be found  in posi t ion 4(d) with z coord ina tes  equal  
to zero. In this and  o ther  s tructures in the Ta2Os-WO3 
system, the heavy metal  a toms  tend to lie close to ideal 
subcell posi t ions  and  con t r ibu te  to only a f ract ion o f  

the data ,  thereby add ing  confus ion  as to what  are 
really systematic absences and  what  const i tu tes  the 
correct  space group.  The  observed hkO da ta  each have 
h + k = 2 n  and  therefore  the simplest  o f  the centered 
rec tangular  p lane groups,  Cm, was assumed.  Even this 

Table  I. Positional and thermal parameters for Ta22W4067 

Other atoms in the unit cell are related to those listed below by the symmetry elements of the plane group Cm. Atoms O(11) to 
O(16) and also O(19) have z parameters of ½; the remaining atoms have z parameters of zero. 

Numbers in parentheses are e.s.d.'s in the least significant digits. 
The form of the anisotropic thermal ellipsoid is exp [- (ill lh2 +f122kZ + 2fll2hk)]. 

x/a y/b tilt x 104 or B 
M(I ) 0"0000 0-0000 - 100 (27) 
M(2) 0.0709 (42) 0-07223 (32) 132 (37) 
M(3) 0.0712 (50) 0.15270 (29) 19 (25) 
M(4) 0.0822 (19) 0.23368 (24) - 18 (26) 
M(5) 0.1524 (27) 0.30921 (30) 31 (30) 
M(6) 0.0296 (33) 0.38227 (21) - 2 4  (30) 
M(7) 0"0317 (31) 0-46021 (18) - 9  (29) 
O(1) 0.959 (30) 0.1969 (39) 1 (3) 
0(2) 0-194 (14) 0.1139 (18) - 2  (1) 
0(3) 0.368 (51) 0.2179 (63) 4 (6) 
0(4) 0.392 (13) 0.1580 (21) - 2  (1) 
0(5) 0.389 (36) 0.0736 (51) 3 (5) 
0(6) 0.642 (17) -0.0030 (65) - 2  (2) 
0(7) 0.876 (18) 0.0461 (27) 1 (2) 
0(8) 0.736 (41) 0.2374 (54) 3 (5) 
0(9) 0.797 (16) 0.1499 (26) - 1  (2) 
O(10) 0.808 (46) 0.0959 (58) 2 (4) 
0(11) 0.980 0"000 0-1 
O(12) 0"080 0"077 0"1 
0(13) 0.082 0.153 0.1 
0(14) 0-082 0.234 0.1 
O(15) 0"156 0.309 0-1 
0(16) 0"032 0.382 0"1 
O(17) 0.240 0.015 0.1 
O(18) 0.210 0.034 0.1 
O(19) 0.500 0.038 0.1 

fl22 X 105 ,812X 105 
- 13 (3 )  

15 ( 4 )  - 9 9  ( 4 5 )  
10 (4) - 9  (21) 
2 (3) 6 (32) 

13 (5) - 6  (21) 
3 (3) - 9  (21) 

- 5 ( 3 )  - 1  ( 2 2 )  

~0 ( 7 ) ( ' ~ ( _ . . ~ ] ' ) ~  /'~k.~ / ~ ~ 

00 . . . . . . .  . . . . . .  / . . . . . . .  . . . . . . .  . . . . . . . .  

a 

MIRROR PLANE GLIDE[I PLANE 
,, 

Fig. 1. A (001) difference Fourier synthesis showing resolved oxygen atoms in the (001) plane. One quarter of the unit cell is 
shown. 

A C 27B - 10 
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Table 2. Observed and calculated structure factors 

Unobserved data are marked with an L. 

2 L 21 3 
q L 29  6 
6 L 36 5 
8 L qO 20 

I 0  266  187 
J2 L q6 13 
l q  k q8 6 
16 269  20q  
18 L 51 36  
20  L 52  9q 
22  k 53  31 
2~ 87 30  
26  128q  1372  
28 L 55  65 
30  L 56  71 
32  119 125 
3q L 57 93 
36  389  q02  
38 L 57  70  
~o t 56  58 
q2 q07  390  
q~ L 53  70  
~6 2 0 6  176 
q8 60 ~8 
50  L qq 67 
52  739  671 
5q k 36 70 
56 58 70 

l L ~0  25 
3 L ql  63 
S 283  222  
7 L q5 q3 
9 L q7 29  

I1  360  26~  
13 1316  Iq57 
15 238  195 
17 k 52 3q 
19 k 53  37  
21 q26  317  
23 q66  371 
25 k 56  62 
27 L 56 27 
29  3q8  302  
31 166 132 
33 k 57 53  
35  k 57 q6  
37  155 175 
39 a87  853  
ql  183 16q 
q3 L 5q 8q 
q5 121 128 

K FO FC H K FO F¢ ~ K FO rC  H K ro  FC 

q7 162 190 3 35 159 135 
q9  q02  395  3 37 512  q96  
51 k ~z 95 3 39  7~1 60q  
53  102 89  3 q l  ~51 230  
55  310  308  3 q3 L ~6 52 
57 66  63 3 q5 7~ q7 

2 0 1072  1286  3 q7  238  233  
2 q26  399  3 q9 q27  q21 

k 50 - 7 3 51 9~ 105 
z 6 k 51 69  ~ o 7 ,q  6 7 2  

8 335  268  q 2 ~e6  qq6  
2 IO 326  2 6 2  ~ q 152 113 

12 k 53 89 ~ 6 276  250  
2 l q  k 53  56 ~ 8 q12 387  

16 190 182 q IO 503 q?7 
2 18 369  293  q 12 212  203  

20  L 55  65  q lq  111 160 
22  102 68 q 16 261 230  

537  q~5 2 2q , t 8  302  287  
26  i n 7 1  1012  q 20  l ~a  131 
28 296  Z30  q 22 181 lqO 
30 L 57 92 q 2q  s i n  ~9o 

2 32 k S' 11 q 26 563  509 
3q 205  222  q 28 302  292  
36 q~2 399  q 30 k 5q 20 

z 3a k 56  IOI q 32 2OZ | 6Z  
qo L 5 5  121 ~ 3q 322  29~  

2 ~2 270  239  u 36 508  527  
qq 211 202  q 38 190 200  

2 q6 L ~7 98 q qo 69  76 
~8 6q q ~2 58  k ~o 15 

2 50  351 3~2  ~ qq 183 171 
52 605  528  q q6  L 32  17 

2 5q 116 1.07 q q8  Iqq 126 
In9 13q 5 1 IB2 190 

3 356  289  5 3 351 3q2  
5 515  ~68 5 5 280  257 

3 7 2q8  176 5 7 258  260  
9 158 128 5 9 217  178 

11 575  558  5 11 5O l  q57 
13 1089  1056  5 13 511 qq2 

3 15 502  qq3 5 15 36~  311 
17 L 56  18 5 17 11o 9q 

3 19 188 I q9  5 19 316. 29~ 
21 q l l  350 5 21 2q6  2qq  

3 23 51q q90  5 23 q91 q63 
25 139 126 5 25  232  216  
27 k 56  q7 5 27 78 7S 

3 2V k 57 63 5 2V 138 165 
31 3qO 328  5 31 210  199 
33 L 56  8 5 33 136 116 

s 35  220  210  
5 37 qT I  qqq  
5 39  368  333  
5 ~1 200  187  
5 q3  k 26 3q  
6 o q05  366  
& 2 3 5 8  321 
6 q 201 15~ 
6 6 295  289  
6 8 155  130 
6 10 511 q96  
6 12 32q  315  
6 lq  265  251 
6 16 36q  338  
6 18 155 I q6  
6 20  207  196 
6 22  229  222  
6 2~ q33  393  
6 26 315  321 
6 28  230  2 1 5  
6 3U 129 I q3  
6 32 266  273  
6 3q 73 6q  
7 I 3q0  333  
7 3 q05  388  
7 b k 36 20 
, 7 201 IR3  
7 9 I q 6  139 
7 I1 276  27q  
7 13 2q1 229  
7 15 208  203  
7 17 118 lqO 

is an oversimplification since the 67 oxygen atoms 
cannot be accommodated by this plane group. 

A (001) Patterson projection indicated that the 
structure of TazzW4067 is based upon 13 UO3-type sub- 
cells (Zachariasen, 1948), each C-centered subcell con- 
mining two metal atoms (M) with the superstructure 
extending along the [010] direction. The origin of the 
unit cell was fixed on the mirror plane at M(1), and the 
displacements of the remaining metal atoms from their 
ideal positions at (0, n/13) and (½, n+½/13), where n is 
an integer, were determined from superposition maps 
using the minimum function approach (Buerger, 1959). 
The positional and isotropic thermal parameters of 
each metal atom in the asymmetric unit were refined by 
least-squares methods to a conventional R of 0.164. A 
(001) difference Fourier synthesis, shown in Fig. 1, 
clearly resolved the oxygen atoms in the (001) plane. 
Oxygen atoms lying in the plane z=½ projected close 
to the metal atom positions, and the coordinates ob- 
tained for these oxygen atoms were not varied during 
subsequent refinement cycles. These atoms have been 
omitted from Fig. 1 for clarity. 

The difference Fourier synthesis indicated metal atom 
thermal anisotropy. Therefore, in the least-squares 
refinement cycles carried out on F, the isotropic and 
anisotropic thermal parameters for oxygen and metal 
atoms, respectively, were varied as well as the positional 
parameters. Statistical tests (Hamilton, 1965) also vali- 
dated the use of anisotropic thermal parameters for the 
metal atoms during least-squares refinement cycles. 

Standard deviations, a(Fo), were assigned to Fo data 
on the basis of counting statistics. The weighting scheme 
used followed the method suggested by Hughes (1941). 

The final agreement factors for the observed data, 
R1 = Y~IIFol- IFcl ]/YIFol and R2 (as weighted R factor)= 
[~w([Fol-]Fcl)2/YwFo2]l/2, were 0.089 and 0.114, res- 
pectively. The programs of Stewart (1967) were used 
on the NBS UNIVAC 1108 computer. 

Positional and thermal parameters for Ta22W4067 
as well as corresponding standard deviations estimated 
from the inverse matrix, are given in Table 1. Table 2 
lists observed and calculated structure amplitudes. Bond 
distances and angles, and their estimated standard 
deviations (e.s.d.'s), are given in Table 3. 

Table 3. Bond distances (A) and angles (o) 
Superscripts refer to symmetry,related atoms 

N o  superscript x y z 
' x + ½  ½--y z 
" x+½ ½+y z 

x ~ z 

The second number in parentheses refers to the relative occur- 
rences of that bond distance or angle. Superscripts have been 
omitted from the oxygen atoms. 

M(1) Pentagonal bipyramid 
M(1) - 0 ( 6 )  

-o(7) 
-O(18) 
-O(11) 

0(6)--0(7)  

2"18 (22) (1) 
2-34 (32) (2) 
2"05 (29) (2) 
1-92 (01) (2) 
2"60 (33) (2) 
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Table 3 (cont.) 
O(7)--O(18) 2-18 (38) (2) 
O(18)-O(18) 3"18 (45) (1) 
O(11)-O(6) 2"82 (23) (2) 

-0(7)  3"00 (38) (4) 
-O(18) 2"86 (30) (4) 

O(6)--O(7)--O(18) 106 (15) 
O(7)--O(18)-O(18) 106 (13) (2) 
0(7)- -0(6)- -0(7)  116 (12) (2) 

M(I') Distorted octahedron 
M( l ) -0 (6 )  2.18 (22) (1) 

-0(7) 2.34 (32) (2) 
-O(1 l) 1.92 (01) (2) 
-O(17) 1.64 (25) (1) 

0(6)--0(7)  2.60 (33) (2) 
0 ( 7 ) - - 0 0 7 )  3.69 (42) (1) 
O(17)-O(7) 2-72 (40) (1) 
O(l 1)-O(6) 2.82 (23) (2) 

-0(7) 3.00 (38) (4) 
-O(17) 2"60 (23) (2) 

0(7) - -0(6)- -0(7)  l l6 (13) 
O(6)--O(7)--O(17) 70 (9) 
0(7)--0(17)-0(7)  85 (10) 
O(17)-0(7)--0(6) 89 (12) 

M(2) Pentagonal bipyramid 
M(2)-0(2)  2.08 (31) (1) 

-0(5)  1-95 (24) (1) 
-O(10) 1"98 (31) (1) 
-O(12) 1"94 (04) (2) 
-O(18) 2.02 (31) (1) 
-0(7)  1"74 (31) (1) 

O(7)--O(10) 2"37 (46) (1) 
O(10)-O(2) 2-52 (40) (1) 
0(2)--0(5)  2-20 (41) (l) 
O(5)--O(18) 2"23 (41) (1) 
O(18)-O(7) 2-18 (38) (1) 
O(12)-O(7) 2"73 (30) (2) 

-O(10) 2"71 (28) (2) 
-0(2) 2"67 (30) (2) 
-0(5) 2"70 (23) (2) 
-O(18) 2.93 (33) (2) 

O(7)--O(10)-O(2) 99 (14) 
O(10)-0(2)--0(5) 104 (16) 
O(2)--O(5)--O(18) 117 (14) 
O(5)--O(18)-O(7) 103 (16) 
O(l 8)-O(7)--O(10) 116 (17) 

M(3) Octahedron 
M(3)-O(1) 2.05 (29) (1) 

-0(2)  2"03 (31) (1) 
-0(4) 1"97 (23) (1) 
-0(9)  1"68 (23) (1) 
-O(13) 1-92 (01) (2) 

O(1)--O(4) 3"08 (34) (l) 
0(4)--0(2)  2"44 (42) (1) 
0(2)--0(9)  3"01 (38) (1) 
O(9)--O(I) 2"35 (41) (1) 
O(13)-O(1) 2"83 (31) (2) 

-0(2)  2.78 (32) (2) 
-0(4)  2"69 (23) (2) 
-0(9) 2"62 (22) (2) 

O(1 ) - -0(4) - -0(2)  94 (11) 
0(4) - -0(2) - -0(9)  84 (12) 
O(2)--O(9)--O(1) 98 (11) 
O(9)--O(1 )--0(4) 84 (11) 

M(4) Pentagonal bipyramid 
M(4) -O(1) 2.00 (29) (1) 

-0(8)  1.92 (30) (1) 
-0(3) 2"58 (25) (1) 
-0(8)  1"80 (30) (1) 

Table  3 (cont.) 
M(4)-O(3) 1-92 (22) (1) 

-O(14) 1.92 (03) (2) 
O(I)--O(8) 2-37 (41) (1) 
0(8)--0(3)  2.16 (40) (1) 
0(3)--0(8)  2.58 (37) (1) 
0(8)--0(3)  2.16 (40) (1) 
O(3)--O(1) 2.76 (32) (1) 
O(14)-O(1) 2.79 (30) (2) 

-0(8) 2.71 (27) (2) 
-0(3)  3.20 (31) (2) 
-0(8) 2.63 (28) (2) 
-0(3) 2.72 (23) (2) 

0(1) - -0(8) - -0(3)  133 (16) 
0(8) - -0(3)- -0(8)  88 (13) 
0(3) - -0(8)- -0(3)  126 (15) 
O(8)--O(3)--O(1) 99 (13) 
O(3)--O(1)--O(8) 95 (13) 

M(5) Pentagonal bipyramid 
M(5) -O(1) 1.96 (21) (I) 

-0(3) 2.17 (23) (1) 
-0(4) 2.23 (27) (1) 
-0(8) 2.33 (30) (1) 
-0(9)  2" 12 (30) (1) 
-0(15) 1.92 (05) (2) 

0(3)--0(4)  2.89 (40) (1) 
0(4)--0(9)  2"53 (32) (1) 
0(9)--0(1)  2.35 (41) (1) 
0(1)--0(8)  2.37 (41) (I) 
0(8)--0(3)  2"58 (37) (1) 
O(15)-O(1) 2"71 (22) (2) 

-0(8) 2"99 (33) (2) 
-0(3) 2"91 (26) (2) 
-0(4) 2.98 (29) (2) 
-0(9) 2-86 (32) (2) 

0(4) - -0(3)- -0(8)  108 (11) 
O(3)--O(8)--O(1) 101 (13) 
0 (8) - -0(  1 )--0(9) 122 (12) 
O(1 ) - -0(9) - -0(4)  108 (14) 
0(9) - -0(4)- -0(3)  100 (12) 

M(6) Pentagonal bipyramid 
M(6) -0(2) 2.06 (26) (1) 

-0(4)  2.10 (30) (1) 
-0(5)  2.22 (29) (1) 
-0(9)  2.24 (29) (1) 
-O(10) 2.01 (30) (1) 
-O(16) 1.92 (05) (2) 

0(2)--0(4)  2.44 (42) (1) 
0(4)--0(9)  2-53 (32) (1) 
O(9)--O(10) 2-57 (46) (1) 
O(10)-O(5) 2.74 (38) (1) 
0(5)--0(2)  2.20 (41) (1) 
O(16)-O(2) 2.84 (26) (2) 

-0(4)  2.85 (31) (2) 
-0(9) 2.92 (29) (2) 
-O(10) 2.76 (29) (2) 
-0(5)  2.95 (32) (2) 

0(2) - -0(4) - -0(9)  110 (14) 
O(4)--O(9)--O(10) 100 (13) 
0 (9 ) - -000 ) -0 (5 )  110 (13) 
O(10)-O(5)--O(2) 102 (14) 
0(5) - -0(2) - -0(4)  117 (14) 

M(7') Octahedron 
M(7)-O(18) 1-99 (23) (1) 

-0(5)  1.87 (29) (1) 
-0(7)  2. l 0 (29) (1) 
-0(6)  2.00 (08) (1) 
-0(19) 1-93 (03) (2) 

0(18)-0(5) 2.23 (41) (1) 
0(5)--0(7)  3"23 (38) (1) 

A C 27B - 10" 
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Table 3 (cont.) 

0(7)--0(6) 2.60 (33) (i) 
O(6)--O(18) 3.10 (32) (1) 
O(19)-O(18) 2.63 (22) (2) 

-0(5) 2.69 (30) (2) 
-0(7) 3.00 (29) (2) 
-0(6) 2-76 (23) (2) 

O(18)-0(5)--0(7) 96 (12) 
0(5)--0(7)--0(6) 82 (10) 
O(7)--O(6)--O(18) 91 (09) 
O(6)--O(18)-0(5) 91 (09) 

M(7) Octahedron 
M(7)-0(5) 1.87 (28) (1) 

-0(6) 2"00 (08) (1) 
-0(7) 2"10 (29) (1) 
-O(17) 2"13 (26) (1) 
-O(19) 1"93 (03) (2) 

0(6)--0(7) 2"60 (43) (1) 
0(7)--0(5) 3"23 (38) (1) 
O(5)--O(17) 2"97 (42) (1) 
O(17)-O(6) 2"58 (32) (1) 
O(19)-O(5) 2"69 (30) (2) 

-0(6)  2"76 (23) (2) 
-0(7) 3"00 (29) (2) 
-O(17) 2"72 (26) (2) 

0(6)--0(7)--0(5) 82 (11) 
O(7)--O(5)--O(17) 84 (10) 
O(5)--O(17)-O(6) 88 (11) 
O(17)-0(6)--0(7) 106 (14) 

M(7") Distorted octahedron 
M(7)-0(5) 1.87 (28) (1) 

-0(7) 2.10 (29) (1) 
-0(6) 2.00 (08) (1) 
-O(17) 3-14 (29) (1) 
-0(19) 1.93 (03) (2) 

0(5)--0(7) 3.23 (38) (1) 
0(7)--0(6) 2.60 (43) (1) 
0(6)--0(17) 2.58 (32) (1) 
0(17)-0(5) 4.34 (43) (1) 
0(19)=0(5) 2-69 (21) (2) 

-0(7) 3.00 (29) (2) 
-0(6) 2.76 (23) (2) 

Table 3 (cont.) 

o(19)-O(17) 3.53 (27) (2) 
0(5)--0(7)--0(6) 82 (11) 
O(7)--O(6)--O(17) 138 (15) 
o(6)--O(17)-O(5) 62 (10) 
O(17)-0(5)--0(7) 78 (09) 

D e s c r i p t i o n  o f  t h e  s t r u c t u r e  

The metal atoms lie in sheets separated by c = 3-84 A. 
Within each sheet these atoms have a close-packed hex- 
agonal arrangement. Oxygen atoms complete a coor- 
dination polyhedron around each metal atom in the 
form of either a distorted pentagonal bipyramid or 
octahedron. These pelyhedra are joined by edge-shar- 
ing within the (001) planes. Extension of the structure 
along [001] occurs by corner-sharing. The structure, 
viewed along [001], is shown in Fig. 2. 

There are 26 metal atoms and 67 oxygen atoms in 
the unit cell (as determined from X-ray data). The 
problem of accommodating an odd number of atoms 
in a C-centered space group is related to the doublet 
which appears in the Fourier synthesis, viz. O(17) and 
O(18) (Fig. 1). Atom O(18), together with its mirror 
image counterpart and atoms O(6), 0(7) and O(11), 
complete a slightly distorted pentagonal bipyramid 
about M(1). The polyhedra about atoms M(2) and 
M(7') (superscripts denote symmetry-related atoms as 
defined in Table 3) which also involve O(18) are a 
pentagonal bipyramid and an octahedron respectively. 
Atom sites O(18) and O(17) cannot, for steric reasons, 
be occupied simultaneously. Atom sites O(17) and that 
related to it by the (01O) mirror plane, cannot be occu- 
pied simultaneously, since this O(17)--- O(17) approach 
distance is only 1.41 A.. Therefore the (010) plane is 
only statistically a mirror plane. The use of atom site 

i I I i 
i i FOLDING 

! ! i PLANE--[ 
! , i l 

0,01 i I I b 

' o l O  . . . .  i 

Fig. 2. A (001) projection of the structure of one unit cell of Za22W4067. Folding planes are shown as dashed lines (see Fig. 3). 
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O(17) therefore involves the replacement of two atoms, 
namely O(18) and its mirror-image counterpart, by a 
single atom with a resulting change in the shape of the 
coordination polyhedra about metal atoms M(I'), 
M(2'), M(7) and M(7") (See Fig. 2). These polyhedra 
become distorted octahedra and M(I')  suffers a reduc- 
tion in coordination number from 7 to 6. The reduc- 
tion in the coordination number of metal atom M(I')  
occurs every 6.136 A along [100] and every 3.84 A 
along [C01]; therefore, a plane of distortions is formed 
which is parallel to (010). The introduction of one 
such 'distortion plane' (Roth & Stephenson, 1969) in 
the structure reduces the number of oxygen atoms in 
the unit cell by one, and the composition of TazzW4067 
demands that, on the average, there is one distortion 
plane per unit cell, i.e. every 47.40 ,~, in the structure 
of TazzW4067. Atoms O(18) and O(17) were therefore 
given population parameters of 0.5 and 0.25, respec- 
tively, in all crystallographic calculations involving the 
plane group Cm. 

Fig. 2 depicts the structure of a unit cell with con- 
tents YazzW4067 and having one (020) distortion plane. 
It would represent the structure of the real unit cell if 
the distortion planes were ordered. However, restric- 
lion to the plane group Cm requires that the distortion 
Flane be disordered over four positions which are rela- 
ted to the position shown in Fig. 2 by the 4(b) positions 
of the plane group Cm. If the distortion plants were 
ordered, as shown, the C-centering would be destroyed 
as well as the m m m  Laue symmetry. The small changes 
in structure-factor amplitudes resulting from such an 

ordering process (involving only one light atom) are 
not detectable using X-rays, and the unit cell depicted 
in Fig. 2 must therefore be regarded as an 'average' 
unit cell until proven otherwise by more sensitive tech- 
niques. 

The unit cell contains 15 metal atoms with pentago- 
nal bipyramidal coordination polyhedra and 11 metal 
atoms with distorted octahedral environments. The 
degree of distortion depends upon the location of the 
polyhedra and is greatest in the vicinity of a 'folding 
plane'. These planes, shown in Fig. 2 and Fig. 3, re- 
present regions where extensive anion packing distor- 
tions occur (see discussion below). The most regular 
pentagonal bipyramid, located midway between two 
folding planes, is associated with M(6). Metal-oxygen 
and oxygen-oxygen approach distances average at 2.07 
(9) and 2.73 (9) A, respectively within this polyhedron. 
The most regular octahedron is associated with M(3), 
again located midway between two folding planes, and 
the average M-O and O-O approach distances are 
1.93 (6) and 2.73 (9) A respectively. 

D i s c u s s i o n  

The ideal structure of Ta22W4067 suggested by the build- 
ing-block principle of Roth & Stephenson (1969) is 
shown in Fig. 3. The fundamental building chain is 
built up of edge-sharing regular pentagons. The chain 
has a regular 'herring-bone weave' and the folding 
occurs after six, then four, then four, then six penta- 
gons etc. The places at which folding, or breaks in line- 

I 
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Fig. 3. The ideal structure of the compound Ta22W4067 derived from fused chains of regular pentagons. Each chain has a regular 
'herring-bone weave' and the folding occurs after six, then four, then four, then six pentagons etc.  The places at which folding 
occurs are the folding planes, marked as dashed lines. 



gonal bipyramid centered on M(5) also lies on a folding 
plane but in this case the distortions are accommo- 
dated by movements of the oxygen atoms from their 
ideal positions. As a result of these movements, adja- 
cent metal atoms M(4) and M(4') each acquire a dis- 
torted pentagonal bipyramidal environment rather than 
the distinctly dissimilar 7 to 6 coordinated configura- 
tions they possess in the ideal or undistorted structure. 

arity, occur are the folding planes referred to above. 
Each chain can attach to other identical chains by cor- 
ner-sharing and this process produces rectangular sites 
(octahedral in three dimensions) between adjacent 
chains. 

There is a perfect fusion of regular pentagons provi- 
ded the chain remains linear. When such linear chains 
are linked to other identical chains by corner-sharing 
the structure is that of U308 as described by Andresen 
(1958). It is necessary to fold the U308 structure in a 
repeating manner to decrease the oxygen: metal ratio 
(2-667: 1 in U308; 2.577: 1 in Ta22W4067). Folding in 
the manner illustrated in Fig. 3 causes some rectangles 
to share comers with each other as well as edges with 
adjacent pentagons, whereas in the U308 structure 
these rectangles share edges only. Folding in this man- 
ner also causes distortions to occur at the folding 
planes; in particular, pentagonal bipyramids lying on 
these folding planes cannot remain regular. 

The structure of Ta22W4067 differs from the ideal 
structure shown in Fig. 3 by the manner in which those 
pentagonal bipyramids that lie on folding planes accom- 
mcdate the distortions imposed upon them by the fold- 
ing process. Thus M(I'), lying on the (020) folding 
plane, reduces its coordination number from 7 to 6. 
The two adjacent M(2') and M(2") pentagonal bipyra- 
mids are therefore reduced to distorted octahedra while 
the M(7) and M(7") octahedra, which lie either side of 
the (020) folding plane, become distorted. The penta- 

Intractability in the refinement of the structure 

The conventional R value for this structure is accept- 
ably low (0.089) but not as low as expected for diffrac- 
tometer data. In addition, the e.s.d.'s for atomic coor- 
dinates, and therefore for bond distances and angles, 
are extremely high. These factors may arise because the 
structure for the unit cell, shown in Fig. 2 is really an 
average structure and is a superposition of four ideal 
unit cells, each of which has been modified by the pre- 
sence of a distortion plane in one of the (4b) positions 
of plane group Cm. The composite atoms would there- 
fore be blurred, have low curvatures and large standard 
deviations in positional parameters. Our studies on 
other members of the series Ta2Oy--WO3 indicate, how- 
ever, that distortion planes tend to order to equidistant 
positions. The structure shown in Fig. 2 for the com- 
pound Ta22W4067 , may therefore be the structure of 
the real unit cell with an ordering of distortion planes on 
y=½. This unit cell is primitive, although departures 

Table 4. Correlation coefficients, Otj, .for metal-metal positional parameter h~teractions 
x i - x j  type interactions are shown below the 0u diagonal while yi-y~ type interactions are found above this diagonal. 

Metal 1 2 3 4 5 6 7 
1 1.0 . . . . . .  
2 - -  1.0 0.09 0.16 -0 .05  - 0 . 2 4  -0 .03  
3 - -  -0 .08  1.0 0.19 -0-15  - 0 . 1 4  0.09 
4 - -  0.57 0.03 1.0 0.01 -0 .01  0.18 
5 - -  0.04 0.56 0.17 1.0 0.23 0.05 
6 - -  0.47 0.53 0.45 0.41 1.0 0-03 
7 - -  0.43 0.57 0.58 0.21 0.60 1.0 

The values omitted were not calculated. 

k b/2 OF 13 UOiTYPE SUBCELL UNIT~I 

GLIDE 

1 0 1 6  S T R U C T U R A L  SYSTEMATICS IN THE B I N A R Y  SYSTEM T a 2 O s - - W O 3 .  I 

M I RROR 

k 8 UO~iTYPE SUBCELL UNIT :~ 5 UOffTYPE SUBCELL U N I T ~  

Fig. 4. The symmetry elements (glide and mirror planes, and twofold axes) of the 5 and 8 UO3-type subcell building blocks. 
Polyhedra are marked according to the number (Table 1) of the metal atom and superscripts represent symmetry transforma- 
tions of the plane group Cm (Table 3). 
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from C-centering are small. The extremely small size 
of the crystols results in a minimum Fobs value of 
50--100 electrons and reflections of the type hkl with 
h + k-¢ 2n, which should appear if long-range ordering 
of distortion planes does occur, may not be recorded 
owing to the small diffracting power of the crystal. As a 
result of this enforced C-centered symmetry, a res- 
triction is placed on the number of parameters which 
can be refined using standard methods, and a relatively 
high R value could result. 

Although these factors reflect a degree of intractabil- 
ity in the solution of the crystal structure of Ta22W4067, 
the main reason for the unusually large standard devia- 
tions in bond lengths and angles is the high degree of 
parameter interaction in this structure. The correlation 
matrix obtained by the Busing, Martin & Levy O R F L S  
program showed interdependence particularly between 
the x parameters of the metal atoms in the asymmetric 
unit; some values of the correlation coefficients, Qij, 
calculated during the last refinement cycle, are given in 
Table 4. The correlation coefficients are independent 
of the sum of the residuals and are directly related to 
the structure model. It is interesting to note that high 
correlations occur between metal atoms which, although 
not related to each other by the symmetry elements of 
the plane group Cm (describing the overall structure of 
the 13 UO3-type subcell), are related by the symmetry 
elements of the ideal 5 and 8 UO3-type subcells that 
combine to form the total structure. Both ideal 5 and 8 
UO3-type subcells have plane group symmetry pgm, 
and the location of the glide planes, mirror planes and 
twofold axes are shown in Fig. 4. Apart from the (010) 
and (020) mirror planes these symmetry elements are 
not implemented by the plane group Cm, and the relax- 
ation of these symmetry conditions are accompanied 
by small shifts in atomic positions (~0.15 A). Atoms 
which are no longer strictly related by, for example, the 

twofold axes of the 8 UO3-type subcell unit i.e. M(2) 
and M(4), nevertheless are still interdependent as evi- 
denced by the correlation coefficient ~4,2 with value 
0.57. 

The magnitudes of the parameter interactions listed 
in Table 4 are much less than those found in tetragonal 
BaTiO3 (Evans, 1961), LiMnPO4 and grossularite (Gel- 
ler, 1961). The structure of TazzW4067 should therefore 
be regarded not as indeterminate but as inherently inac- 
curate. Complete convergence to the precise structure 
has not occurred; some temperature factors are (not 
significantly) negative and standard deviations are so 
large as to prevent significant comparisons of bond 
lengths and distortions. However the X-ray data pro- 
vide an acceptable description of Ya22W4067 with struc- 
tural features consistent with those found in other mem- 
bers of the TazOs-WO3 system. Such structures are 
described in the following papers. 
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