Acta Cryst. (1963). 16, 719

719

The Crystal Structure of Ammonium Thiotungstate (NH,),WS,

By K. SAsSVARI

Central Research Institute for Chemistry of the Hungarian Academy of Sciences, Budapest, Hungary

(Received 5 November 1962)

Ammonium thiotungstate crystallizes in the orthorhombic space group Pram (DLf). The unit-cell
dimensions are: ¢ =9-52, b=12-33, ¢=7-01 &, and Z=4.

The tungsten coordinates were obtained from two Patterson projections; the others were deter-
mined from electron-density projections and refined by differential Fourier synthesis.

The atomic arrangement is isostructural with 8-K,SO, as suggested by Gattow. The interatomic
distances W—S are uniform with a mean value of 2:17 A giving for W+ the same ionic radius found
in the {[WQ,]%~ ion. The structure shows a similarity to a distorted close packing.

Introduction

The compound (NH,):WSs was first prepared by
Berzelius (1826). Its exact chemical composition was
determined later by Corleis (1886), and the first
crystallographic examination was carried out by Vater
(1883). Vater stated that the semi-transparent orange
prismatic crystals belonged to the rhombic dipyram-
idal class. Gattow (1959) showed (NHi):MoS; to be
isostructural with $-K3SO4 and from the same in-
vestigation it seems probable that there are further
isostructural compounds with the composition 428Xy,
where 4+=K, Rb, Cs, T1, NH4; B%+*=Mo, W, Se and
X2-=0, 8, Se. Recently Gattow (1962) stated that
K,Rb and Cs selenate are also isostructural with
B-K280;. In the present work a full structure deter-
mination of (NHg):WSs was accomplished for the
determination of W-S atomic distance in the [WS4]2-
ion.

Experimental

The first crystals used in the present examination
were prepared at the High-Pressure Research In-
stitute, Pét (Hungary). More suitable crystals for
X-ray diffraction have been placed at our disposal by
Dr Gattow (Gottingen, Germany). From this latter
preparation very fine (0-05-0-1 mm thick and 1 mm
long) prismatic needles could be selected. From bigger
crystal specimens thin needles, elongated in the other
two crystallographic directions, could be prepared;
this was made easier by the perfect cleavage parallel
to (010) and the definite cleavage parallel to (001).
The crystals being very soft, the mechanical prepara-
tion of thin erystals of cylindrical or spherical habit
proved to be very difficult. For this reason square-
shaped crystals were used, except one sample which
was spherical with a diameter of 0-3 mm.

The unit-cell dimensions, determined from oscilla-
tion photographs made in a camera 1146 mm in
diameter, with Cu K« radiation, are:

AC 16 —47

a=9-52+0-02, b=12-33 +0:02, ¢=7-01+0-01 A .

The ratio of the axes a:b:¢=0-7721:1:0-5685 is in
good agreement with that obtained by Vater (1883)
from morphological examinations, viz.0-7783:1:0-5675.

From Laue photographs it was shown that there
exists only one mirror plane perpendicular to the
¢ axis. In the direction of [100] a threefold rotation
axis can be recognized. This, however, is only a
pseudo-axis; the unit cell is nearly orthohexagonal,
with an axial ratio b:¢=1-762 ~ /3.

From the absences, 0kl with k+I=2n+1 and AO!
with h=2n+1, it follows that the space group is
Pram (DL),if the higher possible symmetry is assumed.

The density, determined pycnometrically, is 2-76
g.cm~3; thus in the unit cell 4 molecules are present.
The density calculated for four molecules per unit cell
is 2-807 g.cm-3. The absorption coefficient u, cal-
culated from the atomic mass absorption coefficients
for Cu K« radiation, is 352-1 em-1.

The X-ray photographs for the determination of
intensities were made in an integrating Weissenberg
camera by the multiple film, equi-inclination tech-
nique. The intensities were estimated by visual com-
parison with a standard intensity scale in which the
ratio of the intensities was known. From the possible
1047 reflexions the intensities of 803 were collected,
and corrected for polarization and Lorentz factors.
The scale and mean isotropic temperature factors
were evaluated by Wilson’s (1942) method from the
hk0 reflexions; we found B=174 A2. From the
differential Fourier syntheses it was shown that the
real temperature factor is somewhat smaller for W
and bigger for S than the above mean value and not
quite isotropic. A correction of this deviation as well
as the absorption correction were omitted owing to
temporary difficulties in performing the computations.
The computation of the Patterson and Fourier
function was carried out on Ural 1 and all other
computations on IBM 628, our own programs being
used for the first time.
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Determination of the structure

As a starting point in the determination of atomic
coordinates the heavy atom method was used. As
the four W atoms in the unit cell must be in a fourfold
position, in the general position with coordinates

i
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Fig. 1. (a) Patterson projection P(uvp). (b) Patterson projec-
tion P(pvw). Contours are at arbitrary intervals. Negative
parts of the projection are dotted and encompassed by
dashed lines.

THE CRYSTAL STRUCTURE OF AMMONIUM THIOTUNGSTATE

(z, ¥, 1), the Patterson projection P(uvp)* (Fig. 1(a))
seemed to be satisfactory. In this projection three
predominant peaks are revealed, with the coordinates
(0, 3), (§, 0-146) and (4, 0-354). In the fourfold posi-
tion the interatomic vectors W-W are in this projec-
tion (2z, 2y), (} —2=, }) and (}, $—2y). By comparing
the related vectors it becomes obvious that from this
projection only the x coordinate of W can be given
and it is
xw=i— .

Taking this x value, the second two vectors become
(3, 2y) and (3, $—2y).from which an unambiguous
determination of the y coordinate is impossible.
In the projection P(pvw) in Fig. 1(b) the coordinates
of the three peaks are (4, }), (0-146, 1) and (0-354, 0).
As the vectors of this Patterson projection are (3, 1),
{2y, 3) and (3—y, 0) the y coordinate of W can be
determined and it is
yw=0-073 .

From the coordinates of W, the sign of 74 structure
factors F(hk0) could be determined. The two-dimen-
sional space-group of this projection is pgg. The
calculated electron-density projection gave a fairly
good approximation of the S coordinates and from
the same projection one could find out that while
one set of S atoms is in an eightfold position the other
two are in fourfold positions; that is, the latter two
are on the mirror plane. The S atoms in the general
position lie between two mirror planes with z=1
and §. Since the diameter of S2- is almost ¢/2, the
z coordinate of the S atom must be zero or nearly
s0, a fact supported by two three-dimensional Fourier
sections at the heights z= + 0-033 showing a symmetric
decrease of electron density on both sides of z=0.

With the aid of the S atoms the signs of further
structure factors were determined and after several
Fourier and difference-Fourier syntheses the coor-
dinates of the S atoms were refined.

After subtraction of the W and S atoms, the
difference-Fourier projection in Fig. 2 gave the coor-
dinates of the NHj ions, two of which are in fourfold
positions. The final coordinates of the structure are
given in Table 1. The final (001) projection is pictured
in Fig. 3.

Table 1. Final values of the atomic coordinates

T Y 2
w 0-250 0-073 3
S(1) 0-350 0-142 0
8(2) 0-283 —0-100 3
S(3) 0-025 0-104 3
NH,(1) 0-162 0-392 1
NH,(2) —0-037 —0-150 1

A further refinement of the parameters of the NH;
ions could be achieved with three-dimensional Fourier

* The symbol p denotes the projection axis.
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Table 2. Observed and calculated structure factors

F, F. nki F, T, akt F, T, nkté T %o hkl F0OF hk2 7o 7, 2k L F, F,
148 162 8100 18 ~15 0 5 8§71 0 1z 6112 26 z2 59 I8 =35 1105 0 -3
243 =271 8110 o -11 0 2 881 0 -2 6122 53 c2 510 3 0 2 1115 40 -40
185 -~195 8120 40 47 0 4 8391 64 76 612 15 29 5113% :2 4z 1125 12 -5
so =77 910 o 5 4] 1 8101 17 =27 712 .58 <32 S 12 20 20 1125 60 =62
0 ~-13 920 136 -l44 0 2 8111 6l 67 722 10 =100 512 s2 60 215 52 44
68 73 920 0 -15 0125 §121 -5 732 42 47 61 49 ~48 225 0
79 88 940 106 =99 014 2 911 108 -107 742 121 -112 6 -1 225 96 102
[} -1 950 [} 6 0 14 4 921 z2 -z4 752 &4 7 €22 102 ~112 245 (4]
216 -225 960 [ -1 0151 9321 22 -18 762 62 ~48 64 2 7 255 101 96
12 15 970 21 21 111 941 0 -1l 772 1 -28 653 97 98 265 0 1
166 ~156 980 47 40 121 951 7z 76 78z = z2 66 2 1 275 3 27
-9 990 0 -9 1321 961 =20 13 79z [ 6732 0 -1 285 9] -2
7% =55 910 0 60 141 971 76 91 7102 &9 85 683 [ 1 295 M -66
26 =29 loo0 120 -126 151 981 17 16 7112 9 69z 92 7% 2105 0 -1
10 32 -18 161 991 20 34 7122 38 69 610 3 0 -1 2115 107 =97
20 62 -49 171 9101 0o ~1 g8la 21 2 6115 72 65 2125 0
30 21 =27 181 1011 41 46 822 &7 -77 612 3 -6 315 142 13
40 59 48 191 021 0 0 832 zz 20 713 106 ~108 225 0 -8
50 0 z 1101 1031 97 98 es2 21 21 7232 14 325 21 21
60 65 55 1111 10 4 1 [} (] 852 1 -40 732 28 ~25 345 -7
70 24 22 1121 1051 62 66 862 104 104 74 2 255 93 =9
80 49 50 1131 1061 0 o 872 0 -2 752 54 62 265
90 0 10 1141 1071 15 -l2 882 86 2 763 0 7 275 110 -112
10 19 16 1151 081 0 -2 B9 2 &5 z 7732 92 97 285 8
20 75 80 201 1091 32 =60 810 2 0 0 783 0 10 295 61 -49
20 0o -15 211 111 47 55 811 2 0 -6 792 57 58 3105 0 4
40 66 65 221 121 0 11 912 3 23 710 3 0 1 2115 15 3
50 0 -1l 231 1131 22 22 922 85 79 7113 17 =19 3125 0 -6
60 26 17 241 1141 7 932 0 =22 7123 -6 415 68 =57
70 0 10 251 1151 27 -29 942 110 117 81 : 54 55 515 128 ~121
00 49 66 261 1161 0 -6 952 28 ~-15 823 12 615 40 2
10 17 -19 271 1211 28 -3 962 28 41 823 109 113 715 93 83
20 29 28 281 1221 0 -5 972 0 12 843 28 -29 815 49 w43
20 1% -13 291 112 64 -68 982 56 -71 852 75 74 915 70 ~79
02 280 =303 2101 122 58 61 992 0 86 26 -28 116 28 -29
04 231 231 2111 122 69 71 9102 59 -75 873 0o -1l 126 61 46
06 133 -127 2121 142 201 200 lol12 28 18 883 0 11 126 2 21
08 127 144 2121 152 28 29 022 77 59 893 62 -68 146 131 115
01 0 -1l 2141 162 13 121 1022 26 25 913 97 96 156 18 18
02 190 188 2151 172 % =z 10 4 2 0 7 922 26 21 166 85 7%
0z [ 4 211 182 77 -83 1052 0 -2 922 26 16 176 24 =21
04 192 -189 221 192 Q0 =7 lo062 69 -82 94 2 0 10 186 & ~52
05 -1 221 38 26 1102 150 ~-143 1072 19 =22 953 59 =69 196 6
06 112 108 241 1 =17 ll2 22 16 lo82 67 77 96 2 0 =10 1106 95 ~90
07 251 126 -140 1122 84 -6l 112 0 4 972 70 -8l 1116 8
08 8L =90 261 17 12 1132 0 -5 1122 20 =36 982 o -12 216 40 44
01 22 =21 271 167 -164 1142 0 6 1 z22 0 -2 992 27 -3 226 84 79
02 286 =302 3281 20 15 1152 0 -2 1142 6 =79 1013 22 -42 236 20 24
02 22 22 291 8 =73 212 95 105 1152 Q 3 weaz 0 0 246 21 =16
04 157 152 2101 0 222 12 149 11 62 40 -44 1022 80 -89 256 41 =2
05 29 =22 3111 32 42 222 69 76 1212 -14 104 3 [ -1 266 115 -106
06 160 =~170 2121 0 -10 242 27 25 113 236 207 1052 53 59 276 20 -l14
07 27 17 2121 & 87 252 74 =70 122 25 18 106 3 0 286 97 -88
08 62 75 3141 2 262 182 -188 152 42 24 1072 0 11 296 17 22
01 0 14 3151 28 54 272 26 =27 143 24 25 1113 41 =51 2106 [ -2
02 191 187 401 20 =21 282 147 =144 153 152 144 1125 ~10 2116 0 -3
03 0 -10 411 79 =81 292 30 36 163 21 ~15 1133 15 =20 316 0 -4
04 85 =83 421 1 ~14 2102 o] 1 173 186 ~1l64 11 4 % 0 -6 416 28 -18
05 0 431 182 -187 2112 0 =3 183 26 -28 114 -2 516 0 3
06 104 115 441 16 20 2l2e2 72 77 193 65 =54 l24 161 -159 616 o 4
07 [ =3 451 143 -128 2132 Qo -13 1103 [ 4 134 14 15 736 33 =33
01 60 4% 561 19 20 212 77 72 1113 2 50 144 115 =123 117 95 106
02 120 =-112 471 [ 12 2152 14 1122 26 20 154 -9 127 17 16
03 42 28 481 0 -8 312 17 22 1123 70 76 164 52 -39 1%7 24 15
04 109 115 491 107 107 22 126 -133 114 3 0 4 1724 17 =24 147 16 11
05 26 -29 4101 22 -26 222 20 -24 212 60 -65 184 18 17 1572 8 -78
06 59 =73 4111 97 96 342 169 =157 2232 0 2 194 18 14 167 15 =10
01 0 1 4121 [ 4 352 :z2 40 233 14 -178 1104 98 92 177 87 -89
02 76 57 4121 41 27 262 87 ~75 24 2 0 -3 1114 16 23 187 12 =12
03 0 4 141 14 15 272 54 52, 2532 15 -l24 ll24 96 97 197 38 30
0 & 5711 202 -205 282 29 E} 262 ~4 1134 12 -4 1107 0 2
05 521 z4 =3 392 0 =38 272 48 =24 114 4 9] -2 217 27 <-29
01 5351 17 =26 3710 2 124 112 283 0 3 214 22 22 227 (] 0
02 541 18 =25 3112 42 =50 29 3 101 83 224 89 =105 227 96 -8 |
11 551 147 147 2122 99 95 210 3 o 3 234 -2 247 Q H
[0} 013 561 20 22 2122 25 26 211 2 120 121 244 351 52 257 82 -68 I
42 3 015 571 145 152 214 2 0 -2 2122 -2 254 27 42 267 0 0
0 -1 017 581 22 z2 412 41 =21 2122 49 49 264 118 131 2727 16 -19 |
-10 0lg9 591 44 z 422 119 -115 214 3 =1 274 20 18 287 [ 1 !
103 -107 022 5101 o -3 422 21 =27 213 17% =-186 284 102 101 297 54 49 f
69 =63 024 5111 20 =49 442 115 127 2232 17 12 294 42 42 217 112 =92
121 =109 026 5121 19 =23 452 25 25 222 4 26 2104 20 19 227 0
~61 028 5131 55 =67 462 142 144 3432 0 11 21148 19 =-20 239 20 -16
0 -12 021 514 1 0 -8 472 0 10 53 107 119 2124 58 -60 z479 4]
24 032 611 52 55 482 95 80 262 0o -10 213 4 27 -28 357 62
121 145 0z:5 621 0 492 o -17 272 W2 143 214 82 77 367 0
48 26 027 6 21 127 127 410 2 [ 17 z8: 0 -12 224 M4 76 377 85
128 152 042 64 1 -8 4112 0 4 2935 77 3 324 63 -68 387 o
0 -8 04 4 651 117 112 4122 54 -62 210 2 0 6 244 129 13 297 3
(] -6 046 661 -1 413 2 [¢] 9 211 2 37 -8 254 48 =53 417 326
22 -10 o048 671 22 15 4 14 2 61 =77 31272 Ze4 85 82 517 80
64  -67 051 681 0 -1 512 0 4 2123 70 -78 274 20 z8 617 20
0 -7 0532 691 76 -8l 522 205 218 314 2 -2 284 51 .48 717 56
0 -4 055 114 =102 6101 0 5z2 0 1 41z 78 72 294 19 118 0
77 76 057 88 70 6111 95 ~-98 542 127 24 423 20 12 2710 4 108 -105 128 86
22 31 062 210 254 6121 0 552 0 -6 433 155 171 3114 19 -11 138 0
12 132 064 128 -l44 6131 33 =33 562 [} 3 4 43 30 =20 3124 78 148 75
24 =18 066 146 148 711 11 124 572 o -6 453 115 118 313 4 0 4 158 0
83 72 068 75 =~72 721 21 16 582 2 =33 463 26 =25 414 25 =23 168 28
48 45 071 20 28 731 30 28 592 0 3 473 0 ~10 514 —4 178 o
58 =51 073 23 -2l 741 0 10 57102 85 -8Bl 4832 0 8 614 39 46 218 16
23 24 075 [+ 14 751 62 ~72 511 2 0 S 493 86 =95 714 28 =37 228 54
85 =98 077 -8 761 5122 79 -84 4103 26 23 814 27 21 238 0
38 39 082 14l 142 771 108 =109 5132 [ 2 4113 86 -8 914 0 2 248 28
54 =57 084 75 -60 781 =12 514 2 0 7 412 3 0 10 1 4 0 14 258 18
151 147 086 101 €8 791 73 -66 612 0 9 412 3 25 -4 111 4 0 13 278 0
24 26 091 128 126 7101 0 -1 6z2 85 82 414 2 115 152 -152 218 38
82 77 093 97 =-l09 7111 17 z1 €32 28 513 125 16 ~-20 328 55
0 14 095 37 7121 0 7 642 57 522 125 23 =22 28 29
48 ~45 097 62 -60 811 62 =62 65z 29 533 145 17 =17 48 74
4 29 0102 2 -64 821 0 -14 662 36 542 155 97 10 258 16
96 -98 010 4 0o -10 821 134 ~1i8 672 21 5532 165 17 13 418 [¢]
0 1 0106 19 -39 g41 1 5 <82 98 563 175 127 1235 518 [
76 =75 0111 118 103 851 8 -3& €9z o 5732 185 17 21
21 24 011 > 103 -S1 3611 22 z 6102 40 282 1535 :Zs 42
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Fig. 2. The electron-density projection on (001) with the
W and S atoms subtracted. (+) shows the places of the
subtracted atoms and ( x )those of the remaining NH,* ions.
Contours are at arbitrary intervals. Negative parts of the
projection are dotted and encompassed by broken lines.

sections at z=} and £, by collection of the rest of the
reflexions.
For the calculation of structure factors, the atomic

2

Fig. 8. The final electron-density projection on (001). Contours
are at arbitrary intervals. Negative parts of the projection
are dotted and encompassed by broken lines.

THE CRYSTAL STRUCTURE OF AMMONIUM THIOTUNGSTATE

scattering factors of W and S2- were taken from
Internationale Tabellen (1935) and that of NHF from
Wyckoff & Armstrong (1930). The deduction of the
scattering factor of the W&+ jon from that of the
W atom was made by interpolation taking f(W¢+)=68
at sin §/A=0 and f(W8+)=f(W) at sin 6/ > 0-4.

Structure factors calculated from the parameters of
Table 1 and corrected for temperature motion are
compared with the observed structure factors in
Table 2. The reliability factor R(kkl) based on the
values in Table 2 is 0-13; when, however, the reflexions
with zero intensity are omitted, R(hkl)=0-10.

@ w

Fig. 4. Ammonium thiotungstate structure in (001) projec-
tion. Dotted lines show corrugated planes parallel to the
plane (100) and built up of 82~ and NH,* ions. The sequence
of the planes 4 and B with different ionic arrangement
in one period is BABB.

Discussion of the structure

The structure of ammonium thiotungstate, the pro-
jection of which can be seen in Fig. 4, is iso-
structural with §-K2S04. This can be seen clearly by
comparison of the parameters. After performing for
the structure of 8-K2S804 a coordinate transformation

Table 3. The parameters of (NH4):WSs and §-KaSO4

(NH,),WS,

a=952; b=12:33; ¢=7-01 A
w 0-250 0-073 0-250
3(1) 0:350 0142 0
S(2) 0-283 —0-100 0-250
S(3) 0-025 0-104 0-250
NH,(1) 0-162 0-392 0-250
NH,(2) —0-037 —0-150 0-250

B-K,S0,

a="T46; b=10-05; ¢=5176 A
S 0-250 0-083 0-250
0o(1) 0-317 0-153 0-037
0(2) 0-317 —0:057 0-250
0(3) 0-048 0-083 0-250
K(1) 0-283 0-417 0-250
K(2) 0 —0-183 0-250
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=z, y'=4—y, Z'=x

the related parameters of the two structures are as
in Table 3.

According to the (x,y) projection (Fig.4) the
structure of (NH4)2WSy is built up of WS4 tetrahedra.
These complex [WS4]2- ions are arranged in such a
way that every tetrahedron is linked by two of its

Table 4. Interatomic distances*®

W-S(1) 2-165 A S(1)-S(1’)  3-505 A
W-S(1") 2-165 S(1)-5(2) 3-53
W-8(2) 2:155 S(1)-5(3) 3-585
W-8(3) 2:176 $(2)-5(3) 3:52

Mean 2-165 A Mean  3-546 A
N(1)-S(1) 3-67 A N(2)-S(1) 3-565 A
N(1)-S(2) 367 N(2)-S(2) 3565
N(1)-S(3) 3475 N(2)-8(3) 347
N(1)-S(4) 3475 N(2)-S(4) 347
N(1)-8(5) 3545 N(2)-S(5) 318
N(1)-8(6)  3-545 N(2)-S(6)  3-10
N(1)-8(7)  3-47 N(2)-8(7) 3575
N(1)-S(8)  3-96 N(2)-S(8) 3575
N(1)-8(9)  3-96 N(2)-S(9) 352
N(1)-8(10) 3-78

Mean 3655 A Mean  3-447 A

* The numbers in bold type refer to the nearest anions
around the cations NH,+ denoted by N(1) or N(2); the other
numbers in parentheses are the numbers of the symmetry
positions of the atoms.

Fig. 5. The corrugated ionic planes (a) type 4 and (b) type B,
with different ionic arrangement of §2-~ () and NH,+ (@)
ions in the structure of ammonium thiotungstate without
distortion.
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Table 5. Interatomic distances and cationic radis
in AWOy structures (A)

Compound W-0 r (A-2) 7 (W6+)
CaWO, 1-75 0-99 0-43
PbWO, 1-78 1-20 0-46
Srwo, 1-79 1-12 0-47
BaWwoO, 1-81 1-34 0-49

S2- ions through an NHf ion to four neighbouring
tetrahedra. By this linking, infinite -S—-NH4-S- chains
are built up parallel to the [001] direction. With this
atomic arrangement Pauling’s electrostatic valency
rule is completely satisfied for every tetrahedron.

The atomic distances in the WS, tetrahedron
(Table 4) are quite similar so that a distortion of the
tetrahedron can be scarcely detected. The S-S distance
agrees fairly well with the twofold ionie radius S2-
(348 A) given by Goldschmidt (1926).

From the mean ionic distance W—S=2:165 A the
ionic radius of Wé+~0-43 A, This value differs
significantly from the ionic radius Wé+=0-62 A given

Fig. 6. The fitting of two-two neighbouring ionic planes in
one period of the lattice of ammonium thiotungstate
without distortion. (a) The fitting of B4, (b) the fitting
of AB and (c) the fitting of BB ionic planes of Fig. 5.
In all three cases the unit cell is drawn and the places of
W atoms are marked with crosses (+).
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by Ahrens (1952), but is in fairly good agreement with
the values in Table 5 derived from the jonic distances
W-0 known in the [WQ4)2- ion of the structures
AWO; (4=Ba, Ca,Pb or Sr) given by Sillén &
Nylander (1943).

Table 5 shows also the change of the ionic distances
in the tetrahedral coordination with the radii, or
with the polarization effect of the 4 cations. Also
the NHf ion must have such an effect- complicated
to some extent by the protons around the N atom.
The reduced ionic distance of W-0, as well as that
of W-S8 can be attributed most probably to a partially
covalent bond in the tetrahedron.

According to Fig. 4 and Table 4 the NH{ ions have
9 and 10 nearest neighbours respectively, with dis-
tances ranging from 3-10 to 3:96 A. The arrangement
of the S2- ions around NHY is rather irregular.

Although the structure of ammonium thiotungstate
cannot be regarded as a close-packed one, a similarity
to close packing can be detected. Parallel to the plane
(100) corrugated ionic planes can be seen (broken
lines show these planes for one period in Fig. 4),
built up of 82~ and NH{ ions and appearing with two
different ionic arrangements given without distortion
in Fig.5. These two kinds of ionic plane 4 and B
alternate in the crystal lattice according to the scheme
..ABBABBA. .. In Fig. 4 the period BABB is given.
The fitting of any two neighbouring ionic planes is
pictured in Fig. 6(a), (b), (¢) in which the distortion
of the lattice is omitted. As the ionic planes are built
up of 82~ anions and NH{ cations in one (a, b) period
of the unit cell, by fitting the 4B and B4 planes,
only one tetrahedron and by fitting the BB planes,
two tetrahedra are built with only S2- ions at the

Acta Cryst. (1963). 16, 724
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corners. Every other polyhedron of this ionic arrange-
ment has at its corners different kinds of ions. If we
put W atoms in the cavities surrounded only by S2-
ions and make a distortion by corrugating the related
ionic planes which is necessary in order to separate
from each other the atoms that are too near to one
another in the undistorted arrangement, we come to
the structure of ammonium thiotungstate.

The author would like to thank Dr G. Gattow of
the University of Gottingen (Germany) for supplying
the crystals used, the Hungarian Central Bureau of
Statistics for supplying the computer Ural 1, Mr
G. Kiss for making the program for Ural 1, and Mr
L. Zilahi-Sebess for his support in making the pro-
gram for the computer IBM 628.
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Order in Binary o-Phases

By C. G. WiLson
Royal Military College of Science, Shrivenham, Swindon, Wiltshire, England

(Received 3 August 1962 and in revised form 26 October 1962)

The atomic order in two o-phase Re-Mo alloys has been determined using powder photographs and
X.ray diffractometry. The proposed order schemes support the same correlation between the
position of the element in the periodic table and the lattice site as that obeyed by ¢-phases formed
by elements of the first long period. Rhenium is similar to manganese in its ordering behaviour.

Introduction

The existence of the o-phase in many binary and
ternary alloys of the transition elements has been
reported in recent years (Greenfield & Beck, 1956;
Knapton, 1957; Nevitt & Downey, 1957) and the
detailed structure of this phase has been carefully

determined for several representative alloys (Bergman
& Shoemaker, 1954; Kasper, Decker & Belanger,
1952; Dickins, Douglas & Taylor, 1956). The existence
of order in the o-phase structure has been established
in a number of alloys (Decker, Waterstrat & Kasper,
1954; Kasper & Waterstrat, 1956; Ageev & Shekht-
man, 1959, 1960; Brown & Forsyth, 1961; Wilson &



