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The Crystal Structure of Tutton's Salts. 
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The crystal structure of cadmium ammonium sulfate hexahydrate, Cd(NH4)2(SO4)2.6H20, has been 
determined by a three-dimensional X-ray analysis with the use of Cu K~ radiation (2 = 1-5418/~). The 
crystals are monoclinic, space group P2]/a, with 2 molecules per unit cell. The cell dimensions are 
a=  9.43, b= 12.82, c= 6.29 A; fl= 106 52. The water molecules are arranged about the cadmium ion 
in an almost regular octahedron, the average metal-oxygen distance being 2.28 A,. 

Introduction 

Cadmium ammonium sulfate hexahydrate is the only 
reported Tutton salt in which the metal ion belongs 
to the second long period in the periodic system. Its 
structure was therefore examined to see if it followed 
the pattern of the other Tutton's salts whose structures 
have already been established (Montgomery & Linga- 
felter, 1964a, 1964b, 1966). 

Experimental 

The procedure followed was essentially that for the 
isomorphous zinc salt (Montgomery & Lingafelter, 
1964a) except that the crystal needle was ground to 
approximate a cylinder along c (/z=78.5 cm-1; BR= 
0.40). The cell dimensions were determined from ro- 
tation and zero-level (hkO) Weissenberg photographs 
(calibrated with a0 = 5.6387 A for NaCI) and a preces- 
sion photograph of the a'c* net (Mo Kc~ radiation, 
),=0.7107). The results and their estimated standard 

deviations are a0 = 9-433 + 0.010, b = 12.823 + 0.015, c =  
6.286 + 0.006 A, fl= 106052 ' + 6'. Systematic absences: 
hOl when h is odd; 0k0 when k is odd; space group 
P21/a, Z = 2 .  

The raw intensities were collected by photometer 
from singly-integrated equi-inclination Weissenberg 
photographs (hkO through hk4) and were corrected for 
Lorentz and polarization factors and for absorption 
after Bond's (1959) method. The resulting structure 
factors were then scaled by levels to correspond to the 
calculated values, using the parameters of the isomor- 
phous zinc salt. (It should be recognized that this 
procedure precludes physical interpretation of the an- 
isotropic thermal parameters.) In all, 1136 reflections 
were used, of which 162 were below minimum observed 
value and 20 were given zero weight in the refinement 
because of secondary extinction effects. The intensities 
of the remainder varied from 1 to 1300. 

The initial atomic parameters were taken from the 
isomorphous zinc salt for the heavy atoms and from 
the magnesium salt (Montgomery & Lingafelter, 1964b) 
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for the hydrÙgcn atÙms. The reÉÉnement was carri¢d 
o u t  b y  f u l l - m a t r i x  l e a s t - s q u a r e s ,  f i r s t  in  i s o t r o p i c  a n d  
then in anisot ropic  m o d e  where the anisotropic  t e m  
perature factor  was o f  the fo rm 

e x p  { - (~Hh ~ + ~k ~ +,8++I +. + 2~1+_hk + 2/~,~h/ + 2/~kl) }. 

Scattering factors were taken from Thomas & Umeda 
(1957) for cadmium, from Viervoll & ~grim (1949) 
f o r  s u l f u r ,  f r o m  B e r g h u i s ,  H a a n a p p e l ,  P o t t e r s ,  L o o p -  
stra, MacGillavry & Veenendaal (1955) for oxygen and 
nitrogen, and from McWeeny (1951) for hydrogen. A 
modified Hughes weighting scheme was used and the 

Table 1 Parameters (with ~east-squares standard errors in parentheses) 
F r a c t i o n a l  p o s i t i o n a l  

parameters x 1 0 4  Aniso t rop ic  the rmal  pa ramete r s  x 104 
^ - - . +  ^ - - . ,  

Cd 0 0 0 44 (1) 26 (0"5) 174 (6) 2 " 2  (0"3) 3 (2) 2"6 (0"6) 
S(2) 4090 (2) 1362 (I) 7410 (4) 37 (2) 26 (0"8) 134 (I0) -6 (1) 0 (3) -4 (2) 
0(3) 4102 (7) 2234 (5) 5899 (II) 152 (10) 42 (4) 179 (25) - 3 4  (5) 42 (II) 1 (7) 
0(4) 5471 (6) 784 (6) 7764 (12) 43 (7) 71 (5) 338 (31) 12 (4) 0 (9) - 2 4  (9) 
0(5) 2847 (6) 661 (4) 6294 (10) 66 (7) 31 (3) 199 (23) - 12 (3) 25 ( 8 )  - 1 9  ( 6 )  

0(6) 3908 (6) 1741 (5) 9506 (10) 81 (7) 45 (3) 144 (25) -8 (4) 23 (8) - 7  (7) 
0(7) 1839 (6) 1149 (4) 1745 (12) 75 (7) 42 (3) 184 (25) - 16 (4) - 10 (9) 0 (6) 
0(8) - 1730 (6) 1200 (4) 336 (12) 58 (6) 34 (3) 276 (27) - 6  (3) 34 (9) - 4  (6) 
0(9) I (6) - 7 6 0  (4) 3210 (11) 88 (8) 36 (3) 250 (25) 13 (4) 43 (10) 11 (7) 
N(10) 1366 (7) 3506 (6) 3654 (14) 64 (9) 49 (4) 197 (35) 4 (4) - 3 4  (11) 30 (8) 

Table 2. Observed and calculated structure.factors 

Columns are/c, 10Fo and 10Ft. Unobserved re~ections are marked with ~ and those omitted because of secondary 

C.K ,0  

3 6 2 1 8 4 9  
4~4 - 4 7 2  

8 4 4 434 
8 665 685 

l c  3O? 283 
1 2 2 9 0  2 ? 5  
14  4 2 3  4 8 8  
16314 3 2 5  

I , K , 0  

392 - 3 9 4  
925E 1480 

4 5 5  - 4 5  
4?4 469 

87 - 8 0  
416 422 

6 6 e  24 
529 5 5 9  

1 76* - 2 2  
IL  569 607 
12 99 1 0 6  
13 225 2 3 1  
L4 69,  43 
1 5 1 6 8  184 
16 42*  - 2 9  

2 , X . O  

68TE I050 
5 1 4  5 6 6  
886E 741 
157 - 1 3 7  
644E 800 
211 - L 8 9  
594 612 

i 62* 12 
466 449 

ii . . . . . .  

383 3 8 7  

3~" 4 ~  
13 173 -157 14 283 3~ 
15 55-  
16 1 9 0  1 9 0  

3 , ~ , 0  

65 E 824 

8 5 4  
1 9 8  LS7 
432 428 

LG 274 - 2 5 8  
11 377 3 7 5  
12 97 i o o  
13 458 467 
14 63* 57 
t5  256 272 

4,K,O 

340 334 
296 Zq8 
~56E L L 5 6  
228 -186 
737 866 
380 - 3 5 7  1H 12o 

i 8 4 "  - 4 6  1 6 6  
67  2 4 2  

IC 527 5 2 1  
LI  91 85 
12 42T 435 
13 75 - 8 6  
14 227 242 

5 , ~ , 0  

8 5 3 1 1 0 8 8  
162  - 1 3 7  

94 - 4 3  
130 1 1 9  
3 ? 2  3 6 4  

i ~ l  ,29 75O 
78* - 5 7  

527 5 3 7  

12 1C2 74 
1 3 1 3 ~  z e 3  

6 , K , O  

401 402 
1 4 6  - 1 4 7  

~ 6~Io -2+7°9 

6 3 2 2  287 
7 79* 65 
8 314 315 9 79. ~I 

1o 453 4 
11 70o - 2 1  
12 3 2 3  3 2 6  

T , K , 0  

L 679 743 
Z 361 338 
3 3 7 4  302 
4 82 - 5 9  
5 3 0 6  265 
6 LO0 - 8 9  
7 3 1 9  304 
8 7 7 .  69 
9 3 3 3  332 

1o 68*  61  
IL  lqO 1 8 6  
12128 - 9 6  

8 , K , 0  

o 353 332 
1 3 0 9  -29B  
2 387 354 
3 2 O 5  -168 
4461 470 
5 1 6 4  133 
6 432 426 
7 74* L5 
B 208 202 
9 116 -ILO 

lO 239 212 
11 L08 92  

9 ,K ,O  

I 278 262 
2 286 3OO 
3 494 5 L 0  
4 74 ,  - 2 2  
5 3 3 1  3 2 4  
6 131 - t 2 9  
7 152 49 
8 104  77 
9 253 24O 

1o 1Ol I02 

I O ~ K , O  

o 5~1 4 q 9  
1 74 - 8 3  
2 248 265 
3 6 ~ .  - 3 8  
4 176 168 
5124 2O 
6 3 1 4  309 
7 4 6 *  58 
B 292 302 

I I , K , O  

1 339 299 
2 62 - 6 7  
3 3 O 8  34O 

O,K,1  

2 72t 8 1 4  
3 5 3 3  472 
4 4 3 1  377 
5 335  26T 
6 876 8 7 ~  
7 4 3 .  - 
8 6 9 6  670 
9 5 1 .  - IO 

LO 5e8 5 5 3  
11 208 - 1 7 B  
1 2 3 1 0  315 
13 2L4 - 1 9 8  
14 14L 132 
15 9 0  92  
16263 260 

l , K , 1  

1 816~ 1 t 4 8  
2 4 t2  - 4 0 9  
3 4 0 9  3 9 2  
4427 375 
5 7 3 6  741  
6 286 264 
T 743  7 1 5  
8 2 1 3  - I T 6  
9 5 6 5  536 

1 0 1 6 3  - 1 4 4  
1 1 1 3 3  101  
IZ 5 6 *  35 
1 ]  413 390 
14 4 8 "  5L 
L5 328 3 4 8  
1 6 2 6 *  - 4 3  

- L , K , L  

2 6 4 4  - 5 / 5  

3 868 910 I L04 ~;i 
4236 -196 2265 2791 
5640 584 3211 2011 
6 22 t t . . . . . . . . .  I 7 5 9  53  5 2 1 7  ZlO 
8 1 4 7  1 2 3  6 7 1 2  0 1 3  
9 762 777 7 1 2 5  - q n  
LO 317 -285 8 6 9 6  802 
11404 411 9166 -160 

lO 237 238 
L2 LT7 1 5 0  12 157 163 13 229 224 LL 56s - z I  
L4 118  1 1 9  

13 4 9 .  17 

15 186 165 5 477 4 3 5  

1 4 2 9 8  356 
2 , K , I  5 , K , 1  

0 2 8 7  - 2 4 3  
I 591  6 9 3  1622 658 
2 845E I095 2 3O5 287 
3 5 5 3  5 7 5  3 4 4 8  4 2 8  
4 997E 1250 4 172 "163  
5 5 1 0  -4T4  
6 484 441 6 57 -61  
7 97 - 7 2  7 5 6 9  545 
8 L48 1 0 6  8 L44 104 
9 53* 48 9 435 4OO 

LO 579 538 lO 64 56 
LI ST* 13 11 271 2 9 9  
L2 5Z9 530 12 2 1 1  -158  
L352. 2 13166 155: 
L 4 1 6 5  1 6 2  
L 5 3 7 s  - 1  - 5 . K I L  

" 2 , K t l  1 641E 835 
2 L26 124 

o 833E 1560 3 4 6 6  510 
1 320 319 4 144 -140 
z 5tT 6 1 0  5 ~ 1 8  4 3 3  
3 330 3O3 6 2 1 1  - 2 0 6  
4 425 4 1 0  7 433 4 5 8  
5 34O 30~ e 55* 64 
6 7 9 8  884 q 276 2 7 8  
7 4O4 - 3 3 5  IO 148  1 4 7  
8 6 0 3  613 I I  424 442 
q 52* - l O  L2 107 -101  

IO 20T 180 13 208 231 
11 57* 22 L 4 3 6 1  - 4 8  
12 274 275 
L3 1 4 3  - I  3 6 , K l l  
14 361 4 t 0  
L 5 6 2  68 o 685 7 4 8  

1433 - 4 4 3  
3 1 K t l  2 427 4 0 9  

3 2 7 1  - 2 5 0  
L 448 464 4 3 7 0  330 
23296146 1 oo 4252 323 5 334 , o 

6 4 8 0  
4 175 L52 7 57* 43 
5 842 9 0 6  8 5 6 2  518 
6 4 6 .  - 4 1  9 2O4 " 1 7 6  
7 890 891 LO 304 288 
B 168 -203  11 47* 7 
9 51T 4 8 1  12 229 2O5 

IO L88 161 13 165 142 
LI  219 L99 
1254e - ~ I  - 6 e K .  L 
L3302 293 
14 42* - 2 5  o 428 534 
t 5  274 270 1 180 -197  

2 4 1 /  5 5 4  
- 3 , K , 1  3 49"  - 3 8  

4 475 5 3 8  
L 84 105 5 261 258 
2 4 4 7  538 6 288 3O3 
3 979E 1455 7 1 9 6  L99 
4 184 177 8 427 4 6 9  
5 786 922 g 2 9 4  -294  

I Io 396 4 1 /  [ 42 - 1 3 1  
5L 128 LI 119 -122  

8 50-  56 12 155 160 
9 273 254 13 147 128 

IO 157 - 1 3 4  14 166 18L 
1 1 6 3 4  672 
12 56* - 3  7 , K I 1  
13  291 295 
14 45 .  - 5 6  1 1 8 4  1 4 0  
1 5 1 2 3  120 2 447 442 

3 622 6OO 
~ , K . I  4 STs 31 

5 551 5 2 1  
o 5O3 568 6 148 - 1 3 2  
1 1 6 8  -146  7 3 6 6  344 
2 742 7 9 5  o 61 67 
3 2 9 9  270 9 3 2 9  2 9 6  
4 7L6 700 1o 45*  5 
5 319 275 1 1 3 5 8  359 
6 314 2 7 7  t 2  97 -76  
7 1 6 1  1 1 7  
8 425 374 - 7 , K , I  
9 3O6 -25L  

LO 4 5 5  44L 1 543 682 
LI  16B "139  2 24? 265 
1 2 3 9 4  380 3180 L9T 
13 LOB 1 0 5  4 L36 138 
1 4 2 1 7  lqT 5 2 6 5  28 ;  

6 S T -  -7O 
- 4 1 K t l  7 5 4 7  602 

8 56* - 5 7  
o 3TT 426 q 325 3 5 4  

e x t i n c t i o n  are m a r k e d  w i t h  E. 
LO 51- 44 7 729 687 
L! 156 1 5 9  8 9 9  - 8 8  
12153 -164 9 514 501 
13 215 236 L' 83 - 8 9  

LI 107 102 
81K,1 •2 55* 3 

13 348 349 
0605 626 14 I00 94 
1 57.  53 15337  385 
2 379 353 
3 5 9  64 2 ,K ,2  
4 293 257 
5 54* 46 o 541 610 
6 4 1 5  372 1 1 9 8  178 
7 64 - 7 6  2 482 459 
B 351 306 3 2O7 179 
9 41 ° - 3  4 799 863 
LO 179 ITO 5 155 1 4 0  

6549 5 62 
- 8 , ~ , 1  T ~ 9 .  - 4  

8 4 8 5  4 4 4  
2 329 354 9 252 -223  
3 57* - 4 0  LO 333 333 
4564 682 LL 56" 28 
5 5 7 .  - 2 2  L2 33O 3O9 
6 3 7 2  4 1 1  L 3 1 4 4  1 5 5  
7 5 5 .  28 1 4 2 6 4  264 
8 L4B 148  L5 I 1 5  -11o 
961 -66 

LO 325 359 - 2 , K , Z  
I1 37* " 7  
1 2 2 3 9  2 9 5  1 2OO -214  

2 6 0 8  624 
9~KII 3 237 195 

4 877 898 
1 2 1 5  184 5 l?b - 1 6 3  
Z 5L* - 4 7  6 765 771 
3 5 1 6  4 8 3  7 4 8  - 3 9  
4 123 L07 o 396 4C3 
5 313  36L 9 2 6 9  232 
6 44* 3L LO 53O 533 
7 180 157 I I  5 6 ,  -29  
8 I03 - 9 0 1 2  351 36O 
9 23L 2L7 1 3 1 8 3  -L78  

L4 85 83 
- 9 , K . 1  L 5 3 6 -  - L  

3 289 328 3, K,2 
4 55* 6 5  
5 278 282 1 514 63L 
6 5Ls  L9 2 IB9 1 9 7  
7263 320 3646 690 
8 82 - 0 5  4 335 -297  
9 214 227 5 518 529 

6 4TI - 4 9  LO 32* - 2 3  7 3 7 1  37 ~ 
IO,K . I  8 2 5 4  229 

q 310 286 
0 3 5 2  3 5 2 1 0 3 2 0  3o7 
1 1 3 3  139 IL 453 468 
2 277 243 12 ~1- -5O 
3 40* 13 13 233 224 
4 2O2 168 14 124 -107  
5 169  -153 
6 329  3 1 6  - 3 ,  K,2 

O,K,2  1 45T 524 
2 113 IC8 

1 29L - 2 8 8  3 5~S 6O9 
2 310 392 4 279 - 2 5 4  
3 345 - 3 0 9  5 7 0 3  761 
4964 I065 e 65 5O 
5 386 -331  7 46~ 4 7 1  
6 727 725 8 126 - 9 7  
? 303 244 9 490 5O8 
8 373 3 5 ?  I 0  70 -72  
9 53* 40 11 322 30T 

lO 526 5 3 8 1 2  212  194 
11 56* - 3 6  13 327 310 
12 389 391  14 I02 65 
13 T7 92 15 177 1 6 7  
L4 96 92 
15 36. 2 4 , K , 2  

1 ,K ,2  o 514 5 1 9  
1 284 - 2 e T  

1 4 8 4  5 6 1  2 4 3 0  4 4 9  
2 28-  - 1 o  3 3 6 3  -36L  
3562 626 4 404 403 
4 55 - 5 1  5 3 5 4  3 3 4  
5 5 1 2  4 9 8  6 560  5 4 1  
6 273 "Z26  7 55 ,  62 
? 8 3 6  B59 8 6 3 2  6 7 3  
8 50s - 2 O  9 16'* - 1 6 4  
9 4 9 7  4 9 0  lC 298  2 9 3  

10 3 5 6  3 1 4  I I  5 2 *  14 
I I  250 Z54 IZ 158 139 
1 2 5 8  - T 4  1 3 1 4 5  1 1 0  
L 3 2 2 2  224 143O6 295 
1~ i t ~  - i o ~  
1 5 3 L 6  3 1 1  " 4 1 K 1 2  

- I , K , 2  o 382 457 
I 73 53 

2 35LE -778  z 592E 729 
3 492 4 5 e  3 40  - 2 8  
4 2 ? 4  - 2 2 1  4 3 9 9  44O 
5 2?6 214 5 3 5 1  - 3 2 4  
6 474 493 6 612 661 

7 3 0 4  -298  8 , ~ , 2  
8 542 528 
9 347 331 o 364 382 

LO 234 2 1 1  1 2 3 9  2 4 1  
,I 216 199 2 3 3 2 3 2 6  
2 228 3 2 1 4  198 • 234 

L3 139 - - 1 4 7  4 Z95 259 
L4 211 3 1 5  5 258 -242  
L5 58  --60 6 3 13 3 5 0  

7 95  - 8 0  
5 , ~ , 2  8 290 279 

9196 192 
1 288 298 
2 1 6 7  -143  "8 .K ,2  
3 5 5 5  556 
4131 -122 0 482 505 
5 6 0 3  6 3 7  1 129 - 9 6  
6 561 66 2 361 385 
? 344 334 3 206 - 2 1 7  
8 205 194 4 3 7 9  3 7 5  
9 348 294 5 6 2  56 

LO 105 - 8 6  6 2 9 6  277 
1 1 3 5 3  395 7 117 96 
L2 40* - 2 8  8 2 9 9  284 
L3 206 203 9 u ?  - - 1 1 4  

0 2 4 2  2 4 2  
- 5 , K , 2  .1 37-  16 

,2 1 5 6  201 
1 3 9 3  454 
z 45 28 9 , K , 2  
3 6 4 0  696 
4 1 1 6  IC8 1 296 279 
5 6 4 1  707 2 177  -164  
6 105 7o 3 202 278 
7 125 129 k 61 61 
8 55* 21 5 282 276 
9 349 334 6 157 133 

~0 166 - 1 ~ 7  7 315 3O0 
I I  4 5 2  471 
12 501 16 "9~K12 
13 2~7 2 1 6  
14 5- - 1 3  1 279 251 

2 291 2 7 5  
6 1 K , 2  3 301 313 

4 55 ,  4 7  
o 5 9 5  6 5 5  5 3 4 6  342 
l 55o 62 6 224 -205  
2 4 8 1  5C6 ? 3 8 3  4 1 8  
3 56o 45 8 57 32 
4 227 227 9 222 216 
5 560  -1 tO 127 121 
6 427 403 
7 5 5 *  -56 10,K,2  

9 7 1  o 231 206 
tO 174  196 1 31* - 1 2  
11 401 " 6  2 3 1 7  291 
1 2 1 4 4  131 

- I O , K , 2  

- 6 , K , 2  2 277 254 
o 5~7 6 1 6  3 114 -97  
1 89  --74 4 4 2 3  424 
2 3 8 6  3qB 5 4 6 0  5 
3 373 0361 6 253 239 
4 1 7 3  150 7 3 9 ,  - 4  
5 52* 35 O 157 134 
6 5 7 7  5 7 7  
? I S 3  137 O . g . 3  
8 6 9 4  762 
9 56+ o o 7891 1106 

1o 216 216 1 114  - 1 1 1  
11 59 - 4 4  2 5 4 5  608 
12 139 101 3 432 -424  
13 38" 2 ~ 432 409 
L4 2 6 9  263 5 396  344  

6 560 507 
?*Ke2 7 1 8 7  166 

8 374 31Z 
1 2 5 1  2 3 5  9 2 8 7  - 2 5 6  
2 2 3 2  - 2 2 8  1o 2 9 4  245 
3 4 6 6  470 11 5 1 *  - 3 1  
4 56"  - 5 5  1 2 3 5 5  333 
5 4 1 1  4 6 1  1 3 1 5 9  141 
6 530 50 14 314  309 
7 275 258 
861 -69 I LK ,3  
9296 294 

1o 3 7 .  1 L 6351 788 
I I  252 261 2 342 330 

3 64T 6 8 7  
- 7 , K 1 2  4 6 7  39 

5 443 416 
l 3 0 5  313 6 5 1 8  -506  
2 1 6 3  -130  7 1 2 9  105 
3 5 1 4  5 2 1  8 109 102 
4 54* - 8  9 3 9 0  361 
5 495 498 10  2 4 4  215 
6 151 - 1 1 7  I I  450 436 

2 7 5  274 12 46*  - 3 9  
8 62 6O 1~ z q o  Z84 
9 308 291 14 1 1 7  - 8 8  

lO  50.  51 
11 362  384 - 1 ~ K , 3  
12 38.  - 4 0  
13 1 5 6  152 1 5 0 9  528 

2 81 5 t 
3 7 9 0  80 
4 1 8 4  164 

5 372 3 5 5  
681 - 6 6  

469 48Z 
8 171 159 
q 410 408 

I0 51.  - 3 8  
1 1 2 9 6  293 
1 2 1 6 2  -166  
13 262 266 
~4 55 -60  

5 2 6 4  272 

2 , K , 3  

o 531 565 

6 0 9  
3 113 - 1 O l  
4 188 171 
5 75 - 6 8  
6 556 527 
7 4 8 e  -21  
8 662 679 
9 5 1 .  - 2  

IO 296 289 
1 1 1 0 3  98 
12 142  1 4 6  
1 3 3 8 .  30 
14305 279 

- Z , g , 3  

o 453E 730 
1 3 ~ 6  -330  
248 435 
3 4 9 7  -505  
4 801 8 0 5  
5 3 8  26 
6 400 381 
7 134 107 
8 181 181 
9 50"  - 1 9  

1o 450 4 6 ~  
11 5 1 -  15 
12 400 445 
13 73 71 
1 4 1 5 6  159 

3 , ~ , 3  

1 582 647 
2 42 ,  -5C 
3 513 501 
4 137 125 
5 5 1 8  539 
6 126 196 
7 1 2 l  
8 5 1 -  -48  
9292 263 

IO 52 -61 
11 455 455 
12 4 1 *  -2  
13 3 0 9  297  

- 3 , ~ , 3  

1 ?TOE 1005  
2 207 205 
3 41T 43~ 
466 -2~  
5 158 151 

7 5 6 4  601 
876 "65 
9 2 0 9  28C 

lO 51.  -11 
11 173 168 
12 47*  61 
13 302 301 
14 35, - 1 1  
15299 361 

045~ 45C 

2 5 8 4  6 3 50 ~! 
4 3 5 9  3 
5 194  - 1 7 f  
6 3 ? 9  34~ 
1 ~1.  3; 
8 3 9 0  3To 
9 151 15~ 

10 2 3 5  20~ 
I I  52 - 6 '  
12221 191 
13 I17 - lO!  
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function minimized was Z' w(Fo-Fo) 2. An attempt was 
made to refine the hydrogen atom positions (B=2.9) 
but, as expected, the refinement was not satisfactory 
and in the final Fc calculation the original coordinates 
(from Table 1, Montgomery & Lingafelter, 1964b) and 
isotropic temperature factor (B=2.9) were used. Al- 
though these hydrogen coordinates give somewhat 
short O-H distances and somewhat large H-O-H 
angles (the N-H distances and H - N - H  angles are 
quite reasonable), it was felt that these are probably 
as satisfactory as calculated coordinates. The average 
shift during the final cycle of refinement of the position 
parameters of the heavy atoms was 0.015a, with a 
maximum of 0.04a. The corresponding shifts in tem- 
perature factors were 0.018a and 0"06~r. The final R 
index was 0.073. (R = (Z' liFo[ - IFc I I)/Z" IFol, not includ- 
ing unobserved reflections or those exhibiting second- 
ary extinction effects). The final parameters are listed 
in Table 1, the observed and calculated structure factors 
in Table 2, bond lengths and angles in Table 3 and 
hydrogen bond distances in Table 4. 

Table 3. Bond lengths and angles with estimated standard 
deviations in parentheses for each bond type 
Bond lengths (A) Bond angles (°) 

Cd-O(7)(H20) 2.298 (0.007) O(7)-Cd-O(8) 89.1 (0.2) 
Cd-O(8)(H20) 2 - 2 9 7  O(7)-Cd-O(9) 92.6 
Cd-O(9)(H20) 2 . 2 4 1  O(8)-Cd-O(9) 91-3 

S--0(3)  1.469 (0-008) O(3)-S--0(4) 108.2 (0.3) 
S --0(4) 1.459 O(3)-S --0(5) 108.0 
S --0(5) 1.483 O(3)-S --0(6) 110.8 
S --0(6) 1.460 O(4)-S --0(5) 108-2 

O(4)-S --0(6) 111"4 
O(5)-S --0(6) 110.2 

Table 4. Hydrogen bond distances 
Relative position of Bond length 

Bond second atom* (A) 
0(7)--0(5) x y z 2-810 (0-012) 
0(7)--0(6) x y z -  I 2-821 
0(8)--0(4) x -  1 y z -  1 2.719 
0(8)--0(6) x-½ ½-y z -  1 2.790 
0(9)--0(3) ½-x y-½ 1 - z  2.715 
0(9)--0(5) - x  - y  1 - z  2.796 
N(10)-O(3) x y z 3.033 (0.015) 
N(10)-O(3) x-½ ½-y z 3-033 
N(10)-O(4) x-½ ½-y z 3"079 
N(10)-O(5) ½-x ½+y 1-z  2.859 
N(10)-O(6) x-½ ½-y z -  1 2.961 

* This is the transformation relating each 'second atom' to 
the corresponding atom in the original asymmetric unit. 

Discussion 

The main point of interest is the arrangement of water 
molecules about the central ion. The bond length pat- 
tern of the other Tutton's salts is repeated, that is, the 
Cd-O(9) bond is shorter than the Cd-O(8) and Cd-O(7) 
bonds, but this has been accompanied by a distortion 
of the metal-oxygen bond angles; the O(7)-Cd-O(9) 
angle is 92.6 ° , whereas the corresponding angle in the 
zinc salt is 90.6 ° . 

The average bond length Cd-O(H20) (2.28 A) is the 
same as the Cd-O distance (2.28 A) found in the cad- 
mium formate-thiourea complex by Nardelli, Gasparri 
& Boldrini (1965). 

The general packing of the ions and the hydrogen- 
bond network is essentially identical with that found 
in the other Tutton's salts; that is, each water molecule 
forms two hydrogen bonds (Table 4) which range in 
length from 2.72 to 2.82 A. The ammonium ion is also 
hydrogen-bonded to the oxygen atoms of the sulfate 
groups; three bonds are normal but one (to 0(3) and 
0(4) of the same sulfate ion), is 'bifurcated'. 

In addition there is a fairly close approach of the 
water octahedra along the c axis, the distance separat- 
ing 0(9) from 0(9') being 2.978 A. 

This research was supported in part by the U.S. Pub- 
lic Health Service under Research Grant GM-10842 
and in part by Defense Research Board of Canada 
Grant 9510-31. 
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