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The Crystal Structure of Tutton's Salts. 
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The crystal structure of manganese ammonium sulfate hexahydrate, Mn(NH4)2(SO4)2.6H20, has been 
determined by a three-dimensional X-ray analysis with Fe Ke radiation (2 = 1.9373 A). The crystals are 
monoclinic, space group P21/a, with 2 molecules per unit cell. The cell dimensions are a= 9"40, b = 12.74, 
c= 6.26 A, fl= 107 °. The water molecules are arranged about the manganese ion in an almost regular 
octahedron, the average metal-oxygen distance being 2.18 

Introduction 

As a part of a comparative study of the isomorphous 
series of Tutton's salts (Montgomery & Lingafelter, 
1964a, 1964b, 1966a, 1966b) we have determined the 
crystal structure of manganese(II) ammonium sulfate 
hexahydrate,  Mn(NH4)2(SO4)2.6H20. 

Experimental 

The procedure followed was essentially that for the 
isomorphous zinc salt (Montgomery & Lingafelter, 
1964a). Because of the very great absorption of Cu Ke 
radiation by manganese, the radiation used for intensity 
measurements was Fe K~ (2= 1.9373/~). The cell di- 
mensions were measured from rotation and zero-level 
(hkO) Weissenberg photographs (calibrated with sodi- 
um chloride, a0 = 5.6387 A) taken with copper radiation 
(2= 1.5418 .~) and a precession photograph (Mo K~, 
2=0.7107 A) of the a'c* net. The results and their 
estimated standard deviations are a--9.398 + 0.015, b-- 
12.742+0.020, c=6.256+0.006 A, fl=106°59'+6 '. 
Systematic absences, hOl when h is odd, 0k0 when k is 
odd, indicate the space group P21/a, Z = 2 .  

Intensities were recorded by multiple-film technique 
for the levels hkO through hk3 on a Nonius Weissen- 
berg camera, integrating in one direction only, and 
were measured by a photometer. The raw intensities 
were corrected for Lorentz and polarization factors 
and for absorption (/t =91 cm -1,/~R=0.591) by Bond's 
(1959) method. The resulting structure factors were 
then scaled by levels to correspond to the calculated 
values, using the parameters of the zinc salt. (It should 
be noted that this scaling procedure precludes physical 
interpretation of the anisotropic thermal parameters). 
In all, 554 reflections were surveyed, of which 56 were 
below minimum observed intensities and 11 were given 
zero weight in refinements because of secondary extinc- 
tion effects. The intensities of the remainder varied 
from 1 to 2730. 

The atomic parameters of the heavy atoms were 
taken from the isomorphous zinc salt and those for 
hydrogen from the magnesium salt (Montgomery & 
Lingafelter, 1964b). Scattering factors for the man- 
ganese ion were taken from Thomas & Umeda (1957); 
for sulfur from Viervoll & Ogrim (1949); for oxygen 
and nitrogen fi'om Berghuis, Haanappel, Potters, Loop- 
stra, MacGillavry & Veenendaal (1955); and for hydro- 
gen from McWeeny (1951). The scattering factor for 
the Mn ion was modified to allow for the large dis- 
persion effect for iron radiation, Af t=-4 .1 ,  Af" =0. 
(James, 1948). The refinement was carried out by least- 
squares, first in isotropic and then in anisotropic mode, 
where the anisotropic temperature factor was of the 
form 

exp { - (fill h2 +fl22 k2 +fl3312 + 2fll2hk + 2fll3hl+ 2f123kD}. 

The calculations were carried out on an IBM 7094 
computer with programs developed at the University 
of Washington (Stewart, 1964). A modified Hughes 
weighting scheme was used with ]/w = 0 for unobserved 
reflections for which Fc < Fmin, Vw = 1 for unobserved 
reflections for which Fo > Fmin and for observed reflec- 
tions for which Fo < 8, and V w = 8/Fo for observed re- 
flections for which Fo > 8, and the function minimized 
was Z w(Fo-Fc) 2. The hydrogen atom positions were 
not refined. (Because of the close agreement between 
cell dimensions and heavy atom fractional coordinates 
of the manganese and magnesium salts it is felt that 
the refined hydrogen coordinates from the magnesium 
salt are as valid as recalculated assumed positions for 
the manganese salt. All distances and angles involving 
hydrogen atoms appear to be reasonable). An average 
isotropic temperature factor (B=2.5) was used for the 
hydrogen atoms in all calculations. After two cycles 
of isotropic and two of anisotropic refinement the 
average shift of position parameters was 0.15o. with 
a maximum of 0-49o'. The corresponding values for 
the temperature factors were 0.20o. and 0.53o'. After 
a cycle of refinement on level scaling factors and a 
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Atom x 
Mn 0 
S 4069 (2) 
0(3)  4069 (5) 
0(4)  5466 (5) 
0(5)  2825 (4) 
0(6)  3870 (5) 
0(7) 1774 (5) 
0(8)  --1671 (4) 
0(9)  - 16 (4) 
N 1331 (6) 

Columns axe k, 101;o and 

0 , K , 0  

384 341 
748E - 8 9 4  
65 - 5 4  

296 280 
10 3?.  -11  
12 64 61 

LIK,O 

375 - 4 0 0  
749E 1004 

36. 7~ 
216 208 

10 36* - 
11 295 30~ 
12 109 108 

ZtK.O 

471 545 
519 573 
233 238 
150 -174  

21~" 231 

1o 35. 3~ 
IL 31-  
12 125 115 

3tK.O 

1-3o9 -1~I 
502 ~35 

5 463 493 
141 132 
122 116 
151 - L 3 6  
147 - 1 4 6  

lO 244 - 2 3 7  
11 61 4 4  
12 103 104 

4 , K , O  

o L11 - 1 1 o  
1 223 248 
2 633E 143 
3 204 - 1 9 4  
4 483 502 
5 308 -304  
6 225 - 2 1 4  
7 3 - 3 5  
8 1~4 - 1 7 3  
9 233 221 

t0 235 217 
LI 49 42 

5 ,K ,O  

1 578 662 
2 11o - 1 0 4  
3 365 - 3 6 0  
4 65 62 
5 60 46 
6 111 lO1 
7 392 382 
8 62 - 5 6  
9 2 1 8  2 0 0  

LO 91 - 8 8  

6 , g , o  

0 14 69 
1 182 - l l B  
2 366 365 
3 37* - 2 7  
4 173 161 
5 80 18 
b 57 - 4 3  
7 59 54 
8 37 28 
9 23-  7 

7tKeO 

I 419 429 
2 3O4 324 
3 68 66 
4 85 - 6 8  
5 49 - 5 0  
6 1Ol - 9 9  
1 58 55 
8 66 61 

8,1(,0 

o 123 116 
1 296 --224 

Table 1. Parameters (with least-squares standard errors in parentheses) 
Fractional positional 

parameters x 104 Anisotropic thermal parameters x 104 

y z f i l l  f l 2 2  f l 3 3  i l l 2  

0 0 49 (3) 35 (13 192 (14) - 2  (l)  
1377 (1) 7402 (4) 42 (2) 31 (1) 129 (15) - 5  (1) 
2271 (4) 5907 (10) 157 (8) 44 (3) 265 (30) - 2 5  (4) 

812 (4) 7842 (10) 65 (6) 75 (4) 352 (31) 12 (4) 
674 (3) 6294 (8) 65 (6) 43 (3) 217 (30) - 9  (3) 

1766 (4) 9495 (11) 98 (6) 48 (3) 248 (34) - 10 (4) 
1088 (3) 1718 (9) 92 (6) 54 (4) 212 (29) - 2 2  (3) 
1150 (3) 325 (9) 53 (5) 38 (3) 351 (27) 0 (3) 

- 7 2 6  (3) 3096 (9) 97 (6) 41 (3) 254 (30) 12 (3) 
3507 (4) 3592 (11) 89 (7) 50 (4) 237 (37) 8 (4) 

2 68 
3 172 
4 164 
5 111 
6 184 

9 ,  

1 36 
2 234 

O, 

0 298 
1 527 
2 384 
3 416 
4 96 
5 238 
6 403 
7 28 
8 249 
9 31 
0 302 
I 186 

65 

1 504 
2 386 
3 89 
4 353 
5 262 
6 259 
7 346 
8 165 
9 205 
o 124 
L 16L 

- I t  

I 119 
2 549 
3 479 
4 210 
5 l l Z  
6 205 
I 143 
8 154 
9 446 
0 279 

155 
128 

Table 2. Observed and calculated 
10Ft. Unobserved reflections are marked with 

are marked with E. 

,813 
15 (4) 
17 (4) 
59 (11) 
14 (10) 
37 (9) 
46 (10) 
39 (9) 
33 (9) 
62 (10) 
50 (12) 

65 
-161 
157 
109 
184 

0 

-31 
252 

1 

336 
573 
346 
4~,2 
-89 
232 ,.o6 
253 

31 
291 

-180  
63 

1 

662 
- 3 9 0  

- 9 7  
394 
273 
261. 
354 

- 1 5 1  
203 

- 1 2 0  
-162  

1 

121 
-565  

462 
-205  

105 
202 
143 
155 
433 

-255  
152 
117 

2 ,K t  9 31-  - 2 5  

5 377 -40O IO 148 - 1 3 8  

o 562E -686  11 394 365 
1 4TgE 632 12 169 II 
2 508E 625 
3 471 552 4 , K t t  
4 644E 762 o 128 130 
6 53 ~-, 1 148 -144 
7 43 - ~ q n  2 351 381 
8 206 - l q O I  3 284 203 
9 31* -21  4 331 331 

tO 240 a ~ l l  5 266 266 
11 24 .  6 99 - 8 3  
L2 215 2221 7 I09 99 

8 62 57 
- 2 , K .  9 241 -244  

1o 171 ITO 
0 782E 11311 I1  111 - 1 0 9  
1 253 288 I 
2 1o7 12Ol - % K , I  
3 278 292 I 
4 70 --661 o 44 -36" 
5 344 ~ z n  1 92 96 
6 465  4z~n 2 152 - 1 5 0  
7 317 -3161  3 235 241 
8 282 269 I 4 340 344 
9 31-  5 227 232 

LO 125 -1161  6 461 472 
' I  25. " i l l  . . . .  lOO L 31 8 476 466 

9 172 - 1 5 9  
3 ,K ,  lO 83 - 8 7  

11 20* - 6  
1 28 . . . .  
2 144 15b l  5,K11 
3 141 " !23 i 
4 166 l ~ ,  1 272 22~ 
5 484 5401 2 281 286 
6 30o -36  E~7 II 3 132 118 
7 507 154 - 1 6 0  
8 180 --1841 5 103 92 
9 130 L l ~ l  6 65 - 5 5  

L0 141 i a T I  7 157 169 
LI B2 -~81  o 137 124 

9 130 116 
- 3 , K t  1o 46 51 

1 304 -3491  - 5 , K , 1  
2 456 539 

I 3 772E 964 i 375 404 
4 182 187 2 139 133 
5 482 511 3 156 142 
6 76 . z ~ n  4 L60 - 1 4 6  
7 189 -1861  5 114 104 
8 40 - , .  6 213 - 2 0 5  

7 131 122 
8 102 95 
9 26- 24 

IO 187 172 
11 21o 209 

6 , K , 1  

o 439 474 
1 378 -409  
2 76 71 
3 238 -250  
4 30* -34  
5 292 280 
6 125 118 
7 56 • 50 
8 258 256 

- 6 t K t l  

0 165 176 
1 18R - 1 7 8  
2 226 230 
3 3 1 .  - 2 9  
4 236 222 
5 253 229 
6 5.~ - 3 5  I 
7 213 208 I 
8 175 155 I 
9 285 -257  I IO 198 191 

7 ,~ ,1  

1 160 -139  
2 341 354 

4 25 ,  " "  
3 301 299 

5 207 l q q i  
6 100 - q a  i 
1 83 " ' '  

- 7 ,  K , t  

1 397 398 I 2 233 223 
3 156 "139 
4 138 138 
5 46 - -34,  
6 35 --3~ n 
? 362 338 I 
8 36 --24 i 

" 8 t K , l  

o 307 -2891  

1 72 - 5 7  
2 86 75 
3 26.  -26  
4 396 377 
5 22* - o  
6 167 153 

--91K11 

1 18~ 173 
2 2 IO 
3 74 66 
4 68 60 

O,K.2 

o 189 -192 
1 260 -260  
2 52 -46  
3 288 -284  
4 634 663 
5 347 -34G 
6 311 311 
7 242 240 
8 43 41 
9 38e 32 

LO 269 270 
.! 29. - 1 4  
L2 120 127 

t t K , 2  

1 96 99 
2 31 -19 
3 156 143 
4 32 - 3 9  
5 142 137 
6 219 -216 
7 508 530 
8 39, - 1 7  
9 185 188 

,o 263 266 
,L 21* - 2  

- 1 , K . 2  

1 799E 931 
2 718 -7?3  
3 54 - 2 5  
4 250 -244  
5 201 -189 
6 425 435 
7 343 355 
8 54 - 4 1  
9 195 198 

,o 51 - 4 4  

structure factors 
*, and those omitted because of secondary 

9 200 212 
o 85 -85  
1 63 62 

4 , K , 2  

0 179 169 
1 220 -230  
2 76 79 
3 313 -30~  
4 40 36 
5 2B2 272  
6 239 241 
7 36 .  4 
8 372 366 
9 130 -122  
o 18, 16 

- 4 , K , 2  

o 37 31 
1 83 79 
2 283 311 
3 31-  - 0  
4 63 62 
5 216 - 2 8 0  
6 359 361 
7 280 -293  
8 249 246 
9 2no 2~2 
o 53 - 5 0  
1 174 181 

5 , K t 2  

I 75 - 6 8  
2 145 -132 
3 257 246 
4 130 - 1 2 5  
5 300 302 
6 71 66 
7 47 40 
8 181 173 
9 86 89 

" 5 , K , 2  

1 49 55 
2 74 79 
3 363 380 
4 119 11o 
5 357 366 
6 39. 7 
7 188 -184  
8 3 6 *  ? 
9 97 91 

IO 97 - 9 7  5 347 333 
6 205 200 

6 , K , 2  7 131 140 
8 48 38 

4 107 -81  9 201 -211 
5 30. - 6  
6 164 146 I . K , 3  

--61K,2 1 367 384 
2 299 283 

o 281 287 3 366 356 
1 52 --49 4 24 "  4 
2 5? 41 5 90 86 
3 349 -342  6 455 - 4 5 8  
4 153 -150  7 205 -201 
5 3 8 ,  37 8 1oo 1Ol 
6 311 314 9 99 93 
7 141 133 10 115 185 
8 452 471 
q 29 22 -I,K,3 

- I . K . 2  1 179 170 
2 52 46 

1 38* 21 3 449 396 
2 136 - 1 2 6  4 1o 75 
3 239 234 5 24e 17 
4 31* - 3 9  6 85 - 8 6  
5 188 178 7 184 188 
6 123 - 1 1 7  8 193 186 
8 107 101 9 115 111 

IO 22*  - 5  
"81K ,2  I I  36 35 

0 238 240 2 . K . 3  
1 140 - 1 3 7  
2 110 102 0 198 208 
3 228 - 2 3 4  1 U l  IO6 
4 122 119 2 250 242 
5 99 91 3 92 --90 
6 46 42 4 142 -142  
I 104 110 5 50 -51  

6 248 247 
- 9 t K t 2  7 54 - 4 5  

8 322 348 
1 41 41 9 Z l ,  -19 
2 264 271 
3 57 54 - 2 , K , 3  
4 52 52 

0 277 290 
O,K,3 l 366 - 3 5 3  

2 59 60 
o 637 680 3 533 -524  
I 128 -129 4 516 487 
2 218 213 5 24e 3 
3 482 --426 6 58 59 
4 61 63 7 113 117 

8 96 - 8 9  
9 39 31 

lO 185 190 
11 22 17 

3 , K , 3  

1 270 214 
2 39 - 3 9  
3 194 t97  
4 88 88 
5 201 203 
6 ?5 74 
7 166 -177  
8 45 -50 
9 35 37 

- 3 , K , 3  

1 636 675 
2 146 140 
3 59 52 
4 47 - 3 3  
5 156 -154  
6 27-  13  
7 3O0 291 
8 81 -82  
9 24-  - 4  

1o 20. -12 
11 57 -54  

4 . K . 3  

o 151 149 
1 27* 30 
2 278 262 
3 59 51 
4 59 59 
5 190 -195 
6 80 90 
7 42 27 
8 94 107 

-41K13 

o 11o 1Ol 
1 79 77 
2 336 331 
3 315 361 
4 419 413 
5 196 -197  
6 183 - 1 9 4  
7 171 - 1 7 0  
8 48 - 5 4  
9 148 145 

lO 242 24q 

II 131 -128 
12 21, - 6  

2,K12 

0 155 152 
I 171 178 
2 77 39 
3 215 212 
4 *~8 45*  
5 186 189 
6 213 19r 
7 58 -53  
8 166 ~65 
q 259 - 70 

1o 50 48 
II 55 4b  

- 2 , K , 2  

1 172 -194  
2 117 191 
3 206 207 
4 445 485 
5 161 -167 
6 371 38? 
7 379 -14  
8 aO 74 
9 209 207 

1o 252 263 
I I  43 --41 
12 I01 103 

3 ,K ,2  

1 175 183 
2 229 21B 
3 310 309 
4 256 -261 
5 205 211 
6 430 -445  
7 46 36 
8 206 200 
9 32-  18 

IO 255 252 

- -3 ,K ,2  

1 88 84 
2 16 7T 
3 166 181 
4 193 - 1 9 1  
5 369 384 
6 73 68 
7 156 156 
8 138 - 1 3 9  

B23 
3 (3) 

- 5 (3) 
-- 9 (7) 

- 22 (8) 
- 8 (6) 
-- 6 (9) 
-- 1 (7) 
-- 8 (7) 
10 (7) 
13 (8) 

extinction 

5 . K s 3  

1 149 149 
2 392 -~01  
3 123 127 
4 115 -107  
5 122 127 
6 252 271 

- 5 , K , 3  

! 275 272 
2 25* - 1 0  
3 105 - 1 0 6  
4 27* - 1 6  
5 162 167 
6 161 151 
7 322 320 
8 167 -168  
9 66  71 

10 62 -61  

6 , K , 3  

o z o .  IZ 
l 93 95 
2 59 63 
3 169 170 
4 114 180 

" 6 , K , 3  

0 258 264 
1 41 -31  
2 324 326 
3 68 - 6 5  
4 34 42 
5 275 -289  
6 25 .  - 1 2  
7 23"  B 
8 63 66 
9 167 ]88  

- ? , K , 3  

81 79 
277 -287  

199 206 
217 218 
137 -150  

23 - 2 4  

Table 3. Bond lengths and angles 
With estimated standard deviations in parentheses for each 

bond type. 

Mn-O(7)(HzO) 2.193 (0.006) O(7)-Mn-O(8)  89-7 (0.2) 
Mn-O(8)(H20)  2.200 O(7)-Mn-O(9)  92.0 
Mn-O(9)(H20)  2.150 O(8)-Mn-O(9)  90.6 

S - - O ( 3 )  1.475 (0.007) O ( 3 ) - S - - O ( 4 )  109.6 (0.3) 
S - - O ( 4 )  1.452 O(3) -S- - -O(5)  108.5 
S - - O ( 5 )  1.475 O(3) -S- - -O(6)  109.3 
S- - -O(6)  1.462 O ( 4 ) - S - - O ( 5 )  109.7 

O(4)-S- - -O(6)  110-1 
O(5)-S- - -O(6)  109.6 

final/re calculation, the g index (R=22 IIFol-IFell/ 
2; IFol, omitting unobserved reflections and those ex- 
hibiting secondary extinction effects) was 0.051. The 
parameters are listed in Table 1, the observed and cal- 
culated structure factors in Table 2, bond lengths and 
angles in Table 3 and hydrogen-bond distances in 
Table 4. 

Diseussion 

The main point of interest is the arrangement of water 
molecules about the manganese ion. The Mn-O dis- 
tances show the same pattern as in the other Tutton 

Table 4. Hydrogen-bond distances 

Bond 
0(7)--0(5) 
0(7) - -0 (6 )  
0 (8 ) - -0 (4 )  
0 (8 ) - -0 (6 )  
0 (9 ) - -0 (3 )  
0 (9 ) - -0 (5 )  
N(10)-O(3) 
N(10)-O(3) 
N(10)-O(4) 
N(10)-O(5) 
N(10)-O(6) 

Relative position of 
second atom* 

Bond length 

x y z 2.792 (0.015) 
x y z -  1 2.856 

x -  1 y z -  1 2-720 
x - ½  ½ - y  z - 1  2"781 
½ - x  y--½ 1 - z  2"715 

- x  - y  1--z 2-776 
x y z 3"004 (0"020) 

x--½ ½ - y  z 3"065 
x--½ ½ - y  z 3"112 
½ - x  ½+y  1- -z  2"869 
x--½ ½ - y  z- -1  2"929 

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

salts (with the exception of copper); two equatorial 
bonds of 2.19 and 2.20 A and a shorter axial bond of  
2.15 ~ .  These bond lengths are in agreement with pre- 
viously recorded Mn-O bond lengths in MnClz. 4H20 
(Zalkin, Forrester & Templeton, 1964) of  2.206 A (aver- 
aged). 

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 
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forms two hydrogen-bonds (Table 4) which range in 
length from 2.72 to 2.86 A. The ammonium ion is also 
hydrogen-bonded to the oxygen atoms of the sulfate 
groups, but one bond (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 0(9) -0(9 ' )  distance being 3.009 A. 

This research was supported in part by the U. S. Pub- 
lic Health Service under Research Grant GM-10842 
and in part by Defence Research Board of Canada 
Grant 9510-31. 
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Crystallographic Data for Cerium-Zinc Compounds* 

BY BRYAN G. LOTT~ AND PREMO CHIOTTI 

Institute for Atomic Research and Department of  Metallurgy, Iowa State University, Ames, Iowa, U.S.A. 

(Received 30 April 1965 and in revised form 24 September 1965) 

Nine compounds were identified in the cerium-zinc system. The X-ray data obtained for CeZn and 
CeZn~l are consistent with previously reported structures. The compound CeZn5 is shown to be iso- 
structural with CaCu5 as previously reported but the lattice constants a=5.4163 to 5.4069/~ and 
c=4.2647 to 4.2757/~, which correspond to the composition range CeZns.36 to CeZns.]0 respectively, 
are significantly different. The unit cells and diffraction symmetries for all the remaining compounds 
except CeZn7 were determined. Orthorhombic CeZn2, a=4.63, b=7.54, c=7.50 A, is isostructural 
with CeCu2. CeZn3 and Ce3Znxl are also found to be orthorhombic with a=4.62, b= 10.43, c= 6.64 
for CeZn3 and a=4.5215, b=8.8855, c= 13.463/1, for Ce3Zn11. CeZn4.5 is hexagonal with a=  14.60, 
c= 14.11 A. CezZn17 is shown to be isostructural with UzZn17, space group RJm. Only X-ray data on 
powdered specimens of CeZn7 were obtained. 

Introduction 

In a study of the cerium-zinc alloy system, X-ray dif- 
fraction data along with thermal, metallographic and 
vapor pressure data were employed to establish the 
phase diagram. The purpose of this paper is to sum- 
marize the X-ray diffraction data obtained; the other 
data have been reported elsewhere (Chiotti & Mason, 
1965). 

There are nine compounds in this system; six, CeZn3, 
CeZn3.67, CeZn4.5, CeZns.25, CeZn7 and CeZn11 de- 

* Contribution No. 1714. Work was performed in the Ames 
Laboratory of the United States Atomic Energy Commission. 

I" Present address: IBM Components Division, Pough- 
keepsie, N.Y'., U.S.A. 

compose peritectically at 820, 840, 870, 885, 960 and 
795°C respectively, and three, CeZn, CeZna and 
CeZns.5 melt congruently at 825, 875 and 980°C re- 
spectively. 

X-ray work on three of the nine compounds has 
been reported by earlier investigators. Iandelli & Botti 
(1937) showed that the compound CeZn has the CsC1 
structure, space group Pm3m, with a=3.704 A. San- 
derson & Baenziger (1953) determined the structure 
of BaCdll from single crystal data. They compared 
powder diffraction data of this compound with powder 
diffraction data for CeZnm LaZn~l, PrZn~l and SrCdll 
and found that all of them give patterns with similar 
line spacings and relative intensities and suggest they 
are isostructural with BaCdn. The lattice constants for 


