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Zirconium sulphate te t rahydrate  is orthorhombie, space group Fddd, with 

a=25.92,  b=11.62, c = 5 . 5 3 2 A ,  

and has eight formula units per unit  cell. The structure has been determined by X-ray  Fourier 
methods, and refined by least-squares, using data  obtained from spherical crystals with a Geiger 
counter. The structure consists of layers of composition Zr(SO4)2.4 H~O normal to the a axis. These 
layers are probably held together by hydrogen bonds. The hydrate  oxygen and one of the sulphate 
oxygens form an antiprism about the zirconium atom at  an average Zr-O distance of 2.180 A. The 
sulphate group has a small but  significant departure from tetrahedral  symmetry,  the two non- 
equivalent S-O bonds being 1.443 and 1.486/~, both _+ 0.014 J~. The relationship between this struc- 
ture and tha t  of uranium (IV) sulphate te t rahydrate  is discussed. 

Introduction 

Work  on the  crystal  s t ruc ture  of zirconium sulphate  
t e t r a h y d r a t e  was ini t ia ted during the  course of a Los 
Alamos program of measur ing the  magnet ic  suscep- 
tibilities of 'oxygen dilute '  compounds of the 5f 
elements,  par t icular ly  compounds of plutonium. We 
have  often found it expedient  in this l abora tory  to 
s tudy  in detail  substances isomorphous with p lu tonium 
compounds r a the r  t h a n  the  p lu tonium compounds 
themselves.  I n  this manner  the  heal th  hazard  is 
el iminated and,  usually,  the  scat ter ing power of the  
subst i tu ted  a tom is significantly smaller t h a n  pluto- 
nium, thus  permi t t ing  more accurate  location of light 
atoms.  

Cerium and plu tonium sulphate  t e t r ahydra t e s  each 
have  two polymorphic forms, one in space group Fddd 
and one in space group Pnma. The analogous zirconium 
and u ran ium compounds have  only one form, and  are 
isomorphous with the  Fddd and  Pnma forms respec- 
t ively. Crystal lographic da t a  for those compounds 
having the  Pnma form have  been summarized  by  
S ta r i t zky  & Tru i t t  (1954) and  the  s t ructure  of the  
u ran ium salt  has recent ly  been determined by Kierke- 
gaa rd  (1956). Crystal lographic da t a  for the zirconium 
salt  have  been repor ted  by S ta r i t zky  & Singer (1956). 
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The lat t ice cons tant  and space group d a t a  for these 
compounds are collected in Table 1. 

Experimental  

D a t a  for the  initial Four ier  analysis were obtained 
f rom multiple film Weissenberg photographs  with  
Mo K~  radiat ion.  Small, plate-like, single crystal  frag- 
ments  were ro ta ted  about  the  b and  c axes. Intensi t ies  
were es t imated  visually with the aid of an intensi ty  
scale made  by  t imed oscillations th rough  a s t rong 
reflection on multiple films. About  1200 independent  
reflections were observed. No absorpt ion corrections 
were applied to these data .  

In t ens i ty  d a t a  for final ref inement  of the  s t ruc ture  
were obtained from spherical crystals  by  means of a 
Geiger counter  a t t a c h m e n t  on a Weissenberg camera  
(Evans,  1953). Cu K a  radia t ion  was used. D a t a  from 
a c axis mount ing  for l=O th rough 3 were obtained 
from a crystal  0-35 mm. in diameter .  A spherical 
crystal  0.32 mm. in d iameter  was used for b axis d a t a  
for ]c = 0 through 7 and  also for the  zero level on the  
(011) axis. The last  mount ing  was necessary for the  
correlation of the  even and odd numbered  layers to a 
common scale factor  because of the  na tu re  of the  
sys temat ic  extinctions for a face-centered lattice. The 
calculated linear absorpt ion coefficient is 169 cm. -I  
and  absorpt ion corrections for spherical crystals f rom 
the tables of Evans  & Ekste in  (1952) were applied. 
Of the  393 possible reflections, 376 were observed. 

Table 1. Lattice constants and space groups for M(804)2.4 H20 compounds 

M a (A) b (A) c (A) Space group 

Zr 25.92 _+ 0.02 11.62 _+ 0.02 5.532_ 0.005 Fddd 
Ce 26.59 _+0.04 11.93 _+_0-04 5.73 _+0-02 ~ddd 
Pu 26.49 _+0.04 11.99 _+0.04 5.70 _+0.02 2'ddd 

Pu 14.57 +0.04 II.01 _+0.04 5.66 _+0.02 Prima 
U 14.674 + 0.005 11.093 _+ 0.005 5.688 + 0.005 Pnma 
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Reflections which had  been measured  either two or 
three t imes were compared  according to the  method  
suggested by  Ibers  (1956) and  the  average error in F 2 
was found to be 11-2 %. 

The lat t ice constants  for zirconium sulphate  te t ra -  
hyd ra t e  de te rmined  by  Swanson et al. (1957), and  
shown in Table 1, are p robably  more reliable t h a n  
those repor ted  by S ta r i t zky  & Singer (1956) and will 
be used in this paper .  The calculated densi ty  of the  
compound having eight formula  units per  unit  cell is 
2.83 g.cm. -3, and  the  measured  densi ty  is 2.80 g.cm. -a 
(Star i tzky  & Singer, 1956). 

Determinat ion  of the a p p r o x i m a t e  s tructure  
The Pa t t e r son  project ion on 001 and  the H a r k e r  sec- 

Fig. 1. Fourier projection hk0 made on X-RAC 
with the original visual Mo Ks  data. 

A • A L Y S I S  O F  Zr(SO4)~.4H20 

tions on the  d glide planes were computed on X-RAC 
with the  visual in tens i ty  data .  These vector  d iagrams 
were found to be compatible with zirconium in the 
position 8(a) and  with sulphur  a toms in 16(e )wi th  
x ~ 0.31, the  origin being t aken  at  222. The contribu- 
tions of these a toms  were sufficient to establish the 
signs of most  of the  s t ruc ture  factors,  and a three- 
dimensional  Four ier  and  a Four ier  projection on 001 
were computed,  again on X-RAC.  Fig. 1 is an X-RAC 
view of this projection. The oxygen a toms were located 
f rom these Fourier  series and  their  parameters  and 
the improved sulphur  pa r ame te r  are given in Table 2. 

Table 2. Parameters from the several stages 
of refinement 

Fourier with Fourier with Final least-squares 
Mo Ka data Cu Ka data with Cu Ks  data 

B(Zr) 1-00 - -  0.453 -+ 0-034 
B(S) 1.50 - -  0.881 + 0.078 
B(O 1) 2.00 - -  1.46 +0.19 
B(O 2) 2.00 - -  1.63 -+0.19 
B(O a) 2-00 - -  1.74 -+0-19 
x(S) 0.3065 0.3061 0.3065 -+ 0.0001 
x(O1) 0.0887 0.0859 0.0874-+ 0.0003 
x(O2) 0.0220 0.0215 0-0223 -+ 0.0003 
x(O a) 0.0645 0.0634 0.0659 + 0.0003 
y(O~) 0-2350 0.2332 0.2292 + 0.0007 
y(O2) 0.1460 0-1498 0.1486 -+ 0-0007 
y(O a) 0.0620 0.0536 0.0551 _+ 0.0007 
z(O 1) 0.5430 0.5409 0-5375 -+ 0.0015 
z(O2) 0.7620 0-7875 0.7847 -+ 0.0015 
z(O a) 0.2390 0.2211 0.2170 _+ 0-0015 

Al though the  pa ramete r s  obta ined with the  visual 
in tens i ty  d a t a  seemed quite reasonable,  the  s t ructure  
factor  agreement  was not  par t icu lar ly  sat isfactory.  
In  addit ion,  the  oxygen a tom contours were r a the r  
asymmetr ic .  I t  is probable  t h a t  these difficulties arose 
from errors in placing reflections having all odd indices 
on the  same scale as those having all even indices. 
For  fu r ther  ref inement  it was decided to collect new 
in tens i ty  d a t a  using spherical crystals  and  a Geiger 
counter.  

Ref inement  of the s tructure  

A least-squares  ref inement  was made  with the Geiger 
counter  da ta ,  using as initial values the paramete rs  
derived above.  The scale factor,  an isotropic tempera-  
ture  fac tor  for each a tom,  and the  atomic coordinates 
were s imul taneously  refined. Off diagonal te rms were 
omit ted.  All reflections were weighted equally and  the  
unobserved reflections were omit ted.  Reflections 800 
and  220 were also omit ted  f rom the ref inement  because 
their  intensities had  been erroneously recorded during 
the  Geiger counter  measurements ,  as was evidenced 
by  inspection of Weissenberg films. The form factors 
for zirconium and  sulphur  were t aken  from the Interna- 
tionale TabeUen (1935), and  for oxygen, McWeeney 's  
(1951) form factor  was used. Most of the calculations 
were done on Maniac I ,  but  the  last  few cycles were 
calculated on the  IBM 704. The final least-squares 
pa ramete r s  are given in Table 2. The s t anda rd  devia- 
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Table 3. R values for the parameters of the 
least-squares refinement 

hkl R Number of reflections 
All 0.071 376 
0kl 0"063 10 
hOl 0"068 23 
hkO 0.084 47 
h + k + l = 4 n + 2  0-177 53 

t ions listed in Table 2 were calculated from the usual  
diagonal  approximat ion.  The final set of observed ~nd 
calculated s t ructure  factors is given in Table 4. The 
reliabil i ty indices for various classes of reflections ~re 
shown in Table 3. The class in which h + k + 1 = 4n + 2 
has no zirconium or sulphur  contribution.  R for this 
class is high because most  of these reflections were very  
weak and hence the  error is likely to be larger t h a n  
for the other  reflections. 

Fourier sections through the oxygen atoms and the 
sulphur atom were computed on Maniac I with the 
counter data. The contours in these sections were all 
quite round. The peak positions from these Fourier 
sections are also recorded in Table 2. No series termina- 
tion corrections were applied to these l~st parameters. 

D i s c u s s i o n  of the  s t r u c t u r e  

The impor t an t  in tera tomic  distances and  bond angles 
are listed in Table 5. Fig. 2 is a view of the  essential 
features  of the  s t ruc ture  as projected on 001. The 
slightly dis torted Archimedean ant ipr ism surrounding 
the  zirconium a tom consists of half of the  sulphate  
oxygens, namely  Oe, and  the  hyd ra t e  oxygen, Ca. 
The average distance of 2.180 / l  compares favorab ly  
with the value of 2.21 A found recently in Zr(IOa)a 

8 o 0 0 -90 
12 0 0 335-330 
16 0 0 274 252 
20 0 0 165-137 
24 0 0 30 26 
28 0 0 0 - l a  
2 2 0 0 -77 
6 .2 0 318 403 

10 2 0 223-190  
1~ 2 0 260 253 
18 2 0 208-184 
22 2 0 79 68 
26 2 0 247-237 
30 2 0 215 207 
o 4 0 465-476 
4 4 0 86 49 
B 4 0 60 47 

12 4 0 280 262 
16 4 0 286-280 
2O 4 0 300 281 
24 4 o 162-152 
28 4 0 38 55 

2 6 0 146 119 
6 6 0 460-481 

IO 6 0 320 300 
14 6 0 82 -71 
18 6 0 47 38 
22 6 0 i00 -91 
26 6 0 197 187 
0 8 0 330 300 
4 8 0 229-208 
8 8 0 151 139 

12 8 0 143-125 
16 8 0 153 144 
20 8 0 214-199 
24 8 0 121 108 

2 IO o 62 37 
6 l o  o 253 229 

I0 I0 0 268-246 
14 io o 100 92 
18 I0 0 81 -74 
22 I0 0 191 174 
0 12 0 227-210 
4 12 O 171 160 
8 12 0 89 -78 

12 12 0 lOa 86 
16 12 0 176-157 
2 14 0 103 99 
6 14 0 177--163 
1 1 1 181-166 
3 I 1 337-395 
5 I i 43 29 
7 i 1 289 316 
9 I 1 75 --69 

] I  I 1 203-185 
13 I I 147 136 
15 1 1 151 151 
17 i 1 154-140 
19 1 1 143-144 
21 I I 41 39 

Table 4. Observed and calculated structure factors for Zr(SO¢)~. 4 H~O 

The origin for these structure factor calculations is at the center of symmetry 

25 1 1 49 -48 
27 i i 89 -86 
29 1 1 152 151 
31 1 I 10 11 
1 3 1 110-111 
3 3 i 367 391 
5 3 1 119 -95 
7 3 1 165-153 
9 3 1 273-266 

Ii 3 1 25 -4 
13 3 1 315 337 
15 3 1 53 -52 
17 3 1 118-113 
19 3 1 190 179 
21 3 I 30 #2 
23 3 1 194-186 
25 3 i 83 -86 
27 3 1 63 68 
29 3 i 132 132 
31 3 i 30 -41 

I ~ I 1 2 3 1 1 1  
3 155 133 
5 5 1 2#5-252 
7 5 I 155-14~ 
9 5 1 203 189 

I I  5 1 25 25 
13 5 1 203-192 
15 5 1 25 -28 
17 5 1 235 235 
19 5 1 88 85 
21 5 I 70 -71 
23 5 i 150-149 
25 5 1 17 17 
27 5 1 136 136 
29 5 1 ~ 99-104 
1 7 1 137 137 
3 7 1 274-272 
5 7 1 35 23 
7 7 1 167 153 
9 7 1 213 201 

II 7 I 63 -54 
13 7 1 250-246 
15 7 1 0 18 
17 7 1 84 70 
19 7 1 133-126 
21 7 1 42 -39 
23 7 1 181 169 
25 7 I 70 72 
27 7 1 38 -49 
I 9 1 25 -24 
3 9 I 209-200 
5 "9 1 57 52 
7 9 1 235 230 
9 9 1 81.-77 

Ii 9 1 61 -59 
13 9 1 117 112 
15 9 1 87 82 
17 9 1 124-119 
19 9 1 153-144 
21 9 1 29 31 
23 9 1 124 122 

3 11 1 153 142 
I 21 6 

11 1 # 2 - 1 3 2  
9 ii i 80 -76 

II II 1 135 125 
13 !1 I 13" 131 
15 11 1 52 -51 
17 ii I 77 - 7 4  
19 II 1 100 91 
1 13 1 4 4  44 
3 13 1 174 165 
5 13 1 44-44 
7 13 1 138-13~ 
9 13 I 119 I0~ 

ii 13 1 21 -~ 
2 0 2 125 84 
6 o 2 219 194 

10 0 2 446-#78  
14 0 2 143 123 
18 0 2 25 -22  
22 0 2 292 294 
26 0 2 261-256 
30 0 2 95 107 
0 2 2 197-179 
2 2 2 45 32 
4- 2 2 372  391 
6 2 2 48 25 
8 2 2 233-233 

i0 2 2 103 -90 
12 2 2 33 22 
14 2 2 35 39 
16 2 2 2 6 7 - 2 5 7  
18 2 2 17 -3 
20 2 2 221 232 
22 2 2 0 0 
24 2 2 70-69 
26 2 2 0 2 
28 2 2 61 63 
30 2 2 I0 -7 

2 4 2 259 245 
4 4 2 56 -~6 
6 4 2 257-268 
8 4 2 65 a4 

i0 4 2 374 397 
12 4 2 25 22 
14 % 2 130-11~ 
16 4 2 27 I~ 
18 4 2 57 -3"; 
20 4 2 39 -38 
22 4 2 145-14C 
24 4 2 23 - iE 
26 4 2 182 17~ 
28 4 2 19 2C 

0 6 2 2/+2 22i 
2 6 2 81 -6( 
4 6 2 203-17  ¢, 
6 6 2 37 31 

6 2 21 II: 
lu 6 L 36 22 
12 6 2 96 -86  
14 6 2 33 27 

18 6 
20 6 
22 6 
24 6 
26 6 

2 8 
4 8 
6 8 
8 8 

10 8 
12 8 
14 8 
16 8 
18 8 
20 8 
22 8 
24 8 

0 10 
2 10 
4 10 
6 10 
8 10 

IO lO 
12 IO 
14 I0 
16 I0 
]8 IO 
20 IO 

2 12 
4 12 
6 12 
8 12 

IO 12 
12 12 
14 12 
I i 
3 i 
5 i 
T I 
9 I 

ii I 
13 i 
15 I 
17 i 
19 I 
21 i 
23 I 
25 I 
27 I 
i 3 
3 3 
5 3 
7 3 
9 3 

Ii 3 
13 3 
15 3 
17 3 
19 3 
21 3 
23 3 

i Fo Fc 
321 326 

2 23 -19 
2 233-228 
2 0 0 
2 65 72 
2 0 7 
2 13~-116 
2 35 -27 
2 139 123 
2 21 1 
2 252-237  
2 45 -38 
2 184 177 
2 35 24 
2 66 -60 
2 0 16 
2 125 117 
2 14 7 
2 365-336 
2 19 15 
2 230 208 
2 0 9 
2 37 -32 
2 0 -10 
2 95 94 
2 30 -18 
2 225-212 
2 19 - I I  
2 131 127 
2 82 75 
2 25 19 
2 154-150 
2 41 32 
2 192 184 
2 30 -21  
2 119-116 
3 61 -57 
3 133 129 
3 63 62 
3 281-300 
3 62 -59 
3 132 I~0 
3 166 164 
3 39 -32 
3 118-118 
3 174 176 
3 52 50 
3 162-179 
3 89 -95 
3 63 70 
3 149 158 
3 246 252 
3 54 -53 
3 238-241 
3 168 172 
3 32 36 
3 256-259 
3 35 25 
3 76 76 
3 149 151 
3 0 -0 
3 145-148 

27 3 3 29 36 
i 5 3 126 128 
3 5 3 103-102 
5 5 3 152','158 
7 5 3 154 158 
9 5 3 108 104 

II 5 3 39 -44 
13 5 3 194-198 
15 5 3 17 13 
17 5 3 176 184 
19 5 3 106-107 
21 5 3 35 -37 
23 5 3 106 132 
25 5 3 36 39 

1 7 3 112-104 
3 7 3 183-162 
5 7 3 43  -30 
7 7 3 1 1 8  111  
9 7 3 103 - 9 9  

II 7 3 55 -50 
13 7 3 241 237 
15 7 3 42 46 
17 7 3 110-111 
19 7 3 147-147 
21 7 3 27 35 
23 7 3 147 15C 

1 9 3 100 -92 
3 9 3 189 185 
5 9 3 4.5 46 
7 9 3 173-171 
9 9 3 48 -51 

ii 9 3 57 55 
13 9 3 137 135 
15 9 3 79 -74 
17 9 3 112-112 
19 9 3 120 122 
I II 3 116 120 
3 11 3 149 148 
5 II 3 10 -21  
7 11 3 114-115 
9 11 3 68 64 

I I  i i  3 93 94 
13 Ii 3 129-129 
0 0 4. 460-467 
4 0 4 217 206 
8 0 4 0 -13 

12 o 4 150 154 
16 0 4 207-214 
20 0 4 153 154 
24 0 4 41 -45 

2 2 4 89 78 
4 2 4 o -6 
6 2 4 227-227 
8 2 4 46 41 

10 2 4 209 210 
12 2 4 80 -80 
14 2 4 146-151 
16 2 4 19 29 
18 2 4 97 90 
20 2 4 17 17 
22 2 4 82 - 9 2  

0 4 4 281 282 
2 4 4 70 76 
4 4 4 1 2 6 - 1 2 3  
6 4 4 46 - 4 9  
8 4 4 30 23 

10 4 ~ 29 -28 
12 4 4 143-138 
14 4 4 30 --22 
16 4 4 209 218 
18 4 4 33 3~ 
20 4 4 193-203 
22 4 4 0 -2 
24 ~ 4 92 I~0 
2 6 4 88 -80 
4 6 4 25 - 2 7  
6 6 4 265 262 
8 6 4 51 47 

10 6 4 226 -230  
12. 6 4 27 16 
14 6 4 90 89 
16 6 4 0 12 
18 6 4 41 -39  
20 6 4 47 -~6  
22 6 4 79 96 

1 1 5 103 117 
3 1 5 210 236 
5 1 5 0 -22 
7 I 5 109-115 
9 1 5 95 lnO 

11 1 5 61 61 
13 1 5 116-132 
15 I 5 86 196 
17 1 5 93 107 
19 1 5 62 80 
21 1 5 19 "26 
1 3 5 35 46 
3 3 5 171-18~ 
5 3 5 36 24 
7 3 5 80 85 
9 3 5 114 124 

11 3 5 25 -28 
13 3 5 153-169 
15 3 5 72 85 
17 3 5 107 I17 
19 3 5 99-117 

1 5 5 57 -61 
3 5 5 1 3 9 - 1 5 3  
5 5 5 60 61 
7 5 5 99 113 
9 5 5 123-125 

ii 5 5 38 -42  
13 5 5 112 128 
15 5 5 39 49 
17 5 5 102-116  
1 7 5 70 -75 
3 7 5 187 185 
5 7 5 37 43 
7 7 5 145-141;  
9 7 5 134-137 

11 7 5 42 45 
13 7 5 120 126 

15 43 -20 
2 0 6 39 51 
6 0 6 161-170 

I0 0 6 199 206 
14 0 6 99 -93 

0 2 6 178  2Qo 
2 Z 6 0 -16 
4 2 6 136-I~8 ~ 
6 2 6 17-13 
8 2 6 63 63 

10 2 6 60 59 
12 2 6 68 -80  
14 2 6 2 5 - 3 0  

2 4 6 71 l ~  
~ 6 30 33 

6 ~ 6 151 168 
8 4 6 29 -26  

10 4 6 176-192 
12 4 6 17 -16 

0 6 6 157-188 
2 6 6 46 47 
4 6 6 116 125 
6 6 6 27 -28  

48* 
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(Larson & Cromer, 1959) where an ant ipr ism coor- 
d ina t ion  also occurs. Another  zirconium compound 
wi th  an ant ipr i sm coordinat ion is ZrOC12.8 H20 
(Clearfield & Vaughan,  1956), in which the Zr-O 
dis tance is repor ted to be 2.24 J(. 

Table 5. Interatomic distances and bond angles 

The standard deviation of Zr-O and S-O distances is 
0.014 and of O-O distances 0.020 /~ 

Within Within 
the antiprism the sulphate group 

Zr-O 2 2.176 A S-O 1 1.443 A 
Zr-O a 2-183 S-O 2 1.486 

O1-O 2 2.365 
O2-O a 2.623 ~ square O1-O 1 2.400 
O2-O a 2.531 ~ faces 02-02 2"365 

Oa-O a 2.719 / triangular / O1-S-01 112 ° 32'±48" 
O~-0 a 2-859 faces /_ O2-S-02 106 ° 56'__+ 48' 
02-02 2.648 ] /_ OI-S-O 2 107 ° 41'_48" 

Possible hydrogen bonds 
O2-O a 2.623/~ 
O1-O a 2.685 

on the  square face of the  ant ipr ism and the  th i rd  is an  
01 a tom of a neighboring sulphate  group. The Oa-O1 
contact ,  a t  2.685 /~, is very  l ikely a hydrogen bond 
because this would serve to hold the  layers together .  
I f  there is a second hydrogen bond in the  s t ructure  i t  is 
most  l ikely from 08 to 02, a t  2.623 J~, as shown in 
Fig. 2. The apparen t  H - O - H  angle is then  about  95 °. 
The other  O8-09 distance of 2.531 /~ is r a the r  short  
for a hydrogen bond, a l though hydrogen bonds this  
short  have been observed. A more impor t an t  reason 
for ruling out  the  last  case is t h a t  a near ly  l inear  
water  molecule would result  if one accepts the  Oa-01 
contact  as a hydrogen bond. 

Wi th in  the  layers, each zirconium a tom is in contac t  
with four sulphate  groups, and each sulphate  group is 
in contact  with two zirconium atoms. Also, each 
zirconium a tom is in contact  with four water  molecules, 
and  each water  molecule is in contact  with one zirco- 
n ium atom. The sulphate  oxygen atoms t h a t  are no t  
in contact  with zirconium atoms are l inked to water  
molecules via hydrogen bonds. A view of one of these 
layers, as seen along the  a axis, is shown in Fig. 3. 

0 ~ 0 

Fig. 2. A portion of the structure projected on 001. The large 
circles are oxygen atoms, the medium circles are the zirco- 
nium atoms and the small circles are the sulphur atoms. 
The O 1 atoms are unshaded, the O e atoms are shaded with 
vertical lines and the O 3 atoms are shaded with diagonal 
lines. The letter H indicates possible hydrogen bonds. 
The z coordinate is given in the center of each atom. 

The sulphate  group shows a small but  significant 
depar ture  from the  ideal te t rahedra l  symmetry .  The 
two S-O bonds differ by 0.043/~, which is three times 
the  s tandard  devia t ion of the  bond lengths. Also, the 
O1-S-O1 angle is significantly different from the 
te t rahedra l  angle. The shorter of the S - 0  bonds in- 
volves the oxygen a tom t h a t  is not  shared with a 
zirconium atom. 

The s t ructure  is made up of layers of Zr(S04)2.4H20 
normal  to the  a axis. The hydra te  oxygen a tom has 
three close oxygen neighbors, which is suggestive of 
hydrogen bonds. Two of these neighbors are 0~. atoms 

c 

Fig. 3. The layer centered at x----0 as viewed along the a axis. 
The designation of the atoms is the same as in Fig. 2. 

This s t ructure  is closely related to the  s t ructure  of 
U(S04)2.4 t I20 in space group Pnma (Kierkegaard, 
1956) as one might  expect from the  similari ty of the  
lat t ice constants.  The Pnma structure  can be derived 
from the  Fddd structure by the  following operations.  
The asymmetr ic  uni ts  of the structure,  as out l ined by  
the  dot ted  line in Fig. 2, are a l te rna te ly  ro ta ted  about  
the  twofold screw axes by ÷22½ ° and  -22½ ° wi th in  
each layer. Then, a l ternate  layers are shifted by  ¼b. 
These operations halve the uni t  cell and result  in the  
somewhat  puckered layers of the  Pnma form. The 
01 atoms become Kierkegaard 's  08 and 04 atoms, 
the  02 and 08 atoms of the lower square faces of the  
ant iprisms become his 02, 05 and 06 atoms, and the  



JOSEPH SII~GER AIVD DOIV T. CROMER 723 

Oe and 03 atoms of the upper square faces of the anti- 
prisms become his 01 and 07 atoms. 

We wish to express our thanks to A. C. Larson who 
made the Geiger counter measurements, the late 
E. Staritzky who prepared the crystals, Lois C. 
Leurgans and P. E. Harper who assisted with struc- 
ture factor and Fourier calculations in the earlier 
phases of the work and 1~. Pepinsky who made X-RAC 
available to us. 
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T h e  C r y s t a l  S t r u c t u r e  o f  M o C 1 5 *  

BY DONALD E. SANDS AND ALLAN ZALKIN 

Lawrence Radiation Laboratory, University of California, Livermore, California, U . S . A .  

(Received 20 April  1959) 

MoC15 has the NbC15 type structure. The crystal system is monoclinic with 

a=17.31, b=17.81, c---6.079/~, fl=95.7 °. 

The space group is C2/m, and there are 12 MoC15 units in the unit cell. The structure consists of 
dimers (Mo2CIi0) with the chlorine atoms forming two oetahedra which share a common edge. 
The molybdenum atoms occupy the centers of the octahedra and are joined by two chlorine bridge 
bonds. The Mo-C1 bridge bond length is 2.53 J~; the Mo-C1 non-bridge bond length is 2.24 A. 

Introduction 

The structural unit of MoC15 in the vapor phase, 
determined by electron diffraction (Ewens & Lister, 
1938), is the trigonal bipyramid. The trigonal bi- 
pyramid unit is also present in gaseous :NbC15 (Skinner 
& Sutton, 1940); however, solid NbC15 consists of 
Nb2Cll0 dimers (Zalkin & Sands, 1958). Measurements 
of the Trouton constants of the niobium and tantalum 
pentahalides (Fairbrother & Frith, 1951), and of the 
electrical conductivities of NbF5 and TaF5 (Fair- 
brother, Frith & Woolf, 1954) suggest dimerization in 
these compounds in the liquid state. 

Vapor density measurements by Debray (Remy, 
1956) at 350 °C. support the molecular formula MoC15 
in the gaseous state. Mesnage (1939) found two spectra 
for MoC15, A occurring between 100 and 200 °C., and 
B above 300 °C. ; the transition from A to B is attrib- 
uted to depolymerization. 

* This work was performed under the auspices of the U.S. 
Atomic Energy Commission. 

Experimental  

The molybdenum pentachloride was obtained from 
the Climax Molybdenum Company. Samples of the 
extremely hygroscopic, bluish-black powder were 
transferred in an argon-filled dry box to 0.3 mm. 
quartz capillaries. Crystals suitable for diffraction 
studies were grown by heating the capillaries to about 
230 °C. and cooling over a period of several hours to 
room temperature. 

X-ray measurements revealed that  single crystals of 
at least three phases were obtained by this technique. 
The MoC15 was identified by color, density, melting 
point, and the similarity of the X-ray patterns to 
NbC15; a specimen of this material was selected for the 
structural investigation. The other materials present 
were believed to be oxychlorides. 

Oscillation, Weissenberg, and precession photo- 
graphs, using Cu K s  radiation ().= 1.5418 /~) show a 
monoclinic unit cell with- 

a=17.31+_0.01, b--17.81_+0.01, c=6.079+_0.005/~; 
~=95.7  +0.1 o . 


