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derivatives (Sakurai, Sundaralingam & Jeffrey, 1963; 
Trotter, Whitlow & Zobel, 1966). Thus C(10)-N(3) is 
much shorter than a single bond, and N(2)-C(7), while 
longer than C(10)-N(3), is significantly shorter than 
C(4)-N(1). C(9)-C(10) and C(10)-C(11) are the long- 
est bonds in the ring, C(8)-C(9) and C(11)-C(12) are 
the shortest, and C(7)-C(8) and C(7)-C(12) have inter- 
mediate values. (These differences are, however, of 
marginal significance.) In contrast, bond distances in 
the other ring are equal. 

The coordination of the sodium atom is distorted 
octahedral, with Na-O distances ranging from 2.37 to 
2.48 A. The octahedron is made up of two water mole- 
cules at opposite corners, three sulphonatc oxygen 
atoms, each from a different group, and the oxygen 
atom of the ethanol molecule. Adjacent octahedra 
share water molecules, and are linked in endless chains 
parallel to c. The structure is stabilized by two sets of 
O - H . . . O  bonds, linking the water molecule to O(1), 
and the ethanol molecule to 0(3). The hydrogen- 
bonding potential of the structure is not fully realized, 
however, as one aqueous hydrogen atom [H(WB)] and 
one sulphonate oxygen atom [0(2)] do not participate. 

The crystalline material and useful discussion were 
provided by Dr P. R. Carey. Computer progr~ims used 

in this work were those of C.K. Johnson (1965, thermal 
ellipsoid plot), F. R. Ahmed (1970, absorption cor- 
rection) and Ahmed, Hall, Pippy & Huber (1966). 
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Cesium nonafluorodiuranate(IV) is monoclinic, space group C2/c, with a= 15-649 (3), b=7-087 (1), 
c = 8.689 (2) A, fl= 118" 11° (2), and Z= 4. The structure was refined by full-matrix least squares tech- 
niques, using data collected with a Picker four-circle diffractometer, to an R value of 4.8 %. Uranium is 
coordinated to eight fluorines in polyhedra which share edges to form (U4F16) sheets parallel to (100). 
The full uranium coordination approximates a tri-capped trigonal prism, the ninth corner of the poly- 
hedron being a half-filled eightfold set of fluorines so that the coordination number is effectively 8~-. 
The U-F distances span the range from 2.28 to 2.42 A, with an average value of 2.33 A. 

The compound C s U 2 F  9 w a s  obtained by L. B. Asprey 
from a 40 % aqueous HF solution from which crystals 
of C s U F  6 had been previously obtained. On being 
allowed to stand in contact with air, disproportiona- 
tion of the remaining U(V) slowly occurred, yield- 
ing U(VI) and U(IV). Deep green, tabular crystals of 

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

C s U 2 F  9 up to 2 x 1 x 0-2 mm crystallized from this so- 
lution together with a number of other phases. The 
measured density, by pycnometer, of this impure ma- 
terial was approximately 6.4 g cm -3. Optically the 
monoclinic crystals are biaxial negative, with 2V~ ap- 
proximately 54 ° . The optical axes display marked sym- 
metrical dispersion with v> r. The refractive indices, 
optical orientation and pleochroism, for white light 
are as follows: 
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N~,,~ _1_(100) 
N y = b  
N~ 

1.542 _+ 0.0005 yellow green 
1-569 _+ 0.0005 green 
1.576 _+ 0.0005 green. 

Single-crystal precession photographs show system- 
atic extinctions compatible with the monoclinic space 
groups Cc and C2/c,  i.e. h k l :  h + k = 2 n  and hOl" 
l=2n .  The unit-cell dimensions obtained by least- 
squares refinement of room temperature mea: ur:ments 
(24°C) of the setting angles of 10 high-order reflections 
that had been centered on an automated four-circle 
Picker diffractometer using Mo Kal radiation (2= 
0.70930A) are" a=15.649+0.003, b=7.087_+0.001, 
c=8.689+0.002,~, /3= 118.11 _+0.02 °. The measured 
density suggests that four formula units per unit cell 
is the correct value. The calculated density for Z = 4  
is 6.09 gcm -3. 

Intensity measurements were made using a Picker 
computer-controlled diffractometer similar to that de- 
scribed by Busing, Ellison, Levy, King & Roseberry 
(1967). Zirconium-filtered Mo K~ radiation, 0-20 scan, 
bisecting positions, and a 5 ° take-off angle were used 
to collect data on all reflections for which 20<50 ° 
and h >0. Scans were taken in 0.05 ° steps with two 
sec counting at each step over a range of 2 ° plus the 
~t-c~2 dispersion. The background was counted for 20 
sec at each end of the scan. A standard reflection 

Table 1. Fractional coordinates and associated 
least-squares errors (× 104) 

x y z 
u 7129 (1) 955 (1) 7937 (1) 
Cs 0 (0) 8968 (5) 2500 (0) 
F(1) 3310 (9) 2227 (18) 2775 (19) 
F(2) 1686 (10) 1751 (18) 4340 (17) 
F(3) 1603 (9) 1087 (22) 1385 (16) 
F(4) 3144 (9) 469 (15) 9851 (17) 
F(5) 4554 (13) 823 (29) 8503 (22) 

whose intensity was monitored after every 25 reflec- 
tions showed no signs of degradation during the course 
of the data collection process. Of the 1487 reflections 
measured, 1075 were considered as observed accord- 
ing to the criterion [ T - K B ] > 3 a ( I ) ,  where T is the 
total count, KB is the normalized background, and 
~(I) = ( T +  KB)  I/2. The crystal used was a ground sphere 
of 56/~m radius. The linear absorption coefficient, com- 
puted by using the calculated density, is 510 cm-1; 
the transmission factors applied varied from 0.029 to 
0.046. 

The approximate uranium and cesium positions 
were obtained from a 3-dimensional Patterson map. 
Uranium was placed in the eightfold general position 
with x~0.71, y~0.09,  z~0.79; cesium was placed in 
the fourfold special position 0,y,¼ with y~0.90.  A 
difference Fourier map obtained following three cycles 
of least-squares refinement of the uranium and cesium 
parameters, revealed the approximate position of the 
fluorines. All peaks in the difference Fourier map were 
in general positions (eightfold) of space group C2/c. 
None were found in fourfold sets as expected from 
the assumed cell contents; this suggests that one of 
the eightfold sites is only half-occupied. 

Least-squares refinement of all atomic positions, 
using anisotropic thermal parameters for all atoms 
except the fluorine in the half-occupied site, F(5), 
yielded the positional and thermal parameters listed 
in Tables 1 and 2, respectively. The function mini- 
mized was ~co2(Fo-Fc) 2 where col= 1/ai(F) and F* 

i 
=kFc{1 +gLp [2(1+cos 4 20/(1+cos 2 20)2]F2} 1/2 in 
which k is a scale constant, Lp is the Lorentz-polar- 
ization factor, g is the extinction coefficient (Zacharia- 
sen, 1967; Larson, 1967) and Fc is the structure factor 
calculated in the usual way. The scattering factors of 
Doyle & Turner (1968) were used for the neutral 
atoms fluorine, uranium and cesium with appropriate 

Table 2. Anisotropic temperature factors  (x  104) 

Defined by exp [ - (fl~th 2 + f122k 2 + fl33l z + fl~zhk + fl~ahl + f123kl)] . 

U 17.1 (0.5) 44.8 (1.7) 48-8 (1.5) 1.1 (2.6) 31.2 (1.3) -1.9 (4"3) 
Cs 26 (2) 151 (6) 130 (5) 0 (0) 42 (4) 0 (0) 
F(1) 12 (8) 57 (28) 129 (31) 22 (24) 46 (27) 100 (51) 
F(2) 24 (9) 86 (31) 85 (29) -5  (26) 53 (27) - 7  (46) 
F(3) 15 (7) 86 (29) 96 (26) 34 (31) 34 (23) 46 (58) 
F(4) 25 (9) 25 (33) 101 (29) 2 (22) 35 (27) -8  (42) 
F(5)* B=4.63 (0.42) .~z 

* Isotropic thermal parameter only. 

Fig. 1. Stereographic view along the b axis of a unit cell of CsU2F9. Uranium atoms lie within the fluorine polyhedra in the 
sheets. The isolated ellipsoids represent cesium; the spherical atoms are the statistical fluorines. 
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dispersion corrections for uranium and cesium (Cro- 
mer & Liberman, 1970). R for this refinement is 0.048 
(R=Y~IIFoI-IFc][/YlFol). The shifts for the last cycle 
were less than 0.01 ~r for all parameters. Table 3 gives 
the observed and calculated structure factors for this 
refinement. Attempts to refine the structure in space 
group Cc, in which all atoms are in fourfold general 
positions, failed to yield a significantly improved R, 

Table 3. Observed and calculated structure factors 

Where h, k are left blank, they have the preceding value. 

1 le o F c h,~ k ~  1 < 11 -3 292 292 4 197 194 -8 < 34 
]120 k~O .~ 273 265 2 100 99 -2 121 118 5 85 85 -2 80 q3 

2 604 823 " 113 108 3 • 27 -1 897 383 811,,,;, k=3 19 -1 89 86 
4 330 338 -T 270 269 4 82 56 0 • 18 0 195 194 
8 < 44 .'~ 117 113 5 26 I 224 219 -9 172 164 1 121 140 
8 94 99 1?2 176 6 138 148 2 81 41 -8 < 15 2 2O3 198 

]120 ~ . ~  88 38 ]1~ k-v 2 < 31 .~ 94 88 8 17o ~ 
0 279 356 " • 87 -5  213 215 4 11 -6 < 43 4 128 

. . . . .  - . . . . .  _~ . . . . . . . . . . . . . . . . . . . .  ]1 20k,~.1 61 2 148 148 -1  214 198 - 293 300 6 73 30 .~ 88 37 
3 441 4~  0 111 106 -2  186 154 1126 k-.5 - 871 381 -8 295 290 
4 9o . 1 * ~  ~ , - 1  . .  ~ - 3  , 7  87 -2  127 128 -8 97 u 
8 152 156 2 71 0 120 -7  < 0 -1  518 529 -7 282 286 
6 < 29 3 330 383 1 133 144 -6  52 0 152 143 -6 73 73 
7 74 48 4 134 133 2 • 30 -5  < 26 1 396 893 -5  144 188 
8 • 28 8 149 18U 8 < 28 -~ 179 177 2 94 93 .~ 89 81 

]1,.0 k-4, 6 < 18 4 25 - • 17 a 281 279 - 88 52 
0 481 449 7 78 88 ]1,,4 k-O -2 225 218 4 78 57 -2 < 29 
I 411 402 811=~ k=.4 9 -8 252 249 -1 88 82 5 101 108 -1 114 115 
2 257 853 -6 238 248 0 24 l  233 ]1-7 k ~  0 89 66 
3 218 221 -8 217 208 ~ 81 47 1 • 23 -8 115 119 1 183 191 
4 147 1~?, -7 183 182 . 214 215 2 158 142 -7 < 38 2 < 17 
$ 115 113 .-6 20~ 197 0 440 440 3 45 -8 < 3 3 210 211 
6 < 80 -5  67 88 2 587 582 4 < 38 -5  < 4 • 
7 v4 47 .~ 84 87 4 433 , ~  311_.s~. 7 I .4 200 185 411~ k-~ 18 

~h26k , , 669  - < 16 6 288 . . . .  8 16 . . . . . . .  O 
-2 83 85 ]1-4 k,~ -5 75 61 -2 860 359 -7 < 82 

1 205 204 - I  171 185 -9 191 191 -4  104 107 -1 83 84 -6  219 218 
2 330 328 0 187 179 -8 104 199 -3 177 189 0 413 419 -5  < 12 

8 83 8 188 197 -5 130 189 0 141 3 75 46 -2 103 10~ 
6 < 2 4 121 121 -4 98 92 1 182 126 4 180 164 - I  84 73 

0 h=O k=8 29 5 87 98 -3 94 74 2 78 88 5h27 k~7 58 0 192 203 
< ~ • 58 -2 83 72 3 ]1,,,6 <k~O 21 . < 1 < 48 

1 ]1 27~ k 1271 7 ]1=~l <k~ . . . . . . . . . . . . . . . . . . . .  
0 199 191 -10 183 165 -3 205 211 311-0 <k=7 51 

-9 < 37 -3 15~ 145 1 511 523 -S 374 358 -2 128 120 
-8 115 116 -$  < 57 2 198 198 -8 487 491 -1 267 269 -4 77 28 

-e  174 178 " 18 4 202 197 . 208 301 I 230 252 - 
-8 148 182 -2 149 149 .5 329 331 0 249 243 h =8 k =0 -1 97 98 
.~ 301 312 -1 < 40 8 105 99 2 146 148-10 < 12 0 77 72 

98 101 0 218 217 7 189 158 4 218 222 -8  127 129 h - lO  k=O 
-2 197 192 1 124 131 ]124 k=4 6 178 18~ .6  216 234 -10 < 43 
-1  10~ 85 2 214 216 -8  159 167 h,.6 k '~  -~ 398 413 -8 133 113 

0 < 8 3 101 89 -7 176 171 -9 239 224 .  251 243 -6 322 330 
1 123 119 4 169 1 7 5 - 6  164 138 -8 145 133 0 101 101 -4 356 378 
2 274 271 5112~ k : , 844  -5  109 110 -7 889 287 2 236 243 -2 477 481 

367 387 -3 < 33 . 38 -5  433 436 6 266 257 2 124 IZ7 
ss 270 278 -2 < i s  -2 148 x3x ~ x~. 137 ,,-~ k=~ 4 • 22 

837 328 -1 188 1~7 -1 162 154 - 283 405 -10  • 13 h-XO k,.~ 
7 251 240 0 < 5 0 278 278 -2 • 29 -8 74 48 _ 73 34 
8 241 228 1 223 222 I 274 277 -1 77 79 -8 68 52 ,!90 < 17 

h-Z ks~ 2 3 2 341 3~0 0 23 -7 183 194 _3 17 
-8 • 13 9 hr~ k=122 3 202 303 1 87 71 .~  68 36 -7 215 214 
-7 202 192 - < 4 801 303 2 89 90 - 251 259 -6 111 107 

-5 232 248 -7 132 126 6 201 200 4 92 226 229 -4 139 154 

- 250 248 -5 270 28~ 6 98 88 -1 114 I00 -2 166 156 
-2 62 49 -4 558 5 9 0 - 6  133 104 1126 k=4 0 < 18 -1 416 424 
-1 104 98 -3 304 318 -5  78 63 -9 121 131 I I I0 109 0 128 132 

0 70 ~0 -2 524 550 .~ 108 96 .-8 228 215 2 92 97 1 231 228 
I < -1 891 3'/2 . < 30 -7 245 234 3 216 208 2 < 35 
2 51 0 414 4 0 6 - 2  85 85 -6 300 296 4 81 74 
3 202 212 1 210 204 -1 77 67 -S 284 298 5 266 257 8 67 82 

4 112 116 2 122 135 0 235 226 -4 249 253 9 h~'8 k=4 55 4h ' l °<  k=416 
8 381 378~6 3 < 43 1 180 185 -3 200 202 - < -9 • 24 
6 38 4 13 2 269 273 -2 190 180 -8 79 66 -8 • 54 
7 829 220 5 < 70 3 137 144 -1 82 74 -7 134 116 -7 117 

811 ? %  . . . . . . . .  , . . . . . . . . . . . . . . . . . . . . . . . .  
• 7 107 114 5 127 112 1 17 -5 222 232 -3 234 244 

-7 81 38 8 148 151 ]124 k -8  2 98 108 -4  167 171 -4 311 314 
-6 217 217 9 ]1~3 k "388 -3  < 10 3 134 145 -3 194 179 -3 260 253 
-5  < 42 - < -2 27 4 165 168 -2 148 141 -2 313 313 
.4 2~9 249 -8 < 2 8 - 1  117 111 $ 119 114 -1 ~4 99 -1 222 221 
-3 92 -7 209 200 0 • 30 h -6  k,=,6 0 < 9 0 201 206 
-2 262 21~ -8 87 93 1 248 257 -7 121 135 1 4 1 128 124 
-1 -5 4O9 418 h=5 k - I  -8  263 257 2 132 134 2 108 98 

0 10 -4 156 148 -10  138 169 -5  182 179 8 142 137 3 72 21 
1 < 38 -8 590 5 8 8 - 9  91 77 ~ .~ 259 260 4 191 190 h=lO k,,6 
2 249 243 -2 241 228 -8  88 - 122 76~9 71128 k-O 84 -6 190 200 
3 38 62 -1 598 5 7 8 - 7  SO -2 132 " < -S 120 113 
4 312 318 0 88 58 .~  < 51 -1 89 76 -8 177 185 -4 277 238 
5 78 ~ 1 251 3 4 8 .  68 63 0 < 8 -5 107 1 0 4 - 3  180 165 
6 312 "36 2 113 120 -4  197 198 1 19 -4 213 219 -2 268 278 
7 < :1 < 85 -3 109 113 2 110 106 -3 37 88 -1 124 118 

-3 177 187 3 111 115 -1  168 166 4 160 173 -1 • 1 93 
_~ .8 ~o ~ < 2~ o 2ol 2,7 ]1.~k-1 o 81 28 h..~,., 

149 7 187 183 1 146 146-10 168 158 1 < 19 -9 117 115 
-2 98 90 h=3 k=5 2 128 1.28 -9 96 100 2 97 105 -8 222 224 
-X 76 73 -6 96 71 8 < 24 .-8 107 118 8h~978k I 67 -7 95 97 

1 269 273 5 72 77 69 -10 221 213 -5 102 93 
2 - • 28 6 190 181 . 100 100 -9  193 182 109 1 

']1gLo" :: . . . . . . . . . . . . . . . . . . . . . . . . . . . .  428 418 -9  129 131 -2 450 455 -8  213 213 -1  151 150 
-8 330 320 -1 • 8 -8  < 1~ -1 343 340 -5  110 110 0 229 225 
-6 233 291 0 305 288 -7 98 43 0 528 529 .4 148 152 
-~ < 14 -8 < 29 1 812 316 

160 155 -5 130 149 2 348 349 
0 487 4.23 '-4 < 13 ~ ~0  ~;.5 
= 277 274 

2O2 217 
8 ~7 35 
$ 95 7~' 

2 273 273 b=14 k=O 
8 183 201 -8 172 143 
4 218 2 0 9 - 6  < 18 

h : l l  k -3  -4 124 137 
-9 216 204 -2  322 313 
-a < 87 0 308 299 
-7 223 230 2 258 265 
-6 85 65 ]1=14 k=~ 
-5 185 188 -9 1.35 153 
-4 • 13 -8 , 3  59 
-2 < 42 -7 100 87 
-2 3 -6 • 24 
-1 157 154 -S 118 105 

0 78 88 -4 70 72 
1 2a.t 2 8 3 - a  ~88 134 
2 • 61 -2 127 128 
3 290 289 -1 812 317 

711211 k-~ 4 0 117 115 
- < 0 I 264 268 
-6 191 105 h214 k=4 
• -5 • 28 -7 73 39 
-4 80 81 -8 • 20 

-3 < 11 -S • 21 

-2 95 108 -4 133 120 

-1 19 -3 133 184 
0 211 210 -2 190 196 
1 • 28 -1 178 184 
2 229 237 0 218 214 

h=12 k=O 8b.13 k=l 2 
-10 210 2O9 . < 0 
-8  157 180 -6 7;' 71 
-6 < 12 -7 75 87 
-4 143 142 -6 155 162 
-2 242 232 -5 135 135 

0 152 ZOl -4 181 1';'5 
2 103 101 -3- 126 134 
h212 k.2  -2 134 121 

-9 151 104 -1 < 30 

-7 87 1 
-6 < 34 h=15 k,,3 
-$ 89 83 .8  < 11 
-4 8.$ 88 -7 133 188 
-3 173 172 -8 < 39 
-2 123 110 -5 222 228 
-1 2 ~  272 -4 28 

0 112 112 -8 165 184 
1 157 156 -2 < 15 
2 • 54 -1 < 71 

< < 
3h:12 k 2428 Oh=IS k.,S 6 

-8  ~ 81 -4 188 186 
-7 < 33 ]1-16 k,.O 
-6 13 -8 284 2";8 
-5 74 50 -S ~13 110 

or to reduce the rather large thermal parameters of 
F(5) and cesium. 

Table 4 lists the pertinent interatomic distances. 
Uranium has nine fluorine neighbours arranged to form 
a tri-capped trigonal prism, but one corner of the prism 
base is formed by the statistically distributed fluorine, 
F(5), so that the coordination number may be regard- 
ed as 8½. This fluorine is not shared with other 
uranium atoms. The remaining eight fluorines are 
shared with a second uranium in such a way as to 
form sheets of composition (U,F16) parallel to (100) 
near x=¼, l .  The statistically distributed fluorine lies 

. . . . . . . . . . .  outside these sheets and near the planes of cesium ions 
at x=0 ,½.  These features of the structure are shown 
in Fig. 1. The U - F  distances lie between 2.28 and 
2.42 A with an average of 2.33 A. Cesium has 12 fluorine 
neighbors: six in the range 3-03 to 3 .12~  and six in 
the range 3.43 to 3.69A. The rather large thermal 
parameter of cesium may result from a positional dis- 
order caused by its coordination with the statistically 
distributed fluorine. The tabular habit of the crystals 
parallels (100), the orientation of the (U4F~6) sheets. 

Table 4. Pertinent interatomic distances 

U - F ( I )  2 .31  (1)  A 
U-F'(I) 2-35 (1) 
U-F(2) 2.33 (1) 
U-F'(2) 2.29 (1) 
U-F(3) 2.42 (2) 
U-F'(3) 2.30 (1) 
U-F(4) 2.28 (1) 
U-F'(4) 2.38 (1) 
U-F(5) 2.32 (2) 

Cs-2F(1) 3"03 (1) A 
Cs-2F(2) 3-07 (1) 
Cs-2F(3) 3-12 (1) 
Cs-2F(3) 3.43 (1) 
Cs-2F(4) 3.69 (1) 
Cs-2F(5) 3.65 (2) 

The structure of CsU2F 9 is distinctly different from 
that of KU2F 9 first reported by Zachariasen (1948) 

.8 . . . . . . . . . . . . . .  12, 123 .2 7o , and in greater detail by Brunton (1969). In the potas- 
-2 138 160 0 143 140 

. . . . . . . . . . . .  sium compound the U 4+ ion has true 9-coordination 
0 133 138 -8 8"/ 82 

. . . . . . . . . . . . .  with all fluorines shared. Here also there are layers 
2h.12 k':~ 79<  -6 81 88 

. . . . . . . .  f dg h i g U 4+ lyh d b th 1 -8 , ,0-4 • 28 0 e e-s arn po e ra, ut ese ayers are 
-4 127.3 120 -8 8 

. . . . . . . . . .  linked to one another by corner sharing. 
-2 153 136 . • % ; ~ . / '  ' . . . . .  J o 

-6  132 152 
-9 18,5  12'7 -5 114 93 The authors are indebted to Dr A. C. Larson for -8 2V0 257 -4 < 66 
- ,  175 167 .6  7 
-6 823 814 h=17 k=l 
-5 218 222 -8 75 27 
-4 2,1 272 -7 118 110 
-3 197 188 -8 la0 16a 
-2 171'2 18' "5 148 155 
--1 60 67 --4 2 ~  282 

0 87 70 -8 175 17'I' 
1 • 9 -2 284 286 
2 80 -1 158 1S2 
3 79 ~8 6 h o l '  k -6  

),o13 k.,3 . < S 
-9 2~2 203 .8  220 219 
-8 85 71 -4 87 74 
-7 3 ~  3 ~  -3 240 238 
-8 109 111 h-18 k=O 
-$ 856 382 -8 149 165 
_~ < 54 .4 78 78 
- 262 259 h:18 k ~  
-2 68 68 "5 115 118 
-1 126 115 -.4 < 41 

0 • 17 
1 72 53 
2 80 14 

7 h : l $  k'~2z . < 

-6 269 278 
-5 < aO 
-4 244 250 
-3 5 
-2 162 152 
-1 • 2L 

the use of his unpublished X-ray crystallography pro- 
grams. 
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