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into the a-Cu(NO,), structure can be seen in the struc-
tures of Cu(NO;),.CH;NO, (Duffin & Wallwork,
1966) and the present work respectively. Anhydrous
a-cupric nitrate contains copper atoms in a distorted
octahedral (4+1+1) arrangement with all the nitrato
groups acting as bridging ligands between adjacent
copper atoms and each forming two strong Cu-O
bonds. Half the nitrato groups, however, form two
additional, weaker, bonds to copper in order to com-
plete the copper coordination sphere. The introduction
of the nitromethane molecule into the copper sphere,
in the fifth octahedral position, allows all the nitrato
groups te act solely as bridging groups between adja-
cent copper atoms while the copper coordination re-
mains essentially a (4+1) tetragonal pyramidal ar-
rangement. Thus the nitromethane molecules relieve
some of the steric hindrance involved in the a-Cu(NO;),
structure without affecting the strength of the main
Cu-O bonds. The tetragonal pyramidal coordination
of the copper atom is maintained in the Cu(NO,),.
2CH;CN structure although the strong methyl cyanide
ligands have replaced two nitrato oxygen atoms in the
copper square plane. This has resulted in a weakening
of the copper—nitrate bonding so that although half
the nitrato groups act as bridging ligands between ad-
jacent copper atoms they form only one strong and one
weaker Cu-O bond, the weaker bonds being directed
towards the apex of the copper tetragonal pyramids.
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The remaining nitrato groups are essentially unidentate
ligands and form only one strong bond to copper.
Presumably steric hindrance prevents these groups from
acting as bidentate ligands and completing an octa-
hedral copper coordination.

The author thanks the United States Department of
the Army for a maintenance grant during the prelim-
inary stages of this work and Professor C.C.Addison
and Dr S.C.Wallwork for their encouragement.
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The Structures of Uranyl Chloride and its Hydrates

By P.C.DEBETS
Reactor Centrum Nederland, Petten, The Netherlands

(Received 30 May 1967)

X-ray powder diffraction data for UO,Cl,, UO,Cl,.H2>0 and UO:Cl,.3H,0 are presented, together
with the unit cells derived from these data. The structures of the three compounds are also given,
with some restrictions about the positions of the oxygen ions. From the structure determination it
follows that UO,Cl,.H->0 is not a true hydrate.

As part of a study of uranyl chloride (UO,Cl,) and
its two hydrates (UO,Cl,.H,0 and UO,Cl,.3H,0) the
X-ray powder diffraction patterns of these compounds
were indexed and an attempt was made to determine

their structures. The diffraction patterns were recorded
with a Guinier—de Wolff focusing camera using Cu Ko
radiation. The intensities were measured on a densi-
tometer as peak values and integrated values were ob-

Table 1. Space groups and unit cells (standard deviations in parentheses)*

Symmetry and
Compound space group a

UO0,Cl1, Orthorhombic; Pnma 5725 (1)
UO0,Cl1,.H,0 Monoclinic; P2y/m 5-836 (3)
UO0,C1,.3H,0 Orthorhombic; Pnma 12-738 (5)

b c B zZ
8-409 (2) 8720 (2) 4
8-563 (3) 5-566 (2) 97-70° (3) 2

10-495 (5) 5-547 (2) 4

* The unit cell of UO,Cl1; has been found previously by Baenziger & Rundle (1944). The present data are in good agreement
with their result; this implies that the data in the ASTM Powder Data File, given by Dunn (1956) are in error.
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Table 2. Q values and intensities expressed as
Jjx Lpx F2x 10~4(F in electrons per unit cell) for UO,Cl,

Unobserved reflexions are marked with an asterisk.

BEl Qpe g1 Toba leale & Teale ™! %ps ealc lobs Tcale ¥ leale
011 273 274 1023 861 302, 3274 3215 58 81
|O; 452 4;1 2:64 22'1 204- - ’EZZ 1 1
0C: 52 527 19 07 312 - 341 15 27
020 566 567 959 862 015 3432 3432 153 174
11579 579 717 666 3213444 3446 32 87
102 830 832 468 467 214" T - 3469 0 0
112973 974 908 949 240, 3482 3486 53 48
121 1003 1004 1163 1193 105" o 3996 16 34
022 1093 1093 492 43 241" - %17 16 30
0o 1222 12 3 ol 3670 10
013 1325 1327 396 479 233 60z e0 %7 95t 3%
201 1353 1353 %0 123 138, 3685 245
i;g 1365 1364 200 211 ‘15l - 3137 z
1398 2 143 - 3754 1 17
o1 1402 1506 405 513% 315 322, 641 8l0 139 139
03 1491 15 224 "= 3893 16 16
2 M3 ggas we g3l ower G5 BB 2 o
131 1711 419 396 151 3972 3975 30 17
3 1v6d e 23 2v Wl N B %
- o1 7
212_ 1890 1890 256 296 331 4153 164
221% 1 1920 s 3 25 4151 gz 18T Tyl 182
123 2057 2057 80 109 152 4369 69%
4370 131 70
132,000 2106 o0 516} g 084, 4370 1
004 2107 1 523" - 4298 o 0
040 2262 2265 347 308 205, 4513 4511 46 27
ggz 2315 g}(‘)g 91 ;05 332 - 4525 1 1
T 206 S zme TP oser  Pml 4 R %
033 2459 2459 356 340 215 4653 72
32(; 2497 5495 190 2;5 243 4661 4270 315 143 257
548 263 142 4675 42
2
A B - P BN
- 00 4 4
024" - 2672 14 36 250 4761 4759 30 17
1412704 2702 449 427 304 4853 97
1338 0 2764 8 8 155.“55 4869 149 17% 4
gowh g of o W
51" = 4890 17
223 2972 163 314 4996 23
124 2976 2917 262 2 256 401 s016 506 232 14§ 177
30 9 410 50 16
232 2024 355 391 141% 430 153 5027 34
142 3094 3096 53 62

Table 3. Q values and intensities for UO,Cl,.H;0,
expressed as in Table 2

Unobserved reflexions are marked with an asterisk.

BEL Qups %ale Yobs Ycale F Teale P %bs %cale Tobs Teale ¥ leale
100 299 299 602 576 231 2584 2585 40 37
001 329 329 655 615 132. 2679 2674 18 7
wo mom W a4
0 2721 26
2724 99 103
107 sa5 44 g3g 503 14 147 2727 77i
020, 546 264 501" - 2769 0 0
117 - 681 1 1 310, 2822 2829 46 36
:g| m 712 22 zzg 202" - 2848
0 845 2 141 2895 10
111 848 g4y 442 25|§ 451 317 2912 2905 101 42} 95
021 877 875 174 165 231, 2921 43
;g; 1090 :?ga 100 102 003® - 2959 H 3
- 7 1 1 212 2987 2984 50 61
121 1257 1258 120 128 103 yoy 3006 1% 0
002 1328 1315 101 |0¥ 115 132 3010 53
210 1333 105 013 3108 3096 51 44
ig; 1356 :zig 33 gg "3‘ 3140 3143 20 21
4 20" - 238 0 [
012 44T g5 104 662 128 ;m 3275 2235 5 5
21T 1494 1494 31 36 32T 3311 3315 13 1
130 1527 1527 125 113 240 3379 1
031 1558 1557 81 17 222 3393 3394 53 n 40
112 1564 1583 1 17 232 3403 1
gg; :f’;'gg :_6[94 9 4 M 3409 27
42 43 33 042 3498 6
BIT L T2 0 0 302 3501 3503 25 11 27
102 1783 2 2 023 3505 2
g;; :gég 1520 132 127 103 351 8
1861 48 43 241 3540 18
22T 1904 1903 T4 55 123 3546 33 3 14; 32
1121923 1919 133 131 312 3639 15
1311945 1940 -89 111 113 3646 3647 75 27 68
;‘z)g 1992 1992 27 18 203 3652 26,
Boe Ry @ 3w 85 e
221 2234 2239 8 7 060 4913 4911 82 12 S87
212 - 2312 1] [ 417 4915 20
gg 2325 2328 10 13 410 4922 11
2425 2424 63 59 152 519 21
140 2484 2482 61 61 223 5214 520% 56 19 52
041 2517 2512 66 66 160 5210 12
032 2543 2543 49 54 103 5224 0

tained by use of an empirical graph of the width versus
26. These values were corrected for absorption and the
Guinier geometry after Mirkin (1964) and Sas & De
Wolff (1966). The unit cells of the three compounds
and their space groups are listed in Table 1, and meas-

Table 4. Q values and intensities for UO,Cl,.3H,0,
expressed as in Table 2

Unobserved reflexions are marked with an asterisk.

bkl g @

oba Gcalc Tobs lcale ¥ lcalc calc Tobn leale ¥ lcale
200 246 246 130 1 051, 2592 2593 159 98
210 527 521 3932 3976 611" L 2834 16 16
020 364 363 175 1533 422 2648 12
101 387 386 1172 1154 151 2653 pg5e 132 45y 163
011 416 415 2350 2273 3322670 2671 142 100
1M1 477 477 1556 1523 531% . 2682 21 23
201 571 571 1363 1135 042 - 2751 21 39
220 610 609 86 177 441" 2763 7
211 662 662 159 47 142 2811 2813 148 162
121 750 749 56T 427 502 2840 38
301 880 879 375 426 251 2839 294 TO Ty 4
221 934 934 1079 1116 621 2904 2906 118 202
311969 970 719 732 512 2929 2930 307 356
400 987 985 362 345 1032982 2985 50 20
230 1062 1063 1052 1054 242 - 2998 8 8
410 1076 1076 106 20 013 3015 3014 65 62
031 1141 1141 201 290 630 3035 3035 112 125
1311203 1203 309 264 113 3073 3076 129 62
521 7 1242 20 42 432* T -7 302 2 2
002

1310 1299 gy 3B 5 351 3149 3148 108 77

401 1310 18 203 3171 3170 114 105
420 1349 1349 525 471 522 3205 3205 89 58
toz_ 1360 1361 303 324 450 3255 9
2n - 1388 1 RR 213 3270 3261 126 0 T8
411 1402 1401 601 619 060 3267 69
112 1451 327 342 3306 140
os0 M2 qu32 T4T gip 937 541 M 55yy 20T o 189
202 1545 1545 87 T 701 3344 13
212 1634 1636 60 1 123 3349 3348 200 139 169
022, 1666 1662 40 25 631 3360 17
;i: - ’272 16 ;6 7113438 3435 127 76
169 269 303" - 3478 15 15
220 1696 4698 V3 49 8 260 3514 8
122 1724 1724 181 166 602 3532 3517 145 10 92
430 1805 1802 76 91 223 3553 74
502 1854 1854 251 305 313 3570 3569 201 147
501, 1865 1865 121 85 451 3562 3579 189 167
222" .7 1909 16 16 612" "= 3608 2 2
312 1344 340 192 3631 3630 174 139
511 1946 406 350 20 260 161 3653 a1
241 2023 2023 532 547 532 3659 3657 282 208 249
431 2125 2127 266 451 640 3670 0
;35 277 2170 413 33 721" - 3707 22 33
7 429 442 3 a
prs 2211 2T ase 3 e e T e b 40
521 2229 2228 513 555 133 5802 46
202 2285 o 252 3199 igy, 110 o 46
10 2307 2309 299 299 261 3838 110
341 2331 2331 121 107 323 3841 3ggy 209 4o, 241
232 2360 2362 50 14 622% - 3881 7 1
g;(z) 25 §’Z° 515 403" - 3909 3 3
515 3 348 233 3987 0
601 2544 2543 170 158 6a1 399 3995 DT 55 59
620 2581 2581 82 54

ured and calculated values of Q=104/d2? in Tables 2,
3 and 4. Tables 2, 3 and 4 also contain the observed
intensities (corrected as mentioned above) and the cal-
culated intensities resulting from the least-squares re-
finements.

The structure determinations were based on three-
dimensional Patterson syntheses, from which the ura-
nium positions were found and which indicated the
chlorine positions for the anhydrous compound and
the monohydrate. Geometrical considerations then led
to a plausible model also for the oxygen atoms. For
the trihydrate the positions of the lighter atoms could
not be deduced from the Patterson synthesis. From
geometrical considerations several models could be
derived of which all but one were ruled out by sub-
sequent refinement.

The three models were refined by a full-matrix least-
squares method, minimizing the quantity 2 (Z Ions—

Z lcaic)?, where Z is the sum over all measured lines,
smgle or comp051te and Z the sum over all single re-

flexions in a composite lme. The intensities of unob-
served reflexions were made equal to one half of that
of the weakest observed reflexion; if the calculated
intensity was smaller than this the program made the
‘observed’ value equal to the calculated one.
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The scattering factors were taken from Cromer &
Waber (1964), supplemented by the coefficients for
anomalous dispersion. Overall isotropic temperature
factors were used in the refinements. In view of the
method used to obtain the intensities the final values
of the temperature factors have no physical signifi-
cance. The refinements resulted in R values of 10:0%,
8:9% and 11-1% for the anhydrous compound, the
monohydrate and the trihydrate, respectively, R being
deﬁned as 2z (Iobs—Icale)/§ Iobs.

i

The final coordinates of the atoms and the tem-
perature factors are listed in Tables 5, 6 and 7, together
with their standard deviations (in parentheses).

Table 5. Fractional atomic coordinates and overall iso-
tropic temperature factor in UO,Cl,; standard deviations

in parentheses
Position x/a y[b z/e
U 4(c) 0:067 (2) 0-25 0-064 (1)
Cl 8(d) 0-170 (5) 0-955 (3) 0-124 (3)
o(1) 4(c) 0-870 (22) 0-25 0-208 (11)
0(2) 4(c) 0-279 (19) 0-25 0-997 (10)
B 08 (3)

Table 6. Fractional atomic coordinates and overall iso-
tropic temperature factor in UO,Cl,.1H,0; standard
deviations in parentheses

Position xla ylb z/e
U 2(e) 0-091 (2) 0-25 0-080 (3)
Cl 4 0-211 (6) 0:536 (4) 0-164 (7)
Oo(1) 2(e) 0-237 (21) 0-25 0-869 (24)
0Q) 2(e) 0-895 (25) 0-25 0-192 (21)
0Q3) 2(e) 0-273 (16) 0-25 0-401 (20)
B 2:0 (5)

Table 7. Fractional atomic coordinates and overall iso-
tropic temperature factor in UO,Cl,.3H,0; standard
deviations in parentheses

Position x/a y/b z/e
U 4(c) 0-116 (1) 0-25 0-130 (2)
Cl 8(d) 0-182 (3) 0-012 (3) 0-033 (6)
o(1) 4(c) 0-177 (9) 0-25 0-393 (27)

THE STRUCTURES OF URANYL CHLORIDE AND ITS HYDRATES

Table 7 (cont.)

Position x/a y/b z/c
0(2) 4(¢c) 0-032 (9) 0-25 0-910 (27)
0Q3) 4(¢) 0-294 (9) 0-25 0-977 (18)
04) 8(d) 0:963 (5) 0-125 (7) 0-329 (15)
B 5)

In all three compounds the uranium ion and two
oxygen atoms form a uranyl ion. Five other neighbours
surround the uranium approximately in a plane per-
pendicular to the uranyl bonds. In the anhydrous com-
pound and the monohydrate four of these are chlorine,
in the trihydrate two. The U-Cl distances are in good
agreement with the sum of the ionic radii (2:64 A). In
the trihydrate the three U-O distances in the above
mentioned plane are 2:4-2-6 A, corresponding to rel-
atively weak bonds. In the monohydrate, however, the
distance between uranium and the ‘water molecule’ is
so small (1-95+0-10 A) that this compound cannot be
a true hydrate.

All calculations were performed on an Electrologica
X8 computer. The programs for the Patterson syn-
theses, the least-squares refinements, the calculations
of the cell constants and the distances and angles were
written by Dr H. M. Rietveld of this institute.

The author wishes to thank Mr G.Prins for the
preparation of the samples, Dr H. M. Rietveld for his
help in the computational problems and Drs B.O.
Loopstra and E.H.P.Cordfunke for much helpful ad-
vice.
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