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The structural parameters of a- and 3-CdUO, crystals are determined by X-ray powder diffraction
technique. ¢-CdUOQ, is rhombohedral and cell parameters are a = 6.233(3) A and « = 36.12(5)°.
B-CdUOQ, crystallizes in a C-centered orthorhombic cell with a = 7.023(4), b = 6.849(3), ¢ =
3.514(2) A. The space groups are R3m for a-CdUQ, and Cmmm for 8-CdUQ,. a-CdUQ,: 1U in
(000), 1Cd in (1/2 1/2 1/2), 20(1) in +(uuw), 20(2) in =(vvv); u = 0.113, v = 0.350, Z = 1. 3-CdUO,;
2U in (000; 1/2 1/2 0), 2Cd in (1/2 0 1/2; 0 1/2 1/2), 40(1) in (0, %y, 0; 1/2, 1/2 =y, 0), 40(2) in
(£x, 0, 1/2; 1/2 =x, 1/2, 1/2); x = 0.159, y = 0.278, Z = 2. 3-CdUO, contains collinear uranyl
UOZ* groups with a U~O(1) distance of 1.91 A, located either along or parallel to the ¢ axis whereas

the U-O(1) bond length in a-CdUOQ, is 1.98 A which is longer than the usual uranyl bond length.

Introduction

In the early work by Ippolitova et al. (1),
a-CdUO, was found to be formed by the
reaction of CdO and U,04 (Cd/U = 1) in
air at 570°C. Ippolitova et al. reported that
this a phase transformed into 8-CdUO, at
720°C and that the 8-CdUO, decomposed
into oxygen-deficient CdUO,_, above
925°C. According to them, a-CdUQ, is hex-
agonal and its crystal structure is isomor-
phous with CaUO,, the cell parameters
being a = 3.865(3) and ¢ = 17.44(2) A. On
the other hand, 8-CdUO, is face-centered
orthorhombic with the lattice parame-
ters a = 7.024(2), b = 6.850(3), and
c = 3.526(5) A. They have also reported
that the high temperature phase CdUO,_,
crystallizes into an oxygen-deficient struc-
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ence and Technology, Yokohama National Univer-
sity, Tokiwadai, Hodogaya-ku, Yokohama, 240, Ja-
pan.

ture of CaUOQ,-type of which cell parame-
ters are a = 3.904(3) and ¢ = 17.52(2) A in
hexagonal indexing.

The structure analysis of the nonstoi-
chiometric CdUQ,_, has been determined
by Reshetov and Kovba (2) by means of the
X-ray powder diffractometry. They used
the sample with composition CdUO, 4; and
showed that it could be indexed also in a
rhombohedral system with the space group
R3m and that the oxygen parameters in
R3m were given as 4 = 0.110 and v =
0.335. Since there have been no reports
of the structural determination of the stoi-
chiometric o-CdUQ,, this is the first aim
of this paper.

The crystal structure of g-CdUO, has
been studied by Kovba et al. (3) by X-
ray diffraction using powder sample and
single crystal. Their final proposed struc-
ture was Pbam with 2U in (a), 2Cd in (d),
40(1) in (g) with x = 0.05 and y = 0.275,
40(2) in (h) with x = —0.175and y = 0.08.
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However, the systematic absence of gen-
eral hkl reflections was in conflict with
the extinction rule for Pbam, and the
least-squares calculations for our intensity
data did not converge into reasonably
small R indexes. The analysis of the crys-
tal structure of the g-CdUOQ, is the sec-
ond aim of this paper.

We have investigated the o to 8 phase
transformation of strontium monouranate,
SrUOQ,, where an anomalous oxygen non-
stoichiometry change was observed around
the transition temperature (4, 5). The o-
SrUO, is rhombohedral and its crystal
structure is isomorphous with o-CdUQ,.
According to our X-ray diffraction study
(6), the U-0O(1) distance in o-SrUO, was
between 2.04 and 2.08 A which is longer
than the usual uranyl bond length of 1.7 to
1.9 A. Since similar compositional anomaly
was recently observed also in the « to 8
phase transformation of cadmium mo-
nouranate (7), comparison of the detailed
structure of «- and B3-CdUO, to those of a-
and B-SrUOQ, is worthwhile.

Experimental

a-CdUO, was prepared by heating an
intimate mixture of CdO and UOQO; - 2H,0
with Cd to U atomic ratio of unity at 520°C
in air for 40 hr. The product was orange-red
and had the composition of CdUQ, 4, by
thermogravimetric analysis. 3-CdUO, was
prepared by heating the mixture of CdO
and U,Oq4 in air at 850°C for 10 hr. The
product was yellow, the composition being
CdUOy gg5.

The X-ray diffraction study on these sam-
ples was performed with a Rigaku-Denki
Geigerflex 2182D1 type diffractometer us-
ing CuK « radiation monochromatized with
curved pyrolytic graphite placed in front of
the Nal(T1) scintillation detector. The inte-
grated intensities of 42 and 47 reflections, in
the range of 10° = 29 = 120°, were recorded
for - and B-CdUO,, respectively. To
eliminate systematic errors in obtained dif-
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TABLE 1
CRYSTAL DATA

a-CdUO,
Reshetov
Ippolitova and Present
etal. (I) Kovba (2) work
Composition CdUO; ¢4 CdUO, g
a(hex) (A) 3.865(3) 3.904(4) 3.864(3)
c(hex) (A) 17.442) 17.54(1) 17.46(1)
¢/a (hex) 4.51(2) 4.4%1) 4.52(1)
a(rthomb) (A) 6.227(6) 6.266(3) 6.233(3)
o(rhomb) (deg)  36.16(6) 36.30(3) 36.12(5)
d(calc) (g/cm®  9.21 8.79 9.13
B-CdUO,
Ippolitova
etal. (1) Present work
Composition CdUO, g
a (A) 7.024(2) 7.023(4)
b (A) 6.850(3) 6.849(3)
c (A) 3.526(5) 3.514(2)
d(calc) (g/cm?) 8.19 8.13

fraction angles, the observed data were
corrected with those of rhombohedral o-
SrUQ, as standard (6). Lattice parameters
were calculated by least-squares method on
FACOM 230-75 for the diffraction angles in
the range of 80° = 2¢ = 120°.

The crystal data are tabulated in Table 1
together with those by Ippolitova et al. (1)
and, Reshetov and Kovba (2). The ob-
served and calculated Q(= 1/d4? for o
CdUO, are given in the second and the
third columns of Table I1, respectively. The
Q values for 8-CdUO, are shown in Table
IIIL.

Structure Analysis

1. Structure of a-CdUO,

All reflections of the combination of Akl
were observed for rhombohedral o-CdUOQO,
in the whole 26 range of the experiments of
which the diffraction pattern was closely
related to that of the a-SrUQ, (6). Thus, we
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TABLE II
OBSERVED AND CALCULATED Q VALUES AND INTENSITIES FOR a-CdUQ 2

hkl Qobs Qcalc Iobs Icalc hkl Qobs Qcalc Iohs Icalc
111 0.0299 0.0295 12.05 11.16 442 0.6854 0.6852 3.55 2.95
100 0.0930 0.0926 9.58 7.66 320 0.7075 0.7070 0.695 0.633
110 0.1029 0.1024 60.89 64.18 554 0.7330 0.7322 3.22 2.78
222 0.1188 0.1181 20.80 20.09 555§ 0.7381
211 0.1423 0.1418 27.86 27.00 543 0.7406 0.7402 5.21 5.32
221 0.1720 0.1713 2.31 1.51 533 0.7538 0.7541 0.634 0.531
322 0.2506 0.2500 1.52 1.21 421 0.7864 0.7858 0.720 0.625
333 0.2554 0.2657 0.959 1.29 211 0.8033 0.8036 2.97 3.19
101 0.2684 0.2679 21.42 23.48 22 '1> (0.8331>
210 0.2974 300 0.8349 0.8331 6.50 6.29
332 0.2999 0.2992 21.04 20.61 431 0.8350
111 0.3616 0.3604 2.08 1.27 553 0.9115
200 0.3706 0.3703 9.46 9.11 330 0.9213 <0.9217) 4.15 4.45
321 0.3865 0.3860 18.61 18.60 411 0.9217
220 0.4101 0.4096 6.52 5.59 655 0.9299 0.9290 3.02 1.90
433 0.4180 0.4173 8.30 7.15 532 0.9528 0.9531 4.19 3.75
311 0.4396 0.4392 0.789 0.547 644 1.0001
444 0.4731 0.4724 2.00 1.90 654 0.9999 (1.0059 .59 2.49
443 0.4870 0.4862 1.01 0.992 542 1.0218 1.0219 0.847 0.837
331 0.5189 0.5179 0.437 0.501 665 1.0383 1.0373 0.488 0.578
432 0.5339 0.5336 1.68 2.38 666 1.0633 1.0628 0.913 0.659
422 0.5674 0.5671 4.87 5.17 441 1.0693
201 0.6289 0.6283 1.09 1.13 52 2) 1.0707 (1.0693) 1.82 3.42
211 0.6382 0.6381 6.41 6.84 202 1.0715
544 0.6475 0.6437 0.625 0.208 311 1.1000 1.1010 0.564 0.782
310 0.6776 0.6775 4.63 4.75

@ Ins are integrated observed intensities in arbitrary units. Q = 1/d* are in A-2,
made the structure analysis on the basis of expressed as Am = c|Fodl — |fu + fea

space group R3m. The atomic positions
were 1U in (000), 1Cd in (1/2 1/2 1/2),
20(1) in =(uuw) and 20(2) in *(vvv). To
determine two unknown oxygen parame-
ters, # and v, the peaks in two scans of
different gains were recorded. One was for
larger peaks and the other for smaller ones.
The whole integrated intensities were col-
lected by adjusting the former peak areas to
the latter by means of several common
peaks with middle heights.

To know the initial value of the oxygen
parameters, a difference Fourier synthesis

was made along the body-diagonal
axis using the equation p(x) =
SAm - cos(2mmx), where the sum was
taken for m = h + k + | and x was the

distance along the axis. The factor Am is

cos(wm)| where c is the adjustable parame-
ter expressed as ¢ S| Featel/Z|Fobsl-
Atomic scattering factors for U®* were
those from International Tables for X-ray
Crystallography (8), and the factors for
Cd?* were obtained from Cromer and Wa-
ber (9). These were used with anomalous
dispersion corrections (/0). The electron-
density curve for oxygen with0 =m = 18is
shown in Fig. 1. The first maximum seen at
x = 0.114 is assigned to O(1) and the second
one at x = 0.356 to O(2). Refinement was
carried out by minimizing the reliability
index of R = Swl|lys — Lac|/Ewlys, as a
function of the oxygen parameters and tem-
perature factors for cadmium and uranium.
The weight, w, was regarded as w = [,ps!
for I,0s = 10 - Iypseminy @and w 1 for I, <
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TABLE III

OBSERVED AND CALCULATED Q VALUES AND INTENSITIES FOR 3-CdUQO,*

h k I Qobs Qcalc Iobs Icalc h k I Qohs Qcalc Iuhs Icnlc
110 0.0420 0.0416 6.56 68 00 3) 07310 (0.7288\
001 0.0810 600 ( : 07299 | 275 239
o 0.0815 (0'08“) 1995 1758 50 0.7340 bt
020 0.0857 0.0853  12.51  13.54 242 (0.7461
111 0.1229 0.1226  27.14 2795 441 0.7464 0.7465) 220 255
201 0.1626 0.1621 287 239 060 01702 (0.7674 234 228
021 01670 0.1662 e s 113 0.7704
220 : 0.1664 : : 531 0.7803 0.7797 175 1.97
310 0.2046 0.2038 0393 0300 351 0.7967 0.79%4 174 191
130 0.2128 0.2121 116 134 203 0.8099
221 0.2480 0.2473 0.965 0849 601 0.8109
311 0.2855 0.2848 1217 1136 023 0.8159 o8 | 138 1728
131 0.2938 0.2931 9.05 930 620 0.8152
002 0.3239 061 0.8484
400 0.3243 (0.3244 326 48,60 0.8489 (0.8485 0.921 1.08
040 0.3417 0.3411 215 244 512 0.8521
112 0.3659 0.3655 0.781 0838 261 0.9323 09295 ] a0 o6
202 0.4050 313 0.9326 : ’
401 (0.4053 0.4054 s33 sy 133 0.9406 0.9409 165 1.56
022 0.4095 0.4092 ' : 442 0.9895 0.9894 132 1.53
420 0.4097 403 1.0532
041 04228 (0.4220) vm 20 602 1.0540 (1.0538 108 110
240 422 0.4222 LR 170 1.0648
331 0.4559 0.4553 533 564 043 1.0707 10698 | 107 117
222 0.4903 640 1.0710
421 0.4506 0.4907 328 338 460 oot 1.0913
241 0.5037 0.5031 0.703 0705 460 : 1.0918

1.0963 467 448
312 0.5278 0.5277 0.532 0453 1] 1.1028 1.0958
510 : 0.5282 ' : 333 ' 1.1031/
132 0.5364 0.5360 0.563 0612 SS1 1.1212 11208 131 1.9
S11 0.6098 0.6092 279 258 423 11384
151 0.6347 0.6342 213 212 622 11392 (1.1391 ) 1616
402 0.6486 0.6483 1S3 131 171 1.1458
042 0.6650 243 1.1459 11509 | 230 2.08
440 0.6653 (0.6655 2 2 gy 1.1520
332 0.6982 262 1.1724
e 0.6986 ( it 0437 0431 07 1.1724 (1.1728 147 1.58

@ I are integrated observed intensities in arbitrary units. Q = 1/d? are in Az,

10 - Ioogyminy Atomic scattering factors for
0% were those from Tokonami (/1), and as
the initial ¥ and v values for successive
approximations of the least-squares calcu-
lations, those by the p(x) synthesis were
used. At first, the temperature effect was
not taken into account. In this case, the
minimum R was 0.102at 4y = 0.110and v =
0.352. However, if isotropic temperature

factors for Ué*+ and Cd?* were taken as the
variables, the minimum R was reduced to
0.080 at u = 0.113, v = 0.350; By = 0.248
and B4 = 0.639,

The integrated observed intensities, I,
and the calculated intensities, /..., at this
minimum are shown in the fourth and the
fifth columns of Table II, respectively. In
Table IV, the computed values of the oxy-



CRYSTAL STRUCTURE OF CdUO,

( o 02

(=]

electron density, px) —»

i L I

0 0.5

parameter,x —»

FiG. 1. The electron-density distribution along the
body-diagonal axis due to oxygen atoms.

gen parameters and the isotropic tempera-
ture factors are tabulated together with the
R value and the interatomic distances.

2. Structure of B-CdUO,

The observed peaks all satisfied the con-
dition & + k = 2n, which strongly suggests
the C centered lattice. However, we first
reexamined the space group Pbam of
Kovba et al. (3), because it was thought
that there might be the case that the intensi-
ties of diffraction peaks other than 4 + & =
2n were accidentally too weak to be ob-
served. The minimization of the R index
was carried out by setting the atomic posi-
tions according to Kovba et al. (3), but the
iterated computation of successive approxi-
mation did not converge. Moreover, I.ac
obtianed by using the oxygen parameters of
Kovba et al. (3) showed that (211) and (120)
reflections which were A + k # 2n should
be strong enough to be observed. From
these results, the possibility of Pbam was
ruled out.

Because of the limitation of the powder
diffraction technique, we could not try two-
dimensional Fourier synthesis. Then, the
problem that has to be solved, in this case,
is to find out the atomic arrangement that
conforms with C centered orthorhombic
symmetry, under the guidance of the R
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index. The smallest R value was obtained
for Cmmm with the atomic positions as
follows: 2U in (000; 1/2 1/2 0), 2Cd in (1/2
01/2;01/21/2),40(1)in(0 =y 0;1/21/2
+y0),402)in(£x01/2;1/2 +x 1/21/2).
This space group is that which Kovba et al.
(3) have reported as the possible alternative
of the 3-CdUO, structure. The oxygen pa-
rameters,.x and y, and the isotropic temper-
ature factors, By and B¢y, were determined
by minimizing the R index by the least-
squares calculations in a way similar with
that for a-CdUQ,. The obtained minimum
R value was 0.066 with the correction of the
temperature effect.

The integrated observed intensities, /s,
and the calculated intensities, ..., at the
minimum R are indicated in the fourth and
the fifth columns of Table III, respectively.
The computed values of the oxygen param-
eters and the isotropic temperature factors
are shown in Table IV together with the R
value and the interatomic distances.

Discussion of the Structure

Our cell parameters on a-CdUQ, 4, are
well in accord with those by Ippolitova et
al. (I). However, our a and ¢ values in

TABLE IV

OxYGEN PARAMETERS, R FACTORS, TEMPERATURE
FACTORS, AND INTERATOMIC DISTANCES OF a- AND

B-CdUO,
a-CdUO, B-CdUO,
Composition CdUO; g CdUOg ge3
Space group R3m Cmmm
o) u=0.113 y = 0278
0(2) v = 0.350 x=0.159
B (A3 0.248 0.051
Bea 0.639 0.227
R factor 0.080 0.066
U-0(1) (A) 1.98 1.91
U-0(2) 2.25 2.08
Cd-0(1) 2.42 2.32
Cd-0(2) 2.61 2.40
O(1)-0(1) 2.91 3.04
O(1)-0(2) 2.79 2.82
0(2-0(2) 2.31 2.23
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hexagonal indexing are remarkably smaller
than those by Reshetov and Kovba (2) on
a-CdUQ, ¢,. The difference can be consid-
ered as caused from oxygen nonstoi-
chiometry of the compound. The lattice
parameters will be ¢ = 3.863 + 0.1117x and
¢ = 17.46 + 0.2235x in A for o-CdUO,_,
provided that the dependence on nonstoi-
chiometry is linear.

The crystal structure of a-CdUQ, is iso-
morphous with those of CaUOQ, (12, 13)
and o- and y-SrUQ, (6), where a uranium
atom is surrounded by eight oxygen atoms
which form a distorted hexahedron. Two of
these oxygen atoms, O(1), which are on the
body diagonal axis of the rhombohedral cell
or along the ¢ axis of the hexagonal cell one
above and the other below the uranium
atom are located closer to the uranium.
Three of remaining six oxygen atoms, O(2),
are on the plane 0.29 A above and another
three are on the plane 0.29 A below the
uranium atoms. These planes are normal to
the body diagonal axis which is an inver-
sion triad. Cadmium atoms are located be-
tween hexagonal layers binding them to-
gether. The oxygen around the cadmium
atom is, however, made up of six O(1)
atoms and two O(2) atoms. Arrangements
are similar to those around the uranium
atom if O(1) and O(2) are interchanged.

In CaUOQ, crystal which is typical of this
structure, the U-O(1) distance is known to
be short enough to form so-called uranyl
bond. However, the distance for a-CdUO,
by our data is 1.98 A which is somewhat
longer than the usual uranyl bond length
which lies in the range of 1.7 and 1.9 A. In
this situation, infrared spectra were taken
by the Nujol method. The data showed that
the absorption peak was at 620 cm~! which
was shifted to the long wave side from the
position of the antisymmetric stretching
vibration of the uranyl bond, 700 to 900
cm™1. From the equation relating the force
constant, K, and the bond length, R, with
K = (181.0/R)v¢ by Ohwada (14), the U-
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O(1) distance was found to be 1.96 A which
is in good agreement with the X-ray results.
The isotropic temperature factors are
0.248 and 0.639 for uranium and cadmium
atoms, respectively. These values may be
compared with those of CaUQO, where the
factors are 0.297 for uranium atoms and
0.542 for calcium atoms by means of the
neutron powder diffraction analysis (/3).
The crystal structure of 8-CdUO, is de-
termined to be orthorhombic with space
group Cmmm. A three-dimensional view of
the atomic arrangements is shown in Fig. 2.
Around each uranium atom, two O(1)
atoms and four O(2) atoms are situated
forming a distorted octahedron. The four
O(2) atoms occupy a rectangular position
on the plane normal to the b axis containing
the uranium atoms, and the two O(1) atoms
are located on the line normal to this plane
forming the uranyl group. The collinearity
of the uranyl group, O(1)-U-0O(1), is re-
quired form the space group symmetry.
The U-0(1) bond length of the g-CdUO,
is 1.91 A. This value agrees well with the
values of 1.92 and 1.91 A for MgUO, (16)
and CaUQ, (12), respectively. The infrared
spectra corresponding to the antisymmetric
stretching vibration of the uranyl bond at
700 cm™! led to the bond length 1.88 A
which supports the X-ray value. The U-
O(2) distance by the present investigation
is 2.08 A. Since this distance is usually in

O cd

& om. Qo
FiG. 2. Structure of 3-CdUO,.
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the range of 2.2 and 2.3 A in most monoura-
nates, the U-0O(2) bond seems to be
stronger in 3-CdUO,.

As is seen in Fig. 2, the (UO,)O, octahe-
drain 8-CdUQ, are chained endlessly along
the ¢ axis by sharing edges of the O(2)
atoms. The shared O(2)- O(2) edge is 2.23 A
while the unshared O(2)-0(2) edge is 3.51
A. Cadmium atoms are located at the cen-
ter of the octahedra formed by four O(1)
atoms and two O(2) atoms, and bind the
uranyl chains together.

The arrangement of the (UO,)0, octahe-
dra in this crystal is similar to that of
MgUO, (/6) where the space group is
Iman. The difference is thatin 3-CdUO, the
shared O(2)-0(2) edge of (UO,)0O, octahe-
dra is in the plane formed by a and b axes
while in MgUOQ, it is not. As aresult, ¢/2 of
MgUO, becomes ¢ of 3-CdUO, forming a C
centered lattice. The smaller cell parame-
ters in MgUOQO, (/6) (a = 6.520, b = 6.595, ¢
= 6.924 A) may be because of the smaller
ionic radius of Mg2+ than Cd2+.

It is seen from Table IV that the inter-
atomic distances between metal and oxy-
gen atoms of B-CdUO, are shorter than
those of a-CdUQ,. This fact shows that the
metal-oxygen bonds of B-CdUO, are
stronger than those of o-CdUOQ,, which is in
accord with the smaller temperature factors
obtained for 8-CdUO,: By = 0.051 and B¢q
= 0.227.

Here, the results with CdUO, can be
compared with those of SrUQ, in which
phase transformation from « to 8 phases is
similar to that of CdUOQO, (7). The crystal
structure of o-CdUQ, is isomorphous with
that of «-SrUQ,, but the U-0O(1) distances
are 1.98 and 2.07 A for o-CdUO, and o-
SrUQ,, respectively. It should be noted
that the crystal structure of g-CdUO, is
different from that of g8-SrUO, where the
space group is Pbcm (I15). Although the
infinite chains of (UQ,)0, octahedra are
parallel to each other along the ¢ axis in 3-
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CdUOQ,, the distorted octahedra in 8-SrUQ,
share the corners to form infinite two-di-
mensional sheets in the plane with the b and
¢ axes. Because the U-O(1) distances are
1.91 and 1.85 A for g-CdUO, and B-SrUO,
(15), respectively, these values are both
regarded as forming the uranyl bond.
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