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shell of the trivalent ion to the #s? shell of the penta-
valent ion are responsible for the abnormally deep color.
There appear, however, to be no unusual Br-Br dis-
tances in (NH,),SbyBri, for the electron-transfer paths
to take. Further studies on related compounds will
therefore be made in an attempt to understand further
the structural requirements of charge transfer, assum-
ing this is the cause of the black color.
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A complete three-dimensional structure analysis of the complex oxide UO3-3Y,03 was carried out using single-crystal data.
This structure is characteristic of a large family of rhombohedral compounds containing rare earth oxides and having an
oxygen-to-metal ratio of 12:7. Bond lengths and coordination polyhedra for the atoms in this rhombohedral structure are

compared with those in other known oxides.
RO;.7; phases is shown.

Introduction

The existence of a family of rare earth—group VIb
complex oxides has been reported previously.? These
compounds have the general composition MO3z3R203
(MROy,;) where M = U, W, or Mo and R = rare earth.
They crystallize in a rhombohedral structure which is
closely related to the face-centered cubic fluorite struc-
ture. In order to clarify the relationship between
these structures, single-crystal studies were necessary.
A detailed crystal structure analysis was of additional
interest because the normally volatile trioxides of U,
W, and Mo show exceptional thermal stability in these
rhombohedral compounds.

Crystallographic data for the compounds investi-
gated are given in TableI. For the sake of consistency,
all dimensions and indices given in the text refer to the
hexagonal cell.

TaprLe I
CRYSTALLOGRAPHIC DATA FOR RHOMBOHEDRAL PHASES
Density,

Rhombohedral Hexagonal g/cc

Compn parameters, A parameters, A Obsd Caled
a0 [ ay ce c/a

UVYsOiz 6.530 99° 3’ 9.934 9.364 0.943 5.01 6.00
ULusOuz 6.435 99° 9/ 9.797 9.204 0.939 ... 9.63
U Y5012 6.568 99° 18’ 10.01 9.36 0.935 6.88 6.83
U:Y5013.5 6.522 99° 19/ 9.943 9.289 0.934 .. T.37

(1) (a) This paper originated from work sponsored by The Fuels and
Materials Development Branch, Division of Reactor Development, U. S.
Atomic Energy Commission, under Contract AT (40-1)-2847; (b) presented
at The Fifth Rare Earth Research Conference, Iowa State University,
Ames, Iowa, Aug 30-Sept 1, 1985,

(2) (a) E. A. Aitken, S. F. Bartram, and E. F. Juenke, Inorg. Chem., 8,
049 (1964); (b) S.F, Bartram, E. F. Juenke, and E. A. Aitken, J. Am. Ceram.
Soc., 4T, 171 (1964).

The relationship between U,, Y7_,O1; compositions (1 < m < 2.0) and ordered
Some conclusions are drawn as to their mode of oxidation.

- This rhombohedral structure is also characteristic
of the ordered RO.n (R7O1) phases reported for the
oxides of Ce, Pr, and Tb.? Results obtained for the
complex oxide compounds should be applicable to the
ordered intermediate rare earth oxide phases. This
point will be amplified in the Discussion section.

Compositional ranges for the existence of the two
rhombohedral phases in the U-Y-0 system should be
somewhat revised from those given before.?* Rhombo-
hedral 1 (rthomb 1) can exist from UsYsOy to UYeOre
(55.6 to 75.0 mole 9, Y,0,) and rhombohedral 2 (rhomb
2) occurs from U,Y;Ors.s to about UszsVsgs013.1 (55.6
to 60 mole 9, Y,03). The ternary phase diagram below
1700° has a two-phase region from 50 to 55.6 mole %,
Yzoa_zb

Experimental Section

Crystals of the UO3:3Y20; compound were formed as irregular
growths on the surface of material heated in air for several days
at 1500°. These crystals were pale yellowish green with no well-
developed faces. Although they were very small, one was found
from which satisfactory Weissenberg intensity data were col-
lected. This crystal had an average dimension of about 0.04 mm.
In spite of its angular shape, it was helpful to apply a spherical
absorption parameter of uR = 1.9 to correct observed intensi-
ties for the extremely high absorptivity of this compound.

The chemical composition of these crystals could not be deter-
mined directly, but previous work by Chase* had conclusively
proven the existence of this compound at a mole ratio of 1UO;:
3Y,0; when fully oxidized. Furthermore, X-ray powder dif-

(3) (a) D.J. M. Bevan, J.Inorg. Nucl. Chem., 1,49 (1955); (b) L. Eyring
and N. C. Baenziger, J. Appl. Phys., Suppl., 88, 428 (1962); (c) N. C.
Baenziger, H. A, Eick, H. S. Schuldt, and L. Eyring, J. Am. Chem. Soc., 83,
2219 (1961).

(4) G. A, Chase, Acta Cryst., 15, 91 (1962).
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fraction patterns of 1:3 compositions, sintered under similar
conditions, were identical with the single-crystal data.

Multiple-film equiinclination Weissenberg photographs were
taken with Ni-filtered Cu K« radiation for nine layers rotating
about [110] and for seven layers about [101]. The observed
intensities were estimated visually using a film factor of 3.8 for
Kodak No-Screen film.? Out of a total of 405 independent
reflections possible within the sphere of reflection, 290 of these
were recorded by tlie Weissenberg camera. Intensities of equiv-
alent reflections appearing on various reciprocal layers were first
corrected for Lorentz and polarization factors. The resulting
]F }2 values were then used to establish scale factors for the sets of
films taken about two different axes. By merging these results,
a common relative scale was established. Observed structure
factors were then obtained from the averaged values.

Single crystals of UQ;3-3Lu:0s, reduced U,Yq7_,Oy2, and oxi-
dized Up Y7-mO124. (m = 1.75t02.00) were not available. Their
X-ray intensities were measured from powder diffraction patterns
obtained with the Philips high-angle diffractometer using Ni-
filtered Cu Ka radiation and a scanning rate of 0.25°/min. In
the case of UQ;-3Lu;y0s, integrated intensities were measured for
54 reflections (individual and multiple) out to about 110° (29).
For the other two compounds a few integrated intensities were
measured to provide a reference scale, and the remaining reflec-
tions were evaluated from relative peak heights. This latter
method was found quite satisfactory for determination of the
structural changes produced by reduction and oxidation.

The diffractometer intensities were corrected for multiplicity,
Lorentz, and polarization effects. To correct for the superposi-
tion of nonequivalent reflections and the overlap of closely spaced
lines, these intensities were divided according to the relative [F“Q
values given by the single-crystal data tor UQ;3Y:0;. In this
way, it was possible to obtain a set of observed F values for com-
puter analysis. Without the single-crystal results, the powder
diffraction patterns could not have been resolved.

Structure Determinations

I. UO043Y,0;—This analysis was carried out for the
large hexagonal cell containing three formula weights.
All reflections with —4 4+ £ 4 [ = 3n were observable;
hence, the possible space groups are R3, R32, R3, and
R3m. Since this structure is a distorted fluorite at-
rangement, one can begin by choosing the space group
which gives a set of positions best describing the cubic
structure in terms of the new hexagonal cell. With the
hexagonal ¢ axis along the cubic [111] axis, the basal
hexagonal plane may be drawn on a fcc (111) plane.
When this is done through a layer of metal ions, the
result is as illustrated in Figure 1. Using undistorted
parameters for one of the metalionsatx = /7, ¥ = 3/,
z = 0, the other ions should be accounted for by the
space group symmetry. Using this approach, space
group R32 is unsatisfactory because its (18f) general
position does not fit this model. Space group R3m is
likewise rejected since special positions (18h), (18g),
(18f) are also inadequate. Since the 18 yttrium ions
are most probably equivalent, this leaves only the (18f)
general position of the centrosymmetric space group R3.
This set of equipoints does give a correct description of
the hexagonal cell as shown.

A three-dimensional electron density map was then
computed using signs calculated with 18 yttrium atoms
in (18f) of R3atx = /5, vy = 3/5, 2 = 0 and the ura-
nium atoms in (3a) at 0, 0, 0; etc. No assumption was
made regarding the oxygen atoms although in the un-

(5) G. A. Chase, Acta Cryst., 9, 520 (1956).
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Figure 1.~Basal plane of hexagonal cell drawn through metal
atoms on a fce (111) plane. Hexagonal x and y parameters are
shown.

distorted cell they occupy layers with the same x and v
parameters as the metal ions but at 2 = !/4 and 3/,.
The oxygen atoms were quite readily located from the
weak peaks which appeared in the map. They were
placed in two sets of (18f) general positions with x, ¥, z
= (.140, 0.440, 0.283 and «x, v, 2 = 0.188, 0.044, 0.112.
After addition of these atoms to F,, the discrepancy
index R dropped from 20.3 to 18.19%.

Atomic form factors for U™, Y2+, and O%~ were the
Hartree scattering factors recently computed by
Cromer, Larson, and Waber.® Anomalous dispersion
corrections, f/ and f’’ values of —6.8 and +16.0 for
Utt and —0.7 and +-2.3 for Y?**, were applied to the
scattering factors.

Two cycles of isotropic least-squares refinement were
carried out with the Busing-Levy full-matrix, least-
squares IBM 7090 computer program.” A weighting
scheme similar to that recommended by Hughes® was
used where %'* = 1.0 if F, < 3F(min), and w”* = 3F
(min),/ F, if F, > 3F(min),. The R{factor dropped to
12.09, at this point. Final refinement in two more
cycles gave an over-all R = 11.7%, calculated by omit-
ting the unobserved reflections. A three-dimensional
Fourier difference map showed no significant residual
electron density regions.

Details of the structural arrangement are revealed
in Figure 2. Contents of the hexagonal cell from z = 0
to 1/ are shown in projection down the ¢ axis. Ions are
drawn with their proper relative sizes at their final re-
fined positions (z parameter indicated). The atomic
coordinates and thermal parameters are listed in Table
II.

The anomalously low temperature factor for O(2) is
not readily explained, but is probably related to the
strong absorption exhibited by this compound. Struc-
ture factors calculated using these parameters are com-
pared with observed values in Table III. Although
there is a possibility that the UQ;3Y,0; cell is acentric,
any deviations from centrosymmetry must be very
small. All attempts to settle this point by computer
refinement were inconclusive.

(6) D.T.Cromer, A, C. Larson, and J. T. Waber, ibid., 17, 1044 (1964).

(7) W. R. Busing, K. O. Martin, and H. A. Levy, Oak Ridge National

Laboratory Report No. ORNL-TM-305, 1962.
(8) E.W. Hughes, J. Am. Chem. Soc., 68, 1737 (1941).
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Figure 2.—The hexagonal cell (¢ = b = 9.934 A) of UQ;:3Y,0; from z = 0 to !/, projected on the basal plane.

Relative ionic sizes

are shown and z parameters indicated.

TaBLE 11
PoSITIONAL AND THERMAL PARAMETERS FOR UQ;3V:0;
x ¥ 4 B, A?

3 Ust 0 0 0 1.248 &= 0.079
18 Y3+ 0.1224 == 0.0004 0.4170 = 0.0004 0.0235 £ 0.0004 1.005 £ 0.081
18 O(1)2— 0.191 == 0.003 0.032 =+ 0.003 0.117 = 0.003 0.907 &= 0.378
18 O(2)2~ 0.140 =+ 0.002 0,447 = 0.003 0.268 =+ 0.003 0.461 &= 0.375

Recently, a structure analysis of this compound from
neutron powder diffraction data was made by Roth.®
His results are in good agreement with those reported
here.

II. UO;3Lu,0;—Structure refinement was begun
by assuming the same atomic parameters as for the
yttria compound. Calculated structure factors were
compared with |I|”* values from powder data for 108
observed reflections of a possible 148 for (sin )/X <
0.475. _

Two cycles of isotropic least-squares refinement were
run to obtain the best agreement between F, and F,
values using the same weighting scheme. The dis-
crepancy index amounted to 6.29, for the final posi-
tional and thermal parameters given in Table IV,
The lower R value is partly due to the fact that the
diffractometer intensities do not require an absorption
correction. Also, the heavy metal ions dominate the
structure more than in UOy3Y.0;. Table V lists the
calculated and observed structure factors for UOy
3L11203.

As might be expected for isostructural compounds,
only small changes in atomic positions were found.
Table VI gives interatomic distances, bond angles, and
their standard deviations for both of these compounds.

II1. UmY7_m012 and UmY7_mO12 +I.*‘With these com-
pounds the structure analysis was not so straight-
forward. First of all, the distribution of metal ions

(9) W. A. Roth, GE Research Laboratory, private communication,

is not fixed by symmetry. Secondly, the number
of oxygen ions introduced by low-temperature oxida-
tion varies with the uranium content.

The marked similarity in observed intensities for
U:Y;505 and UYOr, indicated no change in symmetry
and only small changes in the structure. This can be

“achieved by placing one of the wranium ions at the
‘origin as before and allowing the other uranium to be

statistically distributed in the general position (18f) by
replacing a yttrium ion. Any other arrangement of
metal ions would produce more obvious intensity
differences than were observed.

Low-temperature oxidation of: U;Y;0;; to UsYsOms.3
by oxygen diffusion does not involve a phase transfor-
mation. = A maximum of four extra oxygen ions can be
taken into the hexagonal cell. - In order to locate these
ions, an electron density map was computed using F,
values for the oxidized phase with signs derived from
ionic parameters of the reduced phase. There was no
difficulty finding extra peaks located on the ¢ axis at 0,
0, 2 with 2 = 0.250. These additional oxygens were,
therefore, statistically distributed in the (6¢) special
positions of R3.

Changes in atomic positions were first roughly esti-
mated from the observed differences in line intensities
which occur at low diffraction angles. These parame-
ters were then adjusted until best agreement between
observed and calculated structure factors was obtained.
The final positional parameters for U, Y5012 and U,Ys
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TasLE III

OBSERVED AND CALCULATED STRUCTURE
STrUCTURE FAacTORS FOR UQ;5-3Y,0;2

B o o h kK 1 Fo P h ¥ 1 Fo Fo B Fe R ° e
i P Fo Eo Fg o Ro X1 Fo Bs hk i [o
0 613 59! o & 453 w291 55 652 7¢5 4 6 7 324 25
2 o 251 643 ié} 25-3-1 -1;1 is 4 33 2 7 7 28 3
9 0 3 LB -2 g8 Eag 2 8 3 296 1By 6 g -5 & 50 3 g <7 9
b1 o 326 f’“ 502 3 9-3 0 &80 1 B Eu -239 i -7 422 544
] 0 2257 2 31 - .136 172 34913 0 573 2 6 & 10
T 0 Blo 783 1| 19’ 110 .3 244 37 4 6 -5 ®1BY 215 1 0 - nog 917
10 0 146 132 1 123 172 110 3 203 22 5 6 478 451 2 0 73
2 202 1% - 969 2 7-5 66 701 4 0-8 770 593
H w222 11 1053 502 1 0 4 #2u4 165 3 1 347 370 0 o 65
1120 102 -2 %10 1l 2 o-4 892 975 1 253 -251 0 - 0 652
F *233 21«2 1% 4 4357 -35 3 8-5073 Qg 0 310 287
5 24 - 136 5 0.4 237 -21 1 9.5 952 616 1.8 308 -237
9 *173 -Z - 97 853 E 4 1402 1199 29 o &5 1 0 831
1 gég B4 N3 <231 =k 210 36 1-8 597 534
i T3 - 1 10 4 g2 B33 o 1220 1229 1 0 154
T 4 386 .18 1370 1201 2 X 179" TIO 3 -6 4 403 12 939 911
2 B4T 479 - Z)G 3 -4 %233 73 g 5 810 a 2 -8 757 737
5 ﬁg 2 45 4 9218 50 -6 387 -311 2 689 626
3 1888 1306 ATl B 1.4 tlo et 6 35 Z70 6 2 -8 +179 .18
453 533 uia 8 Wy 3 0.6 oS T2 500 613
1 i7 42 771 THY 9 1 -4 wll =54 g -152 126 1 3 -& [} 39
I St a 4 ai'r -305 12 12!42 2278 PR 81y 3 476 -313
2 0 %92 =23 1 s B 3 15 3 1 2227 <57 3 -8 1187 <!
3 ] 1 a -2 222 173 -4 495 Lo 'l -6 1066 1006 a o
110 o 301 256 3250 283 6 322 31 ) 657 1003 - o 728
6 8 83 T 2 -4 ol T 1€ 515 4 8 .87 2
101 4 heo. 1 -2 253 <152 3§ 295 210 7 590 640 4 -8 330 2
2 -1 784 2 513 525 1 4 799 ; 2 - 3L 53 234 242
& leiz 2 462 3l 10 2 4 325 N8 2 27 37 - 0 T
- qiu €3 5 2 6 4 4 207 seé H o 13 600 523
1585 :ugz 2 7-2 82 8l 5 3 -4 1201 124 H 52 -367 -8 *184 -327
- 5 o 3 i72 ® 1 480 "4B1 -6 633 590 2 481 366
X RN Y 357 8 2 718 B3y
1 <l o171 3 i *196 268 2 b0 183 3 36 e20g 70 9 6 5
3 & Ly 382 s 161 3 4. FIE 598 605 8.9 450 %
1 -1 e205 111 2= €72 H o Hy 2 3.8.0% 18 ° [
1 448 L5 109 - gn 828 4 <4 425 48 6 455 A6 E 0 ~195
1.1 758 129 2 184 166 1 -4 €93 8§ 1 -6 421 1! a Tl
12 -13_? -183 3 4 303 -2 QB el 13- 233 919
1-187 50 0 © 31805235 St v S W #200 -155
2 - 2563 2282 3 0 “13 531 6 65k 7l 44 376 33 4 1.9 338 53
? 62 601 3 8k 983 7 5.mf1 T3 7 4 - “13 4 0 516
. 820 -3 203 <171 1 4 578 512 7 4 36 -9 728 Bk
208 273 é ak o 2 6.y 236 2 56 539 56 94 3
w202 10 9 0-3 No sou 4 4 w1 2 25 Qig = 0 &
1680 220 9 ggl 29 5 -4 450 597 5 -6 #1719 -96 0 -R46
5o 11 © 2 708 5 452 46y -G 185 -1
af 100 1 *2U8 -2 3 -4 34y 383 3 0 707 87 13
582 geL 4 -3 1576 1761 5 4 #1711 230 3 831 670 a3 0wl
~1 1896 1405 4 bt Z 1739 1 -4 3 1 7-6 270 g 4 Selh 89k
1 3& 517 - 33 55 3 4 4g2 384 1 333 22 4 4.9 479 475
768 730 6 813 15 4 g6 B6 3 b 27 233 4o 224 1
2000 173 X -3 173 -135 2 8 T8 510 2 5 o 242
4.1 283 2 0 1 173,233 1 0.5 882 By 25 o 410
4 1790 £5& 2 -3 70l 630 2 9 234 }g 10 106
-1 156 135 2 2 266 211 4 o5 Bo9 B4 2 o-7 937 885 1 o010 ey 125
4 075 182 5 2 -3 396 307 5 0 52% 568 k0 2h2 -225 2 0-10 683
1 5- L BT g2 337 -3 7 o-Bule %5 5 o7 w23 4 o0l -8
2 *21l ~117 2 -3 110! gge o boé 362 o 983 125 5 0-1 156
06 -152 8 2 bt 10 0.5 663 586 Z 0~ 24 2 1 0 613
& 1089 850 -3 e296 -ig 2 145 232 160 2 1 k¢ 3 1-10 M184 -8
7 5.1 ey ;82 321 3 832 233 3 1.7 211 -166 3 I 0
1 243 -3 212 229 2 -5 4i2 151 1 321 339 1 2=X ) S
2 6-1 271 285 sz 300 so 196 & 1« 5 703 1 0 33
3 196 105 -3 465 188 8 1. 7% o &1 s g8 1 il 252
5 6-1 M5 747 0-259 g 3 1 2-71852057 1 31 % 4is
2 760 19! =3 297 3 g 1 2 51499 1857 a 2 345 237 2 3.l ¢ 181
3 71 505 5 4 691 Tu § 25 9% B 2-7 362 317 4 310 9 oal
5 iy 218 by 5 816 2 127 71 6 2 333 foo 2 10 408 353
1 Bl 198 169 4 & 702 686 6 2 .5 elgy -1d 7 27 258 - S e % B
BEE S ERSLE NIRENE L INEES ¥
- 5 2 3~
19 &g Pg Z - 9 1 -5 34z 29 4 § ™ é 8‘1§ o?”ﬂ 5%
2 §-1 180 1 2 582 2 368 ~29 5 3.7 788 760 4 0.1 598 673
-3 elge 102 4 3.5 e20BA120 7 2 2 2 1.1l #d 24
1 0-2 68 %9 i ah s R 1 P& TN &
2 562 K716 =3 1154 1057 ; - 533 Eiad 3 4.7 366 7 1 11 3% 3
A E }u 52 rh;:LB 11k9 53l 531 Y 2&3 ug 3 2411 558 5@2
5 51 Bg - 2 h-31301 1804 & 4 538 1 2.y 0 196
'& 2 1418 1905 uz2 4 3 U & w38 12 1 3« 5 71 2 311 171 -159
gg R i 2 i -5 558 54 3 2 dgg ild 0 D12
10 0 =5 206 13 4 258 -126 ) % 3 11212 o
n 0138 4 7-3 84 15 50r U6 2 £-7+186 102 1 112 o -93

o Tisted values are 10 times absolute scale. Reflections indi-
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of these structures may be attributed to the uncer-
tainty in composition as well as the inherently poorer
quality of the X-ray diffraction data.

Discussion

Structure of the Rhombohedral Phases.—Solid
solutions of UQs 4, and Y;03 have long been known to be
face-centered cubic with a degree of anion deficiency
which depends upon the uranium content and the oxy-
gen partial pressure.’® When the number of oxygen
vacancies becotrnes too large, a structural rearrangement
takes place to give a phase of rhombohedral symmetry.

The ¢ axis of the hexagonal cell lies along the three-
fold [111] axis of the face-centered cube. The stack-
ing arrangement of the metal ions remains essentially
the same, except for a slight displacement of the yttrium
ions out of the fec (111) planes and an ordering of the
uranium ions at the rhombohedral cell origin. Oxygen
ions are missing in rows along the hexagonal axis oc-
cupied by uranium ions; the remaining oxygens shift
toward these vacant sites,

The ideal fluorite structure is characterized by MQOg
coordination cubes, as in UQ; and the rare earth di-
oxides. In rhombohedral UQ;3Y,0;, the uranium ions
are octahedrally coordinated with all U-O distances
equal to 2.07 A. These octahedra alternate along the
hexagonal ¢ axis with similar octahedra not containing
a uranium ion. No other reported oxide of uranium
possesses this type of coordination with six primary
bonds of equal strength except &UQO;!! This coordi-
nation around the uranium ion may account for the
remarkable thermal stability of the rhombohedral

cated by an asterisk were less than minimum; those having F, = Phase. All other uranium(VI) oxides ar-e Cl:laract.er-
0 were not recorded on film. ized by UQO?+ groups or U-O-U-O chains in which
TaABLE IV
PoSITIONAL AND THERMAL PARAMETERS FOR UQ;-3L1, O
% v 2 B, A3

3 Us+ ' 0 0 0 0.350 = 0.222

18 Lud+ 0.1190 £ 0.0005 0.4161 == 0.0005 0.0252 £ 0.0004 0.839 £ 0.177

18 O(1)2~ 0.194 =+ 0.007 0.028 = 0.006 0.118 = 0.006 1.88 =4=1.29

18 O(2)2~ 0.141 = 0,006 0.450 = 0.007 0.269 =£ 0.006 1.96 41.14

TABLE V

OBSERVED AND CALCULATED STRUCTURE
Factors FOR UO;-3Luy0s

h_X 1 P Pe h ¥ 1 Pa .Fe h k 1 Fo Fs¢ b k1 Po Fo B Xk 1 Po FEo
Q -1 2218 22 1 6 45 ~997 5 1 4esa7 39 34 *527 =
i 8 g 'E;"; -‘ﬂ: Z 2 2882 30?5 2 6 %Ag gé 6 1 -41178 1*2; 1 g 527 6i§
11 07 195 3 4 a1 #527 o 0 0 336023065 1 2 -4 3415 3 as 1 5 <5 1050-1181
4 1 03575 3 5 4 1031 1072 3 0 =3 #5927 50! E 2 4 #s27 g 0 o0 2225 2068
7 o 1397 i3 i 5 -1 1577 14 i 1306 1 2 -4 ®527 632 3 o -6 527 212
2 O #527 193 i *527 ~730 0 -3 46 -g2 103 b1%91 ¢ 30 1230 1332
5 0 #5Q7 -hga -1 Tus -587 6 © L 2 3 -4 1186 1064 1 1-613% lsgé
o 589 517 1 #527 -1 11 5 34 ?lc“g g 11 12 o
2 0 #527 51 2 6 - 'agz 2? 11 9 ! 5 ﬁ.u 1 1941 4 1 -6 1624 1661
1 o 52@ 30 8l 4 1.3 28Ug o8EL 2 4 guge 2512 b 1 6 1624 1638
4 4 0129 Jgoo 20 *527 119 4 1 2843 2819 3 4 -4 w527 234 2 2 -6 745 706
2 o 676 1 4 02527 173 2 2.3 763 571 1 5 -41302 1357 2 2 2
3 © 2059 2066 50 bt 141 2 2 *527 =197 3 5 41i78-113 3 3 3 -T]'g
1 O *527 285 7 0 -2 2018 2q74 5 2 -3 #4527 A 16 4T g 718 3 a 9
1 1 es27 62 2 1.2 %527 k26 5 2 :\aiz-lz 1 0 -5 1148 1203 1 ! 522 -312
2 041 339 93 31 27 ggg 3 3-3 Bs4 - 5@ 2 0 5 a7 473 1 4 61178 1293
4 950 -B3T 5 1.2 527 3 a 527 3 4 0 -5 1289 1198 10 -321 -izs
5 0 =1 *527 »336 61 527 Tod 1 - 03%1 30 5 0 5 645 59 2 0 .71 53‘1 16
7 o 1228230 1 2 231003347 1 4 21023 2 1D 833 -9 4 0 711781
2 1 1y d2 3 2 1357 1301 b 4 -31380 1 3 151500 1;52 2 1 71110 121
3 1 -1 #527 341 2 1236 12683 44 9Z6 1083 g 1 .5 # 3 1 -7 874 -8)
5 1 =527 3; § 2 -z sg27 -3 2 5.3 b5 6955 1 5 g 1oz -7aremasy
[ -1 12231 1112 1 3 - 19 ggu 2 5 912 _Z 1 2 5 2695 2! g 3 2 52I 8
1 2-113898.4270 @ 3 2 11511085 1 D 709 417 ;27 1317 137 ia g5
922 826 L 3.2 +5Pr o381 2 0 -d 1270 133 2 S0l 2 3-p1R I
2 -1 86 1111 5 a 2018 2046 4 o 4 13k3-1362 1 3 -5 e527 141 10 1559 1370
6 #507 agf 2 0 .2 20732606 5 O -4 e 55 2 3 §i26e-1256 2 © 58 -A76
13 1 695 B 3 42es? 113 7 o uabds ig2g i3 585 sl2 2 1 -8B 719 -T15
2 3 .1 #5827 2 1 5 8 1136 1262 2 1 4 833 goé 2 «5 2006 2 12 1207 1189
¥ 3 1 e527 358 3 5 -2 %527 43 3 1 -4 B33 -Ba1

e Listed values are 10 times absolute scale. Reflections indi-

cated by an asterisk were less than minimum.

O3.3 are given in Table VII with their respective dis-
crepancy index values. The higher R values for both

there are two strong U-O bonds and several much
weaker secondary bonds.

In the reduced rhombohedral phase, the uranium in
random yttrium sites is coordinated to six oxygen atoms
forming a highly distorted octahedron. TUpon oxida-
tion the uranium coordination number increases to
seven.

The Y-O and Lu-O bond lengths agree very well
with those reported for their respective bcc oxides.
The highly distorted octahedron of oxygen ions sur-
rounding the yttrium shown in Figure 3 is a view along
the b axis in Figure 2 of the ions designated. The four
O(2) ions are shared between two yttrium polyhedra
while the two O(1) ions are shared by yttrium and

(10) (a) F. Hund, U. Peetz, and G. Kottenhahn, Z. Anorg. Aligem, Chem.s
278, 184 (1955); (b) J. Anderson, 1. Ferguson, and L. E. J. Roberts, J. Inorg.
Nucl. Chem., 1, 340 (1955); (c) I. Ferguson and P. Fogg, J. Chem. Soc., 726,
3679 (1957),

(11) H. R. Hoekstra and S. Siegel, J. I'norg. Nucl. Chem., 18, 154 (1961).



Vol. 5, No. 5, May 1966

CRYSTAL STRUCTURE OF RHOMBOHEDRAL MQ;-3R;,0; CoMPOUNDS 753

TABLE VI
INTERATOMIC DISTANCES? AND ANGLES WITH STANDARD DEVIATIONS
UO0;:3Y20s U0:°3Lu0s
Ions Distances, A Angle, deg Tons Distances, A Angle, deg
O(1")-U-0(1"") 2.07, 2.07 85.2 0.6 O(1")~-U-0(1"") 2.13, 2.13 84.4+0.7
o(1"")-U~0(1""") 2.07, 2.07 94.8+ 0.8 O(1"-U-0(1""") 2.13, 2.13 95.6 = 0.8
O(1)-Y-0(2") 2.40, 2.30 104.0£0.5 O(1)-Lu-0(2") 2.27, 2.22 104.2 4+ 0.5
O(1)~¥-0(2"") 2.40, 2.28 80.5+0.5 O(1)-Lu-0O(2’"") 2.27, 2.25 82.8+ 0.5
O(1")-Y-0(2"") 2.32, 2.30 160.0 £ 0.3 O(1")-Lu—-0(2'") 2.25, 2.23 160.5 4+ 0.3
0O(2)-Y-0(2") 2.17, 2.30 106.3 £ 0.8 0O(2)-Lu~-0(2") 2.20, 2.22 104.7+£0.8
O(2")-Y-0(2'"") 2.30, 2.28 77.0+£ 0.8 O(2")-Lu-0(2"'") 2.22, 2.25 77.0£0.8
O(1)-0(1'"") 3.05 =0.03 O(1)-0(1""") 3.15+=0.03
O(1)-0(2'") 2.87 =0.02 o(1)-0(2'" 2.72 £ 0.02
O(1)-0(2""") 3.02+0.02 O(1)-0(2""") 2,98 = 0.02
O(1")-0(1") 2.81 +0.02 O(1")-0(1"") 2.86 £ 0.02
O(1)-0(2) 3.22 +£0.03 O(1")-0(2) 3.23 £ 0.03
O(1")-0(2" 3.32 £ 0.02 O(1")-0(2") 3.23 £ 0.02
0(2)-0(2") 2.80 = 0.02 0O(2)~0(2'") 2.71£0.02
U-Y 3.70 £ 0.03 U-Lu 3.64 +0.03
Y-y’ 3.54+0.02 Lu-Lu’ 3.47 £0.02
Y=Y’ 3.64 £ 0.03 Lu-Lu”’ 3.55 = 0.03
« The standard errors in the metal-oxygen distances are all 0.02 A.
TaBLE VII
POSITIONAL PARAMETERS AND R VALUES
U2Y50: UsY5013.5
x v z % y z
3 Us+ 0 0 0 3 Us+ 0 0 0
3 Ust 4 15 Y3+ 0.126 0.418 0.018 3 Utt 4 15 Y3+ 0.134 0.419 0.017
18 O(1)2~ 0.210 0.043 0.110 18 O(1)2~ 0.222 0.035 0.100
18 O(2)2~ 0.138 0.442 0.256 18 O(2)2~ 0.133 0.437 0.253
R = 14.09, 4 O(3)2~ 0 0 0.265
R =11.99%

Figure 3.—A view of the yttrium coordination polyhedron
perpendicular to the hexagonal ¢ axis. Atom designations are the
same as in Table V1.

uranium polyhedra. These polyhedra are joined to-
gether at their corners. This is in contrast to the bec
(C-type) rare earth oxide structure in which the poly-
hedra are linked together at both edges and corners.
Here again, the rhombohedral structure is a more stable
arrangement.

Relationship between Structure and Composition.—
The existence of a rhombohedral structure over a range
of U0;4.:Y:0; compositions is possible by the partial
substitution of uranium for yttrium ions in the (18f)
general positions. Chemical and crystallographic evi-
dence now indicate that the U, Yr.,Oz phase can ex-
ist over the range 1 < m < 2. The limiting reduced

composition becomes U,Y;0;; at a mole ratio of 4UQs.z5
5Y20; (55.6 mole 9 Y20;). The uranium ion at the
origin can be assumed to be in the pentavalent oxida-
tion state, while the uranium ion randomly distributed
in the yttrium sites is tetravalent. The structure
analysis was carried out for this limiting composition
although the actual composition was close to 2UQOs.y
3Y.0; (60 mole 9, Y,0;). Oxidation of these composi-
tions can be expressed in the following way

UsH(1U4T, 5Y3H)0y,  USH(0.75U4-82+, 5.25Y3+)Oy
1.50 1.10
Us+(1Us, 5Y3 )05 UPH(0.75Us+, 5.25Y2+)O43.

It was assumed that the final valence state of the ura-
nium was 6+ ; hence, the large hexagonal cell could con-
tain 1.33 X 3 = 4 additional oxygens. These extra
ions were found in the three-dimensional Fourier map
near the ideal positions they would occupy in the fec
fluorite structure. Structure factor calculations car-
ried out on the basis of 4 oxygen atoms randomly dis-
tributed in the (6¢) position (0, 0, 2) confirmed this
arrangement. The change in oxidation state has also
been corroborated by low-temperature oxidation stud-
ies.?®

The g parameter of the extra oxygen ions could not
be accurately determined from the powder diffraction
data, but best agreement was indicated for z =~ 0.265.
The distance from the metal ions in the genetal (18f)
position to this extra oxygen is 2.40 A. Its oxygen
neighbors are very near, being only 2.56 A away. In
order to accommodate these extra oxygens in the struc-
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ture, there must be a slight relaxation around their
lattice sites.

For the uranium at the cell origin, the coordination
number increases to 7 or 8 with the extra U-O bonds be-
ing perpendicular to opposite faces of the octahedron at
adistanceof 2.46 A. At temperatures above 1000°, the
structure rearranges to the normal fluorite structure,

Ordered rare earth oxide phases of composition ROy.7;
are isostructural with UQ;3Y;0;. Their narrow com-
position limits are fixed by the oxygen-to-metal ratio
of 12:7. This phase can form only with Ce, Pr, and Tb
because they have both trivalent and tetravalent oxida-
tion states. In terms of these valences, this phase
should be written (M**+)3(M?*+),05;. However, since
the crystal structure requires one metal ion to be lo-
cated at the origin, it is apparent that this arrangement
must be stabilized by electron transfer. Although it
would be impossible by X-ray diffraction to determine
whether an M?®F or M** ion is located at the origin,
analogy with U,Y;0;, suggests that it is the site of an
M4t ion. Structurally, then, the composition is
M4+ (2M*4, 4M35+)Oy, where electron exchange produces
equivalency in the 18-fold general position of the
hexagonal unit cell.

Further oxidation of PrO;.;; and CeO;.n; leads to an-
other stable phase of composition MO;.zs.  In terms of
ions, this could be written (M?*T)(M?*);0;2.5. If this
oxidation takes place without rearrangement, the
rhombohedral structure would contain M*+H(3M*T,
3M?+)Osp.5 and 1.5 additional oxygen atoms would have
randomly entered the (6¢c) special positions of the hexag-
onal cell. That this is probably the case can be
inferred from the changes in the lattice parameters
which have been reported.’? Comparison of hexagonal

(12) L. Eyring and B, Holmberg, ‘‘Nonstoichiometric Compounds,” Ad-

vances in Chemistry Series, No, 39, American Chemical Society, Washington,
D. C., 1963, pp 46-57.

Inorganic Chemistry

TasLE VIII
CHANGE IN ¢/a RaT10 WitH COMPOSITION
Compd c/a Compd c/a
U;Y:01 0.935 U:Y5013.5 0.934
C€O1.71 0.936 CGOm‘s 0.926
PrOyn 0.932 PrOy.zs 0.918

¢/a ratios are given in Table VIII. Although the
number of oxygens added to the rare earth oxides is
less than that for the mixed uranium-yttrium com-
pound, they produce a greater contraction of the ¢
axis. The formation of RO; polyhedra probably causes
more rearrangement in these oxides than is the case for
the seven-coordination around the uranium ions. A
continuation of this oxidation process in similar steps
might be expected to produce the following stable com-
positions
MA4F(4M4F, 2M37)01 = (MO1.85)
M4H(BM4+, 1M37)O;.5 = (MOr.3)

but neither of these stoichiometries has been reported
as a stable phase. This can probably be accounted for
by the fact that the addition of more oxygen, along the
hexagonal ¢ axis, further contracts the lattice in this
direction to produce eightfold coordination around the
M*t ions at the origin. This configuration is unstable
because an MOz group normally exists as a regular cube.
Also, adding more oxygen rapidly increases the repul-
sion between neighboring oxygens, causing a structural
rearrangement to occur. The short O-O distances in
rhombohedral U,Y;0i3.5 after low-temperature oxida-
tion make this a metastable compound which transforms
to face-centered cubic above 1000°.
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Phase relationships in the rare earth sesquioxides have been studied at pressures from 15 to 80 kbars at 550, 1000, and 1450°.
No measurable shift is observed in the boundary between the hexagonal (A) and monoclinic (B) phases, but stability of the

monoclinic phase relative to the cubic phase is enhanced by increased pressure as well as higher temperature.
Lattice parameters are given for 11 monoclinic sesquioxides-——Y,0y and
The entropy increase involved in the transformation from the cubic to monoclinic structure is esti-

phase transformations are shown to be reversible,
Sm,Q; through LusOs;.
mated to be 1.5 eu.

The rare earth sesquioxides were first investigated
systematically by Goldschmidt and his co-workers® in

(1) Based on work performed under the auspices of the U. S. Atomic
Energy Commission.

(2) Presented at the 150th National Meeting of the American Chemical
Society, Atlantic City, N. J., Sept 1965.

The C-B

1925. The great similarity in the chemical properties
of -the individual lanthanides had effectively prevented
the isolation of sufficiently pure samples for any de-

(3) V. M. Goldschmidt, F, Ulrich, and T. Barth, Skrifier Novske Viden-
skaps-Akad. Oslo, I+ Mat. Nature. Kl. No. 5 (1925).



