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The pentahydrated uranyl orthovanadate (UO,),(VO,),-
5H,O was synthesized in shaken aqueous solution at 60°C, by
reaction of UO; or a uranyl salt (acetate or nitrate) and V,0;.
Single crystals were obtained by hydrothermal reaction at 180°C.
It crystallizes in an orthorhombic system, space group Cmcm,
with a=17.978(2)A, b=13561(2)A, c=7.1631)A, V=
1746.3A°%, Z=4, p., = 4.3 g-cm™>. The structure has been re-
fined to R = 0.048 and Rw = 0.047 using 1020 independent reflec-
tions with 7>3a6(I) collected on a Philips PW 1100 automated
diffractometer using MoKa radiation. Uranyl ions have two
distinct functions. U(1)O%" uranyl ions are surrounded in an
equatorial plane by five oxygen atoms of four different VO,
tetrahedra which form pentagonal UQ, bipyramids. The linkage
of UO, bipyramids and VO, tetrahedra leads to (UVQy) , layers
parallel to the (100) plane. The connection between these sheets is
achieved by the other U(2)O3" uranyl ions and water molecules.
Thus, the compound may be considered a uranyl vanadate of
uranyl and can be formulated (UO,),;[(UO,)(VO,)]-2.5H,0.
Dehydration is reversible and leads to a new anhydrous com-
pound (UQ,),(VO,), after intermediate steps corresponding to
different hydrates. Unfortunately, the anhydrous product cannot
be synthesized directly from UQ, and V,0; by solid-state reac-
tion. © 2000 Academic Press

INTRODUCTION

Uranyl vanadates and uranyl phosphates show many
similarities. Both belong to the large class of compounds
with the general formula M}},(UO,)XO, xH,0, where
M can be most mono, di, or trivalent cations (1). They are
structurally characterized by a layered structure; M"* ions
and H,O molecules occupy the interlayer space between
[(UO,)(X0y,)], sheets. However, the building of the layers
is different for the two chemical families: in phosphate
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compounds, the UO3* ions are linked by PO}~ tetrahedra
(2), whereas in V compounds, they are bridged by cen-
trosymmetric V,O$%~ units formed from two inverse VOs
square pyramids sharing an edge (3-6). Therefore the V-
compounds have to be formulated M%;(UOZ)ZVZOS'
xH,O0.

Hydrogen uranyl phosphate tetrahydrate HUO,PO, -
4H,0 (HUP) displays a good selective proton conductivity
at room temperature in relation to its layered structure and
is interesting for its potential applications in electrochemical
systems (7-10).

By comparison, H,(UO,),V,0g - xH,O (HUV) should
be a good protonic electrical conductor. This vanadate has
been reported only by Barton (11). It is irreversibly decom-
posed at 470°C into uranyl divanadate (UO,),V,0, (12).
Although it is not well characterized, its numerous hydrated
and anhydrous salts MZ;,(UOZ)ZVZOS-xHZO (with M =
Na, K, Rb, Cs, Ag, Tl, NH, for monovalent cations and
M = Ca, Ba, Sr, Pb, Mn, Co, Ni, for divalent cations) are
well identified (13, 4). For instance, the Carnotite
K,(UO,),V,0g4 is an uranium ore.

In the course of the hydrated HUV preparation, we
obtained a new uranyl vanadate (UO,);(VO,), - SH,O. Its
dehydration led to the up to today unknown uranyl or-
thovanadate.

Three compounds belong to the UO;-V,05 system,
UVOs.5 (or U,V,04,4), UV,04, and U,V¢0,,. The two
firsts are obtained by direct reaction between oxides UO;
and V,0;5 at 650°C under oxygen atmosphere. The last
U,V0,; (or UV30,4.5) results from slow oxidation of
UV;0,, under oxygen flow at 550°C (14).

Moreover, three partially reduced mixed oxides have
been found: UVO5 and UV;0,, are prepared by reaction
between UO; or U3Og and V,05 at 650°C under vacuum
or by reduction of UVO; 5 and UV,0g under vacuum (14);
UV,0q is obtained from a UO, and V,05 mixture heated
between 900 and 1200°C under argon (15). UVO;5 and
UV;0,, have also been synthesized from mixtures of V,0O3,
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V,0s5, and «-U;Og in stoichiometric proportions heated in
sealed, evacuated silica tubes at 700 and 550°C, respectively
(16, 17).

The structure of UV,0g previously described as built
from UOg4 pentagonal pyramids and V,Oyg units formed by
two VOjs trigonal pyramids sharing an edge (18,19) has
been recently revisited by powder neutron diffraction (20);
actually, the structure consists of UO, pentagonal bi-
pyramids and VO, tetrahedra sharing corners to give infi-
nite metavanadate chains.

The crystal structure of U,V,0,; has been solved re-
cently ab inito from powder X-ray diffraction data (21) and
simultaneously by using single-crystal X-ray and powder
neutron diffraction (20). The network is built from V,0%~
divanadate ions (resulting from the association of two VO,
tetrahedra sharing a corner) and UO3 " uranyl cations. The
coordination polyhedra of uranium atoms is a UO, penta-
gonal bipyramid. U,V,0;; can be considered a uranyl
pyrovanadate (UO,),V,0.

The crystal structures of UVOys, previously determined
from single-crystal X-ray data (22, 23), and UV;0;, have
been recently refined using Rietveld analysis of combined
powder neutron and powder X-ray data (16, 17).

In the present paper, the synthesis and crystal stucture
determination of the new uranyl vanadate (UO,);(VO,), -
SH,O and its thermal stability are reported.

EXPERIMENTAL
Syntheses

With the aim of synthesizing HUV - xH,O, several at-
tempts were made:

(i) An equimolar mixture of UO3-1H,O or uranyl salt
(acetate or nitrate) and V,Os was shaken in aqueous solu-
tion at 60°C for 15 days. After filtration, washing with
distilled water, and drying, a yellow powder was obtained.

(i) For the hydrothermal method at 180°C, an equimolar
mixture of UO;-1H,O or uranyl acetate and V,Os
(4 x 10~* mol) was introduced in a glass tube two-thirds
filled with water and sealed. Heating at 180°C for 8 days
gave rise to the same yellow powder characterized by X-ray
powder diffraction.

(iii)) Under the same conditions used previously (ii), from
an equimolecular mixture of uranyl nitrate and V,Os, yel-
low single crystals and a poorly crystallized unidentified
orange-colored powder were obtained. The X-ray powder
diffraction of the crushed crystals corresponds to the major
part of the pattern obtained from the yellow powders. Ac-
tually, the yellow powder obtained in (i) and (ii) contains an
unknown second phase.

The crystal structure determination of the yellow single
crystals revealed the formula (UO,);(VOy,), - SH,O. Finally,
pure yellow powder of this compound was synthesized by
methods (i) and (ii) from stoichiometric mixtures U/V = 3/2.

With method (i) the powder was poorly crystallized, where-
as method (ii) led to well-crystallized powder used for unit
cell parameters refinement from X-ray powder diffraction
data.

Structure Determination

A yellow single crystal was selected for the structure
determination. Preliminary oscillation and Weissenberg
photographs indicated an mmm Laue symmetry. Systematic
absences of reflections hkl, h+k=2n+1, and hOl,
I =2n + 1 were consistent with C2cm, Cmc2,, and Cmcm
space groups. Finally, the structure was solved in the cen-
trosymmetric Cmcm space group.

The intensity data were collected on a Philips PW 1100
automated diffractometer. Conditions for data collection
are given in Table 1. The intensity of each reflection was
corrected for background and for Lorentz and polarization

TABLE 1
Crystal Data, Intensity Collection and Structure Refinement
Parameters for the (UQO,);(VO,),-5H,0 Single Crystal

Crystal data:

Crystal symmetry orthorhombic

Space group Cmcem

Unit-cell parameters a= 17.978(2)/0\
b =13.561(2)A
¢ =7.163(1) A

Volume 17463 A3

Z 4

Calculated density 4.3 g/cm?

Data collection:

Equipment Philips PW 1100
Mo, radiation 0.7107 A

Scan mode w-20

Scan width (°) 12

0 range (°) 2-30

Recording reciprocal space

Standard reflections

Number of measured reflections
Number of reflections I > 3a(I)
Number of independent reflections
i (em™Y) (for AKo = 0.7107 A)
Limiting faces and distances (cm)
From an arbitrary origin

Transmission factor range
R merging factor

Refinement parameters

Number of refined parameters

Goof = S (goodness of fit)

R = Z['Fol - |Fc|]/Z|F0|

Rw = [Yw(Fo| — |F|)?/XF21"?
with w = 1/a(F,)

—25<h<25-19<k<19,
0<1<10

002, 202, 241
5455

3444

1020

277

100, 700  0.0006
010,010 0.0032
001,001 0.0106
0.04-0.56

0.058

49
2.4
0.048

0.047
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effects. Absorption corrections were performed using the
analytical method of De Meuleaner and Tompa (24).

The structure was solved by the heavy atom method. The
calculation of the Patterson function allowed us to localize
the first uranium atoms U(1) in the 8g site (0.22; 0.06; 1/4).
After refinement of these coordinates, a second site was
revealed in a Fourier difference synthesis at 8 (0; 0.75; 0.12).
The two equivalent positions related by the m mirror per-
pendicular to [001] are too close (1.8 /OX) and cannot be
simultaneously occupied, and the 8f site was considered,
after several hypotheses, as half occupied by a uranium
atom U(2). Vanadium atoms were then localized in 8g (0.80;
0.82; 1/4). The reliability factors were under the conditions
R =0.14 and Rw = 0.20.

Two subsequent Fourier difference syntheses showed four
8g sites and one 164 site occupied by oxygen atoms around
U(1) and V(1), and two 8f sites for oxygen atoms with half
occupation in the surroundings of U(2).

A new Fourier difference synthesis allowed us to localize
two 16h sites half occupied by oxygen atoms of water
molecules. The oxygen atom of the last water molecule was
not deduced from the Fourier synthesis; its coordinates were
calculated to complete the coordination polyhedron around
U(2). The formula was finally U3V,0,4 - 5SH,O. The absorp-
tion corrections were improved at this stage with the actual
absorption coefficient calculated for this formula. Least-
squares refinement of the positional parameters and aniso-
tropic (U,V atoms) or isotropic (O atoms) thermal
parameters leads to discrepancy factors, R = 0.048 and
Rw = 0.047. The atomic coordinates and isotropic displace-
ment parameters are given in Table 2. The displacement
temperature parameters for U and V atoms are reported in
Table 3.

Scattering factors were taken from the International
Tables for X-Ray Crystallography (25). The anomalous dis-
persion corrections were made according to Cromer and
Liberman data (26). The full matrix least-squares refine-
ments were performed with a local modification of SFLS-5
(27).

The unit cell parameters reported in Table 1 were refined
from X-Ray powder patterns obtained with a Siemens
D 5000 diffractometer (CuKo radiation) equipped with
a monochromator and corrected for Ka, contribution. The
figure of merit, as defined by Smith and Snyder (28), was
F,o =132 (0.0063, 24). The powder X-ray diffraction pat-
tern data are reported in Table 4.

Thermal Analysis

Thermogravimetric analysis (TG) was conducted in air
with a Dupont 951 instrument at a heating rate of
0.3°C-min " !; differential thermal analysis was performed
with a Dupont 910 differential scanning calorimeter, at
a heating rate of 10°C - min~*. The X-ray powder diffraction

TABLE 2
Atomic Positions, Thermal Isotropic Factors (O), and Equi-
valent Isotropic Temperature Factors (U, V) for (UO,);(VO,), -
5H,0

Ocup. B or B,
Atom  Site rate x y z (A2
u() 8¢ 1 0.22400(4) 0.06276(5)  1/4 1.30(1)
U2 8 12 0 0.7552(1)  0.38152) 291(4)
\ 8¢ 1 0.7913(1)  0.82532)  1/4 1.42(6)
o(1) 8¢ 1 0.1268(7)  0.065(1) 1/4 28(2)
0oQ) 8¢ 1 0321809)  0.057(2) 1/4 4103)
003) 8¢ I 02273(6) 0232609)  1/4 1902)
o4  16h 1 02218(6)  0.0933(8)  05712)  3.6(2)
0(5) 8¢ 1 0.124(1)  0.782(2) 1/4 6.1(5)
0(6) 8 12 0 0.864(4) 04637 (1)
o(7) 8 12 0 0.658(4) 03135  6(1)
H,O() 16h 1/2 —00763) 0.7005)  0.637(7) 12(2)
H,02) 16h 12 —00822)  06103) —00556) 8209
H,03) & 12 0 0.823 0.067

Note. Equivalent isotropic temperature factors are computed according
to the relation B, = 4/3) ;;8;;a:a;.

pattern versus temperature was obtained with a Guinier—
Lenné focusing camera using CuKa radiation

RESULTS AND DISCUSSION
Description and Discussion of the Crystal Structure

Selected bond lengths and bond angles are listed in
Table 5.

In this compound the U(1) atom is surrounded by a pen-
tagonal bipyramidal arrangement of oxygen atoms. The
U(1)-0O(1) and U(1)-O(2) distances of 1.75-1.76 A and the
O(1)-U(1)-O(2) angle unambiguously indicate the existence
of symmetrical linear uranyl ions U(1)O3*. The coordina-
tion of the uranium atom is completed in the plane perpen-
dicular to the O=U(1)=0 group by five equatorial oxygen
atoms, four O(4) and one O(3), more distant, with average
dy-oeq) = 2.38 A, characteristic for U"" in this environment.

UO, pentagonal bipyramids are associated together
TABLE 3
Anisotropic Thermal Factors ( x 10%) (U, V) for
(UO,)5(VOy), - 5H,O

Atom U11 Uzz U33 U12 U13 U23
u(l) 264(3) 782)  1512) —103) 0 0
uQ) 213(6)  428(10)  467(9) 0 0 —48(8)
v 251(12)  92(13)  196(14)  —13(9) 0 0

Note. The temperature factor is defined by exp[—2n2a(U, h?a*? + ---
42U, klb*c¥)].
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TABLE 4

Observed and Calculated X-Ray Powder Pattern for

(UO,)5(VO,),-5H,0

Wkl 20m. 20 L Wkl 20, 200 L
110 8179 8183 1 710 35571 35570 11
200 9851 9855 23 512 36007 36002 2
020 1308 13069 2 711 37795  37.790 6
111 14833 14840 5 351 38539 38532 8
310 16162 16170 22 113 38605 38.606 1
220 16392 16385 37 602 39205 39.191 i
021 18027 18022 4 060 39880 39.875 2
400 19763 19759 100 023 40024 40.025 i
311 20410 20408 4 800 40.114

40.134 5
221 2055 20572 8 640 40.153
131 23804 23780 4 313 41229 41.230 1
002 24869 24864 4 223 41316 41317 1
510 25619 25633 26 061 41.890 41.900 1
112 26210 26210 <l 641 42180 42.168 1
040 26300 26288 <l 820 454 42399 X
202 26798 26797 9 731 42386
421 26862 26857 3 261 43144 43.146 2
240 28130 28130 2 551 43.660 43.657 1
022 28180 28179 1 712 43873 43876 4
S11 28540 28546 3 352 44544 44534 1
041 29136 29140 9 460 44858 44873 2
312 29.798 423 45007 45009 1
600 2979 29816 3 333 45529 45539 2
222 29918 29913 2 910 45889 45904 12
241 30824 30825 11 513 46106 46.108 1
402 31952 31949 2 043 46503  46.505 2
620 32669 32670 8 461 46720 46722 1
440 33086 33092 1 243 47644 47.654 3
422 34657 34644 1 840 48586 48.588 1
621 35062 35050 1 262 48683 48685 <l
441 35448 35447 4 751 50561  50.555 4
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than the other vanadium-oxygen distances, and the O(5)
atom is not involved in the formation of the layers. The
0O(4)-0O(4) edge shared between VO, and UO- polyhedra is
shorter (2.54 /0\) than the other O-O edges which are not
shared, according to the theory of Pauling (29) and Baur
(30), so the O(4)-V-0O(4) angle is particularly lower than
109.7°.

Similar chains of edge-shared UO- polyhedra have been
described in other uranium oxides, but the connection of
parallel chains to form layers is different. The stacking of the
layers is also different. For example, in a-U3O0g (31), the
chains are directly attached by corner sharing (Fig. 2a),
pentagonal and trigonal sites are produced between the
chains, pentagonal sites are occupied by U atoms, and
trigonal sites are empty. In UVOs (16), a compound con-
taining U, (UOs5),, chains share edges with square bases of
VOs square-pyramids (Fig. 2b). The resulting layers are
stacked in registry by perpendicular chains containing
-U-O-U-0O- and -V-0O-V-0O-. USbO;s (32) resembles

TABLE 5
Bond Distances (A) and Selected Bond Angles (°) for
(UO,)x(VOy,)-5H,O

1) environment

Note. 2 = 1.54056 A, refined zero-point correction 0.011(2) for 0,
a=179782)A; b = 13.561(2)A; ¢ = 7.163(1) A; F,, = 132 (0.0063, 24).

through the oxygen atoms of the basal plane of the UO,
bipyramids. A UQO; bipyramid shares two opposite
0O(4)-0O(4) edges with two other UO, bipyramids to form
zig-zag infinite chains (UOj5s),, running along the ¢ axis (Fig.
1). Vanadium is tetrahedrally coordinated. Two parallel
chains at x = 0.224 and x = 0.276 are connected by VO,
tetrahedra. A VO, tetrahedron shares the O(4)-O(4) edge
with a UO- bipyramid of one chain and a O(3) corner with
a UO, polyhedron of the other chain. The O(5) atom
strongly bonded to the vanadium atom is not involved in
the U(1) coordination. The chains so connected by VO,
tetrahedra constitute slightly corrugated layers with for-
mula [U(1)O,(VO,)],, parallel to the (100) plane (Fig. 1).
The separation between adjacent layers is a/2. In fact, the
absence of discrete vanadate tetrahedra leads us to consider
charged extended covalent layers [(UVOyg) ™ .

The oxygen arrangement around the vanadium atom is
strongly distorted with a V-O(5) bond significantly shorter

U(
U(1)-0(1) 1.75(1) O(1)-U(1)-0(3) 90.5(6)
U(1)-0(2) 1.76(2) O(1)-U(1)-04) (2x) 88.9(4)
U(1)-0(3) 2.30(1) O(1)-U(1)-0O@)501 (2%) 89.9(5)
U(1)-0(4) (2%) 2.34(1) 0(2)-U(1)-003) 91(1)
U(1)-0@)bo1 (2x) 2.47(1) 0O(2)-U(1)- 0(4).‘(2><) 91.4(5)
O(1)-U(1)-0(2) 178(1) (2)-U(1)-O(4)p01 (2x%) 88.7(9)

U(2) environment
U(2)-0(6) 1.59(5) H,O(1)-U(2)-H,0(1) 69(2)
U((2)-0(7) 1.41(5) 0(6)-U(2)-0O(7) 179(3)
U(2)-0(5) (2%) 2.45(2) 0O(6)-U((2)-0(5) (2x) 90(1)
U((2)-H,0(1) (2x) 2.40(5) (6)-U(2)-H,O(1) (2x) 91(3)
O(5)-U(2)-0(5) 131.3(7) O(7)-U(2)-0(5) (2x) 90(1)
O(5)-U(2)-H,O(1)  80(1) (7)-U(2)-H,0(1) (2x) 89(2)

V Environment
V-0(3)* 1.70(1) O(3)™ -V-04){; (2%) 112.6(7)
V-0O(4)11: (2x) L71(1) OB3)*-V-0(5)Yoo 111(1)
V-0(5)Yoo 1.63(2) O@)11,-V-0@)ii1 97.3(8)

O@)111-V-0(5)To0 2x)  111.29)
H,O molecules environment

H,O(1)-0(3)}0, 2.98(6) H,0(1)-H,0(1)" 2.73(10)
H,O(1)-0(6) 2.89(8) H,0(3)-0(1)}, (2%) 2.88(7)
H,O(1)-0(7) 2.75(6) H,0(3)-0(6) 2.61(12)
H,0(1)-0(5)" 3.11(5) H,0(3)-0(5) (2x) 3.27(8)
H,0(1)-H,0(2)p01  2.52(7) H,0(3)-0(6)5>1 3.07(13)
H,0(2)-0(2)%%0 2.88(4)
H,0(2)-0(2)100 3.17(4)
H,0(2)-H,0(1)oo1  2.52(7)
H,0(2)-0(7) 3.09(5)

Note. O(n),, represents atom O(n) for the symmetry m and the transla-
tion pa + gb + rc. Symmetry codes: (i) x, y, z; (ii) x, 3, Z; (iii) x, y, 1/2 — z; (iv)
X, 9, 12 + z; (v) X, 3, Z; (Vi) X, , z; (vil) X, , 1/2 + z; (viii) X, y, 1/2 — z.
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FIG. 1.
bipyramids and vanadium tetrahedra.

UVOs in its intralayer arrangement but differs in the stack-
ing of the layers; displacement of successive layers leads to
heterometallic ~U-O-Sb-O-U-O-Sb- chains. In these
compounds, no uranyl grouping is present, the U-O bond
lengths along the chains perpendicular to the layers are
greater than 2.0 A. In the orthorhombic modification of
UMo0,0z (33) and the recently published isotypic
U(Ta,W),0g series (34), the (UOs),, chains are intergrown
with ReO;-type slabs of tilted octahedra, two MoOg oc-
tahedra wide (Fig. 2c). As in UVOs, the layers of heavy
atoms are connected by monometallic -M-O-M- infinite
chains. In U,V,0, (20, 21), (UOs),, chains are connected
by divanadate V,0- entities to form layers (Fig. 2d). The
obtained corrugated layers are joined by linear V-O-V
units to form a three-dimensional structure; in this case the
oxygen atoms of the UQO, group are uninvolved in the
interlayer bonding, and the uranyl group remains free with
two short U-O bond lengths (1.72 and 1.77 A). The distan-
ces calculated for the chains in the different oxides are
compared in Table 6.

Finally, the (UVOy),, layers observed in our compound
are very similar to the layers formed between (UO5),, chains
and PO, tetrahedra in U,P,0;, (35). In U,P,0, the
(UOs),, chains are more distorted, in fact they are formed
from two types of UO- bipyramids, containing uranium
atoms at oxydation states +4 and +6 for U(1)O, and

The crystal structure of U3V,0,,5H,0 in the (100) plane showing how the (UVOy),, layers form from edge-shared uranium pentagonal

U(2)O,, respectively, following one another in the
[U(1),-U(2),] sequence. In U,P,0,,, the layers are parallel
to the (111) plane and the dimensions of the pseudo-rectan-
gular lattice (Fig. 3) calculated from the triclinic cell of
U,P,0,, (a', b, ¢') compared well with those of the present
compound (|b"—a’| = 14.07 A compared with 2¢=
14.334; |a’ +b +2¢| =13.32A compared with b=
13.56A; the angle for the pseudo-rectangular lattice is
90.58°). Although the O-O common edges between UO,
and PO, are shorter than the one in (UVOg),, layers, the
O-P-0 angles are greater than the corresponding O-V-O
angle since the P-O bond lengths are significantly shorter
than the V-O bonds. The U(2)O, uranyl group is uninvol-
ved in the interlayer bonding and remains free with U-O
distances of 1.76 A. Of course for U' there is no uranyl
bond; the bond lengths are longer (2.172\). Two successive
layers are linked together by limited P-O-U"Y-O-P entities
running perpendicular to them. The common oxygen atoms
are not involved in the layer formation.

In contrast, in the title compound, there is no direct
interaction between consecutive layers. The layers are lin-
ked together by other uranyl ions [U(2)O(6)O(7)]** located
in planes parallel to (100), respectively, at x =0 and
x = 0.50 (Fig. 4). The O(6)-U(2)-O(7) angle is nearly 180°,
but the U=0 bond lengths are particularly short. These
abnormally short lengths can result from the disorder affect-
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c

FIG. 2. The connection between zig-zag chains of UO, pentagonal
bipyramids sharing opposite edges (a) by corner sharing in U;Oys, (b) by
VOj5 square pyramids or octahedra in UVOs5 or USbOs, respectively, (c) by
ReO;-type slabs two octahedra wide in UMo,0g, (d) by divanadate groups
in U,V,04;.

ing U(2), O(6), and O(7) atoms. Actually, U(2)O3" uranyl
ions half occupy two symmetrical positions related by the
m-mirror parallel to the (001) plane. Furthermore the dis-
placements of the U(2) atom in the (100) plane are very high
(Table 3). In fact, the O(6) and O(7) atoms of one U(2)O,
entity are very close to the H,O(3)" and O(7)" atoms of the
mirror-related U(2)O, group (0.60 and 0.90 A, respectively)
(Fig. 5), so the refined coordinates of O(6) and O(7) atoms
are certainly erroneous. This could explained the too-short
U=0 bonds and the absence of an H,0O(3) atom. Refine-
ment with the O(6) site totally occupied (to take into ac-
count the presence of the H,O(3) molecule) and with the
O(7) atom constrained in a 4c site (0, y, 1/4) (then the O(7)
atom is common to the two mirror-related U(2)) led to the
same reliability factors, to an increase of the O(6) and O(7)
temperature factors (16(1) and 13(2) A2 respectively), and to
higher U=0 values (1.60(5) and 1.64(6) A, respectively, for

TABLE 6
Characteristic Distances in (UQOs),, Chains in Different
Compounds
(U-U) (0-0) (U-0,,) <U-0,> Ref.

(UO,)5(VOL),-SH,O  3.90(1) 2.70(2) 1.77(1); 1.76(1)  2.38
U,05 379(1) 2.57(1) 2.07(1);2.07(1) 228 (31
UVO; 3.67(1) 2.63(1) 2.051);207(1) 227  (16)
UMo,0g 370(1) 2.60(1) 2.06(1); 2.06(1) 229  (33)
U,V,0,, 3.82(1) 2.67(1) L72(1); 1.77(1) 242 (20,21)
U,P,0,, (UV-UYY)  407(1) 2.77(1) 1.77(1); 1.77(1) 244  (35)
U,P,0,0 (UY-UY)  4.09(1) 2.67(1) 2.17(1); 2.18(1)  2.38
U,P,0,, (UV-UY)  4.03(1) 2.69(1)
USbO, 3.63(1) 2.60(2) 1.93(1);2.03(1) 235  (32)
H,U;04, 3.80(1) 2.60(1) 1.74(3); 1.78(3) 236 (36)

O(6) and O(7)); the O(6)-U(2)-O(7) angle shortened to
168(3)°. Refinements were also attempted in space groups
C2cm and Cmc2,, and neither resulted in a satisfactory
refinement.

The O(5) oxygen atoms of VO, tetrahedra of two parallel
layers (Fig. 4) belong to the equatorial coordination of
uranyl U(2)O, entities and are common to the two mirror-
related U(2)O, moieties. Oxygen atoms of two water mol-
ecules O(1)H; also belong to the equatorial coordination of
U(2). The values of the angles O(5)-U(2)-H,O(1) and
H,O(1)-U(2)-H,O(1) of 80° and 69°, respectively, are close
to those in a regular pentagon (72°), but the fifth corner
which should be in the mirror is missing from the Fourier
difference syntheses. The coordinates of the H,O(3) oxygen
atom in Table 2 are calculated so as to put this atom in the

FIG. 3. Relations between the triclinic cell (a’, b, ¢’) of U,P,0, and
the rectangular dimensions (a, b) of the layers in U3;V,0,,5H,0.
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FIG. 4. The crystal structure of U3V,0,,-5H,0 in [001] projection showing the connection of (UVOy),, layers by uranyl ions.

O(5)-H,0(1)-H,0(1)"'-O(5)"" plane at a distance of 2.43
A from U(Q).

Other water molecules, denoted H,O(2) (Fig. 2), are also
situated in the interlayer space but are not coordinated to
the U(2) atom. Its thermal displacement parameter is parti-
cularly high. However the oxygen—oxygen distances (Table
5) indicate hydrogen bonds.

H,0(1)

FIG. 5. The two m-mirror-related U(2)O, pentagonal bipyramids in
U,V,0,,-5H,0.

Finally, this compound may be considered a uranyl-
vanadate of uranyl.

It is interesting to compare this uranyl vanadate with
(UO,),(POy),-4H,0, HUP, and its derived salts MUP. In
the two types of compounds, the structure is composed of
[UO,(X0y,)], layers (X =P, V) of XO, tetrahedra and
uranyl ions separated by networks of cations and water
molecules, but the association of uranyl and XO, ions
differs. In HUP, uranyl ions are surrounded in the equato-
rial plane by four oxygen atoms from four different phos-
phate groups, resulting in a distorted octahedral
coordination for uranium.

1001 (UO,),(VO,); 5H,0 UOy4(VQ,),5H;0

Weight (%)

Heating (0.3°C/min)

Free Cooling

60 1 !’30 ToC 3(['0

| | | i | |
0 200 400 600 800

| | I | |
1000 1200 1400 1600 1800 2000 2200
Time (min)

FIG. 6. Thermogravimetric analysis (TG) of U3V,0,4-5H,0.
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FIG. 7. Differential thermal analysis of U3V,0,,4-5H,O0.
Thermal Stability

A thermogravimetric analysis has been performed on
powder of (UO,)3(VO,), - 5H,O previously dried under he-
lium to prevent eventual adsorbed water molecules. The
experimental curve is reported in Fig. 6. The SH,O per
formula were confirmed, and several intermediates were in
evidence, (UQO,)3(VO,), 4.5H,0, (UO,);3(VO,), 2H,0,
(UO3)3(VOy), - 1H,0.

The anhydrous compound (UO,)3(VO,), is unstable at
room temperature in ambient air, and a fast rehydration
process is evidenced, after cooling of the furnace, that leads

to (UO,)3(VOy,), 5H,0, via (UO,)3(VOy,), - 1H,O and
(UO,)3(VO,), -4H,0.

DSC measurements (Fig. 7) and high-temperature X ray
powder diffraction (Fig. 8) are in agreement with the TG
observations.

Direct synthesis by solid-state reaction from UO;- 1H,O
and V,0Oj; in stoichiometric amounts did not allow us to
obtained the new (UQO,)3(VO,), uranyl-vanadate. In agree-
ment with previous works on the UO;-V,05 system, for
temperatures lower than 500°C no reaction was observed; at
550°C, a mixture of UV,0g, y-UOj3, and U,V,0,; ap-
peared; in the 700-750°C range, UV ,0Oy disappeared to give
rise to a mixture of U,V,0;; and U;Og.

CONCLUSION

Pentahydrated uranyl orthovanadate (UO,)3(VO,),:
5H,O was synthesized and its crystal structure was deter-
mined. It may be considered a uranyl-vanadate of uranyl; in
fact, its structure shows layers (UVQOyg),, resulting from
association of VO, tetrahedra and UO- pentagonal bi-
pyramids sharing edges and corners. The layers are bridged
together by other uranyl ions and water molecules. Similar
layers are found in the mixed-valence uranium orthophos-
phate U(UO,)(PO,),.

Dehydration leads to the up to today unknown anhyd-
rous orthovanadate (UQO,)3(VO,),, which cannot be
directly synthesized by solid-state reaction. The crystal
structure determination of this compound from high-tem-
perature powder diffraction data is planned.

Interlayer uranyl ions are probably weakly bonded, and
exchange reactions from this product to synthesize new
layered compounds are in progress.

| 460)

27
(U0,)4(V0),-5H,0

4.5H,0
2H,0

1H,0

375
T(°C)
(UO,)4(VOy),

1H,0
(U0,)4(VO0,),.5H,0

Quenching

FIG. 8. High-temperature X-ray diffraction pattern of U;V,0,,-5H,0.
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