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Abstract

A new alkali uranyl vanadate, RbsUsV,053 has been synthesized by solid-state reactions. According to synthesis method, two
allotropic varieties have been found and their structures determined from single-crystal X-ray diffraction data. Both compounds
crystallize in the monoclinic system with space groups C2/c and P2/n for o and f varieties, respectively. a-RbsUsV,0,3 unit-cell
parameters are a = 24.887(8) A, b =7.099(2) A, ¢ = 14.376(4) A, p = 103.92(1)°, V = 24652(6) A°, Z =4, p,,, = 5.86(2) gem ",
Peas = 5.85(1) gem™ and for f-RbgUsV,0,3 a = 7.1635(9) A, b = 14.079(2) A, ¢ = 24.965(4) A, = 90.23(1)°, ¥ = 2517.8(6) A3,
Z=4, poo=5792)gem ™, p.y =5.73(1)gem ™. A full-matrix least-squares refinement yielded, respectively, R =0.032 and
0.041 for 1307 and 2276 independent reflections with 7 >2¢ collected on a Smart diffractometer (MoKa radiation). Both structures
are characterized by [(UO,)s(VO4),0s]°" layers which are flat and parallel to the (101) plane in o variety, corrugated and parallel
to the (010) plane in the f variety. The layers are built up from VO, tetrahedra and UO; pentagonal bipyramids. In f variety,
UOg distorted octahedra can also be considered. The UO; pentagonal bipyramids are associated by sharing opposite equatorial
edges to form zig-zag infinite chains (UOs),, parallel to the b-axis in o variety and to the a-axis in f§ variety, respectively. These
chains are linked together on one side by VO, tetrahedra and on other side in « variety by UO; pentagonal bipyramids sharing
corner and opposite edges and in f variety by UOg octahedra sharing opposite edges. Both structures differ by several
characteristics. In o variety, the layers are flat according to the rows of VO, tetrahedra parallel to the b-axis whose apical oxygen
atoms are alternatively pointing on the both sides in each row whereas in f§ variety, they are all pointing in the same side in
a row parallel to ¢ and in opposite side in the next, yielding to corrugated layers.
© 2003 Elsevier Science (USA). All rights reserved.

1. Introduction motivated by mineralogical interest. However, we have

reported the relatively high mobility of the alkali metal

All the alkaline uranyl vanadate compounds studied
till today have a layered structure in which uranyl and
vanadate polyhedra are linked together to form planar
or corrugated sheets with the alkaline ion located
between the sheets. The most wide-spread structure is
that of the mineral carnotite, K(UO,)VO, - xH>O. The
anhydrous carnotite and its Li, Na, Rb, Cs, Tl, Ag, NH4
analogues have been synthesized [1,2]. Most of the
crystal structures were refined [3-5]. This class of
compounds is very large because compounds of divalent
cations M, 5(UO,)VO,- xH,O have been prepared and
characterized for M =Ca, Ba, Pb, Sr, Mn, Co, Ni [6-9].
The study of these materials have primarily been
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ions in the Na;_ K (UO,)VO, (0<x<1) solid solution
[5]. This family derived from carnotite seems particu-
larly homogeneous from a structural view point. The
UO3 " ions are connected by V,0$ ™ units formed by two
inverse VOs square pyramids sharing an edge to built
planar layers. They therefore have the general formula
Mg/ﬁ (UO,),V,0g - xH,0.

Another type of layer appears when U/V =} and has
been recently described for CsUV3;04; [10]. The layers
are built from VOs square pyramids and UOg hexagonal
bipyramids sharing edges and corners which extend into
infinite sheets formulated [UV;0;];,” similar to the
layers found in UV30q [11]. CsUV30;; belongs to the
class of compounds of general formula M’l’/ZUOz
(VO5);-xH,O with M=H;0", Na*, NH,, Mg>"*
[12] which are suspected to have a layered structure on
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the basis of their exchange properties. The cations, found
between the [UV;0;;]” layers can be exchanged for
inorganic and organic cations and some water molecules
can be replaced by other solvent molecules [13].

Two families of layered uranyl vanadates have been
recently discovered: M¢UsV,0,3 with M=Na, K [14]
and M,UgV,05,Cl with M =Rb, Cs [15]. Single crystals
of these compounds have been obtained from (UO»);
(VOy), - 5SH>0O [16] towards attempts at ion “‘exchange”
reactions in molten alkali chlorides. In (UO»);3
(VOy), - 5SH,0O, UO; pentagonal bipyramids are asso-
ciated together by the oxygen atoms of the equatorial
plane of the UO; bipyramids, a UO; bipyramid shares
two opposite O-O edges with two other UO; bipyr-
amids to form zig-zag infinite chains (UOs).,. The
parallel chains are connected by VO, tetrahedra to built
slightly corrugated layers [UO»(VQOy,)]™ which are linked
together by disordered UO3" uranyl ions and water
molecules. Reaction of this compound with molten
potassium chloride led to the growth of orange single
crystals of KgUs5V,055 [14]. In this compound, and the
Na-analogous, the infinite (UOs),, chains are preserved
but the arrangement of the chains and VO, tetrahedra
is different. In fact, two parallel chains are linked by
oxygen atoms of the equatorial plane of the UO,
pentagonal bipyramids not involved in the chain
formation. In rubidium and cesium chlorides, the
reaction is different and the yellow synthesized single
crystals formula is M;UgV,03,Cl [15] with M =Rb, Cs.
In these compounds, zig-zag chains of edge shared
pentagonal bipyramids are once again obtained, but
some of the oxygen atoms shared between two parallel
chains are replaced by chlorine atoms. To prevent the
substitution of chlorine in the double chains we have
planed the use of largest anions. By reaction of
(UO,)3(VOy4), in an excess of molten rubidium iodide,
orange single crystals of a new phase RbgUsV,0,3 are
synthesized. This phase is called a-RbsU5V,0,3 because
it exhibits a transition to a f§ form at high temperature.
Single crystals of the f§ variety of RbgUsV,0,3 have been
obtained. The both crystal structures are reported in this
paper and compared between them and with the other
M¢U5V,0,3 (M =Na, K) compounds.

2. Experimental

Single crystals of a-RbsUsV,0,3 were prepared by
reaction of uranyl orthovanadate (UO,)3(VOy), - SH,O
prepared as described in [16] in a large excess (30/1 M
accounts) of molten rubidium iodide. The mixture was
slowly heated in a platinum crucible to 350°C to allow
dehydration of the uranyl salt. Afterwards the tempera-
ture was increased to 650°C, above the rubidium iodide
melting point, 642°C, and below that of (UO;)3(VOy),,
800°C. The molten mixture was slowly cooled (5°C/h) to

room temperature and washed with water to dissolve the
excess of rubidium iodide, giving orange single crystals.

Attempts to synthesize powder of a-RbgUsV,0,3
from a ternary stoichiometric mixture of Rb,COs,
Uz0g and V,0s failed whatever the temperature. In
fact, only the  form was obtained at high temperature.
The preparation of pure a-RbgUsV,0,3 was achieved
by heating a mixture of Rbl (Aldrich), U3;Og (Prolabo
rectapur) and V,0s (Aldrich) in the molar ratios
6/1.67/1 at 650°C. The observed X-ray pattern of
a-RbgUsV,0,3 is in perfect agreement with the calcu-
lated pattern from the crystal structure results.

Single crystals of -RbgUsV,0,; have been grown
from a mixture of Rb,CO3, U3z0g and V,0s in the molar
ratios 2/0.67/1 slowly heated up to 1200°C. The molten
mixture was slowly cooled (10°C/h) and finally orange
single crystals were obtained. From crushed crystals,
a distinctive X-ray diffraction pattern was observed
that characterized the allotropic variety -RbgUsV,0,;.
The powder compound was synthesized by a solid
state reaction between a stoichiometric mixture of
U305 (Prolabo rectapur), V,Os (Aldrich) and Rb,CO;3
(Aldrich) according to the following reaction:

SU304 + V105 + 3Rb,CO; + 30,
—ff — RbgU5V,0,3 4+ 3CO,.

The homogeneous mixture was slowly heated up to
1000°C and maintained at this temperature during 7
days with intermediate grindings and finally rapidly
(150°C/h) cooled to room temperature. The X-ray
diffraction pattern of the as-obtained powder is identical
to that of crushed single crystals and to that of the
calculated pattern from the crystal structure results.

Well shaped crystals of o and -Rbg(UQO5)s5(VO4),05
were selected for structure determinations. Preliminary
investigations indicated for both varieties a monoclinic
symmetry. For o form, systematic absences of (hk/,
h+k=2n+1and h0/, ] = 2n + 1) reflections indicated
Cc and C2/c as possible space groups and for f,
systematic absences of (0k0, k+k=2n+1 and h0/,
h+1=2n=1) indicated the P2,/n space group. The
structures of the two forms were solved in the
centrosymmetric space groups.

Single-crystal X-ray diffraction data were collected
on a BRUKER AXS diffractometer equipped with
a SMART charge-coupled device (CCD) detector.
Data were collected using monochromated MoKo
radiation. Crystal data, conditions of data collections,
and structure refinement parameters are reported in
Table 1 for o and f forms.

The unit-cell parameters of the crushed single crystals
were refined by a least-squares procedure from the
indexed powder diffraction patterns, collected with a
SIEMENS D5000 diffractometer (CuKo radiation)
equipped with a back-end monochromator and cor-
rected for Ko, contribution. The figures of merit, as



Table 1

Crystal data, intensity collection and structure refinement parameters for Rbs(UO,)5(VO4),0s5
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#-Rbg (UO2)5(VO4)20s

B-Rbs (UO,)5(V04)20s

Crystal data

Crystal symmetry Monoclinic Monoclinic

Space group C2le P2,/n

Unit-cell refined from single-crystal data a=24887(8) A 7.1635(9) A
b =7.099(2) A 14.079(2) A
¢ =14.376(4) A 24.965(4) A
B =103.92(1)° 90.23(1)°

Unit-cell volume 2465.2(6) A 2517.8(6) A®

z 4 4

Calculated density
Measured density

Data collection

p=5852)gem™?
p=586(2)gem™?

5.73(1)gem 3
5.79(2)gem

Temperature (K) 293(2) 293(2)

Equipment Bruker SMART CCD Bruker SMART CCD

Radiation MoKo 0.71073 A 0.71073 A

Scan mode w w

Recording 6 min/max (deg) 1.69/23.29 1.63/30.03

Recording reciprocal space —27<h<27 —10<h<10
—-7<k<7 —18<k<19
—-15<I<15 -34<I/<31

No. of measured reflections 5348 7869

No. of independent reflections 1307 2276

i (em™Y) (for AKa=0.71073 A) 453.14 443.62

Limiting faces and distances (mm) 100 0.025 100 0.064

From an arbitrary origin 100 0.025 100 0.064
010 0.052 010 0.021
010 0.052 010 0.021
001 0.027 001 0.018
00T 0.027 00T 0.018

R merging factor 0.045 0.067

Refinement

Refined parameters/restraints 107/0 214/0

Goodness-of-fit on F? 1.120 1.080

R, for all data 0.0316 0.0412

wR; for all data 0.0874 0.0885

Largest diffraction peak and hole(e 10\’3) 2.16/-2.79 2.00/-2.73

Ri =32 (1Fo| = |Fel)/ 22 | Fol.
wRy= [ w(Fy — F2)?/ Yo w(F2)"' 2.

w = 1/[62(F2) + (aP)* + bP] where a and b are refinable parameters and P = (F2 + 2F2)/3.

defined by Smith and Snyder [17] were Fyy =
36(0.013;43) and 28(0.010;72) for the o and p forms,
respectively. The powder X-ray diffraction pattern data
are reported in Tables 2 and 3, respectively.

The density, measured with an automated Micro-
meritics Accupyc 1330 helium pycnometer using a 1-cm®
cell, indicated Z =4 formula per unit cell for both «
and f forms (pey, = 5.86(2) gem ™, poy = 5.85(2) gem
for o; peyp, = 5.79(2) gem 2, pey = 5.73(1) gem for p).

The integral intensities were extracted from the
collected frames with the Bruker Saint Plus 6.02
software package [18] using a narrow-frame integration
algorithm. A Gaussian-type absorption correction based
on precise faces indexing was then applied using XPREP
program [19] followed by SADABS [20] for additional
corrections. The crystal structure of both compounds

were solved by direct methods using the SHELXTL
software [19], which gave the position of U, Rb and V
atoms. Oxygen positions were deduced from subsequent
refinements and difference Fourier maps calculation.
Both structures were refined on the basis of F? for all
unique data, using the SHELXL program. Refinement
of atomic positional parameters, anisotropic displace-
ment parameters for U, V, Rb atoms, and isotropic
displacement for O atoms yielded to final R; = 0.0316
and wR, = 0.0874 for 1307 independent reflections for
a-RbgUsV,0,3 and R} = 0.0412, wR, = 0.0885 for 2276
independent reflections for -RbgUs5V,053. The atomic
positions and equivalent isotropic displacement factors
and anisotropic displacement parameters for metals are
reported in Tables 4 and 5 for the o and in Tables 6 and
7 for the fp form, respectively.
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Table 2
Observed and calculated X-ray powder diagram a-RbgUsV,0,;3

hkl 20 obs. 20 cal. Intensity % hkl 20 obs. 20 cal. Intensity %
20-2 13.079 13.045 80 710 28.814 28.804 90
11-1 14.053 14.079 5 222 29.975 29.968 8
400 14.730 14.695 16 22-3 31.491 31.481 13
202 16.178 16.154 12 513 32.355 32.366 4
112 18.833 18.824 5 314 32.874 32.895 23
402 21.760 21.745 6 42-3 33.019 33.014 7
510 22.295 22.281 17 912 35.215 35.199 21
312 22.611 22.583 11 60—6 39.832 39.849 12
602 22.734 22.713 6 912 40.932 40.921 12
204 24.840 24.821 15 116 41915 41.932 14
020 25.107 25.070 15 530 42.512 42.530 19
004 25.550 25.561 24 80—6 43.042 43.029 19
021 25.896 25.885 35 531 43.747 43.759 32
404 26.271 26.263 75 111-4 45.067 45.055 16
221 26.516 26.502 20 102-3 45.726 45.766 7
313 27.425 27.426 37 31-7 46.054 46.035 18
512 27.902 27.899 100 730 46.539 46.539 8
71-1 28.110 28.101 40 62—6 47.631 47.660 15
22-2 28.384 28.360 78 731 47911 47.950 11
Table 3

Observed and calculated X-ray powder diagram f-RbgUsV,0,3

hkl 26 obs. 20 calc. Intensity % hicl 20 obs. 20 cal. Intensity %
002 7.082 7.079 17 214 29.482 29.487 19
013 12.371 12.351 21 127 30.801 30.786 29
020 12.583 12.570 37 028 31.342 31.343 5
101 12.853 12.866 18 037 31.483 31.494 7
021 13.081 13.062 23 224 31.524 31.516 5
110 13.852 13.863 10 231 31.633 31.626 8
022 14.452 14.440 22 144 31.754 31.744 8
11-2 15.570 15.556 8 233 33.262 33.280 5
023 16.500 16.488 6 145 33.600 33.588 28
025 21.822 21.815 15 13-8 36.711 36.730 5
115 22.650 22.643 7 30-5 41.846 41.837 6
026 24.852 24.848 5 31-5 42.362 42.349 26
125 25.140 25.160 57 0212 45.451 45.444 15
210 25.632 25.649 35 13-11 46.112 46.130 13
017 25.742 25.759 44 24 -8 46.310 46.323 23
211 25912 25917 27 073 46.431 46.430 6
042 26.315 26.298 23 346 51.224 51.232 4
212 26.660 26.672 13 35-3 51.292 51.291 3
134 26.865 26.849 26 266 51.414 51.401 18
043 27.511 27.504 37 080 51.922 51.937 8
107 27.992 27.982 100 0214 52.944 52.950 7
140 28.214 28.226 17 404 53.111 53.109 4
036 28.632 28.641 63 33-9 54.182 54.187 20
135 28.947 28.957 39 360 54.810 54.808 21

a=7162(1)A, b=14.073(2) A, ¢ = 24.954(3) A, B = 90.27(1) A, Fyy = 28(0.010; 72).

3. Description of the structures and discussion
3.1 OC-Rb,;U5V2023
Table 8 provides for a-RbgUsV,0,3 the most sig-

nificant distances, angles and bond valence sums
calculated using Brese and O’Keeffe’s data [21] with

bh=037A except for U-O bonds where the coordina-
tion independent parameters (R; =2.051A and
b =0.519 A) were taken from Burns et al. [22].

The three independent uranium atoms U(1), U(2) and
U(3) are bonded to two oxygen atoms at short distances,
0O(4) and O(5) for U(1), O(2) and O(3) for U(2), and two
O(1) for U(3), respectively, forming nearly linear uranyl
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ions, U(1)03", U(2)03", and U(3)03", Fig. 1. The
three uranyl ions are surrounded in the equatorial plane
by a pentagonal environment of oxygen atoms thus all
coordination polyhedra of U atoms are pentagonal
bipyramids UO;. The uranyl-ion bond lengths range
from 1.797(13) to 1.854(14) A with an average value of
1.834 A. The remaining equatorial oxygen ligands show
significant variations with U-O distances ranging from
2.219(12) to 2.406(13) A for U(1)O-, from 2.156(7) to
2.762(12)/§ for U®2)O; and from 2.230(12) to
2.800(21) A for U(3)O7, respectively. However, the
average values, 2.337, 2.340, 2.375A for U(1), U(2),
U(3) polyhedra, respectively, are in good agreement
with the average bond length of 2.37(9)A calculated for
uranyl polyhedra of numerous well-refined structures
[22]. The UO; polyhedra share edges to form
[(UO5)s044] infinite ribbons three uranium polyhedra
width parallel to the (101) plane and running along
b-axis. Vanadium is tetrahedrally coordinated with V-O
distances ranging from 1.631(15) to 1.804(13) A. Two

Table 4

Atomic positions, isotropic thermal factors of a-Rbg (UO,)5(VO4),05
Atom  Site. X y z Usso, Ueq*
Ul 8f 0.14618(2)  0.03641(9) 0.88365(4)  0.0069(2)"
U2 8f 0.08314(2) —0.44550(9) 0.82897(4)  0.0068(2)*
U3 4e 0 0.09559(9) 3/4 0.0081(3)"
\% 8f 0.28199(9) —0.0479(4)  1.0694(2)  0.0075(6)"
Rbl  8f 0.03557(7)  0.2467(2)  1.05248(9) 0.0184(4)"
Rb2  8f 0.13083(8)  0.2532(2)  0.61466(9) 0.0185(5)"
Rb3 8f 0.29099(8) 0.2199(3)  0.82973(9) 0.0207(5)"
ol 8f 0.0232(5) 0.1024(9)  0.6375(8)  0.013(3)
02 8f 0.0626(5) —0.4554(9)  0.9446(9)  0.016(3)
03 8f 0.1083(5)  —0.4288(9)  0.7182(9)  0.016(3)
04 8f 0.1297(5) 0.0690(9)  0.9989(9)  0.018(3)
05 8f 0.1651(5) 0.0087(9)  0.7714(8)  0.015(3)
06 8f 0.3375(5) —0.2159(9) 1.0800(8)  0.015(3)
07 8f  —0.0646(5) —0.1286(9)  0.6815(8)  0.014(3)
08 8f 0.2432(5) —0.0042(9)  0.9561(9)  0.017(3)
09 8f 0.0792(5) 0.2380(9)  0.8205(8)  0.018(3)
010 8f 0.3202(5) 0.1493(9) 1.1107(9)  0.018(3)
olr  gf 0.2417(5)  —0.1004(9)  1.1399(9)  0.019(3)
012 4e 0 —0.5100(9) 3/4 0.023(4)

Note. The Ugq values are defined by Uyq = %(Z, > U,-jal.*aja,-aj)

[(UO,)sO;], ribbons are linked together by VO
tetrahedra. Each VO, tetrahedron shares an O(6)-
0O(10) edge with an U(2)O; pentagonal bipyramid of
one ribbon and an O(8) corner with an U(1)O,
bipyramid of the neighboring ribbon. The VO, tetra-
hedron is highly distorted, the shortest V-O distance
involving the non-shared oxygen atom. Uranyl penta-
gonal bipyramids and vanadium tetrahedra form planar
layers parallel to the (101) plane. Fig. 1 shows a
representation of a layer in this plane. The layers are
stacked along the c-axis. Fig. 2 represents an orthogonal
projection of the structure in the (010) plane. Rubidium
ions lie in the interlayer space and ensure the cohesion
between the layers. Except the Rb(3)-O(8) bond, all the
oxygen atoms participating to the rubidium coordina-
tion polyhedra are uranyl oxygen or the non-shared
O(11) atom of the VO, tetrahedron.

3.2. B-RbsUsV5053

Table 9 provides for fS-RbgUsV,0,3 the most
significant distances, angles and bond valence sums.

Each of the five independent uranium atoms is
bonded to two oxygen atoms at short distance, O(1)
and O(5) for U(1), O(8) and O(2) for U(2), O(11) and
0O(3) for U(3), O(4) and O(9) for U(4), O(20) and O(10)
for U(5), respectively, forming nearly linear uranyl ions
UO3". The uranyl-ion bond lengths range from
1.746(13) to 1.867(14)A with an average value of
1.820A. As excepted for U(3), uranyl ions are
surrounded in the equatorial plane by a pentagonal
environment of oxygen atoms; thus the coordination
polyhedra of these uranium atoms are pentagonal
bipyramids. The equatorial oxygen ligands show sig-
nificant variations with U-O distances ranging from
2.106(22) to 2.642(24) A, however the average values,
2.355, 2.338, 2.309 and 2.338 A for U(1), U(2), U(4) and
U(5) polyhedra, respectively, are in good agreement
with the average bond length of 2.37(9)A [22]. For the
U(3) atom, the coordination polyhedron is a distorted
octahedron with two oxygen atoms at shorter distance
belonging to the uranyl U(3)O3" ion and four oxygen
atoms at longer distances (ranging from 2.251(23) to

Table 5

Thermal anisotropic factors for metals (U, V, Rb) of a-Rbg (UO;)5(VO4),05 (AZ)

Atom Un U Usz U Uiz U

Ul 0.0082(4) 0.0111(4) 0.0026(4) 0.0009(3) 0.0035(3) 0.0005(3)
U2 0.0074(4) 0.0112(4) 0.0030(4) —0.0009(3) 0.0039(3) —0.0005(2)
U3 0.0075(5) 0.0153(5) 0.0028(5) 0.00000 0.0039(4) 0.00000
\% 0.0050(14) 0.0113(15) 0.0074(16) 0.0020(12) 0.0037(12) 0.0002(12)
Rbl 0.021(1) 0.0205(10) 0.0161(10) 0.0000(8) 0.0093(8) 0.0017(7)
Rb2 0.027(1) 0.0199(10) 0.0100(9) 0.0037(8) 0.0071(8) 0.0003(7)
Rb3 0.026(1) 0.0227(10) 0.0184(10) 0.0013(8) 0.0155(8) —0.0001(8)

Note. The anisotropic displacement factor exponent takes the form —27? [hzu #2 Uyy + -+ + 2hka = b * Ul
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2.310(21)A) in the equatorial plane, forming a trape-
zoid, the distance to the fifth equatorial oxygen atom
0O(23) (3.31 A) is too long to be considered as a bond.

Table 6 .
Atomic positions, isotropic thermal factors (A?) of f-Rbg (UO,)s
(VO4),05

The UO; and UQg polyhedra share edges to form
[(UO3,)s011] infinite ribbons three uranium polyhedra
width. Both independent vanadium atoms V(1) and V(2)
are tetrahedrally coordinated with V-O distances ran-
ging from 1.598(22) to 01.836(26);& for V(1) and from
1.653(14) to 1.814(22) A for V(2). Two consecutive
[(UO»)50 ] ribbons are connected by VO, tetrahedra.

Atom  Site ’ - Usor Ueat Each tetrahedron shares an edge with one UO;
Ul de  0.82487(9) 0.22872(9)  0.04327(5)  0.0097(3)" pentagonal bipyramid of one ribbon and a vertex with
U2 de 0.82249(9)  0.31502(9)  —0.11968(5) ~ 0.01103)° an UO5 polyhedron of the consecutive ribbon. Corru-
U3 de  0.3390509) 0.27449(9) —0.03742(5)  0.0116(3)" a1 el he (010) ol ‘ d
U4 de  1.31574(9) 0.19707(9)  0.10343(5)  0.0104(3)" gated layers parallel to the ( ,).par}e arc formed,
us 4e 1.31324(9)  0.33203(9) —0.18011(5)  0.0117(3)* Flg. 3. The seven 1ndependent rubidium ions occupy the
Vi de 0.8228(7)  0.1408(4) 0.1671(2)  0.015(1)* interlayer space and ensure the cohesion of the structure,
Ki 1 :L’ giéiggg 8?2222‘2‘; _8'(2)33:3% 8'8(1);(61(?:)* Fig. 4. All the Rb-O distances lower than 3.0 A involve
¢ : : e : uranyl oxygen or the non-shared O(13) and O(14) atoms
Rb2 4e 0.0069(5) 0.0586(3) —0.0770(1) 0.0235(8)"
. f the VO, tetrahedra.
Rb3 2d 15 0 0 0.0203(9) o 4
Rbd  2¢ 0 12 0 0.0248(9)"
RbS de 1.4829(5)  —0.0562(3) 0.1533(1) ~ 0.0240(8)* 3.3. Comparison between o and f-RbsUsV>05;3 and other
Rb6  de  0.9847(5)  0.3972(3) 0.1702(1)  0.0378(9)" wranyl vanadates
Rb7  4de  0.9971(5)  0.13273)  —0.2497(2)  0.0345(9)
01 de  0.82503) 0.1020(9) 0.0233(8)  0.008(5)
02 4e  0.831(3) 0.4433(9)  —0.1050(9)  0.019(6) To compare the structures of the two forms of
03 4e  0.338(3) 0.3972(9)  —0.0145(8)  0.008(5) RbgUsV,0,3 with those of other uranyl-containing
8‘5‘ j" éégig; 82;328; 83232235 gg;?ég; compounds it is interesting to consider the infinite
06 de 1.14003) 031159)  —0.10428)  0.014(5) zig-zag .chalns (UOs),, formed by §harmg. opposite
o7 4o 0.51403) 0.32429)  —0.1097(7)  0.007(4) equatorial edges of UO; pentagonal bipyramids. These
08 de  0.816(3) 0.1906(9)  —0.1400(8)  0.015(5) chains, running along the b-axis, result from edge-
09 de 1.324(3) 0.3202(9) 0.1282(9)  0.020(5) sharing between U(1)O; and U(2)O; entities in
010 4e  13113)  04598(9)  —0.1763(9)  0.020(5) %-RbgUsV,0,5. In the f form two kinds of chains are
Oll  4e  0.35003) 0.1522(9)  —0.0589(9)  0.027(6) ;
012 de 06330 0.1634(9) 0.12569)  0.019(5) for@ed from edge-sharing between U(1)O5 and U(4)O7
o13 4o 0.812(3) 0.50559)  —0.2481(9)  0.025(6) entities an.d betwe§n .U(2)O7 and U(5)O7', respectively.
Ol4  4e  0.85303) 0.0215(9) 0.1728(9)  0.021(6) These chains are similar to those found in well-known
Ol5  4e  0.63103) 0.3450(9)  —0.2067(9)  0.024(6) compounds such a-U;O0g [23], UVOs5 [4,24,25], USbOs
016 4e 1.140(3) 0.2375(9) 0.0290(8) 0.016(5) [26], UMo,0Ogs [27], umohoite UMoOg - 2H,0 [28],
OI7 4e  0.31003) 0.2298(9) 0.0358(9)  0.020(5) uranyl silicate minerals such as weeksite [29] and other
O18  4e  0.996(3) 0.3448(9)  —0.2001(8)  0.013(5) ; .
019 4o 1.006(4) 0.1936(9) 0.12548)  0.036(7) repently studied compounds like U,P,O;q [30], uranyl
020  4e 1.304(3) 0.2088(9)  —0.1877(9)  0.024(6) divanadate (UO,),V,05 [31,32], hydrated uranyl ortho-
021 4e  0.818(3) 0.3433(9)  —0.3065(9)  0.023(6) vanadate (UO,)3(VOy), - SH,O [16] and orthophosphate
QR by DU 0RN0) G0N0 (V0RO SHOIL) MUV-On (M=K No)l14]
¢ 8010) 27600)  —0-03650) 033(6) While in the majority of the cases, chains are connected
Table 7 .
Thermal anisotropic factors for metals (U, V, Rb) of f-Rbg (UO,)s(VO,),05 (A?)
Atom Uy U Usz U Uiz Uss
Ul 0.0068(6) 0.0134(7) 0.0090(6) 0.0005(5) —0.0011(5) —0.0001(6)
U2 0.0063(6) 0.0136(7) 0.0131(6) —0.0001(5) 0.0000(5) 0.0020(6)
U3 0.0131(6) 0.0134(7) 0.0082(6) —0.0008(5) —0.0009(5) 0.0016(5)
U4 0.0074(6) 0.0116(7) 0.0121(6) —0.0001(5) 0.0010(5) 0.0016(5)
Us 0.0116(6) 0.0138(7) 0.0097(6) —0.0001(5) —0.0009(5) 0.0022(5)
Vi 0.002(3) 0.029(4) 0.016(3) ~0.001(2) 0.000(2) 0.015(3)
V2 0.003(3) 0.008(3) 0.009(3) —0.001(2) 0.000(2) 0.001(2)
Rbl 0.018(2) 0.019(2) 0.022(2) —0.001(1) 0.002(1) 0.001(1)
Rb2 0.019(2) 0.024(2) 0.028(2) 0.001(1) —0.002(1) 0.001(1)
Rb3 0.020(3) 0.023(3) 0.018(2) ~0.002(2) ~0.001(2) ~0.002(2)
Rb4 0.018(3) 0.033(3) 0.024(3) 0.003(2) 0.003(2) 0.005(2)
Rb5 0.026(2) 0.022(2) 0.024(2) 0.004(1) —0.0022(15) 0.001(1)
Rb6 0.025(2) 0.050(3) 0.039(2) 0.009(2) —0.008(2) ~0.025(2)
Rb7 0.027(2) 0.040(3) 0.037(2) ~0.009(2) ~0.002(1) ~0.009(2)
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Table 8

Bond distances (A), angles (deg) and bond valences S; in 2-Rbs(UO,)s(VO4)205

U environment

Sij
U1-05 1.797(13) 1.632
U1-04 1.815(14) 1.576 05-U1-04 177.7(5)
U1-09 2.219(12) 0.723 05-U1-09 92.1(4)
U1-07 2.336(12) 0.577 05-U1-07 88.6(4)
U1-06 2.348(12) 0.564 05-U1-06" 91.4(3)
uUl-010f 2.377(12) 0.534 05-U1-010' 88.1(4)
U1-08 2.406(13) 0.505 05-U1-08 85.6(5)
Sy 6.110
U2-03 1.850(14) 1.473
U2-02 1.854(14) 1.459 03-U2-02 176.0(5)
U2-012 2.156(7) 0.815 03-U2-012 92.3(4)
U2-09" 2.251(12) 0.680 03-U2-09" 92.1(3)
U2-07 2.294(12) 0.626 03-U2-07 89.2(3)
U2-06" 2.384(12) 0.526 03-U2-06" 91.9(4)
U2-010 2.762(12) 0.254 03-U2-010' 81.6(4)
Sy 5.833
U3-01 1.844(13) 1.493
U3-0t! 1.844(13) 1.493 01-U3-01! 177.0(5)
U3-09' 2.230(12) 0.708 01-U3-09' 91.1(4)
U3-09 2.230(12) 0.708 01-U3-09 87.6(4)
U3-07 2.308(12) 0.609 01-U3-07 88.7(4)
U3-07 2.308(12) 0.609 01-U3-07' 93.4(4)
U3-012Y 2.800(21) 0.237 01-U3-012" 88.5(2)
Sy 5.857
V tetrahedral environment
V-0l11 1.631(15) 1.592 011-V-08 110.0(6)
V-08 1.710(13) 1.286 011-V-010 110.1(5)
V-010 1.716(12) 1.265 011-V-06 111.7(5)
V-06 1.804(13) 1.000 08-V-010 108.7(5)
Sy 5.14 08-V-06 116.5(5)
Rb environment Sij Sij Sij
Rb1-02" 2.799(11) 0.236 Rb2-05 2.809(12) 0.229 Rb3-O11% 2.839(16) 0.211
Rb1-O1"Y 2.813(8) 0.226 Rb2-04 2.825(9) 0.220 Rb3-05" 2.877(12) 0.191
Rb1-02"i 2.866(12) 0.196 Rb2-03" 2.833(10) 0.214 Rb3-08 2.878(14) 0.190
Rb1-04 2.922(14) 0.168 Rb2-0O114 2.905(12) 0.176 Rb3-O111 2.884(8) 0.187
Rb1-03" 2.924(18) 0.168 Rb2-0O114 2.905(12) 0.146 Rb3-03" 2.950(14) 0.156
Rb1-O1! 2.954(17) 0.154 Rb2-0O1 2.975(13) 0.141 Rb3-04' 3.142(18) 0.093
Rb1-O7" 3.547(18) 0.031 Rb2-02% 2.987(17) 0.106 Rb3-O10 3.224(15) 0.075
Sy 1.179 1.267 1.103

Symmetry codes: (i) —x,y,1.5—1z (i) 0.5—x,—0.5—y,2—z (iii) 0.5—x,0.5—y,2 -z (iv) x,—»,05+z (v) x,1 +y,z; (Vi) x,—1+yp,z;
(vil) —x, —p,2 — z; (viii)) —x, 1 +p, 1.5 — z; (ix) 0.5 — x,—=0.5+ py, 1.5 — z; (xX) —x,1 — »,2 — z; (xi) x, —y,—0.5 4 z; (xii) 0.5 — x,0.5+ y, 1.5 — z.

by polyhedra such as VO, tetrahedra in (UO,);
(VOy4),-5SH-O [16], VOs5 square pyramids in UVOs
[4,24,25], SbO¢ octahedra in USbOs [26] or distorted
MoOs(OH) in umohoite [28], ReOs-type slabs of two-
octahedra wide in UMo0,Og [27], divanadate groups in
U,V,04; [31,32], silicate tetrahedra chains in weeksite
[29], in & and f forms of RbgUs5V,0,;5 they are connected
by corner sharing to form double chains similar to those
found in the series MgU5V,0,5 (M=K, Na) [14]. Within
the double chains very distorted hexagonal rings better
described as a quadrangular site flanked by two

triangular sites are created. The quadrangular site is
occupied by a U atom when the triangular sites are
empties. The coordination of the “inserted” U atom is
related to the distortion of the oxygen six-membered
cycle. The distortion can be measured by the angle
between the two O-O edges labeled O1-O2 in Figs. 5
and 6 and Table 10. In KgUsV,053 the quadrangular
site is perfectly rectangular, the U atom occupies the
center of the rectangle with four relatively short U-O
distances (2.28(2)2 x and 2.29(2)2 x A), the two other
U-O distances are very long (3.568(17)A), so the
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[(UOJO,,].. ribbon

o

[(UO,)0,,] . ribbon

o

o

a

v

B
>

Fig. 1. Projection of the (UsV»0,3)°~ layer of a-RbgUsV,053 on (107) plane showing the three polyhedra width ribbons built from edge-shared UO;

pentagonal bipyramids connected by VO, tetrahedra.

Fig. 2. Projection of the crystal structure of a-RbgUsV,0,3 on (010) plane showing the planar (UsV,0,3)®~ layers and interlayer Rb atoms.

coordination of the U atom is unambiguously octahe-
dral. For the other M¢UsV,0,3 (M=Na, Rb) com-
pounds the deformation of the (UOs),, chains creates
a trapezium site rather than rectangular (Fig.5) and
leads to the coming together of an oxygen atom of the
triangular site (Table 10) leading to a modification of
the uranium environment from a distorted octahedron
to a pentagonal bipyramid. This fact is illustrated well in
the structures of the o and f forms of RbgUsV,053, the

deformation of chains is more important in the a form,
the environment of the uranium U(3) is a pentagonal
bipyramid while in the f phase it is rather an
octahedron. The more important deformation of the
chains is observed in «U3Og [25] with an angle between
the O—O edges of 24.98°, the distance of the fifth oxygen
atom in the equatorial plane of the uranium coordina-
tion being 2.442(21)A. In this compound the linkage
between (UOs) ., chains is not limited to two chains and
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Table 9 Table 9 (continued)
Bond distances (/D\), angles (deg) and bond valences S; in f-
Rbg(UO,)5(VO,4),05 Rb environment
) Sij Sij
U environment RbI-O3  2.771(19) 0299 Rb2-OS 2.789(19) 0.241
Sij RbI-02  2.798(21) 0.254 Rb2-Ol1 2.82421) 0.222
U1-01 1.852(13)  1.473 RbI-O5*  2.797(19) 0.241 Rb2-O14" 2.83223) 0216
U1-05 1.867(14) 1.417  O1-UI-05 175.0(6) RbI-O3™  2.836(22) 0.234 Rb2-04 2.861(19) 0.199
U1-023 2.106(22) 0910 O1-U1-023 92.9(7) RbI-O10'  2.907(24) 0.210 Rb2-O1" 2.889(18) 0.184
Ul-017 2.263(22) 0.669 OI1-UI-O17 89.2(7) Rbl1-07 3.037(13) 0.179 Rb2-Ol 2.893(23) 0.184
8}*8%3 ;igggg 8-% 8}*814812 g?gg; RbI-O17™  3.517(14) 0.122 Rb2-023 3.547(17)  0.032
UI-012  2.64224) 0321 O1-UI-012  82.8(6) 25 133925 1278
S, 5.867 s s,
Rb3-04%  2.785(24) 0.241 Rb4-03* 2.845(20) 0.210
Sy Rb3-04  2.785(24) 0.241 Rb4-O3 2.845(20) 0.210
U2-08 1.824(13)  1.561 Rb3-O1%  2.79520) 0.241 Rb4-O5™ 2.987(20) 0.140
U2-02 1.844(13)  1.502  08-U2-02 175.30(58) Rb3-O1%  2.795(20) 0.24]1 Rb4vOS' 2.987(20) 0.140
U2-023  2.154(22) 0.811 08-U2-023  91.22(70) Rb3 O11%  2810(18) 0228 Rbd 02" 2.991(24) 0,140
U2-07 2.229(22) 0710 08-U2-O7 93.59(74) Rb3-O11%  2.810(18) 0.228 Rb4-O2 2.991(24) 0.140
83*8?8 ;igggg g-g% 82*8548?8 zggzg% Rb3-O17%  3.357(14) 0.052 Rb4-023* 3.577(16)  0.028
U2-015  2.599(25) 0.347 O8-U2-O15  84.88(70) 25 L7228, 1008
ES,'/‘ 6.048 S[j Si/'
Rb5-020°  2.770(18) 0.254 RbG-O13" 2785(23) 0.241
Sy Rb5-O4  2.839(21) 0210 Rb6-O5 2.828(24) 0.216
U3-Ol1 1.805(14) - 1.591 Rb5-O131  2.845(24) 0.210 Rb6-09 2.864(23) 0.199
U3-03 1.820(14)  1.561  OI1-U3-03  177.5(6) Rb5-O8Y  2.876(19) 0.194 Rb6-0O10" 2.927(18) 0.165
U3-06'  2251(23) 0.682 Ol1-U3-06'  91.7(7) Rb5-O14%  2907(21) 0.174 Rb6-02" 3.074(19) 0.110
U3-0l6'  2.252(23) 0.682 O11-U3-0l16"  91.5(7) Rb5-O11%  2.973(23) 0.148 Rb6-019 3.081(15) 0.110
33*8;7 ;i?gg‘g 82(3); 8“*8?8;7 gzgg; Rb5-O12%  3.347(15) 0.053 Rb6-022 3.443(17) 0.042
=, ) Sy 1292 38, 1.083
S,"
Sij Rb7-013*Y  2.848(19) 0.205
U4-04 1.802(14)  1.622 Rb7-020  2.890(24) 0.184
U409 1.841(14) 1.502 04-U4-09  174.5(6) Rb7-O14  3.088(20) 0.107
U4-017% 224024 0.695 04-U4O17%  93.2(7) Rb7-O8 314323) 0.093
U4-019  2288(29) 0.631 04-U4019  87.8(8) Rb7-018  3.233(15) 0073
U4-016  2311(22) 0.607 O4-U4-O16  89.2(7) Rb7 00 335225) 0.053
U4-021%  2319(22) 0.59 O4-U4-021"  90.7(7) Rb7-O10%  3354(20) 0.053
U4-0121  238522) 0.520 04-U4O0I12%  86.9(7) Rb7-022°  3367(18) 0.050
> S 6.173 Rb7-021  3.526(17) 0.033
S, 0.851
Us5-020 1.746(13) 1.786 Symmetry codes: (i) —1+ x,p,z; (i) 1+ x,p,z; (i) 0.5+ x,0.5 —
U5-010 1.801(13) 1.622 020-U5-O10  175.8(6) $,0.5+2; (iv) 0.5+ x,0.5 — , 0.5+ z; (v) | — x, —p, —z; (vi) —0.5 +
uUs-o7t 2.269(22) 0.657 020-U5-O7%  93.4(8) X,0.5—y,—0.5 + z; (vii) 2 — x, 1 — y, —z; (viii) 1.5 — x,0.5 + y, —0.5 —
U5-06 2.288(23) 0.631 020-U5-06  86.8(8) () 1—x1—p,—2 (X) 3—x,—p,—2z (xi) 2—x,—p,—z (xii)
U5-018 2.332(22) 0.584 020-U5-O18  91.0(8) —x, 1 =y, —z; (xiil) —0.54x,0.5—»,0.5+2 (xiv) 15— x,—0.5+
U5-015%  2.381(22) 0.531 020-U5-O15%  94.7(8) $,—0.5—z (xv) 2.5—x,-05+y,—0.5—z (xvi) 2.5-x,0.5+
Sy 6.302 y,—0.5 - z.

V environment
Sij
VI1-022 1.598(22) 1.731 022-V1-0O14  112.5(8)

Vi-014 1699(14) 1321 022VI-O12  112.009) leads to bidimensional sheets. The same bidimensional

V1-012 1.735(24) 1.218 014-V1-012 109.3(8) arrangement of zig-zag chains is obtained in M7U3V2
V1-019 1.836(26) 0.905 022-VI-O19  112.8(9) 03,Cl M=Rb, Cs [15], some of the shared vertices
> S 5175 O14-V1-019  110.9(7) between uranium pentagonal bipyramids being replaced

by chlorine atoms leading to two kinds of distorted

V2-ol3 L653(14) 1512 O13-V2-021  108.7(8) hexagonal sites Og and OsCl, respectively. The quad-

V2-021 1.682(22) 1.394 O13-V2-0O15 112.6(8)

V2015 1.718(23) 1251 021-V2-O15  112.9(9) rangular sites of the OsCl rings are occupied by U atoms
V2-018 1.814(22) 0.955 013-V2-018  112.1(8) in distorted octahedral environment, astonishingly, for
PR 5112 021-V2-0O18 1145 (9) the Og rings the rectangular sites are empty while one-

half of the triangular sites are occupied by V atoms.
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I(Uos)onlﬂ, ribbon

[(UOy0,,].. ribbon

Fig. 3. Projection of the (UsV,0,3)°" layer of f-RbsUsV,0; on (010) plane showing the connection of edge-shared UO- pentagonal bipyramids
by U(3)Og distorted octahedra and by O(23) atoms forming [(UO,)s01,],, ribbons connected together by VO, tetrahedra.

Rb3

Fig. 4. The crystal structure of f-RbsUsV,0,3 projected along [100] showing parallel corrugated layers.

Another important difference between MgUsV,053
(M=Na, K, -Rb) and a-RbgUsV,0,3 concerns the
type of connection of ribbons by VO, tetrahedra. In
the first compounds, the V-O bond with the non-
shared oxygen of tetrahedra connecting two consecutive
ribbons are all directed towards the same interspace
leading to an angle of about 40° between two
consecutive ribbons. The rows of tetrahedra parallel
to the [100] direction, “tip up” and “tip down”,
alternate leading to corrugated layers, the wave being

parallel to the [001] direction. In contrast, in o-
RbgU5V,0,3, the tetrahedra ““tip up” and ““‘tip down”
alternate along a row parallel to the [010] direc-
tion, leading to planar layers. This reason seems valid
not only for (UsV,0,3) layers but also for [UO»(X0y)]
layers found in (UO,)3(X0y4),-xH,O with X=P, V
[33,16]. The layers are plane and apical oxygen atoms of
X0, tetrahedra are alternatively pointing in both sides
of the layer in each row linking two parallel (UOs),,
chains.
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Fig. 5. Distortion of the Og rings formed between two oxygen-shared (UOs),, chains from KsUsV,0,3 to a-U3Og.

760°C

870°C

B

1050°C

I

Fig. 6. High-temperature X-ray diffraction pattern of a-RbsUsV,0,3 showing a transition to the f form at about 870°C.

Table 10

Some characteristic distances and angles for the U atom occupying the Og ring between two connected (UOs) chains

Compound d05-0'5 (A) Angle (deg)0,0,-0,0'» dU-0; (A) dU-0'; (A)
K¢UsV,053 7.135(22) 0.000 3.568(18) 3.568(18)
NagUsV,043 7.050(22) 6.30(1) 3.096(20) 4.007(21)
2-RbsUsV,0n3 7.163(24) 8.12(1) 3.309(22) 3.855(23)
4-RbgUsV->0,3 7.099(23) 13.48(1) 2.800(21) 4.299(22)
-U30g 6.710(23) 24.98(1) 2.442(21) 4.268(21)

3.4. Phase transition

Thermal differential analysis performed on both «
and f forms did not allow to evidence a transition
between them. On the opposite, a non-reversible o to f§
transition is evidenced on a high-temperature X-ray
diffraction pattern obtained with a Guinier—Lenné
focusing camera at about 870°C, Fig. 6. This transition
involves the rotation of half of the tetrahedra and is
accompanied by a slight increase of the unit-cell volume.

4. Conclusion

The compound RbgUsV,0,3 exhibits a phase
transition between o and f forms at about 870°C.

Crystal growth below and above this transition
allowed us to prepare single crystals of the two
varieties. Both structures contains sheets of uranyl
pentagonal bipyramids and VO, tetrahedra, with
composition (UsV,053)°". Rb ions occupy the
interlayers. The main difference between the two
structures concerns the VO, orientation which leads
to flat and corrugated layers in the o« and f
forms, respectively. As a consequence the (U,Oy).,
ribbons formed from two (UOs),, chains are more
distorted in the « form leading for the U atoms
occupying the holes of the ribbons to a pentagonal
bipyramid coordination in the o form rather than
distorted octahedron in the f§ form. The f form is very
similar to the other MgUsV,0,; compounds with
M=Na, K.
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