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Abstract

A new lead uranyl divanadate, PbUO,(V,0,), has been synthesized by high temperature solid-state reaction and its crystal
structure was solved by direct methods using single-crystal X-ray diffraction data. It crystallizes in the monoclinic system with space
group P2,/n and following cell parameters: a=6.9212(9) A, h=9.6523(13) A, ¢=11.7881(16) A, f=91.74(1)°, V=1787.01(2) A>,
Z=4, Pmes=5.82(3), pear=3.83(1)g/cm>. A full-matrix least-squares refinement on the basis of F? yielded R;=0.029 and
wR,=0.064 for 2136 independent reflections with 7>2a([) collected with a Bruker AXS diffractometer (MoKo radiation). The
crystal structure of PbUO,(V,05) consists of a tri-dimensional framework resulting from the association of V,0; divanadate units
formed by two VO, tetrahedra sharing corner and UO; uranyl pentagonal bipyramids and creating one-dimensional elliptic
channels occupied by the Pb?" ions. In PbUO5(V,05), infinite ribbons of four pentagons wide are formed which can be deduced
from the sheets with Uranophane type anion-topology that occurs, for example, in the uranyl divanadate (UO,)»(V,05), by
replacement of half-U atoms of the edge-shared UO; pentagonal bipyramids by Pb atoms. Infrared spectroscopy was investigated at
room temperature in the frequency range 400-4000cm™', showing some characteristic bands of uranyl ion and of VO, tetrahedra.

© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The lead uranyl vanadates are particularly well-
known through the Francevillite (Pb—Ba)(UO,)(V,Og) -
xH,0 [1-6] which is an important secondary uranium
ore with a constant Pb/Ba proportion. The pure Ba and
Pb species have been synthesized, they form a solid
solution in all proportions and the Pb variety was
named Curienite [4]. These compounds are related with
the Carnotite family K>(UO,),V,0g - H,O where K ion
can be replaced by other monovalent ions such Na ™",
Rb",Cs", NH, , TI", Ag" [7-15]. There are numerous
known divalent compounds M(UO,),V,05 with M =
Mn, Fe, Co, Ni, Cu, Zn, Cd [16-18]. All these
compounds present a layered structure with identical
[UO,(VOy)]™ infinite sheets, which can be more precisely
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written go[(UO2)2V203]2_, where V,0$~ centrosym-
metric units, formed by two edge-shared VOs square
pyramids, are associated with UO3" uranyl ions, in
pentagonal bipyramidal environment. The vanadium
square pyramidal coordinan has been also observed in
the CsUO,»(VO3); compound [19] which is characterized
by 2,[UV;0y;]” infinite sheets built from VOs square
pyramids and UOg hexagonal bipyramids sharing
edges and corners. Similar layers are also observed in
UV;0y [20].

In the majority of recently synthesized uranyl
vanadates, the vanadium atoms are observed in tetra-
hedral coordination [21-27]. Thus, the crystal structure
of the pentahydrated uranyl orthovanadate, (UO,);3
(VOy), - 5H,0 [21] is characterized by 2 [(UO,)(VO,)]~
parallel layers, formed by ! [UOs] infinite uranium
chains connected together by sharing equatorial edges
and corners with VO, tetrahedra, and these layers are
linked by another uranyl ion and by water molecules to
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form a three-dimensional framework. In the M¢(UQO»)s
(VO4),05 (M=Na, K, Rb) family [22,23], the crystal
structure of sodium and potassium compounds [22] is
characterized by uranyl vanadate layers, formed by
1 [(UOs)Oy,] infinite ribbons, connected together by
VO, tetrahedra. In both structures, all vanadium
tetrahedra on one side or on the other side of each
uranyl ribbon are, respectively, pointed up or pointed
down, to give a piling of parallel and corrugated layers
é[(UOz)S(VO4)ZO5]6*. With rubidium metal, two allo-
tropic o and f forms of Rbg(UO,)5(VO4),05 forms have
been obtained (23), where the f§ variety crystallizes with
corrugated layers identical to those of K and Na
compounds, while for the o compound, the VO,
tetrahedra are alternately inverted along each
cl>o[(U05)011] row, giving io[(Uoz)s(VOzx)zOS]& planar
layers. Two other uranyl vanadates families with V> in
tetrahedral coordination were recently evidenced, the
oxychloro uranyl vanadates M-;(UO,)g(VO4),05Cl with
M=RDb, Cs (24) and M(UO;,)4(VOy,); (M=Na, Li)
compounds [25]. In the first family, the crystal structure
is characterized by go[(UOz)g(VO4)ZOgC1]7’ layers built
up from VO, tetrahedra, UO; and UOgCI pentagonal
bipyramids, and UOg distorted octahedra. While the
second family is characterized by 2 [(UO,),(VO,);]
sheets parallel to (001) formed by corner-shared UOgq
distorted octahedra and V(2)O,4 tetrahedra, connected
by V(1)O4 tetrahedra to éO[UOS]“’ chains of edge-shared
UO5 pentagonal bipyramids alternately parallel to the
d@- and b-axis. By sharing an opposite corner the VO,
tetrahedra can also create the divanadate V,0O, entity
uncommon in the uranyl vanadate chemistry. Therefore
two examples are known up today, (UO,),V,07 [26,27],
and recently the layered compound Cs4(UO,),(V,07)O,
[28]. Thus, in this work we present the synthesis and the
crystal structure of a new uranyl vanadate containing
V,0; divanadate groups, the lead uranyl divanadate
Pb(UO,)(V,04).

2. Experimental
2.1. Synthesis

The single crystal used for X-ray diffraction experi-
ments was synthesized by solid-state reaction of PbO
((Johnson Matthey), V,Os (Aldrich) and U;O0g (Prola-
bo), which were placed in a platinum crucible in the
metallic ratio Pb:V:U=1:6:2. After the grinding of the
reagents in agate mortar, the crucible and its content
were heated in air to 680 °C where the temperature was
maintained for 2h and then slowly cooled to room
temperature at 5°Ch™"'. After washing of the obtained
yellowish shiny crystalline product with ethanol, yellow
crystals of Pb(UO,)V,07 phase were obtained.

The powder of this compound was also prepared by
conventional solid-state reactions, using pure initial
materials PbO, V,05 and U;Og according the following
reaction:

PbO + V5,05 + 1/3U305 + 1/60, — Pb(UO,)(V,07)

Mixed starting materials in the appropriate stochiome-
tries were heated at 570 °C in air for three days with
intermediate grindings. The end of the synthesis process
was controlled by X-ray powder diffraction using a
Guinier—De Wolff focusing camera and CuKa radiation.
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.

The parameters of the monoclinic unit cell of
Pb(UO,)(V,05) were refined by a least-square procedure
from powder X-ray diffraction data recorded at room
temperature on a Siemens D5000 diffractometer using a
Bragg—Brentano geometry with a back end monochro-
matized CuKa radiation and corrected for Ko, con-
tribution. The refined powder X-ray diffraction pattern
data with the figure of merit F5q as defined by Smith and
Snyder [29] and the refined unit cell parameters, are
reported in Table 1.

Using the polycrystalline sample, the density mea-
sured with an automated Micromeritics Accupyc 1330
helium pycnometer shows the very good agreement
between calculated and measured density, obtained with
Z =4 formula per unit cell (pg=582(3) and
Pcal = 583(])gcm_%)

2.2. Thermal analysis

To study the thermal stability of the compound, a
differential thermal analysis (DTA) was performed in air
with a SETARAM 92-1600 thermal analyzer in the
temperature range of 20-1000°C with heating and
cooling rate of 1.5°C/min, using platinum crucibles.
Thus, an endothermic peak observed at about 710°C
indicates a congruent melting point of Pb(UO,)(V,05)
compound. The powder X-ray diffraction analysis of
residue after DTA measurement, confirms the only
existence of a single phase of Pb(UO,)(V,0,).

2.3. Single crystal X-ray diffraction

A well shape single crystal of Pb(UO,)(V,0,) with
indexed faces indicated in Table 2, was mounted on a
glass fiber and aligned on a Brucker SMART APEX
CCD X-ray diffractometer. After preliminary determi-
nation of the cell parameters from 98 reflections, crystal
X-ray diffraction intensities were collected by a combi-
nation of three sets of 600 frames using MoKo
(2 =0.71073 A) radiation selected by a graphite mono-
chromator. The individual frames were measured using
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Table 1

Observed and calculated X-ray powder diffraction pattern for PbUO,V,0,

hkl 290],5 2()(:al(: Iobs/lo hkl 2Oobs 2Ocalc Iobs/lo
10-1 14.651 14.647 2 22-3 38912 38.909 1
101 15.036 15.042 2 30-1 39.570 39.568 5
110 15.754 15.756 23 10-5 40.015 40.022 1
11-1 17.304 17.300 4 310 40.188 40.179 9
012 17.631 17.632 23 042 40.360 40.366 7
111 17.638 141 40.368

020 18.373 18.376 4 21-4 40.695 40.688 S
021 19.877 19.872 3 204 40.812 40.810 2
11-2 21.562 21.568 20 311 41.159 41.164 2
112 22.121 22.112 18 034 41.541 41.540 2
120 22.468 22.452 7 232 41.550

022 23.818 23.823 100 115 41.895 41.907 2
013 24.454 24.459 21 214 41.895 41914 2
10-3 25.734 25.730 5 14-2 42.368 42.363 2
103 26.435 26.421 3 142 42.667 42.662 6
12-2 26.897 26.905 3 025 42.674

210 27.370 27.374 8 31-2 42.682

113 28.006 28.017 4 13-4 43.351 43.346 10
21-1 28.188 28.208 2 312 43.565 43.570 3
211 28.637 28.633 10 043 44.012 44.014 1
031 28.739 28.747 8 321 44.408 44.388 5
023 29.307 29.304 5 23-3 44.402

20-2 29.525 29.531 15 125 45.100 45.088 10
004 30.341 30.329 21 224 45.095

202 30.342 233 45.279 45.263 12
130 30.624 30.627 10 240 45.836 45.818 2
21-2 30.987 30.980 9 32-2 45.820

13-1 31.475 31.479 1 303 46.231 46.221 3
131 31.665 31.672 2 24 -1 46.360 46.358 2
014 31.735 31.745 7 241 46.619 46.637 1
220 31.796 31.810 20 322 46.664 46.661 2
123 32.375 32.372 2 313 47.210 47.224 3
22-1 32.545 32.540 1 035 47.799 47.814 5
221 32.905 32914 2 24 -2 48.227 48.220 5
11-4 34.005 33.990 1 215 48.290 48.285 5
132 34.466 34.459 6 11-6 48.704 48.709 6
114 34.712 34.707 5 044 48.763 48.752 8
22-2 35.012 35.002 3 242 48.761

040 37.259 37.238 3 32-3 48.927 48.943 2
041 38.056 38.040 2 150 48.953

124 38.389 38.385 2 23-4 48.970 48.977 4
133 38.646 38.657 1 15-1 49.527 49.532 1
23-1 38.805 38.801 2 22-5 49.844 49.844 1

Note. ), = 1.54056 A, refined zero-point correction 0.01(1) for 20; a=6.9216(8) A, b=9.653(1) A, c=11.787(1) A, f=91.737(2)°; Fao= 137(0.0054; 27).

a w-scan technique with an omega rotation of 0.3° and
an acquisition time of 40s per frame. Thus, a total of
1800 frames were collected. After data collection, the
diffracted reflections intensities were reduced and
corrected for Lorentz, polarization and background
effects with the Brucker SAINTPLUS (v. 6.02) software
package [30] using a narrow-frame integration algo-
rithm. Once the data processing was performed, a face-
indexed analytical absorption correction was applied by
the Gaussian method using XPREP program [31],
followed by a semi-empirical absorption correction by
SADABS [32], in point group 2/m. The unit cell

parameters refined from all collected reflections with
the summaries of the crystal data, details concerning the
intensity data collection and structure refinements are
given in Table 2. Examination of the systematic
absences (0k0: k =2n+1 and 70/ h+1=2n+1) led
to the choice of P2;/n space group, which is an
unconventional setting of P2;/c. The crystal structure
was solved by direct methods using the XS program of
SHELXTL software package [31], which localizes the
heavy atoms U and Pb. Vanadium and oxygen atom
positions were deduced from subsequent refinements
and difference Fourier maps calculation. Then the
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Crystal data, intensity collection and structure refinement parameters for PbUO,V,0;

Crystal data

Crystal symmetry
Space group

Unit cell parameters

Z
Calculated density
Measured density

Data collection

Monoclinic

P2,/n
a=6.9212(9)A
b=9.6523(13)A
¢=11.7881(16)A
B=91.74(1)°
V=787.2(2)A°

4
peat=5.83(1)g/cm’
Prmes = 5.82(3)g/cm’

Temperature (K) 293(2)

Equipment Bruker SMART CCD

Radiation MoK 0.71073A

Scan mode w

Recording angular range(deg) 2.73-31.50

Recording reciprocal space -9<h<10
—13<k<14
—-l6e<I<17

No. of measured reflections 7462

No. of independent reflections 2136

R merging factor 0.042

p (em™") (for /gy =0.71073A) 441.56

Limiting faces and distances (mm) 0—10 0.025 —100 0.055

From an arbitrary origin 011 0.052 1-10 0.008
521 0.062 01-2 0.010
001 0.044

Refinement

Refined parameters/restraints 119/0

Goodness of fit on F? 1.106

R[I>20(D)] 0.029

WRo[I>20(1)] 0.063

R, for all data 0.033

WR, for all data 0.065

Largest diff. peak/hole(eA~?) 3.02/-1.81

Note. Ry =3(|F,|-|F.|)/Z|F,

crystal structure was refined on the basis of F? for all
unique data, using the XL program [31]. In the last
cycles of refinement, anisotropic thermal displacements
for all atoms were considered and an optimized
weighting scheme yielded the final R; =0.029 and
WR; = 0.064. Tables 3 and 4 list the atomic positions
with equivalent isotropic displacement parameters and
anisotropic thermal displacement parameters, respec-
tively.

2.4. Lone-pair electrons localization

The lead cation Pb>" possessing an external electro-
nic configuration ns’np?, it results the presence of lone-
pair electrons and the polarization of the lead cation.
The lone-pair electrons localization was carried out
using the program Hybride [33] based on the algorithm
of Verbaere et al. [34], in which the local crystal field (E)
is calculated by the Ewald’s method [35], where the

L WRy = [EW(F2—F2*/Zw(F2)*'%, w= 1/[c*(F3) + (aP)*+ bP] where a and b are refinable parameters and P= (F2+ 2F2)/3.

Table 3
Atomic positions and isotropic equivalent displacement parameters for
Pb(UO,)V,04

Atom  Site x y Ueg(A2)?

(8]

U de 0.96024(4) 0.49579(3)  0.22698(2)  0.01025(9)
Pb de  0.20084(5) 0.190003)  0.03563(3) 0.0171(1)
V()  de  0.72022)  0.22611(9)  0.03511(9)  0.0110(3)
V()  4de  0.41002)  0.53992(9)  0.16904(9)  0.0105(3)
O(1) 4de  0.63099)  0.4941(6) 0.2216(5)  0.018(1)
0(2) 4e  0.2588(8)  0.4052(6) 0.1393(5)  0.016(1)
0(3) 4de  027578)  0.6156(6) 0.2693(5)  0.016(1)
0@) 4e  0.83109)  0.1032(7) 0.9647(5)  0.022(1)
0(5) 4de  0.90598)  0.3044(6) 0.1093(5)  0.015(1)
o) 4e  0.58359)  0.3531(6) 0.9536(5)  0.018(1)
O(7) 4de  0.96359)  0.3751(6) 0.3383(5)  0.020(1)
0®) 4de  0.942809)  0.6200(7) 0.1151(5)  0.021(1)
00) 4de  0.561609)  0.1539(6) 0.1265(6)  0.022(1)
Lp®  de  0.22809) 0.184(8) —0.008(7)

*The U, values are defined by U,q= I/S(Z,Z,-U,»,a*,-af,-a,-q,-).
°Lp: Lonepair.
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Table 4
Anisotropic displacement parameters (Az) for Pb(UO,)V,0,

Atom Un Uxn Us; U2 Uis Uz

U 0.00893(9) 0.01108(9) 0.01071(9) 0.00049(9) —0.00045(9) 0.00001(9)
Pb 0.01733(9) 0.01881(9) 0.01525(9) 0.00270(9) 0.00117(9) 0.00080(9)
V(1) 0.0091(6) 0.0109(6) 0.0130(7) —0.0013(5) —0.0002(5) 0.0009(5)
V() 0.0079(6) 0.0117(6) 0.0120(6) 0.0003(5) —0.0006(5) 0.0003(5)
o(l) 0.012(3) 0.021(3) 0.020(3) —0.001(2) —0.005(2) 0.001(3)
02) 0.014(3) 0.01003) 0.023(3) ~0.002(2) ~0.001(2) 0.000(2)
003) 0.016(3) 0.021(3) 0.012(3) 0.002(2) 0.001(2) —0.004(2)
0(4) 0.027(3) 0.01903) 0.019(3) 0.003(3) ~0.002(3) —0.008(3)
0(5) 0.011(3) 0.021(3) 0.015(3) —0.004(2) —0.001(2) —0.005(2)
0(6) 0.01903) 0.016(3) 0.018(3) ~0.001(2) ~0.002(2) 0.000(2)
0(7) 0.024(3) 0.019(3) 0.018(3) 0.003(3) 0.004(3) 0.003(3)
o) 0.020(3) 0.020(3) 0.021(3) ~0.002(3) 0.001(3) 0.006(3)
009) 0.018(3) 0.023(3) 0.025(4) —0.001(3) 0.005(3) 0.014(3)

Note. The anisotropic temperature factor is defined by exp [—2r%(Uy /iPa"™+ - + 2Us3klb"c")).

electronjc polarizability for Pb*" was chosen as o« =
6.583 A [36]. The calculation used to determine ions
partial charges derives from the Pauling empirical
formula [37], that gives the ionicity rate of a Metal-Oxy-
gen bond M—O according to the difference between the
electronegativity y,, and yo of metal and oxygen atoms.
Values of y are taken in the electronegativity scale of
Allred et al. [34]. Thus, a % formal ionicity value
(FIz_o) was calculated for each bond using the
formula:

Fly_o=1— expw,

Thus, the formal charge Q' used for each atom is
obtained by the following expression: Q' =FI;,_o x Q,
where Q is —2, +2, +5 and +6 for oxygen, lead,
vanadium and uranium atoms, respectively. Thus, the
refined coordinates of the lone-pair position are given in
Table 3.

2.5. Infrared spectroscopy

The infrared spectrum was recorded using the KBr
dispersion technique (1 mg of sample in 125mg KBr)
with a Bruker Vector 22 Fourier Transform Infrared

Spectrometer, which covers the range 400-4000 cm™".

3. Description of the structure and discussion

Select bond distances with uranyl ion angle and bond
valence sums calculated using Brese and O’Keeffe data
[38], except for U-O bonds where the coordination
independent parameters were taken from Burns et al.
[39], are given in Table 5.

Pb(UO,)(V,07) is a three-dimensional framework
material composed by edge- and corner-sharing of
U- and V-centered polyhedra creating elliptic tunnels
running down the [110] direction and occupied by Pb*>*
ions (Fig. 1).

The unique independent uranium atom is bonded to
two oxygen atoms at short distances, 1.754(6) and
1.784(6) A for O(7) and O(8), respectively, forming a
nearly linear uranyl ion UO%+ (0-U-0=176.8(3)°)
which is surrounded in the equatorial plane by a
pentagonal environment of five crystallographically
independent oxygen atoms at distances in the range
2.278(6)-2.507(6) A, Fig. 2a. Thus, the uranium atom
coordination is a pentagonal bipyramid (UO,)Os which
represent the most frequent case for U environment.
There are two independent vanadium atoms V(1) and
V(2), having a strongly distorted tetrahedral coordina-
tion. The V(1) environment is defined by O(4) atom at
shorter distance (1.650(7) A), O(5) and O(9) at inter-
mediate and nearly equal distances 1.709(6) and
1.710(7) A, respectively, and finally O(6) at 1.807(6) A.
For V(2), O(1) and O(3) are at the same short distance,
1.691(6) A, O(2) at 1.699(6) A and finally O(6) at
1.778(6)A. V(1)O4 and V(2)O4 tetrahedra share the
O(6) corners to form a V,05 divanadate unit with a non-
linear angle V(1)-O(6)-V(2) of 143.2(4)°, the V-O(6)
distances are the longer for both V(1) and V(2), Fig. 2b.
The bridging V-O-V angle in V,0; divanadate units
vary from perfectly linear as, for example, in U,V,0y;
(26,27) to 122° in Pb,V,0; [40]. The Pb atom is
surrounded by eight oxygen ions at distances less than
or equal to 3.06 A (Fig. 2c), three on one side at short
distances and the others on the other side at longer
distances. The Lp lone pair is pointing toward the empty
space opposite to the three shortest Pb—O bonds, with
Pb>*-Lp distance of 0.561 A, Fig. 2c. As commonly
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Table 5

Selected bond distances (A), angles (deg) and bond valences for Pb(UO,)V,0,

U environment

Pb environment

Uranyl ion angle dpy_o Sij
0O(7)-U-0(8) 176.8(3) Pb—(03) 2.410(6) 0.447
dy_o (A) 5 Pb—(02) 2.437(6) 0.415
U-0(7) 1.754(6) 1.772 Pb—(05)" 2.500(6) 0.351
U-0(8) 1.784(6) 1.673 Pb—(09) 2.709(7) 0.199
U-0(1) 2.278(6) 0.644 Pb—(08)" 2.721(6) 0.193
U-0(9)! 2.313(7) 0.604 Pb—(04)* 2.797(6) 0.157
U-0(5) 2.334(6) 0.580 Pb—(04) 2.839(7) 0.140
U-0(2)! 2.497(6) 0.423 Pb—(O7)"1 3.061(7) 0.077
U-0(3)t 2.507(6) 0.415
sy 6.111 1.980
V environment
Divanadate angle
V(1)-0(6)-V(2) 143.2(4)

) dy_o(A) Sij dv_o Sij
V(1)-04)" 1.650(7) 1.512 V(2)-0O(1) 1.691(6) 1.354
V(1)-0(5) 1.709(6) 1.289 V(2)-0(3) 1.691(6) 1.354
V(1)-0(9) 1.710(7) 1.286 V(2)-0(2) 1.699(6) 1.325
V(1)-0(6)" 1.807(6) 0.987 V(2)-0(6)"H 1.778(6) 1.070
s 5.074 5.103
Lp environment . i

dipo(A) dip o(A)
Lp-Pb 0.561(14) Lp-O(4)* 2.854(16)
Lp-O(7)"i 2.534(14) Lp-O(4)™ 2.866(12)
Lp-O(8)" 2.541(15) Lp-O(3)' 2.898(15)
Lp-0(2) 2.758(15) Lp-O(5)" 2.904(14)
Lp-O(9) 2.779(13) Lp-0(6)" 2.995(13)

Note. Symmetry codes: (i) 1.5—x, 0.5+y, 0.5—z; (ii) 1 +x, y, z; (iii)) 0.5—x, —0.5+y, 0.5—z; (iv) —1+x, y, z; (v) l—x, l—y,—z; (vi) x, y, —1+z;
(vii) 1=x,1—y, 1—z; (viii)) —0.5+x, 0.5—y, —0.5+z; (ix) —1+x, y, =1 +z; (x) l—x, —p, 1—z.

Fig. 1. Projection of the crystal structure of PbUO»(V,05) along the
[110] direction showing the three-dimensional framework of corner
and edge shared UO; pentagonal bipyramids and VO, tetrahedra
creating elliptic one-dimensional channels occupied by Pb** ions.

observed, this distance is shorter than the Pb>" ionic
radius. One should consider the 6s° pair as an
excrescence of peripheral electronic levels partially sp

hybridized. On the basis of the U-O, V-O and Pb-O
bond lengths, bond valence sums were calculated to be
6.11, 5.07, 5.10, 1.98, for U, V(1), V(2) and Pb,
respectively. These values are in agreement with the
expected values. Bond valence sums for the O atoms
range from 1.82 to 2.22.

Although the overall structure has three-dimensional
connectivity, it may be instructional in the first instance
to consider it as having layers of UO; pentagonal
bipyramids and VO, tetrahedra in the (001) plane,
which are further linked into three dimensions along ¢
via the formation of divanadate entities. The UO,
pentagonal bipyramids do not share directly any anion
but are connected through sharing O(5) and O(9)
corners with V(1)O4 tetrahedra to form infinite
| [UV(1)Oy] zig-zag chains running down the b- -axis,
Fig. 3. In addition each UO5 polyhedron is linked to two
other V(2)Oy tetrahedra, one by sharing corners and one
by sharing edges. Thus two consecutive zig-zag chains
are connected together through V(2)Oy4 tetrahedra to
form corrugated 2 [UV,0¢]” layers parallel to (001)
with a new anion-topology [41]. The condensation of
V(1)O4 and V(2)O, tetrahedra between two parallel
layers by sharing the O(6) corners leads to the three-
dimensional framework.
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Fig. 2. The oxygen polyhedra around (a) the uranium atom, (b) the vanadium atoms showing the divanadate entity formed by vanadium tetrahedra
sharing corner, (c) the Pb>" ion showing the Lp calculated lone-pair electron position.

infinite [UV(1)O,] zig-zag chains

Fig. 3. View on the (001) plane of the infinite parallel | [UV(1)Oy] zig-
zag chains running down the b-axis and connected through the V(2)O4
tetrahedra to form corrugated 2, [UV,00] layers.

If only the seven Pb—O distances lower than 3 A are
considered, the Pb environment can be described as a
deformed pentagon with O(2), O(5), O(9), and two O(4)
oxygen atoms, completed by O(3) and O(8) atoms to
form a very distorted pentagonal bipyramidal environ-
ment which becomes comparable to that of uranyl ion.
It is thus possible to consider two types of similar chains
parallel to d@-axis, | [PbV(1)Og] and | [UV(2)Og] chains,
Fig. 4a. The association of these chains by equatorial
edges sharing between UO; and PbO,; pentagonal
bipyramids in the sequence [UV(2)Og]-[PbV(1)Ogl-

[PbV(1)Og]-[UV(2)Og] gives an infinite four polyhedra
wide ribbon, ! [Pb,(UO,),(VO,),O6] which can be also
described by Pb,U,V405 tetramers connected to each
other by sharing corners, Fig. 4a. The infinite ribbons
are connected together to form the three-dimensional
framework. It is interesting to compare the ribbons
found in Pb(UO,)V,0; with the sheets based on the
uranophane-anion topology [41] found in many uranyl-
containing compounds and in particular in the uranyl
divanadate (UO»),V,05 Fig. 4b. In Pb(UO,)V,0; half
the U atoms are replaced by Pb, Fig. 4b.

The infrared spectrum (400-1100cm™") of Pb(UO,)
(V,05), Fig. 5, is characterized by vibrations of uranyl
UO, and divanadate V,0O, groups. For the interpreta-
tion of this spectrum the following building units have
been considered: UO3 " groups, equatorial (secondary)
U-O bonds in pentagonal environment, V,O bridges
and terminal VO3 groups. The spectrum shows two
strong bands at about 888 and 810cm ™', which can be
attributed to asymmetrical and symmetrical UO3"
uranyl stretching vibrations v; and v;, respectively.
These two vibrations are in good agreement with the
mathematical model suggested by Bagnall et al. [42] to
determine the value of v; from the one of v;, given by the
following expression:

vi =0.912v; — 1.04cm ™.

Thus, the application of Veal et al.’s empirical
equation [43], relating bond length (R) to the asym-
metric stretching vibration vy (888cm™') for uranyl
groups:

Ryu_o = 81.2v37%3 4+ 0.895

leads to the predicted uranyl bond length of 1.77 A, in
good agreement with the average value obtained from
X-ray structure results, <U—O>1.769(6)A. The lower
bands observed in the range 440-600cm™' may be
assigned to the U-O,q vibrations between uranium and
equatorial oxygen atoms, these bands were also
observed in other mineral and inorganic compounds
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[PbV(1)Oy]., ‘ [UV(2)04]..

‘ [UV(2)04]..

H Tetramer Pb, U,V,0;,

}| Tetramer Pb, U,V 03,

H Tetramer Pb, U,V 03,

Fig. 4. View of (a) the | [Pb,(UO,),(VO,),0q] infinite four bipyr-
amids wide ribbon of PbUO,(V,05) showing the Pb,U,03 tetramers
of edge shared UO; and PbO; pentagonal bipyramids connected
together by VO, tetrahedra compared to (b) the sheet of uranophane
type anion-topology in (UO;)(V,0,) formed by infinite UOs chains of
edge shared UO; and PbO; pentagonal bipyramids connected together
by VO, tetrahedra.

[44]. In addition, the two bands at 920 and 980 cm™!
correspond to VO; symmetric stretch, whereas, those
observed in the range 727-770 and at 840 and 875cm ™!
to VO3 asymmetric stretch and finally the weak shoulder
observed at about 635cm ™' can be attributed to V-O-V
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Fig. 5. Infrared spectrum of PbUO»(V,05).
Table 6

Infrared absorption bands in Pb(UO,)V,0,

Wave number (cm™") Vibrational mode

810 v1(UO3 ™) symmetric stretching
888 v3(UO3 ™) asymmetric stretching
410-445-485-515-580 v(U-O,q) equatorial vibrations

920-980 v1(VO3) symmetric stretching
727-747-770 v3(VO3) asymmetric stretching
635 (V-O-V) bridges vibrations

bridges [44]. A summary of the assignment of the
absorption bands is given in Table 6.
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