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ABSTRACT

Crystals of four sodium uranyl molybdates, Na3Tl3[(UO2)(MoO4)4] (1), Na13–xTl3+x[(UO2)(MoO4)3]4(H2O)6+x (x = 0.1) (2),
Na3Tl5[(UO2)(MoO4)3]2(H2O)3 (3) and Na2[(UO2)(MoO4)2](H2O)4 (4), have been synthesized by hydrothermal methods. The
structure of each was solved and refined on the basis of F2 for all unique data collected using MoK� X-radiation and a CCD-based
detector. The structure of 1 [orthorhombic, Pbcn, a 20.5823(14), b 7.4391(5), c 26.2514(17) Å, V 4019.5(5) Å3, Z = 8] was refined
to an R1 of 0.060. It is based upon a finite cluster with composition [(UO2)2(MoO4)8]12– that contains two UrO5 pentagonal
bipyramids and eight MoO4 tetrahedra. The clusters are linked into a framework through distorted Na(1)O6 and Na(2)O6 octahe-
dra. The Tl atoms and partially occupied Na(3) and Na(4) sites are located within cavities in the framework. The structure of 2
[monoclinic, P2/c, a 19.7942(11), b 7.1913(4), c 22.8835(13) Å, � 97.828(1)o, V 3227.0(3) Å3, Z = 2] was refined to an R1 of
0.050. It contains chains of composition [(UO2)(MoO4)3]4– that are parallel to the a axis. The chains are linked into a three-
dimensional framework by Na�5 and Na�6 polyhedra (�: O2–, H2O) that share edges. The Tl atoms are located in cavities within
the framework. The structure of 3 [orthorhombic, P212121, a 10.7662(6), b 11.9621(6), c 12.8995(7) Å, V 1661.3(2) Å3, Z = 2]
was refined to an R1 of 0.063. It is based on chains of composition [(UO2)(MoO4)3]4– parallel to the c axis that are linked into a
framework by Na(1)�6 octahedra. The Tl atoms and partially occupied Na(2) sites are located in cavities within the framework.
The structure of 4 [monoclinic, P21/n, a 8.9023(5), b 11.5149(6), c 13.8151(7) Å, � 107.743(1)o, V 1348.8(1) Å3, Z = 4] was
refined to an R1 of 0.035. It contains sheets of composition [(UO2)(MoO4)2]2– that are parallel to the (1̄01) plane. Na�6 octahedra
share edges with each other, giving chains parallel to the b axis that link adjacent [(UO2)(MoO4)2]2– sheets into a framework. The
four structures are compared to those of related uranyl molybdates.
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SOMMAIRE

Nous avons synthétisé par voie hydrothermale des cristaux de quatre molybdates uranylés de sodium, Na3Tl3[(UO2)(MoO4)4]
(1), Na13–xTl3+x[(UO2)(MoO4)3]4(H2O)6+x (x = 0.1) (2), Na3Tl5[(UO2)(MoO4)3]2(H2O)3 (3) et Na2[(UO2)(MoO4)2](H2O)4 (4). La
structure de chaque composé a été résolue et affinée en utilisant les facteurs F2 de toutes les données uniques, prélevées avec
rayonnement MoK� et un détecteur de type CCD. La structure de 1 [orthorhombique, Pbcn, a 20.5823(14), b 7.4391(5), c
26.2514(17) Å, V 4019.5(5) Å3, Z = 8] a été affinée jusqu’à un résidu R1 de 0.060. Elle repose sur la présence d’un groupement
fini ayant une composition [(UO2)2(MoO4)8]12–, qui contient deux bipyramides pentagonales UrO5 et huit tétraèdres MoO4. Les
groupements sont liés dans une trame grâce à des octaèdres difformes Na(1)O6 et Na(2)O6. Le site des atomes Tl et Na, ces
derniers dans des sites partiellement occupés [Na(3) et Na(4)], sont situés dans des cavités dans la trame. La structure de 2
[monoclinique, P2/c, a 19.7942(11), b 7.1913(4), c 22.8835(13) Å, � 97.828(1)°, V 3227.0(3) Å3, Z = 2] a été affinée jusqu’à un
facteur R1 de 0.050. Elle contient des chaînes de composition [(UO2)(MoO4)3]4– parallèles à l’axe a. Les chaînes sont interliées
dans une trame tri-dimensionnelle par des polyèdres Na�5 et Na�6 (�: O2–, H2O) partageant des arêtes. Les atomes Tl sont situés
dans des cavités de cette trame. La structure de 3 [orthorhombique, P212121, a 10.7662(6), b 11.9621(6), c 12.8995(7) Å, V
1661.3(2) Å3, Z = 2] a été affinée jusqu’à un facteur R1 de 0.063. Elle est faite de chaînes de composition [(UO2)(MoO4)3]4–

parallèles à l’axe c, et liées dans une trame par des octaèdres Na(1)�6. Les atomes Tl et les sites Na(2) partiellement occupés sont
situés dans des cavités dans cette trame. La structure de 4 [monoclinique, P21/n, a 8.9023(5), b 11.5149(6), c 13.8151(7) Å, �
107.743(1)°, V 1348.8(1) Å3, Z = 4] a été affinée jusqu’à un résidu R1 de 0.035. Elle contient des feuillets de composition
[(UO2)(MoO4)2]2– parallèles au plan (1̄01). Les octaèdres Na�6 partagent des arêtes entre eux, pour donner des chaînes parallèles
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à l’axe b qui lient les feuillets [(UO2)(MoO4)2]2– adjacents en une trame. Les quatre structures sont comparées à celles de
molybdates uranylés apparentés.

(Traduit par la Rédaction)

Mots-clés: molybdate uranylé, sodium, thallium, structure cristalline.

EXPERIMENTAL

Syntheses of the crystals

In general, we followed the procedure described by
Fedoseev et al. (1998, 2001) for the synthesis of
Na2[(UO2)(MoO4)2](H2O)4 and M2[(UO2)(MoO4)2]
(H2O) (M = K, Rb, Cs, NH4).

Crystals used in the current study were obtained by
hydrothermal methods using solutions of Na2MoO4•
4H2O, Tl(NO3) and (UO2)(NO3)2•6H2O. For each syn-
theses, a 1M solution of Na2MoO4•4H2O was acidified
by addition of concentrated HNO3 (assay 69.2%), with
0.35 mg HNO3 added for each 10 mL of 1M solution of
Na2MoO4•4H2O.

Na3Tl3[(UO2)(MoO4)4] and Na13–xTl3+x[(UO2)
(MoO4)3]4(H2O)6+x (x = 0.1). One mL of 0.075 M solu-
tion of (UO2)(NO3)2•6H2O, 1 mL of acidified solution
of Na2MoO4•4H2O, and 0.5 mL of 0.2 M solution of
Tl(NO3) were combined in a Teflon container. The so-
lution was heated at 120°C for 2 h, and a yellowish white
precipitate formed upon evaporation. The precipitate
was suspended in ultrapure water, and insoluble yellow
needles of Na3Tl3[(UO2)(MoO4)4] (designated 1) and
yellowish transparent plates of Na13–xTl3+x[(UO2)
(MoO4)3]4(H2O)6+x (x = 0.1) (designated 2) were recov-
ered.

Na3Tl5[(UO2)(MoO4)3]2(H2O)3. A mixture of 1.5
mL of 0.075 M solution of (UO2)(NO3)2•6H2O, 1.5 mL
of acidified solution of Na2MoO4•4H2O and 1.5 mL of
0.2 M solution of Tl(NO3) were combined in a Teflon
container, followed by heating at 180°C for 1 h. The
resulting precipitate was suspended in ultrapure water,
and insoluble dark yellow equant crystals of Na3Tl5
[(UO2)(MoO4)3]2(H2O)3 (designated 3) were recovered.

Na2[(UO2)(MoO4)2](H2O)4. One mL of 0.075 M
solution of (UO2)(NO3)2•6H2O, 1 mL of acidified solu-
tion of Na2MoO4•4H2O, and 0.33 mL of 0.2 M solution
of Tl(NO3) were combined in a Teflon container, which
was heated at 120°C for 2 h. The resulting precipitate
was suspended in ultrapure water, and insoluble green-
ish yellow equant crystals of Na2[(UO2)(MoO4)2](H2O)4
(designated 4) were recovered.

The collection of X-ray data

Crystals of each phase were selected for data collec-
tion using a Bruker three-circle diffractometer equipped
with a SMART APEX CCD (charge-coupled device)
detector with a crystal-to-detector distance of 4.5 cm.

INTRODUCTION

Sodium- and Ca-bearing uranyl molybdate hydrates
are common constituents of the altered zones of U–Mo
deposits. Skvortsova et al. (1969) described a series of
Na and Ca uranyl molybdate hydrates from an uniden-
tified locality in the territory of the former U.S.S.R.
They reported that crystals of Na2(UO2)5(MoO4)5
(OH)2•8H2O and Na2(UO2)4(MoO4)4(OH)2•12H2O oc-
cur on the surfaces of umohoite, U-bearing powellite
and sodium uranospinite. These Na uranyl molybdates
were not fully characterized, and are not recognized as
mineral species. However, their formation as products
of alteration in U–Mo deposits is probable, and they may
also form owing to oxidative alteration of spent nuclear
fuel in a geological repository. Groundwater from the
proposed repository at Yucca Mountain contains up to
45.8 mg/L of Na (Wronkiewicz & Buck 1999), and Na
uranyl compounds are common products of alteration
of spent nuclear fuel under simulated Yucca Mountain
conditions (Finch et al. 1999).

Several synthetic Na uranyl molybdates have been
reported (Dion et al. 1977, Dion & Noël 1981a, b, c),
and some of their structures were recently determined
(Krivovichev & Burns 2001a, Krivovichev et al.
2002b). However, the phases studied were obtained by
high-temperature solid-state reactions and are anhy-
drous. The only known synthetic Na uranyl molybdate
hydrate is Na2(UO2)(MoO4)2(H2O)4, which was first
reported by Burnell (1970) and later obtained by Dion
& Noël (1981b) by hydration of Na2(UO2)(MoO4)2.
Fedoseev et al. (1998) also reported the hydrothermal
synthesis of Na2(UO2)(MoO4)2(H2O)4, but its crystal
structure remains unknown. Here, we report the synthe-
sis and crystal structure of Na2(UO2)(MoO4)2(H2O)4.
We also report the crystal structures of three other ura-
nyl molybdates which, in addition to Na, contain Tl+

cations.
Dahale et al. (1995) reported syntheses of Tl2(UO2)

(MoO4)2 and Tl2(UO2)2(MoO4)3, but a detailed charac-
terization of these phases was not presented. We have
synthesized and structurally characterized four Tl ura-
nyl molybdates, Tl2(UO2)(MoO4)2, Tl2(UO2)2(MoO4)3,
Tl2[(UO2)2O(MoO5)] and Tl2[(UO2)6(MoO4)7(H2O)]
(H2O), which will be reported elsewhere. Here we re-
port the crystal structures of three mixed-metal Na and
Tl uranyl molybdates. This contribution is a continua-
tion of our series concerning the crystal chemistry of
uranyl molybdates (Krivovichev & Burns 2000a, b,
2001a, b, 2002a, b, c, d, e, f, Krivovichev et al. 2002a, b).
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Data were collected using monochromated MoK� X-
radiation and framewidths of 0.3° in �. The unit-cell
dimensions (Table 1) were refined using least-squares
techniques. The three-dimensional data was reduced and
filtered for statistical outliers using the Bruker program
SAINT. The data were corrected for Lorentz, polariza-
tion and background effects. An empirical correction for
absorption was done for each crystal. Additional infor-
mation pertinent to the data collections is given in
Table 1.

Structure solutions and refinements

Scattering curves for neutral atoms, together with
anomalous-dispersion corrections, were taken from In-
ternational Tables for X-Ray Crystallography, Vol. IV
(Ibers & Hamilton 1974). The Bruker SHELXTL Ver-
sion 5 system of programs was used for the determina-
tion and refinement of the structures. Each was solved
by direct methods, which gave the positions of U, Mo
and Tl atoms. Sodium atoms and anions were located in
difference-Fourier maps calculated after least-squares
refinement of the partial-structure models. Each struc-
ture was refined on the basis of F2 for all unique data.
Each final refinement included all atomic positional
parameters, with an allowance for anisotropic displace-
ment of all atoms [except for the partially occupied
Na(3) and Na(4) sites in 1 and the interstitial H2O(32)
site in 2], and included a weighting scheme of the struc-
ture factors. For 1, the refinement converged to an agree-
ment index (R1) of 6.0%, calculated for the 3508 unique
observed reflections (Fo > 4�Fo). Final atomic positional
and displacement parameters, and selected interatomic

distances are in Tables 2 and 3, respectively. For 2, the
refinement converged to an R1 of 5.0%, calculated for
the 5703 unique observed reflections (Fo > 4�Fo). Final
atomic positional and displacement parameters, and se-
lected interatomic distances are presented in Tables 4
and 5, respectively. For 3, the refinement converged to
an R1 of 6.3%, calculated for the 4100 unique observed
reflections (Fo > 4�Fo). Final atomic positional and dis-
placement parameters, and selected interatomic dis-
tances are shown in Tables 6 and 7, respectively. For 4,
the refinement converged to an R1 of 3.5%, calculated
for the 3384 unique observed reflections (Fo > 4�Fo).
Final atomic positional and displacement parameters,
and selected interatomic distances are presented in
Tables 8 and 9, respectively. Observed and calculated
structure-factors for each compound are available from
the Depository of Unpublished Data, CISTI, National
Research Council, Ottawa, Ontario K1A 0S2, Canada.

RESULTS

Cation polyhedra

Uranium. In each structure, all U6+ cations are
strongly bonded to two O atoms each, forming approxi-
mately linear uranyl ions [UO2

2+, designated Ur], with
U–OUr bond lengths of ~1.8 Å. In all cases, the uranyl
ions are coordinated by five anions arranged at the equa-
torial vertices of UrO5 pentagonal bipyramids. The U6+–
Oeq (Oeq: equatorial O atom) bond lengths are in the
range of 2.32 to 2.39 Å in all four structures.

Molybdenum. In each structure, the Mo6+ cations are
tetrahedrally coordinated by four O atoms. The <Mo–
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O> bond lengths range from 1.74 to 1.78 Å, whereas
individual Mo–O bond lengths vary from 1.718 to
1.84 Å.

Thallium. The coordination polyhedra about the Tl+

cations are somewhat irregular, owing to the presence
of a stereoactive 6s2 lone-electron pair on the cation.
The coordination numbers for the Tl+ cations in all struc-
tures vary from six to ten, and individual Tl+–O bond
lengths range from 2.55 to 3.44 Å.

Sodium. The coordination environment about the
Na+ cations in the four structures ranges from four to
six, with average <Na–�> (�: O2–, H2O) bond lengths
in the range of 2.38 to 2.53 Å. The most common Na
coordination polyhedron is a distorted octahedron.

Na and Tl disorder

Na3Tl3[(UO2)(MoO4)4]. During refinement of the
structure of 1, we noted that the anisotropic displace-
ment parameters of the Na(3) site are strongly elongate,
consistent with disorder of the cation over two sites.
Subsequently, the Na(3) site was refined as two sites,
designated Na(3) and Na(4), with a refined Na(3)–Na(4)
distance of 0.90(4) Å, and refined occupancies of 0.35
and 0.65 for Na(3) and Na(4), respectively.

Na13–xTl3+x[(UO2)(MoO4)3]4(H2O)6+x (x = 0.1).
There are two partially occupied Tl sites in the structure
of 2; the site occupancies for Tl(2) and Tl(3) are 0.70
and 0.20, respectively. The Tl(3) and H2O(32) sites are
disordered and are separated by 1.59(2) Å. The Na(6)
site-occupancy factor is 0.90. These partial occupancies
suggest the charge-balance mechanism Tl → H2O1–x +
Nax. In this model, the quantity of Tl varies via the Tl(3)
site, and Na varies via Na(6). In the crystal studied, x ≈
0.1. Thus, the structural formula of the compound may
be written as Na13–xTl3+x[(UO2)(MoO4)3]4(H2O)6+x (x =
0.1).

Na3Tl5[(UO2)(MoO4)3]2(H2O)3. In the structure of 3,
Na+–Tl+ disorder occurs. The Na(2) and Tl(3) positions
are both half-occupied and are separated by 0.89(2) Å.

Bond-valence analysis

Bond-valence sums for the atoms in the structures
were calculated using parameters given by Burns et al.
(1997) for U6+–O bonds and by Brown (2002) for Mo6+–
O and Na+–O bonds. The bond-valence sums for Tl+–O
bonds were calculated using new bond-valence param-
eters (ro = 1.801 Å, b = 0.56 Å) recently derived by
Locock & Burns (unpubl. results). The results are sum-
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marized in Table 10. The bond-valence sums for all at-
oms are in agreement with their expected formal va-
lences. The sums for the H2O sites are in the range of 0
to 0.41 vu (valence units), which is in agreement with
their assignment as H2O groups.

Description of the structures

Na3Tl3[(UO2)(MoO4)4]. The structure of 1 contains
a finite cluster of polyhedra with composition [(UO2)2
(MoO4)8]12– (Fig. 1a). The cluster contains two UrO5
pentagonal bipyramids and eight MoO4 tetrahedra. The
UrO5 pentagonal bipyramids are linked by sharing equa-
torial vertices with two Mo(2)O4 tetrahedra. The
Mo(1)O4, Mo(3)O4 and Mo(4)O4 tetrahedra are attached
to the cluster by sharing single equatorial vertices of the
UrO5 pentagonal bipyramids. The [(UO2)2(MoO4)8]12–

clusters extend along [001] and are parallel to (010)
(Fig. 2a). The clusters are linked into a framework
through the Na(1)O6 and Na(2)O6 distorted octahedra
(Fig. 2a). The Tl atoms and partially occupied Na(3) and
Na(4) atoms are located in cavities within the frame-
work.

Na13–xTl3+x[(UO2)(MoO4)3]4(H2O)6+x (x = 0.1). The
structure of 2 is based upon chains of composition
[(UO2)(MoO4)3]4– that are parallel to the a axis (Fig. 1e).
The chains contain UrO5 pentagonal bipyramids that
share all of their equatorial corners with MoO4 tetrahe-
dra. The Mo(1)O4, Mo(2)O4, Mo(4)O4 and Mo(5)O4
tetrahedra bridge adjacent UrO5 bipyramids (and there-
fore are 2-connected), whereas the Mo(3)O4 tetrahedra
each share one corner with a UrO5 bipyramid (and are
1-connected tetrahedra). The chains are highly distorted,
and have a somewhat helical structure (Figs. 1e, f). The
[(UO2)(MoO4)3]4– chains are linked into a three-dimen-
sional framework through the Na�5 and Na�6 polyhe-
dra, which share edges with each other (Fig. 2b). The
Tl+ cations are located in cavities within the framework.

Na3Tl5[(UO2)(MoO4)3]2(H2O)3. The structure of 3
contains chains of polyhedra with composition
[(UO2)(MoO4)3]4– that are parallel to the c axis (Figs.
1c, d). The chains are topologically identical to those in
the structure of 2. The Mo(2)O4, and Mo(3)O4 tetrahe-
dra are 2-connected, whereas the Mo(1)O4 tetrahedra
are 1-connected. In contrast to the chains in the struc-
ture of 2, the [(UO2)(MoO4)3]4– chains in 3 are almost
planar and parallel to (010) (Figs. 1d, 2c). The chains
are linked into a three-dimensional framework by
Na(1)�6 octahedra (Fig. 2c), and the Tl+ cations and
partially occupied Na(2) sites are located in cavities
within the framework.

Na2[(UO2)(MoO4)2](H2O)4. The structure of 4 is
based upon sheets of composition [(UO2)(MoO4)2]2–

that contain UrO5 pentagonal bipyramids that share their
equatorial corners with MoO4 tetrahedra (Fig. 3a). Each
UrO5 pentagonal bipyramid shares all five of its equa-
torial corners with MoO4 tetrahedra, and thus is 5-con-

nected, whereas the Mo(1)O4 tetrahedra are 3-connected
and the Mo(2)O4 tetrahedra are 2-connected. The sheets
are parallel to the (1̄01) plane (Fig. 2d). Na�6 octahedra
share edges with each other, forming chains parallel to
the b axis, which link adjacent [(UO2)(MoO4)2]2– sheets
into a three-dimensional framework. The H2O(9) and
H2O(13) groups are bonded to Na+ cations, whereas the
H2O(14) groups are held in framework cavities by H
bonds only.
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DISCUSSION

Nodal representation of uranyl molybdate units

Krivovichev et al. (2002a, b) reported that the topo-
logical structure of uranyl molybdate units may be de-
scribed using a nodal representation. Each node
corresponds to a Ur�n bipyramid (�: O2–, H2O; n = 4 or
5) (black circle) or a MoO4 tetrahedron (white circle)
(Fig. 1). Nodes are connected if the polyhedra share at
least one common vertex, and the number of connect-
ing lines corresponds to the number of anions common
to the polyhedra. Thus, each uranyl molybdate struc-
tural unit can be associated with a black-and-white graph
that represents a topology of polyhedron linkage. The
graphs for uranyl molybdate units observed in the struc-
tures reported in this study are shown in Figures 1 and
3: the [(UO2)(MoO4)4]6– cluster is shown in Figure 1b,
the [(UO2)(MoO4)3]4– chains, in Figure 1g, and the
[(UO2)(MoO4)2]2– sheet, in Figure 3c.

Comparison with related compounds

Na3Tl3[(UO2)(MoO4)4]. The only other uranyl com-
pound that contains a cluster with composition
[(UO2)2(TO4)8] (T: tetrahedrally coordinated cation) is
Na6[(UO2)(MoO4)4] (Krivovichev & Burns 2001a).

Note that the compounds M6[(UO2)(MoO4)4] (M = Rb,
Cs) (Krivovichev & Burns 2002a, c), although chemi-
cally similar to Na6[(UO2)(MoO4)4], contain a different
cluster of composition [(UO2)(MoO4)4]6–, which con-
sists of a UrO4 tetragonal bipyramid that shares its equa-
torial vertices with four MoO4 tetrahedra.

Na13–xTl3+x[(UO2)(MoO4)3]4(H2O)6+x (x = 0.1) and
Na3Tl5[(UO2)(MoO4)3]2(H2O)3. These two compounds
are based on topologically identical [(UO2)(MoO4)3]4–

chains of UrO5 pentagonal bipyramids and MoO4 tetra-
hedra. Topologically identical chains have not been pre-
viously observed in uranyl molybdates. However,
similar chains with composition [(UO2)(CrO4)3]4– were
recently described in the structures of K5[(UO2)(CrO4)3]
(NO3)(H2O)3 (Krivovichev & Burns 2002g) and
Na4[(UO2)(CrO4)3] (Krivovichev & Burns, in prep.).
Chains in which the TO4 tetrahedra are replaced by SeO3
pyramids occur in the structure of demesmaekerite,
Pb2Cu5[(UO2)(SeO3)3](OH)6(H2O)2 (Ginderow &
Cesbron 1983).

Na2[(UO2)(MoO4)2](H2O)4. The [(UO2)(MoO4)2]2–

sheet observed in the structure of 4 is a member of a
topological type that is abundant in the structures of
uranyl molybdates (for more about the combinatorial
topology of uranyl molybdate sheets, see Krivovichev
& Burns 2002d). The structures of M2[(UO2)(MoO4)2]
[M = Cs (Krivovichev & Burns, in prep.), Rb (Krivo-

FIG. 1. (a) The [(UO2)2(MoO4)8]12– cluster in the structure of Na3Tl3[(UO2)(MoO4)4] (1)
and (b) its nodal representation. (c, d) The [(UO2)(MoO4)3]4– chain in the structure of
Na3Tl5[(UO2)(MoO4)3]2(H2O)3 (3). (e, f) The [(UO2)(MoO4)3]2– chain in the structure
of Na13–xTl3+x[(UO2)(MoO4)3]4(H2O)6+x (x = 0.1) (2). (g) Nodal representation of the
[(UO2)(MoO4)3]4– chain.
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vichev & Burns 2002c), K (Sadikov et al. 1988), Tl
(Krivovichev et al., in prep.)], M2[(UO2)(MoO4)2](H2O)
[M = K (Krivovichev et al. 2002b), Rb (Khrustalev et
al. 2000), Cs (Rastsvetaeva et al. 1999), NH4 (Andreev
et al. 2001)], and (C5H14N2)[(UO2)(MoO4)2](H2O)
(Shiv Halasayamani et al. 1999) all contain similar
sheets. A sheet with composition [(UO2)(SeO3)2]2– also
has the same topology, and occurs in the structures of
M[(UO2)(HSeO3)(SeO3)] (M = NH4, K, Rb, Cs, Tl)
(Koskenlinna & Valkonen 1996, Almond & Albrecht-

Schmitt 2002) and (NH4)2[(UO2)(SeO3)2](H2O)0.5
(Koskenlinna et al. 1997).

It is interesting to compare the uranyl molybdate
sheet observed in the structure of 4 with that observed
in its anhydrous analogue, Na2[(UO2)(MoO4)2]
(Krivovichev et al. 2002b). The corresponding
[(UO2)(MoO4)2]2– sheets are shown in Figures 3a and
3b, respectively. Their nodal representations are given
in Figures 3c and 3d, respectively. It is clear that, de-
spite their chemical identity, the sheets are topologically
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different. Krivovichev & Burns (2002d) suggested that
the topologies of uranyl molybdate sheets consisting of
corner-sharing Ur�n bipyramids and MoO4 tetrahedra
be described as derivatives of the black-and-white graph
shown in Figure 3f. By deleting elements of this graph
(vertices and connecting lines), the range of topologies
observed in uranyl compounds with tetrahedral or
pseudotetrahedral oxyanions may be obtained. The ide-
alized versions of the graphs shown in Figures 3c and
3d are given in Figures 3e and g. Each can be obtained
from the graph shown in Figure 3f by deleting some of
its connecting lines. Note that there is no topological
transformation (i.e., a transformation that conserves the
topological structure of a graph) that can make the graph
shown in Figure 3e into that in Figure 3g. This is inter-
esting because Dion & Noël (1981b) obtained crystals
of Na2[(UO2)(MoO4)2](H2O)4 during hydration of
Na2(UO2)(MoO4)2. The calculated X-ray powder-dif-
fraction pattern for 4 (based on structure data reported

herein) is not identical to that reported by Dion & Noël
(1981b) [PDF card 35–0349], although the strongest
lines generally coincide. Thus the hydration involves not
only incorporation of H2O molecules into the interlayer,
but also an essential topological reconstruction of the
uranyl molybdate sheets.

Phase 4 is isotypic with Na2[(UO2)(SeO4)2](H2O)4
(Mikhailov et al. 2001; the space group reported by
those authors is different from that for the current struc-
ture owing to the difference in unit-cell settings).

Flexibility of the [(UO2)(MoO4)3]4–

uranyl molybdate chains

As noted above, 2 and 3 contain topologically iden-
tical [(UO2)(MoO4)3]4– chains. However, the geometri-
cal parameters of the chains are rather different. Figures
1d and 1f provide views of the chains along their length.
The uranyl pentagonal bipyramids in the chain in 3 (Fig.

FIG. 2. (a) The structure of Na3Tl3[(UO2)(MoO4)4] (1) projected along the b axis. (b) The
structure of Na13–xTl3+x[(UO2)(MoO4)3]4(H2O)6+x (x = 0.1) (2) projected along the b
axis. (c) The structure of Na3Tl5[(UO2)(MoO4)3]2(H2O)3 (3) projected along the c axis.
(d) The structure of Na2[(UO2)(MoO4)2](H2O)4 (4) projected along the b axis. Legend:
UrO5 bipyramids: yellow; MoO4 tetrahedra: green; Na polyhedra: blue; Tl atoms: or-
ange; Na atoms: blue; H2O groups: red.
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1d) are approximately parallel to each other, and the
chain is close to being planar, whereas the correspond-
ing planes of adjacent uranyl bipyramids in the chain in
2 are almost perpendicular to each other. Consequently,
the periodicity of the chain (the number of U polyhedra
within the identity period of a chain) changes from two
in 3 to four in 2. It is interesting that the U–O–Mo angles
are in the range of 125.8 to 147.9° in 3 and 134.1 to
158.5° in 2. This difference is not dramatic, and indi-
cates that, in this case, conformation of the uranyl mo-
lybdate units is not due to the flexibility of the U–O–Mo

linkages, but rather to rotations of the uranyl polyhedra
relative to each other. Thus, the chain shown in Figure
1e can be obtained from the chain in Figure 1c by rota-
tion of adjacent uranyl polyhedra in the chain by ~90°.
Note that rotation of polyhedra is responsible for con-
formation of topologically identical uranyl molybdate
chains in the structures of K6[(UO2)2O(MoO4)4]
(Krivovichev & Burns 2001a) and Rb6[(UO2)2O(Mo
O4)4] (Krivovichev & Burns 2002c). However, in that
case, conformation is due to rotation of MoO4 tetrahe-
dra, but not UrO5 bipyramids.

FIG. 3. (a) The [(UO2)(MoO4)2]2– sheet in the structure of Na2[(UO2)(MoO4)2](H2O)4 (4).
(b) The [(UO2)(MoO4)2]2– sheet in the structure of Na2[(UO2)(MoO4)2]. (c) Nodal rep-
resentation of the sheet shown in (a). (d) Nodal representation of the sheet shown in (b).
(e) Idealized nodal representation of the sheet shown in (a). (f) Idealized parent black-
and-white graph for the graphs shown in (e) and (g). (g) Idealized nodal representation
of the sheet shown in (b).
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Structural diversity of uranyl molybdates

The following factors are responsible for the rich
structural diversity observed in uranyl molybdates: (i)
the possibility of different coordination about U6+ and
Mo6+ cations, (ii) the different modes of linkage of U
and Mo polyhedra (edge- or corner-sharing), (iii) the
different dimensionality of uranyl molybdate units (fi-

nite clusters, chains, sheets and frameworks), (iv) the
flexibility of U–O–Mo linkages, and (v) the conforma-
tion of uranyl molybdate units owing to the relative ro-
tations of U or Mo polyhedra (or both).
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