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ABSTRACT

Two Cs uranyl molybdates, Cs4[(UO2)3O(MoO4)2(MoO5)] and Cs6[(UO2)(MoO4)4], have been synthesized by high-
temperature solid-state reactions. The structures of these compounds were solved by direct methods and refined on the basis of F2

for all unique data collected with monochromatic MoK� X-radiation and a CCD (charge-coupled device) detector. The structure
of Cs4[(UO2)3O(MoO4)2(MoO5)] was refined to an agreement factor (R1) of 4.4%, calculated using the 4873 unique observed
reflections (Fo ≥ 4�F). It is triclinic, space group P1, a 7.510(2), b 7.897(2), c 9.774(2) Å, � 79.279(5), � 81.269(5), � 87.251(5)°,
V 562.8(2) Å3, Z = 1. The structure of Cs6[(UO2)(MoO4)4] was refined to an R1 of 4.9%, calculated using the 4275 unique
observed reflections (Fo ≥ 4�F). It is triclinic, space group P1̄, a 11.613(3), b 12.545(3), c 14.466(3) Å, � 102.713(6), � 95.281(6),
� 106.182(6) o, V 1947.7(8) Å3, Z = 3. These compounds are based upon uranyl molybdate structural units not previously observed
in uranyl compounds. The structure of Cs4[(UO2)3O(MoO4)2(MoO5)] contains sheets of composition [(UO2)3Mo3O14]4– that
contain UrO5 pentagonal bipyramids (Ur: uranyl ion), MoO4 tetrahedra and MoO5 polyhedra. The sheets are parallel to (100) and
Cs cations are located in the interlayer. The structure of Cs6[(UO2)(MoO4)4] is based upon two symmetrically distinct finite
clusters of composition [(UO2)(MoO4)4]6–, each of which contains a central UrO4 square bipyramid that shares all four of its
equatorial vertices with MoO4 tetrahedra. Three-dimensional connectivity is provided by Cs cations located between the clusters.
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SOMMAIRE

Nous avons synthétisé deux molybdates uranylés de césium, Cs4[(UO2)3O(MoO4)2(MoO5)] et Cs6[(UO2)(MoO4)4], par
réactions à haute température à l’état solide. Nous avons résolu les structures de ces deux composés par méthodes directes, et nous
les avons affinées en utilisant les facteurs F2 de toutes les données uniques prélevées avec un rayonnement monochromatique
MoK� et un détecteur à charges couplées. La structure de Cs4[(UO2)3O(MoO4)2(MoO5)] a été affinée jusqu’à un facteur de
concordance R1 de 4.4%, calculé en utilisant les 4873 réflexions uniques observées (Fo ≥ 4�F). Il s’agit d’une phase triclinique,
groupe spatial P1, a 7.510(2), b 7.897(2), c 9.774(2) Å, � 79.279(5), � 81.269(5), � 87.251(5)°, V 562.8(2) Å3, Z = 1. La structure
du composé Cs6[(UO2)(MoO4)4] a été affinée jusqu’à un facteur de concordance R1 de 4.9%, calculé en utilisant les 4275
réflexions uniques observées (Fo ≥ 4�F). C’est une phase triclinique, groupe spatial P1̄, a 11.613(3), b 12.545(3), c 14.466(3) Å,
� 102.713(6), � 95.281(6), � 106.182(6)o, V 1947.7(8) Å3, Z = 3. Ces composés sont fondés sur des unités structurales à molybdate
uranylé qui n’avaient pas été observées antérieurement dans des composés d’uranyle. La structure de Cs4[(UO2)3O(MoO4)2
(MoO5)] contient des feuillets de composition [(UO2)3Mo3O14]4– ayant des bipyramides pentagonales UrO5 (Ur: ion uranyle),
des tétraèdres MoO4 et des polyèdres MoO5. Ces feuillets sont parallèles à (100), et les cations Cs logent entre les feuillets. La
structure de Cs6[(UO2)(MoO4)4] est fondée sur deux groupements limités symétriquement distincts, de composition
[(UO2)(MoO4)4]6–, chacun ayant une bipyramide carrée UrO4 au centre qui partage chacun de ses coins équatoriaux avec un
tétraèdre MoO4. La connectivité en trois dimensions est assurée par les cations Cs situés entre les groupements.

(Traduit par la Rédaction)

Mots-clés: molybdate d’uranyle, cristallochimie de l’uranium, structure cristalline.
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INTRODUCTION

The Cs–U–Mo–O and Cs–U–Mo–O–H2O systems
have been extensively studied recently, owing to their
importance in processes that occur during burnup of
nuclear fuels in reactors (Misra et al. 1995) and alter-
ation of spent nuclear fuel (Buck et al. 1997, Finch et
al. 1999). Krasovskaya et al. (1980) reported the exist-
ence of Cs2[(UO2)2(MoO4)3], Cs2[(UO2)(MoO4)2],
Cs4[(UO2)(MoO4)3] and Cs6[(UO2)(MoO4)4]. Serezhkin
et al. (1987) investigated the tetragonal modification of
Cs2[(UO2)2(MoO4)3] and suggested that it is closely
related structurally to Cs2[(UO2)2(SO4)3] (Ross & Evans
1960). Misra et al. (1995) reported results of thermal,
powder diffraction, chemical and infrared (IR) spectro-
scopic studies of two modifications of Cs2[(UO2)
(MoO4)2] and of Cs2[(UO2)2(MoO4)3]. The first struc-
ture reported for a Cs uranyl molybdate was that of
Cs2[(UO2)(MoO4)2](H2O) (Rastsvetaeva et al. 1999).
The IR spectrum and thermal behavior of this compound
were later reported by Fedoseev et al. (2001). Recently,
we have reported syntheses and crystal-structure deter-
minations of Cs2[(UO2)6(MoO4)7(H2O)2] (Krivovichev
& Burns 2001b) and two modifications of Cs2[(UO2)2
(MoO4)3] (Krivovichev et al. 2002b).

As part of our ongoing studies of uranyl molybdates
(Krivovichev & Burns 2000a, b, 2001a, b, Krivovichev
et al. 2002a, b), we have synthesized Cs4[(UO2)3O
(MoO4)2(MoO5)] and Cs6[(UO2)(MoO4)4] and deter-
mined their crystal structures.

EXPERIMENTAL

Synthesis of the crystals

Crystals of the Cs uranyl molybdates used in the
current study were obtained by high-temperature solid-
state reaction. A mixture of 0.038 g of CsOOCCH3,
0.029 g of UO2(CH3COO)2•2H2O, and 0.029 g MoO3
(molar ratio Cs:U:Mo = 2:1:2) was placed in a platinum
crucible and heated to 850°C in air, followed by cool-
ing to 400°C over 100 hours, and then to 50°C over 10
hours. Transparent orange crystals of Cs4[(UO2)3O
(MoO4)2(MoO5)] and transparent yellow crystals of
Cs6[(UO2)(MoO4)4] with maximum dimensions up to
0.5 mm were obtained.

X-ray data collection

Small crystal fragments of each phase were selected
for data collection and were mounted on a Bruker three-
circle diffractometer equipped with a SMART APEX
CCD (charge-coupled device) detector. Data were col-
lected using monochromatized MoK� X-radiation with
frame widths of 0.3° in �. More than a hemisphere of
data was collected for each crystal, and the data were
reduced using the Bruker program SAINT. Data were
corrected for Lorentz, polarization and background ef-

fects. Unit-cell parameters were refined using least-
squares methods (Table 1). Semi-empirical corrections
for absorption were done with each crystal modeled as
an ellipsoid; details are presented 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 the U,
Cs and Mo atoms. Anions were located on difference-
Fourier maps calculated following least-squares refine-
ment of the partial-structure models. Each structure was
refined on the basis of F2 for all unique data. Final re-
finements for each structure included all atomic posi-
tional parameters, with an allowance for anisotropic
displacement of all atoms, and a weighting scheme of
the structure factors. For Cs4[(UO2)3O(MoO4)2(MoO5)],
the refinement converged to an agreement index (R1)
of 4.4%, calculated for the 4873 unique observed re-
flections. Final atomic parameters and selected inter-
atomic distances are presented in Tables 2 and 3,
respectively. For Cs6[(UO2)(MoO4)4], the refinement
converged to an R1 of 4.9%, calculated for the 4275
unique observed reflections (Fo > 4�F). Final atom-
parameters and selected interatomic distances are pre-
sented in Tables 4 and 5, respectively. Observed and
calculated structure-factors for each compound are
available from the Depository of Unpublished Data,
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CISTI, National Research Council, Ottawa, Ontario
K1A 0S2, Canada.

RESULTS: CS4[(UO2)3O(MOO4)2(MOO5)]

Cation polyhedra

The structure of Cs4[(UO2)3O(MoO4)2(MoO5)] con-
tains three symmetrically independent U6+ cations. Each
cation is bonded to two O atoms, forming (UO2)2+ ura-
nyl ions (Ur) with <U–OUr> bond lengths of 1.80, 1.80
and 1.81 Å for U(1), U(2) and U(3), respectively. Each
uranyl ion is coordinated by five O atoms arranged at
the equatorial vertices of UrO5 pentagonal bipyramids.
The <U–Oeq> (eq: equatorial) bond distances range
from 2.33 to 2.36 Å, which is consistent with the value
of 2.37(9) Å obtained for uranyl pentagonal bipyramids
from numerous well-refined structures (Burns et al.
1997).

There are three symmetrically independent Mo6+

cations in the structure. The Mo(1) and Mo(3) cations
are coordinated by four atoms of O located at the verti-
ces of tetrahedra. The <Mo–O> distances for these tet-
rahedra are 1.75 and 1.76 Å, in good agreement with
values in uranyl molybdates containing MoO4 tetrahe-
dra (Krivovichev & Burns 2001a, b). The Mo(2) cation
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is in a strongly distorted coordination polyhedron con-
taining five O atoms. It consists of four Mo(2)–O bond
lengths in the range 1.71 to 1.89 Å, and one Mo(2)–O
bond length of 2.27 Å. According to the bond-valence
curves provided by Brese & O’Keeffe (1991), the
Mo(2)–O bond-length of 2.27 Å corresponds to 0.37 vu,
and exclusion of this bond would result in serious defi-
ciencies in the bond-valence sums incident at both of
the Mo(2) and O(11) sites (Table 6). A similar environ-
ment of coordination was found about the Mo6+ cation
in the structure of deloryite, where there are four Mo–O
bonds in the range 1.71 to 1.88 Å, and one at 2.58 Å
(Pushcharovsky et al. 1996).

The structure of Cs4[(UO2)3O(MoO4)2(MoO5)] con-
tains four symmetrically independent Cs cations. Cs(1)
and Cs(4) are coordinated by nine O atoms, whereas

Cs(2) and Cs(3) are each coordinated by ten O atoms
within 3.8 Å.

Structural connectivity

The three UrO5 pentagonal bipyramids are linked
through a single vertex [O(14)], resulting in a trimer of
polyhedra that share edges (Fig. 1a). The trimers share
vertices, forming chains that extend along [010]. The
Mo(2)O5 polyhedra are attached to these chains by shar-
ing edges with two uranyl polyhedra, and the chains are
cross-linked by the sharing of vertices with the Mo(1)O4
and Mo(2)O4 tetrahedra, resulting in sheets that are par-
allel to (100).

The uranyl molybdate sheet in Cs4[(UO2)3O
(MoO4)2(MoO5)] (Fig. 1a) has not been observed in any
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other structure. The sheet anion-topology, obtained us-
ing the method of Burns et al. (1996), is novel (Fig. 1b).
The sheets are connected through Cs cations located in
the interlayer (Fig. 2).

RESULTS: CS6[(UO2)(MOO4)4]

Cation polyhedra

The structure of Cs6[(UO2)(MoO4)4] contains two
symmetrically independent U6+ cations, each of which
forms part of an approximately linear (UO2)2+ uranyl
ion (Ur). In contrast to Cs4[(UO2)3O(MoO4)2(MoO5)],
each uranyl ion in this structure is coordinated by four
O atoms arranged at the equatorial vertices of UrO4

square bipyramids. The <U–Oeq> bond lengths are 2.29
and 2.27 Å for U(1) and U(2), respectively, in good
agreement with the average value of 2.28(5) Å given
for (UrO4) square bipyramids by Burns et al. (1997).

There are six symmetrically independent Mo6+ cat-
ions in the structure, each of which is tetrahedrally co-
ordinated by four O atoms. The <Mo–O> bond lengths
range from 1.75 to 1.77 Å (Table 5). Nine symmetri-
cally non-equivalent Cs atoms in the structure are coor-
dinated by eight to ten atoms of O.

Structural connectivity

The structure of Cs6[(UO2)(MoO4)4] is based upon
finite clusters of composition [(UO2)(MoO4)4]6–

FIG. 1. The sheet of uranyl and molybdate polyhedra in the structure of Cs4[(UO2)3O
(MoO4)2(MoO5)] (a) and its corresponding anion-topology (b). Legend: UrO5 polyhe-
dra: yellow, MoOn polyhedra: green.

FIG. 2. The structure of Cs4[(UO2)3O(MoO4)2(MoO5)] projected approximately along the
c axis. Legend: UrO5 polyhedra: yellow, MoOn polyhedra: green, Cs cations: red.
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(Fig. 3a) that involve a central UrO4 square bipyramid
that shares all four of its equatorial vertices with MoO4
tetrahedra. This is the first documented occurrence of
this finite cluster in a uranyl compound (Burns et al.
1996). The extended structure contains two symmetri-
cally independent [(UO2)(MoO4)4] clusters. The cluster
involving the U(1) cation (Fig. 3b) is non-centrosym-
metric and is aligned parallel to (010) (Fig. 4), whereas
the cluster containing the U(2) cation is centrosymmet-
ric, and is oriented parallel to (001) (Fig. 4). There are
twice as many clusters that contain U(1) as U(2).

The three-dimensional connectivity of the structure
is provided by Cs cations located between the clusters
(Fig. 4).

DISCUSSION

Burns et al. (1996) developed a structural hierarchy
of uranyl minerals and inorganic compounds that is
based upon the polymerization of cation polyhedra of
high bond-valence. The uranyl molybdate sheet in
Cs4[(UO2)3O(MoO4)2(MoO5)], and the uranyl molyb-

FIG. 3. The [(UO2)(MoO4)4]6– finite cluster in Cs6[(UO2)(MoO4)4] shown in polyhedral representation (a) and ball-and-stick
representations of the two symmetrically independent clusters (b, c).

FIG. 4. The structure of Cs6[(UO2)(MoO4)4] projected approximately along the a axis.
The legend is as in Figure 2.

c
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date cluster in Cs6[(UO2)(MoO4)4] place these com-
pounds in the sheet and finite-cluster classes, respec-
tively. Neither of these specific structural units have
been reported previously in uranyl compounds, and their
discovery provides insight into the crystal chemistry of
uranyl molybdates and uranyl compounds in general.

The structure of Cs4[(UO2)3O(MoO4)2(MoO5)] is
remarkable in that it is the first uranyl molybdate to
contain Mo6+ in both fourfold and fivefold coordination.
The single symmetrically distinct Mo6+ cation in the
structure of deloryite, Cu4[(UO2)(MoO4)2](OH)6, is also
in fivefold coordination, although the longest Mo–O
bond (2.57 Å) is substantially longer than in Cs4[(UO2)3
O(MoO4)2(MoO5)] (Pushcharovsky et al. 1996).

The compound Cs6[(UO2)(MoO4)4] is only the sec-
ond uranyl molybdate structure that contains uranium
in square bipyramidal coordination, the other being
deloryite. The structure of deloryite involves uranyl
square bipyramids linked through vertex sharing with
MoO5 polyhedra to form chains (Tali et al. 1993,
Pushcharovsky et al. 1996).

Despite their similar formulae, Cs6[(UO2)(MoO4)4]
is not isostructural with Na6[(UO2)(MoO4)4] (Krivo-
vichev et al. 2002a). The structure of Na6[(UO2)
(MoO4)4] also contains finite clusters of uranyl and
molybdate polyhedra, but each cluster involves two
(UrO5) uranyl pentagonal bipyramids that are linked by
the sharing of vertices with two molybdate tetrahedra.

Among the structures of Cs uranyl molybdates,
Cs6[(UO2)(MoO4)4] is the first that contains finite ura-
nyl molybdate clusters. The structures of Cs4[(UO2)3O
(MoO4)2(MoO5)] (reported here), Cs2[(UO2)(MoO4)2]
(H2O) (Rastsvetaeva et al. 1999) and �–Cs2[(UO2)2
(MoO4)3] (Krivovichev et al. 2002b) are each based
upon uranyl molybdate sheets, whereas those of
Cs2[(UO2)6(MoO4)7(H2O)2] (Krivovichev & Burns
2001b) and �–Cs2[(UO2)2(MoO4)3] (Krivovichev et al.
2002b) contain frameworks of UrO5 pentagonal
bipyramids and MoO4 tetrahedra.

The current study demonstrates that the exceptional
structural diversity of uranyl molybdates is controlled
not only by the combinatorics of polyhedron linkage but
also by the diversity of coordination polyhedra of U6+

and Mo6+ cations.
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