
1225

The Canadian Mineralogist
Vol. 41, pp. 1225-1231 (2003)

CRYSTAL CHEMISTRY OF URANYL MOLYBDATES. IX. A NOVEL URANYL
MOLYBDATE SHEET IN THE STRUCTURE OF Tl2[(UO2)2O(MoO5)]

SERGEY V. KRIVOVICHEV§ AND PETER C. BURNS

Department of Civil Engineering and Geological Sciences, 156 Fitzpatrick Hall,
University of Notre Dame, Notre Dame, Indiana 46556, U.S.A.

ABSTRACT

Crystals of a new thallium uranyl molybdate, Tl2[(UO2)2O(MoO5)], have been synthesized by high-temperature solid-state
reactions. The structure [monoclinic, P21/n, a 8.2527(3), b 28.5081(12), c 9.1555(4) Å, � 104.122(1)°, V 2088.91(15) Å3, Z = 8]
was solved by direct methods and refined to R1 = 0.039 (wR2 = 0.081) on the basis of 8609 unique reflections. The structure is
novel in that Mo6+ cations occur in both tetragonal pyramidal and trigonal bipyramidal coordination environments, and it contains
a uranyl molybdate sheet of composition [(UO2)2O(MoO5)] with more uranium than molybdenum. The uranyl molybdate sheets
are composed of UrO5 (Ur: uranyl ion, UO2

2+) pentagonal bipyramids and MoO5 polyhedra that are linked by the sharing of
edges. Within the sheet, eight UrO5 bipyramids share edges, resulting in a Z-shaped complex that is oriented approximately
parallel to [010]. The MoO5 polyhedra each contain one O atom that is not shared within the sheet; these are oriented both up and
down relative to the plane of the sheet. The anion topology of the sheet consists of pentagons, squares and triangles. In the sheet,
all pentagons are populated by U, four-fifths of the squares contain Mo, and the triangles are empty. The uranyl molybdate sheets
are parallel to (1̄01) and are linked via Tl+ cations located in the interlayer.
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SOMMAIRE

Nous avons synthétisé un nouveau molybdate uranylé de thallium, Tl2[(UO2)2O(MoO5)], par réactions à l’état solide à
température élevée. La structure [monoclinique, P21/n, a 8.2527(3), b 28.5081(12), c 9.1555(4) Å, � 104.122(1)°, V 2088.91(15)
Å3, Z = 8] a été résolue par méthodes directes et affinée jusqu’à un résidu R1 de 0.039 (wR2 = 0.081) en utilisant 8609 réflexions
uniques. La structure présente un aspect original à cause de la présence des cations Mo6+ en polyèdres de coordinence sous forme
de pyramides tétragonales et de bipyramides trigonales. De plus, elle contient un feuillet de molybdate uranylé de composition
[(UO2)2O(MoO5)], donc avec plus d’uranium que de molybdène. Ces feuillets contiennent des bipyramides pentagonales UrO5
(Ur: ion uranyle, UO2

2+) et des polyèdres MoO5 qui sont connectés par partage d’arêtes. Au sein du feuillet, huit bipyramides
UrO5 partagent des arêtes, et définissent un complexe en forme de Z qui est orienté à peu près parallèle à [010]. Chacun des
polyèdres MoO5 contient un atome d’oxygène non partagé avec les feuillets. Ces atomes sont orientés alternativement vers le haut
et vers le bas par rapport au plan du feuillet. La topologie du feuillet contient des pentagones, des carrés et des triangles. Dans le
feuillet, tous les pentagones contiennent un atome d’uranium, quatre cinquièmes des carrés contiennent un atome de Mo, et les
triangles sont vides. Les feuillets de molybdate uranylé sont parallèles à (1̄01) et sont interliés grâce aux cations Tl+ situés dans
l’interfeuillet.

(Traduit par la Rédaction)

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

§ Present address: Mineralogisch-Petrographisches Institut, Kiel Universität, Olshausenstrasse 40, D-24118 Kiel, Germany.
E-mail address: skrivovi@mail.ru.



1226 THE CANADIAN MINERALOGIST

SMART APEX CCD (charge-coupled device) detector
with a crystal-to-detector distance of 4.5 cm. More than
a hemisphere of data was collected using mono-
chromated MoK� X-radiation and framewidths of 0.3°
in �. The unit-cell dimensions (Table 1) were refined
using least-squares techniques. The three-dimensional
dataset was reduced and filtered for statistical outliers
using the Bruker program SAINT. The data were cor-
rected for Lorentz, polarization and background effects.
An empirical absorption-correction was done for the
crystal by modeling it as an ellipsoid, which lowered
Rint from 12.0 to 4.6%. Additional information pertinent
to the data collection is given in Table 1.

Structure solution and refinement

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 structure. The structure was
solved by direct methods, which gave the positions of
the U, Mo and Tl atoms. Oxygen atoms were located in
difference-Fourier maps calculated following least-
squares refinement of the partial-structure model. The
structure was refined on the basis of F2 for all 8609
unique data. The final refinement included the positional
parameters of all atoms, with an allowance for anisotro-
pic displacement of all atoms except the partially occu-
pied Tl(5) site, and included a weighting scheme of the
structure factors. The refinement converged to an agree-
ment index (R1) of 3.9%, which was calculated for the
6255 unique observed reflections (Fo > 4�Fo). The
goodness-of-fit (S) was 1.077. Final positional and dis-
placement parameters of all atoms, and selected inter-
atomic distances are shown in Tables 2 and 3,
respectively. Observed and calculated structure-factors
are available from the Depository of Unpublished Data,
CISTI, National Research Council, Ottawa, Ontario
K1A 0S2, Canada.

RESULTS

Cation polyhedra

There are four symmetrically independent U6+ cat-
ions in the structure, each of which is strongly bonded
to two O atoms, forming approximately linear uranyl
ions with U–OUr bond lengths of ~1.8 Å. The uranyl
ions are further coordinated by five atoms of O arranged
at the equatorial vertices of UrO5 pentagonal bipyra-
mids. Average U6+–Oeq (Oeq: equatorial O atom) bond
lengths are in the range of 2.33 to 2.34 Å.

There are two symmetrically independent Mo6+ cat-
ions in the structure, and each is coordinated by five O
atoms (Fig. 1). Each of the MoO5 polyhedra has one

INTRODUCTION

In our previous papers concerning the crystal chem-
istry of uranyl molybdates (Krivovichev & Burns 2000a,
b, 2001a, b, 2002a, b, c, d, 2003a, b, c, Krivovichev et
al. 2002a, b), we have established that structural diver-
sity of uranyl molybdates is controlled by several fac-
tors, including the coordination geometry of U and Mo.
The most common coordination polyhedra for U and
Mo in uranyl molybdates are the UrO5 pentagonal
bipyramid (Ur: uranyl ion, UO2

2+) and the MoO4 tetra-
hedron, respectively. The coordination about Mo is
more flexible than that about U, and varies from four-
fold (tetrahedral) to sixfold (distorted octahedral). In this
contribution, we report the crystal structure of
Tl2[(UO2)2O(MoO5)], in which Mo6+ cations occur in
two types of fivefold coordination: trigonal bipyramidal
and tetragonal pyramidal.

Krivovichev & Burns (2003a) reported the structures
of the Tl uranyl molybdates Na3Tl3[(UO2)(MoO4)4],
Na13–xTl3+x[(UO2)(MoO4)3]4(H2O)6+x (x = 0.1) and
Na3Tl5[(UO2)(MoO4)3]2(H2O)3. We have recently pre-
pared crystals of Tl2(UO2)(MoO4)2, Tl2(UO2)2(MoO4)3
and Tl2[(UO2)6(MoO4)7(H2O)](H2O), the structures of
which will be reported elsewhere.

EXPERIMENTAL

Synthesis of crystals

Crystals of Tl2[(UO2)2O(MoO5)] were obtained by
high-temperature solid-state reactions. A mixture of
TlNO3 (0.1064 g), MoO3 (0.0432 g) and UO3 (0.0286 g)
were heated in a platinum crucible to 600°C, followed
by cooling to 300°C over 50 h, after which the furnace
was turned off. Dark red plates of Tl2[(UO2)2O(MoO5)]
were obtained, together with equidimensional yellow
crystals of Tl2[(UO2)(MoO4)2].

Collection of X-ray data

A crystal ofTl2[(UO2)2O(MoO5)] was mounted on a
Bruker three-circle diffractometer equipped with a
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relatively short Mo–O bond (1.701 and 1.734 Å for
Mo(1) and Mo(2), respectively). The remaining four
Mo–O bonds are arranged differently for the two Mo
cations. The geometries of each arrangement can be
described using bond angles between two opposite Mo–
O bonds (Fig. 1). In the Mo(1)O5 polyhedron, these two
angles are 146.4 and 149.4°, and the Mo(1)O5 polyhe-
dron may be described as a tetragonal pyramid. In con-
trast, the corresponding angles in the Mo(2)O5
polyhedron (note that the short “apical” Mo–O bond is
not considered) are 132.9 and 164.4°, which defines a
distorted trigonal bipyramidal geometry (an ideal trigo-
nal bipyramid has angles of 120 and 180°). Thus the
structure of Tl2[(UO2)2O(MoO5)] possesses two types
of Mo coordination polyhedron: a tetragonal pyramid
Mo(1)O5, and a trigonal bipyramid Mo(2)O5.

The are four symmetrically independent Tl+ cations
in the structure. The Tl(1) and Tl(2) atoms are each co-
ordinated by eight atoms of O, whereas the Tl(3) and
Tl(4) atoms are each coordinated by six anions. The Tl+–
O bond lengths range from 2.72 to 3.26 Å, and the Tl
coordination polyhedra are distorted owing to the pres-
ence of the 6s2 lone-electron pairs on the Tl+ cations.

However, owing to the relatively low charge of the Tl+

cations, the effect of the lone-electron pair is not as pro-
nounced as is typical for Pb2+ and Bi3+ cations, for ex-
ample.

The refined occupancy of the Tl(4) position is
0.886(3), and it has a complementary Tl(5) position
~1.05 Å away with an occupancy of 0.134(3). Only one
of these sites is occupied locally.

Bond-valence analysis

The bond-valence sums for the atoms in the struc-
tures were calculated using parameters given by Burns
et al. (1997) for U6+–O bonds and by Brown (2002) for
Mo6+–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 (pers. commun.). The calculated bond-
valence sums for cations are 6.03, 6.02, 6.03, 5.96, 6.06,
6.08, 1.04, 0.96, 0.85 and 0.81 valence units for U(1),
U(2), U(3), U(4), Mo(1), Mo(2), Tl(1), Tl(2), Tl(3) and
Tl(4), respectively. The bond-valence sums for O atoms
are in the range of 1.81 to 2.20 valence units.
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Structure description

The structure of Tl2[(UO2)2O(MoO5)] contains a
dense sheet of composition [(UO2)2O(MoO5)] that in-
volves UrO5 pentagonal bipyramids and MoO5 polyhe-
dra that share edges (Fig. 2a). Within the sheet, eight
UrO5 bipyramids link by sharing edges, resulting in Z-
shaped complexes that are oriented approximately par-

FIG. 1. Coordination of Mo atoms in the structure of Tl2[(UO2)2O(MoO5)]. According to the values of the bond angles, the
Mo(1)O5 and Mo(2)O5 coordination polyhedra are designated as a tetragonal pyramid and trigonal bipyramid, respectively.

FIG. 2. The uranyl molybdate sheet in the structure of Tl2[(UO2)2O(MoO5)] (a) and its anion topology (b). Legend: U polyhedra:
yellow, Mo polyhedra: green, t101 = translation along [101].

allel to [010]. The MoO5 polyhedra each include one O
atom that is not shared within the sheet; these alternate
up and down relative to the plane of the sheet.

The anion topology of the [(UO2)2O(MoO5)] sheet,
constructed according to the procedure described by
Burns et al. (1996), is shown in Figure 2b. It consists of
pentagons, squares and triangles. In the corresponding
sheet, each pentagon contains a U atom, four-fifths of
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the squares are populated by Mo atoms, and the triangles
are empty. Among the uranyl molybdates, related an-
ion-topologies have been observed for Cs4[(UO2)3O
(MoO4)2(MoO5)] (Krivovichev & Burns 2002a) and
Ag6[(UO2)3O(MoO4)5] (Krivovichev & Burns 2002c).

The structure is shown projected onto (010) in
Figure 3. The uranyl molybdate sheets are parallel to
(1
-
01) and are linked via Tl+ cations located in the

interlayer.

DISCUSSION

The [(UO2)2O(MoO5)] sheet in the structure of
Tl2[(UO2)2O(MoO5)] is an example of a uranyl molyb-
date structural unit with more U than Mo (U:Mo = 2:1).
Recently, Obbade et al. (2003b) reported two new K
uranyl molybdates, K2(UO2)2(MoO4)O2 and K8(UO2)8
(MoO5)3O6. Crystal structures of these compounds con-
tain new uranyl molybdate sheets with the U:Mo ratios
of 2:1 and 8:3, respectively. Uranyl molybdates with

U:Mo greater than 1 are of interest because of their
potential relationships to the structure of the phase
(Cs2xBa1–x)[(UO2)5(MoO6)(OH)6]•nH2O (x ≈ 0.4,
n ≈ 6), which formed owing to the alteration of spent
nuclear fuel during hydrologically unsaturated tests de-
signed to simulate conditions expected in the nuclear
waste repository at Yucca Mountain, Nevada (Buck et
al. 1997). Buck et al. suggested that the structure of this
phase is based upon sheets of U and Mo polyhedra;
however, complete determination of the structure was
impossible owing to the poor quality of the material
available. The characteristic feature of the uranyl
molybdate sheets observed in Tl2[(UO2)2O(MoO5)]
(this work) and K2(UO2)2(MoO4)O2 and K8(UO2)8
(Mo O5)3O6 (Obbade et al. 2003b) is that U polyhedra
are arranged in complex islands that are further
interlinked via Mo polyhedra. It is very likely that the
U–Mo sheets in (Cs2xBa1–x)[(UO2)5(MoO6) (OH)6]•nH2O
share this feature as well.

FIG. 3. Projection of the structure of Tl2[(UO2)2O(MoO5)] onto the plane (010). Legend:
U polyhedra: yellow, Mo polyhedra: green, and Tl+ cations are shown as blue circles.
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The structure of Tl2[(UO2)2O(MoO5)] is closely re-
lated to the structures of M2[(UO2)2O(WO5)] (M = K,
Rb) recently reported by Obbade et al. (2003a). In fact,
these structures are based upon the [(UO2)2O(WO5)]
sheets of the same topology as observed in the
[(UO2)2O(MoO5)] sheets of our compound. Whereas no
uranyl molybdate minerals with U:Mo > 1 have been
reported so far, Walenta (1985) reported the only known
natural uranyl tungstate, uranotungstite, (Ba,Pb,Fe2+)
(UO2)2(WO4)(OH)4(H2O)12. The structure of this min-
eral is unknown, but it is remarkable that it has a U:W
ratio of 2:1, i.e., the same as observed for M2[(UO2)2
O(WO5)] (M = K, Rb) (Obbade et al. 2003a) and for
Tl2[(UO2)2O(MoO5)], reported herein.
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