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ABSTRACT

Crystals of a new silver uranyl molybdate, Ag10[(UO2)8O8(Mo5O20)], have been synthesized by high-temperature solid-state
reaction. The structure [monoclinic, C2/c, a 24.672(2), b 23.401(2), c 6.7932(4) Å, � 94.985(2)°, V 3907.3(4) Å3, Z = 4] was
solved by direct methods and refined to R1 = 0.049 (wR2 = 0.101) on the basis of 4317 unique observed reflections using a crystal
twinned on (001). The twinning causes overlap of the reflections with l = 3n. The structure is based upon complex double sheets
of UrO5 pentagonal bipyramids and Mo polyhedra. The double sheets are parallel to (100) and consist of two [(UO2)2O2(MoO5)]
sheets of UrO5 bipyramids and MoO6 octahedra. Within the [(UO2)2O2(MoO5)] sheets, UrO5 bipyramids share edges to produce
complex chains parallel to the c axis and linked via pairs of edge-sharing MoO6 octahedra. The two [(UO2)2O2(MoO5)] sheets are
linked into double [(UO2)8O8(Mo5O20)] sheets via the Mo(3)O4 tetrahedron located between the sheets. The MoO4 tetrahedra
share two corners with two MoO6 octahedra of the sheet above and two corners with MoO6 octahedra from the sheet below, so
that Mo5O20 pentanuclear clusters are formed. The uranyl molybdate sheets found in the structure have not been previously
observed in uranyl minerals and inorganic compounds. The Ag(2), Ag(3), Ag(6), Ag(7), and Ag(8) atoms are located within the
double sheets, whereas the Ag(1), Ag(4), and Ag(5) are in between the double sheets.
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SOMMAIRE

Nous avons synthétisé des cristaux d’un nouveau molybdate uranylé d’argent, Ag10[(UO2)8O8(Mo5O20)], par réaction à l’état
solide à température élevée. La structure [monoclinique, C2/c, a 24.672(2), b 23.401(2), c 6.7932(4) Å, � 94.985(2)°, V 3907.3(4)
Å3, Z = 4] a été résolue par méthodes directes et affinée jusqu’à un résidu R1 de 0.049 (wR2 = 0.101) en utilisant 4317 réflexions
uniques observées sur un cristal maclé selon (001). Les macles causent une surimposition de réflexions ayant l = 3n. La structure
contient des feuillets doubles complexes de bipyramides pentagonales UrO5 et de polyèdres contenant le Mo. Les feuillets dou-
bles sont parallèles à (100) et sont faits de deux feuillets [(UO2)2O2(MoO5)] contenant des bipyramides UrO5 et les octaèdres
MoO6. Dans ces feuillets les bipyramides UrO5 partagent des arêtes pour former des chaînes complexes parallèles à l’axe c qui
sont interliées par des paires d’ocatèdres partageant une arête. Les deux feuillets [(UO2)2O2(MoO5)] sont agencés en feuillets
doubles [(UO2)8O8(Mo5O20)] par un tétraèdre Mo(3)O4 situé entre les feuillets. Ces tétraèdres MoO4 partagent deux coins avec
deux octaèdres MoO6 du feuillet supérieur et deux coins avec les octaèdres MoO6 du feuillet inférieur, de sorte qu’il en résulte des
groupements pentanucléaires de composition Mo5O20. De tels feuillets de molybdate uranylé n’avaient pas été signalés dans la
nature ou les produits de synthèse. Les atomes Ag(2), Ag(3), Ag(6), Ag(7), et Ag(8) sont situés au sein des feuillets doubles,
tandis que Ag(1), Ag(4), et Ag(5) sont situés dans l’interfeuillet.

(Traduit par la Rédaction)
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INTRODUCTION

Uranyl molybdates of monovalent cations show re-
markable structural variability. Recently, Krivovichev
& Burns (2002a) reported the synthesis and crystal
structure of the first silver uranyl molybdate, Ag6
[(UO2)3O(MoO4)5]: that compound is based upon a

unique sheet consisting of triuranyl clusters (UO2)3O
and MoO4 tetrahedra. Compared to known alkali metal,
ammonium and thallium uranyl molybdates (Krivo-
vichev & Burns 2001a, b, 2002b, c, d, 2003a, b,
Krivovichev et al. 2002a, b, 2003, Obbade et al. 2003a,
and references therein), the structure of Ag6[(UO2)3
O(MoO4)5] is quite unusual as a consequence of the
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(Ibers & Hamilton 1974). The Bruker SHELXTL Ver-
sion 5 system of programs was used for the determina-
tion and refinement of the structure. Initial attempts to
solve the structure in the monoclinic system space,
group C2/c, were unsuccessful. The positions of U and
Mo atoms were located by direct methods, but large
residual electron-density peaks were invariably present
around the positions of the heavy cation. Lowering the
symmetry to space group C1 did not improve the situa-
tion. We concluded that the crystals are twinned on
(001), and inspection of the reciprocal space showed that
reflections with l = 3n overlap (Fig. 1). This twinning
can be described as being pseudo-merohedral, with the
l = 3n reflections overlapped. Such twinning cannot be
taken into account by simple application of the TWIN
instruction in the current or previous versions of the
SHELXTL system of programs. Thus, reflections with
l = 3n and l ≠ 3n were placed in separate datasets. The
structure was easily solved in the space group C2/c us-
ing only reflections with l ≠ 3n. The structure was re-
fined to R1 = 0.047 on the basis of 2878 unique observed
reflections with l ≠ 3n. The largest peak on the differ-
ence Fourier map was 4.80 e–. The model was further
refined using all reflections to R1 of 0.056 on the basis
of 4317 unique observed reflections. This model re-
sulted in nine large peaks (5.0–12.5 e–) in the differ-
ence-Fourier maps, close to the positions of the U, Mo
and Ag atoms. The scale factors for the datasets with l =
3n and l ≠ 3n were subsequently refined, and all data
were adjusted to the same scale factor by multiplying
F2

hkl by 0.8354 for the reflections with l = 3n, i.e., re-
flections for which overlap in the reciprocal space has
been observed (Fig. 1). The modified dataset was used
in the final refinement that included the positional pa-
rameters of all atoms with an allowance for anisotropic
displacement of cations, and a weighting scheme of the
structure factors.

The refinement of anisotropic parameters of anions
resulted in physically unrealistic parameters for some
of the O atoms, most likely due to the effects of twin-
ning: the reciprocal lattices of the two twin components
do not completely overlap in reciprocal space, and their
separation cannot be achieved perfectly. On the basis of
the structure refinement, the chemical formula of the
compound was determined to be Ag10[(UO2)8O8
(Mo5O20)]. The final refinement converged to an agree-
ment index (R1) of 0.049, calculated for the 4317 unique
observed reflections (Fo > 4�Fo), with a goodness-of-fit
(S) of 0.863. In the final refinement, the largest residue
in the difference-Fourier map was 2.3 e–. Final posi-
tional and displacement parameters of the atoms, and
selected interatomic distances, are reported in Tables 2
and 3, respectively. Observed and calculated structure-
factors for each compound are available from the De-
pository of Unpublished Data, CISTI, National
Research Council, Ottawa, Ontario K1A 0S2, Canada.

small size of the Ag+ cation and features of its electronic
configuration. Together with crystals of Ag6[(UO2)3
O(MoO4)5], we synthesized several crystals of another
silver uranyl molybdate, Ag10[(UO2)8O8(Mo5O20)], the
structure of which we report here. Its novel structure
provides new important insights into crystal chemistry
of uranyl molybdates and uranyl compounds in general.

EXPERIMENTAL

Synthesis

Crystals of Ag10[(UO2)8O8(Mo5O20)] were obtained
by loading AgNO3 (0.068 g), MoO3 (0.058 g) and UO3
(0.057 g) into a platinum crucible. The mixture was
heated at 650°C for 5 h in air, followed by cooling to
300°C over 50 h and then to 50°C over 10 h. The prod-
uct consisted of orange tabular transparent crystals of
Ag6[(UO2)3O(MoO4)5] with several dark red plates of
Ag10[(UO2)8O8(Mo5O20)].

X-ray data collection

A small crystal of Ag10[(UO2)8O8(Mo5O20)] was
mounted on a Bruker three-circle diffractometer
equipped with a SMART APEX CCD (charge-coupled
device) detector with a crystal-to-detector distance of
4.67 cm. More than a hemisphere of data was collected
using monochromated MoK� X-radiation and frame-
widths of 0.3° in �. The unit-cell dimensions (Table 1)
were refined using least-squares techniques. The three-
dimensional data were reduced and filtered for statisti-
cal outliers using the Bruker program SAINT. The data
were corrected for Lorentz, polarization and background
effects. An empirical absorption-correction was done for
the crystal by modeling it as an ellipsoid, which low-
ered Rint from 9.6 to 4.4%. Additional information per-
tinent to the data collection 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
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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. Uranyl ions
are coordinated by five anions arranged at the vertices
of UrO5 pentagonal bipyramids. It is interesting that
some of the U6+–O bonds in the uranyl ions are essen-
tially longer than 1.8 Å. This can be explained as a re-
sult of external influence of Ag+ cations that form
relatively strong Ag+–O bonds to the O atoms of the
uranyl ions. For instance, the relatively long U(2)–O(2)
bond, 1.90(1) Å, is probably a result of formation of
two short Ag(2)–O(2) and Ag(3)–O(2) bonds (2.47 and
2.48 Å, respectively) and one longer Ag(3)–O(2) bond
(2.62 Å).

There are three symmetrically independent Mo6+

cations in the structure. The Mo(1) and Mo(2) are each
coordinated by six O atoms in strongly distorted octa-
hedral arrangements. The Mo(1)O6 and Mo(2)O6 coor-
dination polyhedra each consist of two short (1.68–1.77
Å), two intermediate (1.83–1.88 Å) and two long (2.23–
2.36 Å) Mo6+–O bonds. A similarly distorted octahe-
dral coordination of the Mo6+ cations occurs in the
structures of umohoite, iriginite, and a low hydrate ana-
logue of iriginite (Krivovichev & Burns 2000a, b,
2002b). The Mo(3) atom is tetrahedrally coordinated by
four O atoms with a <Mo(3)–O> bond of 1.73 Å.

There are eight symmetrically independent Ag sites
in the structure, of which Ag(5) and Ag(8) are partially
occupied. The Ag(4), Ag(5), and Ag(8) atoms are coor-
dinated by six anions each, whereas the Ag(1), Ag(2),
Ag(3), Ag(6), and Ag(7) are coordinated by eight an-
ions each. The <Ag–O> average bond-lengths are in the
range of 2.60 to 2.73 Å.
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FIG. 2. The crystal structure of
Ag10[(UO2)8O8(Mo5O20)] pro-
jected along the c axis. Legend: U
polyhedra are yellow, Mo polyhe-
dra are green, Ag+ cations are
lavender.

FIG. 1. Schematic representation of the overlap of reciprocal
lattices of two twin components (orange and blue lattices)
of the crystal of Ag10[(UO2)8O8(Mo5O20)] twinned on
(001). The overlapped lattice points are marked by red cir-
cles. The overlap occurs for the reflections with l = 3n.



CRYSTAL CHEMISTRY OF URANYL MOLYBDATES X 1459

FIG. 3. The single uranyl molybdate sheet in the structure of Ag10[(UO2)8O8(Mo5O20)] (a)
and its anion topology (b), presented according to the method by Burns et al. (1996).
Legend: U polyhedra are yellow, Mo polyhedra are green.

FIG. 4. Diagram demonstrating linkage of two adjacent uranyl molybdate sheets into double sheet via Mo(3)O4 tetrahedron (a),
and Mo5O20 cluster shown in polyhedral (b) and ball-and-stick representations. Legend: U polyhedra are yellow, Mo polyhe-
dra are green, Mo atoms are green spheres, and O atoms are red spheres.
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FIG. 5. Anion topology of uranyl molybdate sheet in the structure of Ag10[(UO2)8
O8(Mo5O20)] (a) and its construction from chains of polygons (b).

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
Ag+–O and Mo6+–O bonds. The calculated bond-va-
lence sums for hexavalent cations are 5.98, 5.92, 6.01,
5.91, 6.35, 6.05, and 6.54 vu (valence units) for U(1),
U(2), U(3), U(4), Mo(1), Mo(2), and Mo(3), respec-
tively. The bond-valence sums for Ag atoms are in the
range of 0.61–1.05 vu (the lowest bond-valence sums
correspond to partially occupied Ag sites). The bond-

valence sums for the O atoms are in the range of 1.61–
2.26 vu.

Description of the structure

The structure of Ag10[(UO2)8O8(Mo5O20)] (Fig. 2)
contains complex double sheets of UrO5 pentagonal
bipyramids and Mo polyhedra. The double sheets are
parallel to (100) and consist of two sheets of composi-
tion [(UO2)2O2(MoO5)] that contain UrO5 bipyramids
and MoO6 octahedra (Fig. 3a). Within these sheets,
UrO5 bipyramids share equatorial edges, resulting in
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complex chains parallel to the c axis. The chains are
linked by a sharing of edges and vertices with pairs of
edge-sharing MoO6 octahedra.

The anion-topology of the [(UO2)2O2(MoO5)] sheet,
derived using method of Burns et al. (1996), is depicted
in Figure 3b. It consists of pentagons, squares and tri-
angles. The pentagons and squares are populated by U
and Mo atoms, respectively, whereas triangles are
empty. This sheet is novel in uranyl minerals and inor-
ganic compounds.

Two [(UO2)2O2(MoO5)] sheets are linked into
double sheets of composition [(UO2)8O8(Mo5O20)] by
sharing vertices with the Mo(3)O4 tetrahedron, located
between the sheets (Fig. 4a). The MoO4 tetrahedron
shares two corners with two MoO6 octahedra in the
sheet above, and two with MoO6 octahedra of the sheet
below. Thus four MoO6 octahedra and a MoO4 tetrahe-
dron form pentanuclear clusters of composition Mo5O20,
as shown in Figures 4b and 4c. The structure can be
described as based upon chains of edge-sharing UrO5
pentagonal bipyramids that are joined into double sheets
by linkages to Mo5O20 clusters.

The Ag(2), Ag(3), Ag(6), Ag(7), and Ag(8) atoms
are located within the double sheets, whereas the Ag(1),
Ag(4), and Ag(5) are located in between the double
sheets (Fig. 2).

DISCUSSION

Miller et al. (1996) introduced the concept of anion-
topologies, in the description of sheets, as stacking se-
quences of one-dimensional chains of polygons, and this
approach was extended by Burns (1999). This approach
is advantageous because it provides a means to com-
pare complex topologies, as only a small number of
chain types is required to construct topologies that dif-
fer mainly in the sequences of the chains. The novel
anion-topology in the structure of Ag10[(UO2)8O8
(Mo5O20)] can also be described as stacking sequence
of chains of polygons (Fig. 5). Construction of the an-
ion topology requires the previously known P, D, and
U chains (Miller et al. 1996), and TR and TL chains that
are introduced here for the first time. The P chains are
chains of edge-sharing pentagons, whereas D and U
chains are based upon edge-sharing pentagons and tri-
angles with two possible orientations, either up (U) or
down (D). The new TR and TL chains consist of corner-
sharing squares and triangles with two possible orienta-
tions, either right (R) or left (L) (Fig. 5). The anion
topology has the repeat …DPDTRTLUPUTLTR...

As was mentioned above, the single [(UO2)2O2
(MoO5)] sheets in Ag10[(UO2)8O8(Mo5O20)] can also be
described as consisting of complex chains of UrO5
bipyramids linked by sharing edges and vertices with
pairs of edge-sharing MoO6 octahedra. It is interesting
that structurally similar chains of UrO5 bipyramids have
been observed recently in the structures of uranyl io-
dates of composition M[(UO2)2(IO3)2O2](H2O), M = Ba,
Sr, Pb (Bean et al. 2001, Bean & Albrecht-Schmitt
2001). In these compounds, however, these chains are
surrounded by IO3 trigonal pyramids and, as a result,
form one-dimensional [(UO2)2(IO3)2O2]2– complex an-
ionic chains.

It should be noted that the structure of Ag10[(UO2)8
O8(Mo5O20)] reported here is closely related to the struc-
ture of Na10(UO2)8(W5O20)O8 (Obbade et al. 2003b). The
close relationships between these structures demonstrate
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similarity of uranyl tungstates and uranyl molybdates with
octahedral coordination of hexavalent cations.

ACKNOWLEDGEMENTS

We thank Thomas Albrecht-Schmitt, an anonymous
referee, and Robert F. Martin, for useful comments on
the manuscript. The work was supported by the Envi-
ronmental Management Sciences Program of the United
States Department of Energy, grant DE–FG07–97ER
14820. S.V.K. thanks the Alexander von Humboldt
Foundation for partial financial support.

REFERENCES

BEAN, A.C. & ALBRECHT-SCHMITT, T.E. (2001): Cation effects
on the formation of the one-dimensional uranyl iodates
A2[(UO2)3(IO3)4O2] (A = K, Rb, Tl) and AE[(UO2)2
(IO3)2O2](H2O) (AE = Sr, Ba, Pb). J. Solid State Chem. 161,
416-423.

________, RUF, M. & ALBRECHT-SCHMITT, T.E. (2001): Exci-
sion of uranium oxide chains and ribbons in the novel one-
dimensional uranyl iodates K2[(UO2)3(IO3)4O2] and
Ba[(UO2)2(IO3)2O2](H2O). Inorg. Chem. 40, 3959-3963.

BROWN, I.D. (2002): The Chemical Bond in Inorganic Chemis-
try. The Bond Valence Model. Oxford University Press,
Oxford, U.K.

BURNS, P.C. (1999): The crystal chemistry of uranium. In Ura-
nium: Mineralogy, Geochemistry and the Environment
(P.C. Burns & R. Finch, eds.). Rev. Mineral. 38, 23-90.

________, EWING, R.C. & HAWTHORNE, F.C. (1997): The
crystal chemistry of hexavalent uranium: polyhedral
geometries, bond-valence parameters, and polymerization
of polyhedra. Can. Mineral. 35, 1551-1570.

________, MILLER, M.L. & EWING, R.C. (1996): U6+ minerals
and inorganic phases: a comparison and hierarchy of struc-
tures. Can. Mineral. 34, 845-880.

IBERS, J.A. & HAMILTON, W.C., eds. (1974): International Ta-
bles for X-ray Crystallography, IV. The Kynoch Press,
Birmingham, U.K.

KRIVOVICHEV, S.V. & BURNS, P.C. (2000a): Crystal chemistry
of uranyl molybdates. I. The structure and formula of
umohoite. Can. Mineral. 38, 717-726.

________ & ________ (2000b): The crystal chemistry of
uranyl molybdates. II. The crystal structure of iriginite.
Can. Mineral. 38, 847-851.

________ & ________ (2001a): Crystal chemistry of uranyl
molybdates. III. New structural themes in Na6[(UO2)2
O(MoO4)4], Na6[(UO2)(MoO4)4] and K6[(UO2)2O(MoO4)4].
Can. Mineral. 39, 197-206.

________ & ________ (2001b): Crystal chemistry of uranyl
molybdates. IV. The structures of M2[(UO2)6(MoO4)7
(H2O)2] (M = Cs, NH4). Can. Mineral. 39, 207-214.

________ & ________ (2002a): Synthesis and structure of
Ag6[(UO2)3O(MoO4)5]: a novel sheet of triuranyl clusters
and MoO4 tetrahedra. Inorg. Chem. 41, 4108-4110.

________ & ________ (2002b): Crystal chemistry of uranyl
molybdates. VII. An iriginite-type sheet of polyhedra in the
structure of (UO2)Mo2O7(H2O)2. Can. Mineral. 40, 1571-
1577.

________ & ________ (2002c): Crystal chemistry of uranyl
molybdates. VI. New uranyl molybdate units in the struc-
tures of Cs4[(UO2)3O(MoO4)2(MoO5)] and Cs6[(UO2)
(MoO4)4]. Can. Mineral. 40, 201-210.

________ & ________ (2002d): Crystal chemistry of rubid-
ium uranyl molybdates: crystal structures of Rb6(UO2)
(MoO4)4, Rb6(UO2)2O(MoO4)4, Rb2(UO2)(MoO4)2,
Rb2(UO2)2(MoO4)3 and Rb2(UO2)6(MoO4)7(H2O)2. J.
Solid State Chem. 168, 245-258.

________ & ________ (2003a): Crystal chemistry of uranyl
molybdates. VIII. Crystal structures of Na3Tl3[(UO2)
(MoO4)4], Na13–xTl3+x[(UO2)(MoO4)3]4(H2O)6+x (x = 0.1),
Na3Tl5[(UO2) (MoO4)3]2(H2O)3 and Na2[(UO2)(MoO4)2]
(H2O)4. Can. Mineral. 41, 707-719.

________ & ________ (2003b): Crystal chemistry of uranyl
molybdates. IX. A novel uranyl molybdate sheet in the
structure of Tl2[(UO2)2O(MoO5)]. Can. Mineral. 41, 1225-
1231.

________, CAHILL, C.L. & BURNS, P.C. (2002a): Syntheses and
crystal structures of two topologically related modifications
of Cs2[(UO2)2(MoO4)3]. Inorg. Chem. 41, 34-39.

________, ________ & ________ (2003): A novel open frame-
work uranyl molybdate: synthesis and structure of
(NH4)4[(UO2)5 (MoO4)7](H2O)5. Inorg. Chem. 42, 2459-
2464.

________, FINCH, R. & BURNS, P.C. (2002b): Crystal chemis-
try of uranyl molybdates. V. Topologically different uranyl
dimolybdate sheets in the structures of Na2[(UO2)(MoO4)2]
and K2[(UO2) (MoO4)2](H2O). Can. Mineral. 40, 193-200.

MILLER, M.L., FINCH, R.J., BURNS, P.C., & EWING, R.C. (1996):
Description and classification of uranium oxide hydrate
sheet topologies. J. Mater. Res. 11, 3048-3056.

OBBADE, S., DION, C., BEKAERT, E., YAGOUBI, S., SAADI, M. &
ABRAHAM, F. (2003b): Synthesis and crystal structure of
new uranyl tungstates M2(UO2)(W2O8) (M = Na, K),
M2(UO2)2(WO5)O (M = K, Rb), and Na10(UO2)8
(W5O20)O8. J. Solid State Chem. 172, 305-318.

________, YAGOUBI, S., DION, C., SAADI, M. & ABRAHAM, F.
(2003a): Synthesis, crystal structure and electrical charac-
terization of two new potassium uranyl molybdates
K2(UO2)2(MoO4)O2 and K8(UO2)8(MoO5)3O6. J. Solid
State Chem. 174, 19-31.

Received April 19, 2003, revised manuscript accepted Novem-
ber 16, 2003.


