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ABSTRACT

Two Na uranyl molybdates, Na6[(UO2)2O(MoO4)4] and Na6[(UO2)(MoO4)4], and one K uranyl molybdate,
K6[(UO2)2O(MoO4)4], have been synthesized by high-temperature solid-state reactions of mixtures of Na2CO3, K2CO3, UO3 and
MoO3. All three structures 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 Na6[(UO2)2O(MoO4)4] was
refined to an agreement factor (R1) of 4.1%, calculated using the 1969 unique observed reflections (Fo ≥ 4�F), and a goodness-
of-fit (S) of 1.06. It is triclinic, space group P1̄, a 7.637(2), b 8.164(2), c 8.746(2) Å, � 72.329(5), � 79.364(5), � 65.795(4)°,
V 472.7(2) Å3, Z = 1. The structure of Na6[(UO2)(MoO4)4] was refined to an R1 of 3.3%, calculated using the 3268 unique
observed reflections (Fo ≥ 4�F), and a S of 0.97. It is triclinic, space group P1̄, a 7.0958(8), b 9.566(1), c 13.415(2) Å, � 73.692(2),
� 86.621(2), � 82.940(2)°, V 867.0(2) Å3, Z = 2. The structure of K6[(UO2)2O(MoO4)4] was refined to an R1 index of 4.9%,
calculated using the 1833 unique observed reflections (Fo ≥ 4�F), and a S of 0.90. It is triclinic, space group P1̄, a 7.8282(8),
b 7.8298(8), c 10.302(1) Å, � 83.893(2), � 73.131(2), � 80.338(2)°, V 594.6(1) Å3, Z = 1. The structural connectivity of these
three compounds is notable in that each exhibits themes not previously observed in uranyl compounds. The structures of both
Na6[(UO2)2O(MoO4)4] and K6[(UO2)2O(MoO4)4] contain chains of polyhedra of composition [(UO2)2O(MoO4)4]6–. These chains
have not been previously observed and are composed of [UrO4OUrO4] dimers consisting of two UrO5 (Ur: uranyl ion) pentago-
nal bipyramids sharing a common O atom. The dimers are connected into a chain by sharing vertices with MoO4 tetrahedra, with
the chains linked by Na+ or K+ cations. The structure of Na6[(UO2)(MoO4)4] consists of finite clusters of composition
[(UO2)2(MoO4)8]12– composed of two UrO5 pentagonal bipyramids connected by sharing vertices with MoO4 tetrahedra. The
clusters in Na6[(UO2)(MoO4)4] are oriented parallel to the (001) plane and are linked through Na+ cations.

Keywords: uranyl molybdate, uranium crystal chemistry, crystal structure.

SOMMAIRE

Nous avons synthétisé deux molybdates uranylés de sodium, Na6[(UO2)2O(MoO4)4] et Na6[(UO2)(MoO4)4], et un molybdate
uranylé de potassium, K6[(UO2)2O(MoO4)4], par réaction à l’état solide à température élevée de mélanges de Na2CO3, K2CO3,
UO3 et MoO3. Chacune des trois structures a été résolue et affinée par méthodes directes en utilisant les facteurs F2 pour chaque
réflexion unique mesurée avec rayonnement monochromatique MoK� et un détecteur à couplage de charges (CCD). La structure
de Na6[(UO2)2O(MoO4)4] a été affinée jusqu’à un résidu (R1) de 4.1%, calculé en utilisant les 1969 réflexions uniques observées
(Fo ≥ 4�F), et un indice de concordance (S) de 1.06. Ce composé est triclinique, groupe spatial P1̄, a 7.637(2), b 8.164(2),
c 8.746(2) Å, � 72.329(5), � 79.364(5), � 65.795(4)°, V 472.7(2) Å3, Z = 1. La structure de Na6[(UO2)(MoO4)4] a été affinée
jusqu’à un résidu R1 of 3.3%, calculé sur la base de 3268 réflexions uniques observées (Fo ≥ 4�F), et un S de 0.97. Ce composé
est triclinique, groupe spatial P1̄, a 7.0958(8), b 9.566(1), c 13.415(2) Å, � 73.692(2), � 86.621(2), � 82.940(2)°, V 867.0(2) Å3,
Z = 2. La structure de K6[(UO2)2O(MoO4)4] a été affinée jusqu’à un indice R1 de 4.9%, calculé sur la base de 1833 réflexions
uniques observées (Fo ≥ 4�F), et un S de 0.90. Ce composé est aussi triclinique, groupe spatial P1̄, a 7.8282(8), b 7.8298(8),
c 10.302(1) Å, � 83.893(2), � 73.131(2), � 80.338(2)°, V 594.6(1) Å3, Z = 1. Les schémas de connectivité structurale de ces trois
composés n’avaient pas été signalés parmi les composés à uranyle. La structure de Na6[(UO2)2O(MoO4)4] et de
K6[(UO2)2O(MoO4)4] contient des chaînes de polyèdres de composition [(UO2)2O(MoO4)4]6–. Ces chaînes, inconnues jusqu’à ce
point, contiennent des dimères [UrO4OUrO4] faits de deux bipyramides pentagonales UrO5 (Ur: ion uranyle) partageant un
atome commun d’oxygène. Les dimères sont agencés en chaînes par partage d’arêtes avec des tétraèdres MoO4, ces chaînes étant
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INTRODUCTION

Uranyl molybdates are important constituents of the
oxidized zones of U–Mo deposits (Finch & Murakami
1999). They may also be important phases in a geologi-
cal repository for nuclear waste because 97Mo is a fis-
sion product that forms during irradiation of nuclear fuel
in a reactor. Recently, the phase (Cs2xBa1–x)[(UO2)5
(MoO6)(OH)6]•nH2O (x ≈ 0.4, n ≈ 6) was found as an
alteration-induced phase on spent nuclear fuel at 90°C
in tests designed to simulate conditions expected in the
proposed nuclear waste repository at Yucca Mountain,
Nevada (Buck et al. 1997). As part of our continuing
work on uranyl molybdates (Krivovichev & Burns
2000a, b), we have determined the structures of two syn-
thetic Na uranyl molybdates and one synthetic K uranyl
molybdate. These new structures exhibit topologies
unlike other known uranyl phases, providing new in-
sights into the structural hierarchy of uranyl compounds.

PREVIOUS STUDIES OF Na
AND K URANYL MOLYBDATES

The phase relations in the system Na–U–Mo–O were
studied by Dion and his coauthors (Dion et al. 1977,
Dion & Noël 1981a, b, c, 1982), who reported the syn-
thesis of eight Na uranyl molybdates that they distin-
guished on the basis of X-ray powder-diffraction
patterns. No structures have been reported for any of
these compounds.

Krasovskaya et al. (1981) and Dion & Noël (1983,
1985) studied the phase relations in the system K–U–
Mo–O, and reported the synthesis of seven K uranyl
molybdates, as distinguished by X-ray powder diffrac-
tion. Of these, a structure has been reported for K2[(UO2)
(MoO4)2] only (Sadikov et al. 1988).

EXPERIMENTAL

Syntheses of the crystals

Crystals of the Na uranyl molybdates used in the
current study were obtained by high-temperature solid-
state reaction in alumina crucibles at 850°C in air fol-
lowed by cooling to 650°C over 5 hours and then to
50°C over 100 hours. Crystals of the K uranyl molyb-
date were obtained in a similar fashion, except that
reaction at 850°C in air was followed by cooling to
450°C over 60 hours, and then to 50°C over 18 hours.

Na6[(UO2)2O(MoO4)4]: The reactants were Na2CO3,
MoO3 and UO3 powders with a Na:U:Mo molar ratio of
8:3:5. The resulting transparent orange crystals attain
4 mm in maximum length.

Na6[(UO2)(MoO4)4]: The reactants were Na2CO3,
MoO3 and UO3 powders with a Na:U:Mo molar ratio of
6:1:4. Intergrowths of greenish yellow transparent elon-
gate crystals were obtained, with individual crystals as
much as 1.5 mm across and up to 6 mm in length.

K6[(UO2)2O(MoO4)4]: The reactants were K2CO3,
MoO3 and UO3 powders with a K:U:Mo molar ratio of
4:1:3. Transparent yellow crystals with maximum di-
mensions of 2 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 CCD
(charge-coupled device) detector with a crystal-to-de-
tector distance of 5 cm. Data were collected using mono-
chromatized MoK� X-radiation with frame widths in �
of 0.3°. More than a hemisphere of data was collected
for each crystal, and three-dimensional data were re-
duced and filtered for statistical outliers using the Bruker
program SAINT. Data were corrected for Lorentz, po-
larization and background effects. Unit-cell parameters
were refined using least-squares methods (Table 1).
Empirical absorption-corrections 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 all three structures. Each was
solved by direct methods, which gave the positions of
the U, Mo, Na and K atoms. 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.
For each structure, the final refinement included all
atomic positional parameters with an allowance for
anisotropic displacement of all atoms, and included a
weighting scheme of the structure factors. For

liées par des cations Na+ ou K+. La structure de Na6[(UO2)(MoO4)4] contient des groupes finis de composition [(UO2)2(MoO4)8]12–

ayant deux bipyramides pentagonales UrO5 agencés par partage d’arêtes avec des tétraèdres MoO4. Les groupes du composé
Na6[(UO2)(MoO4)4] ont une orientation parallèle au plan (001) et sont liés par les cations Na+.

(Traduit par la Rédaction)

Mots-clés: molybdate uranylé, cristallochimie de l’uranium, structure cristalline.
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Na6[(UO2)2O(MoO4)4], the refinement converged to an
agreement index (R1) of 4.1%, calculated for the 1969
unique observed reflections (Fo ≥ 4�F), with a good-
ness-of-fit (S) of 1.06. Final atomic parameters and se-
lected interatomic distances are presented in Tables 2
and 3, respectively. For Na6[(UO2)(MoO4)4], the refine-
ment converged to an R1 of 3.3%, calculated for the
3268 unique observed reflections (Fo ≥ 4�F), with a S
of 0.97. Final atomic parameters and selected inter-
atomic distances are presented in Tables 4 and 5, re-
spectively. For K6[(UO2)2O(MoO4)4], the final R1 is
4.9%, calculated for the 1833 unique observed reflec-
tions (Fo ≥ 4�F), and S is 0.90. Final atomic parameters
are given in Table 6, with selected interatomic distances
in Table 7. 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: Na6[(UO2)2O(MoO4)4]

Cation polyhedra

The structure of Na6[(UO2)2O(MoO4)4] contains a
single symmetrically unique U6+ cation. It is strongly
bonded to two O atoms, forming a (UO2)2+ uranyl ion
(Ur) with a <U–OUr> bond-length of 1.83 Å. The ura-
nyl ion is coordinated by five additional O atoms ar-
ranged at the equatorial corners of UrO5 pentagonal
bipyramids that are capped by the OUr atoms. The mean
<U–Oeq> (eq: equatorial) bond length is 2.34 Å. The
geometry of the polyhedron is consistent with mean
values for UrO5 pentagonal bipyramids in many well-
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refined structures: <U–OUr> = 1.79(4) Å, <U–Oeq> =
2.37(9) Å (Burns et al. 1997).

The structure contains two symmetrically unique
Mo6+ cations, each of which is tetrahedrally coordinated
by O atoms. The <Mo–O> bond-lengths of each tetra-
hedron are 1.77 Å, which is identical to the value ob-
tained from sums of ionic radii (Shannon 1976).

The structure contains three symmetrically distinct
Na+ cations. The coordination polyhedra about these
cations are irregular (Fig. 1) and contain six or seven O
atoms within 3 Å of the Na+ cation.

Bond-valence analysis

Bond-valence sums incident upon the cation posi-
tions in the structure of Na6[(UO2)2O(MoO4)4], calcu-
lated using the parameters for U6+–O given by Burns et
al. (1997) and for Na–O and Mo6+–O given by Brese &
O’Keeffe (1991), are: U = 5.91, Mo(1) = 5.79, Mo(2) =
5.76, Na(1) = 0.81, Na(2) = 1.09, Na(3) = 1.15 vu. Bond-
valence sums incident upon the O atoms range from 1.76
to 2.17 vu (valence units).

Structural connectivity

The structure of Na6[(UO2)2O(MoO4)4] is based
upon chains of UrO5 pentagonal bipyramids and MoO4

tetrahedra that are parallel to [ 1̄01] (Fig. 2). Each chain,
which has the composition [(UO2)2O(MoO4)4]6–, con-
tains a dimer of UrO5 pentagonal bipyramids that share
the O(11) vertex. The O(11) atom only bonds to two
U6+ cations; thus the U–O(11) bond-length of 2.1142(4)
Å is considerably shorter than is typical for [7]U–Oeq
bonds, giving a total of 1.75 vu incident upon this anion
position. The dimers, with composition [UrO4OUr
O4]14–, are linked into chains by sharing vertices with
MoO4 tetrahedra. The resulting chains are parallel to
(101) and are linked through bonds to Na+ cations
(Fig. 3a).

RESULTS: Na6[(UO2)(MoO4)4]

Cation polyhedra

The single symmetrically unique U6+ cation in the
structure of Na6[(UO2)(MoO4)4] is part of a uranyl ion
that is coordinated by five additional O atoms, resulting
in a UrO5 pentagonal bipyramid. The <U–OUr> and
<U–Oeq> bond-lengths of 1.80 and 2.35 Å, respectively,
are consistent with geometries of UrO5 pentagonal
bipyramids in well-refined structures (Burns et al.
1997).

There are four symmetrically unique Mo6+ cations,
each of which is tetrahedrally coordinated by O atoms,
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with <Mo–O> bond-lengths in the range 1.76 to 1.77 Å.
Six symmetrically independent Na+ cations occupy ir-
regular coordination polyhedra (Fig. 4), and are coor-
dinated by from six to eight O atoms with Na–O
bond-lengths of less than 3 Å.

Bond-valence analysis

Bond-valence sums incident upon the cation posi-
tions in the structure of Na6[(UO2)(MoO4)4], calculated
as for Na6[(UO2)2O(MoO4)4], are: U = 5.95, Mo(1) =
5.96, Mo(2) = 5.92, Mo(3) = 6.00, Mo(4) = 5.83, Na(1)
= 1.11, Na(2) = 0.80, Na(3) = 0.93, Na(4) = 1.02, Na(5)
= 0.86, Na(6) = 0.83 vu. Bond-valence sums incident
upon the O atoms range from 1.81 to 2.13 vu.

Structural connectivity

The structure of Na6[(UO2)(MoO4)4] is based upon
a finite cluster with composition [(UO2)2(MoO4)8]12–

(Fig. 5). The cluster contains two UrO5 pentagonal
bipyramids and eight MoO4 tetrahedra. The UrO5 pen-
tagonal bipyramids are linked by sharing their equato-

FIG. 1. The coordination of Na atoms in the structure of Na6[(UO2)2O(MoO4)4] (dark circles: Na; light circles: O).
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202 THE CANADIAN MINERALOGIST

FIG. 2. The chains of composition [(UO2)2O(MoO4)4]6– in the structure of Na6[(UO2)2O(MoO4)4] shown in polyhedral (a) and
ball-and-stick (b) representations.

FIG. 3. The structures of (a) Na6[(UO2)2O(MoO4)4] and (b) K6[(UO2)2O(MoO4)4] projected down [1̄01] (dark circles: Na and
K atoms).
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rial vertices with two MoO4 tetrahedra. Additional
MoO4 tetrahedra attach to the cluster by sharing single
equatorial vertices of the UrO5 pentagonal bipyramids.
The clusters are oriented approximately parallel to (1̄01)
and are linked through bonds to the interstitial Na+ cat-
ions (Fig. 6).

RESULTS: K6[(UO2)2O(MOO4)4]

Cation polyhedra

The cation polyhedra in the structure of K6[(UO2)2
O(MoO4)4] are similar to those found in Na6[(UO2)2
O(MoO4)4]. The <U–OUr> and <U–Oeq> bond-lengths

of the single symmetrically unique uranyl pentagonal
bipyramid are 1.80 and 2.36 Å, respectively. The <Mo–
O> bond lengths of the two MoO4 tetrahedra are 1.74
and 1.76 Å. The three symmetrically distinct K cations
are coordinated by seven to eight O atoms (Fig. 7), with
<K–O> bond-lengths ranging from 2.77 to 2.97 Å.

Bond-valence analysis

Bond-valence sums at the cation positions in the
structure of K6[(UO2)2O(MoO4)4], calculated as for
Na6[(UO2)2O(MoO4)4], are: U = 5.97, Mo(1) = 6.23,
Mo(2) = 6.04, K(1) = 1.06, K(2) = 1.39, K(3) = 0.96 vu.
Bond-valence sums at the anion positions range from
1.70 to 2.21 vu.

Structural connectivity

The structure of K6[(UO2)2O(MoO4)4] contains a
chain of composition [(UO2)2O(MoO4)4]6– parallel to
[ 1̄01] that is topologically identical to that found in
Na6[(UO2)2O(MoO4)4] (Fig. 2). Owing to the different
ionic radii of the Na and K cations (IVNa+ = 1.02, VIIIK+

= 1.51 Å, Shannon 1976), the arrangement of chains is
different in K6[(UO2)2O(MoO4)4] and Na6[(UO2)2
O(MoO4)4] (Fig. 3), as reflected by rather different unit-
cell parameters for the two phases (Table 1).

DISCUSSION

The compound Na6[(UO2)(MoO4)4] corresponds to
“phase B” that was synthesized by Dion et al. (1977).

FIG. 4. The coordination of Na atoms in the structure of Na6[(UO2)(MoO4)4] (dark cir-
cles: Na; light circles: O).
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FIG. 5. The finite cluster of composition [(UO2)2(MoO4)8]12– in the structure of Na6[(UO2)(MoO4)4] shown in polyhedral (a)
and ball-and-stick (b) representations.

FIG. 6. The structure of Na6[(UO2)(MoO4)4] projected along [100] (circles: Na atoms).
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On the basis of the X-ray-diffraction data, Na6[(UO2)2
O(MoO4)4] probably corresponds to the low-tempera-
ture modification of the “E phase” reported by Dion &
Noël (1981b), although they reported the formula as
Na2UMo2O10, which may be rewritten as Na4[(UO2)2
(MoO4)4]. We have not been able to find reference to
the compound K6[(UO2)2O(MoO4)4] in the literature.

The structural hierarchy for uranyl phases proposed
by Burns et al. (1996) and Burns (1999) is based upon
polymerization of those polyhedra of higher bond-
valence. In the case of the new uranyl molybdate struc-
tures reported here, the polyhedra of higher bond-
valence are UrO5 pentagonal bipyramids and MoO4
tetrahedra. The structures of Na6[(UO2)2O(MoO4)4] and
K6[(UO2)2O(MoO4)4] are classified as structures based
upon chains, whereas Na6[(UO2)(MoO4)4] corresponds
to the class of structures based upon finite clusters of
polyhedra of higher bond-valence. These two structural
classes are uncommon in uranyl compounds owing to
the dominance of sheets of polyhedra.

The structures of each of the three uranyl molybdates
reported in the current study provide insight into pos-
sible structural arrangements in uranyl phases, as each
contains a novel structural unit. The uranyl molybdate
chains that occur in Na6[(UO2)2O(MoO4)4] and
K6[(UO2)2O(MoO4)4] are topologically distinct, al-
though several chains of polyhedra of higher bond-va-
lence are known in uranyl phases (Burns et al. 1996),
including the uranyl molybdate chain found in
Cu4[(UO2)(MoO4)2](OH)6 (Tali et al. 1993) and
deloryite (Pushcharovsky et al. 1996). In Cu4[(UO2)
(MoO4)2](OH)6, the chains are relatively simple, involv-
ing UrO4 square bipyramids, each of which shares an
equatorial vertex with a MoO4 tetrahedron, with each
MoO4 tetrahedron bridging two UrO4 square bipyramids.

Finite clusters of polyhedra of higher bond-valence
are the basis of the structures of several uranyl phases
(Burns et al. 1996), but the cluster in Na6[(UO2)(MoO4)4]
is unique. It is interesting to note that finite clusters
found in all other uranyl compounds involve both ver-
tex- and edge-sharing between polyhedra, in contrast to

the cluster in Na6[(UO2)(MoO4)4] that involves only the
sharing of polyhedron vertices.

The structure of deloryite contains a uranyl molyb-
date chain (Pushcharovsky et al. 1996), and both
umohoite and iriginite have structures that involve
sheets of uranyl and molybdate polyhedra (Krivovichev
& Burns 2000a, b). The current study demonstrates that
other structural themes are possible in uranyl molyb-
dates.
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