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Three new uranyl tungstates, a-, B-Cs,[(UO,),(W,09)], and
Rbs[(UO3)7(WO0s5),(W5043)0;], have been obtained by high
temperature solid state reactions. All three compounds
display novel structure topologies: a- and B-Cs,[(UO,),-
(W,0y9)] are based upon layers with a new topology that can
be related to the uranophane topology; Rbs[(UO;)7(WOs),-
(W3043)0,] is a rare example of a non-molecular inorganic
phase with layers containing oxo-tungstate trimers. The
structural relationship between - and B-Cs,[(UO;),(W,09)]
can be assigned to polytypism.

The chemistry of actinides is an important and currently active
field of inorganic chemistry. Actinides and their compounds play
a prime role in nuclear waste management and safety
assessment.' > In particular, investigations of complexation of
uranyl ions*® with oxygen-based complexes consisting of high-
valent elements such as S, Cr, Se, Mo or W have high relevance
for nuclear waste disposal, owing to their use in nuclear engi-
neering (e.g., Mo’ and W*® are used in refractory alloys) or due
to their formation in burn-up processes of nuclear fuel (Mo,
Se).” Actinide sulfates, chromates and selenates are known to
form diverse and complex structures with such interesting struc-
tural features as cation—cation interactions, microporous frame-
works and nanotubules.'® !¢ Actinide molybdates and tungstates
may adopt structure types more resembling dense complex
oxides than oxosalts.* In comparison to molybdates, uranyl tung-
states are less studied with relatively few reports available in the
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literature.'”>* The known Cs and Rb uranyl tungstates adopt 1D
or 2D structures with WO, or WOs monomers and W,Og
dimers.'®2"?22%25 Here we report on the synthesis and structures
of three new uranyl tungstate phases possessing novel structure
types: 0-/B-Csy[(UO2)2(W209)] (1 and 2 respectively) and
Rbg[(UO2)7(WO5)2(W3013)0,] (3).

The compounds studied in this work were obtained by high-
temperature solid state reactions from mixtures of UO3;, WOs;,
and RbNO;, or CsNO;. Single crystals of 1 and 2 were obtained
as follows.f First, a Cs—W bronze with Cs,W,07 composition26
was obtained by heating a mixture of CsNO; (0.500 g,
2.57 mmol) and WO;3; (0.595 g, 2.57 mmol) at 450 °C and
500 °C for 24 h in porcelain crucibles. The obtained Cs,W,0-
(0.626 g, 0.84 mmol) phase was mixed with UOz (0.200 g,
0.70 mmol) to observe the ratio of Cs:U:W = 1.2:1:1.2.
The mixture was heated to 820 °C for 4 h and cooled down to
room temperature with the rate of 7 °C h™'. The obtained
product consisted of yellowish crystals of 1 and 2 immersed
within an amorphous yellow solid. Powder samples consisting of
both 1 and 2 phases were prepared by heating a mixture of
CsNOs (0.273 g, 1.40 mmol), UO5 (0.400 g, 1.40 mmol) and
WOs5 (0.324 g, 1.40 mmol) in a 1 : 1 : 1 molar ratio at 750 °C for
72 h in a porcelain crucible. X-ray powder diffraction indicated
that the sample is a mixture of o and B-Cs,[(UO,),(W,09)] in a
ratio 1:4 (Fig. S1t). Our attempts to obtain pure powders of
either o~ or B-Cs,[(UO,),(W,04)] were not successful. Single
crystals of 3 were obtained by high-temperature solid-state reac-
tion of an initial mixture of RbNO3 (0.103 g, 0.70 mmol), UO;
(0.200 g, 0.70 mmol) and WO;5 (0.162 g, 0.70 mmol) with a
Rb:U: W ratio equal to 1:1: 1. The mixture was slowly heated
to 870 °C in a porcelain crucible and then cooled down to
400 °C at a rate of 4 °C h™'. The product consisted of yellowish
crystals of 3 in a glassy amorphous mass. Single crystals of the
obtained phases were investigated by means of single-crystal
X-ray diffraction analysis. It is noteworthy that the crystals of 1
were observed to be of considerably lower quality in comparison
to the crystals of 2, which may indicate its lower stability.

The structures of all three compounds are based upon 2D
uranyl tungstate layers (Fig. 1). The layers in these structures are
based on UO,>" linear groups linked with oxo-tungstates poly-
hedra. In all three structures, U®" cations form linear uranyl groups,
[0=U=O0]*", equatorially coordinated by five O atoms. In the
structures of 1 and 2, UO, pentagonal bipyramids share edges to
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Fig. 1 Fragments of 1 (a), 2 (b) and 3 (c) crystal structures. Uranium
polyhedra are shown in yellow, tungsten in green and alkali atoms in
dark violet. The red arrow indicates the shift of adjacent layers on going
from 2 to 1.
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Fig. 2 The fragments of 2D uranium-oxotungstates layers in 1 and 2
(a, on the example of B-Cs,[(UO,)>(W,04)]) with their anion topologies
(b) and the structure of W0y dimers within these layers (c). Uranium
polyhedra are shown in yellow, tungsten in green, oxygen atoms in red.

form infinite chains linked by the W,O9 dimers consisting of
two corner-sharing WOs distorted trigonal bipyramids (Fig. 2).
The W°" coordination is quite noteworthy as it contains well-
defined WO,*" dioxo-groups (‘tungstyl’ cations) with the W—-O
bond lengths ranging from 1.723(6) A to 1.79(1) A. The WO,*"
groups have a bent configuration with the O—-W-O angles close
to 113°. The other three bonds in the WOs polyhedra are signifi-
cantly longer [1.88(1) A-1.95(1) A]. The angles in WO5 trigo-
nal bipyramids are significantly differ from angles in tetragonal
pyramidal configuration (for example W10Os in 3). The axial
O-W-0 angles in trigonal bipyramids are 165°-168°. Similar
angles in tetragonal pyramid are ~150°. The angles in WOs tri-
gonal bipyramids within the plane perpendicular to the axial
bonds are quite close to the ideal 120° [112°-129°]. In contrast,
same angles in the tetragonal pyramidal configuration are from
104° to 140°.

The W,09 dimers are located between the chains of uranyl
polyhedra, providing their linkage into dense 2D layers. We note

W5

W4
(c) (d)

Fig. 3 A fragment of the 2D uranyl-oxotungstate layers in 3 (a) with
its anion topology (b, see text for details) and the coordination of the
WOs and W50,; groups (c, d). Uranium polyhedra are shown in yellow,
tungsten in green, oxygen atoms in red.

that tungstate dimers have previously been observed in uranyl
phases. However, in all reported structures,'®'®2 they are based
upon edge-sharing fivefold polyhedra and therefore have the
W,0g composition. The structures of 1 and 2 are the first
examples of uranyl phases containing dimers of corner-sharing
fivefold coordination polyhedra of high-valent cations.

The topology of the interpolyhedral linkage in 1 and 2 can be
described using the anion-topology approach (Fig. 2b).?” The
observed topology is novel and has not been detected previously
in any other inorganic compound. However, it is closely related
to the uranophane-type topology and can be obtained from the
latter by insertion of an additional O atom, which is the bridging
oxygen atom in the W,0Oq dimer (shown in Fig. 2a and b by red
dashed ellipses).** 3¢

The uranyl tungstate layers in 1 and 2 are linked by Cs" cations
located in the interlayer space. The two modifications differ from
each other by the layer stacking mode and can be considered as
polytypes. The unit-cell parameters within the layer are almost
identical [a x ¢ = 9.6228 x 10.2275 A% (8 ~ 90°) for 1 and b x ¢
=9.6148 x 10.2371 A? (a0 ~ 90°) for 2], whereas the parameters
along the stacking of the layers are different [b = 14.3597(5) for 1
and a = 7.6582(7) A for 2]. The unit cells in 1 and 2 contain two
and one layers, respectively, which allows to identify the structures
of the o- and B-phases as -2M and -14 polytypes of
Cs5[(UO,)2(W,00)], respectively.®! The relationship between 2
and 1 is indicated by a red arrow in Fig. 1. It is of interest that,
despite the layered character of most uranyl oxo-compounds, poly-
typism is not a common phenomenon in this class of structures.
The only previously known example of polytypism in uranyl-
based materials is that of a- and B-Agy[(UO,)W,04],'” which
have been considered as Agy[(UO,)W,0g]-2M and Ag,[(UO,)-
W,053]-20 polytypes, respectively.

The crystal structure of Rbg[(UO,)7(WOs)2(W5013)0,] (3) is
more complicated than those of 1 and 2. It is based on 2D corru-
gated layers parallel to (100) (Fig. 1c), consisting of UO;, WOs5
and W;0;; groups (Fig. 3a). There are seven independent
U sites in 3. However, all sites adopt pentagonal bipyramidal
UO; configurations, which display larger distortions compared
to 1 and 2. The uranyl U=0 bond lengths vary from 1.70(2) A
to 1.86(2) A, whereas the equatorial U-O bond lengths are in the
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range of 2.16(2)-2.64(1) A. The UO; pentagonal bipyramids
share edges to form trimers and tetramers (Fig. 3a).

The coordination of the W sites in 3 is quite remarkable. The
W1, W2, W3 and W5 sites have square pyramidal coordination.
The apical W=0 bonds are rather short [1.67-1.72 A], whereas
equatorial W—O bonds are much longer [1.88-2.00 A]. The
coordination geometry of the W4 site can be described as
strongly distorted octahedral. Within the W4QOg4 polyhedron, there
is one short [1.64(2) A], four intermediate [1.83(2)-2.14(2) A],
and one long [2.35(2) A] bond. This type of coordination
can be described as [1 + 4 + 1] and is quite typical for W®"
atoms in uranyl oxocompounds.'”** The W105 and W205 pyra-
mids are isolated from other W polyhedra and are linked exclu-
sively to UO; bipyramids. In contrast, the W3Os square pyramid
and the W40 octahedron share an edge to form a W,0Og dimer,
which is further linked to the W50s5 pyramid through corner
linkage (Fig. 3d). The resulting W03 complex is rather unique
and has not been observed previously in any non-molecular inor-
ganic phase. However, W30;; groups have been described in
some Keggin-type tungstate clusters’> and mixed-valence com-
pounds,** but have different geometry.

The trimers and tetramers of uranyl polyhedra along with the
W polyhedra share edges to form [(UO;)7(WOs),(W50;3)0;]
complex layers, which are new to the structural chemistry of
inorganic compounds.

The described diversity of the various building units within
the [(UO,)7(WO5)2(W3013)05]0 layers generates the topolo-
gical complexity of the sheets. For a description of the topologi-
cal features of 3 we employ a similar approach used for the
analysis of the topology in 1 and 2. For the sake of clarity, the
tiling fragments are coloured in order to emphasize their packing
modes (Fig. 3b). The four membered “blue fragments” (one of
which is shown in light blue to catch its form) are forming 1D
chains, parallel to c¢. The “blue fragments” point in opposite
directions in neighbouring chains. The “blue” group and geome-
trically similar ones play an important role in the topology of
uranyl tungstates.'® 223*3¢ The “blue” chains are linked by
intermediate “red” and “yellow” groups which are the projec-
tions of W3013 and single UO7 units, respectively. To the best of
our knowledge, this is the first time that such a topology has
been found in inorganic oxo-salt compounds.
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Notes and references

1 Crystallographic data for 1: yellow plate, monoclinic, M, = 1317.58,
P2\/n, Z=4,a=9.6228(3) A, b = 14.3597(5) A, c = 10.2275(4) A, B =
90.686(3)°, V'=1413.14(9) A (T'=293(2) K), u = 442.09 cm ™", Nper =
19060/2655, Ry, = 0.0669, R, = 0.0745 for F,> > 20(F,%), wR, =
0.1966 for all data. Crystallographic data for 2: yellow plate, triclinic, M,
=1317.58,P1,Z=2,a=17.6582(7) A, b =9.6148(7) g, c= 10.2371(52
A, a=90.610(5)°, B = 94.765(6)°, y = 109.300(8)°, ¥ = 708.38(9) A

(T'=293(2) K), 1t = 442.09 cm™", Nper = 5146/2801, Ry = 0.0358, R, =
0.0323 for F,> > 20(F,), wR, = 0.0662 for all data. Crystallographic

data for 3: yellow plate, monoclinic, M, = 3722.28, P2,, Z = 2,
a = 7.04192(13) A, b = 26.8465(3) A, ¢ = 10.66563(15) A, B =
103.6755(16)°, V = 1959.18(5) A® (T = 293(2) K), u = 509.36 cm ™",
Niet = 26 586/6832, Ry = 0.0738, R, = 0.0481 for F,> > 20(F,>),
WR, = 0.1018 for all data.
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