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Abstract: A new uranyl silicate Csy[(UO,)s5(SiO30H),0,F 4]
(1), was obtained via a hydrothermal route. The new com-
pound is monoclinic, P2//n, a = 8.3870(2), b = 13.4612(2),
€=10.9503(2) A, B = 91.223(2)°, V = 1236.00(4) A%, the structure
has been solved and refined down to R; = 0.022. Therein, the
phosphouranylite units (PUs) associate into a new type of
uranyl-silicate layers, [(U02)5(81030H)202F4]4’, which inter-
leave with the Cs* cations. Topological analysis of PU based
structures indicates that these layers in 1 provide a unique
example of complexes constructed only via association of the
PU and not involving other building units.

Keywords: uranyl oxysalts; silicates; inorganic synthesis;
phosphouranylite

1 Introduction

Uranium silicates attract attention as important constituents,
on the one hand, of oxidation areas of uranium deposits [1, 2]
and, on the other hands, of deposited radioactive wastes, as
well as novel functional materials [3]. The diversity of their
crystal structures is generally underpinned by the ability of
thesilicate tetrahedra to polymerize into numerous anions of
varied size, topology, and dimensionality [3, 4]. In the ma-
jority of known cases, linkage of UO, and SiO, polyhedra
results in the formation of framework structures [5],
including nanotubular [6]. A variety of synthetic protocols
have been successfully employed in preparation of these
compounds, including soft [7] and harsh [8] hydrothermal
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procedures, as well as crystallization from melts [9] and
fluxes [10]. Recently, we have demonstrated that silica tubes
can be effectively used as the silicate source [11].

Despite the known anisotropy of bond distances for
uranyl compounds [4] and the diversity of synthetic
approaches, layered uranyl silicates remain rather uncom-
mon. The most frequently observed 2D complex among natural
uranyl silicates is the uranophane-like layer [12], first reported
for the structure of a-uranophane, Ca[(UO,),(SiOs0H),](H,0)s5
[13]. As of today, this group contains nine minerals contributing
to several topological isomers [12] which differ by the
orientation of terminal vertices of the silicate tetrahedra.
Note that in eight structures (out of nine) this vertex is
protonated, except for kasolite Ph[(UO,)(Si04)]1(H,0) [14].

A layered structure has also been observed for another
uranyl silicate mineral, haiweeite Ca[(U0,)5(Sis012)(OH),l(H,0)s
[15] wherein the uranyl polyhedra arrange in chains similar to
those in uranophane, while the SiO, tetrahedra condense into
complex chains which finally results in formation of
[(U0,),Si50,,(OH),]*" layers.

Complex “double-decker” [(U0,)5(Si0,),15 layers were
found in the structures of Nag[(UO,)5(Si,0,),] [16],
NazK3[(UO2)3(Siz07)2](H20),, and NazRbs[(U02)3(Siz07).] [17].
In contrast to the previous cases, therein the uranium cen-
ters a tetragonal pyramid (a squeezed octahedron), and the
Si0, tetrahedra form the diortho Si,0,%~ groups. Further
polymerization leads to [(UO,)(Si,0¢)1*" layers, as in the
structure of Ba[(UO,)(Si,0¢)] [18].

In the current paper, we report a new result of our
search for new uranyl silicates, the synthesis, crystal struc-
ture, and topological analysis of a novel compound
Cs4[(U0,)5(Si050H),0,F 4] ().

2 Experimental

Caution! Although the uranium precursors used contain depleted ura-
nium, standard safety measures for handling radioactive substances
must be followed.

2.1 Synthesis

Yellow plate-like crystals of 1 were obtained starting from a mixture of
1.49 g U304 (Vecton, 99.7 %), 0.12 g SiO, (Vecton, 99.7 %), and 0.67 g CsCl
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Figure 1: Yellow crystals and SEM image of Cs4[(UO,)5(SiOs0H),0,F,].

(Vecton, 99.7 %), which was transferred into 5ml distilled water to
which 1ml 40 % HF was added. The molar ratio of U;04:Si0,:CsCl was
1:1:2. The slurry was transferred into a PFTE lined 20 ml steel autoclave
and heated to 220 °C, soaked for 72 h, and cooled to room temperature at
arate of 5 °C/h. The transparent yellow solution was poured into a plastic
Petri dish in a fume hood within 10 h. Druses of crystals were formed
(Figure 1). The estimated yield is ca. 30 %; the mother liquor turned
viscous upon further evaporation, produced no more crystals and was
finally discarded.

2.2 Single-crystal X-ray studies

Single-crystal X-ray data of 1 were collected using a Rigaku XtaLAB
Synergy-S diffractometer equipped with a Photon]et-S detector oper-
ating with MoKa radiation at 50 kV and 1 mA. A single crystal was chosen
and more than a hemisphere of data collected with a frame width of 0.5°
in w, and 20 s spent counting for each frame. The data were integrated
and corrected for absorption applying a multi-scan type model using the
Rigaku Oxford Diffraction programs CrysAuis Pro [19]. The unit cell
parameters were calculated by the least-squares method. The structures
were solved by direct methods using WiNGX [20] and OLex2 [21] software.
The parameters of the X-ray diffraction experiment and structure
refinement are given in Table 1. The final model of 1 includes the
coordinates and anisotropic thermal parameters of atoms. Selected
interatomic distances are collected in Table S1. The calculated bond-
valence sums (Table 2) are in general agreement with the expected
oxidation states for all atoms. The bond valence sums were calculated
using the parameters from [22-24].

Qualitative electron microprobe analysis of (1) (Hitachi TM 3000)
revealed no other elements, except U, Si, Cs, O and F.

3 Results and discussion
3.1 Structure description

In the crystal structure of (1), three uranium atoms form a
typical uranyl (Ur) cation (<U-O,p> = 1.801, 1.808 and 18114
for U1, U2 and U3 respectively). The Url in the equatorial
plane is coordinated by six oxygen atoms (<U-Oey> = 2.489 A)
to form UrlOg polyhedra. The Ur2 and Ur3 are coordinated
by three oxygen (<U2-Oq> = 2.323, <U3-Ogy> = 2.3124) and
two fluorine (<U2-Feq> = 2.327 A, <U3-F.> = 2.333 &) atoms
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Table 1: Crystallographic data and refinement parameters for

Cs4[(UO,)5(Si030H),02F 4.

Crystal system monoclinic

Space group P24/n

a () 8.3870(2)

b (A) 13.4612(2)

cd) 10.9503(2)

B 91.223(2)

Volume (A%) 1236.00(4)

Dearc (9/cm?) 5.841

g (mm™) 38.656

Crystal size (mm) 0.03 x 0.31 x 0.25

Radiation MoKa

Temperature (K) 100

h, k, I ranges -13 - 12
-20 - 19
-16 —> 15

Total reflections collected 4379

Unique reflections (Rint) 3862 (0.0291)

R4[F > 40F], WR,[F > 40F]
Ratis WRa
Goodness-of-fit

CCDC number

0.0223, 0.0388
0.0307, 0.0403
1.042
2290318

thus forming Ur20sF, and Ur30sF, polyhedra, respectively
(Figure 2).

One symmetrically independent silicon atom is
tetrahedrally coordinated by three oxygen atoms
(<Si—0>=1.621A) and one OH group (Si-OH = 1.643(4) A) to
form SiO;0H polyhedra (Figure 2). Two cesium atoms are
coordinated, at distances below 3.5 A, by 9 and 10 ligands to
form Cs1030H and Cs20,F,0H polyhedra.

In the structure of (1), the UrlOg polyhedra share edges
with two Ur20s;F, and two Ur30sF, polyhedra to form
[(U0,)505F5]'™®™ units. Two SiO;0H tetrahedra share edges
with UrlOg polyhedra to form [(UO,)s(Si050H),04Fs]™
phosphuranylite units (PU) [25, 26] (Figure 2). These share
fluorine vertices of the Ur205F, and Ur30sF, polyhedra to
form the [(UO,)s(Si0;0H),0,F,]* layers (Figure 3a) which
interleave with cesium cations (Figure 3b).

3.2 Discussion

The complexes formed via association of the PU units are
commonly observed among uranium compounds (Table S2).
Most common are those with the phosphuranylite sheet-
anion topology [(UO,)3(T0,),X,], where T=P, As, Se and X= 0
or OH (Figure 4a). Their diversity comes from hoth the
substitution at the T site and the orientational variation of
the terminal vertices of the tetrahedra [4]. Besides P', As’,
and Se" centering the TO, tetrahedra, the T site can be
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Table 2: Bond-valence values® for Cs,[(UO,)s(SiO30H),0F,].
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01 02 03 04 05 06 07 08 OH1 010 F1 F2 e
U1 1.68 x 2 0.26 x 2 0.39x2 0.59 x 2 5.84
u2 1.65 1.66 0.39 0.6 0.73 0.42 0.42 5.87
u3 1.67 1.63 0.45 0.57 0.72 0.44 0.39 5.87
Si1 1.02 1.01 0.99 0.95 3.97
Cs1 0.11 0.15 0.1 0.19 0.07 0.09 0.1 0.1 1.01
0.09
Cs2 0.15 0.06 0.11 0.09 0.09 0.09 0.06 0.14 0.08 0.99
0.08 0.04
> 1.94 1.95 1.95 1.95 1.79 1.95 1.96 2.05 1.12 2.04 1.00 0.93

Expressed in valence units (vu).

Cs1 Cs2

[(UOZ)s(SiO3OH)zo4F8]12'

Figure 2: The crystal structure of Cs4[(UO,)s5(SiO30H),0,F,] . [(UO,)5(Si030H),0,F 1% layers in ac plane (a). General projection of the crystal structure of
Cs4[(UO,)5(Si030H),0,F,] along the b axis (b) (UO, polyhedra = orange, SiO30H = blue, Cs = cyan balls, F = green balls).

occupied by Se" and C" forming y-tetrahedral and trigonal
planar anions, respectively.

Besides phosphuranylite, there are some other topol-
ogies known also based on the PU units. In the structure of
Cs,(H,0)5[(U0,),(Se0,4),(Se03),04] [25], the Se atoms
adopt two coordinations: Se''O; and Se"'0, (Figure 4b).
Therein, the PU units are arranged into layers by the
means of {(U0,),(Se""0,),0,} linkers. In the structures of
Rbg[(UO2)7(P0O4)404] and Rbg[(UO2)7(As04)404] [26], the
[(U0,),(P0,),04)]% layers are formed according to a rela-
tively rare association mechanism via cation-cation

interaction of uranyl polyhedra [6] (Figure 4c). Linkage
of PU units by {(U0,),(T0,4),04} groups leads to chains
stitched into layers via the cation-cation interaction. An
example of PU assembling into chains is the structure of
kamitugaite, PbAI[(UO2)5(P04)2.33(AS04)0.6202(0H);1(H20)11 5
[27] (Figure 4d), but even then they are linked via “extra”
phosphate groups. A similar pattern is observed in the
structure of (C;oHoN»)3[(UO,)5(HPO,)3(PO4)F,] [28]. In the
[(UO,)s(HPO,)5(POF,I* layers (Figure 4e), the PU units
assemble via two “extra” PO, tetrahedra. Note that in this
case the uranyl cations adopt a mixed-ligand O/F
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Figure 3: Layers in the structure of
Cs4[(UO,)5(Si030H),0,F,] (a). General
projection of the structure along the b axis
(b) (UO, polyhedra = orange, SiO30H = blue,
Cs = cyan balls, F = green balls).

Figure 4: Structural units derived from phosphuranylite topology in uranyl oxysalts (PU units are highlighted by blue dotted lines). [(UO,)3(704),X>]
(T=P, As; X= 0 or OH) layer (TO, = green) in phosphuranylite group minerals (a), [(UO,);(Se04),(Se05),04] layer (Se0, =green; SeO3 = blue) in
Cs5(H,0)5[(U0,)7(Se04)x(5€03),04] (b), [(UO,)7(P04)404] layer (PO4 =purple) in Rbg[(UO,)7(P04)404] (c), [(UO,)5(PO4)2.38(AS04)0.6202(0H),] layer
(TO4 = green) in PbAI[(UO,)5(P04);.38(As04)0.6202(0OH),1(H;0)11.5 (d) and [(UO,)s(HPO,)3(PO4)F4]layer (TO4 = red) in (C1oHgN2)3[(UO,)s(HPO4)3(PO4)

F4] (e) layers. See the text for details.

coordination and share common F---F edges. The structures
of nielshohrite, K[(UO3)3(As04)(0H),4](H,0) [29], and a syn-
thetic compound [(UO,);(PO,)O(OH)(H,0),](H,0) [30] are
microporous. In these frameworks, the chains formed by
PU units and {(U0,),(T04),0,} units are formed.
Therefore, in all hitherto reported structures the PU
units are linked into layers or frameworks by some “extra”
species. In contrast, the structure of 1is the first wherein the
layers are formed without any additional linkers. The dif-
ference in topology comes not only from the geometry of
the TO,4 (or TO3) polyhedra, but also from the nature of the

T cations. The TO, (TO3) and UO,, polyhedra share vertices
and edges; therefore, the separations between the chains
formed by PU are dictated by the size of TO,, polyhedra. Of
more importance is the size agreement between the edges of
U0, (2410-2.502 A in the equatorial plane) and the TO,,
poyhedra (PO,>™: 2.308-2.564 A, AsO,*": 2.428-2.546 A, Si0*:
2.466-2.730 A, Se0;*: 2502-2.676 A). This determines
whether the UO, and TO,, polyhedra would share only
vertices (k' coordination) or also edges (k* coordination). The
latter mode corresponds to essentially closer U--T separa-
tions and consequently stronger Coulombic repulsion. The
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smaller the size of T and the higher its charge, the less
favorable is the k* coordination. The relatively small charge
of Si" makes such coordination possible which provides a
further contribution to the diversity of structural chemistry
of uranyl silicates.

By now, fluorine-bearing PU units have been reported
for three compounds: A4 4K 6[(UO2)04F(PO4)4(UO,)] (A = Rb,
Cs [31]), and (C3oHgN)3[(UO,)s(HPO)3(PO4)F,] [28]. In the first
two cases, exact positions of the F~ anions could not be
localized and mixed O/F occupancies have been suggested.
This can be explained considering the high-temperature
conditions. In our case, as well as in that of
(C1oHgN,)5[(UO,)5(HPO,)3(PO4FE,], synthesis conditions pro-
vided complete ordering of the O and F sites. The mechanism
of F-bearing architecture formation and association in
solutions remains obscure; yet one can suggest that these
clusters may initially be formed in the mother liquors or
melts, “stitched” by various linkers present therein. In our
case, the F~ anions may have played the linker role.
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