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Abstract: A new rubidium uranyl silicate, Rb,(UO,),0
(Si30g) (1), was obtained using high-temperature approach
from the melt in silica tubes. Its crystal structure was solved
by direct methods: hexagonal, P6/m, a = 27.7992(7),
c=7.2346(2) A, V = 4841.8(3) A3, R, = 0.033. The structure of
1 represents a new structure type with unprecedented
topology not observed before among U(VI) oxides and
oxysalts. It is comprised of layers with large voids derived
from the U304 structure formed exclusively by pentagonal
UrOs bipyramids. The low-occupied Rb sites are located in
the interlayer space. The SiO, silicate tetrahedra in the
structure of 1 share vertices to form rolled [816016]8’ chains.
The nanotubules [(UO,)(Sig0:6)]°" penetrate through both
U;0g-derived layers and Rb interlayer. These tubules are
attached to the U;0g derived sheets via uranyl-uranyl
interactions and edge-sharing between silicate tetrahedra
and UrOs bipyramids.

Keywords: inorganic synthesis; microporous structures;
nanotubules; silicates; uranyl oxysalts

1 Introduction

Minerals of hexavalent uranium may form in the oxidation
zones of uranium deposits [1]. They are also known as
alteration products of spent nuclear fuel (SNF) [2]. Their
study is therefore important both for mineralogy and
materials science for the development of new functional
materials [3]. Uranyl silicate minerals are formed at the
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earlier formation stages in the oxidation zones [4]. They are
expected to play an essential role in the processes of radio-
nuclide migration, accumulation, and deposition.

Among the synthetic compounds of hexavalent ura-
nium, the species containing tetrahedral anions are most
common and numerous. In their structures, uranium is
generally coordinated by two oxygen atoms forming a
uranyl cation (Ur). In the equatorial plane, it is coordinated
from four to six ligands (e.g., O, Cl, Br, OH, H,0, etc.) forming
a tetra-, penta-, or hexagonal bipyramid. The anisotropy
of bond lengths and blockage of apical coordination sites
enhances the formation of chain and layered architectures,
while framework structures are less common.

Several approaches to the synthesis of uranyl com-
pounds are known including isothermal evaporation,
hydrothermal treatment, as well as high temperature and
salt flux synthesis [5]. Detailed structural topological anal-
ysis shows that synthesized uranium compounds often
“inherit” structural complexes from the initial reagents.
This phenomenon is illustratively demonstrated by uranyl
selenates [6] and chromates [7] crystallizing from aqueous
solutions.

In our experiments, we employed new synthesis tech-
niques which permitted to prepare single crystals of a new
uranyl silicate Rb,(U0,),0(Si30g) (1) described below.

2 Experimental

2.1 Synthesis

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

Yellow crystals of 1 (Figure 1) were produced in a high-temperature
experiment. A mixture of 38 mg of RbCl (Vecton, 99.7 %), 20 mg U;0g
(Vecton, 98.7 %) and 110 mg PhO (Vecton, 99.5 %) was pre-dried at 80 °C.
This mixture was transferred to a silica tube (which served also as the
source of silicon), then 30 pL of 40 % hydrofluoric acid was injected to
etch and so to activate the smooth inner surface of the tube. After 1 min,
the tube was attached to a vacuum line, evacuated, and sealed. The silica
tube was heated to 950 °C at a rate of 70 °C/h, soaked for 99 h, and cooled
toroom temperature at the rate of 5 °C/h. As the silica tube served as the
silicon source, it was essentially attacked by the reaction medium, with
some cristobalite present due to its devitrification. The crystalline silica
formed thin off-white sheets weakly attached to the inner walls of the
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tube which could be easily removed mechanically (by gentle blowing).
The lead oxide has very likely assisted the formation of 1 by oxidizing
Us04 into U and by attacking the inner surface of silica tube which
proceeds very easily even below 400 °C in the presence of halides.
Additional experiments have demonstrated that no reaction takes place
between uranium oxides and intact silica tubes at much higher tem-
peratures. Yet, the Pb** cations were not incorporated into 1, as quan-
titative electron microprobe analysis (Hitachi S-3400N) revealed no
other elements, except U, Si and Rb, with atomic number greater than 11
(Na). The averaged of 10 points gave the empirical formula calculated on
the basis of 13 oxygen atoms per formula unit: Rby 05(Uy 9202)20(Si;.930).

2.2 Single-crystal X-ray studies

Single crystal of 1 selected for X-ray diffraction analysis was glued onto
glass filament and arranged in a Rigaku XtaLAB Synergy-S diffractom-
eter equipped with a Photon]Jet-S detector operating with MoKa radia-
tion at 50 kV and 1 mA. More than a hemisphere of data was collected
with a frame width of 0.5° in w, and 60 s spent counting for each frame.
The data were integrated and corrected for absorption applying a
multiscan type model using the Rigaku Oxford Diffraction programs
CrysALis Pro. The experiment was performed at 150 K. The unit cell
parameters were calculated by the least-squares method. The structure
of 1 contains a number of low occupied Rb sites. The occupancies of Rb
positions were first refined and adjusted on the final stages of the
structure refinement to keep the formula electroneutral. The parame-
ters of the X-ray diffraction experiment and structure refinement are
given in Table 1. Crystallographic parameters are provided in Table 1
and selected interatomic distances in Table 2.

3 Results

In the structure of 1, three symmetrically independent ura-
nium atoms are coordinated by five oxygen atoms each in
the equatorial plane with the formation of UrOs pentagonal
bipyramids while U(4) atom forms UrO, tetragonal bipyr-
amid (Figure 2; Table 2). Four Si atoms are tetrahedrally
coordinated and show no significant distortion.

7k

DE GRUYTER

Figure 1: Hexagonal prismatic crystals of
Rb,[(UO,),0(Siz0g)]. SEM image (a) and a
photo under optical microscope

(FOV 0.5 mm) (b).

Table 1: Crystallographic data and refinement parameters for
Rb,[(U0),0(Siz0g)]-

Temperature (K) 150

Radiation MoKa

Crystal system Hexagonal

Space group P6/m

a (R 27.7992(7)

c(A) 7.2346(2)

Volume (&%) 4841.8(3)

Deqic (9/cm®) 3.866

u (mm™) 26.309

Crystal size (mm) 0.07 x 0.08 x 0.14
0 range (°) 3.174-27.996

h, k, I ranges -33—-35,-36 >36,-9—-9
Total reflections collected 4206

Unique reflections (Rint) 3412(0.039)

R4[F > 40F], wR1[F > 40F] 0.033, 0.075

Rait, WRay 0.049, 0.080
Goodness-of-fit 1.053

CCDC number 2222967

The bond valence sums are 6.10, 6.03, 5.86, 6.09, 4.12, 4.15,
4.29, 4.18 for U(1)-U(4) and Si(1)-Si(4), respectively, which
agree well to the formal valences of these atoms. Bond va-
lences were calculated using the parameters of [8]. A minor
overbonding for the silicon atoms is rather common among
the structures of uranyl silicates [9]. Note that 016 vertex in
Si(3)0,4 tetrahedron is split over O(16A) and O(16B) sites with
50 % occupancy each. The SiO, silicate tetrahedra in the
structure of 1 share vertices to form rolled [Sig0;6]®~ chains
(Figure 3). The double chains formed by alternating 4- and
6-membered tetrahedral rings were previously described in
okenite Ca;(Siig046:18(H,0) [10] and yangite PbMnSi;0g-H,0
[11, 12]. [815016]8’ chains can be built from two wollastonite-
type chains (Figure 3a). Both [816016]8’ chains in the structure
of 1 and okenite are based upon the same arrangement of
white nodes (Figure 3b and c), but the “... up-down ... ”
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Table 2: Selected interatomic bonds in the structure of
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Rb2[(U02),0(Si508)].
U1-01 1.798(6) U3-03 1.823(6) Si1-08 1.603(9)
u1-01 1.798(6) U3-03 1.823(6) Si1-010 1.616(6)
<U1-0,,> 1.798  <U3-0,,> 1.823  Si1-010 1.616(6)
U1-06 2.195(9) U3-07 2.195(7)  Si1-09 1.620(8)
u1-08 2.269(8) U3-06 2.225(9)  <Si1-0> 1.614
u1-011 2.318(8) U3-07 2.288(7)
u1-011 2.472(8) U3-09 2.468(8)  Si2-012 1.606(6)
u1-013 2.486(8) U3-08 2.737(9)  Si2-012 1.606(6)
<U1-0.,> 2348  <U3-0.,> 2383 Si2-011 1.609(9)
Si2-013 1.617(8)
U2-02 1.801(6) U4-04 1.791(9)  <Si2-0> 1.609
U2-02 1.801(6) U4-05 1.818(8)
<U2-0,,> 1.801 <U4-0,,> 1.804  Si3-014 1.570(7)
U2-06 2.182(9) U4-014 2.222(7)  Si3-O16A  1.587(4)
U2-09 2.294(8) U4-017 2.222(6)  Si3-016B  1.699(9)
Uz2-013 2.367(7) U4-014 2.222(7)  Si3-012 1.614(6)
uz2-07 2.412(8) U4-017 2.222(6)  Si3-015 1.609(6)
U2-05 2.524(8)  <U4-0.,> 2222 <Si3-0> 1.616
<U2-0.,> 2.356
Si4-017 1.576(7)
Si4-010 1.608(6)
Si4-018 1.620(4)
Si4-015 1.625(6)
<Si4-0> 1.607

Mean bond-length values are marked in bold.

orientations of the Si-O, bonds relative to the plane of the
chains are completely different.

Three Ur(3)0s polyhedra share common 07 vertices to
form a Ur(3);0;, trimer which further shares with three
Ur(1)0Os and three Ur(2)Os species via common edges thus
forming a [Ury0,,]**" nonanuclear group (Figure 4a). Their
condensation via common O-0 edges leads to the formation
of layers depicted in Figure 4b. [Ur¢0,,]**" nonanuclear
group in the structure of 1 can be excised from the structure
of U30g (C2mm) [13, 14] (Figure 4c).

Six rolled [SigO]*~ double chains are linked via equa-
torial vertices of Ur(4)0, tetragonal bipyramids into tubular
complexes (Figure 4d). The resulting topology can be
described in the same way as performed previously for
uranyl selenate [15] and uranyl sulfate [16] nanotubules. One
has to dissect the tubular complex along its axis and to
evolve it onto a plane (Figure 4e). The effective inner diam-
eter of the tubule is 12.01 A.

The interlayer and intratubular space are filled by
partially occupied Rb sites (Figure 4f). The structure of 1
(Figure 4g) can be obtained from the ideal U305 (C2mm)
structure according the following sequential transformations:
(1) excision of [Ur¢0,,]** nonanuclear groups and further
condensation into hexagonal layers formed exclusively by

a)

016 018
1570 11.587 1.625 |1.620
014@*€i3+@o15 015 +@o17
1.614) 1.609 1.608) 1-576
012 010

Figure 3: [Si304]® chain in wollastonite
Cas(Siz00) (a) [Sig01¢]® double chain in
okenite CaSiig046-18(H,0) (b) and rolled
[SigO16%~ double chain in Rb,[(U0,),0(Sis0g)]
c) (c) and their nodal representations.
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pentagonal UrOs bipyramids; (2) intrusion of Rb into the
interlayer space; (3) insertion of [(UO,)(SigO1¢)]°” complexes
which penetrate through both U;Og-derived layers and Rb
interlayer.

4 Concluding remarks

The structure of 1 represents a new structure type with
unprecedented topology not observed before in U(VI) oxides
and oxysalts. Nanotubular (NT) motifs [17] were observed
previously in several uranyl selenates and sulfates [15, 16]
and borate phosphates [18]. Heteropolyhedral tubular
architectures are still exceptionally rare among uranyl
compounds. However, tubular silicate complexes are well
known in minerals and synthetic compounds [11] due to the
flexibility of the silicate anion. The rolled [816016]8’ double
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Figure 4: Condensation of the uranium
polyhedra with the formation of the
nonanuclear [Urs0,4]*°~ groups (a) and their
further condensation into layers (b) in the
structure of Rb,[(UO,),0(Si30g)]. U30g ((2mm)
archetype layer with the highlighted
[Ure044]>" group (c). Polyhedral
representation of the uranyl silicate
nanotubule with inner diameter 12.01A (d).
Ur(4)04 and SiO,4 tetrahedra are shown in dark
blue and light blue, respectively. Notionally,
the tubule can be unfolded into layer

(e) composed of corrugated [SigO161% single
chains and isolated Ur(4)O,4 polyhedra. The
interlayer and intratubular space filled by
partially occupied Rb sites (f). The overall
scheme of the structure of Rb,[(UO,),0(Siz0s)]
composed of UsOg-derived layers (orange
sheets), disordered Rb nets (blue sheets)

and [(UO,)(Sig0+6)1®” nanotubules (blue
cylinders) (g).

Y@V - Y@V
22 2V

(e)

chains in 1 are topologically different (Figure 3) from those
previously described in okenite and yangite.

It is also rare for the uranyl oxygen atoms to be involved
in bonding interactions with other uranyl centers. This
phenomenon is called a uranyl-uranyl (i.e., cation—cation)
interaction. In the structure of 1, it is observed between
uranyl ions of the U(4) and U(2) atoms (Figure 5).

The 0(5) atom of the U(4)0, uranyl group is bonded also
to the U(2) atom, whereas O(4) atom is weakly bonded to Rb
atoms. Four 014 atoms in the equatorial plane of the Ur(4)0,
bipyramid are shared with the silicate tetrahedra. Thus
[(U0,)(Sig046)1°~ tubules are attached to the UsOg derived
sheet via uranyl-uranyl interactions and edge-sharing
between silicate tetrahedra and UrOs bipyramids as shown
in Figure 5. Layers in U3Og are archetypic to a large number
of different topologies [19] both in minerals and inorganic
compounds. The use of structure building units (SBU) in
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Figure 5: Polyhedral and ball-and-stick representation of the
connectivity modes in Rb,(U0O,),0(Si30g). Uranyl oxygen bonds are
shown with blue bold lines.

uranium oxides is not uncommon for the crystal engineering
of new complex uranyl oxysalts.

It is also worth noting that synthesis of uranyl silicates is
strongly enhanced by the presence of “activators”, PbO and
halides in this case. The underlying chemical processes
are yet obscure and demand further studies which are
partially underway. We consider a likely sequence of
reactions starting from attacking the silica surface by HF and
low-melting lead oxychlorides formed upon early stages of
heating. At higher temperatures, PbO also readily attacks
silica. Formation of various volatile species like SiF, or SiCl,
is also rather likely at higher temperatures. All this can be
considered as “chemical activation” of fused silica tube with
an initially very small and smooth surface area and expected
low reactivity. The presence of solidified metallic droplets in
the products suggests oxidation, at least partial, of Us0g by
PbO or initially formed lead silicates; concomitant dispro-
portionation of U" from U;0g into U" and U" in the presence
of silica, which is an acidic oxide, also cannot be completely
ruled out (known compounds of U'0," are formed in basic
conditions and contain extra 0> or OH™ anions). Note that
presence of various fluxing media also essentially enhances
formation of a multitude of various species. Evidently, use of
other silica “activators” is very likely to bring new complex
and elegant uranyl silicate structures.
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