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Abstract: Three new uranyl sulfates, [pyH](H3O)[(UO2)3(SO4)4(H2O)2] (1), [pyH]2[(UO2)6(SO4)7

(H2O)] (2), and [pyH]2[(UO2)2(SO4)3] (3), were produced upon hydrothermal treatment and succes-
sive isothermal evaporation. 1 is monoclinic, P21/c, a = 14.3640(13), b = 10.0910(9), c = 18.8690(17) Å,
β = 107.795(2), V = 2604.2(4) Å3, R1 = 0.038; 2 is orthorhombic, C2221, a = 10.1992(8), b = 18.5215(14),
c = 22.7187(17) Å, V = 4291.7(6) Å3, R1 = 0.030; 3 is orthorhombic, Pccn, a = 9.7998(8), b = 10.0768(8),
c = 20.947(2) Å, V = 2068.5(3) Å3, R1 = 0.055. In the structures of 1 and 2, the uranium polyhedra
and SO4 tetrahedra share vertices to form 3

∞[(UO2)3(SO4)4(H2O)2]2− and 3
∞[(UO2)6(SO4)7(H2O)]2−

frameworks featuring channels (12.2 × 6.7 Å in 1 and 12.9 × 6.5 Å in 2), which are occupied by
pyridinium cations. The structure of 3 is comprised of 2

∞[(UO2)2(SO4)3]2− layers linked by hydrogen
bonds donated by pyridinium cations. The compounds 1–3 are formed during recrystallization
processes, in which the evaporation of mother liquor leads to a stepwise loss of hydration water.

Keywords: uranyl sulfates; organically templated compounds; pyridinium; framework structures;
crystal engineering

1. Introduction

Microporous uranium compounds formed upon the oxidation of spent nuclear fuel
(SNF) attract essential interest due to their non-trivial crystal chemistry [1], and they also are
promising materials for ion exchange and catalysis [2–6]. For instance, framework uranyl
phosphates selectively absorb 90Sr and 137Cs nuclides [7–9]. The largest structural diversity
is observed among compounds containing tetrahedral and pseudo-tetrahedral oxo-anions,
e.g., molybdates [10–16], phosphonates [17], phosphates [18–21], and vanadates [22,23]. Ex-
amples of non-trivial structures also exist among uranyl sulfates [24–27] and chromates [28].
The increasing interest in uranyl sulfates stems mostly from their prominent role in the
oxidation of uranium deposits and the formation of various secondary minerals [29,30],
as well as from their potential use in SNF processing [31]. Several approaches to the
preparation of open-framework uranyl compounds have been developed [13–28] whereof
hydrothermal synthesis is the most common [32].

A variety of positively charged species, both organic and inorganic, have been em-
ployed in templating the uranyl-based inorganic frameworks, as the latter are generally
negatively charged. As yet, the relationships between the nature of the cationic species
and structure and composition of inorganic counterparts and total outcome are rather
vague, so new structures are expected to help further understanding and subsequent
targeted synthesis. Their composition and structures are likely to depend not only on
the initial ratio of the reactants but also on their absolute and relative concentrations
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which are expected to vary also in the case of sequential crystallization. These phenom-
ena have been monitored in a relatively small number of systems studied. Hereby, we
report on the synthesis and crystal structures of three new uranyl sulfates templated by
pyridinium cations, [pyH](H3O)[(UO2)3(SO4)4(H2O)2] (1), [pyH]2[(UO2)6(SO4)7(H2O)]
(2), and [pyH]2[(UO2)2(SO4)3] (3), which were successively produced by hydrothermal
treatment with subsequent isothermal evaporation. We discuss the peculiarities of their
crystal structures as well as the templating effect of pyridinium cations.

2. Synthesis

Caution! While the compounds of depleted uranium are only weakly radioactive, their chemical
toxicity is essential. All safety regulations should be followed strictly.

Crystals of 1–3 were grown from a solution containing 0.5 g of (UO2)(NO3)2·6H2O
(Vekton, 99.7%), 2 mL of H2SO4 (Vekton, 99.7%), 0.01 mL of pyridine (Aldrich, 99.5%), and
5ml of H2O. It was heated at 220 ◦C in a Teflon-lined autoclave under autogeneous pressure
for two weeks. The transparent yellow solution was allowed to slowly evaporate in air
in a fume hood. The crystals formed within 3–10 days. Those of 1 appear at pH ≈ 2.5 as
spherical aggregates (Figure 1a,b). Further evaporation leads to the dissolution of surface
crystals; at pH = 2 to 1.5, they transform into crystals of 2 (Figure 1c), so that both 1 and
2 coexist on the surface of the spherical aggregates until pH ≈1. The structural studies
(vide infra) indicate that the conversion of 1 into 2 leads to the loss of one molecule of
hydration water.
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Figure 1. Micrographs of the crystals of 1 (a,b), 2 (c), and 3 (d).

At pH ≈ 1, the crystals of 1 and 2 completely dissolve, after which the platelets
of 3 (Figure 1d) are formed within 12 h. Further evaporation leads to complete drying
without any other transformations. Qualitative electron microprobe analysis of 1–3 (LINK
AN-10000 EDS system) revealed no other elements, except U and S, with an atomic number
greater than 11 (Na).
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Single-Crystal Studies

Selected single crystals were attached to glass fibers using an epoxy resin and mounted
on a Bruker SMART APEX II DUO diffractometer equipped with a micro-focus X-ray
tube utilizing MoK radiation. The experimental datasets were collected at 100K. Unit
cell parameters were calculated using least-squares fits. Structure factors were derived
using APEX 2 after introducing the required corrections. Crystal structures were solved
using direct methods. The final model includes site coordinates and anisotropic thermal
parameters for all atoms except hydrogens, which were localized using AFIX command in
calculated positions (d(A-H) = 1.00(1) Å). Hydrogen atoms of the water molecules could
not be localized. Further details are collected in Table 1. Crystals of 3 were found to be
unstable under the X-ray beam and decompose within 1.5 h.

Table 1. Crystallographic data and refinement parameters for [pyH](H3O)[(UO2)3(SO4)4(H2O)2] (1),
[pyH]2[(UO2)6(SO4)7(H2O)] (2), and [pyH]2[(UO2)2(SO4)3] (3). Experiments were carried out at 100
K with MoKα radiation on Bruker Smart DUO CCD.

Compound 1 2 3

Crystal system Monoclinic orthorhombic orthorhombic
Space group P21/c C2221 Pccn

Unit cell dimensions
a, b, c (Å)

14.3640(13) 10.0910(9)
18.8690(17)

10.1992(8) 18.5215(14)
22.7187(17)

9.7998(8) 10.0768(8)
20.947(2)

β (◦) 107.795(2) 90 90
Unit-cell volume (Å3) 2604.2(4) 4291.7(6) 2068.5(3)

Z 2 4 4
Calculated density (g·cm–3) 3.383 3.846 3.174

Absorption coefficient (mm–1) 19.037 23.026 16.027
Crystal size (mm) 0.10 × 0.15 × 0.13 0.14 × 0.09 × 0.13 0.14 × 0.20 × 0.11

Data collection

Radiation, wavelength (Å) MoKα, 0.71073 MoKα, 0.71073 MoKα, 0.71073
F(000) 2396 6500 1800

θ range (◦) 2.27–28.00 2.20–33.05 2.81–35.84

h, k, l ranges
−18→12
−13→13
−24→24

−15→15
−28→27
−34→31

−12→2
−12→6
−9→24

Total reflections collected 24039 19596 2249
Unique reflections (Rint) 6292(0.051) 7635(0.0383) 1728(0.0242)

Unique reflections F > 4σ(F) 5287 6519 1401

Structure refinement

Refinement method Full-matrix
least-squares on F2

Full-matrix
least-squares on F2

Full-matrix
least-squares on F2

Weighting coefficients a, b 0.0383, 20.0641 0.008, 0.00 0.1368, 3.3627
Data/restraints/parameters 6292/0/351 7635/0/304 1728/6/123

R1 [F > 4σ(F)], wR1 [F > 4σ(F)] 0.032, 0.077 0.030, 0.055 0.055, 0.167
R2 all, wR2 all 0.043, 0.086 0.043, 0.052 0.067, 0.190

Gof on F2 1.037 0.966 1.084
CCDC 2036077 2036078 2036079

3. Results

The crystal structures of 1 and 2 contain three symmetrically independent uranium
atoms, while only one is in the structure of 3 (Figure 2). In all cases, typical uranyl
cations (Ur) are formed (<d(U–O)> = 1.751, 1.756, 1.773, 1.755, 1.745, 1.751 and 1.770 Å,
respectively; see Figure 2). In 1, Ur(1) coordinates five oxygen atoms from the sulfate
anions in the equatorial plane, while Ur(2) and Ur(3) coordinate four sulfate oxygens and
one water molecule.
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Figure 2. Coordination of uranium in 1(a–c), 2(d–f), and 3(g).

The Ur-H2O distances (d(Ur(2)– H2O) = 2.489 Å, d(Ur(3)– H2O) = 2.480 Å) are slightly
longer compared to the Ur-O from the sulfate tetrahedra (<d(U–O)> = 2.379 Å). In the struc-
tures of 2 and 3, the uranyl cations bond only to the sulfate oxygens forming the classical
UrO5 pentagonal bipyramids (<d(U–O)> = 2.392 and 2.395 Å in 2 and 3, respectively). The
structures of 1 and 2 also contain four independent sulfur atoms, while in 3, ther are only
two that center the sulfate tetrahedra (<d(S–O)> = 1.473, 1.465 and 1.473 Å, for 1, 2, and
3 respectively).

The bond valence sums (BVS) for UVI and SVI (Figures 2 and 3) were calculated
using parameters given in [33] and [34], respectively. They are in proper agreement to the
reference data [1].
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In 1, the UO7 and SO4 moieties share corners to form a 3
∞[(UO2)3(SO4)4(H2O)2]2−

framework (Figure 4a) with 12.2 × 6.7 Å channels running along [100]. These channels are
occupied by pyridinium and disordered hydronium cations as well as water molecules.
Following the description of uranyl molybdate [10–16] and vanadate [23] frameworks,
that of 1 can be described as being constructed of 1

∞[(UO2)2(SO4)3]2− ribbons linked by
[(UO2)2(SO4)2(H2O)2] groups (Figure 4b). The 1

∞[(UO2)2(SO4)3]2− ribbons (Figure 4c) are
in their turn comprised of C1 and C1′ chains used in the description of nanotubules in the
structure of Na(C8H10NO2)7[(UO2)6(SO4)10]·3.5H2O [35].
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In 2, the UO7 and SO4 polyhedra also share corners to form a 3
∞[(UO2)6(SO4)7 (H2O)]2−

framework with a more complex topology (Figure 4d). The UO2:TO4 = 6:7 frameworks had
earlier been observed among uranyl sulfates [26] and molybdates [13,14,36]. The frame-
work in 2 is comprised of 2

∞[(UO2)2(SO4)3]2- layers pillared by [(UO2)(SO4)2] groups (Fig-
ure 4e). It contains 12.9 × 6.5 Å channels occupied solely by pyridinium species. Channels
of such size are relatively common for the UO2:SO4 = 6:7 frameworks, e.g., 10.5 × 10.2 Å
in (n-C4H9NH3)2[(UO2)6(SO4)7(H2O)2] [25]. The topology of 2

∞[(UO2)2(SO4)3]2− layers
shown in Figure 4f is observed for the first time; yet, they can be “decomposed” into known
C2 and C5 fundamental chains.

The structure of 3 (Figure 5a) contains 2
∞[(UO2)2(SO4)3]2− layers with a relatively
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4. Discussion

In all three structures, the pyridinium cations form hydrogen bonds to the inorganic
backbones (Figure 6). In 1 (Figure 6a), a bifurcated hydrogen bond is formed to the terminal
(d(H1· · ·O9) = 1.793 Å) and bridging (d(H1· · ·O2) = 2.447 Å) oxygen atoms of the sulfate
tetrahedra. In 2 (Figure 6b), these bonds are longer (d(H1· · ·O6) = 2.523 Å, d(H1· · ·O13)
= 2.707 Å, and d(H1· · ·O18) = 2.992 Å) and formed only to the equatorial atoms of the
uranyl polyhedra (Figure 6b). In contrast, in 3, two symmetrically independent pyridinium
cations form different systems of hydrogen bonds (Figure 6c): one to the oxygens of the
uranyl cations (d(H1· · ·O3) = 2.146 Å), while the other is to the bridging oxygens of sulfate
(d(H5· · ·O5) = 2.144 Å).
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A commonly addressed question is the effect of the organic species on the composition
and topology of inorganic backbones where two opposite opinions have been expressed.
On the one hand, the relatively small set of dominating inorganic structures suggests that
the role of the positively charged organic matter is just to compensate the negative charge
of the inorganic part [40]. On the other hand, the layers are sometimes strongly twisted
or even rolled into nanotubes [24] due to the formation of organic micelles or other stable
aggregates. In the structures of 1–3, the pyridinium cations contribute to already known
inorganic architectures; hence, their structure-driving role therein can be considered as
modest. The least common is the 6:7 architecture wherein the size of the pyridinium cation
most likely fits well the size of channels. This suggestion is tentative; to corroborate it, ad-
ditional experiments seem to be desirable using the chemical analogs of pyridine. Yet, this
structure is not produced when just slightly different 2- and 4-aminopyridimium cations
are employed. Therefore, the shape requirements for this framework may be essential for
rigid (e.g., aromatic) templates. The pyH+ cations exhibit the common parallel or perpen-
dicular stacking of aromatic rings, which is clearly seen in Figure 6a,c. The same stacking
is suggested to be responsible for templating a much more complex nanotubular structure
in Na(C8H10NO2)7[(UO2)6(SO4)10]·3.5H2O [35]. It is possible that electrostatic repulsion
between the positively charged pyridinium cations may counteract the stacking. This re-
pulsion between pyridinium rings is probably stronger in comparison to that between the
anilinium parts of the phenylglycinium species in Na(C8H10NO2)7[(UO2)6(SO4)10]·3.5H2O,
which in neighbor cations point into different directions.

According to their chemical composition, compounds 1–3 formed upon successive
crystallization contain decreasing amounts of crystallization water (two in 1, one in 2, and
none in 3). The authors of [28] calculated the densities of the frameworks comprised of
uranyl cations and TO4

n− tetrahedral oxyanions (FD) as the sum of U and T atoms per
1000 Å3. The magnitudes vary from the minimum of FD = 8.54 for (H3O)8(H3O)@(18-
crown-6)2[(UO2)14(SO4)19(H2O)4](H2O)20.5 [24] to the maximum of FD = 17.85 for [(UO2)
(S2O7)] [41]. For the frameworks in M[(UO2)3(MoO4)4(H2O)3](H2O)n, (M = Mg, Zn, Ba;
n = 3, 5) [36], the FD values are 10.89, 10.91, and 11.26, respectively. In the meantime, the
FD value for the framework in 1 (3

∞[([(UO2)3(SO4)4(H2O)2]2−) is 11.52. The increase of
density as compared to the molybdate analog can be explained by lower hydration, as well
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as by smaller size of the sulfate anion. The same is also true for the 3
∞[(UO2)6(TO4)7(H2O)2]

frameworks. For the uranyl molybdate architectures [13–16], the FD values vary from
9.44 to 10.01, dependent on the nature of the cation. In the meantime, these values
reach 11.94 and 12.11 for the frameworks in (C4H12N)2[(UO2)6(H2O)2(SO4)7] [26] and
(n-C4H9NH3)2[(UO2)6(SO4)7(H2O)2] [25]. For 2, the FD is 12.12. For comparison, the
calculated value for faujasite is 13.5. For the layered structure of 3, FD = 9.67, which is
close to the range observed for 3

∞[(UO2)6(MoO4)7(H2O)2] frameworks. Hence, successive
recrystallization of the compounds under discussion leads first to the increase of the uranyl–
sulfate framework (11.52→12.12) but to an essential drop on the second step (12.12→9.67),
which correlates with the reduction of dimensionality.
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