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Abstract

:

An alteration of the uranyl oxide hydroxy-hydrate mineral schoepite [(UO2)8O2(OH)12](H2O)12 at mild hydrothermal conditions was studied. As the result, four different crystalline phases Cs[(UO2)(SO4)(OH)](H2O)0.25 (1), Cs3[(UO2)4(SO4)2O3(OH)](H2O)3 (2), Cs6[(UO2)2(SO4)5](H2O)3 (3), and Cs2[(UO2)(SO4)2] (4) were obtained, including three novel compounds. The obtained Cs uranyl sulfate compounds 1, 3, and 4 were analyzed using single-crystal XRD, EDX, as well as topological analysis and information-based structural complexity measures. The crystal structure of 3 was based on the 1D complex, the topology of which was unprecedented for the structural chemistry of inorganic oxysalts. Crystal chemical analysis performed herein suggested that the majority of the uranyl sulfates minerals were grown from heated solutions, and the temperature range could be assumed from the manner of interpolyhedral linkage. The presence of edge-sharing uranyl bipyramids most likely pointed to the temperatures of higher than 100 °C. The linkage of sulfate tetrahedra with uranyl polyhedra through the common edges involved elevated temperatures but of lower values (~70–100 °C). Complexity parameters of the synthetic compounds were generally lower than that of uranyl sulfate minerals, whose structures were based on the complexes with the same or genetically similar topologies. The topological complexity of the uranyl sulfate structural units contributed the major portion to the overall complexity of the synthesized compounds, while the complexity of the respective minerals was largely governed by the interstitial structure and H-bonding system.
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1. Introduction


Uranyl-oxide hydroxy-hydrate minerals are regarded to be the products of the first stages of uraninite alteration under oxidizing conditions [1,2,3,4,5]. Being formed as the result of the reaction of bedrock with aqueous fluids, these natural compounds obviously play an important, if not a key, role in the uranium transfer to the environment. In addition, uranyl-oxide hydroxy-hydrate phases can be regarded as the precursors of the formation of other secondary uranium-bearing minerals, under reaction with waters enriched by various cations (usually mono- and divalent) and oxyanions (CO32−, SO42−, PO42−, etc.). The description of the new mineral species is rarely followed by the experiments, which could shed some light on the conditions of their genesis. Due to the complexity of uranyl-bearing complexes forming in aqueous solutions in the presence of a certain cation/oxyanion combination as a function of pH, the exact formation mechanisms of uranyl minerals are not fully understood. In this study, we presented the results of uranyl sulfate synthesis experiments that might elucidate some of the formation behavior of natural uranyl sulfates.



Herein, we reported on the alteration experiment of the synthetic analog of uranyl-oxide hydroxy-hydrate mineral schoepite, [(UO2)8O2(OH)12](H2O)12 [6,7]. As the result, four different crystalline phases Cs[(UO2)(SO4)(OH)](H2O)0.25 (1), Cs3[(UO2)4(SO4)2O3(OH)](H2O)3 (2) [8], Cs6[(UO2)2(SO4)5](H2O)3 (3), and Cs2[(UO2)(SO4)2] (4) were obtained, including three novel compounds. The obtained Cs uranyl sulfate compounds were analyzed using single-crystal X-ray diffraction (SC XRD), energy-dispersive X-ray analysis (EDX), as well as topological analysis and information-based structural complexity measures.




2. Materials and Methods


2.1. Synthesis


An analog of the hydroxy-hydrated uranyl oxide mineral schoepite ([(UO2)8O2(OH)12](H2O)12 [6,7]) was synthesized according to the procedure discussed in [9], and its purity was checked using powder XRD; H2SO4 (Sigma-Aldrich, 98%) and Cs2SO4 (Vekton, Russia, 99%) were used as received. The 0.2 g of synthetic schoepite (0.03 mmol), 0.12 g of cesium sulfate (0.33 mmol), and 0.01 (0.19 mmol) ml of sulfuric acid were dissolved in 10 mL of deionized water. The solution was stirred and loaded in a 23 mL Teflon-lined steel autoclave, which was placed in a box furnace and heated to 110 °C. After 24 h, the furnace was cooled at ~20 °C/h to room temperature. A fine crystalline precipitate covered by a translucent light-yellow solution was found at the bottom of the Teflon capsule. Afterward, the product was poured into a watch glass. The detailed examination under the optical microscope revealed the presence of two types of crystals (Figure 1): The bulk of the precipitant was tiny yellowish isometric crystals with nearly diamond luster (compound 1), interspersed with larger in size, but of much worse quality orange rhombus lamina crystals (compound 2). After picking several crystals for further diagnostics, the product was left in a watch glass to evaporate at room temperature. In a few days, two more kinds of crystals were detected in a small amount at the edge of the solution (Figure 1): green rosettes of thin plates (compound 3) and light green flattened rhombic crystals (compound 4).




2.2. Chemical Analysis


Small pieces of single crystals of 1–4 verified on the diffractometer were crushed, pelletized, and carbon-coated. The chemical composition of the samples was determined using a TM 3000 scanning electron microscope equipped with an Oxford EDX spectrometer, with an acquisition time of 15 s per point in energy-dispersive mode (acceleration voltage 15 kV). The following analytical standards were used: CsBr (CsK), barite (SK), and U3O8 (UK).



Analytical calculations. Compound 1: atomic ratio from structural data Cs 1.00, U 1.00, S 1.00; found by EDX: Cs 1.03, U 1.05, S 0.92. Compound 2: atomic ratio from structural data Cs 3.00, U 4.00, S 2.00; found by EDX: Cs 2.93, U 4.06, S 2.01. Compound 3: atomic ratio from structural data Cs 6.00, U 2.00, S 5.00; found by EDX: Cs 5.96, U 2.07, S 4.97. Compound 4: atomic ratio from structural data Cs 2.00, U 1.00, S 2.00; found by EDX: Cs 1.95, U 1.05, S 2.00.




2.3. Single-Crystal X-Ray Diffraction Study


Single crystals of 1–4 were selected under binocular, coated in oil-based cryoprotectant, and mounted on cryoloops. Diffraction data were collected using a Bruker Kappa Duo diffractometer (Bruker AXS, Madison, WI, USA) equipped with a CCD (charge-coupled device) Apex II detector operated with monochromated microfocused MoKα radiation (λ[MoKα] = 0.71073 Å) at 45 kV and 0.6 mA. Diffraction data were collected at room temperature with frame widths of 0.5° in ω and φ, and exposures of 40 to 120 s per frame. Diffraction data were integrated and corrected for polarization, background, and Lorentz effects. An empirical absorption correction based on spherical harmonics implemented in the SCALE3 ABSPACK algorithm was applied in the CrysAlisPro program [10]. The unit-cell parameters (Table 1) were refined using the least-squares techniques. The structure was solved by a dual-space algorithm and refined using the SHELX programs [11,12] incorporated in the OLEX2 program package [13]. The final models include coordinates and anisotropic displacement parameters for all non-H atoms. The H atoms of OH groups and H2O molecules were localized from difference Fourier maps and were included in the refinement with Uiso(H) set to 1.5Ueq(O) and O–H bond-length restraints to 0.95 Å. Selected bond lengths and angles are listed in Table 2, Table 3 and Table 4. Checking of the unit-cell parameters along with the results of the chemical analyses showed that the crystals of 2 were the cesium uranyl sulfate phase, which was reported previously [8]. Due to the small size and low quality of the crystals of 3, refinement parameters were rather high, but the structural model was quite reliable.



Supplementary crystallographic data (see online Supplementary Materials) for 1, 3, and 4 were deposited in the Inorganic Crystal Structure Database and could be obtained from Fachinformationszentrum Karlsruhe via https://www.ccdc.cam.ac.uk/structures/.





3. Results


3.1. Structure Descriptions


The crystal structure of 1 contained one crystallographically nonequivalent U6+ atom with two short U6+ ≡ O2− bonds (1.768(5) Å), forming nearly linear UO22+ uranyl ion (Ur), which was coordinated by another five oxygen atoms < U1–Oeq > = 2.356 Å that were arranged in the equatorial plane of the UO7 pentagonal bipyramid. Three of those Oeq atoms belonged to sulfate tetrahedra, while the other two cis-O atoms made an edge shared with the neighbor pentagonal bipyramid, thus forming a dimer. In addition, both O atoms from the shared edge were protonated to form OH− groups. There was one crystallographically nonequivalent S6+ atom tetrahedrally coordinated by four O2− atoms. U dimers and S-centered tetrahedra shared common vertices to form a layered [(UO2)(SO4)(OH)]− complexes (Figure 2a). Being 3-connected, sulfate tetrahedra had the fourth non-shared vertex oriented either up or down relative to the plane of the layer, which gave rise to geometric isomerism with various orientations of the sulfate tetrahedra. To distinguish the isomers, their orientation matrices were assigned using symbols u (up) and d (down). There were two nonequivalent Cs+ atoms in the structure of 1, occupying special positions on a mirror plane and arranged in the interlayer space along with substantially vacant and disordered over two sites H2O molecule.



There were two crystallographically nonequivalent U6+ atoms in the structure of 3 with two short U6+ ≡ O2− bonds (1.76(2)–1.80(2) Å), forming Ur. The Ur cations were coordinated by five oxygen atoms < Ur-Oeq > = 2.35 and 2.37 Å (for U1 and U2, respectively), which belonged to sulfate tetrahedra that were arranged in the equatorial plane of the UO7 pentagonal bipyramid. There were five S6+ atoms in the structure of 3, tetrahedrally coordinated by four O2− atoms each. All sulfate tetrahedra were 2-connected, having only two vertices shared with the uranyl bipyramids, while the other two vertices were left non-shared. But if S1-, S3-, and S5-centered tetrahedra shared two of their vertices with two Ur polyhedra, S2- and S4-centered tetrahedra linked to the single bipyramid via sharing a common edge. U and S coordination polyhedra shared common vertices and edges to form wave-like infinite chains of [(UO2)2(SO4)5]6− composition (Figure 2e). Besides, the linkage of coordination polyhedra inside the chain occurred only via corner-sharing, while edge-shared sulfate tetrahedra decorated the exterior of the chain. Uranyl sulfate chains were interlinked into the pseudo layered structure via an H-bonding system involving H2O molecules. The negative charge of the uranyl sulfate complex was compensated by six Cs+ cations arranged in between the pseudo layers. It should be noted that three sites occupied by H2O molecules were localized only in the voids arranged in the plane of the chains but not between the pseudo-2D complexes.



There was one crystallographically nonequivalent U6+ atom in the structure of 4 with two short bonds (< U1–OUr > = 1.772 Å) forming Ur, which was coordinated by five oxygen atoms < Ur-Oeq > = 2.38 Å, belonging to sulfate tetrahedra and arranged in the equatorial plane of the pentagonal bipyramid. Two nonequivalent S6+ atoms were tetrahedrally coordinated by four O2− atoms each. There were two types of sulfate oxyanions: [S1O4]2− were 2-connected, sharing two vertices with two adjacent Ur polyhedra, and [S2O4]2− were 3-connected (chelating-bridging), sharing vertex with one uranyl bipyramid and an edge with the neighbor one. The structure of 4 was based on the layered complexes of [(UO2)(SO4)2]2− composition (Figure 2g), interlinked by the two non-equivalent Cs+ cations.




3.2. Topological Analysis


The anion topology of the U-S layer in 1 (Figure 2b) was determined using the approach described in [14]. It belonged to the 544132-I topological type according to the classification suggested in [15], and it has been observed in the structures of several synthetic uranyl sulfates [16,17], chromates [18], and phosphates [19]. Topology consisted of chains of pentagons, half of which were occupied by the Ur edge-sharing dimers, separated by the groups of one square and two triangles. Each triangle corresponded to the 3-connected face of the sulfate tetrahedra, while the squares were vacant. The orientation of non-shared vertex in the structure of 1 alternated by rows (Figure 2a): in the first row, all vertices were oriented down, in the second–up, then again down, etc. Thus, the geometric isomer represented in 1 was described by the (u)(d) matrix. It should be noted that the layered complex in the structure of 1 was very similar to those found in the structures of uranyl sulfate minerals as deliensite, Fe[(UO2)2(SO4)2(OH)2](H2O)7 [20], plášilite, Na(UO2)(SO4)(OH)·2H2O [21], and others [22]. But their topologies were significantly distinct due to various arrangements of the uranyl dimers within the layer. In the structure of 1, dimers were stacked in a ladder fashion, while in the structures of aforementioned minerals, dimers were arranged parallel to each other, thus forming, typical for minerals, so-called phosphuranylite topology [23]. Differences between these topological isomers have been recently described in [17].



The crystal structure of 2 [8] was based on the layered complexes of the [(UO2)4(SO4)2O3(OH)]6− composition (Figure 2c,d). Its topology was described by the 524332 ring symbol and was related to one of the most common topological types among the natural uranyl sulfates [22], the so-called zippeite topology. Topology consisted of zig-zag infinite chains of edge-sharing pentagons separated by chains of squares and triangles.



The topology of the uranyl sulfate chain in the structure of 3 (Figure 2f) could be visualized using the theory of graphical representation [24]. Double links between the black and white vertices in a graph indicate the sharing of an edge between uranyl coordination polyhedra and sulfate oxyanion. The chain topology in 3 was unprecedented for the structural chemistry of inorganic oxysalts and belonged to the novel cc1-2:5-1 type.



The graph of the uranyl sulfate layered complex in the structure of 4 belonged to the cc2–1:2–21 topological type (Figure 2h) and consisted of dense 4-membered and large 12-membered rings. This topology is rather rare but has been observed in the structures of a few actinide-bearing compounds. It has been described at first in the structure of isotypic Cs neptunyl sulfate compound [25], and later in the structures of Ba uranyl selenite [26] and organically templated uranyl sulfate [27].




3.3. Structural Complexity


The information-based complexity parameters for 1–4 are given in Table 5. This approach, recently developed by S.V. Krivovichev [28,29,30] and successfully implemented in [22,31,32], allowed to compare the structures in terms of their information content and to analyze contributions of various substructural building blocks into the complexity of the whole structure. Structural complexity is a negative contribution to the configurational entropy of a crystalline compound and thus could help to understand and describe the processes of various structures formation in the laboratory and, what is of special interest, in nature.



The general trend in evolution of crystallization was recently summarized as follows [33,34,35,36]: complexities of structures formed on the latter stages of crystallization are higher than those for the phases growing on the primary stages, wherein very complex structures may form as transitional architectures prior or between phases with relatively small amounts of structural information.



The evaluation was performed in several steps (Figure 3). First, the topological complexity (TI), according to the maximal rod (for chains) or layer symmetry group, was calculated since these are the basic structural units. Second, the structural complexity (SI) of the units was analyzed, taking into account its real symmetry. The next contribution to information came from the stacking (LS) of chained and layered complexes (if more than one layer or chain is in the unit cell). The fourth contribution to the total structural complexity was given by the interstitial structure (IS). And the last portion of information came from the interstitial H bonding system (H). It should be noted that the H atoms related to the U-bearing chains and layers were considered as a part of those complexes, but not within the contribution of the H-bonding system. For instance, contribution of H was equal to the difference between complexity parameters for the whole structure and those for the structural model with no H atoms; contribution of IS was equal to the difference between complexity parameters for the structural model with no H atoms and those for the structural model with no interstitial substructure at all; etc. Complexity parameters for the aforementioned contributions were calculated manually using the general formulae [28,29,30]. Complexity parameters for the whole structures were calculated using the ToposPro package [37]. Complexity calculations showed that the crystal structures of 1, 2, and 4 should be described as intermediate, possessing the values below 500 bits/cell, while compound 3 just slightly passed through this border (508.168 bits/cell) and should be described as complex.





4. Discussion


The crystals of 1–4 could be distributed over two genetically distinct groups. The crystals of 1 and 2 were formed during the first stage of synthetic schoepite alteration. Their structures were based on the layered complexes with the edge-sharing linkage of uranyl pentagonal bipyramids, which reflected the heating of the reaction solution during the growth processes. It should be noted that original schoepite was obtained from nearly neutral solutions, whereas the aqueous medium in our experiment was significantly more acidic (pH ~ 2). Acidic conditions and the presence of additional Cs+ cations destroyed the dense layer in the structure of schoepite, but high temperature allowed preserving an edge-sharing complexation of Ur coordination polyhedra. An initial solution in the experiment contained the Cs:U:S molar ratio ~ 1:1:1, which explained the predominance of the Cs[(UO2)(SO4)(OH)](H2O)0.25 (1) phase in the precipitate. The lower amount of crystals of 2 could be explained by the lower temperature of the experiment that is preferable for the formation of the zippeite-type structures.



The crystals of 3 and 4 could be attributed to the later genetic type because they were grown after cooling the system at room temperature conditions. It is of interest that both phases had in their structures uranyl pentagonal bipyramids that shared an edge with the sulfate tetrahedra. Similar arrangement of Ur and sulfate oxyanions were found in the structures of four natural uranyl sulfates: klaprothite, Na6(UO2)(SO4)4(H2O)4, its polymorph peligotite, Na6(UO2)(SO4)4(H2O)4, ottohahnite, Na6(UO2)2(SO4)5(H2O)8.5 [38], and lussierite Na10[(UO2)(SO4)4](SO4)2·3H2O [39]. The same clusters that were observed in the structures of klaprothite and peligotite (Figure 4) were previously described in a few synthetic compounds [40,41,42,43], which were grown using low temperature (70 °C) hydrothermal experiments. The presence of such unusual arrangements of edge-sharing uranyl bipyramid and sulfate tetrahedra have never been observed during regular evaporation experiments at room temperature. Thus, we could assume that these clusters were formed on the first, hydrothermal stage of our experiment. Moreover, the presence of such S-enriched [(UO2)(SO4)4]6− clusters in the heated solution could explain the local disturbance of the Cs:U:S ~ 1:1:1 concentration, which induced the formation of S-“depleted” zippeite-like compound 2. There is one more known synthetic K-bearing uranyl sulfate, whose structure is based on the double klaprothite-type clusters [44]. This row could be continued by the further doubling of the cluster in K4(UO2(SO4)3) [44] to get the quadruple 0D unit in the structure of ottohahnite (Figure 4). Further increase of the cluster size led to the arrangement of the infinite chains in the structure of 3, which in turn, during the dehydration process [34], would transform into the layer in the structure of 4. The absence of the structures based on the 0D structural units in our experiment might come from the requirements for longer storage at elevated, but not high, temperatures, and higher concentrations of Cs+ cations and [SO4]2− oxyanions in the initial solution.




5. Conclusions


Summarizing our crystal’s chemical observations, we could suggest that the majority of the discovered natural uranyl sulfates were grown from heated solutions, and the temperature range could be assumed from the manner of interpolyhedral linkage. The presence of edge-sharing uranyl bipyramids (phosphuranylite anion topology [22]), most likely pointed to the temperatures of higher than 100 °C, and the crystal growth should apparently occur directly in hydrothermal conditions. The linkage of sulfate tetrahedra with Ur through the common edges also involved elevated temperatures, but of less values (~70–100 °C), which could be achieved by cooling the system. Moreover, in the second case, crystallization might start much later at environmental conditions but from the initially heated solutions. The enriched solution might pass some way along the cracks in the bedrock, transferring klaprothite-like clusters in the dissolved form. It is of interest that complexity parameters of the synthetic compounds were generally lower than that of minerals, whose structures were based on the complexes with the same or genetically similar topologies. Furthermore, the topological complexity of the uranyl sulfate structural units contributed the major portion to the overall complexity of the synthesized compounds, while the complexity of the respective minerals was largely governed by the interstitial structure and H-bonding system.
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Figure 1. Crystals of 1 (a,b), 2 (a,b), 3 (c) and 4 (d) formed in the described synthetic experiment. 
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Figure 2. 1D and 2D complexes and their respective topologies in the structures of 1 (a,b), 2 (c,d), 3 (e,f), and 4 (g,h). Legend: U-bearing coordination polyhedra = yellow; S-centered tetrahedra = orange; O atoms = red; H atoms = light grey; black nodes = U atoms, white nodes = S atoms. 
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Figure 3. Ladder diagrams showing contributions and normalized contributions (in %) of various factors to structural complexity in terms of bits per unit cell. Legend: TI = topological information; CI = cluster information; SI = structural information; LS = layer stacking; IS = interstitial structure; HB = hydrogen bonding. See Table 5 and text for details. 
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Figure 4. Scheme of structural evolution for the 1D and 2D uranyl sulfate complexes, which have an edge-sharing uranyl bipyramid and sulfate tetrahedron. 
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Table 1. Crystallographic data for 1, 3, and 4.
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Compound

	
1

	
3

	
4






	
Crystal System

	
Orthorhombic

	
Triclinic

	
Monoclinic




	
a (Å)

	
9.2021(3)

	
7.5829(3)

	
10.8351(5)




	
b (Å)

	
13.2434(5)

	
14.4441(11)

	
9.0317(5)




	
c (Å)

	
12.5610(3)

	
14.6458(14)

	
11.8494(6)




	
α (°)

	
90

	
93.737(7)

	
90




	
β (°)

	
90

	
99.535(5)

	
110.7510(10)




	
γ (°)

	
90

	
99.614(5)

	
90




	
V (Å3)

	
1530.77(8)

	
1552.6(2)

	
1084.35(10)




	
Molecular weight

	
520.51

	
1871.87

	
727.97




	
Space group

	
Pnma

	
P–1

	
P21/n




	
μ (mm−1)

	
26.156

	
17.779

	
22.004




	
Temperature (K)

	
293(2)




	
Z

	
8

	
2

	
4




	
Dcalc (g/cm3)

	
4.517

	
4.004

	
4.459




	
Crystal size (mm3)

	
0.06 × 0.04 × 0.02

	
0.04 × 0.03 × 0.005

	
0.08 × 0.05 × 0.02




	
Diffractometer

	
Bruker Kappa Apex II Duo




	
Radiation

	
MoKα




	
Total reflections

	
13617

	
8814

	
27773




	
Unique reflections

	
1824

	
5151

	
2493




	
Angle range 2θ (°)

	
4.47–55.00

	
3.84–50.00

	
4.38–55.00




	
Reflections with |Fo| ≥ 4σF

	
1560

	
3806

	
2308




	
Rint

	
0.0503

	
0.0784

	
0.0358




	
Rσ

	
0.0201

	
0.0949

	
0.0154




	
R1 (|Fo| ≥ 4σF)

	
0.0261

	
0.0829

	
0.0131




	
wR2 (|Fo| ≥ 4σF)

	
0.0607

	
0.2050

	
0.0278




	
R1 (all data)

	
0.0336

	
0.1077

	
0.0157




	
wR2 (all data)

	
0.0648

	
0.2215

	
0.0287




	
S

	
1.054

	
1.068

	
1.040




	
ρmin, ρmax, e/Å3

	
−1.097, 2.145

	
−4.179, 3.819

	
−0.604, 0.692




	
CSD

	
1965819

	
1965817

	
1965818








R1 = Σ||Fo| − |Fc||/Σ|Fo|; wR2 = {Σ[w(Fo2 − Fc2)2]/Σ[w(Fo2)2]}1/2; w = 1/[σ2(Fo2) + (aP)2 + bP], where P = (Fo2 + 2Fc2)/3; s = {Σ[w(Fo2 − Fc2)]/(n − p)}1/2 where n is the number of reflections, and p is the number of refinement parameters.
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