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Synthesis of giant Mo2O2S2-containing seleno-tungstate architectures: new multisite cation receptors

Self-assembly reaction in the system containing Na2WO4, SeO3 2-and binuclear oxothiocation [Mo2O2(μ-S)2(H2O)6] 2+ results in the formation of a nano-sized hybrid ChalcoPOM anionic complex [(W16Se2O58(H2O)2)4(W2O5)2(W4O13)2(Mo2O2(μ-S)2(H2O)2)4(Mo2O2(μ-S)2(SeO3))4] 40-. The complex can be isolated as Na + /K + salt (NaK-1) by slow evaporation of the mother liquor or Rb + salt after addition of RbBr. Recrystallization of the Rb salt from 1M LiCl gives red crystals of Rb17Li23[(W16Se2O58(H2O)2)4(W2O5)2(W4O13)2(Mo2O2(μ-S)2(H2O)2)4(Mo2O2(μS)2 (SeO3))4]•120H2O (Rb-1), which was characterized by XRD, IR, TGA, and elemental analysis. Rubidium cations are encapsulated into two large cavities inside the anion which differ from the cavities in which are embedded Na + cations.

Introduction

Polyoxometalates (POMs) compounds, often described as water soluble discrete metal-oxides, can be constructed, rearranged and finely tuned at the molecular level by using a variety of easily accessible, simple building blocks. POMs thus constitute a highly versatile class of compounds rich in more than several thousand inorganic species exhibiting diversified architectures, which render them very attractive for a plethora of applications in many domains [1][2][3][4][5][6][7]. Among this huge family of compounds, the synthesis of polyoxotungstate clusters with high nuclearity remains a particularly challenging task, and the chemists have to choose judicisously both the linkers and the building units that would serve to construct such large-scale entities. For example, combination of robust molybdenum electrophilic sulfide cluster building blocks {Mo2O2(μ-S)2} 2+ and {Mo3S4} 4+ with various vacant nucleophilic polyoxotungstates constitutes an efficient strategy to reach this goal, and many remarkable nano-sized architectures have been obtained in this way [8]. Among the diversity of vacant POMs which can be used for this purpose, those assembled around heteroatoms possessing lone pairs such as Se(IV) or As(III) (so-called Rosenheim-Tourne family of pseudotrilacunary Keggin-derived anions) appear the most interesting since the lone pair precludes the formation of the archetypical plenary Keggin structures, but at the same time offers extended connectivity for the formation of giant supramolecular adducts. For instance, the combination of a trivacant POM {AsW9} with {Mo2O2(μ-S)2} 2+ produces several different assemblies between the POM units and the linkers L with the same stoichiometry, i.e., sandwich ({POM2L3} 12-), tetrahedral ({POM4L6} 24-), or hexameric ({POM6L9} 36-) arrangements, depending on the experimental conditions [9]. In particular, the nature of counter cations is crucial for directing the synthetic scenario to a particular outcome, since they template the pre-formed subunits which constitute building blocks for the final species, and it has been demonstrated, for instance, that the removal of potassium cation from the hexameric {POM6L9} 36-arrangement leads to its reorganization into the smaller {POM2L3} 12-sandwich-type compound. In the same manner,

combination of [Mo V 2O2S2(H2O)6]
2+ with ammonium heptamolybdate or sodium molybdate in one-pot syntheses has led to a family of compounds varying from a square {Mo40} [10] to a discotic compound {Mo63} [11], to a cube {Mo84} [12] or to some Keplerates {Mo132} [11,12]. Once again, the experimental conditions and especially the nature of the counter cations play a crucial role as template agents for the selective synthesis of such systems.

On the other hand, some cyclic POMs considered as all-inorganic cryptands such as, [P8W48O184] 40-or [As4W40O140] 28-can incorporate various alkali or transition metal cations as guests within the cavity without modification of the structure of the POM [13][14][15][16][17][18][19][20]. For instance, this capability has been demonstrated by Kortz and Duval for [As4W40O140] 28-, which display two distinguishable cavities: a unique octadentate S1 cavity suitable for incorporation of large cations, such as alkali or alkaline earth cations, and four tetradentate S2 coordination sites, well adapted for accommodating transition metal cations [18][19][20].

Recently we reported a one-pot pH controllable self-assembly in the Na2WO4 / SeO3 2-/ [Mo2O2(μ-S)2(H2O)6] 2+ system, leading to two novel nano-sized hybrid POM-cluster anions, namely [(W14Se2O52)3(Mo2O2(μ-S)2(H2O)2)6] 24 A question thus arises about the true nature of these two selenotungstates, and especially about the nature of their cavities. Are these POMs new inorganic cryptands with different size of cavities or simply new and unique cation-templated POMs? To answer this question, the synthesis of such POM was investigated in this work in the presence of a larger alkali cation such as rubidium, to identify the key parameters governing the formation of such species. A novel ChalcoPOM was obtained and characterized by FT-IR, elemental analysis, ESI-MS and X-Ray diffraction study.

Experimental part

The precursor K2-x(NMe4)x[I2Mo10O10S10(OH)10(H2O)5]•20H2O (x in the 0 to 0.5 range) was prepared according to literature [22]. All other reagents were of commercial quality (Sigma Aldrich), and were used without additional purification.

Physical methods

Fourier Transformed Infrared (FT-IR) spectra were recorded on a 6700 FT-IR Nicolet spectrophotometer, using diamond KBr pellet technique. Elemental analyses were carried out by the analytical service of the CNRS at Gif sur Yvette, France (C, H, N, S) or by ICP-AES at NIIC, Novosibirsk, Russia (Rb, S, Se, Mo, W). Energy-dispersive X-ray spectroscopy (EDX) measurements were performed on a JEOL JSM 5800LV apparatus. Water content was determined by thermal gravimetric (TGA) analysis with a Seiko TG/DTA 320 thermogravimetric balance (5°C min -1 , under N2).

Electrospray Ionization Mass Spectrometry.

A Q-TOF premier mass spectrometer with an orthogonal Z-spray electrospray source (Waters, Manchester, U.K.) was used. The temperature of the source block was set to 100 °C, while the desolvation temperature was set to 200 °C. A capillary voltage of 3.3 kV was applied in the negative scan mode, and the cone voltage was set to 10 V to control the extent of fragmentation of the identified species. TOF mass spectra were acquired in the V-mode operating at a resolution of ca. 10000 (FWHM). At this resolution, the isotopic pattern of the large polyanion could not be resolved; however, an estimation of the molecular weight can be conveniently assessed taking into consideration the spacing between the series of peaks in the ESI mass spectra. Mass calibration from m/z 50 to 3000 was performed with a solution of sodium iodide in a 2-propanol/water (50:50) mixture. Aqueous sample solutions were infused via a syringe pump directly connected to the ESI source at a flow rate of 10 μL•min -1 .

X-Ray diffraction on single crystals.

Crystallographic data and refinement details are given in Table 1. Because crystals of Rb-1 quickly lose water of crystallization and become amorphous in air, mineral oil was used to protect the crystals from decay. The diffraction data were collected on a Bruker Apex Duo diffractometer with MoKα radiation (λ = 0.71073 Å) by doing φ and ω scans of narrow (0.5) frames at 100 K.

Structure was solved by direct methods and refined by full-matrix least-squares treatment against |F| 2 in anisotropic approximation with SHELX 2017/1 [23] in ShelXle program [24]. Absorption corrections were applied empirically with SADABS program [START_REF] Sheldrick | SADABS program for scaling and correction of area detector data[END_REF]. The opposition between high X-ray absorption of medium-sized polyoxometalate crystals and poor X-ray diffraction of smaller crystals poses a particular problem for x-ray analysis of large POM. In Rb-1 the highest difference peak of 3.5 e is a truncation error arising from Fourier series, and this is typical for the structures with a large number of heavy atoms, particularly for polyoxotungstates. Such artifacts stem from high X-ray absorption, attributed to the presence of a large number of heavy metals. Unfortunately, smaller crystals of complex Rb-1 diffract poorly. The resulting refinement allowed localization of 13.2 rubidium cations and 77 hydration water molecules per anion, whereas 17 Rb + , 23 Li + and 120 H2O were found by elemental analysis, EDX and TGA measurements. These discrepancies are typical of large, highly charged and highly solvated polyoxometalates. In their salts the alkali cations tend to be disordered with water molecules of crystallization, often in multiple ways.
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Results and discussions

Synthesis

Self-assembly reactions in the system of Na2WO4, SeO3 The solution is removed easily and the residue is dried by triturating with ethanol. After drying in air, the red solid is totally solubilized in 1M LiCl. Slow evaporation of this solution results in formation of Rb-1 as red crystals within few days.

Electrospray Ionization Mass Spectrometry

ESI-MS characterization of high nuclearity POMs, such as Rb-1, is not trivial, because its intrinsic high molecular weight is beyond the instrument resolution limit; moreover, mixed cationic content encompassing charge states ranging from 10-to 7-by association with different amount of alkali cations, protons and water molecules (see Table 2). The other peaks are assigned either to decomposition products or to dimers of 1, as typically found in closely related gigantic POM clusters. 

Structure of Rb-1

The complex Rb-1 crystallizes in the triclinic crystal system (P-1 space group). The unit cell has nor Na + /K + cations affect to the polyoxoanions packing.

The anionic part of 1 displays four outward-looking {Mo2O2(µ2-S)2(H2O)2} 2+ units which have disordered Mo atoms over two close positions with 0.35/0.65 occupancies (see Figure S3, SI). This disorder is not influenced to the geometry due to overlapping positions of oxygen atoms in Mo=O and Mo-OH2 units. This situation can be viewed as a rotation of a {Mo2O2(µ2-S)2(H2O)2} 2+ unit by 180°, which is typical of a structure produced by this oxothio cation with a vacant POM [START_REF] Marrot | [END_REF]27].

Mo-Mo distances in the binuclear units lie in 2.80(1) -2.83(1) Å interval, which is typical for such kind binuclear clusters [28][29][30]. W-Mo distances (3.7-3.8 Å) in the anion are longer then W-W (3.2-3.5 Å) due to the presence of µ3-O ligands forming {W3O} triangular faces. Also, two terminal {WO3(H2O)} 4+ (W=O 1.715(2), W-OH2O 2.341(2) Å) groups linked to the {-W14Se2O52} units show disorder of W atoms over two close positions with 0.65/0.35 occupancies, the positions of oxygen atoms also overlapping (see Figure S3, SI). Finally, similarly to the previously published sodium salt [21], the whole POM is found at two opposite orientations with 0.95/0.05 occupancies (see Figure S4, SI). This disorder affects the central parts, i.e. {W2O6} and {W4O12} units, of the anion, and can be caused by a crystal twinning or a crystal packing disturbance. Contrary to Rb-1, the structure of the anion in NaK-1 shows that the two external cavities are occupied only by water molecules of crystallization (Figure 4), which means that only Rb + has the appropriate size for these cavities, while K + or Na + cations are too small. Nevertheless, even inclusion of "matching" cation does not prevent disorder of cluster building units, while the long distances suggest that a bigger cation such as Cs + is a still better much. Unfortunately, were not able to crystallize such a Cs + salt.

The role of cations

It is well-established that the POM chemistry is essentially "cation-tailored". There are many spectacular examples of cation-driven POM synthesis [9,11,31,32]. This is especially so in the case of polyoxoniobates and tantalates, when cation-anion association affects solubility, stability and reactivity of polyoxoanions [33,34]. So, in the system of Na2WO4, SeO3 •120H2O (NaK-1), which is unexpected in view of the relatively large radius of K + . In contrast, K + occupies the central cavity of the anion in the structure of Na22K2[(γ-W14Se2O52)3(Mo2O2(μ-S)2(H2O)2)6]•75H2O (Figure 5), with K-O distances in the 2.999-3.096 Å range. This is slightly shorter than the Rb-O distances, which are in the 3.078 -3.244 Å range. It appears that the smaller cavity of [(γ-W14Se2O52)3(Mo2O2(μ-S)2(H2O)2)6] 24-is more fit for K + , that the larger cavity of 1.

Finally, the sodium cations in the crystal structure of NaK-1 occupy the small central cavity of the anion with two positions of 0.5 occupancy displaced from the center of the cavity (Figure 4), and do not compete with K + for the cavity of the triangular system Na22K2[(γ-W14Se2O52)3(Mo2O2(μ-S)2(H2O)2)6] 24-, although its large excess compare to K + cations. 

Conclusion

From all this we can conclude that the formation of 1, and probably of the other systems resulting from the one-pot syntheses of the Na2WO4 / SeO3 2-/ [Mo2O2(μ-S)2(H2O)6] 2+ system, is not cation- 

  )4(WO3(H2O))8(W2O5)2(W4O12)2(Mo2O2(μ-S)2(H2O)2)4(Mo2O2(μ-S)2(SeO3))4] 40-, isolated at pH 2[21]. The former species consists of two triangular units which trap a potassium cation or water molecule in the center, while the second compound exhibits some sodium cations disordered over one set of central coordination sites lined by sulfur atoms of 4 {Mo2O2(μ-S)2} 2+ linkers and terminal oxo ligands of a tungstate fragment.

2 (

 2 SeO3))4]•120H2O (Rb-1): 5 g of Na2WO4 and 0.25 g (2.25 mmol) of SeO2 were solubilized in water(20 mL, pH = 8.3). The pH was lowered to 4.7 with 4 M HCl and a milky white precipitate formed locally by addition of HCl re-dissolved rapidly upon stirring. The resulting colorless solution was stirred at room temperature for further 30 min and 0.55 g (0.26 mmol) of K2x(NMe4)x[I2Mo10O10S10(OH)10(H2O)5]•20H2O were then added. The yellow solid dissolved within some minutes, whereupon the pH was lowered to 2.0-2.3 with 4 M HCl (the solution turned darkred at pH < 2.5). The clear dark-red solution was stirred at room temperature for 2 h, and then 1.0 g (6 mmol) of RbBr was added portion wise under vigorous stirring. After ca 5-10 minutes a viscous red precipitate appeared, and the mixture was left without stirring for 4-5 hours. The solution was removed and the viscous solid washed with ethanol and dried in air, yielding 1.6 g of red powder. In order to obtain single crystals, 500 mg of a this crude compound were dissolved in 20 mL of 1 M solution of LiCl and slow evaporation of the solution in air yielded red crystals after several days. Yield 110 mg, 22 %. The crystals were isolated by filtration and dried in air. IR (KBr, cm -1 ): 3424 (w), 1618 (m), 960 (s), 839 (vs), 773 (vs), 604 (s), 504 (s), 448 (s). Elemental analysiscalculated (found) for Rb17Li23[(W16Se2O58(H2O)2)4(W2O5)2(W4O13)2(Mo2O2(μ-S)2(H2O)2)4(Mo2O2(μ-S)2(SeO3))4] •120H2O (M =25226.3 g.mol -1 ) H 0.85 (1.02); Li 0.63 (0.49); Mo 6.09 (5.94); Rb 5.76 (5.99); S 2.03 (1.85); Se 3.76 (3.47); W 55.39 (56.08). Absence of C and N which could be due to traces of TMA + cations from the precursor. EDX atomic ratios calculated for Rb17Li23[(W16Se2O58(H2O)2)4(W2O5)2(W4O13)2(Mo2O2(μ-S)2(H2O)2)4(Mo2O2(μ-S)2(SeO3))4] •90H2O (found): W/Mo = 4.75 (4.93); Mo/S = 1.00 (1.02); Mo/Se = 1.33 (1.58), W/Rb = 4.47 (4.28). TGA: A weight loss of 7.8% between RT and 300 °C corresponds to crystallization and coordinated water molecules (calculated: 7.56%).

  2-and [Mo2O2(μ-S)2(H2O)6] 2+ can theoretically lead to a plenty of different hybrid polyoxothiometalate complexes. Our previous studies show the one-pot formation of a nano-sized hybrid POM-cluster anions[(W14Se2O52)3(Mo2O2(μ-S)2(H2O)2)6] WO3(H2O))8(W2O5)2(W4O13)2(Mo2O2(μ-S)2(H2O)2)4(Mo2O2(μ-S)2(SeO3))4] 40-,which is obtained at pH = 2[21]. The latter ChalcoPOM anion was brought to crystallization asmixed Na + /K + salt Na35K3H2[(W16Se2O58(H2O)2)4(W2O5)2(W4O13)2(Mo2O2(μ-S)2(H2O)2)4(Mo2O2(μ-S)2(SeO3))4]•120H2O (NaK-1).As part of further research on these systems we studied the influence of bigger cations introduced in the synthetic mixture. Addition of rubidium cations leads to the formation of a red highly viscous paste, which is difficult to isolate.
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  in this case aRb + + bLi + + cH + with widely variable a, b, and c), along with associated solvent water molecules, produce very broad peaks which ultimately preclude accurate determination of the composition of the identified polyanion. Molecular weight can only be estimated after deconvolution of multiply charged states of the intact polyanion, taking into consideration the spacing between the series of broad peaks in the spectrum. The ESI mass spectrum of 10 -4 M aqueous solutions of compound Rb-1 is shown in Figure1. It closely resembles the spectrum obtained previously for the sodium salt NaK-1[21], and displays very broad peaks centered at m/z 2275, 2535, 2850 and 3287, which can be assigned to the intact polyanion [(-W14Se2O52)4(WO3(H2O))8(W2O5)2(W4O12)2(Mo2O2(μ-S)2(H2O)2)4(Mo2O2(μ-S)2(SeO3))4] 40-(1) 

Figure 1 .

 1 Figure 1. ESI-MS Spectrum of Rb-1 in water.

  following dimensions: a = 19.6403(16), b = 22.3978(16), c = 29.4766(23) Å, α = 104.848(1)°, β = 94.802(2)°, γ = 100.789°, which can be compared to those of the unit cell of NaK-1: a = 17.6801(17), b = 23.857(2), c = 31.133(3) Å, α = 101.709(2)°, β = 90.277(2)°, γ = 105.394(2)°. The [(-W14Se2O52)4(WO3(H2O))8(W2O5)2(W4O12)2(Mo2O2(μ-S)2(H2O)2)4(Mo2O2(μ-S)2(SeO3))4] 40-anion (denoted 1) in Rb-1 is similar to that reported for NaK-1 excepted for the cations embedded within the structure. It corresponds to a combination of four rare selenotungstate units -{W14Se2O52}, tungstate fragments {WO3(H2O)}, {W2O5} and {W4O12}, dinuclear oxothioclusters of molybdenum [Mo2O2(μ-S)2(H2O)x] 2+ (inner and outside), and four additional SeO3 2-anions, with main dimensions of 30×22 Å (Figure 2). The crystal packing of Rb-1 consists of infinite pseudo layers of the POM units connected with Rb + cations, along [a-c] crystallographic direction (Figure S1, Supporting Information). The layers are linked together through solvated rubidium cations, with the free space filled with water molecules. In the crystal structure of NaK-1 the hybrid ChalcoPOM anions form pseudo layers along [a+c] crystal direction (Figure S2, SI). Hence, comparison of the crystal structures of Rb-1 and NaK-1 indicates presence of two different orientations of POM pseudo layers caused by different orientations of the unit cell. Neither Rb +

  Figure 2. Top and side views of the structure of [(-W14Se2O52)4(WO3(H2O))8(W2O5)2(W4O12)2(Mo2O2(μ-S)2(H2O)2)4(Mo2O2(μ-S)2(SeO3))4] 40- anion with Rb + cations inside the large cavities. Mo is blue, S is yellow, O is red, Se is pink.

Figure 3 .

 3 Figure 3. Encapsulation of Rb + cation inside the large cavity of 1 in the crystal structure of Rb-1.Mo is blue, S is yellow, O is red, Se is pink.

Figure 4 .

 4 Figure 4. Sodium cations in the central cavity of 1 in the crystal structure of NaK-1. Each Na atom has occupancy factor of 0.5. Mo is blue, S is yellow, O is red, Se is pink.

Figure 5 .

 5 Figure 5. K + cation in the cavity of [(W14Se2O52)3(Mo2O2(μ-S)2(H2O)2)6] 24-. K + cation is distributed over two positions as seen in side view (b) Mo is blue, S is yellow, O is red, Se is pink.

  photo and electrocatalitic applications. .

Table 1 .

 1 Crystallographic data for compound Rb-1.

	Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44)
	1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk.

1948829 contains the supplementary crystallographic data for Rb-1. These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Computer programs: APEX2 (Bruker-AXS, 2004), SAINT (Bruker-AXS, 2004), SHELXS2014

(Sheldrick, 2014)

, SHELXL2014

(Sheldrick, 2014)

, SHELXLE

(Sheldrick, 2011)

, CIFTAB-2014

(Sheldrick, 2014)

.

Table 2 .

 2 Peak assignment of the series of peaks observed in the ESI mass spectrum of compound Rb-1. The envelopes display different cation adduct formation (where cat stands for H + , Li + or Rb + ) as well as solvated water molecules, resulting in broad peaks.

		2275
	100	
		2535
	%	
		2850
		3287
	0	1000 1500 2000 2500 3000 3500 4000 4500 5000
		m/z
	m/z (charge state) Envelop assignment
	2275 (10)	[(W16Se2O58(H2O)2)4(W2O5)2(W4O12)2(Mo2O2S2(H2O)2)4(Mo2O2S2(SeO3))4+cat26+ nH2O] 10-
	2535 (9)	[(W16Se2O58(H2O)2)4(W2O5)2(W4O12)2(Mo2O2S2(H2O)2)4(Mo2O2S2(SeO3))4 + cat27 + nH2O] 9-
	2850 (8)	[(W16Se2O58(H2O)2)4(W2O5)2(W4O12)2(Mo2O2S2(H2O)2)4(Mo2O2S2(SeO3))4 + cat28 + nH2O] 8-
	3287 (7)	[(W16Se2O58(H2O)2)4(W2O5)2(W4O12)2(Mo2O2S2(H2O)2)4(Mo2O2S2(SeO3))4 + cat29 + nH2O] 7-

  external cavities and one smaller cavity in center. Recrystallization of the residue from 1M LiCl gives the Rb + /Li + salt Rb-1. In its crystal structure the cavities inside the POM anion are differently occupied. Two large cavities encapsulate Rb + cations with full occupancies (Figures2 and 3), while smaller central cavity is free from large cations, but can be occupied by Li + , which could not be directly observed in XRD experiments.

	2-and [Mo2O2(μ-
	S)2(H2O)6] 2+ we can also expect cation-driven formation of different Chalco-POM anions.
	Addition of Rb + cations to the reaction media at pH 2 leads to isolation of the nano-sized anion
	[(-W14Se2O52)4(WO3(H2O))8(W2O5)2(W4O12)2(Mo2O2(μ-S)2(H2O)2)4(Mo2O2(μ-S)2(SeO3))4] 40-,
	which delimits two Na35K3H2[(W16Se2O58(H2O)2)4(W2O5)2(W4O13)2(Mo2O2(μ-S)2(H2O)2)4(Mo2O2(μS)2(SeO3))4]

According to the Shannon's data, Rb + has ionic radius of 1.61 Å (for CN 8), and O 2-(for CN 2) -1.35 Å. Smaller K + (ionic radius 1.51 Å for CN 8) do not occupy any cavities of 1 in
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Appendix A.

CCDC 1948829 contains the supplementary crystallographic data for Rb-1. These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk.