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Black crystals of Ba 9 Ag 10 U 4 S 24 have been made by direct combination of BaS, Ag, U, and S at 1273 K. This compound crystallizes in a new structure type in the space group C 1 4 0 v -I4cm of the tetragonal system with four formula units in a cell with lattice constants a = 13.9189(6) Å and c = 23.7641(11) Å (V = 4604(5) Å 3 ).

Multiphoton Luminescence Spectroscopy measurements are consistent with the noncentrosymmetric nature of the structure. In the structure each U atom is octahedrally coordinated by six S atoms, whereas three of the five crystallographically independent Ag atoms are tetrahedrally coordinated to four S atoms, another has a seesaw coordination to four S atoms, and the last has a triangular coordination to three S atoms. The overall structure consists of the three-dimensional stacking of the US 6 , AgS 4 , and AgS 3 polyhedra to leave channels in which Ba atoms reside. Based on the values of the U-S interatomic distances, the compound Ba 9 Ag 10 U 4 S 24 contains U 5+ and charge balance is achieved with the formal oxidation states of 9 Ba 2+ , 10 Ag 1+ , 4 U 5+ and 24 S 2-. DFT calculations predict an antiferromagnetic ground state and a band gap of 2.1 eV. Resistivity measurements indicate that the compound is a semiconductor with a complex activation mechanism and activation energies ranging from 0.03(1) eV to 0.08(1) eV.

Introduction

The chemistry of actinide-based compounds is but a niche in the vast chemistry of the elements.

However, from a fundamental point of view it shows some unusual features and, of course, it is of practical importance in the nuclear fuel cycle as a source of sustainable energy. The 5f elements exhibit variable oxidation states whether in solution or in solid-state compounds. Uranium presents an excellent example with oxidation states varying between +3 and +6. The most stable are +4 and +6, and the stabilization of other oxidation states is often difficult.

Because U 5+ species easily disproportionate to U 4+ and U 6+ species, U 5+ compounds are rare and most were synthesized serendipitously. Advances have been made concerning the controlled syntheses and the understanding of the physical properties of U 5+ (5f 1 ) compounds, especially among molecular compounds [1], hydrated inorganic materials [2][3][4], and solid-state oxides [5,6]. However, this is not so for solid-state uranium chalcogenides (chalcogen = Q = S, Se, or Te) [7][8][START_REF] Manos | Actinide Chalcogenide Compounds[END_REF]. Many such compounds have been synthesized by the direct combination of elements or by the use of the reactive flux method [START_REF] Sunshine | [END_REF]. The vast majority of these contain U 4+ . However, a few contain U 3+ , namely U 2 S 3 [11], PdU 2 S 4 [12] , ScUS 3 [12], and ScU 3 S 6 [13] and some contain U 5+ , namely Rb 4 U 4 P 4 Se 26 [14], Tl 3 Cu 4 USe 6 [15], K 2 Cu 3 US 5 [16], and Ba 3 AgUS 6 [17]. Mixed oxidation states have also been reported, namely ScU 8 S 17 [18,19], U x Pd 3 S 4 [20,21] (+3/+4), Ba 3.69 US 6 [22] and Ba 8 Hg 3 U 3 S 18 [23] (+4/+5), and A 6 Cu 12 U 2 S 15 (A = K, Rb, Cs) (+5/+6) [24].

Because three of the above examples contain both Ba 2+ and U 5+ we continue here our exploration of such systems. Thus, in this paper we report the synthesis, structure, and characterization of the new quaternary barium uranium chalcogenide Ba 9 Ag 10 U 4 S 24 , which we show is a compound of U 5+ .

Experimental

Synthesis

Depleted U turnings (Oak Ridge National Laboratory) were powdered by hydrization and the resultant hydride was decomposed by heating under vacuum in a modification [25] of a previous literature method [26]. The other reactants were used as supplied: BaS (Alfa, 99.7%), Ag (Aldrich, 99.99%), and S (Mallinckrodt, 99.6%).

Single crystals of what turned out to be Ba 9 Ag 10 U 4 S 24 were obtained first in low yield (10%), when we attempted to synthesize the silver analogue of Ba 2 Cu 2 AnS 5 (An=Th,U) [27,28]. Subsequently, we found a high-yield route to Ba 9 Ag 10 U 4 S 24 that involved direct combination of U (30 mg, 0.125 mmol), BaS (42.2 mg, 0.25 mmol), Ag (27.1 mg, 0.25 mmol), and S (20.2 mg, 0.63 mmol). The mixture was loaded into a carbon-coated fused-silica tube under an Ar atmosphere in a glovebox, transferred out of the box by the use of special adaptors to avoid oxygen contamination, then evacuated to 10 -4 Torr, and flame sealed. The tube was placed in a computer-controlled furnace, heated to 1273 K in 48 h, kept there for 8 d, then cooled to 298 K at 3 Kh -1 . The resultant black blocks were obtained in about 90 wt% yield. EDX analysis of the crystals using an Hitachi 3400 SEM showed the presence of Ba:Ag:U:S≈2:2:1:6.

Structure determination

Single-crystal X-ray diffraction data were collected at 100(2) K on a Bruker APEX2 Kappa diffractometer equipped with graphite-monochromatized MoKα radiation (λ = 0.71073 Å). Data-collection strategy obtained by the algorithm COSMO in the APEX2 package comprised ω and ϕ scans [START_REF]5-1 Data Collection and Processing Software[END_REF]. The step size was 0.3 º and exposure time was 10 s/frame. Data were indexed, refined, and integrated with the program SAINT in the APEX2 package [START_REF]5-1 Data Collection and Processing Software[END_REF].

Numerical face-indexed absorption corrections were applied with the use of the program SADABS [START_REF] Sheldrick | SADABS[END_REF]. The precession images showed no evidence of a superstructure. However, merohedral twinning was detected through the use the TwinRotMat routine as implemented in PLATON [START_REF] Spek | A Multipurpose Crystallographic Tool[END_REF]. The crystal structure was solved and refined in the non-centrosymmetric space group C 1 4 0 v -I4cm with the use of the Shelx-14 program package [START_REF] Sheldrick | SADABS[END_REF][START_REF] Sheldrick | [END_REF]. The refined twinning ratio is 0.512(9):0.488 [START_REF] Manos | Actinide Chalcogenide Compounds[END_REF]. All attempts to solve this structure in the centrosymmetric space group

D 1 4 8
h -I4/mcm failed. The program STRUCTURE TIDY [33] in PLATON [START_REF] Spek | A Multipurpose Crystallographic Tool[END_REF] was used to standardize the atomic positions. Crystal structure data and the refinement parameters are given in Table 1 and in the Supporting Information.

Multiphoton luminescence spectroscopy

The 1064 nm beam of a Nd:YAG 32.5 ps pulsed laser producing 4.44 (7) mJ per shot was focused to a spot size of about 1 mm diameter onto the sample (ground single crystals). The beam was filtered to remove any second harmonic generation that occurred in the laser.

Luminescence from the sample was collected off the beam axis through a 930 nm short wavelength passing filter into a time averaging CCD spectrometer. Seventeen grating positions were used to collect high-resolution spectra from 425 nm to 700 nm.

Ab initio calculations

To perform our ab initio calculations, we have used spin-polarized density functional theory [34,35] and the projector augmented wave method (PAW) [36] as implemented in the VASP code [37,38]. In the PAW method, the Kohn-Sham wave function is expanded using a plane-wave basis that is augmented near the atoms in order to recover the full all-electron wave function. The exchange-correlation potential of Heyd, Scuseria, and Ernzerhof (HSE06) [39][40][41] was chosen because it has been shown to give reliable results for f-electrons systems [42]. Here the exchange part of the potential contains a part of Hartree-Fock exchange for the short-range part of the interaction, while the correlation potential is described by the generalized gradient approximation. The HSE06 functional is known to solve partly the problem of self-interaction and to provide band gaps in reasonable agreement with the experimental values. The geometry used in the calculations was that of the experimental structure obtained at 100 K. Although the calculations are performed at 0 K, the effect of using a structure obtained at a finite temperature will not have a significant effect on the electronic structure properties. The default cut-off for the wave function and a k-point mesh of 2 × 2 × 2 to sample the Brillouin zone were used. Different magnetic states were checked, and it was found that an antiferromagnetic order of the magnetic moments on the U atoms gave the lowest total energy.

Resistivity measurements

Two-probe resistivity data were collected between 293 K and 500 K on a single crystal of Ba 9 Ag 10 U 4 S 24 using a home-made resistivity apparatus equipped with a Keithley 617 electrometer and a high-temperature vacuum chamber controlled by a K-20 MMR system. Data acquisition was controlled by custom-written software. Graphite paint (PELCO isopropanolbased graphite paint) was used for electrical contacts with Cu wire of 0.025 mm thickness (Omega). Direct current was applied along an arbitrary direction.

Results

Synthesis

Single crystals of Ba 9 Ag 10 U 4 S 24 were obtained in a high yield (∼90%) at 1273 K by direct combination of U, BaS, Ag, and S. The XRPD pattern of the product was in good agreement with that calculated from the single-crystal structure but revealed minor contamination by UOS. The two materials could not be separated to afford a pure sample of Ba 9 Ag 10 U 4 S 24 . Thus, no meaningful magnetic data could be collected.

Multiphoton luminescence spectroscopy.

The luminescence spectrum of the sample of Ba 9 Ag 10 U 4 S 24 is shown in Fig. 1. Strong broadband luminescence occurs because of multiphoton absorption of the excitation laser. Most of the luminescence lies at wavelengths beyond 532 nm, indicating that multiphoton absorption is dominated by two-photon absorption. The origin of the two photon absorption is a large second-order susceptibility, which can only occur in noncentrosymmetric materials. No second harmonic generation line is apparent in the spectrum because the sample is strongly absorbing at 532 nm. The presence of some luminescence at wavelengths shorter than 532 nm indicates that a weaker, cascaded three-photon absorption process was also present. Numerous emission lines are present, such as the one at 553 nm. 2. The asymmetric unit contains three Ba, five Ag, three U, and 10 S sites.

The site symmetries are 4.. (Ba3, U3, S9, S10); 2.mm (U2, Ag4, Ag5); ..m (U1, Ag2, Ag3, S4, S5, S6, S7, S8); and 1 (Ba1, Ba2, Ag1, S1, S2, S3).

A general view of the structure down the a axis is showed in Fig. 2. All U atoms are octahedrally coordinated by S atoms; all Ag atoms are coordinated to four S atoms, except atom Ag3 which is surrounded by three S atoms. The network of these polyhedra, particularly the coordination of the Ag3 and Ag5 sites, is shown in Fig. 3. Each U1 atom is coordinated to two S1, two S3, one S5, and one S8 atom. The U1 octahedron shares four edges with the neighboring Ag1 polyhedron, one edge with the Ag3 polyhedron, and corners with Ag4 and Ag5 polyhedra.

The local environment of atom U1 is viewed in Fig. 4. Each U2 atom is octahedrally coordinated to two S4, two S6, and two S7 atoms. Each U2 octahedron shares two edges with Ag2 tetrahedra, one edge with an Ag4 polyhedron, one edge with an Ag5 polyhedron, and two corners with an Ag3 polyhedron. These polyhedra are displayed in Fig. 5 h -I4/mcm structure is caused by the presence of the Ag3S 3 polyhedra on the top of the U1 atoms (Fig. 4). This steric effect results in the slight shift of the U1 atoms down the c axis at z = 0.24592(3) rather than 0.25 and leads to the polar non-centrosymmetric structure.

Electronic properties

Using the HSE functional, we have computed the electronic structure of Ba 9 Ag 10 U 4 S 24 .

The total and partial density of states (PDOS) are presented in Fig. 7. The total density of states is not polarized in spin because Ba 9 Ag 10 U 4 S 24 is found to be antiferromagnetic. The electronic band gap is found to be 2.1 eV. Note that the HSE functional generally gives reliable values for band gaps [42]. For the U atoms, the PDOS corresponding to three inequivalent atoms are plotted, whereas for S, Ba, and Ag only one PDOS is presented because the differences among plots of the same element remain small. The spin polarization of the U atoms is seen clearly on the corresponding PDOS plots, and induces a small magnetic moment on the S atoms, but not on the Ba or Ag atoms. In particular, the magnetic moments on the U1 atoms are arranged antiferromagnetically with respect to the U2 and U3 magnetic moments. The f states contribute up to the Fermi level. Moreover, the inequivalence of the U atoms is seen from the position of the f electron level. These are around -1.5 eV, -1 eV, and -1.2 eV for U1, U2, and U3, respectively. Also, we observe that the maximum of the valence band corresponds to S and Ba states, whereas the minimum of the conduction band corresponds to U-f states.

Resistivity

High temperature-dependent resistivity data on a single crystal of Ba 9 Ag 10 U 4 S 24 along an arbitrary direction show semiconducting behavior. The resistivity decreases from 178 Ohm.cm at 293 K to 75 Ohm.cm at 500 K. That the Arrhenius plot (Fig. 8) of the resistivity data is non-linear suggests a complex activation mechanism with activation energies ranging from 0.03 (1) eV to 0.08(1) eV. Ba 9 Ag 10 U 4 S 24 is much less resistive than the quaternary compounds Ba 3 FeUS 6 (1.4 kOhm.cm at 300 K) and Ba 3 AgUS 6 (5.5 MOhm.cm at 300 K) [17]. The activation energy of Ba 9 Ag 10 U 4 S 24 is also smaller than the value of 0.12 eV estimated for Ba 3 FeUS 6

Formal oxidation states

In the Ba 9 Ag 10 U 4 S 24 structure each U atom is octahedrally coordinated by six S atoms.

The ranges of U-S distances are: U1, 2.560(3) Å-2.753(5) Å; U2, 2.596(4) Å-2.624(4) Å; U3, 2.538(5) Å-2.613(2) Å. These distances are short compared with typical U 4+ -S distances but compare favorably with the U 5+ -S distances in K 2 Cu 3 US 5 [16] (2.587(1)Å-2.682(1)Å) and Ba 3 AgUS 6 (2.609(1) Å). Other examples may be found in Table 3. Except for Rb 4 U 4 P 4 Se 26 [14], all the other pentavalent chalcogenides possess U in octahedral coordination. The Ag-S distances in the Ba 9 Ag 10 U 4 S 24 structure are typical for Ag 1+ -S. For the Ag1, Ag2, Ag4, and Ag5 atoms, which are each coordinated to four S atoms, the Ag-S distances range from 2.526(2) Å to 2.852(4) Å. These distances are in agreement with those found in compounds in which Ag is four coordinate, for example Ag 2 CdGdS 4 [43], 2.522 Å-2.570 Å; BaAg 2 S 2 [44], 2.659(5) Å-2.686(2) Å; CsAgSb 4 S 7 [45], 2.502(1) Å-2.864(1) Å; KAg(SCN) 2 [46],2.577(6) Å-2.7262(5) Å; and La 4 Ag 2 In 4 S 13 [47], 2.659(1) Å-2.933(1) Å. The Ag3 atoms are coordinated to three S atoms with shorter distances of 2.358(4) Å and 2.429(3) Å and may be compared with those found in compounds in which Ag is three-coordinate, for example AgGePr 3 S 7 (2.356 Å) and AgNd 3 SiS 7 ( 2.372 Å) [48]. The Ba-S distances in the Ba 9 Ag 10 U 4 S 24 structure range between 3.095(3) Å and 3.461(6) Å and are typical of those encountered in BaUS 3 , BaU 2 S 5 , Ba 3.69 US 6 [22], Ba 2 US 6 [42],

and Ba 2 Cu 2 AnS 5 (An = Th, U) [27,28].

The assignment of formal oxidation states in Ba 9 Ag 10 U 4 S 24 may be made as follows:

From the comparisons above the compound contains Ba 2+ and Ag 1+ . There are no short S-S interactions in the structure and hence no S 2 2-species. Then with charge balance in mind there are three possibilities for the U oxidation state, namely (i) 2 U 4+ +2 U 6+ ; (ii) 1 U 4+ + 1 U 6+ + 2 U 5+ ; or (iii) 4 U 5+ . We favor possibility (iii), namely that Ba 9 Ag 10 U 4 S 24 is another example of a U 5+ compound, for the following reasons: (1) the differences among U1-S, U2-S, and U3-S distances in the structure are small and (2) they are generally shorter than those in typical U 4+,5+ compounds (Table 3). Moreover, although strictly empirical it is interesting that Bond Valence Sum analysis [START_REF] Brown | The Chemical Bond in Inorganic Chemistry, The Bond Valence Model[END_REF] as implemented in PLATON [START_REF] Spek | A Multipurpose Crystallographic Tool[END_REF] , or oxidizing U 3+ or U 4+ to U 5+ . [1] These techniques apply to molecular or organoactinide compounds and require the use of wet chemical methods.

Moreover, some U 5+ oxides have been stabilized by the reduction of the U 6+ under a flow of Ar-H 2 (5%) [5,6]. Conversely, exploratory synthesis by its very nature most often leads to reaction products that could not be predicted in advance. Thus, U 5+ chalcogenides are rare and most were obtained serendipitously. However, with the increase in the number of the U 5+ chalcogenide examples [14][15][16][17][22][23][24], some observations can be made. The use of halides precursors may favor the formation of pentavalent uranium chalcogenides [15]. Conceptually, substitution of cations of different charges into a structure type may be useful. Consider compounds crystallizing in the K 4 CdCl 6 structure type [START_REF] Beck | [END_REF]. The compound Ba 3.69 U 4+,5+ S 6 [22] was synthesized in an exploration of possible Ba/U/V/S quaternaries. The flexibility of this structure type allowed the synthesis of two other compounds by insertion of Fe 2+ and Ag + to form Ba 3 FeUS 6 and Ba 3 AgUS 6 . These contain U 4+ and U 5+ , respectively [17]. Another flexible structure is that of Ba 7 M 2 US 12.5 O 0.5 [51] with M = V, Fe. When V 4+ was replaced by Fe 3+ in an attempt to change the oxidation state of U from +4 to +5 S-S bonds were created via the formation of Fe 2 S 8 species to keep U in its oxidation state +4. Apparently, energetically the formation of an S-S bond was favored over the oxidation of U 4+ to U 5+ . In the present instance the compound Ba 9 Ag 10 U 4 S 24 resulted from an attempt to synthesize the Ag analogue of Ba 2 Cu 2 US 5 [27]. General pathways for the stabilization of U 5+ in solid-state chalcogenides remain elusive.

Conclusions

A noncentrosymmetric uranium sulfide, namely Ba 9 Ag 10 U 4 S 24 , was synthesized by direct combination of BaS, Ag, U, and S at 1273 K. This compound crystallizes in a new structure type in space group C 1 4 0 v -I4cm of the tetragonal system. DFT calculations predict an antiferromagnetic ground state and a band gap of 2.1 eV. Resistivity measurements indicate that the compound is a semiconductor with a complex activation mechanism and activation energies ranging from 0.03(1) eV to 0.08(1) eV. The U-S distances are typical of those in known U 5+ sulfides. The overall structure charge balances with 9 Ba 2+ , 10 Ag 1+ , 4 U 5+ and 24 S 2-. Thus Ba 9 Ag 10 U 4 S 24 is another example of a relatively rare U 5+ compound among the family of uranium chalcogenides. V (Å 3 ) 4604.0( 5) a To facilitate comparisons in this table distances from the original cif files have been rounded

T (K) 100(2) Z 4 Space Group C 1 4 0 v -I4cm ρ (g cm -3 ) 5.823 µ (mm -1 ) 26.796 R(F) a 0.0227 R w (F o 2 ) b 0.0447 a R(F) = Σ ││F o │-│F c ││ / Σ│F o │for F o 2 > 2σ(F o 2 ). b R w (F o 2 ) = {Σ w(F o 2 -F c 2 ) 2 ] / ΣwF o 4 } 1/2 . For F o 2 < 0, w -1 = σ 2 (F o 2 ); for F o 2 ≥0, w -1 = σ 2 (F o 2 ) + (0.001F o 2 ) 2
where necessary to three significant figures. 
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 3 . Structure Given the above spectroscopic results the compound Ba 9 Ag 10 U 4 S 24 must have a noncentrosymmetric structure. It crystallizes in a new structure type in the noncentrosymmetric space group C 1 4 0 v -I4cm of the tetragonal system with four formula units in a cell with lattice constants a = 13.9189(6) Å and c= 23.7641(11) Å (volume = 4604.0(5) Å 3 ). Metrical data are reported in the Table

  as well. The U3 atom is octahedrally coordinated by four S2, one S9, and one S10 atom. This octahedron shares four S2 corners with Ag2 polyhedra. Fig.6presents the local coordination of atom U3. The Ag1, Ag2, and Ag4 atoms are tetrahedrally coordinated by four S atoms; the Ag3 atom is surrounded by three S atoms in a triangular fashion; finally, the Ag5 atom is located in a slightly distorted seesaw formed by two S5 and two S6 atoms.The overall structure consists of a complex three-dimensional stacking of U and S polyhedra. The Ba1 and Ba2 atoms occupy linearly the resultant channels, whereas the Ba3 atoms are positioned in the centers of cages formed by the U1 octahedra and AgnS 4 (n=1,2

Fig. 1 .

 1 Fig. 1. Multiphoton fluorescence spectrum for Ba 9 Ag 10 U 4 S 24 (1064 nm excitation).

Fig. 2 .

 2 Fig. 2. General view approximately down the a axis of the Ba 9 Ag 10 U 4 S 24 structure.

Fig. 3 .

 3 Fig. 3. The US 6 , AgS 4 , and AgS 3 networks in the Ba 9 Ag 10 U 4 S 24 structure.

Fig. 4 .

 4 Fig. 4. Local coordination of atom U1 in the Ba 9 Ag 10 U 4 S 24 structure .

Fig. 5 .

 5 Fig. 5. Local coordination of atom U2 in the Ba 9 Ag 10 U 4 S 24 structure.

Fig. 6 .

 6 Fig. 6. Local coordination of atom U3 in the Ba 9 Ag 10 U 4 S 24 structure.

Fig. 7 .

 7 Fig. 7. Total (upper plot) and partial density of states (lower plots) of Ba 9 Ag 10 U 4 S 24 For each atom, the PDOS is projected onto the relevant orbitals. The Fermi level is set at 0.

Fig. 8 .

 8 Fig. 8. Resistivity and the corresponding Arrhenius plots for Ba 9 Ag 10 U 4 S 24 .

Table 1

 1 Crystal data and structure refinement for Ba 9 Ag 10 U 4 S 24

	Ba 9 Ag 10 U 4 S 24

Table 2

 2 Selected interatomic distances in Ba 9 Ag 10 U 4 S 24

	atom-atom	distance (Å)	atom-atom	distance (Å)

Table 3 U

 3 -S interatomic distances and oxidation states in selected uranium sulfides

	compound	U oxidation state	U-S range (Å) a	reference
	BaUS 3	4	2.698(1)-2.696(1)	[22]
	Ba 3 FeUS 6	4	2.715(1)	[17]
	Ba 8 Hg 3 U 3 S 18	mixed +4/+5	2.571(4)-2.743(3)	[23]
			2.595(4)-2.758(3)	
			2.602(4)-2.745(3)	
	Ba 3.69 US 6	mixed +4/+5	2.658(1)	[22]
	Ba 9 Ag 10 U 4 S 24	5	2.560(3)-2.753(5) (U1)	This work
			2.596(4)-2.624(4) (U2)	This work
			2.538(5)-2.613(2) (U3)	This work
	Ba 3 AgUS 6	5	2.609(1)	[17]
	K 2 Cu 3 US 5	5	2.587(1)-2.683(1)	[16]
	Cs 6 Cu 12 U 2 S 15	mixed +5/+6	2.598(2)	[24]
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 10 4 24General view of the Ba Ag U S structure.
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