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Synthesis and Characterization of New Oxidopolysulfidovanadates
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The alkali-metal oxidopolysulfidovanadates,80) 2(172-S2)4(u-S2)] (1), C[(VO)3(172-S2)s(u-Sa)] (1), and Ks-
[(VO) 4(172-S2)8(u-S3)]-2CH;0H-0.6H,0 (1l ) have been synthesized by means of methanothermal methods at
170°C or 175°C. These compounds each contain & Nbn coordinated by an oxo ligand and twg-S;>~
groups. Inl, two such [VO§3-S,)2]~ units are bridged by an,5 unit. In 1l andlll , two such [VO§3-S,)2]~
units are joined by a ¥S—V bond to form [(VO{?-S,)2)2]%~ units; inll, such a [(VO§2-S,)2),]2~ unit is bridged
to a [VO(@7%-S,)2]~ unit by an %2~ group; inlll , two such [(VO§?-S;)2)2]?~ units are bridged by ans8 group.
Crystallographic data a = 153 K (compound, space group, a, b, c, 8): |, P2i/n, 2, 7.4366(3), 10.3743(5),
13.1151(6) A, 101.097(2) 11, P24/c, 4, 8.4451(6), 24.5144(18), 14.0995(10) A, 101.325(11), C2/c, 4, 31.037-

(3), 12.5355(11), 8.7822(8) A, 93.127(2)

Introduction

temperature. The solid products were recovered by suction filtration
and washed with methanol. Red crystals of the reported materials were

Polychalcogenometalates are a remarkably diverse group ofgptained in 46-50% yields. Examination of these crystals with an EDX-

anions, both structurally and in their method of synthesis, which
ranges from solution to solid-state to solvotherdial.The

equipped Hitachi S-3500 SEM gave results consistent with the stated
compositions.

oxidopolychalogenometalates are an interesting subgroup. These Cs|[(VO)2(1?S:)a(u-S3)] (1) and Cs[(VO)s(7%-S)s(1-S)] (I1') were

are formed by oxyphilic metals, such as Ti, V, and Mo.
Examples include [B0Ss(S)el®,° [V20:(1*-Se)(n*-Se)-
Se]*," [V20:(7*-Se&)2] " [[(S2)OMo(u-S)MoO(Sy)]*~,° and
[(7%-S2)OMo(u-S)]?.8 Although a number of oxidopolysulfi-
domolybdates are knowhfew oxidopolysulfidotitanates or

oxidopolysulfidovanadates have been reported. Here we presenﬂ'i

the synthesis and characterization of the three new oxi-
dopolysulfidovanadates &V0)2(7%-S)4(u-)] (1), Cs[(VO)s-
(7-S2)e(u-Sa)] (1), and  Ke[(VO)4(17>-Sp)s(u-Ss)- 2CHOH-
0.6H,0 (1l ) prepared by methanothermal methods.

Experimental Details

Syntheses.The following reagents were used as obtainedOs/
(Fisher, 99.9%), V@ (Aldrich, 99.9%), S (Mallinckrodt, 99.6%), Cs
(Strem, 99.9%), and K (Aldrich, 98%). €% and K;S were prepared
by the stoichiometric reactions of the elements in liquidsNH

A reaction mixture was loaded into a fused-silica tube under an Ar
atmosphere in a glovebox. Then, 0.4 mL of £HH was added via
syringe. The tube was frozen, evacuated-t0 Torr, flame-sealed,

obtained from the reaction of 05 (0.0197 g, 0.10 mmol) and €%
(0.054 g, 0.15 mmol). KVO)(1?-S;)s(u-S3)*2CH:OH-0.6H,0 was
obtained from reaction of V©(0.017 g, 0.20 mmol), S (0.044 g,
0.40 mmol), and S (0.0032 g, 0.10 mmol).

Crystallography. Single-crystal X-ray diffraction data were collected
ith the use of the program SMARTon a Bruker Smart 1000 CCD
ffractometet® at 153 K. Monochromatized Mo & radiation ¢ =
0.71073 A) was employed. The diffracted intensities generated by a
scan of 0.3in w were recorded on four sets of 606 frameg &ettings
of 0, 90, 180, and 270 The exposure times were 15 s/frame. Cell
refinement and data reduction were carried out with the use of the
program SAINT® Face-indexed absorption corrections were made with
the program XPREM Then, the program SADABS was employed to
make incident beam and decay correcti&Ehe structures were solved
by direct methods with the program SHELXS and refined by full-matrix
least-squares techniques with the program SHELXL in the SHELXTL-
97 suite!! Crystallographic details are given in Table 1 and in
Supporting Information.

Result and Discussion

and thawed. It was then loaded into a high-pressure autoclave along SynthesesThe methanothermal syntheses of[(#0) (1>

with 1700 mL of CHOH to counter the pressure. The autoclave was
heated at 170C (175°C for II') for 3 days and then cooled to room
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$)4(u-S)] (1), Csl(VO)3(*-Sp)e(u-Sa)] (11), and Ke[(VO)a(n
S)s(1-S3)] - 2CH;OH-0.6H,0 (111 ) are reproducible. The starting
materials and procedures for the syntheses anfidll are the
same except for the temperature of 170CLused forl and
175(1yC used forl . That small temperature differences affect
the products formed in solvothermal reactions has been previ-
ously noted?13As one example, the compounds,Ts;3, Cs-

Tes, CsTepg, and CgTey, are produced in varying proportions
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Table 1. Crystal Data and Structure Refinements for
Cs[(VO)1*-S)a(u-S)] (1), Cs(VO)s(n*S)e(u-Sa)] (I1), and
Ke[(VO) a(n*S)s(u-Ss)] - 2CH;OH-0.6HO (Ill')

compound | 1l I

fw 986.12 1378.33 1186.39

space group P2:/n P2i/c C2lc

a, (A) 7.4366(3) 8.4451(6) 31.047(3)

b, (A) 10.3743(5) 24.5144(18) 12.5355(11)

c, (A) 13.1151(6) 14.0995(10) 8.7822(8)

B, (deg) 101.097(1) 101.325(1) 93.127(2)

V, (A3) 992.91(8) 2862.1(4) 3412.9(5)

Z 2 4 4

2 A) 0.71073 0.71073 0.71073

T, (K) 153 153 153

pe, (g cnTd) 3.298 3.199 2.309 Figure 1. The [(VOR(1-S2)4(u-S2)]*~ anion in Cs[(VO)2(17-So)a(u-
u, (cm™?) 92.1 84.0 29.8 S,)]. Here and in succeeding figures, the 70% probability displacement
R(F)? 0.0195 0.0433 0.0412 ellipsoids are shown.

Ry(F?)P 0.0460 0.105 0.120

aR(F) = Y |IFol — IFc|[/Y|Fo| for Fe? >20'(':02)- b Ra( 02) ={J[W(Fq?
— FAISwWR,A Y2 for all data, wheravt = o(Fo?) + (0.04F,)? for
F2 = 0 andw! = 03(Fo?) for F2 < 0.

between 150 and 180C.!* In the present instance, the
temperature difference is very small, but there is no visual
evidence for the formation of mixtures bfandll ; crystals of
| are large red parallelepipeds of equant habit whereas crystals
of Il are needles.
Given the stoichiometry of the reaction and the yield of
product, the water of crystallization il requires not more ; 2 L9 Aminn i : )
than about 0.1% bO in the CHOH. gg]l_”e 2. The [(VOK(r™ Sole{ue-S)2]>" anion in Csl(VO)s(r7-S2)eli
Structures. The crystal structures of G§VO)2(172-S)a(u-
S)] (1), Cs[(VO)3(n?-S)s(1e-Sa)] (1), and Ke[(VO)4(17%-S,)s- bond to form [(VO§?-S,)2)2]%~ units; inll, such a [(VOg?
(u-S3)]-2CH;OH-0.6H,0 (IIl ) comprise well-separated cations — S,),);]%~ unit is bridged to a [VO§2-S;)7]~ by au-S42~ group
and anions. In this latter compound, hydrogen atoms on the (Figure 2); inlll , two such [(VO§3-S;)2)2]~ units are bridged
oxygen atom (O4) of the water molecule form a hydrogen- by au-Sz?~ group (Figure 3). The anion in gJ§VO).(7*-S:)4-
bonding network with the O1 atom of the=xO group, with (u-S)] (1) has crystallographically imposed symmetry; the
the O4-H---O1 distances being 3.014(7) and 3.119(4) A. anion in Ke[(VO)4(52-Sp)s(u-Ss)]-2CHOH-0.6H,0 (Il ) has
Because the position of the water molecule is not fully occupied, crystallographically imposed 2 symmetry. Th&"\tenters in
this network need not be continuous. these compounds are in distorted tetrahedral environments
In these compounds, each anion contains®a ign coordi- comprising the oxo ligand, the bridging S atom, and the centers
nated by an oxo ligand and twg-S,>~ groups to form a [VO- of the two7?-S,?~ ligands.
(7?>-S2)2]~ unit. The oxide analogue, [V@%-0,);]~, can be Table 2 provides selected bond distances. These distances
found in the [(-O(VO(@#?-02)2)2]* anion!®In I, two such [VO- are normal and show minimal variations among the three
(7%-S)2]~ units are bridged by a-S?~ unit (Figure 1). Inll compounds. Thus, the-V¥S distances range from 2.315(2) to
andlll , two such [VO§2-S;),]~ units are joined by a ¥S—V 2.4813(14) A, compared with 2.284(2) and 2.288(1) A ifCp

Table 2. Selected Bond Lengths (A) for G&V0)2(17-S,)a(u-S2)], Cs[(VO)a(n2-S)e(u-Sa)], and Ke[(VO)a(17%-S2)s(u-Ss)] - 2CHsOH-0.6H,0
Cs(VO)2(*S2)a(u-S2)]

V(1)-0(1) 1.618(2) V(1)-S(1) 2.3734(9) S(HS(1) 2.1044(14)
V(1)-S(5) 2.3257(9) V(1)-S(4) 2.3912(9) S(2)S(4) 2.0662(11)
V(1)-S(2) 2.3385(9) V(1)¥S(3) 2.3975(9) S(3)S(5) 2.0653(12)
Cs[(VO)a(n*Sp)e(1-Sa)]

V(1)-0(1) 1.598(5) V(2)-S(9) 2.380(2) S(BS(2) 2.055(3)

V(1)-S(1) 2.315(2) V(2)yS(11) 2.392(2) S(3)S(4) 2.044(3)

V(1)-S(3) 2.334(2) V(2)-S(8) 2.430(2) S(5YS(6) 2.087(3)

V(1)—S(4) 2.373(2) V(3)0(3 1.625(5) S(6YS(7) 2.063(3)

V(1)-S(2) 2.415(2) V(3)S(13) 2.344(2) S(AS(8) 2.066(3)

V(1)-S(5) 2.422(2) V(3)-S(14) 2.351(2) S(9)S(10) 2.050(3)

V(2)-0(2) 1.626(5) V(3)-S(15) 2.361(2) S(1BS(12) 2.062(3)

V(2)—-S(10) 2.350(2) V(3)S(16) 2.380(2) S(13)S(14) 2.060(3)

V(2)-S(12) 2.358(2) V(3¥S(11) 2.473(2) S(15)S(16) 2.086(3)

Ke[(VO)a(n*S,)s(u-Ss)] - 2CH;OH-0.6 HO

V(1)-0(1) 1.619(3) V(2)-0(2) 1.605(3) S(1rS(2) 2.0548(16)
V(1)-S(2) 2.3370(14) V(2)S(6) 2.3415(13) S(3)S(4) 2.0576(16)
V(1)-S(1) 2.3487(14) V(2}S(8) 2.3646(14) S(5)S(6) 2.0623(16)
V(1)-S(4) 2.3885(14) V(2)S(5) 2.3661(14) S()s(8) 2.0646(17)
V(1)-S(3) 2.3946(14) V(2}S(7) 2.3954(14) S(9)S(10) 2.0604(14)
V(1)-S(9) 2.4251(13) V(2¥S(4) 2.4813(14)
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Figure 3. The [(VOu(7?-S)s(u-S3)]® anion in K[VO)4(17-S5)s(u-
S3)]-2CH;OH-0.6H,0.

VO(S:);16 the S-S distances range from 2.044(3) to 2.1044-
(14) A, which is within the normal range for polysulfidés;
the V=0 distances range from 1.598(5) to 1.619(3) A and are
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at the centroid of a recent histogram of such vanadsQ/
bonds!® The V=0 bond length in compounidi is unaffected
by the hydrogen bonding.
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