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Novel selenidoantimonate compounds [M(dien).],ShsSeq [M = Mn (1), Fe (2)], [Co(dien),].Sh,Ses (3), and [Ni-
(dien),],Sh,Ses (4) (dien = diethylenetriamine) were solvothermally synthesized and characterized. The unique
features of compounds 1-3 are the mixed-valent anionic structures constructed by the Sb"Se; trigonal pyramid
and ShVSe, tetrahedron. Three Sh"Se; pyramids share common corners, forming a heterocyclic Sb;Ses moiety,
and the Sh3Ses moieties are further connected with Sh¥Se, tetrahedra to form the novel one-dimensional [Sh,Seq* ],
anionic chain in 1 and 2. The discrete [Sh,Seg]*~ anion in 3 is formed by an Sh"Se; trigonal pyramid and an
ShVSe, tetrahedron sharing a common corner. The [Sh,Ses]*~ anion in 4 is composed of two Sh"Se; trigonal
pyramids connected in the same manner as the [Sh,Seg]*~ anion. The mixed-valent [Sh,Seq* "], and [Sh,Seq]*™
anions were not observed before. The synthesis and solid-state structural studies of the title compounds show that
the transition-metal complexes exhibit different structure-directing effects on the formation of selenidoantimonates
in dien. Extensive N—H---Se hydrogen bonds are observed between cations and anions in compounds 14, resulting
in three-dimensional network structures. Optical and thermal properties of the compounds are reported.

Introduction ethylenediaminé)was prepared, a large number of new and
Sj the mi thi " d thiost ‘ exciting thioantimonates(lll) containing transition metals
Ince the microporous thiogérmanates and thiostannates, .o peen synthesized using transition-metal amino com-

Werelprepared by a hydrothermal .method in solution n plexes as structure-directing agents through the solvothermal
1989! the number of new chalcogenidometalates synthesae%utefl The structures of these thioantimonates(lll) are

gnder t.hyclilro—ﬂc: r sqllc\j/othlca rTﬁl cor|1d|t|or:§ h_as m_creahsed characterized by the condensation of thé Sh(m = 3—6)*
ramaticaly. The miid solvothermal reaction In amin€ Nas v, jqing units to form a series of $hS;7~ polyanions. It is

proven to be a yersatlle ro gte for.the synthesis of heavy- believed that the rich structural diversity of thioantimonates-
metal chalcogenides containing main-group elements Ge, Sn(m) is due to the stereochemically active lone palitle note

3‘13' andbSIi?. In tthe case Ofl fgalccgenldoagtlmonates,_smce that the similar architectural feature is observed in thiosalts
e cobalt antimony sulfide [Co(efifoShSs (en = of As2xd However, the thioantimonates(V) are seldom

— interconnected to form a polyanion and always exist as an
* To whom correspondence should be addressed. E-mail: Jiadingxian@ . 3 ] ;
suda.edu.cn. isolated tetrahedral [S18,]% aniorf except that in some
(1) (a) Bedard, R. L,; Vail, L. D.; Milson, S. T.; Flanigen, E. M. U.S.  cases [SBS,]®~ is bound to metal cation'sCompound [Ni-

Patent 4,880,761, Dec 6, 1988. (b) Bedard, R. L.; Milson, S. T.; Vall, ; 8 ; ; :
L. D.; Bennett, J. M.; Flanigen, E. M. |Zeolite: Facts, Figures, (dien}]-:ShSs® is the only example of the thioantimonates

Future. Proceedings of the 8th International Zeolite Conference; containing SH and SH.

Elsevier: Amsterdam,_The Netherlands, 1989; p 375. On the Other hand’ Compared W|th the Overwhelming
(2) (a) Drake, G. W.; Kolis, J. WCoord. Chem. Re 1994 137, 131- . . . . . .
178. (b) Sheldrick, W. S.; Wachhold, NCoord. Chem. Re 1998 thioantimonates, the selenidoantimonates containing transi-
176, 211-322. (c) Wachter, JAngew. Chem., Int. E4.998 37, 750~ tion metals are less explored under mild solvothermal
768. (d) Sheldrick, W. SJ. Chem. Soc., Dalton Tran200Q 3041~
3052. (e) Li, J.; Chen, Z.; Wang, R. J.; Proserpio, D.Qéord. Chem. (3) Stephan, H. O.; Kanatzidis, M. G. Am. Chem. Socl996 118
Rev. 1999 190-192, 707—-735. 12226-12227.
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Mixed-Valent Selenidoantimonates(lll,V)

conditions. The limited examples include selenidoantimona- cm™ range. Room-temperature optical diffuse-reflectance spectra

tes(Ill) [Fe(en)].ShSe,° CsCwShSe,° Cu,ShSe-0.5entt
and CuySbSe-ent! and selenidoantimonates(V) [M(gn)
(Hen)]ShSg (M = Ge, Mn, Fe)? [Ga(en}]SbSe,* [Mn-
(enk]2[Mn4(enk(ShSe),]-2H.0,* [Mn(en)][Mn x(SbhSe),-
(eny(Hx0)],** and [Ln(en)(SbSe)] (Ln = La, Nd)6 However,
the coexistence of $band SH within a polymeric seleni-

doantimonate anion has not been observed yet. We nowg

of the powdered sample were obtained with a Shimadzu UV-3150
spectrometer. The absorptioo/$) data were calculated from the
reflectance using the KubelkaMunk function /S = (1 — R)%
2R Thermoanalytical measurements was performed using a
thermogravimetric analysidifferential scanning calorimetry (TGA
DSC) microanalyzer of SDT 2960, and all of the samples were
heated under a Nstream of 100 mL min! with a heating rate of

°C min~1. Powder X-ray diffraction (XRD) patterns were collected

report the solvothermal preparation of four novel seleni- on a p/MAX-3C diffractometer using graphite-monochromatized

doantimonates [Mn(dieg]pShiSe (1), [Fe(dien)].ShSe (2),
[Co(dien}].ShSe; (3), and [Ni(dien)].ShSe; (4). To the
best of our knowledge, the mixed-valent anions &4~

and [SkSe]* are the first two examples of selenidoanti-

Cu Ko radiation ¢ = 1.5406 A).

Syntheses. All compounds were synthesized in diethylenetri-
amine (dien) by the solvothermal method. In a typical synthetic
procedure, reactants in a certain molar ratio were dispersed in dien

monates with coexisting trivalent and pentavalent Sb atoms. under stirring, and then the mixture was loaded into a Teflon-lined

Experimental Section

Materials and Methods. All analytical-grade chemicals were

obtained commercially and were used without further purification.
Elemental analysis was conducted on a MOD 1106 elemental
analyzer. Fourier transform IR spectra were recorded with a Nicolet

Magna-IR 550 spectrometer in dry KBr disks in the 46@00-

(4) (a) Staler, R.; Bensch, WEur. J. Inorg. Chem2001, 3073-3078.
(b) Schaefer, M.; Kurowski, D.; Pfitzner, A.; Neer, C.; Rejai, Z.;
Moller, K.; Ziegler, N.; Bensch, WInorg. Chem.2006 45, 3726-
3731. (c) Stephan, H. O.; Kanatzidis, M. Borg. Chem.1997, 36,
6050-6057. (d) Schaefer, M.; Stter, R.; Kiebach, W.-R.; Naer,
C.; Bensch, WZ. Anorg. Allg. Chem2004 630, 1816-1822. (e)
Vaqueiro, P.; Darlow, D. P.; Powell, A. V.; Chippindale, A. Kolid
State lonics2004 172, 601-605. (f) Bensch, W.; Schur, MZ.
Naturforsch.1997 52B, 405-409. (g) Staler, R.; Naher, C.; Bensch,
W. J. Solid State Chen2003 174, 264-275. (h) Staler, R.; Naher,
C.; Bensch, WEur. J. Inorg. Chem2001, 1835-1840. (i) Staler,
R.; Bensch, WZ. Anorg. Allg. Chem2002 628 1657-1662. (j)
Vaqueiro, P.; Chippindale, A. M.; Powell, A. \fnorg. Chem2004
43, 7963-7965. (k) Staler, R.; Bensch, WJ. Chem. Soc., Dalton
Trans.2001, 2518-2522. (I) Schur, M.; Bensch, WZ. Naturforsch.
2002 57B, 1-7. (m) Bensch, W.; Nier, C.; Staler, R. Chem.
Commun 2001, 477—478. (n) Kiebach, R.; Bensch, W.; Hoffmann,
R.-D.; Pdtgen, R.Z. Anorg. Allg. Chem2003 629 532-538. (0)
Puls, A.; Naher, C.; Bensch, WZ. Anorg. Allg. Chem2006 632
1239-1243.

(5) (a) Wang, X.; Liebau, FActa Crystallogr.1996 B52 7—15. (b) Schur,
M.; Bensch, W.Z. Anorg. Allg. Chem1998 624, 310-314.

(6) (a) Staler, R.; Naher, C.; Bensch, WActa Crystallogr.2001, C57,
26—27. (b) Jia, D. X.; Zhang, Y.; Dai, J.; Zhu, Q. Y.; Gu, X. M.
Solid State Chen2004 177, 2477-2483. (c) Schur, M.; Bensch, W.
Acta Crystallogr.200Q C56, 1107-1108. (d) Schur, M.; Rijnberk,
H.; Nather, C.; Bensch, WPolyhedron1998 18, 101-107.

(7) (a) Schaefer, M.; Engelke, L.; Bensch, ¥V Anorg. Allg. Chen2003
629 1912-1918. (b) Jia, D. X.; Zhu, Q. Y.; Dai, J.; Lu, W.; Guo, W.
J.Inorg. Chem2005 44, 819-821. (c) Jia, D. X.; Zhao, Q. X.; Zhang,
Y.; Dai, J.; Zou, J. LInorg. Chem.2005 44, 8861-8867.

(8) Stanler, R.; Mosel, B. D.; Eckert, H.; Bensch, \Wngew. Chem., Int.
Ed. 2002 41, 4487-4489.

(9) Chen, Z.; Wang, R. J.; Huang, X. Y.; Li, Acta Crystallogr.2000Q
C56, 1100-1103.

(10) Chen, Z.; Wang, R. J.; Dilks, K. J.; Li, J. Solid State Cheni1.999
147, 132-139.

(11) Chen, Z.; Dilks, R. E.; Wang, R. J.; Lu, J. Y.; Li, Ghem. Mater.
199§ 10, 3184-3188.

(12) (a) Pell, M. A.; Ibers, J. Alnorg. Chem.1996 35, 4559-4562. (b)
Wendland, F.; Ntoer, C.; Schur, M.; Bensch, WActa Crystallogr.
1998 C54 317-319. (c) Girard, M. R; Li, J.; Proserpio, D. N{ain
Group Met. Chem1998 21, 231—-233.

(13) Blachnik, R.; Fehlker, A.; Reuter, H. Kristallogr. 2001, 216, 211—
212.

(14) Bensch, W.; Nener, C.; Schur, MChem. Commun1997, 1773—
1774.

(15) van Almsick, T.; Sheldrick, W. &Z. Anorg. Allg. Chem2006 632,
1413-1415.

(16) Jia, D. X.; Zhao, Q. X.; Zhang, Y.; Dai, J.; Zhou,Bur. J. Inorg.
Chem 2006 2760-2765.

stainless steel autoclave with an inner volume of 15 mL. The sealed
autoclave was heated at 120 for 7 days. After cooling to ambient
temperature, crystals were filtered off, washed with ethanol and
ether, and stored under vacuum.

[Mn(dien),].Sh,Se (1). The red platelet crystals of were
obtained by the reaction of Mng(0.126 g, 1 mmol), Sb (0.122 g,
1.0 mmol), and Se (0.237 g, 3 mmol) in 2 mL of dien with a yield
of about 50% based on Sb. Besides the title compound, an unknown
amorphous phase was obtained. Anal. Calcd fgHEN1,SeMn,-

Shy: C, 11.17; H, 3.05; N, 9.77. Found: C, 10.95; H, 3.24; N,
9.52. IR bands (KBr, cm): 3419 (s), 3296 (s), 3203 (vs), 3110

(vs), 2886 (s), 1582 (m), 1565 (m), 1459 (m), 1326 (m), 1226 (w),
1151 (m), 1080 (m), 1027 (m), 972 (m), 894 (w), 818 (w), 771
(w), 687 (w), 562 (m), 463 (m).

[Fe(dien)].ShsSe (2). Red platelet crystals &f were obtained
by the reaction of Fe@(0.127 g, 1 mmol), Sb (0.122 g, 1.0 mmaol),
and Se (0.237 g, 3 mmol) in 2 mL of dien with a yield of about
45% based on Sh. Colorless [Fe(dig@), was identified as the
byproduct. Anal. Calcd for ¢gHs,N1.SeFeSh,: C, 11.16; H, 3.04;

N, 9.76. Found: C, 10.87; H, 3.22; N, 9.56. IR bands (KBr, &m
3404 (s), 3325 (vs), 3195 (vs), 3087 (s), 2886 (vs), 1652 (m), 1574
(m), 1459 (m), 1219 (m), 1212 (m), 1135 (w), 1081 (m), 972 (m),
895 (w), 818 (w), 764 (w), 695 (w), 563 (m), 465 (m).

[Co(dien),],Sh;Se; (3). Orange-red block crystals & were
obtained by the reaction of Co£0.130 g, 1 mmol), Sb (0.122 g,
1.0 mmol), and Se (0.237 g, 3 mmol) in 2 mL of dien with a yield
of about 65% based on Sb. Anal. Calcd foglds,N1,Se,Co,Shy:

C, 15.40; H, 4.20; N, 13.47. Found: C, 15.32; H, 4.12; N, 13.34.
IR bands (KBr, cm): 3427 (s), 3296 (m), 3203 (vs), 3110 (vs),
2917 (m), 2871 (s), 1582 (s), 1459 (s), 1327 (m), 1296 (w), 1269
(w), 1229 (w), 1145 (m), 1071 (s), 1025 (s), 979 (s), 946 (s), 895
(w), 894 (m), 828 (w), 676 (s), 564 (m), 469 (m).

[Ni(dien),],Sh,Se; (4). Orange-red block crystals & were
obtained by the reaction of Nig(0.130 g, 1 mmol), Sb (0.122 g,
1.0 mmol), and Se (0.237 g, 3 mmol) in 2 mL of dien with a yield
of about 70% based on Sh. Anal. Calcd foilds,N1,SesNi>Shy:

C, 16.45; H, 4.48; N, 14.38. Found: C, 16.34; H, 4.25; N, 14.16.
IR bands (KBr, cmt): 3416 (s), 3326 (m), 3201 (vs), 3098 (vs),
2885 (s), 1576 (s), 1459 (s), 1327 (m), 1269 (w), 1149 (m), 1078
(s), 1026 (s), 974 (s), 895 (w), 894 (m), 828 (w), 676 (s), 566 (M),
466 (m).

X-ray Crystal Structure Determinations. The intensity data
were collected on a Rigaku Mercury CCD diffractometer using
graphite-monochromatized ModKradiation ¢ = 0.710 73 A) at
193(2) K. The crystal structures were solved by direct methods

(17) Wendlandt, W. W.; Hecht, H. QReflectance Spectroscqopinter-
science Publishers: New York, 1966.
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Table 1. Crystal Data and Summary of X-ray Data Collection

Jia et al.

1 2 3 4
empirical formula QeHslezsﬁ_)anskh C16H52N12883FQSQ; C]_eHszN]_zS%COzSQ C16H52N128%Ni25th
fw 1720.22 1722.04 1247.82 1168.42
color of cryst red red orange-red orange
cryst dimens, mih 0.30x 0.22x 0.07 0.30x 0.19x 0.07 0.30x 0.16x 0.14 0.24x 0.20x 0.18
cryst syst orthorhombic monoclinic monoclinic monoclinic
space group P2,212; P2:/c P2; P2:/n
a A 11.8398(10) 11.8107(8) 9.8063(12) 9.2322(16)

b, A 11.8284(7) 11.6077(8) 14.4563(18) 14.604(2)
c, A 31.099(3) 31.955(2) 12.8319(12) 12.989(2)
p, deg 90.00 95.420(2) 90.585(4) 90.00

v, A3 4355.2(6) 4361.3(5) 1819.0(4) 1751.1(5)
z 4 4 2 2

T, K 193(2) 193(2) 193(2) 193(2)
calcd density, Mg m3 2.623 2.623 2.278 2.216

abs coeff, mm? 10.558 10.630 8.397 7.810
F(000) 3168 3176 1184 1120
20(max), deg 50.70 54.96 50.70 54.96
total refins collected 42 888 46 412 18179 19 369

unique reflns

7962R; = 0.0644)

9979R = 0.0550)

6343R, = 0.0389)

3999R = 0.0390)
182

N—M2—N (trans)

145.0(3)150.9(3)

using theSHELXS-97rogrant® and refined structures by a full-
matrix least-squares procedure using 8teéELXL-97programt®

161.5(3)169.1(3)

177.2(2)179.2(2)

no. of param 390 387 345
R1[l > 20(1)] 0.0406 0.0497 0.0317 0.0403
wR2 (all data) 0.0915 0.1032 0.0675 0.0834
GOF onF2 1.116 1.149 1.072 1.121

Table 2. Selected Bond Distances (A) and Angles (deg) for [M(diZ)Anions in 1—4

1(M = Mn) 2 (M = Fe) 3(M = Co) 4 (M = Ni)

M1—N 2.244(9)-2.308(9) 2.215(6Y2.263(6) 2.133(72.178(7) 2.085(4Y2.133(4)
M2—N 2.259(9)-2.373(8) 2.205(62.262(6) 2.143(6¥2.195(6)
N—M1—N (cis) 75.2(3y-124.0(3) 77.2(2¥111.7(2) 80.7(3¥102.9(3) 82.10(16Y97.93(15)
N—M1—N (trans) 145.7(3)156.2(3) 158.5(3)165.8(3) 174.0(3y177.3(3) 178.45(16)179.74(18)
N—M2—N (cis) 74.7(3F131.7(3) 76.3(2r109.9(2) 81.2(2100.5(2)

The coordination octahedron offacis more distorted than
that of s-fac (Table 2). We noted that the [Co(dig[f) ion

All of the non-H atoms were refined anisotropically. The atoms has not been reported until now although dien complexes of
C15 and C16 in compoun2lare disordered, and the occupancies ransition-metal ions have been known for a long time. The
of the disordered atoms are assigned as 52% and 48% forIG/C Co—N distances of [Co(dieg)?** ranging from 2.133(7) to

4, the Sb1 and Sel atoms are also disordered with the occupancie§ 195(6) R are as expected, longer than those of the [Co-

of 50% and 50% for both Sb/Sknd Se/Se The H atoms were
. o .
added geometrically and refined using the riding model. Crystal- (dienp]™" ions, for example, CoN distances 1.956(8)

lographic, experimental, and analytical data for the title compounds 1-987(7) A in [Co(diemAl sP:O1e'3H,0%! and 1.9498(19)
are listed in Table 1. 1.969(2) A in [Co(dien)](VO3)sH20.2 The M—N distances

of Mn—N, Fe—N, and Ni=N are similar to the literature

Results and Discussion values for [M(dien)]?* complexes, respectiveffimnz23

Structures of Cations. The counterions to balance the Variation of the M=N (M = Mn, Fe, Co, Ni) bond distances
charge of binary selenidoantimonate anions in compoundsin 1—4 (Table 2) is in accordance with the evolution of the
1—4 are transition-metal complex cations with tridentate dien ionic radii going from Mi* to Ni**.24
ligands. In1—3, there are two crystallographically indepen-  Structures of Anions. The new compound crystallizes
dent [M(dien)]?* (M = Mn, Fe, Co) cations in the in the orthorhombic space grol2:2,2;, and?2 crystallizes
asymmetric unit, respectively. Both [Mn(die[" and [Fe- in the monoclinic space groupR,/c. However, they exhibit
(dien)]?" exhibit the same conformation offac, whereas very similar molecular structures. The one-dimensional
the [Co(dien)]?" ion is in a sfac conformation. The  Polymeric structures ol and2 are composed of unusual
conformation of the [Ni(dien)?" ion in 4 is the same as
that of the [Co(dien)?" ion. The geometric isomers of
transition-metal complexes with dien ligands have been
intensively studied befor® All of these transition-metal ions g"suek;‘_ezfi?’efi M.; Welch, A. JJ. Chem. Soc., Dalton Trand994
are coordinated by six N atoms of two dien ligands and are (21) Bruce, D. A.; Wilkinson, A. P.; White, M. G.; Bertrand, J. &.Solid
in a distorted octahedral environment, as is evidenced by State Chem1996 125 228-233.
the axial N-M—N angles deviating from 180(Table 2). (22) ]I?|8r17?8§ Li, Z.; Pei, X. K,; Liu, P. D.J. Mol. Struct.2003 660,
23) (a) EIIern'ﬁeier, J.; Bensch, Wlonatsh. Chem2002 133 945-957.
(18) Sheldrick, G. M.SHELXS-97, Program for Crystal StructureDeter- (b) Almsick, T. V.; Loose, A.; Sheldrick, W. &Z. Anorg. Allg. Chem.

minationr University of Gdtingen: Gdtingen, Germany, 1997. 2005 631, 21—23.

(19) Sheldrick, G. MSHELXL-97, Program for the Refinement of Crystal  (24) Dean, J. A. InLange’s Handbook of Chemistr§1th ed.; McGraw-
Structures University of Gdtingen: Gdtingen, Germany, 1997. Hill Book Co.: New York, 1973; pp 3118.

(20) (a) Keene, F. R.; Searle, G. hhorg. Chem1972 11, 148-156. (b)
Yoshikawa, Y.; Yamasaki, KBull. Chem. Soc. Jpri972 45, 179~
183. (c) Mukherjee, A. K.; Koner, S.; Ghosh, A.; Chaudhuri, N. R.;
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Mixed-Valent Selenidoantimonates(lll,V)

Table 3. Selected Bond Distances (A) and Angles (deg) for Aniong-ia

1 2 3 4
Sh'—Se 2.4696(12)3.0002(11) 2.4679(9)2.9349(9) 2.4951(9)2.6627(9) 2.4722(8)2.6181(11)
Sh’'—Se 2.4413(12)2.5114(11) 2.4232(9)2.5154(9) 2.4266(9)2.5517(8)
Se-Sh-Se 96.50(4)-100.53(4) 93.66(3)102.43(3) 95.27(3y103.20(3) 98.34(3)104.89(3)
Se-Sh-Se 104.84(4y-112.43(4) 105.63(3)113.59(3) 105.50(3)112.99(4)
Se-Sh-S¢ 90.02(3)-174.61(4) 87.85(2)175.27(3)
Sh-Se1-Sb 94.59(4) 94.98(3) 103.71(3) 95.53(4)

a Angles for SH'Se trigonal pyramids®? Angles for SN Se, tetrahedra inl—3. ¢ Angles fory-Sh" Se, trigonal bipyramids inl and 2.

a /{A;SQL
|
v }é %%

Figure 2. Crystal structure of [SIS&* ], anionic chains irl viewed along
the b axis.

I

(]

Figure 1. Structure of the [SiSe]*~ anion in1 with labeling. Displace-
ment ellipsoids are shown at the 50% level.

[ShySe&* ], anionic chains, which are constructed bys;Sb

Se; and SbSg units (Figure 1). The heterocyclic §8g tetrahedra are located at the exterior of the centrab&b
moiety is formed by three 3kBe; trigonal pyramids (Sb1,  packbone of the chain. Between the [S&* ], chains, large
Sbh2, and Sh3) sharing common corners. The interconnectionpockets are created by the dangling Sh§®ups (Figure

of the SBSe tetrahedron with the $Be; unit through  2) that host the cations (see Figure S1 in the Supporting
coordination of Se(6) to Sh(2) yields the one-dimensional |nformation), showing the structure-directing effect of the
[ShySe* ], anionic chain. In the S8e; unit, the coordination [Mn(dien)]2* complex cations. Between the [S®]*~ unit
number of the Sb1 and Sb3 atoms is 3, with'St8e bond and the [Mn(diery|2* cations, 16 short intermolecular-N
lengths ranging from 2.4696(12) to 2.6177(12) Afoand  H...Se distances, with ++Se distances varying from 2.61
from 2.4679(9) to 2.6381(9) A foR. The interatomic 5 3.00 A and N-H---Se angles between 131.7 and 170.3
distances and angles (Table 3) are in the typical range ofre opserved, indicating weak hydrogen bonding (see Figure
those for the well-known Sbhgérigonal pyramid reported g1 iy the Supporting Information). The-+Se lengths and

in the literature’?®> The connection of the SBe unit N—H---Se angles are consistent with the values in the
enhances the coordination number of Sb2 from 3 to 4, leading|iteraturel®2¢ Similar hydrogen bonds are observed in
to the formation of & trigonal bipyramid {-SbSae) with compound2. Although hydrogen-bonding interactions are
two short [2.6203(11) and 2.6314(11) A forand 2.5860-  generally weak, they contribute to the stability of the
(8) and 2.6187(9) A foe] and two longer [2.8087(11) and  stryctures and are important for the determination of the
3.0002(11) A forl and 2.8424(9) and 2.9349(9) A @i crystal packing.

Sb—-Se bonds. We note that the two long-Ske bonds As mentioned above, in the presence of transition-metal
(Sb2-Se2 and Sbh2Se6) are nearly trans to each other in  complex ions as structure-directing agents, thé Shunits

the distortedy)-SbSe trigonal bipyramid (Figure 1), as is  exnibit excellent flexibility in the condensation reactions to
evidenced by the SeZSb2-Se6 angle [174.61(2¥or 1 and form a series of [S{8,]> polymeric anions under the
175.27(3) for 2]. In the Sb4Se tetrahedron, the Sb-Se  golyothermal conditions. The examples of thioantimonate
distances scattering from 2.4413(12) to 2.5114(11) Ain  polymeric anions include one-dimensional  anions
and from 2.4232(9) to 2.5144(9) A i are significantly [SD,S2 1% ¢ and [ShS2 ]n% " two-dimensional anions
shorter than those of the b Se bonds (Table 3). The b [SBSi2 ]2 [ShsS2 1% [SheSi? ]n, " and [SBzSsot8 %

Se interatomic distances and-Sgb—Se angles (Table 3)  an(d three-dimensional anions g% %9 and [ShsS; ]n.4

are in good agreement with those observed in other com-However, the SBSe units seem to be less facile in the

pounds containing tetrahedral ‘&g~ anionst?20.1315 formation of a binary [S[Sg]*~ polymeric anion in the
The [ShSe* ], anionic chains inl are stacked parallel  presence of transition-metal complexes. The$& 1, ions
to each other along tha axis (Figure 2). The SiSe in 1 and2 are rare examples of polymeric selenidoantimonate

containing transition-metal complexes. We note that the

(25) g)sgolrgie;'z 4G_3 20500(kb,)RE.; St H. ABngeZW- Fheg.,,\llntt- Efd- Errl]gl- polymeric [SRSg]# anions prepared in the presence of alkali
, . Isenmann, b.; Zagler, . Naturforscn. . : :
1089 448, 249256, (c) Martin, T. M. Wood. P. T.; Kolis, 3. w.  (@nd alkaline-earth) and organic cations have been known
Inorg. Chem.1994 33, 1587-1588. (d) Smith, D. M.; Park, C.-W.;
Ibers, J. A.lInorg. Chem.1996 35, 6682-6687. (e) Smith, D. M.; (26) Dehnen, S.; Zimmermann, Z. Anorg. Allg. Chem2002 628 2463~
Park, C.-W.; Ibers, J. Ainorg. Chem.1997, 36, 3798-3800. 2469.
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Figure 3. Structure of the [SiBes]*~ anion in3 with labeling. Displace-
ment ellipsoids are shown at the 50% level.

Figure 4. View of intermolecular N-H---Se hydrogen-bonding interac-
tions in3. H atoms of C-H are omitted for clarity.

for a long time, such as [$B& ]n2" [ShiSe&?]n,%®
[SbsSe®1n,2° and [ShSeg*.2>¢ The polymeric selenidoan-
timonate structures are also observed in the multinary
selenidoantimonate compounds, such 3€GShSe;,° Cu,-
SbSe-0.5ent! and CySbhSe-entt

In 3, the anionic dimer [SiBe&]* is formed by an Sb-
Se trigonal pyramid and an SSe tetrahedron sharing a
common corner (Figure 3). The Si$e bond lengths in the
SH"Se; unit range from 2.4951(9) (SbZSeb5) to 2.6627(9)
(Sb2-Se1) A, with Se-Sb—Se angles ranging from 95.27-
(3) to 103.20(3) (Table 3). The SB—Se distances, as well
as the angles, are comparable with those df & trigonal
pyramids in1 and2, respectively. The Sb-Se interatomic
distances ranging from 2.4266(9) to 2.5517(8) A and the Se
Sb—Se angles varying from 105.50(3) to 112.99(@able
3) are in good agreement with those of the’Sé unit in
compoundsl and 2, and again the Sb-Se distances are
shorter than those of the 8b-Se bonds. In the crystal
structure of3, all five terminal Se atoms of the [2Be;]*~
anion are involved in hydrogen bonds to H atoms with six
[Co(dien}]?" cations (Figure 4), with H-Se distances
between 2.49 and 3.03 A and-M:--Se angles between
139.3 and 1782 The intermolecular hydrogen-bonding

Jia et al.

Figure 5. Structure of the [S§Se]*~ anion in4 with labeling. Displace-
ment ellipsoids are shown at the 50% level.

been isolated and characterized so far. The;$&f? 2>
anion is formed by two edge-sharing "SBe; trigonal
pyramids, while the [SiB&]* ° anion is composed of two
corner-sharing ShSe trigonal pyramids. However, the
dimeric [ShSe]* anion, which is built up by a SSe
trigonal pyramid and a SI8eg tetrahedron, has never been
observed before. It is a new species of binary selenidoanti-
monate anions. It is very different from the known,S&;
species in compound [K(2.2.2-cryptangiJn,Se;],?¢ in
which the [SBSe]? anion contains two Sbcenters and is
constructed by two trigonal-pyramidal '$8e; units joined
through two Se-Se bonds forming a six-membered,Sk,
ring.

Because there are no polyselenide units in compounds
1-3, formal bond valence surifsare consistent with an
oxidation state of 3 for three Sb atoms (Sb1, Sb2, and Sb3)
and an oxidation state oft5for one Sb atom (Sbh4) for the
[SkySe]* anion in compound4d and 2 and an oxidation
state of 3+ for one Sb atom and an oxidation state af 5
for another Sb atom for the [8B&]*~ anion in compound
3. Mixed-valent Sh atoms similar to those of the jS&]*~
anion have been observed in the thio analoguagst .8
The selenidoantimonate anions composed of mixed-valent
[Sb"Se]* and [SHSe]® units are rare. Compounds-3
are the only phases synthesized by the solvothermal method
that exhibit such mixed oxidation states of the Sb atoms.

The structure of the anionic dimer [S®]* in 4 is
depicted in Figure 5. It is composed of two'"Ske; trigonal
pyramids sharing a common corner. The Sh1 and Sel atoms
are disordered with occupancies of 50% and 50% for both
Sh/Sh and Se/Se The Sb-Se bond distances spread from
2.4722(8) t0 2.6181(11) A, and the S8b—Se angles range
from 98.34(3) to 104.89(8)Table 3). The Sb Se(terminal)
bond distances [av St5a: 2.4984(8) A] are, as expected,
shorter than those of StSe,(bridging) [av Sb-Se;: 2.6152-
(11) A]. The Sb-Se bond distances and-S8b—Se angles
are in good agreement with those of the literaflie€The
arrangement of théd molecules within the crystal structure
is shown in Figure 6. The [$Be]* anions are stacked in
columns parallel to tha axis. Every four [SESe]*” columns
form a one-dimensional channel in which [Ni(digd)
cations are located. Extensive—Hi---Se hydrogen bonds
are also observed between cations and anions.

contacts lead to a three-dimensional arrangement of cations Compoundd—4 are synthesized under conditions similar

and anions (see Figure S2 in the Supporting Information).
Several dimeric anions of selenidoantimonate(lll) have

(27) Sheldrick, W. S.; Hasler, H.-J.Z. Anorg. Allg. Chem1988 557,
98-104.

(28) Wachhold, M.; Sheldrick, W. . Kristallogr. 1998 213 25-26.

(29) Sheldrick, W. S.; Hasler, H.-J.Z. Anorg. Allg. Chem1988 561,
149-156.
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to those in the dien solvent but have different anionic
structures of [SkBe]*", [ShSe]*", and [SkSe]*". This
implies that the transition-metal complex cations [M(di#H)

(M = Mn, Fe, Co, Ni), which are formed in situ, exhibit
different structure-directing effects on the formation of

(30) Brese, N. E.; O'Keeffe, MActa Crystallogr.1991, B47, 192-197.



Mixed-Valent Selenidoantimonates(lll,V)
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Figure 6. Packing of the molecules @ with a view along thea axis. H §
atoms are omitted for clarity. _g
Y
selenidoantimonates under solvothermal conditions. The size 3
matching and N-H---Se hydrogen bonding with [M(dieg}}*
complexes might play important roles in the formation and
stabilization of the binary selenidoantimonate anions. The
intriguing structure-directing effects of transition-metal com- 15 20 25 30 35 40 45 50
plexes are commonly observed in the solvothermal synthesis Energy (eV)

Qf thioantimonates in amine solutions. Templat_ed by transi— Figure 7. Optical absorption spectra df(a) and2 (b).
tion-metal complexes, a large number of oligomeric or
polymeric [SRS,/]>~ anions have been obtainéd. Conclusion

Optical Properties. The optical absorption spectra of ] ) . ]
compoundsl and 2 show well-defined abrupt absorption In summary, novel binary selenldoanumonat_e anions,
edges from which the band gaps can be estimated: 2.08 eMSS@]*", [Sb:Se]*", and [SbSe]*", have been isolated
for 1 and 2.14 eV fol (Figure 7). The band gaps suggested from the dien solvent in the presence of trgnsmon mgtals by
that compound4 and2 are semiconductors. Both band gaps the solvothermal met'hod. The synthesis and sollq'—state
are larger than those of layered selenidoantimonate(ll) structural studies cS_I—4|nthe paper show that the transition-
compounds GEWShSe; (1.2—1.3 eV)1 Cu,SbSe-0.5en met_al_cor_nplex cations, [M(dieg]ft (M = Mn_, Fe, Co, N|)_,
(1.58 eV)!! and CuySbSe-en (1.61 eV)it exhibit different influences on the formation of selenido-

antimonates under solvothermal conditions. The special

features of the structures of compounds3 are the
coexistence of Sbh and SH within a selenidoantimonate
anion. The three compounds are the first examples of
selenidoantimonates containing mixed-valent Sb atoms.

Thermal Properties. Thermal stabilities of compounds
1—-3 are measured in the 5600 °C range by the TGA
DSC method under afNatmosphere. TGA curves show that
all of the compounds decompose in a single step with mass
losses of 23.5% fot, 23.6% for2, and 32.6% foi3, which

roughly corresponds with the loss of four dien ligands  acknowledgment. We are grateful to the Natural Science
(theoretical values: 24.0% fdk, 24.0% for2, and 33.1%  £ondation of the Education Committee of Jiangsu Province
for 3) (see Figures S3S5 in the Supporting Information).  (Grant 05KJB150110) and the Key Laboratory of Organic

Decomposition is accompanied by strong endothermic peakSSynthesis of Jiangsu Province, Suzhou University, for
at temperatures of 228, 231, and Z&7in the DSC curves  financial support.

for compoundsl—3, respectively. An unknown phase and

crystalline SbSe; (JCPDS No. 15-861) were observed by  Supporting Information Available: X-ray crystallographic files
the XRD pattern in the dark-gray samplelobbtained after ~ in CIF format for 1-4, figures of hydrogen bonding, tables of
heating to 400C (Figure S6 in the Supporting Information). fractional atomic coordinates, TGADSC curves, and powder XRD

In the XRD pattern of the residue of compouBictrystalline patterns. This material is available free of charge via the Internet
CoShSe (JCPDS No. 38-990) can be identified (Figure S7 2t Nttp://pubs.acs.org.

in the Supporting Information). 1C061520J
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