Inorg. Chem. 2007, 46, 6347—6352

Inorganic:Chemistry

* Article

One-Dimensional Indium Sulfides with Transition Metal Complexes of
Polyamines

Jian Zhou, T Guo-Qing Bian,* ' Yong Zhang, ' Qin-Yu Zhu, T Chun-Yin Li, T and Jie Dai* **

Department of Chemistry and Key Laboratory of Organic Synthesis of JiangstinBeo Suzhou
University, Suzhou 215006, People’s Republic of China, and State Key Laboratory of
Coordination Chemistry, Nanjing Ungrsity, Nanjing 210093, People’s Republic of China

Received February 21, 2007

Three new indium sulfides, [Ni(dien);Jos[InS;] (dien = diethylenetriamine) (1), [Ni(dap)slos[InS;] (dap =
1,2-diaminopropane) (2), and [Ni(tepa)]z[InsS7(SH),]-H20 (tepa = tetraethylenepentamine) (3), have been prepared
under solvothermal conditions and characterized by single-crystal X-ray diffraction. Compounds 1 and 2 consist of
discrete 1-D {[InS;]"} « chains with complex cations as charge-compensating ions, while compound 3 consists of
a novel 1-D anionic chain constructed from arachno-shaped InsSy; clusters. The sulfide chain of 3 coordinates into
the complex cations via the nonterminal S atoms of the polymeric anion, forming a covalently linked organic—
inorganic hybrid compound.

Introduction [IN16520 %% (T2),* [INeS1(Se)uASH)F~ (P).® and [LislnzsSag) e
) ) (P,).*2 These clusters can be assembled int882D open-

~ Mild hydro- or solvothermal techniques have been used grameworks by inorganic bridges, such as transition metal
increasingly for the preparation of new chalcogenometalatesjong or the 8- anion. The reported organic amines used for
containing the main group elements, such as Group 13 (Ga,ihe solyothermal synthesis were usually nonchelating amines,
In), Group 14 (Ge, Sn), and Group15 (As, Sb).In the which were protonated and fuffill the charge-balancing role,
case of indium sulfide, some compounds have been synthech as Cgin;eSaar (H20)so(CroHasNa)2s7 (CusinaeSss)-
sized using organic amines as templating agents or Str“CtUre(Cl3H26N2H2)6,5,8 and UCR-8MInS-DBA (M= Fe, Co, Zn,
directing agents under solvothermal conditiérighe struc- Cd: DBA = di-n-butylamine)? However, there have been
tures of these compounds are generally based on the InSgjatively few reports of the main group 13 (Ga, In) sulfide
tetrahedra or their polytetrahedral clusters as structural hetwork in the presence of strongly chelating amifekhe
building units. The polytetrahedral clusters mainly include jntroduction of the chelating amine into main group chal-
the supertetrahedral clustef&) and the pentasupertetrahe- cogenometalates with transition metals usually leads to
dral clusters B,), as exemplified by [I§5®" (T2),° formation of [M(amine)]™ complex cations, which has been
well documented for some chalcogenometaldtehe
suda, gd\lgvz?ln(h (I:Dogrebsigzgggscﬁdghe%uddcnb?ee%jgeised‘ E-mail: daijie@ complex cations can act as a new kind of structure-directing

* Suzhou University. B B agent with relatively rigid space, and the structure and the

*Nanjing University. band gap of the materials are correlated to these cations.
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Table 1. Crystal Data and Summary of X-ray Data Collection

Zhou et al.

1 2 3
empirical formula GHze“’]zNeNiS4 C18H60|n4N12Ni2$8 C16H52|I"I4N10Ni2089
fw 622.94 1277.96 1265.88
cryst color light purple light purple lightpurple
cryst dimensions (m#A) 0.36x 0.20x 0.15 0.48x 0.20x 0.06 0.17x 0.15x 0.13
cryst syst monoclinic orthorhombic monoclinic
space group C2lc Cmcm Ra/c
a(h) 8.9684(10) 9.525(2) 9.9738(11)
b (A) 17.0237(18) 16.531(5) 20.749(2)
c(A) 13.1317(15) 13.245(3) 19.403(2)
p (deg) 101.815(2) 90 103.651(3)
V (A3) 1962.4(4) 2085.4(9) 3902.0(7)
z 4 2 4
T (K) 193(2) 193(2) 173(2)
calcd density (Mg m3) 2.108 2.035 3.782
abs coeff (mm?) 3.706 3.491 2.148
F(000) 1224 1264 2472
26(max) (deg) 50.68 50.70 50.70
reflns collected 9495 9946 37713
unique reflns 1799 1061 7121
params 98 84 380
R1[l > 20(1)] 0.0262 0.0403 0.0703
wR?2 (all data) 0.0739 0.1142 0.1364
GOF onF? 1.057 1.184 1.181

Some of them are chiral complexes, which can transfer the 15.41; H, 4.17; N, 13.48%. IR (cm): v 3419 (vs), 3318 (s), 3280
chirallity into the polymeric framework’¥.However, to our  (s), 3233 (s), 2925 (m), 2871 (m), 1636 (m), 1574 (vs), 1443 (m),
knowledge, until now there is no report about a [M(amyjie) 1389 (m), 1288 (s), 1250 (s), 1196 (s), 1134 (w), 1088 (vs), 1057
complex being incorporated into indium sulfide framework (8), 1011 (s), 964 (m), 887 (w), 787 (w), 571 (m), 517 ().
or even as counterions, although some indium tellurides have [Ni(dap)slodInS2] (2). The purple crystals o2 were prepared
been reported® We now report three 1-D indium sulfides by a method similar to that used in the synthesis of the crystals of
prepared under solvothermal conditions in the presence ofl €xcept that dien was replaced by dap (47% yield based on In).
Strongly chelating amines, [Nl(dleﬂas['nSz] (1) (dien — Anal. Found: C, 16.78; H, 4.88; N, 13.29%. Calcd: C, 16.90; H,
diaminopropane), and [Ni(tepaDhS{(SHy]-H0 (3) (fepa () 2963 (5), 2932 (s), 2871 (m), 1736 (vs), 1574 (m), 1458 (5),
= tetraethylene éntamine) Compouditias a novel struc- 1389 (w), 1335 (vw), 1250 (m), 1165 (5), 1018 (vS), 933 (), 833
racthylenep - ~omp \ (vs), 740 (W), 656 (s), 501 (m), 447 (m).
ture in which the complex cations are coordinated by the

i . . . [Ni(tepa)]2[In 4S7(SH);]-H20 (3). The purple crystals a3 were
non-terminal S atoms of the polymeric anion. prepared by a method similar to that used in the synthesis of the

crystals ofl, except that dien was replaced by tepa (25% yield
based on In). Anal. Found: C, 15.37; H, 4.28; N, 11.26%. Calcd:
General Remarks.All analytical grade chemicals were obtained C, 15.16; H, 4.29; N, 11.05%. IR (cth): v 3394 (vs), 3309 (vs),
commercially and used without further purification. Elemental 3243 (vs), 3190 (s), 2914 (m), 2874 (m), 1578 (vs), 1466 (vs),
analysis was conducted with an EA 1110 elemental analyzer, and1393 (m), 1295 (s), 1249 (s), 1196 (s), 1130 (w), 1064 (m), 1018
quantitative microprobe analyses were performed on a JSM-5600LV (w), 979 (vs), 795 (m), 669 (m), 604 (s), 571 (s).
scanning electron microscope (SEM). FT-IR spectra were recorded  Crystal Structure Determination. Data collections were per-
with a Nicolet Magna-IR 550 spectrometer in dry KBr disks inthe  {5rmed on a Rigaku Mercury CCD diffractometer using-acan
4000-400 cn1?! range. UV-vis spectra were measured with @  method with graphite-monochromated Moo Kradiation ¢ =
Shimadzu UV-3150 spectrometer at room temperature. Thg absorp 071073 nm) at 193(2) or 173(2) K to a maximufh\&lue. The
tion (a/S) data were calculated from the reflectance using the jhensities were corrected for Lorentz and polarization effects. The

Kubelka—Munk function,o/S = (1 — R)#2R** Thermal analysis  g;ctures were solved with direct methods using the SHELXS-97
was conducted on a SDT 2960 TGA-DCS microanalyzer. The programi and the refinement was performed agaiRétusing

samples were heated under a nitrogen stream of 100 mL/min with SHELXL-9715 All non-hydrogen atoms were refined anisotropi-
a heating rate of 8C /min. The XPS spectra were collected on an
AEI (Kratos) ES 200 B X-ray photoelectron spectrometer with a
base pressure of abottl0-8 Torr.

Synthesis of Compounds. [Ni(dier)o InS;] (1). Single crys-
tals of the complex suitable for X-ray crystallographic analysis were
obtained by solvothermal reaction,8 (0.0651 g, 0.2 mmol), Ni

(0.0117 g, 0.2 mmol), §0.0154 g, 0.06 mmol), and dien (2 mL) 12 Iﬁg?g_’ (J:'r;]eiiqa_lzndog_zl%;12?12—\]1';5.5;&‘”9' Y Tang, A-B.; Zhu, Q-Y.
and HO (0.5 mL) were placed in a thick Pyrex tubeZ0 cm (13) Wendlandt, W. W.; Hecht, H. QReflectance Spectroscapiyter-

long). The sealed tube was heated at 167or 6 d toyield light- science Publishers: New York966
purple block-shaped crystals. The crystals were washed with ethanol(14) Sheldrick, G. MSHELXS-97Program for Crystal StructureDeter-

. . . minatiory University of Gdtingen: Gitingen, Germany 1997.
and diethyl ether, dried, and stored under vacuum (31% yield based(15) sheldrick, G. MSHELXL-97 Program for the Refinement of Crystal

on In). Anal. Found: C, 15.59; H, 4.39; N, 13.46%. Calcd: C, Structures University of Gdtingen: Gadtingen, Germany 1997.

Experimental Section

cally. The hydrogen atoms were positioned with idealized geometry

and refined with fixed isotropic displacement parameters. Relevant
crystal and collection data parameters and refinement results can
be found in Table 1. Additional details of crystal data in CIF format
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One-Dimensional Indium Sulfides

Table 2. Selected Bond Lengths (&) and Angles (deg) foand 22 inorganic hybrid indium sulfides reported to date were
1 2 prepared overwhelmingly in nonchelating amifesiéwhile
Ni—N 2.075(3)—2.169(3) 2.103(7)-2.156(7) compoundsl and2 consist of metal complexes as counte-
In-S 2.4677(9)-2.4728(9) 2.455(2)-2.4779(18) rions of 1-D{[InS;] }. chains.
Inl—Inla 3.2668(5) .
In1—Inib 3.2796(10) Structure of [Ni(tepa)]2[In 4S/(SH)z]-H20 (3). Compound
. . 3 crystallizes in the monoclinic space grolg2:/c. An
“_“:_“Eg‘;&s) 1%%%03((1122);13222221(33 1%122;?;"31}3‘?3) ORTEP view of the structure is shown in Figure 4. Bond
S=In—S 95.11(3)-118.44(3) 94.68(7)-116.91(3) valence sums are in agreement with the presence of a Ni(ll)
a Symmetry transformations used to generate equivalent atoms: +a or Ni(lll) ion in the [Ni(tepa)l"" complex anion. The XPS
1,-y+1,-z+Lb—x+1-y —z+1 analysis of3 showed a main signal of the Ni 2ppeak at

854.4 eV with a satellite peak at 860.4 eV (Figure SI-1).

These characters doubtlessly indicate to Ni{iThe UvV—

vis spectrum of3 is in agreement with those dfand2 in

d—d transition, which further confirms the assignment. The

remaining two negative charges must be compensated by

two additional hydrogen atoms that should be attached to

the terminal S atoms, S(6) and S(9). Th&H group has

also been reported in the other indium sulfides, such as

[(C3H7)2NH2]3IneS1iH™ P and [INsS;5(Ss)12(SH)][IN4Ss (Sa) /-

(SH)](TMDPH,)s.6 Each N?* ion in the [Ni(tepa)}" units

has a heavily distorted octahedral geometry composed of five

_ i of the oalvmer o - N atoms from one tepa ligand and one S atom from the

E;I)%llj;ﬁe:tilral(?/)ie:\LNDofctt?énp?)l;mirFi]é)grr:i]gg,cs[#ﬁinagmt?\l Itre]dlggt]sha.ri(ng; InS polymerig[IN4SeH, 47_}” anion. The N+S bond _dIStanceS
tetrahedra. are 2.531(3) A for Ni+S3 and 2.660(3) A for Ni2S1. In

the polymeric anion, four InSetrahedra (In1, In2A, In3A,
can be found in the Supporting Inf.ormat.ion. Selected bond lengths 5,4 In4A, see Figures 4 and 5) are interconnected by corner
and angles for compount-3 are listed in Tables 2 and 3. sharing of vertex sulfur atoms to generate a substructure of
Results and Discussion arachno-shaped 4§, clusters. The clusters are further linked
via the edge-sharing mode (S§34) to form an infinite chain
{[InsS]*"}. parallel to thec-axis (Figure 5). The In'S bond
lengths ranging from 2.404(3) to 2.506(3)A are consistent
with those reported material®The edge sharing of two InS
compounds consist of discrete 1{PnS;] }. chains (Figure tetrahedra gives am Indin2 contact of 3.3687(10) A, Wthh
1) with charge-compensating [Ni(dield" or [Ni(dap)]2* is Iongerthap those in compountisind2. The [N|(tep§)}
cations (Figure 2). The polymeric anion structures consist COMPIex cations are regularly appended to the chain by the
of InS, tetrahedra sharing opposite edges. The short metal N—S—Ni bridges, just like grapes connected in grapevine
metal distances within the Iainits, along the([INS;] }« of the anion. \_/lewed dpwn tr_IeaX|s,_the [Ni(tepaf}" cations _
chain, are 3.2669(5) A fat and 3.2807(11) A foR and are are arranged in four orientations (Figure 6), and no symmetric
consistent with those in other indium sulfidésThe In(I1) or helical axis was found. In addition, although the complex
atom is coordinated to four S atoms in the distance range ofcations [Ni(tepaj}* are chiral, the overall structure of the
2.4677(9%-2.4728(9) A, forming a slightly distorted 1InS ~ compound is achiral, because these chains are aligned in an
tetrahedron with SIn—S angles ranging from 95.11(3) to  antiparallel fashion, leading to the formation of inversion

Description of the Structures. Structures of [Ni(dien}]os
[InS;] (1) and [Ni(dap)s]odINS2] (2). CompoundL crystal-
lizes in the monoclinic space gro2/c, and compoun&
crystallizes in the orthorhombic space groGmcm Both

119.18(3y. centers in the crystal.
The cations and anions in the crystal bfare arranged The [Ni(tepa)}" complex cations ir8 are linked into the
and stabilized by numerous weak—M:--S hydrogen indium sulfide framework. Solvothermal reactions involving

bonds}’ between N atoms of the coordinated dien ligands transition metals in the presence of strongly chelating amines
and S atoms of the polymeric anion, with distances varying ysually result in an isolated anionic framework with

from 3.497(3) to 3.630(3) A. The complexes generate, by [M(amine)]™ complex cations as counterions, and there are
N—H---S hydrogen bonding, a 3-D H-bonding network onjy a few main group chalcogenometalates in which the

structure with channels parallel to teeaxis (Figure 3), in  transition metal amine complexes are incorporated into the
which the{[InS;]"} « chains are developed and the line of

the In atoms exhibits a slight S-wave shape. The organic (18) Li, H. L; Kim, J.: O'Keeffe, M. Yaghi, O. MAngew. Cherpnt.
Ed. 2003 42, 1819-1821.

(16) (a) Vaqueiro, PJ. Solid State Chen2006 179, 302—307. (b) Cahill, (19) (a) Siriwardane, R. V.; Gardner, T.; Poston, J. A., Jr.; Fisher, E. P.
C. L.; Gugliotta, B.; Parise, J. EEhem. Commuril998 1715-1716. Ind. Eng. Chem. Re00Q 39, 1106-1110. (b) Fu, D.-W.; Song,
(17) (a) Vaqueiro, P.; Chippindale, A. M.; Powell, A. Vhorg. Chem. Y.-M.; Wang, G.-X.; Ye, Q.; Xiong, R.-G.; Akutagawa, T.; Nakamura,
2004 43, 7963-7965. (b) Powell, A. V.; Lees, R.J. E.; Chippindale, T.; Chan, P. W. H.; Huang, S. D. Am. Chem. So2007, 129, 5346~
A. M. Inorg. Chem 2006 45, 4261-4267. 5347.
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Figure 2. Structures of the transition metal complex cationd ifa) and2 (b) with the labeling scheme. Hydrogen atoms have been omitted for clarity.

Table 3. Selected Bond Lengths (A) and Angles (deg) Sor

Nil—N 2.081(9)-2.132(9) Ni2-N 2.074(10%-2.130(9)
Ni1—S3 2.531(3) Ni2-S1 2.660(3)

In1—In2 3.3686(10) In-S 2.405(3y-2.507(3)
N—Nil—N(cis) 82.7(4)-98.3(4) N=-Ni2—N(cis) 80.7(4)-97.8(4)
N—Nil—N(trans) 177.5(4y177.6(3) N-Ni2—N(trans) 161.6(4)174.8(4)
N—Nil—S(cis) 86.8(3)95.4(2) N=-Ni2—S(cis) 87.7(2)-98.0(3)
N—Nil—S(trans) 173.1(3) NNi2—S(trans) 167.1(3)

S—-In—S 94.30(8)-120.57(9)

anionic structuré?2%21To prevent the formation of a sulfide ~ GeS, K,Sn$-2H,0, TL,SnS, BaSn$g, and SrSng sum-
with discrete complex cations, tetra- or pentadentate chelatingmarized by W. S. Sheldrick? A 1-D polymeric [ShSq]*~
amines®12or lanthanide iord have been used to form a  anion with sinusoidal shap&is constructed from the S8,
complex cation with an unsaturated coordination sphere, tetrahedra and 3ts; pyramids sharing corners. Therefore,
which was able to be further coordinated by the anion. compoundis a novel 1-D polymer of sulfide built by edge-
Compound3 in this work is the first example of the and corner-sharing InStetrahedra combined with a
incorporation of a [M(aming)"* complex into a polymeric ~ [M(amine)]™" complex.

indium sulfide anion, which is another example using this  Synthesis and CharacterizationThese new 1-D indium

successful strategy. sulfides were conveniently isolated from apSgiNi/S/amine/
The coordination of the non-terminal S atoms of polymeric H,O synthetic system under mild solvothermal conditions.
anion coordinating to metal centers in compouBdis Single crystals of the compounds suitable for X-ray crystal-

unfamiliar. While the reported main group chalcogenido- lographic analysis were successfully obtained in the amine
metalates with connected complex anions are generally bound
to transition-metal ions by a terminal S até##%?*The only (23) Sgﬂ%fé;a ]’:"22‘;'%_54 4%§.E°ke”v H.; Bensch, Wngew. Chem., Int.
exception that has been observed is Mn8a)S,,'° in which
[Mn(en)]?" complexes are joined by two bridging S atoms
from two different{[GaS] } « chains.
The topology of this framework is significantly different
from other 1-D main group chalcogenometalate chains
containing Mg (M = Ga, Ge, Sn, Sh, and In) tetrahedra
(this work 1 and2). For example, repeated edge-sharing of
GaSs tetrahedra leads to the 1-D [GAShains observed in
[M(en)]odGas] (M = Mn, Co, Ni)l° Repeated corner-
sharing tetrahedral [Sp8~ anions result in the infinite 1-D
[SnS]? chains that have been found in structures of-Na

(20) (a) Behrens, M.; Scherb, S.;'thar, C.; Bensch, WZ. Anorg. Allg.
Chem.2003 629, 1367-1373. (b) Schaefer, M.; Stéer, R.; Kiebach,
W.-R.; N&her, C.; Bensch, W. ZAnorg. Allg. Chem2004 630,
1816-1822. (c) Staler, R.; Bensch, WEur. J. Inorg. Chem2001,
3073-3078. (d) Schaefer, M.; Kurowski, D.; Pfitzner, A.; Nalther,
C.; Rejai, Z.; Mdler, K.; Ziegler, N.; Bensch, Winorg. Chem 2006
45, 3726-3731. (e) Schaefer, M.; Nizer, C.; Bensch, WSolid State
Sci.2003 5, 1135-1139.
(21) (a) Jia, D. X.; Zhu, Q. Y.; Dai, J.; Lu, W.; Guo, W. lhorg. Chem
2005 44, 819-821. (b) Jia, D. X.; Zhao, Q. X.; Zhang, Y.; Dai, J.;
Zhou, J.Inorg. Chem 2005 44, 8861-8867.
(22) Fu, M.-L.; Guo, G.-C.; Cai, L.-Z.; Zhang, Z.-J.; Huang, Jh&rg. Figure 3. 3-D H—bonding network structure with channels along [001]
Chem.2005 44, 184-186. in 1. Hydrogen atoms of €EH are omitted for clarity.
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Figure 4. Structure of3 with labeling scheme. Symmetry code: xA3/2
-y, 1/2 + z. Hydrogen atoms are omitted for clarity.

Figure 7. Solid-state optical absorption spectra of compouhdsd 2
(a) and3 (b).

The solubility of the compounds is very low, so that they
are insoluble in ordinary solvents including DMF. Solid-
state UV-vis absorption spectra of the indium sulfides are
depicted in Figure 7, which were calculated from the data
of diffuse reflectance. The strong absorptions at 4.29 (289

Figure 5. (a) 1-D chains of the polymeric anion B Complex cations nm) and 4.61 eV (269 nm) fot and 4.28 (290 nm) and
are omitted for clarity. (b) Polyhedral view of polymeric anion 3n 4.72 eV (263 nm) for2 are assigned to the electronic
Hydrogen atoms are omitted for clarity. excitations located at the polymeric anions. Whilejrthe
strong absorption at about 4.0 eV (310 nm) shows a red shift
compared to the corresponding values for compouraisd
2. This phenomenon might result from the different structures
of the anions. The excitation band gaBods) for 3 is
estimated to be about 3.28 eV (378 nm) and was obtained
by extrapolation of the linear portion of the absorption edge.
The result was close to the value of 8i3(Ss)1/2(SH)]
[IN4S6(S3)12(SH)(TMDPH,)s (3.1 eV)8 which exhibits prop-
erties of semiconductor. A very weak-d transition appears
at about 2.2 eV for all these compounds.

Figure 6. View down the c-axis of 3 showing the complex cations XRD spectra of compound]sandS are. shown in Figure
appended in the four orientations. SI-2. The results of the thermal behavior of compoutds

aqueous mixed solvent, which is very promising for the and 3 are shown in Figure SI-3. Compouridioses dien

crystal growth of the indium sulfide reported here. However, ligands in one step. with a mass loss Of.33'_61% (calcd
in the pure amine solvents the growth of crystals failed, so 31:06%), accompanied by one endothermic signal on the
the water plays a very important role in the crystallization. PSC curve with peak temperaturg,(= 342.72°C). The

In general, the amines, especially the polyamines, have highettepa ligand of3 decomposes with a mass loss of 29.62%
boiling temperature, which is disadvantageous for the sol- (calcd 30.02%), accompanied by an endothermic peak at
vothermal synthesis of indium sulfides. The mix of water 337.19°C (T,) in the DSC curve. The mass loss of 1.83%
into the amines enables us to carry out the reaction at a propert low temperature is attributed to the loss of the cocrystal-
temperature and pressure. lized H,O molecule (calcd 1.42%).
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Conclusion group chalcogenometalates are based on simple][M&r

e
Three interesting indium sulfides constitute the first [MS]"™" units.

example of 1-D chains with metal complexes as counterions. Acknowledgment. This work was supported by the
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have been coordinated into the [Ni(tegajfomplex cations, 1o Suzhou University for financial support.

forming a covalent linked organidnorganic hybrid com-

pound. The second is that it is unfamiliar for the non-terminal ~ Supporting Information Available: Crystallographic data of

S atoms of sulfide anion, which coordinates to the metal 1—3 in CIF format, XPS spectra, XRD spectra, and TG-DSC
center of the complex cation. The third is the arachno-shapedCU"ves. This material is available free of charge via the Internet at
InsS: cluster, which appears as building block here, appears NtP://pubs.acs.org.

to be unique because the most of 1-D structures of the mainiC070334Q
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