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ABSTRACT: A novel thioantimonate(III), namely, [Ni-
(phen);],Sb;sS,5 (1; phen = 1,10-phenanthroline), has
been solvothermally synthesized. Its structure features a
three-dimensional framework with the largest channels in
thioantimonates. The chiral [Ni(phen),;]** cations and the
Sb:S ratio (1:1.611) in 1 are unique among those in the
reported thioantimonates. The thermal stability, optical
properties, and electric conductivity as well as the
theoretical band structure and density of state of 1 have

also been studied.
Metal chalcogenides have attracted much attention in
recent years owing to their potential apphcatlons in
areas such as fast-ion conductmty, ion exchange, and tunable
electronic and optical properties.” The research on
thioantimonates(III) has been very fruitful in the past 2
decades because the stereochemical effect of the lone pair of
electrons® and the wide range of coordination numbers of Sb™
from 3 to 6 can lead to large structural and compositional
diversities of thloantlmonates(III) Despite many
thioantimonates(III) reported, ™ relatively little progress has
been made on the preparation of the three-dimensional (3D)
framework thioantimonates(I1I) When taking no account of the
weaker secondary Sb—S interactions.” Thus far, only a few 3D
thioantimonates have been reported, including K,Sb,S,,”
[Ni(aepa),]Sb,S,,” [M(en) 1[Sb;,S1] (M = Co, Ni),”*¢
[cyclamH,][Sb,S,],”¢ [Ni(cyclam)][Sb,S,],”® and [Co-
(cyclam)]x[cyclamHz]1_x[Sb4S7] (0.08 < x <0.74).¢
On the other hand, usually 3D framework chalcogenides are
constructed in the presence of organic amines or metal
complexes as templates or structure-directing agents. It has
been reported that metal (M)-phen/bpy (bpy = 2,2"-
bipyridine) complexes are optically active species, and
integration of such optically active species into the chalcogenide
structures can improve the absorption band structure of the
materials.” Some chalcogenides templated by M-phen/bpy
complexes have been isolated.*” However, thus far, there is no
report on ultilization of the M-phen complex as templates in
the synthesis of chalcoantimonate(III). Only several inorganic—
organic hybrid manganese thioantimonate compounds were
synthesized, in which the phen directly enters the thioantim-
onate moiety by chelation to the Mn" ion."® Here we report on
the synthesis, crystal structure, and characterization of [Ni-
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(phen);],SbysS,9 (1), which represents the first polar 3D
thioantimonate with the largest channels filled with two distinct
arrays of [M(phen);]*" complexes. Significantly, the first
utilization of [M(phen);]** as templates and the Sb:S ratio
(1:1.611) of 1 are unique among those in the reported
thioantimonates.

Compound 1 was obtained from a mixture of Ni-
(CH;C00),4H,0, Sb,S;, S, and phen-H,0 in a molar ratio
of 1:1:3:1, 3 mL of ethanolamine, and 1 mL of H,O, which was
sealed in a stainless steel reactor with a 20-mL Teflon liner and
kept at 170 °C for 7 days. The product consisted of red clubbed
crystals of 1 and a small amount of black powder. During
synthesis, the templating cation was formed in situ.

Single-crystal X-ray crystallography reveals that 1 belongs to
the polar space group P2,.'' Its structure features a 3D
framework with two-dimensional channels filled with the chiral
[Ni(phen);]** cations. In the asymmetric unit of 1, there are 18
crystallographically independent Sb atoms, 29 S atoms, and 2
[Ni(phen),]** complexes. Except for Sb1 and Sb2, the other 16
Sb atoms all are coordinated to 3 S atoms to form SbS;
trigonal-pyramidal geometries, with the Sb—S distances ranging
from 2.336(3) to 2.539(2) A. Whereas both Sbl and Sb2 are
four-coordinated, with two short [2.423(2)—2.478(2) A] and
two long [2.616(2)—2.868(2) A] Sb—S bonds, similar to those
1n6 ghe {Sb,S,} rings of the previously reported compound-
s.

As shown in Figure 1a, the Sb(9—16)S; trigonal pyramids are
interconnected by sharing of the corners to form a {SbgS} ring
(R1), whereas another similar {SbgS,} ring (R2) consisting of
Sb9, Sb(11—13), Sb(15—18), and eight S atoms is also
observed that shares three SbS; units with R1. The alternating
arrangements of the two types of {SbgSg} rings result in a one-
dimensional (1D) ribbon ([Sb;(S;5],%"") along the a axis
(Figure 1a). The Sb1S, and Sb2S, units share one edge (S4 and
S6), forming a trans-[Sb,S¢] dimer (Figure 1b). Interconnec-
tions of 1D ribbons of [Sb;oS;s],*"~ by the tetradentate
bridging [Sb,S,] dimers along the ¢ axis lead to a [Sby,S,,],"
layer along the ac plane by sharing four S atoms (S2, S3, S7,
and S10; Figure 1c). The new eight-membered {SbgSs} rings
(R3) are observed in the layer because of the [Sb,Ss] dimers
bridging 1D ribbons. In addition, two [Sb;S4]*” semicubes
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Figure 1. (a) 1D ribbon of [Sb;(S;5],"". (b) trans-[Sb,Ss] dimer. (c)
[Sb13S]),*" layer. (d) [SbeS;;] unit. (e) 3D framework of 1 viewed
along the a axis. (f) [Ni(phen);]** cations in the channel.

constructed of three SbS; trigonal pyramids (Sb(3—5)S; and
Sb(6—8)S;, respectively) are connected into a [SbyS;;] unit by
sharing the S29 atom (Figure 1d). Then the [Sb¢S;;] units
acting as linkers further cross-link the [Sb,,S,0],"~ layers into a
3D [SbygSy],*"” anionic network (Figure le).

Viewed along the g axis, the 3D anionic network reveals large
1D channels consisting of 48-membered ring {Sb,,S,,} (Figure
S1 in the Supporting Information, SI) with dimensions of
approximately 18 X 8.5 A (Figure le). To the best of our
knowledge, such 1D channels are the largest in the known 3D
thioantimonates. The channels are occupied by two distinct
arrays of [Ni(phen);]*" cationic complexes. It is worth noting
that there is only one reported example of an open-framework
chalcogenide featuring the [Cd;,S;,(SC¢Hs)ss],”"” anionic
network that is templated by M-phen complexes ([Fe-
(phen);]** and [Ru(phen);]**).* The two crystallographically
distinct [Ni(phen);]** complexes represent A(Nil) and
A(Ni2) configurations (Figure 1f), respectively, which are
similar to those in [Co(en);][Sb,,S,9]” and [M(dap);]InSb,S,
(M = Co, Ni)."*> Moreover, another type of channel (15.6 X 9.5
A) with a narrow waist is found along the ¢ axis (Figure S2 in
the SI). From the topological point of view, the 3D network of
1 is pcu (4'2-6) topology built upon a six-connected net
(Figure S4 in the SI). Furthermore, the [Ni(phen),]**
complexes form weak C—H:-S hydrogen bonds with the S
atoms of the 3D anionic network (Figure S3 in the SI).

The optical absorption spectrum (Figure 2) of compound 1
indicates a sharp absorption edge at about 2.16 eV, which is
consistent with its red color. There is a noticeable red shift of
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Figure 2. Solid-state optical absorption spectrum of 1.

the absorption edge of 1 compared with that in the known low-
dimensional thioantimonates containing metal complexes, such
as [Ni(dap),]Sb,S, (2.44 eV),® [Ni(en),]Sb,S, (2.49 V),
and [Ni(en);]Sb,S, (2.62 eV).éf

To further investigate the electronic structure of 1, the band
structure and density of state (DOS) calculations for 1 have
been studied. The methodology used for the band structure
calculations is described in the SI. Compound 1 has a direct
band gap of around 1.12 eV, which is significantly smaller than
the experimental value (2.16 eV). As is well-known, the
generalized gradient approximation does not accurately
describe the eigenvalues of the electronic states, which often
causes quantitative underestimation of the band gaps for
semiconductors and insulators."* In the DOS curve (Figure SS
in the SI), the conduction bands in the energy range of 0—1.5
eV above the Fermi level (the Fermi level is set at 0.0 eV) are
mainly contributed by Ni 3d, C 2p, and N 2p states, and the
states (1.5—4.5 eV) are dominated by Sb Sp, S 3p, C 2p, and N
2p, while the valence bands from —1.5 eV to the Fermi level are
derived from Sb Sp and S 3p. Therefore, the band gap of
compound 1 is primarily the result of the charge-transfer
transition from the anion [Sb;S,]*” to the cation [Ni-
(phen);]**. This is similar to that previously reported for
sulfides containing transition-metal-phen (or bipy) complex-
es,%¥ but it is quite different from the observation that the
optical band gap of antimony sulfides depends more on the
density of the anionic framework (measured by the number of
Sb metal atoms per 1000 A).5* To further understand the origin
of the optical band gap, we also did theoretical band structure
and DOS calculations of [Ni(dien),]SbeS,,* for comparison,
which possesses a framework density and a band gap similar to
those of 1. The results (Figures S7 and S8 in the SI) show that
the band gap of [Ni(dien),]SbeS;, mainly depends on the
states of the atoms in the anionic framework, while C, N, and H
contribute little, in contrast to that in the title compound.
Clearly, M-phen in 1 as an optically active species can tune the
optical absorption of the material.

The room-temperature resistance for 1 is 39.36 kQ (Figure
3). When the dimensions are taken into account, the electrical
conductivity is 2.9 X 107> S-em™.

Simultaneous thermogravimetric analysis (TGA—DSC;
Figure S10 in the SI) from 30 to 460 °C on the powder
(7.669 mg) of compound 1 indicated that it was stable up to
280 °C and then decomposed in one step with a total weight
loss of 23.69%, which was mostly attributed to the removal of
six phen molecules per formula (theoretical weight loss of
25.03%). Interestingly, when 1 was heated up to 850 °C,
hexagonal NiSb, which is a potential Li-ion battery anode
material and is technologically important in secondary high-

dx.doi.org/10.1021/ic202246q | Inorg. Chem. 2012, 51, 3926—3928



Inorganic Chemistry

Communication

R = 39.36 KQ
o =028 m’

10 20

1(pA)

30

-1.0 4

Figure 3. Room-temperature conductivity for 1.

temperature batteries,'* could be identified in the powder X-ray
diffraction pattern of the residues (Figure S12 in the SI).

In summary, we have presented solvothermal synthesis,
crystal structure, thermal stability, optical and electric
conductivity, and theoretical calculations of a polar 3D
(neglecting secondary Sb—S interactions) thioantimonate 1
with the largest channels, a unique Sb:S ratio (1:1.611), and
metal-phen-templating cations. The results of the calculations
indicate that the band gap of compound 1 is likely determined
by the conduction band edge of cations and the valence band
edge of anions. Further studies will focus on the synthesis and
structure—property relationship of 3D chalcoantimonates
templated by various M-phen (or bipy, M = transition-metal
ions) .
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