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A polar indium thioantimonate, namely [Ni(en)3][InSbS,] (1)
(en = ethylenediamine), has been synthesized under solvo-
thermal conditions. Its structure features a left-handed heli-
cal anionic chain of [InSbS,],?"" moieties built upon trinu-
clear heterometallic clusters of {In,SbSg} as secondary build-
ing units. The [Ni(en);]?* cations, acting as structure directors

and charge balancing agents, are located among the chains
and form extensive N-H--S and C-H--S hydrogen bonds
with the S atoms of the anionic chains. The thermal stability,
optical and ferroelectric properties, as well as theoretical
band structure and density of states (DOS) have been
studied.

Introduction

Crystallographically non-centrosymmetric (NCS) com-
pounds can exhibit interesting physical properties such as
ferroelectricity, piezoelectricity, pyroelectricity, and second-
order nonlinear optical (NLO) activity and can further have
potential applications in the fields of electronic and op-
tics.[''?) The rational design and preparation of NCS com-
pounds are challenging because most compounds show a
tendency to crystallize in a centrosymmetric space group.
An effective strategy for inducing the NCS compound is
to introduce non-centrosymmetrical or chiral building units
into the structure. Such units include distorted polyhedra
with a d° transition-metal cation center, non-centrosymmet-
ric polyhedra adopted by the main group cations with ste-
reochemically active lone-pair electrons (such as Se**, Te**,
As?*, Sb3*), chiral organic molecules, chiral metal com-
plexes, amongst others.># Further, NCS compounds com-
bining two kinds of non-centrosymmetrical structural
building units have been reported. For example, the combi-
nation of a d° transition-metal cation and a main group
cation possessing stereochemically active lone-pair electrons
in one structure has resulted in some NCS oxides with ex-
cellent NLO properties.[]

NCS chalcogenide materials have promising applications
in the fields of NLO in the IR region and information stor-
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age.[®! The M3* cations of group 15 (M = As, Sb) tend to
form non-centrosymmetric coordination polyhedra with
chalcogenide ligands.”? NCS chalcogenides based on such
non-centrosymmetric structural building units have been re-
alized, some of which exhibit strong nonlinear optical re-
sponses.[®l On the other hand, studies indicate that chiral
metal complexes not only have unique spatial configura-
tion, various charges, different flexibilities, and hydrogen-
bonding sites, but can also induce a chiral environment for
the host framework.®'9 Therefore, in search of novel or-
ganic-containing NCS thiometalates, our approach is to in-
tegrate non-centrosymmetric coordination polyhedra of
Sb3* or As** with metal tetrahedra (M = Ge, Ga, In, Hg,
Sn, etc.) to form novel secondary building units (SBUs) in
one structure in the presence of various [M(amine),,]"* (M
= transition metal) cations or organic amines.''"!3! Such
an approach has resulted in various thioantimonates with
diverse architectures, and some of them are non-centrosym-
metric or even chiral structures. Nevertheless, there is little
progress on the preparation of chalcoarsenates and chal-
coantimonates combining the In** ion.!!*!7 In particular,
no polar indium thioantimonate has been isolated to date.
Herein, we report the first polar indium thioantimonate,
namely [Ni(en)s][InSbS,] (1) (en = ethylenediamine), with
trinuclear heterometallic clusters of {In,SbSg} as secondary
building units (SBU) and chiral [Ni(en);]>* cations as the
charge balancing agents.

Results and Discussion
Crystal Structure

Compound 1 was prepared from a mixture of In, Sb, S,
and NiCl,*6H,0 in ethylenediamine, which was sealed in a
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stainless steel reactor with a 28-mL Teflon liner, heated at
190 °C for 7 d. The product consisted of purple clubbed
crystals of 1 and a small amount of unknown yellow pow-
der. During the synthesis, the [Ni(en);]** cation was formed
in situ, which has been found in the syntheses of many thio-
metalates.'®! Single-crystal X-ray crystallography'”! reveals
that 1 belongs to the non-centrosymmetric space group
R3c. Its structure features a left-handed helical anionic
chain of [InSbS,],>" moieties built upon trinuclear hetero-
metallic clusters of {In,SbSg} as SBUs. The asymmetric
unit of 1 contains one crystallographically independent In3*
ion, one Sb3* ion, one Ni** ion, four S* ions, and three
ethylenediamine molecules (Figure S1). The In®* ion is sur-
rounded by four S> ions to form a tetrahedron, and the
In-S bond lengths are 2.4503(10), 2.4528(9), 2.4590(9) and
2.4720(9) A. The Sb** ion adopts a {SbS;} trigonal-pyram-
idal coordination geometry with Sb-S bond lengths of
2.3625(9), 2.4292(10) and 2.4442(10) A. The coordination
geometry around the Ni** ion is a slightly distorted octahe-
dron. In the [Ni(en);]** cation, three chelating ethylenedi-
amine molecules are coordinated to the Ni** ion to form a
six-coordinate Ni?* complex with A configuration in the
examined single crystal of 1 (Figures 1a and S2).I°l The Ni—
N bond lengths and N-Ni—N angles range from 2.091(3) to
2.151(3) A and from 80.93(13) to 171.73(14)°, respectively.
S(1) acts as a monodentate atom that is terminal, while
S(2), S(3), and S(4) all act as bidentate metal linkers and
bridge to one In3* ion and one Sb3* ion. Thus, two {InS,}
tetrahedra and one {SbS;} trigonal pyramid share three
corners to form a trinuclear heterometallic cluster with a
stoichiometry of {In,SbSg} as the SBUs, in which there ex-
ists a six-membered ring of {In,SbS;} (Figure 1b). Similar
{In,SbS3} rings have been observed in [Ni(dien),]s-
(In3Sb259)2'2H20 and [dpaH]5In5Sb6slg'l.45H20,[14’]5] but
both of them belong to different and more complex SBUs.
The conformation of the {In,SbSg} SBU in 1 also is dif-
ferent from the pseudosemicube with same composition in
[Ni(dien),],In>Sb,S,;!'* and the tetranuclear heterometallic
SBUs of {Ga,Sb,Sy} in [Ni(en);][Ga,Sb,S,]l'2 and
{Sn,Sb,S;o} in [La(en),SbSnSs],0.5H,0 (Figure S3).113
The {In,SbSg} SBUs are further interconnected by shar-
ing InS, tetrahedra to form a left-handed helical chain of
[InSbS,4],,** running along the 3; axis parallel to the ¢ axis
in the examined single crystal of 1 (Figure 1c). One full turn
of the left-handed helix contains four InS, and three SbS;
polyhedra, with a pitch of 11.38 A. The [Ni(en)s]** cations
as the structure director and the charge balancing agent are
located among the chains and form extensive N-H---S and
C-H---S hydrogen bonds with the S atoms of the anionic
chains (Figure S4), which results in a 3D supramolecular
network, Figure 1d. The N-H--S and C-H-S hydrogen
bond lengths and angles fall in the range 3.417(4)-
3.730(4) A and 133.2-169.6° (Table S2), respectively.
Although Mn(tren)InAsS, [tren = tris(2-aminoethyl)-
amine] belongs to the space group P1I with a similar stoichi-
ometry of the inorganic part,l!7?! its structure is quite dif-
ferent from that of 1. Mn(tren)InAsS, consists of a 1D in-
organic [InAsS4],”" chain constructed by the four-mem-
3882
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Figure 1. (a) [Ni(en);]>* with A configuration in the examined sin-
gle crystal of 1. Hydrogen atoms are omitted for clarity. (b) A sec-
tion of the polymeric anion [InSbS,],”* showing the trinuclear
heterometallic cluster {In,SbSg} as the typical building unit in 1.
(c) A left-handed helical chain of [InSbS,],?"~ running along the 3,
axis parallel to the ¢ axis in 1.

bered In,S, ring and eight-membered In,As,S, ring, and
the [Mn(tren)]** group directly bonds to the inorganic
chain through Mn-S bonds (Figure S5), whereas the 1D in-
organic [InSbS,],>" chain in 1 is built upon the trinuclear
heterometallic cluster {In,SbSg} and there are hydrogen-
bonding interactions between the [Ni(en);]** cation and the
inorganic chain instead of Ni-S coordination bonds. More-
over, the 1D inorganic [InSbS,],>" chain in 1 is helical,
while the [InAsS,],>" chain in Mn(tren)InAsS, is centro-
symmetric. We also note that all known indium thioanti-
monates  [Ni(dien),],In,Sb,S;;,  [Ni(dien),]3(In3Sb,Se),*
2H,0,l'* [dpaH]sInsSbeS19°1.45H,0,13) and  [M(dap)s]-
InSb;S; (M = Co, Ni)l'® belong to the centrosymmetric
space groups. To the best of our knowledge, compound 1 is
the first NCS indium thioantimonate (Figure 2).

Figure 2. A perspective view of the 3D supramolecular network of
1 along the ¢ axis formed by the H-bonding interaction between
the inorganic anionic chains and the cations. Dotted lines show the
extensive N—-H-+S and C-H-*:S hydrogen bonds in the structure.
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Optical Property

The optical absorption spectrum of 1 is plotted in Fig-
ure 3. The optical absorption edge of 1 is found to be
2.84 €V, close to that of the known indium thioantimonates
such as [Ni(dap);]InSbsS; (2.97 eV)[!8l and [Ni(dien),]s-
(In5Sb,S4)»-2H,0 (3.04 eV).'Y Relative to the bulk In,S;
(2.3eV) and Sb,S; (1.6 eV),?% there is a noticeable blue
shift of the absorption edge of 1. In addition, the peaks at
1.47 and 2.28 eV in the absorption spectrum of 1 arise from
a d—d electronic transition of the octahedrally coordinated
Ni?* ion in.
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Figure 3. Solid-state optical absorption spectrum of 1. The absorp-
tion spectrum was calculated from the diffuse reflectance spectrum
by using the Kubelka—Munk function: a/S = (1 — R)*/2R.[?11

Thermal Stability Study

The thermal stability of 1 was examined on single-phase
powder by thermogravimetric analysis (TGA) in a N, atmo-
sphere from 30 to 500 °C. The TG curve for 1 is shown in
Figure S6 in the Supporting Information. It displays one
main step, which corresponds to a weight loss of 30.6%
from 200 to 300 °C. This indicates the loss of all the three
en molecules per formula. The powder X-ray diffraction
analyses of the TG residue indicate that the final residue is
a mixture of Niln,S; and NiSbS (Figure S7).

Ferroelectric Property

Ferroelectricity strictly requires that the compound crys-
tallizes in a non-centrosymmetric space group belonging to
one of the ten polar point groups (Cy, Cs, Cy, Cy,, C4, Cy,,
Cs, Cs,, Ce, Cg,).21 The space group R3c of 1 is associated
with the point group Cs,. The experimental results indicate
that compound 1 probably exhibits ferroelectric behavior.
Figure 4 clearly shows that there is an electric hysteresis
loop that is a typical ferroelectric feature with a remanent
polarization (P,) of ca. 0.021 pC/cm? and coercive field (E,)
of 7.2 kV/em. The saturation spontaneous polarization (Py)
of 1is ca. 0.029 uC/cm?. The ferroelectric behavior indicates
that the polarization is reversible. However, it is unlikely
that the dipole moments associated with the non-centro-
symmetric SbS; trigonal pyramids are reversible, because
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such reversal is energetically very unfavorable, as large
structural rearrangements would be required. A similar
phenomenon was observed in the other cations with lone-
pair electrons such as Se**, Te**, I°*.[>22 Thus, the polar-
ization reversibility is likely due to the small contribution
from the Ni** cation. As a result, the macroscopic polariza-
tion coefficients are small in 1.
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Figure 4. The electric hysteresis loop of 1, observed for a powdered
sample in the form of a pellet on a ferroelectric tester at the fre-
quency of 2 Hz at room temperature.

Theoretical Calculation

To gain further insight on the electronic structure of 1,
spin-polarized band structure as well as density of states
(DOS) calculations for 1 based on the DFT method were
made by using the total-energy code CASTEP.?3] The cal-
culated band structure of 1 along high symmetry points of
the first Brillouin zone is plotted in Figure S8. The state
energies (eV) of the lowest conduction band (L-CB) and the
highest valence band (H-VB) of 1 are listed in Table S3. The
state energies (eV) of the lowest conduction band (1.44 eV)
and the highest valence band (0.0 eV) are located at G
point. Hence, the title compound has a direct band gap of
around 1.44 eV. The calculated band gap is significantly
smaller than the experimental value (2.84 eV). It is well
known that the generalized gradient approximation does
not accurately describe the eigenvalues of the electronic
states, which often causes quantitative underestimation of
band gaps for semiconductors and insulators.”*) The band
can be assigned according to the total and partial DOS, as
plotted in Figure 5. The CBs above the Fermi level (the
Fermi level is set at 0.0 eV) are mainly derived from N-2p,
Ni-3d, S-3p, Sb-5s, and Sb-5p states. The VBs from
—8.57 eV to the Fermi level are mostly formed by C-2p, N-
2p, Ni-3d, S-3p, Sb-5s, and Sb-5p states. The VBs between
—16.6 and —-8.57 eV are mainly composed of C-2s, C-2p, N-
2p, S-3s, Sb-5s, and In-4d states and those from -22.5 to
—18.2 eV are composed of N-2p and C-2s states and a small
amount of the C-2p state.
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Figure 5. The total density of state and partial density of states for
1. Fermi level is set at 0 eV.

Conclusions

We have presented the solvothermal synthesis, crystal
structure, thermal stability, optical and ferroelectric proper-
ties, as well as theoretical calculations of the first polar in-
dium thioantimonate. It is interesting to combine the InS,
tetrahedron and the SbS; non-centrosymmetric coordina-
tion geometry with chiral [Ni(en);]>* cation in a single crys-
tal structure to form a NCS compound. The successful syn-
thesis of 1 not only enriches the field of thiometalates but
also provides a good example of NCS thiometalates with
non-centrosymmetrical and chiral structural building units.

Experimental Section

Materials and Methods: All chemicals employed in this study were
of analytical grade and are commercially available, without the
need for further purification. Elemental analyses of C, H, N and S
were performed on a German Elementary Vario EL III instrument.
The infrared spectrum was taken on a Magna 750 FTIR spectrom-
eter with samples as KBr pellets in the range 4000-400 cm '. Pow-
der X-ray diffraction (PXRD) patterns were recorded on a Rigaku
D/max 2500 diffractometer and a Rigaku MiniFlex II dif-
fractometer by using Cu-K, radiation. The optical diffuse reflec-
tance spectrum was measured at room temperature with a Perkin—
Elmer Lambda 900 UV/Vis spectrophotometer in the range 200—
1100 nm. A BaSO, plate was used as a standard (100% reflec-
tance). The absorption spectrum was calculated from reflectance
spectra by using the Kubelka—Munk function: a/S = (1 — R)?/2R,[?"]
where a is the absorption coefficient, S the scattering coefficient,
which is practically independent of wavelength when the particle
size is larger than 5 pm, and R the reflectance. Thermogravimetric
analysis was carried out with a NETZSCH STA 449F3 unit at a
heating rate of 5 °C/min under a nitrogen atmosphere. The mea-
surement of the polarization—voltage curves was carried out on a
pellet of the powder sample with an aixACCT TF Analyzer 2000
system at room temperature, the pellet (diameter of 6 mm and
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thickness of 1 mm) was sandwiched by silver electrodes and im-
merged in insulating oil during the measurement.

Preparation of [Ni(en)3][InSbSy] (1): A mixture of Sb (0.0612 g,
0.50 mmol), In (0.0545 g, 0.47 mmol), S (0.1262 g, 3.94 mmol), and
NiCl,6H,0 (0.1193 g, 0.50 mmol) in ethylenediamine (5 mL) was
sealed in a stainless steel reactor with a 28-mL Teflon liner, heated
at 190 °C for 7 d and then cooled to room temperature. The prod-
uct consisted of purple clubbed crystals of 1 and a very small
amount of an unknown yellow powder. The crystalline products of
1 were selected by hand, washed by ethanol, and air dried (Yield:
0.022 g, 8% based on In). C4H,4InNgNiS,Sb (1) (603.82): caled. C
11.94, H 4.01, N 13.92, S 21.24; found C 11.84, H 3.87, N 13.65,
S 20.74.

Single-Crystal X-ray Crystallography: The intensity data for 1 was
collected on a Saturn70 CCD diffractometer with graphite-mono-
chromated Mo-K,, radiation (A = 0.71073 A) at room temperature.
The structure was solved by direct methods and refined by full-
matrix least-squares on F> by using the SHELX97 program pack-
age.”> The hydrogen atoms attached to the C and N atoms in com-
pound 1 are located at geometrically calculated positions. The em-
pirical formula was confirmed by thermogravimetric analyses
(TGA) and element analyses (EA). Selected bond lengths and
angles of compound 1 are listed in Table S1, and selected hydrogen-
bonding data of compound 1 are listed in Table S2. CCDC-808005
contains the supplementary crystallographic data of the crystal 1.
These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (see footnote on the first page of this
article): Tables of bond lengths and angles, figures of the
calculated band structure, IR spectra, TGA plots, and powder X-
ray diffraction patterns.
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