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Ionic liquids as “supersolvents” are now recognized as powerful
reaction media for preparing functional materials such as zeolites,1

metal-organic frameworks,1 metal nanoparticles,2 and organic
compounds3 as well as being useful in separations,4 electrochem-
istry,5 and nanotechnology.6 Ionic liquids are in fact special molten
salts and have high thermal stability, high ionic conductivity, a broad
liquid-state temperature range, low vapor pressure, and the ability
to dissolve a variety of materials. They tend to contain large organic
cations with high polarizability. These features make them unique
media in materials science.6

The synthesis of chalcogenides in molten salts is a well-
established approach,7 but it has been less-explored in ionic liquids
containing organic cations. Chalcogenides have not only diverse
structures but also technologically promising properties such as
thermoelectric and solar energy conversion,8 phase-change transi-
tions,9 photocatalysis,10 ionic conductivity,11 and ion exchange.12

Ionic liquids could offer fascinating possibilities for producing new
structures in chalcogenides and unprecedented properties.

Although the preparation of binary chalcogenide nanoparticles
in ionic liquids has been reported,13 the synthesis of new chalco-
genides is still in its infancy. Here we demonstrate the use of the
ionic liquid EMIMBr-AlCl3 (EMIM ) 1-ethyl-3-methylimid-
azolium) as a solvent in the preparation of a new material featuring
a cationic chalcogenide. This is the first time that cationic
chalcogenide clusters have been synthesized in ionic liquids. Prior
to this work, the only chalcogenide materials prepared in ionic
liquids were the anionic frameworks (PhP4)[M(Se6)2] (M ) Ga,
In, Tl), which were reported in 1992.14

Chalcogenide polycationic clusters are a very interesting sub-
group with various structures.15 They can be synthesized in
electrophilic and acidic media such as liquid SO2 and H2SO4, or
using strong oxidizing agents such as WCl5,

16 SbF5, and AsF5,
17

or in the presence of strong acceptors such as AlCl3
18 and ZrCl4.

19

We show here that chalcogenide polycationic clusters can be
conveniently synthesized in ionic-liquid media containing Lewis
acids or strong acceptors.

The new compound [Sb7S8Br2](AlCl4)3 (1) was synthesized in
42% yield by reacting Sb with S in EMIMBr-AlCl3 ionic liquid
(1:11 EMIMBr/AlCl3 molar ratio) at 165 °C for 10 days. The red
crystals of 1 exhibit nonlinear optical (NLO) properties, including
difference-frequency generation (DFG) and second harmonic
generation (SHG). The structure of compound 1 was determined
from single-crystal X-ray diffraction data collected at 100 K on a
STOE 2T X-ray diffractometer.

Compound 1 crystallizes in the noncentrosymmetric space group
P212121.

20 The crystal structure of 1 consists of cationic [Sb7S8Br2]3+

clusters and [AlCl4] - anions (Figure 1). Each cluster adopts a
unique double-cubane structure in which two distorted cubic clusters
connect by sharing one corner (the Sb1 site). The other corners are
alternately occupied with Sb and S atoms. Two Sb sites (Sb2 and
Sb6) have terminal Sb-Br bonds projecting out of the cluster
structure.

The cationic [Sb7S8Br2]3+ clusters pack in pseudohexagonally
arranged columns along the crystallographic a axis and display a
pronounced hexagonal pseudosymmetry (Figure 2). The voids
between the cationic clusters are filled with [AlCl4]- anions, and
each cationic cluster is surrounded by eight [AlCl4]- anions. All
of the crystallographically independent [AlCl4]- ions adopt a slightly
distorted tetrahedral shape (Figure 2). The Al-Cl bond lengths
range from 2.093(4) to 2.167(3) Å and the Cl-Al-Cl angles from
106.22(14) to 112.73(15)°.

It is worth noting that there are three different geometries in the
Sb sites of the cubes. The corner-shared Sb1 center has an unusual
sixfold coordination, with S-Sb-S angles ranging from 78.14(5)
to 166.3(1)°. Two short Sb-S bonds {Sb1-S3 [2.599(2) Å] and
Sb1-S8 [2.628(2) Å]},21 two intermediate ones {Sb1-S4 [2.695(2)
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Figure 1. Structure of the compound [Sb7S8Br2](AlCl4)3 (1). Color code:
blue, Sb; red, S; yellow, Br; cyan, Al; green, Cl. The red dashed lines show
weak Sb-S bonds (2.938-3.136 Å).

Figure 2. Stacking view of the ions in compound 1 along the a axis. Blue
balls, Sb atoms; red balls, S atoms; yellow balls, Br atoms; purple tetrahedra,
AlCl4

- anions.
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Å] and Sb1-S7 [2.747(2) Å]}, and two long ones {Sb1-S1
[2.948(3) Å] and Sb1-S5 [2.996(3) Å]} to the Sb1 center can be
clearly observed. The Sb2 and Sb6 atoms are fourfold-coordinated
by three sulfur atoms and one bromide atom to form seesaw-shaped
geometries, where two weak Sb-S bonds {Sb2-S2 [3.135(3) Å]
and Sb6-S6 [3.136(4) Å]} are observed. The remaining Sb centers
(Sb3, Sb4, Sb5, and Sb7) are trigonal-pyramidally coordinated by
three sulfur atoms.

Optical absorption spectroscopy of single crystals of 1 revealed
absorption edges at ∼2.03 eV, consistent with the red color (Figure
3a). Presumably, this originates from an electronic transition
associated with the [Sb7S8Br2]3+ clusters. Thermogravimetric
analysis (TGA) under N2 atmosphere (Figure S3 in the Supporting
Information) showed that compound 1 starts to lose weight at a
low temperature (350 K) and undergoes a sharp weight loss at 550
K, leaving a residue that is a mixture of Al2O3, Sb2S3, and
SbSBr1-xClx, the last of which is amorphous (Figure S4). Therefore,
the weight loss is attributed to AlCl3 and AlCl3-xBrx species.

Because of the wide optical transparency region (3.57-7.81 µm)
and noncentrosymmetric structure of compound 1 (Figure S5), we
investigated its NLO SHG response using a modified Kurtz powder
method.22 The SHG intensities generated by compound 1 were
directly compared with those of KH2PO4 (KDP) powder. KDP is a
benchmark NLO material that is transparent from 0.22 to 1.1 µm,
and its SHG susceptibility is �eff

(2) ) 1.0 pm/V.23 SHG intensities of
samples prepared in a similar fashion and having the same particle
size range (45.5 ( 7.5 µm) as KDP were measured and compared
with those for KDP. The SHG intensity of compound 1 is
approximately one-third that of KDP at 700 nm and becomes
comparable to that of KDP above 900 nm (Figure 3b). Compound
1 produced second-harmonic light in the visible and near-IR region
upon sweeping the fundamental wavelength.

In order to test the wave-mixing capability of compound 1, we
performed DFG experiments, which are essential for generating
mid-IR light and facilitating multichannel conversion. Both the idler
(λ1) and signal (λ2) beams were generated by an optical parametric
amplifier driven by a pulsed Nd:YAG laser at 355 nm. From the
energy conservation law [1/λ1 + 1/λ2 ) 1/(355 nm)] and the
definition of DFG (1/λ2 - 1/λ1 ) 1/λDFG), the expected wave-
length for DFG for a given λ1 is determined as λDFG ) [λ1/(λ1 -
710 nm)] × 355 nm.

Through the use of different combinations of λ1 and λ2,
compound 1 successfully generated continuously tunable visible
and near-IR light by DFG (Figure 3c). Deviations among the DFG
intensities arose from the signal beam when the energy was above
the band gap. Although our detection limit (<1 µm) prohibited the
observation of DFG in the mid-IR, the compound should produce
tunable coherent light throughout the mid-IR because it is optically
transparent in this region, for which few NLO materials are
available.24,25 [Sb7S8Br2](AlCl4)3 is type-I non-phase-matchable
because the SHG intensities decrease with increasing particle size
(Figure 3d), but it can be still useful with “random” quasi-phase-
matching.26

The ability to stabilize Lewis acids in organic ionic liquids creates
new synthetic opportunities for discovering metal chalcogenides
with cationic character rather than the typical anionic nature
observed to date in molten salt chemistry.
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Figure 3. (a) Electronic absorption spectrum of a single crystal of 1. (b)
SHG intensity (arbitrary units) of 1 (blue) relative to KDP (red). (c) DFG
vs wavelength accomplished with polycrystalline 1. (d) Particle-size
dependence of the SHG intensity generated from polycrystalline 1.
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