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Ionic liquids (ILs) receive ever growing attention owing to
their ability to be an alternative of conventional organic
solvents in many processes, as well as other fascinating
applications.[1] The preparation of advanced functional mate-
rials making use of ILs, in particular ionothermal synthesis,
has been shown to be very promising.[2] As such, the benefits
of using ILs in materials synthesis have been put forward and
discussed extensively.[3] However, such applications for chal-
cogenide chemistry is still in an early stage. To date most of
the chalcogenides prepared in ILs are nanomaterials of
known binaries.[4] Though recently there were reports of new
crystalline chalcogenides obtained in ILs containing Lewis
acids or strong acceptors, for example, EmimBr-AlCl3,

[5] the
resulting products were limited to compounds featuring
discrete clusters[5a–c] or cationic two-dimensional (2D) layer
structure.[5d]

Crystalline microporous chalcogenides are desirable for
applications such as ion exchange,[6] photocatalysis,[7] and fast
ion conductivity.[8] Normally such materials contain an
anionic framework with organic amine or alkali (or alka-
line-earth) metal cations as the structure-directing agent
(SDA) and charge compensating agent, and are synthesized
by solvothermal or solid-state reactions.[9] Our aim is to
develop a general preparative route in ILs for crystalline
microporous chalcogenides with anionic three-dimensional
(3D) or 2D structures. It is anticipated that the unique solvent
properties of ILs and the structure-directing effect of their
cations (e.g. imidazolium cations) would favor the formation
of novel microporous chalcogenides that are inaccessible
using traditional SDAs and traditional synthetic routes.
However, our initial ionothermal reaction trials using imida-
zolium-based ILs always led to known binary chalcogenides
or poor-crystalline powders/gels.

Hydrazine and hydrazine monohydrate (N2H4·H2O) have
unique solvent properties, and have recently been widely used
as efficient solvents or co-solvents in the synthesis and

crystallization of inorganic solids, especially for chalcoge-
nides.[10] We thought that the addition of a small quantity of
N2H4·H2O to an IL may change the solvent properties of the
IL, and thus promote crystal growth. To explore the feasibility
of this strategy, we chose selenidostannates as a model system,
imidazolium chlorides as reactive ILs, and N2H4·H2O as the
auxiliary solvent. By changing the varieties of ILs and
adjusting the weight fraction of IL and N2H4·H2O, four
open-framework selenidostannates (see Scheme 1) with high
crystallinity have been obtained, namely 3D-[bmim]4[Sn9Se20]
(1) (bmim = 1-butyl-3-methyl imidazolium), 3D-[bmmim]4-
[Sn9Se19(Se2)0.9Se0.1] (2) (bmmim = 1-butyl-2,3-dimethyl imi-
dazolium), 3D-[pmmim]4[Sn9Se19(Se2)0.93Se0.07] (3) (pmmim =

1-pentyl-2,3-dimethyl imidazolium), and 2D-[pmmim]8-
[Sn17Se38] (4). Compounds 1–3 represent the first examples
of IL-directed 3D open-frameworks based on binary seleni-
dostannates and compound 4 features 2D microporous
structure composed of inorganic selenidostannate nanotubes.

The crystals of compound 1 were obtained by the reaction
of tin, selenium, [bmim]Cl and N2H4·H2O in a molar ratio of
1:2.5:5.7:8.0 at 160 8C for 5 days. Single-crystal X-ray diffrac-
tion analysis reveals that the structure of 1 features a 3D
open-framework of anionic [Sn9Se20]n

4n� with multi-direc-
tional channels filled by [bmim]+ cations, Figure 1. In the
structure, the [Sn3Se4] semicubes are linked together by two
additional Se atoms that bridge one Sn atom from each cube
to form [Sn6Se10] units (Figure 1a), but which link to each
other through [SnSe4] tetrahedra to form an infinite wavy
chain running along the ½10�1� direction (Figure 1b). The chain
further connects four adjacent such chains through [Sn2Se6]
units through corner-bridging to result in a 3D network.

Compound 2 was obtained in the reaction of tin, selenium,
[bmmim]Cl, and N2H4·H2O in a molar ratio of 1:2.5:5.3:1.6 at
160 8C for 5 days. Its structure features a 3D open-framework
of [Sn9Se19(Se2)0.9Se0.1]n

4n� with multi-directional channels
filled by [bmmim]+ cations, Figure 2. In the structure, the
alternating [SnSe4] and [SnSe3(Se2)0.9Se0.1] tetrahedra connect
one [Sn3Se4] semicube by corner-bridging and another
[Sn3Se4] semicube by edge-bridging, respectively, to form an
infinite chain along the a-axis. Then two such chains are
linked by [SnSe4] tetrahedra via corner-bridging to form a
double-chain, Figure 2b. Each double-chain further connects
four adjacent double-chains by edge-bridging the [Sn3Se4]
semicubes through two Se atoms, resulting in a 3D network.

Dark-red thin brick-like crystals of 3 accompanied by red
rod-like crystals of 4 were obtained by the reaction of tin,
selenium, [pmmim]Cl, and N2H4·H2O in a molar ratio of
1:2.5:4.9:1.0 at 160 8C for 5 days. Simply by increasing the
weight fraction of N2H4·H2O to a 4.9:1.6 molar ratio of
[pmmim]Cl:N2H4·H2O, pure phase of 4 could be obtained in a
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similar reaction. Compound 3 has an anionic 3D-[Sn9Se19-
(Se2)0.93Se0.07]n

4n� open-framework similar to that of 2 except
that its channels are filled with [pmmim]+ cations. Calculation
results show the interaction between anion and cation of 3 is
stronger than that of 2, and the binding energies also show
that 3 is a little more stable than 2 (see Supporting

Information). Compound 4 features a 2D [Sn17Se38]n
4n� layer

parallel to the ab plane, Figure 3a. As illustrated in Fig-
ure 3b,c, there are two similar chains extended along the a-

axis containing [Sn3Se4] semicubes and [SnSe4] tetrahedra in
different connection fashions, which are interlinked by edge-
bridging the [SnSe4] tetrahedra of the respective [Sn3Se4]
semicubes from each chain to form a double-chain. Two such
double-chains related by inversion centers are fused into a
rectangle nanotube through bridging tetrahedral Sn atoms.
The diameter of the nanotube is approximately 23.2 �. The
nanotubes further link to each other by edge-bridging the
[Sn3Se4] semicubes to form a layer extended along the
ab plane. Therefore each layer consists of a series of 1D
nanotubes arranged orderly with a cross-section of 13.0 �
7.5 �. The layers further pack into 3D structure along the c-
axis in -AB- fashion with the [pmmim]+ cations filled in the
nanotubes or interlayer spaces. Although some binary layered
chalcogenides such as MS2 (M = Mo, W) can form tubular
structures,[11a,b] inorganic chalcogenide nanotubes are still
scarce.[11c]

Remarkably, 1–3 all have nanopores in multi-directions.
The largest cross-sections of the pore apertures are approx-
imately 13.8 � 4.6 � in 1 and 17.3 � 6.1 � in 2, respectively. All
the structures are very open, evidenced by the large solvent-
accessible volumes after excluding the cations (ca. 57.5 %,
58.4%, 59.5%, and 64.4%, for 1, 2, 3 and 4, respectively).[12]

When the selenidostannate polyhedra are treated as nodes,
the frameworks of 1 and 2 can be simplified into three (or
four)-connected topologies with vertex symbols of (13)-
(3·13·14)2(3·132)2(32·13·143)2(32·4·132·14)2 and (3·162)2(3·8·9)4-
(32·8·92·10)2(32·82·92) (Figure 4), respectively, which have not
been reported before. Note that the reported chalcogenido-
stannates are low dimensional structures in majority.[13]

A2Sn2Se5 (A = K, Rb) were the only examples of 3D
selenidostannates.[14] This is probably due to the fact that
fully connected 3D M4+-Q (Q = S, Se) networks are neutral or

Figure 1. a) Polyhedral view of the anionic 3D framework in 1 along
the ½10�1� direction. The Sn�Se bonds in the [Sn2Se6] units are drawn in
green. The [bmim]+ in channels are omitted for clarity. b) An infinite
[Sn7Se14] chain in 1 running along the ½10�1� direction. c) The [Sn2Se6]
unit which connects four adjacent [Sn7Se14] chains.

Figure 2. a) Polyhedral view of the structure of 2 along the a-axis. Most
of the [bmmim]+ (blue/gray stick models) in channels are omitted for
clarity. b) View of the [Sn9Se17(Se2)0.9Se0.1] double-chain in 2 (high-
lighted in green in (a)) extended along the a-axis. The disordered
(Se2)0.9Se0.1 units are drawn as (Se2) for clarity.

Figure 3. a) Polyhedral view of packing of the anionic layers of 4 along
the a-axis. b) View of one nanotube in 4 along the a-axis. c) View of
the double-chain comprising the nanotube. The Sn�Se bonds in the
[Sn2Se6] units are drawn in green. d) Schematic view of one nanotube
along the [101] direction.
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low-valent anionic frameworks, making it difficult to find an
effective SDA due to weak host–guest electrostatic interac-
tion.[9a] Herein we have shown that the imidazolium cations
are good SDAs for synthesizing open-framework selenido-
stannates that are not easily obtained using common SDAs.

To explore the optimal synthetic conditions, a series of
reactions in the mixed solvents with a variety of weight
fraction ratios of IL over N2H4·H2O has been carried out
(Scheme 1 and Supporting Information, Table S1). The reac-
tion of Sn with Se in [bmim]Cl under ionothermal conditions
([bmim]Cl:N2H4·H2O = 1:0, molar ratio) produced a black
powder of SnSe2. Whereas the similar ionothermal reactions
by replacing [bmim]Cl by 1,2,3-trialkylimidazolium-based ILs
([bmmim]Cl and [pmmim]Cl) resulted in homogeneous red
gels (Figure 5a,b). Solid products obtained from the red gels
after washing by water and ethanol, namely 2-NPs (NPs =

nanoparticles) for [bmmim]Cl and 3-NPs for [pmmim]Cl,
were similar to 2 and 3 in chemical composition, respectively,
as shown by powder X-ray diffraction (PXRD), elemental
analysis, and thermogravimetric analysis (TGA). Scanning
electronic microscope and transmission electron microscope

(TEM) examinations indicated that 2-NPs and 3-NPs were
aggregated to particles with average diameter of approxi-
mately 800 nm (Figure 5c,d and Supporting Information,
Figure S3). Clearly new selenidostannate phases have formed
under ionothermal conditions when using 1,2,3-trialkylimida-
zolium-based ILs as solvents (Figure 5g,h). However, it was
likely the ILs as single solvent were still not suitable for
further crystal growth, therefore only nanoparticles of 2 and 3
formed. In fact, the crystals of 1–4 formed well when a small
amount of N2H4·H2O was added. For instance, the sizes of the
largest crystals of 2 and 4 are up to 1 mm (Figure 5e,f). The
optimal crystallization conditions for 1–4 are illustrated in
Scheme 1.

Interestingly, further increasing the weight fraction ratio
of N2H4·H2O over ILs led to different phenomena for various
ILs (Supporting Information, Table S1). For instance, the
major product was still 1 for [bmim]Cl when the molar ratio
of [bmim]Cl:N2H4·H2O was 2:15, whereas reactions with
similar molar ratios of IL:N2H4·H2O (IL = [bmmim]Cl or
[pmmim]Cl) resulted in major products with well known 63

net [Sn3Se7]n
2n� layers intercalated by IL cations.[15]

Based on these results, it is clear that the selection of a
suitable IL was important to the formation of open-frame-
work selenidostannates and tuning of the crystal structures,
further demonstrating the SDA effect of imidazolium cat-

Figure 4. a) Polyhedral view of 1 along the c-axis. b) 3D framework
topology of 1. c) Polyhedral view of 2 along the b-axis. d) 3D frame-
work topology of 2. [bmmim]+ blue/gray stick models.

Scheme 1. Typical crystallization processes of new selenidostannates
in ILs.

Figure 5. Photographs of the red gels obtained at ionothermal con-
ditions (IL:N2H4·H2O = 1:0, molar ratio) for IL = [bmmim]Cl (a) and
IL = [pmmim]Cl (b). TEM images and photographs (inset) of the
powders of 2-NPs (c) and 3-NPs (d) extracted from the respective red
gels. Photographs of the crystals of 2 (e) and 4 (f) synthesized in
IL:N2H4·H2O = 5.3:1.6 and 4.9:1.6, respectively. Comparison of the
PXRD patterns of 2 and 2-NPs (g), and 3 and 3-NPs (h).
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ions.[16] The different performance of 1,3-dialkylimidazolium
based ILs ([bmim]Cl) and 1,2,3-trialkylimidazolium based ILs
as SDA and solvent may be ascribed to their different
physicochemical properties, for example, polarity and acid-
ity,[17a,b] and the ability of forming hydrogen bonds.[17c] The
substitution of hydrogen in [bmim]Cl by a methyl group in
[bmmim]Cl at the 2-positon of the imidazolium ring may
hinder the hydrogen-bonding interaction with auxiliary
solvent and selenidostannate framework.[17c] Thus it is
assumed that [bmim]Cl is a stronger SDA than [bmmim]Cl,
confirmed by the fact that a reaction using mixed [bmim]Cl
and [bmmim]Cl in a molar ratio of 1:3.7 instead of individual
ILs yielded the framework of 1 instead of 2 (Supporting
Information, Table S1). As for [bmmim]Cl and [pmmim]Cl,
the solvent properties such as viscosity and melting point vary
with the length of alkyl chain, which also could exert great
influence on the structure-directing effect and crystallization
process, leading to the structure difference of 2 and 4.

On the other hand, addition of N2H4·H2O as an auxiliary
solvent was a key factor in the formation of novel crystalline
selenidostannates. N2H4·H2O, as the additive, may affect the
properties of the mixed solvent (e.g. basicity), thus promoting
the phase selectivity, crystallization process, and the yield of
the crystalline products,[18] as has been observed in some
solvothermal reactions in mixed solvent systems.[10] However,
it�s worth to mention that the crystals of compounds 2, 3, and
4 were obtained in the mixed solvents of IL as the major
component and N2H4·H2O as a minor additive, which are less
molecular and more ionic in character.

The optical absorption spectra of 1, 2, and 4 were
measured by diffuse reflectance experiments, indicating the
absorption edges of 2.0 for 1, 2.1 for 2, and 2.0 eV for 4,
respectively, consistent with their red color (Supporting
Information, Figure S6). In comparison, the measured
absorption edges are 2.2 eV for 2-NPs and 2.3 eV for 3-NPs,
respectively, exhibiting a little blue shift owing to their smaller
particle size.

In summary, we have demonstrated a new strategy for the
preparation of crystalline chalcogenides in ionic liquids. In
particular the small amount of N2H4·H2O appears to lead to a
well-controlled crystallization process of chalcogenides. The
obtained selenidostannates (1–3) represent the first three-
dimensional framework chalcogenides synthesized in ILs. The
finding would be helpful for understanding and a deliberate
exploitation of specific interactions between ILs and chalco-
genides, thus sheds light on the devolopement of facile
synthetic routes in ILs towards crystalline open-framwork
chalcogenides inaccessible in common solvents.

Experimental Section
The synthesis procedures for 1–4 are identical. The mixture of tin,
selenium, ILs, and N2H4·H2O (80%) was sealed in a 20 mL Teflon-
lined bomb and was kept at 160 8C for five days, which was then slowly
cooled to room temperature. The product was washed with water and
ethanol and then the crystals of 1–4 were isolated by filtration and air-
dried. The yields were calculated based on Sn. The red thin brick-like
crystals of 1 (0.202 g, 57% yield) were obtained from a reaction of Sn
(1.0 mmol, 0.119 g), Se (2.5 mmol, 0.197 g), [bmim]Cl (5.7 mmol,
1.00 g) and N2H4·H2O (8.0 mmol, 0.50 g). The red thin brick-like

crystals of 2 (0.218 g, 59% yield) were obtained from a reaction of Sn
(1.0 mmol, 0.119 g), Se (2.5 mmol, 0.197 g), [bmmim]Cl (5.3 mmol,
1.00 g) and N2H4·H2O (1.6 mmol, 0.10 g). The dark-red thin brick-like
crystals of 3 accompanied by red rod-like crystals of 4 were obtained
by a reaction of Sn (1.0 mmol, 0.119 g), Se (2.5 mmol, 0.197 g),
[pmmim]Cl (4.9 mmol, 1.00 g) and N2H4·H2O (1.0 mmol, 0.064 g).
The crystals of 3 and 4 could easily be separated by hand. The pure
phase of 4 were obtained by a reaction of tin (1.0 mmol, 0.119 g), Se
(2.5 mmol, 0.197 g), (4.9 mmol, 1.00 g) and N2H4·H2O (1.6 mmol,
0.10 g) (0.177 g, 47% yield).

Crystal Data for 1: C32H60N8Se20Sn9, Mr = 3204.29, monoclinic,
Cc, a = 19.974(8), b = 26.854(10), c = 14.575(6) �, b = 105.071(7)8,
V= 7549(5) �3, Z = 4. 1calcd = 2.819 gcm�3, F(000) = 5752, m =

12.598 mm�1, 2.148�q� 27.518, T= 293(2) K, No. of reflections
(measured/unique) = 29484/15056, Rint = 0.051, 11766 observed
reflections [I> 2s(I)] with R1(wR2) = 0.053 (0.097), R1(wR2) =

0.070 (0.106) (all data), GOF = 1.07.
Crystal Data for 2 : C36H68N8Se20.9Sn9, Mr = 3331.46, monoclinic,

P21/c, a = 20.594(5), b = 11.083(2), c = 36.208(8) �, b = 104.936(4)8,
V= 7985(3) �3, Z = 4. 1calcd = 2.771 gcm�3, F(000) = 6002, m =
12.323 mm�1, 2.058�q� 27.488, T= 293(2) K, No. of reflections
(measured/unique) = 59355/18280, Rint = 0.040, 14197 observed
reflections [I> 2s(I)] with R1(wR2) = 0.055 (0.143), R1(wR2) =
0.075 (0.160) (all data), GOF = 1.07.

Crystal Data for 3 : C40H76N8Se20.93Sn9, Mr = 3389.93, monoclinic,
P21/c, a = 20.3576(4), b = 11.6146(3), c = 36.0552(6) �, b =

105.054(2)8, V= 8232.5(3) �3, Z = 4. 1calcd = 2.735 gcm�3, F(000) =
6134, m = 11.968 mm�1, 2.488�q� 26.558, T= 293(2) K, No. of reflec-
tions (measured/unique) = 35987/17059, Rint = 0.034, 10 158 observed
reflections [I> 2s(I) ] with R1(wR2) = 0.032 (0.047), R1(wR2) = 0.067
(0.048) (all data), GOF = 1.03.

Crystal Data for 4 : C80H152N16Se38Sn17, Mr = 6356.40, triclinic, P�1,
a = 20.351(10), b = 21.901(11), c = 22.832(12) �, a = 113.678(5), b =
110.831(7), g = 93.216(10)8, V = 8472(7) �3, Z = 2. 1calcd =

2.492 gcm�3, F(000) = 5772, m = 10.656 mm�1, 2.018�q� 27.468, T=
130 K, No. of reflections (measured/unique) = 56 755/31978, Rint =

0.052, 17 383 observed reflections [I> 2s(I)] with R1(wR2) = 0.063
(0.151), R1(wR2) = 0.093 (0.166) (all data). GOF = 1.02.

CCDC 821042 (1), 821043 (2), 821044 (3) and 821045 (4) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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