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ABSTRACT: Although surfactants have been widely used
to tailor the size, shape, and surface properties of
nanocrystals and control the pore size and phases of
mesoporous frameworks, the use of surfactants as reaction
media to grow chalcogenide crystals is unprecedented. In
addition, compared with ionic liquids, surfactants are much
cheaper and can have multifunctional properties such as
acidic, basic, neutral, cationic, anionic, or even block.
These features suggest that surfactants could be promising
reaction platforms for the development of novel
chalcogenide crystals. In this work, we used chalcogeni-
doarsenates as a model system to demonstrate our
strategy. By using three different surfactants as reaction
media, we obtained a series of novel thioarsenates ranging
from a zero-dimensional (0D) cluster to a three-dimen-
sional (3D) framework, namely, [NH4]8[Mn2As4S16] (1),
[Mn(NH3)6][Mn2As2S8(N2H4)2] (2), [enH][Cu3As2S5]
(3), and [NH4][MnAs3S6] (4). The band gaps (estimated
from the steep absorption edges) were found to be 2.31 eV
for 1 (0D), 2.46 eV for 2 (1D), 1.91 eV for 3 (2D), and
2.08 eV for 4 (3D). The magnetic study of 4 indicated
weak antiferromagnetic behavior. Our strategy of growing
crystalline materials in surfactants could offer exciting
opportunities for preparing novel crystalline materials with
diverse structures and interesting properties.

New strategies for growing crystalline chalcogenides are of
importance in both fundamental sciences and techno-

logical applications. Currently, the growth of chalcogenide
crystals is mainly performed using high-temperature solid-state
reactions, hydrothermal and solvothermal conditions, or room-
temperature processes.1,2 Very recently, ionic liquids have
become important reaction media for the synthesis of new
chalcogenide compounds because of their unusual properties
such as high thermal/chemical stability, wide liquid-phase
range, and low vapor pressure.2d,3 However, their expensive
prices and the limited number of commercially available sources
have posed a limitation on the use of ionic liquids in producing
new chalcogenide materials. This unfortunate situation
motivated us to develop a novel alternative strategy: growing
crystalline chalcogenides in surfactants.
Although surfactants have been widely used to control the

growth of colloidal inorganic nanocrystals and porous frame-

works,4 the use of surfactants as solvents to grow chalcogenide
crystals has remained unexplored. It is well-known that
surfactants can not only tailor the sizes, shapes, and surface
properties of nanocrystals but also control the pore sizes and
phases of mesoporous frameworks. These advantages con-
vinced us that the diverse structures of crystalline chalcogenides
could be achieved if we were to employ surfactants as the
reaction media. In addition, compared with ionic liquids,
surfactants are much cheaper and can have multifunctional
properties such as acidic, basic, neutral, cationic, anionic, or
even block. These features should offer more choices for
controlling the crystal growth.
In this context, we used chalcogenidoarsenates as a model

system to demonstrate our strategy because of their variable
structural factors and interesting properties such as magnetism,
fluorescence, nonlinear optics, and conductivity.5 Typically,
there are two kinds of primary building units in chalcogeni-
doarsenates: trigonal-pyramidal [AsQ3]

3− and tetrahedral
[AsQ4]

3− (Q = S, Se). When two building units are condensed
or combined with main-group, transition, or rare-earth metals
under solvothermal or molten salt conditions, various structures
are produced.6 If these reactions could be performed in
surfactants, more new structures with diverse properties would
be anticipated because the surfactant would have strong
interactions with the crystal faces during crystal growth. This
prediction has been proved by our recent explorations on
applying various surfactants as solvent media in the preparation
of crystalline metal chalcogenides. Here we report on the first
application of surfactants as reaction media in the synthesis of
metal chalcogenidoarsenates.
The choice of surfactants in this research was based on the

melting point (liquid, low or high melting point), the charge
state (charged or neutral), and the ability to coordinate with
metals. On the basis of these factors, three different surfactants
were selected for use as solvents (Figure 1): poly-
(vinylpyrrolidone) (PVP), poly(ethylene glycol)-400 (PEG-
400), and 1-hexadecyl-3-methylimidazolium chloride ([Hmim]-
Cl). In our continuous research, we have found that other
surfactants also work very well, and these results are still under
investigation. By using these three different surfactants, we
obtained a series of novel thioarsenates ranging from a zero-
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dimensional (0D) cluster to a three-dimensional (3D)
framework, namely, [NH4]8[Mn2As4S16] (1, 0D), [Mn-
(NH3)6][Mn2As2S8(N2H4)2] (2, 1D), [enH][Cu3As2S5] (3,
2D), and [NH4][MnAs3S6] (4, 3D). It is noteworthy that when
the surfactant was removed, either no crystals (for 1, 2, and 4)
or a small amount (less than 3% yield) of crystals (for 3) was
obtained. This approach demonstrates the potential of
surfactants as reaction media for the preparation of a wide
range of novel crystalline chalcogenides.
When PVP was used as the solvent medium, yellow block

crystals of 1 (H32N8Mn2As4S16) were obtained when Mn,
As2S3, S, and N2H4·H2O were mixed in a 1:1:2.5:8 molar ratio
and heated at 160 °C for 5 days. Single-crystal X-ray analysis
revealed that 1 crystallizes in the space group P2/n.7 The
structure contains discrete [Mn2As4S16]

8− clusters and NH4
+

cations that are generated from the decomposition of hydrazine
(Figure 2a). The asymmetric unit of 1 contains two
crystallographically independent As5+ ions, one Mn2+ ion,

eight S2− ions, and four NH4
+ cations. Each As5+ ion

coordinates with four S2− anions to form an [AsS4] tetrahedron,
while each Mn2+ ion adopts a slightly distorted octahedral
coordination geometry by bonding to six S2− ions. Two
[(As1)S4] tetrahedrons connect with two Mn1 ions to form a
tetranuclear trans double-semicube [Mn2As2S8] cluster, which
is further coordinated by two [(As2)S4] tetrahedrons to form a
discrete [Mn2As4S16]

8− cluster. The NH4
+ countercations reside

in the spaces between the discrete anionic [Mn2As4S16]
8−

clusters. The As−S and Mn−S bond lengths are in the ranges
2.1433(5)−2.1894(5) and 2.5863(6)−2.7565(6) Å, respec-
tively. It should be noted that 1 is isostructural with the known
molecular thioarsenate complexes A8[Mn2(AsS4)4] (A = K, Rb,
Cs).8

When PVP was replaced with PEG-400 and the same starting
materials as used to prepare 1 were heated at 110 °C for 5 days,
light-yellow plate crystals of 2 were obtained. Compound 2
belongs to the space group C2/c and features anionic one-
dimensional (1D) [Mn2As2S8(N2H4)2]n

2n− chains parallel to
the b axis (Figure 2b).7 The asymmetric unit of 2 consists of
one crystallographically independent As5+ ion, one and a half
Mn2+ ions (one Mn ion is located at a special position with C2

symmetry), four S2− ions, three NH3 molecules, and one H2N−
NH2 molecule. Both the Mn1 and Mn2 ions adopt slightly
distorted octahedral geometries; the Mn1 ions are coordinated
with four S atoms and two N atoms from two different
hydrazine ligands, and the Mn2 ions are coordinated with six
NH3 molecules to form [Mn(NH3)6]

2+ complexes that act as
charge-balancing species. Pairs of [(As1)S4] tetrahedrons

Figure 1. Three different surfactants used in synthesizing crystalline
thioarsenates.

Figure 2. (a) View of the discrete [Mn2As4S16]
8− clusters in 1 packed along the b axis. (b) (i) One-dimensional anionic [Mn2As2S8(N2H4)2]n

2n−

chain in 2 built up by connecting tetranuclear [Mn2As2S8] trans double semicubes with pairs of H2N−NH2 molecules and (ii) view of the packing of
these chains along the b axis separated by [Mn(NH3)6]

2+ cations. (c) (i) Single anionic [Cu3As2S5]n
n− layer in 3 viewed along the c axis. The

[CuAsS6] dimers (ii) are connected to each other via vertex-sharing (iv) to form infinite [Cu2As2S10] ribbons parallel to the a axis, with [CuAsS6]
units in adjacent ribbons being further linked by interconnected pairs of [(Cu3)S4] tetrahedra (iii). (d) Three-dimensional framework in 4
constructed from [MnAs3S6] semicubes, viewed along the a axis.
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connect with pairs of Mn1 ions to form tetranuclear
[Mn2As2S8] trans double semicubes, which are also observed
in 1. It should be noted that in the structure of 1, the two Mn1
ions in each [Mn2As2S8] cluster connect with two [(As2)S4]
tetrahedrons to form a discrete [Mn2As4S16]

8− cluster, while in
the structure of 2, Mn1 atoms in neighboring [Mn2As2S8]
clusters are bridged by two H2N−NH2 ligands to yield anionic
1D [Mn2As2S8(N2H4)2]n

2n− chains oriented along the b axis
[Figure 2b(i)]. The isolated [Mn(NH3)6]

2+ cations act as
charge-balancing units and fill in the spaces between the anionic
[Mn2As2S8(N2H4)2]n

2n− chains. The As−S bond lengths range
from 2.1234(9) to 2.1899(10) Å, and the Mn−S and Mn−N
bond lengths fall in the ranges 2.6096(12)−2.6699(10) and
2.255(3)−2.296(3) Å, respectively.
Dark-red flake crystals of 3 were obtained by heating a

mixture of CuI, As2S3, S, and ethylenediamine (en) in a
1:0.5:2.5:7.5 molar ratio using PEG-400 as the solvent at 160
°C for 5 days. Compound 3 belongs to the space group P1 ̅, and
its structure features two-dimensional (2D) anionic
[Cu3As2S5]n

n− layers [Figure 2c(i)] separated by protonated
en cations (enH+).7 The asymmetric unit of 3 is made up of
two crystallographically independent As3+ ions, three Cu3+ ions,
five S2− ions, and enH+ cation. Each As1 and As2 is coordinated
with three S atoms and one Cu atom to form a [AsCuS3]
tetrahedron, while each Cu1 and Cu2 is surrounded by three S
atoms and one As atom to generate an inverted [CuAsS3]
tetrahedra. Each [AsCuS3] group combines with a [CuAsS3]
unit to form a dumbbell-like [CuAsS6] dimer [Figure 2c(ii)].
Interestingly, each Cu3 is coordinated with four S atoms from
adjacent [CuAsS6] dimers to form a [(Cu3)S4] tetrahedron,
and pairs of these tetrahedra are connected to each other
through edge sharing with a Cu−Cu bond length of 2.672(6) Å
[Figure 2c(iii)]. The adjacent [CuAsS6] dimers are alternat-
ingly arranged by vertex sharing to form infinite [Cu2As2S10]
ribbons along oriented along the a axis [Figure 2c(iv)], which
are linked via Cu3−Cu3 and Cu2−S5 bonding to yield anionic
[Cu3As2S5]n

n− layers. The As−S, Cu−S, and Cu−As bond
lengths fall in the ranges 2.216(5)−2.346(5), 2.255(5)−
2.476(6), and 2.450(3)−2.514(3) Å, respectively, which are
comparable with those reported in the literature.9 The anionic
[Cu3As2S5]n

n− layers in 3 are isostructural with the formerly
reported [Cu3Sb2S5]n

n− layers based on Cu−Sb−S composi-
tion.10

When [Hmim]Cl surfactant was employed as the solvent and
the same starting materials as for 1 were heated at 140 °C for 5
days, red block crystals of 4 were obtained. Compound 4
crystallizes in the space group R3.7 Its structure features a 3D
anionic [MnAs3S6]n

n− framework with channels filled by NH4
+

cations generated from the decomposition of hydrazine (Figure
2d). The asymmetric unit of 4 is made up of one
crystallographically independent As3+ ion, one-third of a Mn2+

ion with C3 symmetry, two S2− ions, and one-third of an NH4
+

cation. The As atom is coordinated with three S atoms to form
a trigonal pyramid, with As−S bond lengths ranging from
2.1773(6) to 2.3202(5) Å. The Mn2+ ion is coordinated with
six S atoms to form a slightly distorted octahedron with Mn−S
bond lengths in the range 2.5193(6)−2.7237(6) Å. Through
S···S edge sharing, three AsS3 trigonal pyramids connect with
one MnS6 octahedron to generate a [MnAs3S6] semicube,
which is further coordinated with the adjacent six semicubes via
six S atoms to form a 3D framework.
The solid-state UV−vis diffuse-reflectance spectra of 1−4

were measured at room temperature and converted to optical

absorption data using the Kubelka−Munk function.11 As shown
in Figure 3, the band gaps can be estimated from the steep

absorption edges as 2.31 eV for 1, 2.46 eV for 2, 1.91 eV for 3,
and 2.08 eV for 4, which are consistent with their colors. The
band gap of 1 is comparable to those of the isostructural
molecular thioarsenate complexes A8[Mn2(AsS4)4] (A = K, Rb,
Cs) (2.25−2.33 eV).8 The steep absorption edges of
compounds 1−4 may be attributed to charge transfer from
the sulfur-based valence band to the mainly transition-metal-
based conduction band.
The thermal stabilities of 1−4 were measured by

thermogravimetric analysis (TGA) from 25 to 500 °C under
a N2 atmosphere (Figure S1 in the Supporting Information).
The TGA curve of 1 exhibits two distinct stages with weight
losses of 24.0 and 20.6%, corresponding to the loss per formula
unit of eight NH3 molecules (12.8%) and three H2S molecules
(9.6%) in the first stage and one As2S2 molecule (20.0%) in the
second stage. Compound 2 displays one main weight loss step
of 65.1%, which is attributed to the loss of six NH3 molecules
(13.8%), two H2NNH2 molecules (8.7%), three S molecules
(13%), and one As2S2 molecule (29.0%) per formula unit. In
the case of 3, two distinct stages with weight losses of 17.8 and
15.5% were observed, corresponding to the loss per formula
unit of one ethylenediamine molecule (10.7%) and one S
molecule (5.7%) in the first stage and three S molecules
(17.1%) in the second stage. Compound 4 undergoes a main
weight loss of 77.9% due to the loss of one NH3 molecule
(3.5%), one and a half As2S2 molecules (65.5%), and one S
molecule (6.5%) per formula unit.
The magnetic susceptibility (χM) of 4 was measured over the

temperature range 5−300 K. As shown in the Figure 4 inset,
the plot of 1/χM versus T obeys the Curie−Weiss law over the
whole temperature range. From the Curie−Weiss equation χM
= C/(T − θ), the value of the Curie constant (C) and the Weiss
constant (θ) were obtained as 4.12 emu K/mol and −5.9 K,
respectively, indicating a weak antiferromagnetic interaction
between the magnetic Mn2+ ions (the distance between nearest
Mn2+ ions is 6.42 Å). The effective magnetic moment (μeff) per
Mn2+ ion in 4 is 5.68μB, which is close to the value of 5.92μB for
a free Mn2+ ion.12

In conclusion, we have opened up a new route for preparing
crystalline chalcogenides by employing various surfactants as
reaction media. For the first time, a series of thioarsenates
ranging from a zero-dimensional cluster to a three-dimensional

Figure 3. Solid-state optical absorption spectra of 1−4.
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framework have been synthesized in surfactant environments
(PVP, PEG-400, and [Hmim]Cl) by using amines as templates.
Our results confirmed that surfactants can effectively control
crystal growth. We believe that this new synthetic strategy
offers exciting opportunities for synthesizing novel crystalline
materials with diverse structures and interesting properties.
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Figure 4. Plots of the effective magnetic moment (μeff) and (inset) the
reciprocal of the magnetic susceptibility (1/χM) vs temperature (T) for
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