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Chalcogenides are becoming increasingly important in the
development of new solid-state materials for technological
applications. Chalcogenide clusters with well-defined size and
composition represent the lower limit of semiconducting
nanoparticles and serve to span the size gap between quantum
dot structures and molecular species in solution.[1] Moreover,
these large clusters can be used as building blocks to construct
supramolecular assemblies with unique properties. Among
chalcogenide clusters with various geometrical features,[2–4]

tetrahedral clusters are of particular significance because they
can act as pseudotetrahedral building blocks for the con-
struction of zeolite-like open architectures.[5–9] Unfortunately,
even though a number of superlattices built from super-
tetrahedral clusters have been reported,[10–13] relatively little
progress has been made with other types of tetrahedral
clusters.

Here we report a three-dimensional open-framework
material (denoted ICF-26) built from an unusual tetrahedral
cluster. ICF-26 was prepared from the Ca–Li–In–S quater-
nary system in a procedure mimicking the preparation of
natural zeolites by using alkali and alkaline earth metal
cations as structure-directing agents.[14] Organic species are
not needed as either surface-stabilizing ligands or extraframe-
work structure-directing agents, in contrast to other recent
work that relies heavily on the use of organic compounds.[15–21]

The highly mobile extraframework cations results in the ionic
conductivity of ICF-26 being higher than that of any
previously known crystalline lithium compound at room
temperature.[22, 23]

ICF-26 is built from a tetrahedral cluster denoted P2
(Figure 1). The P2 cluster (that is, Li4In22S44

18�) is the second
member of a mathematical series of pentasupertetrahedral
clusters Pn, thus termed because they can be conceptually
constructed by coupling four supertetrahedral clusters onto
the faces of an antisupertetrahedral cluster of the same order
(Figure 1). Supertetrahedral clusters are regular tetrahedron-

shaped fragments of the cubic ZnS type lattice and are
denoted as Tn, where n is the number of metal layers.[10] An
antisupertetrahedral cluster is defined here as having the
same geometrical features as a supertetrahedral cluster with
the positions of cations and anions being exchanged.

Thus, the P1 cluster consists of four T1 clusters (MX4) at
the corners and one anti-T1 cluster (XM4) at the core,
resulting in the composition (MX4)4(XM4) (namely, M8X17).
Examples of P1 clusters include [SCd8(SBu)12](CN)4/2,
K10M4Sn4S17 (M=Mn, Fe, Co, Zn), and [M4(Se)(SnSe4)4]

10�

(M=Zn, Mn).[24–26] The P2 cluster contains four T2 clusters
(M4X10) and one anti-T2 cluster (X4M10), thus giving the
composition (M4X10)4(X4M10) (namely, M26X44; Figure 1). The
P3 cluster (not yet synthesized) consists of four T3 clusters
(M10X20) and one anti-T3 cluster (X10M20) with the composi-
tion (M10X20)4(X10M20) (namely, M60X90). The same procedure
can be used to derive the composition of other Pn clusters.

A pentasupertetrahedral cluster is considerably larger
than a supertetrahedral cluster of the same order, and hence it
is difficult to prepare open-framework materials with penta-
supertetrahedral clusters larger than P1. Even though super-
tetrahedral clusters as large as T5 are known,[12] the P2 cluster
reported herein represents the largest known cluster of the Pn
series.

While all metal cations of each P2 cluster adopt tetrahe-
dral coordination, sulfur atoms can be two-, three-, or four-
coordinate. There are a total of four tetrahedrally coordinated
sulfur atoms. They are tetrahedrally distributed around the
geometrical center of the P2 cluster and are in fact the anionic
core of the anti-T2 cluster. To satisfy PaulingAs electrostatic
valence rule,[12,27] each tetrahedral S2� site is surrounded by
two Li+ and two In3+ sites to give a bond valence sum of + 2,
which is consistent with the valence of S2�. There are three
statistically equivalent ways to achieve this when two In3+ and
four Li+ cations are placed at six core cationic sites. As a
result, all six metal sites of the anti-T2 clusters are disordered
with each site occupied by 2/3 Li+ cations and 1/3 In3+ cations
(Figure 1). This leads to an overall cluster formula of
Li4In22S44

18�. The corner sharing of S sites results in the
overall framework composition being Li4In22S42

14�, which is
consistent with both the elemental analysis and the crystallo-
graphic occupancy refinement.[14] The crystallographically
determined formula is Li4.13In21.9S42. Similar tetrahedral coor-
dination of Li to S is known in a number of other sulfides such
as Li2S (2.47 B), KLiMnS2 (2.44 B), and LiGaS2 (2.29–
2.59 B).[28–30] The Li�S bond length in the tetrahedral

Figure 1. a) Ball-and-stick view of the P2 cluster Li4In22S44
18�. Red: In3+,

green: mixed In3+/Li+ sites, yellow: S2�. b) Four supertetrahedral T2
clusters (red) are covalently bonded to one antisupertetrahedral T2
cluster (green) to form a pentasupertetrahedral P2 cluster in ICF-26.
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environment matches well with the In�S distance in these
clusters (about 2.4 B).

The topological type of ICF-26 resembles that of the cubic
ZnS lattice (Figure 2). Even with the formation of two
interpenetrating lattices, the framework of ICF-26 is still
highly open. More than half of the crystal volume (58.8%) is
occupied by extraframework species in ICF-26, as calculated
with the program PLATON.[31] The ring size, which is defined
as the number of tetrahedral metal atoms, is 30.

One of the most prominent properties of ICF-26 is its fast
ion conductivity. The specific conductivity is as high as
0.15W�1 cm�1 at 27 8C under 100% relative humidity (RH)
(Figure 3), which is significantly higher than that of other
well-known crystalline lithium conductors at room temper-
ature. Prior to our work, the highest conductivity for a
crystalline lithium compound was about 10�3 W�1 cm�1 at
room temperature.[23] The ionic conductivity of ICF-26
increases with increasing relative humidity. At about 26 8C,
the conductivity ranges from 0.011W�1 cm�1 at 29.8% RH to
0.15W�1 cm�1 under 100% RH (Figure 3). This property is
potentially useful in electrochemical sensors.

The optical properties of ICF-26 were studied with solid-
state diffuse reflectance UV/Vis–NIR spectroscopy. It showed
a clear optical transition with a band gap of 3.51 eV
(Figure 4). The transition is likely a result of charge transfer
from the S2�-dominated valence band to the In3+/Li+-domi-
nated conduction band. When excited at 375 nm at room

temperature, ICF-26 exhibits strong photoluminescence with
the maximum wavelength centered at 440 nm.

In conclusion, the second member of a rare series of
chalcogenide tetrahedral clusters (Li4In22S44

18�) has been
synthesized as the building block for a three-dimensional
chalcogenide open-framework superlattice. The geometric
features of the cluster can be simply described as the coupling

Figure 2. Three-dimensional framework of ICF-26. Red and green rep-
resent two interpenetrating diamond-type lattices.

Figure 3. a) The ac impedance plots of ICF-26 at room temperature
and different relative humidities. b) Ionic conductivity of ICF-26 at dif-
ferent relative humidities. Ionic conductivities were measured on a
single crystal (cross section: 0.37?0.43 mm, length: 0.63 mm) by the
ac impedance method with a Solatron 1260 frequency response ana-
lyzer. The resistance decreased from 3.590?103 W at 29.8% RH to
2.614?102 W at 100% RH.

Figure 4. Optical absorption spectra of ICF-26. The absorption data
were calculated from reflectance data by using the Kubelka–Munk
function. BaSO4 powder was used as a reference (100% reflectance).
UV/Vis–NIR diffuse reflectance spectra were measured on a Shimadzu
UV 3101PC double-beam, double-monochromator spectrophotometer.
A=absorbance.
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between four peripheral supertetrahedral clusters and one
core antisupertetrahedral cluster. The highly mobile extra-
framework cations lead to extraordinary humidity-dependent
fast ion conductivity at room temperature.
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