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ABSTRACT: An entirely new type of chalcogenide cluster
and a new structural mechanism for the formation of large
semiconducting tetrahedral clusters have been revealed as a
result of crystallization of a templated indium sulfide consist-
ing of an unprecedented cluster, In38S65, which is the largest
supertetrahedral cluster based on trivalent metal ions. At the
core of this cluster is In10S13, which can be considered as a
fragment of the NaCl-type lattice. The In10S13 cluster is
coupled to four In4S10 supertetrahedral T2 clusters and four
In3S3 hexagonal rings to give In38S65, which is also the largest
inorganic chalcogenide supertetrahedral cluster, superseding
a supertetrahedral T5 cluster with only 35 metal sites.

Metal chalcogenides have attracted increasing attention
because of their diverse technological applications.1�3 As

an important and newly developed branch of metal chalcogenide
materials, crystalline open-framework chalcogenide superlattices
with various topologies and compositions occupy a unique inter-
disciplinary position because such materials are capable of integrat-
ing porosity with semiconductivity and are promising for applica-
tions ranging from photoelectrochemistry to visible-light-driven
photocatalysis.4 A special feature of these crystalline porous frame-
works is that they are usually constructed from chalcogenide clusters
that have precisely defined size and composition.5 These chalco-
genide clusters represent the smallest possible semiconducting
nanoparticles and bridge the size gap between colloidal quantum
dot structures and molecular species in solution.6

Rational choice of both structure-directing agents and frame-
work compositions on the basis of charge-matching considera-
tions plays a crucial role in determining the types of clusters and
their three-dimensional assembly.7 Recent studies have led to the
development of four series of nanosized supertetrahedral chal-
cogenide clusters: basic supertetrahedral clusters (Tn), penta-
supertetrahedral clusters (Pn), capped supertetrahedral (Cn)
clusters, and super-supertetrahedral clusters (Tp,q), where n, p,
and q are integers indicating the size of the clusters (in known
clusters, n ranges from 1 to 5 for Tn, 1 to 2 for Pn, and 1 to 3 for
Cn).5,8�10 All four of these series of supertetrahedral clusters
bear a close resemblance to two well-known inorganic structure
types of semiconductors, cubic zinc blende and hexagonal
wurtzite, both of which adopt tetrahedral coordination for both
the cations and the anions.

Among these different series of clusters, basic supertetrahedral
Tn clusters are the most fundamental series because they are the
exact regular tetrahedron-shaped fragments of the zinc blende-
type lattice. The three other series of clusters can be geometrically
derived from Tn clusters. Until now, the synthetic strategy for
making larger tetrahedral clusters has centered on the use of divalent
metal ions (usually Zn2+ or Cd2+) to form the cores of the
clusters, with the surfaces of the clusters terminated with either
organic ligands (e.g.,�SPh)11 or higher-valent metal ions such as
In3+ and Ge4+.7

This work demonstrates the existence of new series of super-
tetrahedral clusters that integrate structural features of the ZnS-
type lattice with those of the NaCl-type lattice. It is worth noting
that while ZnS-type tetrahedral structures and NaCl-type octa-
hedral structures (e.g., PbS) are well-known, the integration of
their tetrahedral and octahedral bonding features in the same
chalcogenide tetrahedral clusters has not been observed to date.

Herein we report the novel chalcogenide material ([In40S66-
(H2O)8]

12�
3 2Li

+
3 10(H

+-DBU) 3 2(CH3CN) 3 8(H2O), denoted
as OCF-41 (OCF = organically directed chalcogenide framework),
which contains an unprecedented supertetrahedral cluster de-
noted as a TO2 cluster (where “T” denotes tetrahedral, “O”
denotes octahedral, and 2 is the sequence number of this cluster
in the series). This cluster features some unusual and unprece-
dented characteristics, including (1) a NaCl-type octahedral frag-
ment serving as the core of the large tetrahedral cluster and (2)
the first example of a SIn6 octahedron.

OCF-41 was prepared by the solvothermal reaction of In-
(NO3)3, Li2S, sodium thiophenolate (NaSPh), 2-amino-1-buta-
nol, acetonitrile, 1,8-diazabicyclo[5.4.0]-7-undecene (DBU),
and distilled water at 150 �C for 11 days. Its structure was
determined by single-crystal X-ray diffraction (XRD), and the
phase purity was supported by powder XRD (Figure S1 in the
Supporting Information). NaSPh is essential for the synthesis,
even though it is not found in the structure. In addition to
affecting the pH of the reactant mixture, which increased from
11.91 to 12.17 following its addition, NaSPh can affect the cluster
formation and crystallization through binding to In3+ in the solution.

The most unusual structural feature of OCF-41 is its large
supertetrahedral cluster, which reveals a new mechanism for the
formation of tetrahedral clusters: integration of a NaCl-like
octahedral core with a ZnS-like tetrahedral shell (Figure 1). This
TO2 cluster consists of an octahedral core (In10S13) corresponding
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to one face-centered cubic (fcc) unit cell of the NaCl-type cubic
crystal but with four unit-cell corner sites unoccupied. The sulfur
sites occupy 12 edge positions and one body-centered position of
the fcc cell, and 10 indium sites occupy corners (four occupied
and four unoccupied) and six face centers of the fcc cell. It is
worth noting that the sixth coordination site for In3+, located at
the face center of the In10S13 cluster, is completed by a H2O
molecule. Alternatively, the In10S13 cluster can be considered as
formed from four tetrahedrally arranged In4S4 cubes (similar to
the cubane [4Fe�4S] cluster12) through edge sharing.

At the four corners of the TO2 cluster are four supertetrahe-
dral T2 clusters (In4S10). The coupling between each T2 cluster
and the core In10S13 cluster involves bonding between the corner
In3+ site of the In10S13 cluster and three S

2� sites on one face of
the T2 cluster, which makes all 10 In3+ sites within the In10S13
clusters octahedrally coordinated. The TO2 cluster is completed
through the addition of four [In3S3] hexagonal rings (one on
each face of the TO2 cluster), which provide additional In3+ sites
to satisfy the bonding requirements of the three corner S2� sites
of each of the four T2 clusters and the 12 S2� sites of the In10S13
cluster. The combination of all these components (one In10S13
core, four In4S10 T2 clusters, and four In3S3 hexagonal rings)
gives an overall composition of [In38S65(H2O)6]

16� for the TO2
cluster.

While such a coupling between supertetrahedral T2 clusters
and the In10S13 cluster is an entirely new mechanism, it is of
interest to compare TO2 clusters with other tetrahedral clusters
such as T2,2 and P2 clusters that are also based on having four
T2 clusters at the corners. In super-supertetrahedral T2,2 clusters
(Figure S2a), four T2 clusters are directly interlinked to give a
larger cluster with an empty core.13 In P2 clusters (e.g., Li4In22-
S44

18�),14 four corners are similarly occupied by four regular T2
clusters (M4S10); however, the core of the P2 cluster is a reverse-
T2 cluster (S4M10), which allows face-to-face coupling between
the corner T2 cluster and the reverse-T2 cluster through six
parallel M�S bonds. (Figure S2b) In addition, the corner In3+

sites of the S4M10 reverse-T2 cluster allow the bonding require-
ments of the corner sulfur sites of the T2 clusters to be met.

Because the TO2 cluster reveals a general pattern for the
coupling between the ZnS-type fragment and the NaCl-type
fragment, it might be just a member of a potentially large series
of clusters yet to be found. While the simplest member can be
traced all the way to the biologically important [4Fe�4S] cubane
cluster, we are particularly interested in clusters involving the

type of coupling mechanism between the T2 and In10S13 clusters
found in the TO2 cluster. One simpler cluster (denoted here as
the TO1 cluster) that bears this type of coupling can be derived
by arranging four In4S10 T2 clusters tetrahedrally around one
In4S4 cube (Figure S3). Four additional In

3+ sites are also needed
(one on each face of the TO1 cluster) to meet the bonding
requirements of the corner sulfur sites of the four T2 clusters and
the core In4S4 cluster, giving an overall formula of [In24S44]

16�

for the TO1 cluster.
The [In38S65(H2O)6]

16� TO2 clusters in OCF-41 are joined
together via dimeric [In2S(H2O)2]

4+ units to form two-dimensional
layers that are further stacked in the ABAB sequence (Figure 2a,b).
Each In2S(H2O)2 is connected to three TO2 clusters via two
indium sites (Figure 2c), and each TO2 cluster in turn is con-
nected with three In2S(H2O)2 dimers, giving an overall frame-
work formula of [In40S66(H2O)8]

12� that is charge-balanced by
highly disordered interlayer cations.

The formation of the TO2 cluster results from quite unex-
pected local coordination geometries for both In3+ and S2�. In
general, metal cations in supertetrahedral clusters such as Tn,
Pn, and Cn are tetrahedrally bonded to chalcogenide anions Q2�

(Q = S, Se), no matter whether they are mono-, di-, tri-, or
tetravalent. In the TO2 cluster, the 28 indium cations at the
corners and faces of the cluster still adopt tetrahedral coordination.
However, the central part of TO2 the cluster contains 10 octahed-
rally coordinated indium cations (four InS6 and six InS5O units) in
which the In�S bond distances range from 2.561 to 2.788 Å, which
are significantly longer than the In�S bond distance for tetra-
hedrally bonded In3+ in OCF-41 (2.405�2.494 Å). The average

Figure 1. Newmechanism for the formation of a large supertetrahedral
TO2 cluster constructed from the integration of four classical T2 clusters
(In4S10, green) at the corners, four hexagonal rings (In3S3, green) on the
surfaces, and one NaCl-like octahedral core at the center (In10S13, red).

Figure 2. (A) Two-dimensional framework in OCF-41-InS-DBU
viewed along a axis. The framework is built from (B) large In38S65-
(H2O)6 supertetrahedral TO2 clusters and (C) In2S(H2O)2 dimer
species. Tetrahedrally coordinated indium cations are shown in green,
octahedrally coordinated indium cations in red, S2� in yellow, and oxygen
from water in purple.
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In�O(water) bond distance is 2.251 Å, which is longer than the
typical In�O(II) bond length (1.90 Å) but shorter than the
average In�S bond distance (2.36 Å).15

The coordination geometry around the S2� sites in the TO2
cluster is much more exotic. In known supertetrahedral clusters,
each S2� site is bonded to two, three, or four metal cations, with
the exact coordination number often dependent on the charge of
the metal cations. However, sulfide anions in the TO2 cluster
adopt four different kinds of bridging modes: μ2, μ3, μ4, and even
μ6. The sole μ6-S

2� is located at the center of the cluster and is
bonded to six In3+ sites with bond distances of 2.719�2.788 Å.
We are not aware of any literature example in which S2� is
bonded to six trivalent metal ions, even through it is not unusual
for S2� to bond to six monovalent or divalent ions.16 In fact, even
SIn4 is generally considered unlikely in the construction of
supertetrahedral clusters because of the possibly excessive bond
valence sum from trivalent In3+ ions to S2�.

To provide a better understanding of the charge distribution
on the metal and sulfide sites in the central part of the TO2
cluster, calculation of their bond valence sums (BVSs) andMulliken
charge distributions were carried out. As listed in Table S1, the BVS
for the central S2� is 2.078, and the BVSs for the 10 In3+ sites ranges
from 2.745 to 3.059.

The optical properties of OCF-41 were also studied using
solid-state UV�vis�NIR diffuse reflectance spectroscopy, which
showed a clear optical transition with a wide band gap of 2.95 eV
as determined using Kubelka�Munk methods (Figure 3), in-
dicating that the material retains the semiconducting property of
the corresponding pure inorganic dense phase. The transition is
likely a result of charge transfer from the S2�-dominated valence
band to the In3+-dominated conduction band. In comparison
with dense n-type semiconductor β-In2S3 (band gap 2.1 eV),
a relative blue shift of the optical band gap was observed; however,
OCF-41 shows a red shift in comparison with UCR-7-AEP (band
gap 3.39 eV), which has a twofold-interpenetrated diamond
framework with a relatively small T3 cluster (In10S20) as the
building block. Quantum size-confinement effects may be the
reason for these observed shifts in optical band gap. The intrinsic
semiconducting nature of OCF-41 was also demonstrated by
its photocatalytic activity for hydrogen evolution from water in
the presence of a Na2S sacrificial reagent under irradiation with
UV�vis light. (Figure S4).

In conclusion, a new supertetrahedral cluster combining struc-
tural characteristics of two well-known semiconducting structure
types (cubic ZnS and PbS) has been crystallized and structurally
characterized. Such a supertetrahedral cluster with a NaCl-type
fragment at the core is fundamentally different from recently
developed supertetrahedral clusters that are based on cores
formed from tetrahedrally coordinated cations and anions. In
particular, structural features such as an octahedral core within a
tetrahedral cluster and a core made of trivalent metal ions only,
which were previously thought to be highly unlikely or not even
imagined, have now been realized. The relevation of these new
possibilities and a new structural mechanism for the formation of
supertetrahedral clusters has fundamentally changed our think-
ing in regard to the design of such materials, and these materials
may also serve as model systems and provide insight into
structures of materials (e.g., colloidal quantum dots) that are
unsuitable for structural studies via single-crystal XRD.
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