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Metal chalcogenide open frameworks built from tetrahedral
clusters represent a unique family of materias that beautifully
demonstrate the bottom-up self-assembly of nanoclusters with
precisely defined size and composition. Such metal chalcogenide
open frameworks preserve the structura features of condensed-
phase semiconductors within a framework of three-dimensional
(3D) porous architectures.> 2 As such, they are capable of
integrating uniform porosity with various physical properties such
as semiconductivity, photoluminescence,®® photocatal ytic activity,®
and thermoelectric behavior,2® making them potentially useful for
different applications.

While different types of chalcogenide clusters are known,
the supertetrahedral T, series of clusters (where n is the number of
MX, tetrahedra along each tetrahedral edge) represent a unique
family of tetrahedral clusters whose structures can be described as
exact fragments of the well-known condensed phase of the cubic
ZnS lattice. Since the report of 1N;S'° T supertetrahedral clusters
in 1998, the size of the synthetic supertetrahedral clusters has been
increased to Ts (€.9., CusINzoSsst’~ and Znyalny,Ss6?°) with 35 metal
sites.>>®° The size of such large T, clusters is comparable to that
of the smallest semiconductor quantum dots prepared from colloidal
systems. However, the latter have less well-defined size and
composition and do not form highly ordered crystalline lattices
amenable to single-crystal X-ray diffraction (XRD) study. Further-
more, T, clusters can be used as artificial tetrahedral atoms for the
construction of crystalline molecular, supramolecular,®*¢ and
covalent superlattices. As a result, the synthesis of large supertet-
rahedral clusters is highly desirable yet continues to be very
challenging.

Supertetrahedra clusters without surface-capping organic ligands
tend to form polymeric lattices. A common mode of linkage
between adjacent supertetrahedral clusters uses a bicoordinate corner
S~ (or Se¥) site as the cross-linker.3>4® In general, this type of
linkage leads to various 3D open-framework architectures that are
based on supertetrahedral cluster building blocks. However, in some
rare cases, four T, clusters have been found to form a closed
polyhedral structure that in fact can be described as a supertetra-
hedron of supertetrahedra (also called a super-supertetrahedron),
denoted as T,q, in which T, clusters are further arranged into T
clusters.® To date, only two types of T, clusters are known: p =
2or4andqg=2.InTy, clusters[e.g., M(I11)yM(1V)4—xSs*", where
M(I11) = Ga, Inand M(IV) = Ge, Sn], four T, clusters are arranged
into a T, cluster,®® whereas in the T, cluster ([CdielNgsSia4]* "),
four T, clusters are assembled into a T, cluster.®
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Here we report an extraordinary example in which an infinite
number of the largest known Cu—In—S supertetrahedral clusters
(Ts) are further assembled into a supertetrahedron of infinite order,
denoted as Ts,.. (Figure 1 and Figures S1 and S2 in the Supporting
Information). In other words, the whole crystal is a giant piece of
a super-supertetrahedron whose order is limited only by the
dimensions of the crystal.

Figure 1. Four Ts clusters, MssSss (M = Cu', In®") organized into a
secondary supertetrahedron with infinite order. Here, the super-supertetra-
hedral cluster is drawn as Ts, even though the actual structureis Ts... Color
key: purple, metal; green, sulfur.

In this work, such an extraordinary super-supertetrahedron was
experimentally realized in the Cu—In—S domain, and single-crystal
XRD revealed a material (denoted as CIS-11) with a framework
composition of Cu,In,sSss!®~ charge-balanced by fully disordered
extraframework organic cations (protonated dibutylamine or iso-
propylcyclohexylamine).*®

The most fascinating structural feature of CIS-11 is its dual
hierarchical architecture. CIS-11 is one of the rare examples of an
inorganic structure representing the expansion of the same packing
mode on the atomic scale to a secondary hierarchy on the nanoscale,
because other than the difference in dimension, the arrangement
and orientation of the tetrahedral metal atoms within the Ts cluster
are exactly identical to the arrangement and orientation of the Ts
clusters in the whole crystal.

The formation of this Ts.. cluster relies on a structural feature
that had not been previously found in open-framework chalco-
genides built from tetrahedral clusters. This unprecedented structural
feature is the tetracoordinate corner sulfur atom (Figure 2). This
tetracoordinate vertex is idedly tetrahedral and has an M—S—M
angle of 109.5°. As aresult, the corner tetrahedral S*~ sitesand Ts
clusters (serving as pseudotetrahedral atoms) interconnect to create
a 3D framework. In comparison, in previously reported chalco-
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genide 3D frameworks, the supertetrahedral clusters are linked with
bicoordinate corner S>~/Se?~ sites into four-connected networks or,
in only one case, with tricoordinate S? sites into the CsN,-type
topology.®®

Figure 2. One tetracoordinate corner sulfur atom joining four Ts clusters
into a tetrahedral geometry, which is further extended into a 3D infinite
framework in CIS-11. Color code: purple, metal; green, sulfur.

Following Pauling’ s electrostatic valence rule and consistent with
previously reported structures, each corner sulfur atom and four
core sulfur sites of Ts clusters in CIS-11 are assigned an average
of two Cu(l) and two In(ll1) sites to balance the local charge of
the tetrahedral S*~ sites. The crystallographic refinement further
supports such an assignment of the Cu(l) and In(l11) ions around
the tetrahedral sulfur. The short metal —sulfur bond length of 2.25
A, compared with the typical In—S bond length of 2.4—25 A, is
another indication of the partial copper sites around the tetrahedral
S? atom.

The above description of the CIS-11 structure highlights an
exceptional bottom-up assembly approach for creating a hierarchical
architecture ranging from the angstrom-length scale to the macro-
scopic millimeter scale. Equally impressive is that CIS-11 can be
derived with an imaginary top-down approach by starting with a
macroscopic piece of crystal with the cubic ZnS structure and
periodically carving out the octahedral and half of the tetrahedral
boxes of atoms (Figure 3). Thus, al of the atoms in this CIS-11
unit cell can be found at the exact positions of a 125-fold (5 x 5
x 5) ZnS zinc blende supercell with the rest of atoms being absent
periodicaly. In other words, in such an imaginary top-down process,
exactly 64.8% of the total of 1000 atomsinthe5 x 5 x 5 zinc
blende supercell are etched out, with the 352 remaining atoms
aligned as four supertetrahedral Ts clusters. Consistent with such a
removal of 64.8% of the atoms, a calculation using PLATON

indicated that there is 60.2% extraframework void space, which is
filled by fully disordered extraframework species.

Although the Ts cluster building block itself already carries
the fingerprint of the condensed phase (cubic ZnS in this case),
the additional level of preservation in this “hollowed-out” bulk
structure with all of the atomic sites preserved throughout the
crystal is highly unusual. Such a precise atom-to-atom match
between condensed and open-framework phases is another
outstanding feature of CIS-11.

The synthesis of CIS-11 in the Cu—In—S domain was in part
inspired by its similarity to the composition of copper indium sulfide
(CuIns,), which is one of the most studied semiconductor materials
for high-efficiency solar cell applications. CIS-11 possesses a band
gap of ~2.2 eV, as determined using solid-state UV —vis reflectance
spectrawith Kubelka—Munk methods (Figure S5), which indicates
that the material retains the semiconducting property of the
corresponding condensed phase. The relative blue shift of the optical
band gap relative to condensed CulnS,, which usually shows a band
gap of 1.53 eV, is also reasonable because the electrons are more
localized as a result of the periodic absence of about two-thirds of
the atoms and primarily confined within the nanosized Ts building
block. CIS-11 also shows photocatalytic activity for hydrogen
evolution from water in the presence of N&S sacrificial reagent in
the visible-light region (Figure S7).

CIS-11 with the Ts.. structure (Figure 4) is currently the only
synthesized member in a series of 3D porous frameworks that can
be represented as T,... The common condensed cubic ZnS-type
structure can be represented as T,... The synthesis of the Ts..
structure reported here hints at the tantalizing possibility of
synthesizing other members of the T,.. family. On the basis of
Pauling’s valence rule, the framework compositions of other
members of the T,.. (N = 2, 3, 4) series of structures based on the
Cu—In—S composition are listed in Table 1.

Table 1. Composition, Charge, and Percentage of Atoms
Removed for T, .. Series of Structures Based on Cu(l)—In(ll)—S
Composition

charge per
supertetrahedral

percentage of atoms
removed from the

structure  framework composition cluster n x n x n supercell
Ti.  (CulnSy)ye 0 0
Tz,m CLI2| nzs7 —6 31.3
T3,m CU2| n8817 -8 50.0
T4’m CU4| n15832 —-12 59.4
T5’m CU7| n23853 —-15 68.4
Tn,w M(n)(n+1)(n+2)/6 1- [(n + 1)(n + 2)(2n +

Sin+1)m+2)(n+3)6)-3

3) — 18)/12r°

The “hollowed-out” bulk material provides an ideal platform
for exploring how the material’s properties may change upon

Figure 3. lllustration showing hollowed-out and remaining blocks in the condensed zinc blende-type phase. Y ellow tetrahedra represent the remaining Ts
clusters, while blue tetrahedra and octahedra represent the hollowed-out space. (left) Actual representation of the structure, showing hollowed-out and
remaining tetrahedra and octahedra. (middle) Separated blocks for better view. (right) Remaining blocks of atoms after removal of the carved-out blocks.
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Figure 4. View of the 3D polymeric framework along the [110] direction
of CIS-11.

periodic loss of inside atoms from a bulk single crystal.
Theoretically, in addition to a decrease in particle size by
chopping off outside atoms under the guidance of the quantum-
confinement effect, another route for property engineering by
periodically removing lattice atoms is also possible. Structures
similar to CIS-11 but based on T,, T3, or T, clusters with
comparable compositions (i.e., Tp.. with n = 2, 3, 4; Table 1)
would be promising candidates for tuning the properties of
CulnS,, and the work reported here suggests that the realization
of such materialsis feasible. This would serve to demonstrate a
new principle of property engineering of semiconducting
materials.
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powder X-ray diffraction patterns; solid-state UV —vis absorption
spectra; TGA plot; plot of visible-light-driven photocatalytic H,
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