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There has been increasing interest in designing host ± guest
materials with crystalline conducting frameworks.[1] The
combination of porosity and conductivity in the same material
is expected to lead to unique properties suitable for electronic
applications as well as molecular-sieve type applications. One
application that might be envisioned to benefit from the
development of host ± guest chalcogenide open frameworks is
in the area of thermoelectric materials, where there has been
interest in developing host ± guest order± disorder materials.[2]

The disordered portion of the structure is expected to scatter
phonons and minimize lattice thermal conductivity while the
ordered crystalline framework serves to maintain high electric
conductivity.[3] The recent interest in host ± guest germani-
um± silicon clathrates reflects the application of this design
strategy.[4, 5]

So far, extensive studies have been made with purely
inorganic chalcogenides because of their useful optoelectron-
ic and thermoelectric properties.[6] For example, CuInSe2 is
among the most efficient photovoltaic materials and Bi2Te3 is
one of the best thermoelectric materials. In comparison, very
little research has been done on the optical, electronic, and
thermoelectric properties of open-framework chalcogenides.
This is in part a result of the rarity of host ± guest heavy-
chalcogenide open frameworks. To our knowledge, no amine-
templated 3D open-framework tellurides have been made
prior to this work, even though some open-framework sulfides
and selenides are already known.[7±11]

In the synthesis of metal-chalcogenide open-framework
materials, small clusters are often found to serve as structural
building units (SBUs) in extended frameworks. These clusters
include supertetrahedral T2 (M4X10), T3 (M10X20), and T4
(M20X35), where M is a metal ion and X is a chalcogen
anion.[12, 13] While the cluster-based structural-design ap-
proach is known to generate large pores,[12, 13] the intercluster
connection is typically provided by a single atom. This
situation may not represent the best configuration for
electronic properties, therefore, it is highly desirable to have
open-framework chalcogenides with topological features that
extend beyond the cluster-based configurations.

Here we report an amine-directed, chain-based 3D tellur-
ide open framework together with its selenide and sulfide
analogues. It is also demonstrated here that mixed-chalcoge-

single bonds that are formed with a Pd complex as a template,
which can now be incorporated to the gallery of other � bonds
that are known to coordinate to transition metals: H�H, C�H,
Si�H, Ge�H, Sn�H, and B�H. The present study also
suggests that the structure of a related dinuclear Ni com-
plex[19] should be revisited and reinterpreted, and might be
considered as the first structurally characterized example of
such kind of novel coordination of Si�Si bonds.
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nide open frameworks with various compositions can be
made. These open-framework chalcogenides have the same
framework connectivity and are collectively called UCR-2
(see Table 1). The smallest integral unit (In33X56, X� S, Se, Te,
S/Se, and S/Te ) in these compounds has 89 atoms and is very
large compared to similar units in reported open framework
sulfides. These structures are in general more complex than
cluster-based frameworks and they offer additional opportu-
nities to study the structure ± property correlation in open-
framework chalcogenides.

Unlike the known sulfide open frameworks that contain
building units related to admantane clusters, the 3D frame-
work in the UCR-2 family of materials is constructed from the
cross-linking of helical chains. Therefore, the synthesis of
UCR-2 demonstrates the feasibility of creating open-frame-
work chalcogenides without the use of supertetrahedral
clusters.

To prepare crystals of UCR-2InTe-APDA, N-(2-amino-
ethyl)-1,3-propanediamine (APDA) was added to a 23 ml-
Teflon-lined stainless steel autoclave containing 3.264 g of
water until the pH of the solution was 13.50. Indium metal
(84 mg) and tellurium (187 mg) were then added. The vessel
was sealed and heated at 200 �C for 10 days. The autoclave was
subsequently allowed to cool to room temperature.

With proper choice of the solution pH value and structure-
directing agents, both sulfide and selenide analogues (see
Table 1) can be synthesized under similar conditions. In

addition, mixed chalcogenides with more than one chalcogen
type in the inorganic framework (e.g., S/Se, S/Te) have also
been synthesized. Crystals are pale yellow, orange-red, and
dark red for sulfides, selenides, and tellurides, respectively,
demonstrating the variation in their electronic bandgap.

While all the framework atoms can be determined un-
ambiguously in all the structures (Figure 1), guest amine
molecules are disordered inside large cavities and can not be
located. The presence of organic molecules is verified by

Figure 1. The ORTEP view of coordination environments for In and Te
atoms in UCR-2InTe-APDA. (thermal ellipsoids set at the 50 % level).[19]

elemental analysis.[14] The disorder of the amine molecules
may be related to the relatively weak host ± guest interaction
in open-framework chalcogenides. In particular, the hydrogen
bonding (i.e. N-H ¥¥¥ X, X� S, Se, or Te) is considerably
weaker than the N-H ¥¥¥O type of hydrogen bonding that is
often responsible for the ordering of guest amine molecules in
oxides.[15, 16] When these extra-framework species are not
considered, by using the program PLATON[17] the porosity of
UCR-2InS-TMDP is calculated to be 50%.

When divalent metal cations are included in the synthesis
mixture for UCR-2InS-TMDP, the formation of UCR-2InS-
TMDP is suppressed and another type of framework con-
taining supertetrahedral T4 clusters (M4In16S33)10� (M�Mn,
Co, Fe, Zn, Cd, denoted collectively as UCR-1MInS) is
formed.[13] The addition of these divalent metal cations,
however, does not have an effect on the formation of UCR-
2 selenide and telluride analogues. It can be inferred that
selenides and tellurides have a stronger tendency to form non-
cluster-based open frameworks than sulfides.

Instead of forming a cluster that would resemble a fragment
of the cubic ZnS type structure, InX4 tetrahedra in UCR-2
share corners to form infinite chains (Figure 2 and Figure 3).
Chains are cross-linked to give a 3D framework with large
cages. Cages are interconnected to form a 3D channel system.

Noteworthy is that the T-X-T angles vary from 96.8± 112.9�
for the sulfide, 93.3 ± 110.3� for the selenide, and 92.6 ± 108.2�
for the telluride. This is a range of up to 17�. While this range
is small compared to the range of T-O-T angles (T� tetra-
hedral atom) in zeolites it is considerably greater than the 5�
range (i.e., 103 ± 108�) of T-S-T angles in some Ge ±S
compounds.[7] This observation suggests that there could be
a richer structural diversity in indium chalcogenides than in

Table 1. A summary of crystallographic data for selected open-framework
chalcogenides synthesized in this study.[a]

Name[b] Framework
formula

a [ä] c [ä] R(F) 2�max

UCR-2InS-TMDP (In33S56)13� 21.650(1) 33.610(2) 5.54 50
UCR-2InSe-DIPA (In33Se56)13� 22.455(3) 34.335(6) 5.69 45
UCR-2InSe-TETA (In33Se56)13� 22.344(3) 34.100(5) 4.18 45
UCR-2InSe-TAA (In33Se56)13� 22.54(1) 34.09(1)
UCR-2InSe-AEAE (In33Se56)13� 22.333(5) 34.397(9)
UCR-2InSe-DPA (In33Se56)13� 22.370(6) 34.355(9)
UCR-2InSe-TMHD (In33Se56)13� 22.476(7) 34.29(1)
UCR-2InSe-BAPP (In33Se56)13� 22.69(1) 34.71(2)
UCR-2InSe-TOTD (In33Se56)13� 22.566(8) 34.701(9)
UCR-2InSe-HMI (In33Se56)13� 22.493(3) 34.281(5)
UCR-2InSe-DAO (In33Se56)13� 22.254(3) 34.144(7)
UCR-2InSe-DMMP (In33Se56)13� 22.256(7) 34.23(2)
UCR-2InSe-APM (In33Se56)13� 22.322(6) 34.46(2)
UCR-2InTe-TETA (In33Te56)13� 23.710(5) 36.076(9)
UCR-2InTe-APDA (In33Te56)13� 23.619(3) 36.370(7) 4.78 45
UCR-2InTe-TAA (In33Te56)13� 23.912(4) 35.910(7) 6.40 45
UCR-2InSTe-APDA (In33S36Te20)13� 22.653(11) 34.115(23) 7.74 42
UCR-2InSSe-TMDP (In33S16Se40)13� 22.037(4) 34.101(9) 6.03 45
UCR-2InSSe-DIPA (In33S6Se50)13� 22.354(4) 34.337(9) 5.51 45

[a] Crystal structures were solved from single-crystal data collected at 298 K on
a SMART CCD diffractometer with MoK� . The space group is R32 for all
structures and Z�3. R(F)�� � �Fo �� �Fc � � /� �Fo � with Fo � 4.0�(F).
[b] TMDP� 4,4�-trimethylenedipiperidine, C13H26N2; DIPA� diisopropyl-
amine, C6H15N; APDA�N-(2-aminoethyl)-1,3-propanediamine, C5H15N3;
TETA� triethylenetetramine, C6H18N4; TAA� tris(2-aminoethyl)amine,
C6H18N4; AEAE� 2-(2-aminoethylaminoethanol), C4H12N2O; DPA� dipro-
pylamine, C6H15N; BAPP� 1,4-bis(3-aminopropyl)piperazine, C10H24N4;
TMHD�C,C,C-trimethyl-1,6-hexanediamine, C9H22N2; TOTD� 4,7,10-tri-
oxa-1,13-tridecanediamine, O[CH2CH2O(CH2)3NH2]2; HMI�hexamethyl-
eneimine, C6H13N; DAO� 1,8-diaminooctane, C8H20N2; DMMP� 2,6-dimeth-
ylmorpholine, C6H13NO; APM�N-(3-aminopropyl)morpholine, C7H16N2O.
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Figure 2. A polyhedral view of the 3D framework of UCR-2InTe-APDA
showing the formation of cages by the fusion of chains propagating along
the c axis.[19]

Figure 3. A polyhedral view of the 3D framework of UCR-2InTe-APDA
projected down the c axis.[19]

other chalcogenides. It is also apparent that the T-X-T angle
becomes smaller for heavier chalcogens. However, compared
to the significant change in the T-X-T angle from oxides
(about 140�) to sulfides (about 106�), the change in the T-X-T
angle from sulfides (about 106�) to tellurides (about 100�) is
relatively minor. This situation suggests that the structural
properties of open-framework sulfides, selenides, and tellur-
ides should be quite similar and are significantly different
from those of oxides.

In mixed compounds with more than one type of chalcogen
ions, the distribution of different chalcogen ions among
crystallographic sites is not random as shown by the refined
occupancy factors. For example, in UCR-2InSTe-APDA, the
tricoordinate chalcogen sites are occupied by light sulfur
atoms. In the bicoordinate chalcogen sites, the refined
occupancies show that about 56% of atoms are tellurium
ions (the S:Te molar ratio� 1:1 in the synthesis mixture). The
overall S:Te atomic ratio of 1.76:1 derived from the occupancy
refinement agrees well with the measurement (1.70:1) ob-
tained from the energy-dispersive spectrum collected by
scanning electron microscopy.

Fluorescent spectra were measured on a SPEX Fluorolog-3
system equipped with a 450 W xenon lamp. For UCR-2InS-
TMDP, a broad emission centered at 520 nm was observed
when excited at 470 nm. For UCR-2InSe-BAPP, the emission
was centered at 563 nm when excited at 482 nm. Compared to
open-framework oxides such as phosphates and germanates
with typical absorption and emission maxima at 360 nm and
410 nm, respectively,[18] it is apparent that there is a systematic
variation in the spectral characteristics of these open-frame-
work materials. It can be anticipated that by varying the
topologies and compositions of open-framework chalcoge-
nides, photoluminescent materials with a wide range of
emission characteristics may be developed.

In conclusion, we have shown that a family of chalcoge-
nides, tellurides in particular, have been synthesized and
structurally characterized. The framework composition is
highly flexible and controllable. The unique host ± guest,
order ± disorder features may make them useful for studies in
semiconductor applications, for example, in the development
of a new class of semiconducting materials based on heavy-
chalcogenide host ± guest open-framework materials.
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