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A new nonoxidic mesostructured material with highly ordered
hexagonal symmetry, |[C;¢H33N(CHj3)3]3Mngs|RegTeg(CN)gl,
has been obtained through supramolecular assembly of
[RegTeg(CN)g]*~ clusters in the presence of a transition metal
cation, Min>*, with cetyltrimethylammonium bromide as a liquid
crystal template under hydrothermal conditions.

In 1992, Mobil researchers used long-chain organic liquid
crystal templates to assemble inorganic silicate structures.
Since then this method has become a powerful tool in the
synthesis of ordered nanoporous solids.' This approach is used
to prepare a wide range of mesoporous oxides® and phos-
phates.® The preparation of materials with nanoscale features
is of great importance because of their potential applications
to, for example, nanoscale electronic and magnetic devices.

Recently, the surfactant templating route has been extended
to nonoxidic mesoporous materials based on tetrahedral metal
chalcogenide ions, such as [MQ4]*~, [MQq]*™ and [M4Q10]*~
(M = Ge, Sn; Q = S, Se, Te), and various linking transition
metal ions.* Having low band gaps, a salient semiconducting
property,* these new materials are very attractive.

The basic chemistry related to these frameworks differs
slightly from that used in the silicate system. For example,
these nonoxidic systems form predominantly through a con-
trolled electrostatic assembly mechanism in formamide instead
of water or alcohol. The authors emphasize the need for a
nonaqueous solvent, such as formamide, which plays an
important role in the synthesis of highly ordered phases.* The
chalcogenide building units are linked together through the
bridging of metal ions to cover the surface of the charged
template assembly, which is used as the structure-directing
agent. In general, because the template assembly processes
occur immediately and the assembled species are stabilized over
a very narrow range of experimental conditions, controlling the
overall symmetry and organization of the template in these
materials is difficult.* Although there have been significant
advances in the design and synthesis of the oxidic or nonoxidic
mesoporous materials with tetrahedral [MQ4]*~ building units,
synthesis of ordered mesostructured materials with other
nonoxidic metal clusters remains a significant challenge.
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The chemistry of hexarhenium chalcogenide clusters,
[RegQs* " (Q = S, Se, Te), has developed rapidly, producing
an increasing number of structurally well-defined solid architec-
tures.” Some of them with [RegQg]**/*>* (Q = S, Se, Te) cores
can allow ligand-exchange reactions occurring at each Re™" apex
under normal conditions to form [Re¢Qg(CN)¢J*~/*~.> By care-
ful control of reaction conditions, such octahedral cluster anions
with various metal cations or organic ligands could yield
expanded porous frameworks with interesting electronic
and luminescence properties. Therefore, such hexarhenium
chalcogenide clusters have been attractive building blocks for
the design of numerous materials having interesting structures
and useful functionalities.> However, to our knowledge, the use
of these octahedral clusters with the aid of mesoscale templates
to assemble ordered mesoscale materials is rare.® Here we
present a rational synthesis of a new mesostructured metal
chalcogenide material prepared by a surfactant-templated
assembly of [RegTes(CN)g]*~ and Mn>* under hydrothermal
conditions.”

The title compound, [C;¢H33N(CHj3)3]3Mng s[RegTeg(CN)g],
was obtained from the hydrothermal reaction between the
aqueous solutions of MnCL-4H,O (0.024 g, 0.123 mmol),
cetyltrimethylammonium bromide, or CTAB, (0.15 g,
0.42 mmol) and [(CH;3)4N]s[RegTes(CN)g]™ (0.3 g, 0.123 mmol).
The total volume of the solution was 15 mL. A yellow brown
solid was formed within a few seconds after mixing the three
solutions. The mixture was further stirred for 2 h and divided
into three equal portions. The first portion was immediately
filtered to retrieve the solid (L-Re/Te/Mn). It was washed with
warm water and dried at 70 °C. The second filtrate (HL—Re/
Te/Mn) and the rest (H-Re/Te/Mn) were transferred to two
separate Teflon-lined high pressure bombs, placed in an oven
and heated to the respective temperatures of 75 °C and 120 °C
for 48 h. The solid products were isolated by filtration, washed
with warm water and dried at 70 °C. The yield for the synthesis
of H-Re/Te/Mn was about 70% based on the cluster
[(CH3)4N]a[ReTeg(CN)g).

The powder X-ray diffraction, or XRD, patterns are shown
in Fig. 1(a). The four peaks at low angles with 260 = 2.52°,
4.38°, 5.04°, and 6.70° of the 120 °C H-Re/Te/Mn (red, top)
can be indexed to (100), (110), (200), and (210) reflections,
indicative of a two-dimensional hexagonal space group with
p6mm symmetry. The hexagonal lattice parameter, calculated
from the powder XRD pattern, is a = 40.5 A. These peaks are
well resolved and the intense peaks indicate a long-range
ordered structure, characteristic of template-based meso-
structuring. In addition, extra peaks appear at higher angles,
which can be attributed to the degree of molecular scale
ordering of [RegTes(CN)¢]*~ cores in the wall. To the best of
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Fig. 1 (a) Powder XRD patterns of samples prepared at room
temperature (L-Re/Te/Mn in black), at 75 °C (HL-Re/Te/Mn in
blue); and at 120 °C (H-Re/Te/Mn in red). For the HL-Re/Te/Mn,
H- denotes hexagonal phase and L- denotes lamellar phase. (b) TEM
image of H-Re/Te/Mn. The inset shows the Fourier-transformed
diffraction pattern of the boxed area.

our knowledge, this is the first example showing a hexagonally
ordered mesostructure formed by hexarhenium chalcogenide
clusters in aqueous solution.

The intermediate phases (75 °C HL-Re/Te/Mn) were also
isolated and their powder XRD patterns are shown in Fig. 1(a)
(blue). Clearly, the phase obtained at room temperature
(black) is lamellar, and the 75 °C HL-Re/Te/Mn (blue) is a
mixed phase of hexagonal and lamellar phases. For 120 °C
HL-Re/Te/Mn (red), only a hexagonal phase is obtained. This
implies that there is a phase transition from lamellar to
hexagonal between 25 and 120 °C under our synthetic condi-
tions. Therefore, a hydrothermal condition in aqueous solu-
tion at 120 °C is required to obtain a phase-pure hexagonal
mesoscale material.

The pore size and periodicity in the mesostructure of
H-Re/Te/Mn were confirmed directly by high-resolution
transmission electron microscopy, or HR-TEM. The
HR-TEM image for H-Re/Te/Mn is a highly ordered
hexagonal phase Fig. 1(b). Both the perpendicular and parallel
channels relative to the longitudinal axis are observed.
The approximate interpore spacing of ~40 A is close to the
value calculated from the XRD pattern, or ayg ~40.5 A. The
pore size estimated from the HR-TEM image is approximately
27 A. The wall thickness was also estimated from the
HR-TEM image to be about 13 A, approximately the dimen-
sion of the [RegTeg(CN)g]*~ cluster anion revealed by single
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Fig. 2 IR spectrum of compound H-Re/Te/Mn (a), crystalline
CTAB (b), [(CH3)4N]4[ReTeg(CN)g] (c).

crystal XRD. Therefore, the wall is consisted of a single layer
of the [RegTeg(CN)g]*~ cluster anions.

H-Re/Te/Mn was analyzed using inductively coupled
plasma-atomic emission spectrometry (ICP-AES) to investi-
gate its chemical composition. The result showed that the
Mn : Re : Te molar ratio was 0.51 : 6.00 : 7.87. The relative
Re : Te ratio agreed well with the value expected in
[RegTeg(CN)]*~ clusters. This shows that the cluster core
[Re¢Tes]® " remains intact in the product. This conclusion is
further supported by the fact that the [ResQs]* (Q = S,
Se, Te) cores are structurally robust under most solution-
phase reaction conditions.® To probe the bonding features
of the framework, [(CH3);N]4[ResTeg(CN)¢], CTAB and
H-Re/Te/Mn were also characterized by infrared spectro-
scopy, or IR, and the results are shown in Fig. 2.

Curve (c) in Fig. 2 shows a sharp band at 2085 cm™',
corresponding to the stretching vibration mode of the cyanide
group in the cluster complexes.® Most of the bands from
CTA™ [Fig. 2(b)] appear in the spectrum for H-Re/Te/Mn
[Fig. 2(a)]. In addition, the ratio of peak intensities of C-H
bonds to C=N bonds in H-Re/Te/Mn is higher than that
found in [(CH3)4N]4[RegTeg(CN)g]. From this we inferred
that more C—H bonds originating from surfactants are in
H-Re/Te/Mn. This confirms the presence of CTA™ in the
product. Worth noting is that the characteristic band of
cyanide at 2092 cm™' in the spectrum for H-Re/Te/Mn
indicates that the cyanide group is intact in the material.
Compared with the pristine cluster anion, the material exhibits
a vibration mode of cyanide that shifts to a higher frequency
by 7 cm™!. However, it is only slightly different from the value,
2090 cm~', observed for the previous layered material
[C]6H33N(CH3)3]4[R66T68(CN)6].6 Nevertheless, this shift
may be attributed to the coordination of the cyanide ligands
to the Mn>* ions in the material. An intense peak in the region
of 3200-3500 cm ™" is characteristic of O—H stretching, which
may originate from the absorbed water.

The thermal behavior of H-Re/Te/Mn was studied using
thermogravimetric analysis, or TGA. Fig. 3(a) shows a small
weight loss from room temperature to 200 °C. The most
weight loss occurs in the region between 225 and 500 °C with
a maximum weight loss rate at about 275 °C. The loss (~26%)
corresponds to the weight loss of template CTA" and the
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Fig. 3 (a) Thermogravimetric and differential thermogravimetric
curves of H-Re/Te/Mn under nitrogen flow (heating rate 10 °C min ™).
(b) Solid state UV/Vis spectrum of H-Re/Te/Mn. Absorption data
were calculated from the reflectance data using the Kubelka—
Munk function; a/S = (1 — R)*/2R, where R is the reflectance at a
given wavenumber, « is the absorption coefficient, and S is the scattering
coefficient. The band gap energy is 1.92 eV.

cyanide group in the material. The color of the residue after
TGA was black. The powder XRD pattern of the residue does
not show the hexagonal symmetry, indicating a collapse of the
original mesostructure. A combination of IR, ICP-AES, EDX
analysis (see ESI Fig. S1t), elemental analysis and
TGA suggests that the chemical formula of H-Re/Te/Mn
is Mng s(CTA);[RegTeg(CN)g].° Based on the previously
reported crystal structure of the rhenium cluster—Mn complex,
[Mn(DMF);]5[ReSes(CN)e],' we can suggest a binding
feature for Mng s(CTA);[RegTeg(CN)gl. Each Mn?* ion is
coordinated to three cyano ligands of rhenium clusters,
forming Mn[RegTeg(CN)gl3'°~ and further condensed to form
Mn;[RegTeg(CN)gl'® ™. These clusters lie on the wall of
cylindrical rod micelles because of the electrostatic interactions
between the cationic surfactant heads and anionic metal
clusters such as (CTA)sMn[ResTeg(CN)gl,, compensating for
the charges.

The absorption property of the solid was also investigated
with reflectance solid-state ultraviolet—visible spectroscopy. In
general, chalcogenide materials have narrower energy
band gaps than oxides.!" The optically observed band gap of
H-Re/Te/Mn is 1.92 eV (Fig. 3(b)).

We have obtained a new hybrid mesostructured material
by employing the hydrothermal method using octahedral
[RegTeg(CN)g]*~ clusters in the presence of a transition metal
and surfactant template. The hydrothermal method with the
aid of the liquid crystal template provides an efficient route for
the highly ordered mesostructured phases. This new type of
material has a narrow energy band gap, making it potentially
suitable for application in electrical and photo electronic
devices.
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