FULL PAPER

DOI: 10.1002/ejic.200701125

Mesolamellar Phases Containing [ResQg(CN)g]* (Q = Te, Se, S) Cluster
Anions
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We synthesized new mesostructured materials through the
surfactant-templated assembly of octahedral rhenium cluster
[ResQg(CN)g]*™ (Q = Te, Se and S) anions. The mesostruc-
tured lamellar phases with the general formula [C,H;,,1N-
(CHz)3]4[ResQs(CN)g] (n = 14, 16, 18; Q = Te, Se, S; 1: n = 14,
Q=Te;2:n=16 Q=Te;3:n=18 Q=Te; 4:n=16 Q=
Se; 5: n = 16, Q = S) were prepared by an ion exchange/
precipitation reaction of alkyltrimethylammonium surfac-
tants and the corresponding cluster K;[RegQg(CN)g] in an
H,O/acetone medium at room temperature. The orange
plate-like crystals of 1 and 4 were obtained by slow concen-

tration of their solutions and their crystal structures deter-
mined by single-crystal X-ray diffraction. In the structure, the
rhenium clusters form layers with a pseudo-hexagonal ar-
rangement, and these inorganic layers are separated by a
bilayer of interdigitated surfactant cations. Compounds 1-5
were characterized using powder X-ray diffraction, TEM, IR,
Raman, FL, UV/Vis spectroscopy, and thermogravimetric
analysis.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

The design and synthesis of new solid materials with con-
trolled structures are of great interest in materials science.
Since the discovery of a new family of mesoporous siliceous
molecular sieves by Kresge et al. at Mobil Company in
1992,11 the use of surfactants as soft structure-directing
agents in the synthesis of hard inorganic materials has pro-
vided a versatile route to preparing numerous multifunc-
tional mesoporous materials. Among ordered siliceous me-
soscale materials, it has been well known that lamellar
(MCM-50), hexagonal (MCM-41) and cubic (MCM-48)
phases can all be prepared using appropriate surfac-
tants and reaction conditions, and that they can be trans-
formed into each other.”l Recently, however, these lamellar,
hexagonal and cubic phases were also prepared from non-
oxidic germanium chalcogenide clusters.>* However, the
chemistry used to construct such non-oxidic frameworks is
slightly different from that used in the silicate system. The
lamellar phases were obtained predominantly by an ion ex-
change reaction between the germanium chalcogenide clus-
ter molecules and the surfactants, while the hexagonal and
cubic phases were constructed from the tetrahedral
[GesS;o]* building units that are linked together through
the transition metal cations in the presence of suitable
surfactants. These mesostructures based on non-oxidic mo-
lecular clusters show promise in developing advanced appli-
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cations in optoelectronic, photonic or magnetic fields that
have been not found in the silica framework.

Very few lamellar phases consisting of metal clusters
have been characterized by single-crystal X-ray diffraction:
[C,H2,+1N(CH3)314GesQ1o (Q = S, Se; n = 8-18),14P]
[C,H2, 1NH31,GeyS1o (n = 12-18),1% [C1,H,sNH;]4Sn, S
2H,0.,P1 [C},H,5N(CH3)3)4H, V190,58 H,0, [C,H,5N-
(CH3)314V1203,:6H,0,11 and  [C;cH33N(CH3)5]4SiMoy -
4.1 Others that have been described from powder X-ray
diffraction and TEM data include [C;6H33N(CHj3)s]g-
(H2W12040), [C16Ha3N(CH3)s]+ (Nb W5 . 010) (x =2, 3,
4), [C12H2sN(CH3;);3]6NaPW 03,10 and (NHy),-
(C,Hs,+1NH3) (NH4V,P,BO5)63H,0 (T=n=18; x + y =
17).1t1

The chemistry of hexarhenium chalcogenide clusters,
[ResQg(CN)g]*, has developed rapidly and produced an
interesting number of structurally well-defined solid archi-
tectures in recent years.['”] These octahedral clusters possess
interesting electronic and luminescence properties, and can
be used as an analogue of tetrahedral building blocks such
as [Ge4S;o]* and [SnSes]* in design of new types of meso-
porous materials!!?®! possessing various useful physical
properties. Moreover, the octahedral clusters have been
combined with various metal cations or metal complexes
to yield well-defined mesostructures, some of which have
resulted in gas-storage materials, chemical sensors or cata-
lysts.['3141 However, no works have been reported relating
octahedral metal chalcogenide clusters to the synthesis of
ordered mesostructures templated with surfactants. There-
fore, here we present a rational synthesis, including the
properties of a new series of mesostructured materials pre-
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pared by self-assembly of cluster [ReQg(CN)g]* (Q = Te,
Se, S) in the presence of C,H,,+;N(CH3);Br (n = 14, 16,
18) acting as structure-directing agents: [C;4H,oN(CH3)3]4-
[RegTeg(CN)g] (1), [Ci6H33N(CH3)s3]a[ResTes(CN)e]  (2),
[CisH37N(CH3)3l4[ResTeg(CN)g]  (3),  [Ci6H33N(CH3)3s-
[Re6Seg(CN)g] (4) and [C6H33N(CH3)3]4[ReSg(CN)¢] (5).

Results and Discussion

The reactions of C,H,, - N(CHj3);Br (n = 14, 16, 18) and
K4[RegQs(CN)g] (Q = Te, Se, S) led to several new surfac-
tant-containing mesoscale rhenium cluster compounds.
Upon mixing the alkyltrimethylammonium salt and the
rhenium cluster solutions at an ambient temperature, the
products precipitated immediately through the following
ion-exchange reaction.

4 [C,Hy,+1N(CH;3)3]Br + K4[ResQs(CN)g] —
[C,H2,+1N(CH3)3]4[RecQs(CN)g] + 4 KBr

The crystal structures of 1 and 4 were determined in
space group PI, and a summary of the crystallographic
data is given in Table 1. The structure of 1 is composed of
alternating layers of [RegTeg(CN)g]*~ clusters and tetrade-
cyltrimethylammonium cations (Figure 1). The spacing
value d for the structure of 1 is 22.20 A, close to the 21.71 A
obtained from the PXRD data. Within the ab plane, the
[RegTeg(CN)g]* clusters form an array of nearly hexagonal
arrangements, with each cluster surrounded by six neigh-
bors; this is shown in Figure 2. The average distance be-
tween the centers of two neighboring Reg clusters is about
11.63 A, with close contacts between the two neighboring
Neyano atoms ranging from 6.35 to 7.32 A. The positively
charged trimethylammonium head groups of the two crys-
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tallographically different molecules are positioned toward
the negatively charged clusters. The layers of [RegTeg-
(CN)e]* are separated by layers of surfactant chains ar-
ranged in an antiparallel way. The angle between the surfac-
tant and rhenium cluster plane is about 39.80°, close to the
32.24° calculated for the relationship between the interlayer
spacing d and the number of carbon atoms 7 in the surfac-
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Figure 1. Overall structure of 1 viewed approximately along the a-
axis. Reg cores are illustrated as dark red polyhedrons, with eight
tellurium atoms capping the Reg core. H atoms are omitted for
clarity.

Table 1. Crystal data and structure refinement for compounds 1 and 4.

1 4
Empirical formula [C14H29N(CH;)3]s[ResTeg(CN)¢) [C16H33N(CH;)3]u[ResSeg(CN)g]
Formula mass 3320.06 3043.14
Temperature 293(2) K 293(2) K
Wavelength 0.71073 A 0.71073 A

Space group
Unit cell dimensions

Volume

VA

Density (calculated)
Absorption coefficient
F(000)

Crystal size
Data/restraints/parameters
Goodness-of-fit on F?
Final R indices [/>26(1)]

R indices (all data)

Largest diff. peak and hole

triclinic, PI
a=11.482(5)A
b=11.625(5) A

¢ =22200(10) A

a = 78.244(8)°

S = 82.314(8)°

7 = 61.283(8)°
2542.1(19) A3

1

2.169 Mg/m?

9.403 mm™!

1532
0.10 X 0.10 X 0.10 mm
9767/0/450

0.894

R, = 0.0652

WR, = 0.1286

R, =0.1727

wR, = 0.1611

1.986 and —1.345 e:A 2

triclinic, PI
a=11717Q2) A
b=11.844(2) A

¢ =21.393(4) A

a = 87.99(3)°

B =87.59(3)°

7 = 60.97(3)°
2593.2(9) A3

1

1.949 Mg/m?

9.823 mm™!

1452

0.10 X 0.10 X 0.10 mm
9966/1/486

0.948

R; = 0.0708

WR> = 0.1679

R, = 0.1311

WR> = 0.1989

2.417 and -2.557 ¢ A3
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tant. Thus, we are able to prepare new lamellar materials
consisting of inorganic layers separated by precisely tunable
mesoscale distances by choosing surfactants of suitable
chain lengths.

Figure 2. Pseudo-hexagonal two-dimensional packing of the
[RegTeg(CN)g]* clusters in 1. The hexagon is in the figure. H and
Te atoms are omitted for clarity.

The structure of 4 is essentially similar to that of 1, as
shown in Figure 3. The spacing value d for the structure of
41is 21.51A, which is shorter than that of 1. Moreover, the
tilt angle of the surfactants is 54.7°, which is larger than
that of 1. Compound 4 possesses a lamellar structure, as
well as [RegSes(CN)g]* clusters with a very similar pseudo-
hexagonal arrangement. Along the ¢ direction, layers of Reg
clusters alternate with bilayers of interdigitated surfactant
cations. Figure 3 shows the layers of the interdigitated

Figure 3. Overall structure of 4 viewed along the h-axis. H atoms
are omitted for clarity. The structure of 4 is similar to that of 1.
However, the angle of the surfactants to the rhenium cluster plane
in 4 is larger than that in 1.
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chains. The approximate distance between chains in the
interdigitated region is 2.74-3.05 A, as measured by the
closest H--H distance between two neighboring chains.
The powder X-ray diffraction (PXRD) patterns of the
surfactant—rhenium telluride [RegTeg(CN)g]* cluster hybrid
phases 1, 2 and 3 clearly reveal strong (001) reflections due
to the lamellar character; this is shown in Figure 4. From
these strong (001) peaks the interlayer spacings of the three
phases were calculated. A linear relationship between the
interlayer spacing (d) and the number of carbon atoms ()
of the long alkyl groups (C,H>,,+; in [C,H>,+N(CH3);]") is
observed and expressed as d = 0.6775n + 12.255 (A) (see
Figure 5). This means that the average increment of inter-
layer spacing (Ad/An) is 0.6775 A, smaller than the 1.27 A
length increment per carbon atom in a stretched form of
the alkyl chain.!'31 Therefore, hydrophobic alkyl chains of
the surfactants in these materials may be arranged with a
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Figure 4. Powder X-ray diffraction patterns of lamellar (a) com-
pound 1, (b) compound 2, and (¢) compound 3.
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Figure 5. Variation of the interlayer spacing of [C,H,,,+1N(CH3)3]4-
[ReéQg(CN)G] with n.
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large tilt angle of sin'(0.6775/1.27) = 32.24° (Figure 1). Ex-
trapolation of the data to n = 0 gives an intercept of 12.255
(A), which is smaller than the sum of the rhenium cluster
and head group (CH3);NH™ of the surfactant. This may
be explained by the strong direct anion—cation interaction
between the cationic head groups of the surfactant and the
anionic rhenium cluster.

The powder X-ray diffraction patterns of compounds 2,
4 and 5 are compared in Figure 6. The lamellar-phase mate-
rials were synthesized using the same surfactant, cetyltri-
methylammonium bromide, together with different rhenium
chalcogenides, [C;6H33N(CH3)3]4[ResQs(CN)] [Q = Te (2),
Se (4) and S (5)]. The respective interlayer spacing values d
of 2, 4 and 5 are 22.92 A, 21.32 A, and 27.24 A, respec-
tively. The varying d values of the three chalcogenides ana-
logues (S, Se, Te) indicate different tilt angles of the alkyl
chains in [C;sH33N(CHj3);3]4[ResQs(CN)g] (Q = S, Se, Te):
The more covalent ligands, Se and Te, have larger tilt angles
compared to the ionic sulfur ligand.
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Figure 6. Comparison of powder X-ray diffraction patterns of lam-
ellar (a) compound 5, (b) compound 4, and (c) compound 2.

Figure 7 shows the TEM images of 2, with highly aligned
mesostructures clearly visible. The interlayer spacing value
d of the image is about 22.2 A, which sufficiently matches
the d value (22.9 A) obtained from the PXRD data. The

Figure 7. TEM images of 2. (a) Electron diffraction pattern. (b)
The interlayer spacing value d is about 22.2 A.
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electron diffraction pattern also proves that 2 is a lamellar
phase.

To investigate the bonding features of these phases, 2 as
a representative phase was characterized by IR spec-
troscopy, and the results are shown in Figure 8. For com-
parison, the IR spectra of the starting cluster K4[RegTeg-
(CN)4] and C;cH33N(CH);Br (CTABr) surfactant are also
shown. Figure 8(a) reveals a characteristic strong band at
2090 cm™! corresponding to the vibration mode of the cya-
nide group of the cluster, thus indicating that the cyanide
groups exist in 2.[1%81 It also reveals the presence of CTA
cations in 2 through comparison of the respective spectra
of CTABr and the product. In addition, the position of the
stretching bands of the CH, groups is worth noting from
the spectra. It is well known that the positions of the asym-
metric stretching band (2920 cm™!) and the symmetric band
(2850 cm™) of the CH, groups in n-alkyl chains are quite
sensitive to chain conformation and that these two bands
shift to lower wavenumbers if disorder (kink and gauche
blocks) is introduced into the n-alkyl chains.['®) In the case
of 2, the spectrum exhibits two separate bands at 2920 and
2850 cm ™!, which are very close to those of the CTABr. This
means that the n-alkyl chains remain in ordered conforma-
tion in the interlayer space of 2.
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Figure 8. FTIR spectra of K4ResTeg(CN)4] (a), CTABr (b) and
Ci6-RegTeg(CN)g (c). C=N and C-H modes are observed in 2.

The energy dispersive X-ray spectroscopy (EDX) analy-
sis shows the Re/Te ratio in the material to be very close to
3:4, agreeing with the expected ratio for the [RegTeg]** core.
This, together with the presence of the cyanide group men-
tioned above, indicates that cluster [ResTeg(CN)¢]* is intact
in the material.

The thermochemical properties of 2 were investigated
using thermogravimetric analysis (TGA). Figure 9 indicates
that no appreciable weight loss occurs up to 250 °C. Rather,
the weight loss occurs predominantly from 250 to 450 °C.
This weight loss of about 30% indicates decomposition of
the surfactant [C;sH33N(CH3)5*] from [C¢H33N(CHj3)s]4-
[RegTeg(CN)g] (2). Single crystal X-ray analysis, IR, EDX
689
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and TGA analysis confirm the chemical formula of
[C.H2,+1N(CH3)3]4[RecQs(CN)g] (Q = S, Se, Te). This type
of formula was also observed in previously reported lam-
ellar phases prepared from the clusters and the surfactants,
and resulted from the cationic exchange reaction.!1]
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Figure 9. Thermogravimetric analysis of 2. Weight loss of 2 is about
30%.

The fluorescence property of 2 was also investigated
(Figure 10). Recently, others have studied the spectroscopic
and photophysical properties of ResQg clusters (Q = S, Se,
Te).'”l The compound shows a behavior similar to that of
the rhenium cluster itself; a solid sample of compound 2
shows an emission maximum at 742.4 nm with excitation at
463 nm. The emission maximum of 2, at 754.8 nm, is found
at 12 nm shorter wavelengths relative to that of K4[ResTeg-
(CN)g]-

10000 - — - - compound 2
—K [Re Te (CN) ]

' 742.4nm

8000

/ 754.8qm

6000 /S

Intensity

4000 -

2000

1 1 1

500 600 700 800

wavelength

Figure 10. Solid-state emission (Ao = 463 nm) spectra of 2 and
K4[RegTeg(CN)g] (from top to bottom). The maxima are observed
at 742.4 and 754.8 nm, respectively.

The absorption properties of the solid phases were inves-
tigated by diffuse-reflectance solid-state UV/Vis spec-
troscopy. In general, chalcogenide materials have narrower
energy bandgaps than oxides.*®! The bandgaps of 2, 4 and
690
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5 are 2.03, 2.25 and 2.43 eV, respectively (shown in Fig-
ure 11), with these values decreasing with an increasing
atomic number of chalcogen capped on the hexarhenium
cluster. The bandgaps of the parent rhenium chalcogenide
compounds are 1.86, 2.11 and 2.36 eV for KyResTeg-
(CN)g], K4[RegSeg(CN)g] and Ky[RegSg(CN)g], respectively.
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Figure 11. Solid-state UV/Vis spectra of 2, 4, and 5. 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 scat-
tering coefficient. The bandgap energy is 2.03, 2.25, and 2.43eV for
2, 4, and 5, respectively.

Conclusion

We synthesized new non-oxidic semiconducting and lu-
minescent mesostructured materials by the surfactant-tem-
plated assembly of the octahedral rhenium cluster
[ResQg(CN)g]* (Q = Te, Se and S) anions an H,O/acetone
medium at room temperature. This new family represents
the first example of an octahedral cluster—surfactant hy-
brid, analogous to a tetrahedral [Ge,S,(]* -containing me-
sostructured family, with a highly ordered lamellar struc-
ture. Further studies under different synthetic conditions
such as hydrothermal and complex formations with various
transition metals for new structural and physicochemical
properties are currently underway.

Experimental Section

Starting Materials: The compound Ky[RegTeg(CN)¢] was synthe-
sized by treating Re,Tes with KCN. In addition, the compounds
K4[RegQs(CN)g] (Q = Se, S) were synthesized by treating of Re,Tes
with KCN, and Se or S, respectively, as described previously.['$]
The powder X-ray diffraction patterns agree well with the powder
patterns calculated from the single-crystal data of K4[ResQg(CN)g]
(Q = Te, Se, S). All other commercial reagents were used as re-
ceived.

Synthesis of [C,Hz,+1N(CH3)3l4[ResQs(CN)g| (n = 14, 16, 18; Q =
S, Se, Te; 1-5): K4[ResQs(CN)g] (Q =S, Se, Te) (0.040 mmol) was
dissolved in H,O (1 mL). In a separate flask, the surfactant (0.36 g)

Eur. J. Inorg. Chem. 2008, 686-692
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{TTABEr [tertradecyltrimethylammonium bromide, C;4H,oN(CHj3);-
Br], 1.1 mmol, for 1; CTABr [cetyltrimethylammonium bromide,
C,6H33N(CHj3);Br], 1.0 mmol, for 2, 4 and 5; OTABTr [octadecyltri-
methylammonium bromide, C;gH3;N(CH3);Br], 0.92 mmol for 3}
was dissolved in H,O/acetone (3:2mL). When the solutions of
K4[ResQs(CN)g] and the surfactant were combined, a red-brown
solid formed immediately. The mixture was stirred at room tem-
perature for 5 h. The solid was then isolated by filtration, washed
with warm water and dried in an oven at 70 °C. [C14H,9N(CH3)3]4-
[RegTeg(CN)g] (1), [Ci6Ha3N(CH3)s]a[RegTeg(CN)g] (2), [CisHz7N-
(CH3)3]4[RegTeg(CN)g] (3), [Ci6H33N(CH3)s]4[ResSes(CN)g] (4) and
[C16H33N(CHj3)3]4[ResSs(CN)g] (5) were obtained. Orange, plate-
lake crystals of 1 and 4 were obtained by slow concentration of the
solutions. X-ray data of 1 and 4 were collected for single-crystal
structure determinations.

X-ray Crystallography: Single-crystal X-ray analysis was carried
out with a Bruker SMART APEX CCD diffractometer using Mo-
K, radiation (A = 0.71073 A). The data were collected at room tem-
perature by the standard technique. The CCD data were integrated
and scaled using SAINT PLUS.I" Absorption corrections were
made empirically using SADABS. The structure was solved and
refined using the SHELXTL program set.l?’l The crystallographic
data for compounds 1 and 4 are listed in Table 1. Selected bond
lengths and angles are listed in Tables 2 and 3 for compounds 1
and 4, respectively. CCDC-659848 (for 1) and -659849 (for 4) con-
tain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Table 2. Selected bond lengths [A] and angles [°] for 1.1

Re-Re 2.6819(16)-2.6926(17)
Re-Te 2.689(2)-2.709(2)
Re-C(cyano) 1.96(2)-2.09(3)
C-N(cyano) 1.21(3)-1.25(2)

N-C(surfactant)
C—C(surfactant)

1.47(2)-1.52(2)
1.41(4)-1.56(3)

C-H(surfactant head) 0.9600
C-H(surfactant tail) 0.9700
Re(1)#1-Re(3)-Re(2) 60.00(3)
Re(2)#1-Re(3)-Re(2) 90.06(4)
Re(3)-Te(6)-Re(2)#1 59.84(4)
N(1)-C(1)-Re(1) 178.0(18)
C(11)-N(11)-C(13) 109.5(16)
C(15)-C(16)-C(17) 115(2)
C(22)-N(12)-C(21) 110.3(17)
C(29)-C(28)-C(27) 120(3)
H(11A)-C(11)-H(11B) 109.5
H(21A)-C(21)-H(21B) 109.5
C(15)-C(14)-H(14B) 108.2
C(25)-C(24)-H(24B) 108.1

[a] Symmetry transformations used to generate equivalent atoms:
#l:—x, -y, —z + 1.

Thermogravimetric Analyses (TGA): TGA data were obtained un-
der a constant N, flow with a heating rate of 10 °C/min in the
SETRAM LABSYS TG system.

Transmission Electron Microscopy (TEM): High-resolution trans-
mission electron micrographs were acquired with a JEOL JEM-
3010 instrument (300 kV).

Spectroscopic Techniques: The emission spectra were recorded in
the wavelength range of 500-850 nm with an F-4500 FL spectro-
photometer. An Xe lamp was used as a light source to emit an
intense and relatively stable radiation in a continuous range of 200—
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Table 3. Selected bond lengths [A] and angles [°] for 4.1

Re Re 2.6331(12)-2.6428(11)
Re Se 2.5151(18)-2.5392(18)
Re-C(cyano) 2.123(17)-2.145(19)
C-N(cyano) 1.130(18)-1.161(19)

N-C(surfactant)
C—C(surfactant)

1.46(2)-1.540(2)
1.44(3)-1.56(2)

C-H(surfactant head) 0.9600
C-H(surfactant tail) 0.9700
Re(2)-Re(3)-Re(1)#1 60.00(4)
Re(1)-Re(3)-Re(1)#1 90.05(5)
Re(2)-Se(7)-Re(1) 62.90(5)
N(1)-C(1)-Re(1) 175.7(14)
C(117)-N(11)-C(11) 109.4(12)
C(112)#2-C(111)-C(110) 118.4(17)
C(218)-N(21)-C(217) 109.4(13)
C(212)-C(213)-C(214) 118.4(15)
H(11C)-C(118)-H(11D) 109.5
H(21G)-C(219)-H(21H) 109.5
C(14)-C(14)-H(13A) 108.9
C(27)-C(28)-H(28A) 108.9

[a] Symmetry transformations used to generate equivalent atoms:
#l:—x, -y, —z+ 1, #2: —x + 2, -y, =

800 nm. The excitation slit width and the emission slit width were
5.0 nm, and the scan speed was 1200 nm/min. FT-IR spectra were
obtained at room temperature with a BIORAD FTS 135 spectro-
meter in the range of wavenumbers from 4000 to 400 cm™! at a
resolution of 8 cm™! with 16 scan times. The UV/Vis spectrum was
recorded with a JASCO V-550 spectrophotometer. The response
was medium, the scanning speed was 400 nm/min, and the band-
width was 5.0 nm.
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