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Research on the self-assembly of inorganic clusters
around organized sets of organic molecules is of great
interest, primarily because of the valuable lessons which
could be learned for materials design and due to the
potential high impact materials so designed could have
in technology.1 Incorporation of electrical properties into
nano- and mesostructured materials presents a special
challenge, because non-oxidic building blocks have to
be employed and, at the same time a great opportunity,
because new functionality could be expected in these
systems.2 Synthesis of mesostructured silicates by the
Mobil group3 showed a way to achieve tunable ordered
structures in the mesoscale using surfactants as tem-
plating agents. These materials are promising for ap-
plications in catalysis,4 but lack potential as optical or
electronic materials. Our effort is to incorporate elec-
tronic properties into nano- and mesostructured materi-
als. The report of the synthesis of microstructured metal
sulfides5 stimulated the preparation of a number of
metal sulfides with microstructured open framework
structures.6 This was followed by reports on the syn-
thesis of mesostructured CdS,7 SnS,8 and ZnS9 with the
incorporation of cationic surfactants. In addition, the
hydrothermal treatment of amorphous GeS2 and cetyl-
trimethylammonium bromide was reported to give

lamellar mesostructured GeSx phases.10 Recently,
MacLachlan et al. reported the supramolecular as-
sembly of mesostructured metal germanium sulfides
from Ge4S10

4- clusters.11 They have emphasized the
need for nonaqueous solvent formamide, playing a key
role in their synthesis of hexagonal ordered phase. The
reported phases claimed to have flexible and adjustable
composition. Indepentendly, we focused our efforts on
the self-assembly of Ge4S10

4- adamantane ions12 with
surfactant micelles in aqueous medium and have pre-
pared mesostructured materials [CnH2n+1N(CH3)3]2-
MGe4S10 (CnMGeS) with divalent metal ions with
divalent metal ions Zn2+, Cd2+, Hg2+, Ni2+, and Co2+.
These materials are different from those of MacLachlan
et al. and contain pores resembling wormholes.13 During
our investigation, we observed reactions with Mn2+ ions
in aqueous medium behaved differently and did not
result in an immediate precipitation as with the other
divalent metal ions. Subsequently, we carried out reac-
tions with Mn2+ ions under hydrothermal conditions
and discovered a new mesostructured phase of MnGe4S10
with hexagonally ordered pores with mesityltrimethyl-
ammonium surfactant.

[C14H29N(CH3)3]2MnGe4S10 (C14MnGeS) was synthe-
sized by reacting a mixture of Na4Ge4S10, MnCl2‚4H2O,
and mesityltrimethylammonium bromide in a stoichio-
metric ratio 1:1:2, at 120 °C under hydrothermal condi-
tions.14 The reaction could be expressed by the following

From elemental analysis, the Mn:Ge:S ratio was found
to be 1:4:10.15 Elemental analysis also confirmed the
absence of sodium or bromide ions in the sample. The
thermal gravimetric (TG) analysis showed a weight loss
of 43.47% from 180 °C to 500 °C,16 which corresponds
to a loss of two moles of the surfactant (43.30% calcu-
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Na4Ge4S10 + MnCl2 + 2C14H29N(CH3)3Br f

[C14H29N(CH3)3]2MnGe4S10 + 2NaCl + 2NaBr (1)
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lated). There is no weight loss observed below 180 °C,
indicating the absence of any water molecules in the
compound. Further, C,H,N analyses also support the TG
analysis.14

The powder X-ray diffraction pattern of C14MnGeS
is shown in Figure 1A. It is very similar to those of the
hexagonal phases reported for mesoporous silica.3 We
could index the three reflections at 32.31, 18.73, and
16.24 Å as 100, 110, and 200, respectively, with hex-
agonal lattice parameter, aH ) 37.31 Å. As with other
mesostructured oxidic phases,3 we do not observe any
Bragg diffraction peaks at wide angle, suggesting that
the MnGe4S10 framework (that is the walls) lacks long
range order. Nevertheless, these materials exhibit well-
defined diffuse scattering at 2θ > 10°, consistent with
the presence of short-range local order and nonperiodic
wall structure. On the basis of the X-ray diffraction
pattern, the mesopores in C14MnGeS are hexagonally
packed and embedded in a three-dimensional MnGe4S10
framework as shown schematically in Figure 1B.

To probe the local structure of the amorphous man-
ganese germanium sulfide framework, we analyzed the
X-ray diffuse scattering with the atom pair distribution
function (PDF) technique.17 Figure 1C(i) shows the
reduced structure factor Q[S(Q)-1] of C14MnGeS ob-
tained from the powder diffraction data.18 The corre-
sponding pair distribution functions derived from the
structure factor Q are shown in Figure 1C(ii).18 Char-
acteristic atom pairs are assigned corresponding to the

strong peaks in the PDF (Figure 1C(ii)). The PDF shows
that there is well-defined local order as seen by the
presence of interatomic correlation vectors at 2.2 and
3.8 Å which correspond to Ge-S and Ge-Ge distances
in the [Ge4S10]4-cluster. The structural origin of these
correlation vectors is consistent with the presence of
[MnGe4S10]2-structural modules. The results agree well
with the PDFs calculated from the model developed on
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Figure 1. (A) Powder X-ray diffraction pattern of C14MnGeS (Rigaku, Cu KR) showing low angle peak corresponding to 100 of
the hexagonal cell and 110 and 200 reflections in an expanded scale, (B) schematic representation of hexagonal ordered structure
of C14MnGeS and local structure of “metal-thiogermanate wall” encapsulating rod micelles, and (C) (i) reduced structure factors
Q[S(Q) - 1] of C14MnGeS, derived from the wide-angle X-ray diffraction pattern (Huber diffractometer in symmetric reflection
geometry and Ag KR radiation) and (ii) reduced pair distribution function, G(r) plotted against distance r. Figure also shows
PDFs corresponding to a model based on the structure of crystalline [(CH3)4N]2MnGe4S10.
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the basis of the crystalline analogue [(CH3)4N]2Mn-
Ge4S10.6a,19,20 Furthermore, the peak corresponding to
the Mn-S pair (bond distance of 2.4 Å) is most likely
overlapping with the peak at 2.2 Å. There is no
structural coherence above 10 Å observable, (Figure
1C(ii)) which would be approximately the Mn-Mn
separation. This suggests that the long-range order is
destroyed because the lack of well-defined orientational
relationship between neighboring adamantoid ions.

The three-dimensional nature of the framework is
further supported by differential scanning calorimetric

(DSC) analysis. It is a general observation that the
lamellar phases show a phase transition well below
their decomposition temperature, due to “melting” or
conformational changes of the long alkyl chains of the
surfactant molecules in the intralamellar space. For
example, the parent phase, [C14H29N(CH3)3]4Ge4S10
(C14GeS) shows a phase transition around 150 °C.12

C14MnGeS does not show any such phase transition
below 180 °C, indicative of the three-dimensional nature
of the framework. From 180 to 220 °C, an endothermic
peak occurs, corresponding to the decomposition of the
surfactants. The framework collapsed on complete
removal of the surfactant at 500 °C, leading to an
amorphous final product.

The Raman spectrum of the C14MnGeS and the
corresponding lamellar parent C14GeS12 which has
isolated Ge4S10

4- clusters, are shown in Figure 2A.21 As
compared to the lamellar phase, mainly the peak at 458
cm-1 in C14MnGeS, corresponding to terminal Ge-Sterm
symmetric stretching mode, is affected in intensity and
shifted to lower frequency. The peak at 349 cm-1

corresponds to the totally symmetric breathing vibra-
tional mode of the inner cage Ge4S6 is not affected in
intensity, although shifted to higher frequency as
compared to isolated Ge4S10

4- clusters.22 Further, the
peak at 256 cm-1 could be assigned to Mn-S stretching
which is absent in the lamellar phase. The far-IR
spectrum showed characteristic broad bands at 423, 377,
279, and 197 cm-1, corresponding to the adamantane
Ge4S10

4- cluster and is similar to that of [(CH3)4N]2-
MnGe4S10.23 The band centered at 423 cm-1 due to Ge-
Sterm stretching is shifted to lower frequency as com-
pared to compounds with isolated Ge4S10

4- anions (458
cm-1). Thus it is clear that the terminal S atom of the
adamantane cluster is bonded to Mn.

Finally, a high-resolution transmission electron (HR-
TEM) micrograph24 of C14MnGeS is consistent with the
rod micellar structure encapsulated by metal thioger-
manate walls. Figure 3A shows the tubular arrange-
ment of the pores filled with rodlike surfactant micelles
The distance between the pores is ∼30 Å, close to the
values obtained from powder X-ray diffraction pattern
(Figure 1A). We were able to remove up to 60% of the
surfactant by “calcination” at 180 °C for 2 h under
dynamic vacuum without framework collapse. The
powder X-ray diffraction pattern of the “calcined” sample

Figure 2. (A) Raman spectra of (i) C14MnGeS showing
characteristic peaks corresponding to adamentane Ge4S10 unit
and Mn-S stretching and (ii) C14GeS, lamellar phase contain-
ing isolated Ge4S10

4- clusters, and (B) solid-state absorption
spectrum of C14MnGeS.

Figure 3. High-resolution transmission electron micrographs of C14MnGeS (A) as prepared sample and (B) “calcined” sample.
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showed a low-angle peak at 30 Å, with a decrease of ∼2
Å from the “as prepared” sample suggesting that the
integrity of the framework is retained in the sample. A
TEM micrograph of the “calcined” phase is given in
Figure 3B where vesicular-like structures are clearly
visible.

The property that distinguishes the metal sulfide
frameworks from those of silica, is the much narrower
optical energy band gap of the former. Indeed C14MnGeS
possesses a well-defined sharp optical absorption as-
sociated with band gap of 2.84 eV25 (Figure 2B), which
is in the range suitable for optoelectronic applications.

In conclusion, we have shown here that it is possible
to self-assemble adamantane Ge4S10

4- clusters in aque-
ous medium and form hexagonally ordered mesostruc-
tures by employing the hydrothermal method of syn-
thesis. We were also able to synthesize similar phases
with the C12H25N(CH3)3Br, C16H33N(CH3)3Br, and
C18H37N(CH3)3Br surfactants thereby “tuning” the pore
size. The pattern as observed from the powder X-ray
diffraction pattern showed a corresponding increase
with increase in surfactant chain length.
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