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Adjustable Worm-hole Shaped Pores: M-Ge-Q
(Q = S, Se) Frameworks Based on Tetrahedral
[Ge4Q10]4± Clusters**
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Simon J. L. Billinge, Valeri Petkov, Joy Heising,
and Mercouri G. Kanatzidis*

The discovery of MCM-41[1] and its relatives[2±4] has
spawned a revolution in the design and synthesis of tailored
mesostructured oxide-based materials. By comparison,
non-oxidic solids such as sulfides or selenides are only very
little exploredÐpartly because of difficulties in handling or
obtaining relevant precursors (e.g., [SiS4]4± units). Direct
sulfur and selenium analogs of MCM-41 type materials
would be the thio- and seleno- aluminosilicates. However,
these systems are expected to be very unstable to hydroly-
sis. Therefore, one needs a working analog for the sulfides
and selenides to mimic some of the characteristics of the
[SiO4]4± unit. A suitable such building unit with tetrahedral
topology and similar charge is the adamantane thioanion
[Ge4S10]4± (or its selenium analog) (Scheme 1), which is
made of four corner-linked [GeS4]4± tetrahedra. We have
already studied in detail their corresponding salts
(RNMe3)4[Ge4Q10] (abbrev. as CnGeQ) with various sur-
factants.[5] Reports on mesostructured chalcogenides have
begun to appear, such as CdS[6] and ZnS[7] prepared
through the incorporation of surfactants. Also, initial stud-
ies on mesostructured tin sulfides[8] and a brief report on
the synthesis of mesostructured thiogermanates resulting
from the hydrothermal treatment of amorphous GeS2 and
C16H33NMe3

+Br±, (CTA), are noteworthy.[9] Various micro-
structured metal sulfides resembling those of zeolites have
been forecast[10] and important first steps have been made

in recent years.[11±14] The adsorption and sensing behavior
of some structurally well-defined microporous lamellar tin
sulfides (cation)2Sn3S7 have been explored.[15] Small guests
such as NH3, H2S, and alcohols were found to interact with
these materials. A recent exciting development toward pro-
ducing well-defined mesostructured materials is the discov-
ery of ASU-32, a novel indium sulfide that features pore
diameters of ~14.5 �.[16]

We describe here a new class of mesostructured
M/Ge4Q10 (M = Zn, Cd, Hg, Co) based frameworks with
large, adjustable, surfactant-filled worm-hole like tunnels.
We have employed the electrostatic self-assembly approach
developed at Mobil,[1] using a mainly aqueous route (with
methanol or ethanol added), and employing suitable cat-
ionic organic surfactant species, to form mesoporous metal
sulfide frameworks. These materials are formulated as
(RNMe3)2[MGe4Q10] (Q = S, Se) and will be referred to as
CnMGeQ (n = 12, 14, 16, 18).

While this manuscript was in preparation, Ozin et al. re-
ported on the non-aqueous synthesis of mesostructured
metal germanium sulfides from [Ge4S10]4± clusters.[17]

These materials contain CTA surfactant and M2Ge4S10

frameworks with hexagonally packed pores, (M = Zn, Ni,
and Co) and M4Ge4S10 (M = Cu). They require formamide
for synthesis, and contain some water (~5 wt.-%). The me-
sostructured CnMGeQ materials described here differ sub-
stantially from the (CTA)2M2Ge4S10 systems.[17] These dif-
ferences include a) synthesis method, b) chemical formula,
c) overall three-dimensional framework organization, and
d) thermal stability. In addition, the (CTA)2M2Ge4S10 sys-
tems are described to posses a ªhighly flexible and adjust-
able compositionº, as opposed to the rigid and definitive
stoichiometry that we find in CnMGeQ.

Using metathesis reactions between the [Ge4Q10]4±

(Q = S, Se) anions and metal dichlorides in the presence of
long chain cationic surfactant molecules, we synthesized a
number of CnMGeQ (n = 12, 14, 16, 18) compounds with
the divalent metal ions Zn, Cd, Hg, and Co[18] in water/
methanol or water/ethanol mixtures. The products can be
obtained between 20±80 �C, either by mixing CnGeQ and
MCl2, or A4Ge4Q10 (A = Na, K), MCl2 salts, and
CnH2n+1NMe3Br, see Equations 1 and 2. The sulfides are
white (Zn and Cd) or yellow (Hg), whereas the selenides
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are generally darker (yellow for Zn, Cd, brownish for Hg).
On the other hand the Co phases are dark green (S) or al-
most black (Se). These materials have a reproducible and
consistent composition corresponding to the formula
(RNMe3)2[MGe4Q10] and form over a wide [Ge4Q10]4±/
MCl2 ratio. They are stoichiometric compounds in which
the charge on the [Ge4Q10]4± cluster is balanced by one M2+

and two surfactant RNMe3
+ ions. The elemental composi-

tion was determined with energy dispersive microprobe
analysis (EDS), which consistently gave a M:Ge:Q ratio of
1:4:10. Interestingly, the methods used to obtain CnMGeQ
did not yield the corresponding phases with Mn2+ ions.[19]

(RNMe3)4Ge4Se10 + MCl2 ® (RNMe3)2MGe4Se10 +

2(RNMe3)Cl (1)

2RNMe3Br + Na4Ge4S10 + MCl2 ® (RNMe3)2MGe4S10 +

2NaBr + 2NaCl (2)

It comes as a surprise to us that the formamide-made ma-
terials reported by Ozin et al. have a different stoichiome-
try, namely (C16H33NMe3)2M2Ge4S10 (for M = Zn, Ni) and
(C16H33NMe3)2M4Ge4S10 (for M = Cu).[17] Charge balanc-
ing considerations imply the presence of reduced metal
ions such as Zn1+, Ni1+ (or M2+/M0 mixtures) and Cu0. Bar-
ring any occluded anionic species going undetected, the
cause of these unprecedented formulae is unclear.

The three-dimensional organization of CnMGeQ was ex-
plored with X-ray scattering, infrared (IR) and Raman
spectroscopy and thermal analysis. Structural characteriza-
tion was carried out using low- and wide-angle X-ray dif-
fraction (XRD), pair distribution function (PDF) analysis
and high-resolution transmission electron microscopy
(HRTEM).

A very strong and relatively sharp peak in the low-angle
region of the diffraction pattern reveals the mesostructured
nature of CnMGeQ. Figure 1A shows a representative
XRD pattern from the mesostructured phase C14CdGeS

Fig. 1. A) Low-angle region of the XRD pattern of mesostructured C14CdGeQ (Q = S, Se). The peak maxima correspond to d-spac-
ings of ca. 36 � and 34 �, respectively, which express the average pore±pore separation (dp) in these materials. B) Full XRD
pattern of the C14ZnGeQ (Q = S, Se) phases (2y = 0±110�). C) Pore spacings as a function of surfactant chain length n in CnCdGeQ
(n = 12, 14, 16, 18; Q = S, Se), showing an almost linear relationship. D) Wide-angle diffuse scattering for C14CdGeQ.



and C14CdGeSe. Similar peaks are observed in many me-
sostructured silicates, aluminophosphates and other metal
oxides where the d-spacing indicates the average mesopore
separation.[20,21] Figure 1B shows the low-angle portion of
typical powder patterns for C14ZnGeS and C14ZnGeSe.
The Hg and Co analogs show very similar patterns. In the
present samples the d-spacing is adjustable and increases
with increasing surfactant chain length from ~30 � for C12

to >40 � for C18 surfactants (Fig. 1C). MCM-41 exhibits
higher-order reflections because the pores in them form a
regular hexagonal packing arrangement.[1] In contrast, the
CnMGeS and CnMGeSe materials do not show such reflec-
tions, which implies the absence of regular pore packing
with intermediate range order, and in this sense they are
more akin to the MSU-1/-2/-3 silicas.[22]

The absence of sharp Bragg diffraction peaks in the pow-
der XRD pattern means that the framework ªwallsº have
no long-range order. However, these materials exhibit
well-defined diffuse scattering (at 2y > 10�), which is con-
sistent with the presence of short-range local order and
non-periodic wall structure much like the wall structure of
mesoporous silicas. The surfactant-filled tunnels are then
organized like worm holes, at the same time keeping a con-
stant average tunnel to tunnel distance to be expressed as a
strong low-angle peak in the diffraction pattern.

The position and intensity of the low-angle peak in the
XRD pattern is almost insensitive to temperature, suggest-
ing that the overall structure of the [MGe4Q10]2± frame-
work in CnMGeQ is neither one- nor two-dimensional. In
low-dimensional systems large changes in the surfactant
chain conformation should cause large changes in the low-
angle diffraction peak as a function of temperature. Instead
in CnMGeQ the high d-spacing peaks move only very little
with temperature and survive even after the materials have
lost most of their surfactant at 220 �C (see below). Differ-
ential scanning calorimetry does not show any phase transi-
tions of the type typically observed in lamellar phases. Such
transitions arise from the ªmeltingº or rearrangement of
the long surfactant chains in the intralamellar space (liq-
uid-crystal behavior). By comparison, the precursor phases
CnGeQ, which are lamellar, exhibit prominent transitions
at 120±160 �C.[5] This strongly suggests that CnMGeQ
phases have rigid three-dimensional, non-periodic, meso-
structured frameworks. Furthermore, absolutely no swelling
(or dissolution) was observed with CnMGeQ upon expo-
sure to a large number of solvents (e.g., many n-alcohols,
n-amines, dimethylformamide, acetonitrile, acetone, ben-
zene, nitromethane, etc.) as judged by the position of the
high d-spacing peak. One- or two-dimensional systems
separated by long surfactant chains are subject to swelling
in the presence of suitable polar solvents, as, for example,
the ªprecursorº lamellar phases CnGeQ.[5]

Wide-angle X-ray scattering data for C14CdGeQ are
shown in Figure 1D. The diffuse scattering pattern remains
similar on changing the length of the surfactant molecule
and shows small differences on changing the metal bridging

ion. This suggests that the local structure adopted by the
transition metal is similar in all phases and that the diffuse
scattering comes predominantly from the same structural
building block that is the adamantoid [Ge4Q10]4± itself. Di-
rect evidence for this is obtained by atomic-pair distribu-
tion functions (PDFs).

The reduced structure factors for C14ZnGeQ obtained
from the powder diffraction data are shown in Fig-
ure 2A.[23] The PDFs show that the short-range order is
well defined, suggesting the presence of structurally rigid,
well-defined fragments (see Fig. 2B). The assignment of
characteristic atom-pairs at ~2.2(2.4) � and ~3.8(4.0) �
correspond to the Ge±S(Se) and Ge±Ge vectors in the
[Ge4Q10]4± cluster, consistent with the presence of this
building block in the framework. The structural coherence
is virtually gone by 10 �, which is approximately the M±M
separation. This suggests that long-range order is destroyed
due to lack of well-defined orientational relationship be-
tween neighboring adamantoid ions. The metal ions con-
necting the adamantoid ions are acting as hinges (see
Fig. 2C). We estimate that these [MGe4Q10]2± frameworks
are able to enclose a circle with a diameter between
20±30 � using between six and ten stoichiometric units
(depending on surfactant), only changing their positions
relative to each other, but not the connectivities. Details of
the structural modeling will be reported elsewhere.[24]

Additional support for the structural model comes from
HRTEM photographs, which reveal that the samples have
disordered, worm-hole-like features (see Fig. 3A) that re-
semble examples for disordered mesoporous oxides.[25] The
tunnel dimensions are roughly 22±32 � and there is a sig-
nificant degree of disorder, consistent with the X-ray pow-
der diffraction results.

The Raman and IR spectra of all CnMGeQ phases show
that the adamantane cluster remains intact. They also give
evidence for additional M±Q bonds associated with the
terminal chalcogenide ions of the adamantane cluster. Fig-
ure 4A shows the Raman scattering from corresponding
sulfide and selenide phases in the region 75±500 cm±1. They
are representative examples as the spectra of other
CnMGeQ compounds with different n and M are very simi-
lar. The comparison of these spectra with those of the pre-
cursor compounds CnGeQ[5] or corresponding com-
pounds[26]Ðwhere the [M4Q10]4± (M = Ge, Sn; Q = S, Se)
units remain free of linkage metal atomsÐshows mainly
that the vibration modes of the inner Ge4Q6 cage are not
substantially affected through the linkage of the cluster
(Fig. 4A). The modes involving the terminal chalcogenido
atoms, however, are considerably influenced. The metal co-
ordination causes the u1 modes of the terminal Ge±Q
bonds, at 460 cm±1 for the S and at 315 cm±1 for the Se ana-
logs, to red-shift by 10 cm±1 and 15 cm,±1 respectively, com-
pared to the spectra of the uncoordinated clusters. These
bands are strongly suppressed, and furthermore, in the area
of 380±460 cm±1 for CnMGeS and 230±340 cm±1 for
CnMGeSe a broader low-intensity peak occurs. This broad-
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ening is understood in terms of the non-periodic character
of the structure of the [MGe4Se10]2± framework.[27]

An important difference between the extensively investi-
gated silicate or other oxidic mesostructured materials and
the chalcogenido materials described here is the consider-
ably narrower-energy bandgap of the latter. Solid-state
UV-vis spectroscopy shows that the compounds with Zn,
Cd and Hg posses well-defined, sharp optical absorptions
associated with bandgap transitions in the energy range
1.6±3.4 eV, (see Fig. 4B). This makes these mesostructured

chalcogenides potentially interesting for a number of
unique electronic and photonic applications. Within the
same chalcogenide family (e.g., Zn, Cd, Hg), the lowest-
energy bandgap occurs in the Hg analogs. On the other
hand, for a given metal, the bandgaps are independent of
the surfactant chain length (Fig. 4B, bottom). The optical
spectra of the Co2+ compounds are dramatically different
and show intense optical S®Co charge transfer transitions
as well as d±d transitions[28] (333, 717 and 1741 nm).

Thermal gravimetric analysis (TGA) of CnMGeQ mate-
rials show that they lose all their surfactant molecules be-
tween 150 and 400 �C (Fig. 4C). In all cases the measured
values correspond to two surfactant molecules per adaman-
tane unit. Mass spectroscopic analysis confirms the pres-
ence of species such as NMe3

+, RNMe2
+ among others. At

400 �C the materials decompose to amorphous GeS2 and
crystalline MS or crystalline GeSe2 and MSe. Unlike the
formamide synthesized materials[17] we see no evidence for
the presence of water. The IR spectra do not show the typi-
cal water absorptions at ~3500 cm±1 and 1600 cm±1.

Based on the TGA experiments we have attempted to
remove the organic component by heat treatment, a step
analogous to the air calcination used to remove the surfac-
tant template molecules for micro- and mesoporous oxides.
The major difference in the procedure is that the meso-
structured chalcogenides were heated under dynamic vac-

Fig. 2. A) Reduced structure factors q[S(q)±1] for C14ZnGeQ (Q = S, Se). B) The corresponding PDFs. The labeled peaks are interatomic pair correlations asso-
ciated with the presence of the [Ge4Q10]4± cluster. C) Schematic depiction of worm-hole-like morphology in the mesostructured covalent 3

¥[MGe4Q10]3± frame-
work. The surfactant molecules occupy the framework pores. Yellow circles are S(Se) atoms, red circles are Ge atoms and blue circles are M atoms.

Fig. 3. A) HRTEM image of as prepared C14CdGeSe. B) HRTEM image of
ªcalcinedº C14CdGeSe (ªcalcinationº temperature ~190 �C). The meso-
scaled worm-hole-like features remain intact after the ªcalcinationº process.
The samples were examined at 120kV on a JEOL 120CX TEM. A carbon-
supported copper grid was dipped in the dry powder or in a suspension of
the sample in hexane.



uum and at much lower temperatures than the oxides. We
chose ªcalcinationº temperatures at around 180±220 �CÐ
typically at the inflection point of the weight-loss curves.
We find that about 70±80 % of the organic part can be re-
moved, without collapse of the framework, after heating
under vacuum for 3±4 days. Again this is in sharp contrast

with what is observed in the CTA/M2Ge4S10 systems, which
reportedly lose 30±40 % of their surfactant species at
~300 �C. In the ªcalcinedº mesostructured materials, the
low-angle, high d-spacing peak remains prominent in the
diffraction pattern, though it shifts slightly to higher angles,
which indicates a decrease in the mesopore spacing of typi-
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Fig. 4. A) Raman spectra of C12CdGeS and C14ZnGeSe. Spectra were recorded on a Holoprobe Raman spectrograph equipped
with a 633 nm Helium±Neon laser and a CCD camera detector. The instrument was coupled to an Olympus BX60 microscope.
B) Optical absorption spectra of CnZnGeQ (n = 12, 14, 16, 18; Q = S, Se). UV-vis±near IR diffuse reflectance spectra were obtained
at room temperature on a Shimadzu UV-3101PC double-beam, double-monochromator spectrophotometer (200 > l > 2500 nm).
The instrument is equipped with an integrating sphere. BaSO4 powder was used as a reference (100 % reflectance) and base materi-
al, in which the ground sample was coated. Reflectance data were converted to absorbance as described by McCarthy et al. [29].
C) TGA analyses of C14CdGeS and C16ZnGeSe. The total weight loss at 450 �C corresponds to the general formula (RNMe3)2M-
Ge4Q10. Combined TGA/mass spectroscopy analysis of the evolved volatile products show RNMe2 and NMe3 and their decomposi-
tion products. D) X-ray powder diffraction diagrams of ªcalcinedº C14CdGeQ (Q = S, Se) samples. The low-angle peaks corre-
sponds to ~31 � for both materials.
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cally ~3±5 � (Fig. 4D). At the same time, the high-angle
region of the XRD patterns unambiguously shows that the
frameworks remain essentially intact, with only a slight
modification of the shape of the diffuse scattering. This
suggests that the structure of the ªcalcinedº products mir-
rors that of their CnMGeQ precursors. In fact, ªcalcinedº
samples appear by HRTEM to have worm-hole-like fea-
tures with widths of 25±35 � (Fig. 3B), in a similar fashion
to their precursors discussed above. We were not able to
measure any absorption properties using N2 and water.
Since about 20 % of the surfactant remains inside the fra-
mework it serves as a blocking agent preventing access to
the pores. The same problem was encountered in CTA/
M2Ge4S10 materials. An appropriate method for the com-
plete removal of the surfactant molecule must first be de-
vised before the absorption properties of these frameworks
can be exploited.

In conclusion, a new family of mesostructured com-
pounds with the general formula (CnH2n+1NMe3)2

[MGe4Q10] (M = Zn, Cd, Hg, Co; Q = S, Se; n = 12, 14, 16,
18) and adjustable pore size has been synthesized and char-
acterized. These materials possess an amorphous, three-di-
mensional framework structure 3

¥[MGe4Q10]2± in which
simple adamantane clusters are the basic building blocks. It
appears that the selection of the solvent plays a major role
in these systems. The use of formamide leads to a hexagon-
ally ordered pore structure (and a different stoichiometry),
whereas H2O/alcohol mixtures favor disordered pore struc-
tures with worm-hole character. The surfactant molecules
occupy the tunnels that bore through this framework in a
worm-hole-like manner. The compounds lose ~70 % of
their surfactant molecules when heated up to 220 �C with-
out framework collapse. All compounds are wide bandgap
semiconductors, the Se phases showing lower values than
the sulfide analogs. Such structures may find applications
in shape selective electro- and photocatalysis, or in environ-
mental remediation of heavy metals and chemoselective
sensing.
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Principle of Low-Energy Electron
Beam±Induced Current Imaging for
Ferroelectric Thin Films**

By Igor Lubomirsky, Tzu-Yu Wang, Konstantin Gartsman,
and Oscar M. Stafsudd*

Although there are a number of methods for measuring
spontaneous polarization in ferroelectrics, each has its own
difficulties, especially when related to thin polycrystalline
films.[1±5] The Sawyer bridge[6] and capacitance voltage[7]

techniques measure the current related to the change in po-
larization under an externally applied electric field. These

methods work well for single crystals but for thin films,[1,2]

with relatively high trap density,[8±10] the current generated
from charging and discharging traps results in inaccurate
measurements.[11] Another method tracks the pyroelectric
response to a periodic temperature change (PTC). The
PTC is typically controlled by a modulated laser source
and provides accurate results for spontaneous polariza-
tion.[12] The primary drawback is poor spatial resolution
unless PTC is combined with scanning optical microscopy.
Ferroelectric domains may be observed by scanning elec-
tron microscopy in secondary electron mode;[13,14] however,
measurements are highly ambiguous since many factors
may affect image contrast.[15]

We present a low-energy electron beam±induced current
(LEEBIC) scanning electron microscopy technique where
contrast appears only due to the presence of spontaneous
polarization, thus combining accuracy and spatial resolu-
tion.

Electron beam±induced current (EBIC)[16±18] mode for
scanning electron microscopy measures current induced in
an external circuit during electron beam scanning. The
electron beam excites free carriers that are separated by an
internal electric field and collected at the top and bottom
of the sample through electrodes that are connected via a
sensitive current detector. Thus, the EBIC image is a map
of the current induced by the electron beam at every point.
Because of the relatively weak internal electric
fields[13,14,19±21] and short carrier lifetimes[22] in typical ferro-
electrics, EBIC has been considered inapplicable for mea-
suring spontaneous polarization. However, for ferroelec-
trics with a sufficiently high pyroelectric coefficient our
novel (LEEBIC) technique can be very useful.

LEEBIC, when applied to ferroelectrics with sufficient
pyroelectric coefficients, provides accurate spontaneous
polarization information at very fine resolution. The low-
energy electron beam produces a temperature gradient,[15]

inducing a spontaneous polarization gradient. This polari-
zation gradient creates an electric field that drives a signifi-
cant percentage of generated carriers to the electrode. The
amount of collected free carriers is equivalent to an EBIC
gain of 5 to 20 in BaTiO3 and LiTaO3 films. Results show
an image resolution of 0.5±1 mm. A high degree of accuracy
and resolution is obtainable due to measurement of the in-
duced polarization gradient and this method has none of
the drawbacks associated with direct polarization measure-
ments.

We consider a thin (d £ 1 mm) ferroelectric film depos-
ited on a conductive substrate and irradiated by a low-in-
tensity electron beam (beam current Ib » 1 nA, accelera-
tion voltage Vacc » 5±15 kV). The film surface is covered by
a thin conductive layer (<200 � of Au or Pd), which pre-
vents electron beam damage to the film and serves as the
top electrode. The steady-state temperature, T, distribution
in the ferroelectric film can be described by Equation 1,
where l is the thermal conductivity, r is the radius, z is the
depth, and g(r,z) is the density of heat production.
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