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The high-temperature high-pressure phase of GeS2 (d) has been formed under
very mild conditions by a rational assembly of adamantanoid [Ge4S10]4ÿ clusters.
An X-ray structure determination revealed two interpenetrating expanded

cristobalite networks. Find out more on the following pages.
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Synthesis and Crystal Structure of d-GeS2,
the First Germanium Sulfide with an Expanded
Framework Structure**
Mark J. MacLachlan, Srebri Petrov, Robert L. Bedard,
Ian Manners,* and Geoffrey A. Ozin*

Germanium sulfides are attractive materials because of
their interesting electronic and optical properties.[1] They have
potential applications in hologram recording media, optical
coatings, fiber optics, solid-electrolyte lithium batteries, and
semiconductors.[1±4] Although one might expect germanium
sulfides to adopt the myriad of topologies found in silicates
and aluminosilicates (for example, zeolites), only dense
phases of GeS2 are known to date, and they are generally
prepared under extreme conditions. Here we report the low-
temperature self-assembly of adamantanoid [Ge4S10]4ÿ clus-
ters to form a crystalline modification of GeS2 with an
expanded framework.

The two common dense phases of GeS2 are the a

modification, a layered semiconductor that crystallizes in
the monoclinic space group Pc, and the b modification, which
crystallizes in the monoclinic space group P21/c.[5] Prewitt and
Young reported a dense high-temperature and high-pressure
g-GeS2 structure in which GeS4 units are connected in a three-
dimensional tetragonal cristobalite-related network (space
group I4Å2d).[6] Moreover, Viaene and Moh reported a high-
pressure/high-temperature (g) form of GeS2 that is stable
above 3000 bar at 600 8C and can be quenched to give a
metastable phase at room temperature.[7] This phase was
subsequently obtained by Wang and Horn from a-GeS2 by
hydrothermal synthesis at 1000 bar and 840 8C for 2 d, then
5000 bar at 575 8C for 7 d.[8] From powder diffraction data
(ICCD PDF-2 Database, file no. 27-0239), they identified the
crystalline phase as a tetragonal compound in the space group
I41/acd with Z� 32, but were unable to deduce its structure.
Since 1973 this phase of GeS2 has been absent from the
literature. Although structures of other modifications were
reported, no further studies of g-GeS2 were undertaken. In
discussions of GeS2, this form was frequently omitted or
assumed to be identical to the phase described by Young et al.

To avoid confusion with the g-GeS2 of Young et al. , we
renamed the phase described by Wang et al. as d-GeS2.

We have now discovered a low-temperature route to d-
GeS2 which involves the polycondensation of [(CH3)4N]4-
Ge4S10 (1) under acidic conditions. A representative scanning

electron micrograph of crystals synthesized at 50 8C is shown
in Figure 1. The material consists of fairly monodisperse
rounded prisms. Energy dispersive X-ray analysis of the

Figure 1. A scanning electron micrograph of crystalline d-GeS2 shows its
fairly monodisperse rounded prism morphology. Average particle size
approximately 200 nm.

material established the composition to be GeS2. Comparison
of the Raman spectrum with that of the precursor 1 confirmed
the presence of the adamantanoid cluster in the product
(Figure 2). Notably, the spectra are similar in the skeletal

Figure 2. The Raman spectra of 1 (a) and crystalline d-GeS2 (b) are
remarkably similar in the Ge ± S stretching region. This confirms the
presence of [Ge4S10] clusters in the structure.
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region (470 ± 140 cmÿ1), and the most intense fully symmet-
rical Ge ± St and Ge ± Sb stretching frequencies (St and Sb�
terminal and bridging S atoms) of the product are blue-shifted
with respect to the precursor by about 20 cmÿ1. This implies
that the clusters are intact and interlinked in the product.
Extremely weak Raman bands in the regions of C ± H and S ±
H stretches indicate the presence of traces of surface-bound
organic groups and thiol groups.

A detailed analysis of 47 unique reflections of the powder
X-ray diffraction (PXRD) data confirmed the tetragonal
space group I41/acd (no. 142). Moreover, besides the neces-
sary extinction conditions for this space group, additional
special conditions were revealed: hkl : l, h� k� 2 n� 1 and
hkl : l� 2 n, 2 k� l� 4 n. These suggest the presence of atoms
in special positions with the Wyckoff notations e (x, 0, 1/4) and
d (0, 1/4, z). On the assumption that tetrahedral GeS4 units
would be the primary building blocks, as in all other GeS2

structures, we concluded that the Ge atom and one S atom
occupy general positions, and two S atoms special positions.

A suitable starting model for Rietveld refinement of d-GeS2

was an extremely hygroscopic polymorph of ZnI2, which has a
similar space group to d-GeS2.[9, 10] The result of the high-
quality Rietveld refinement (Rp� 8.4 %) of d-GeS2 is shown
in Figure 3. Atomic coordinates and isotropic displacement

Figure 3. Observed (�), calculated (solid line), and difference (lower solid
line) profiles from Rietveld refinement of the PXRD data of d-GeS2.
I� intensity in arbitrary units.

factors are presented in Table 1. Views of the adamantanoid
[Ge4S10] cluster in the structure and the 24-atom ring
composed of six Ge(m-S)Ge-linked Ge4S6S4/2 clusters in the
network are shown in Figures 4a and 4b, respectively. The
Ge ± S bond lengths in the structure (2.194(4) ± 2.225(4) �)
are nearly identical and, like the bond angles, are consistent
with those observed in the other Ge4S10-based structures.[11±15]

There is an intriguing topological relationship between the
g-GeS2 structure of Young et al. and that of the new phase d-
GeS2. Both are based on tetrahedral building blocks: GeS4 in
the former and Ge4S10 in the latter. This can best be visualized
by focusing on the Ge atoms and omitting the S atoms for the
sake of clarity. Replacing the Ge atom in g-GeS2 by an
adamantanoid Ge4 cluster and applying the acentric space
group of g-GeS2 (I4Å2d) produces one of the interpenetrating
frameworks of d-GeS2 (Figure 4c, d). The second interpene-
trating framework of the d form is the enantiomer of the first,
to which it is related by a center of symmetry (Figure 4e, f), as
indicated by the centric space group of the d-form (I41/acd). In
essence, the new structure is an expanded version of the
earlier cristobalite-like structure of g-GeS2. An interesting
analogy exists between the pairs g-GeS2/d-GeS2 and cristo-
balite/silica faujasite, in which tetrahedral SiO4 units are
replaced by Si24O48 sodalite cages to give the zeolite struc-
ture.[16] The expansion from Ge to Ge4 structural units
generates sufficient empty space for the co-crystallization of
a second framework, which is the mirror image of the first.

We propose that the formation of d-GeS2 in the aqueous
acidic medium occurs by a bimolecular nucleophilic substitu-
tion (ªSN2º) reaction in which protonated [Ge4S10]4ÿ clusters
undergo condensation polymerization [(Eq. (1)].

�GeÿSH��GeÿSH!GeÿSÿGe��H2S (1)

This leads to formation of the unexpected crystalline
product d-GeS2 from the organized assembly of [Ge4S10]4ÿ

clusters [Eq. (2)], rather than the amorphous cross-linked
network that would be expected from random polymerization
of the clusters.

[(CH3)4N]4Ge4S10� 4 HCl!4GeS2� 4 [(CH3)4N]Cl� 2 H2S (2)

In situ high-temperature powder X-ray diffraction indicates
that the d-GeS2 phase is still stable above 620 8C. The volume
of the unit cell increases steadily up to this temperature, while
the c axis of the unit cell contracts slightly. Differential
expansion/contraction effects of this type are well document-
ed in uniaxial crystal systems whose lattices are composed of
four-connected three-dimensional networks.[17] The phenom-
enon originates from thermally induced changes in bond
angles between tetrahedral building blocks, which result in an
untwisting of the entire network.

We have demonstrated, for the first time, the preparation of
the high-pressure/high-temperature phase d-GeS2 in aqueous
solution. This mild sol ± gel process provides a novel route to a
new type of iv/vibinary metal dichalcogenide whose structure
is based upon two interpenetrating expanded cristobalite
frameworks. The structure may serve as a model for other
expanded XY2 phases. With a suitable template or solvent, we
believe the interpenetration of the networks can be elimi-
nated to generate a new family of crystalline open-framework
germanium sulfides with wide range of potential applications
in the materials sciences.

Experimental Section

[(CH3)4N)]4Ge4S10 (1) was prepared by a literature procedure.[12] d-GeS2

was prepared by two methods: a) Hydrochloric acid (9.6 mL, 0.22m,

Table 1. Atomic coordinates and isotropic displacement factors
Uiso [�2] for d-GeS2

Atom x/a y/b z/c Uiso� 102

Ge 0.3745(1) 0.3439(2) 0.0604(1) 2.77
S(1) 0.0 0.25 0.0124(2) 1.23
S(2) 0.2876(5) 0.0 0.25 2.18
S(3) 0.0345(3) 1.0166(3) 0.3760(2) 1.84
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2.1 mmol) was added dropwise to a stirred solution of 1 (343 mg,
0.38 mmol) in 8.0 mL of water. The solution became viscous and cloudy,
and H2S was evolved. After 24 h at 50 8C, the off-white precipitate was
isolated by centrifugation and washed with water, THF, and acetone to
obtain 44 mg (22 %) of product. b) In a Teflon-lined vessel, 1 (579 mg,
0.638 mmol) in H2O (1 mL) and hydrochloric acid (10 mL, 0.25m,

2.5 mmol) were combined. A cloudy white mixture resulted. The vessel
was sealed in a stainless-steel hydrothermal autoclave and heated to 150 8C
for 24 h. Once cooled to room temperature, the off-white precipitate was
isolated on a Buchner funnel and washed with water, THF, and acetone to
give 157 mg (44 %) of d-GeS2. PXRD confirmed the crystallinity of both d-
GeS2 products.

c)

a) b)

d)

e) f)

Figure 4. a) The adamantanoid [Ge4S10] cluster secondary building block of d-GeS2. b) The largest ring in each interpenetrating network of the d-GeS2

structure is a 24-atom [Ge12S12] ring that consists of six Ge(m-S)Ge-linked [Ge4S6S4/2] clusters. c) Projection of the structure of g-GeS2 reported by Young and
Prewitt on the ab plane. d) Projection of the structure of one of the interpenetrating cristobalite-like networks in d-GeS2 on the ab plane. e) Projection of the
two interpenetrating cristobalite-like networks in d-GeS2 on the ab plane. They are related by a center of symmetry to give interpenetrating enantiomeric
frameworks. f) As in e), but with projection on the ac plane. (The S atoms are omitted from c) ± f) for clarity.)
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Metal±Metal ªCommunicationº of Rh or Pd
with Nd in Novel Heterobinuclear
Complexes**
Anke Spannenberg, Markus Oberthür, Henrik Noss,
Annegret Tillack, Perdita Arndt, and Rhett Kempe*
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For heterobinuclear complexes which contain an early and
a late transition metal and in which the metal centers can
ªcommunicateº with one another, interesting properties have
been predicted, such as multifunctionality and cooperative
effects.[1] However, the problems encountered in the realiza-
tion of the differing coordination chemical requirements of
both metals in close proximity to one another are just as great
as the expectations.[2] We report here on the synthesis and
structure of heterobinuclear complexes in which interactions
of Group 9 (Rh) or Group 10 (Pd) metals with a lanthanide
(Nd) are possible.[3] A decisive factor for this enlargement of
the class of ªearly ± late heterobimetallicsº (ELHB) is a novel
ligand system incorporating bisaminopyridinato ligands.[4]

If two equivalents of dilithiated O(SiMe2ApH)2 are
treated in situ with NdCl3 in THF, the neodymium ªateº
complex 1 is obtained in good yields as a violet, crystalline
compound (Scheme 1; O(SiMe2ApH)2�O[Si(CH3)2NH-
(4-CH3C5H3N)]2). The IR spectrum of 1 displays the signals
typical for O(SiMe2Ap)2, and the elemental analysis is in
agreement with the formula given in Scheme 1. The reaction
of 1 with [{(cod)RhCl}2] (cod� 1,5-cyclooctadiene) in n-
hexane gives yellow crystals of the heterobinuclear compound
2 (Scheme 1). The X-ray crystal structure analysis[5] of this
compound (Figure 1) shows there is an almost square-planar
coordination geometry at the rhodium center,[6] and that two
amido N atoms coordinate the {Rh(cod)} fragment (N(1)-
Rh(1)-N(3) 84.1(5)8). For the aminopyridinato fragments,

The PXRD analysis of d-GeS2 was carried out on a Siemens D5000
diffractometer with Bragg ± Brentano q/2q geometry. The source radiation
(CuKa , l� 1.54059 �) was obtained from a high-power line-focus Cu target,
and the secondary beam was monochromatized by a Kevex solid-state
detector. The diffraction pattern was initially indexed with the program
ITO,[18] which provided a tetragonal, I-type unit cell. Further lattice
refinement was performed with the Appleman and Evans program[19] by
using the first 51 measured reflections (34 unique) within the range 14�
2q� 708. The refinement [M20� 23.3, F30� 27.5 (0.012, 89)] gave the space
group I41/acd (no. 142) based on both general and special conditions for
systematic absences/extinctions, as discussed in the text. Several other
related space groups were also tested as possible sub- or superlattices, but
were not fitted successfully. The final structure was obtained by refinement
of atomic parameters with the program GSAS 6.0 (PC version).[20]

Crystallographic data for d-GeS2: I41/acd, a� 11.0650(1), c�
18.7178(2) �, V� 2291.71 �3, 1calcd� 3.17 g cmÿ3, Z� 32, Rwp� 0.1159,
Rp� 0.0842, RBragg� 0.0927, c2� 4.351, measurement range 12� 2 q� 808,
3400 data points, 372 observed reflections, 34 parameters refined. The peak
profiles were fitted by a pseudo-Voigt function,[21] and a Finger ± Cox ±
Jephcoat asymmetry correction was applied.[22]

Raman spectra were recorded on a Bomems MB-157 FT spectrometer with
an InGaAs NIR laser (100 mW). The instrument was configured in the 1808
backscattering mode, and samples were sealed in glass capillary tubes.
Spectra were recorded with a resolution of 4 cmÿ1, and about 100 scans
were made to achieve an excellent signal-to-noise ratio.
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