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ABSTRACT

A new layered germanium-antimony sulphide, [Ge(C2N,Hg)3][GeSb,Se], has been prepared at 463 K
under solvothermal conditions in the presence of ethylenediamine. The compound has been char-
acterised by single-crystal X-ray diffraction, thermogravimetry, elemental analysis and reflectance
spectroscopy. [Ge(CoN,Hg)s][GeSb,Sg] crystallises in the space group Pbca (a=13.3284(5),
b=17.4801(6), c=18.5447(7) A). The structure consists of cyclic [GeSb,Sg]®~ units that form chains
which are cross-linked through Sb,S, rings to generate layers of stoichiometry [GeSb,Sg]*>~, between
which [Ge(en);]** cations are located. [Ge(C>N,Hg)s][GeSb,Sg] contains germanium in both the
divalent and tetravalent states. The optical band gap of 2.49(4) eV is in excellent agreement with the
value expected on the basis of the correlation with the density of metal centres previously identified for
thioantimonates, and is consistent with states at the top of the valence band being predominantly of
sulphur 3p character.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Template-directed synthesis is increasingly used for the synth-
esis of inorganic and hybrid materials with novel architectures.
Originally applied to the laboratory synthesis of zeolites and
aluminosilicates, the approach was extended to tin and germa-
nium sulphides by Bedard et al. [1]. Subsequently, there has been
a tremendous growth of interest in the use of template-directed
synthesis of main-group chalcogenides [2]. The primary building
units in materials containing elements from groups 13 and 14 are
metal-centred tetrahedra [3-5]. Furthermore, in the case of
indium- and gallium-containing materials, vertex-linking of tet-
rahedral MS, units can give rise to supertetrahedral clusters [6],
which may themselves serve as building blocks for the construc-
tion of complex structures. A recent development has been the
demonstration that functionalisation of the vertices of super-
tetrahedra provides a means of connecting such units through
organic linkers, giving rise to unusual hybrid frameworks [7,8].

By contrast, the chemistry of antimony sulphides is dominated
by trigonally-pyramidally coordinated SbS; units in which the
lone-pair of electrons is stereochemically active. The different
coordination preferences of antimony compared to its group 13
and 14 congeners manifest itself in a preponderance of chain-like
[2,9] and layer-type [10] structures amongst the antimony
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sulphides. Longer-range interactions, which increase the effective
coordination number of antimony, are also commonly present in
these structures. Such interactions may serve to link one- and
two-dimensional units into structures of higher dimensionality
[10]. Moreover, we have recently shown that antimony sulphides
may also adopt three-dimensional framework structures in which
the connectivity is exclusively through primary Sb-S bonding
[11,12]: a three-dimensional framework is also observed in
K,Sb,4S; prepared hydrothermally [13].

Synthesis of these materials is generally effected in the presence
of organic amines as structure-directing agents. These are princi-
pally linear and branched long-chain aliphatic amines or polya-
mines or alicyclic amines. The instability of long-chain polyamines
at elevated temperatures [14] provides further geometric diversity
as they can undergo side-reactions such as cyclisation [15] and
cleavage [9(e)]. Furthermore, the addition of transition-metal
cations to the solvothermal reaction mixture can lead to the
formation of cationic coordination complexes which also appear
to play a role in directing the crystallisation of the main-group
sulphide matrix [3]. The products of solvothermal reaction in the
presence of an organic amine generally consist of complex anionic
metal-sulphide frameworks with protonated amines or cationic
transition-metal complexes fulfilling the charge-balancing role. In
favourable cases [16-20], the transition-metal may also be incor-
porated into the primary-bonded metal-sulphide network, introdu-
cing a further degree of structural diversity.

A promising approach for the generation of new structure
types is to introduce two metals with different coordination
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preferences into the solvothermal reaction mixture, effectively
combining two different structural building blocks [21-25]. For
this reason, we have recently begun to explore the use of
mixtures of main-group metals for solvothermal synthesis in
the presence of linear polyamines. Here, we report the synthesis
of the new layered material, [Ge(C;N,Hg)3][GeSb,Sg], whose
bimetallic thiometallate layers are constructed from three- and
four-coordinate antimony and tetrahedrally coordinated germa-
nium in a similar fashion to that of the recently reported
[M(C3N,Hg)3][GeSb,Ss] (M=Ni, Co) [26]. This material unexpect-
edly contains germanium in both the +2 and +4 oxidation states.

2. Experimental
2.1. Synthesis

Single crystals of [Ge(C;N,Hg)s][GeSb,Sg] were prepared under
solvothermal conditions. GeO, (0.31g; 3 mmol), Sb,S; (0.51g;
1.5 mmol) and S (0.24 g; 7.5 mmol) were added to 5 mL (70 mmol)
of ethylenediamine in a Teflon-lined stainless steel autoclave (23 mL)
to form a mixture of molar composition GeO,:Sh,Ss:S:en of 6:3:15:
140. The mixture was stirred at room temperature for 15 min prior to
sealing the autoclave. The autoclave was placed in an oven at room
temperature and heated at a rate of 2 Kmin~" to 463 K. After 6 days
at this temperature, the oven was cooled to room temperature at
2 Kmin~'. The solid product (approximate yield 80%) was filtered,
washed with ethylenediamine and dried in air at room temperature.
The product consisted of crystals, in the form of yellow blocks, of the
title compound, together with trace amounts of black powder.

2.2. Characterisation

Powder X-ray diffraction data on a ground portion of the bulk
sample (Figure S1 of the Supplementary materials) were collected
using a Bruker D8 Advance powder diffractometer, operating
with germanium-monochromated CuKo,; radiation (1=1.5405 A)
and fitted with a Bruker LynxEye™ linear detector. All peaks in
the diffraction pattern can be indexed on the basis of the
orthorhombic unit cell determined from the single-crystal diffrac-
tion study, with refined lattice parameters a=13.339(1),
b=17.497(2), c=18.561(2) A that are in good agreement with
those determined from the single-crystal study, indicating that the
sample is essentially monophasic. No reflections could be identi-
fied as arising from the trace amount of black powder, indicating
that it is either amorphous to X-rays or is present in too small a
quantity to make any appreciable contribution to the X-ray profile.
Indexing and lattice parameter refinement was carried out using
the Topas package. Combustion analysis of hand-picked single
crystals gave C 1091, H 3.37 and N 11.63% which compares
favourably with the values calculated from the crystallographi-
cally determined formula [Ge(C;N,Hsg)3][GeSb,Sg] (C 9.47, H 3.18
and N 11.04%). Thermogravimetric analysis (Figure S2 of the
Supplementary materials) was performed using a DuPont Instru-
ments 951 thermal analyser. Approximately 12.5 mg of finely
ground crystals was heated under a flow of oxygen over the
temperature range 30-1000 °C at a heating rate of 10 °C min~ .
The weight loss of 2.48% that occurs below 100 °C may be assigned
to a residual solvent on the surface of the sample. This is followed
by a weight loss of 33.7% that occurs in two overlapping steps,
with onset temperatures of ca. 189 °C and 405 °C. This weight
change is in very good agreement with that calculated (32.1%) for
the loss of three ethylenediamine ligands and conversion of the
metal sulphide to a mixture of GeO, and Sb,04 which was
identified in the product of thermogravimetric analysis by powder
X-ray diffraction (Figure S3 of the Supplementary materials).

Table 1
Crystallographic data for [Ge(C;N2Hg)s][GeSb,Se].

Formula [Ge(C2N,Hg)3][GeSb,Se]
M; 761.36

Crystal habit Yellow block
Dimensions (mm) 0.22 x 0.28 x 0.37
Crystal system Orthorhombic

Space group Pbca

T (K) 293

a (A) 13.3284(5)

b (A) 17.4801(6)

c(A) 18.5447(7)

V(A 4320.6(3)

V4 8

Wavelength (A) 0.71073

u(ecm™1) 5.813

Measured data 63047

Unique data 4424

Observed data 3280
(I'>3a(l))

Riners (%) 3.40

R (%) 3.13

Rw (%) 347

Diffuse reflectance data were measured over the frequency
range 9090-50,000 cm ™! using a Perkin Elmer, Lambda 35 UV-vis
spectrometer. BaSO, was used as a reference material. Measure-
ments were made on ca. 10 mg of finely ground hand-picked
crystals, diluted with BaSO4. The band gap was determined by
applying the Kubelka-Munk function and extrapolating the linear
portion of the absorption edge to the energy axis [27].

X-ray intensity data for crystals of [Ge(C;N;Hg)3][GeSb,Se]
were collected at 293 K using a Bruker Nonius X8 Apex diffract-
ometer with MoKo radiation (1=0.71073 A) and data were
processed using the Apex-2 software [28]. The structure was
solved by direct methods using the program SIR-97 [29], which
located all of the Ge, Sb and S atoms. Subsequent Fourier
calculations and least-square refinements on F were carried out
using the CRYSTALS program suite [30]. The C and N atoms of the
coordinated amine were located in a difference Fourier map.
Hydrogen atoms were placed geometrically on the C and N atoms
after each cycle of refinement. In the final cycle of refinement,
all non-hydrogen atoms were refined anisotropically. Crystal-
lographic and refinement details are given in Table 1.

3. Results and discussion

The atomic coordinates and equivalent isotropic thermal param-
eters of non-hydrogen atoms of [Ge(C,N,Hg)3][GeSb,Se] are given
in Table 2. Fig. 1 shows the local coordination of the atoms, while
selected bond lengths and angles are presented in Table 3. The
structure consists of anionic germanium-antimony sulphide
layers and charge balancing germanium tris (ethylenediamine)
complexes. Within the anionic framework there are two crystal-
lographically distinct antimony atoms and one germanium atom.
The latter has a slightly distorted tetrahedral geometry with the
four Ge(1)-S distances lying in the range 2.136(2)-2.262(1) A.
Of the two antimony atoms, Sb(1) is approximately trigonally-
pyramidally coordinated by sulphur, with three short Sb-S
distances in the range 2.427(2)-2.468(1) A. However, as is com-
monly observed in templated antimony sulphides, there are two
additional longer-range Sb-S interactions (Sb(1)-S(1): 3.466(1) A;
Sb(1)-S(3): 3.141(1) A) that are within the sum of the van der
Waals’ radii of Sb and S [31]. Sb(2) is four coordinate with two
short and two longer bonds to sulphur. SbS;~ units with this
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Table 2

Fractional atomic coordinates and equivalent isotropic thermal parameters (A?)
for non-hydrogen atoms in [Ge(C;N,Hg)3][GeSb,Se].

Table 3

Selected bond lengths (A), angles (deg.) and bond valence sums (v.u) for
[Ge(C2N2Hs)3][GeSbSe].

Atom X y z Uiso

Sb(1) 0.23754(2) 0.09759(2) 0.30605(2) 0.0229
Sb(2) 0.00891(3) 0.02167(2) 0.40386(2) 0.0272
Ge(1) —0.00428(3) 0.11354(3) 0.22246(3) 0.0216
Ge(2) 0.21766(6) 0.69128(4) 0.59403(4) 0.0469
S(1) —0.0475(1) 0.19473(9) 0.14219(8) 0.0386
S(2) —0.1168(1) 0.01792(8) 0.2272(1) 0.0399
S(3) 0.01948(9) 0.15978(7) 0.33230(6) 0.0250
S(4) 0.1401(1) 0.04853(9) 0.20339(7) 0.0368
S(5) 0.1925(1) 0.00561(9) 0.39858(8) 0.0384
S(6) —0.0127(1) 0.10064(7) 0.50777(7) 0.0311
N(1) 0.2245(4) 0.8165(3) 0.5889(3) 0.0352
N(2) 0.2830(4) 0.7088(3) 0.4853(3) 0.0435
N(3) 0.2033(3) 0.5682(3) 0.5681(3) 0.0320
N(4) 0.0617(4) 0.6861(3) 0.5531(3) 0.0352
N(5) 0.3554(4) 0.6721(3) 0.6566(3) 0.0436
N(6) 0.1574(4) 0.6834(3) 0.7065(3) 0.0395
C(1) 0.2901(4) 0.8398(3) 0.5289(3) 0.0370
C(2) 0.2738(5) 0.7899(4) 0.4640(3) 0.0425
C(3) 0.1045(5) 0.5526(3) 0.5364(3) 0.0402
C(4) 0.0279(4) 0.6071(3) 0.5657(4) 0.0387
C(5) 0.2355(6) 0.6592(4) 0.7571(4) 0.0516
C(6) 0.3356(6) 0.6901(4) 0.7328(4) 0.0524

Fig. 1. Local coordination of the framework atoms showing the atom labelling
scheme and thermal ellipsoids at 50% probability.

“2+2” coordination have been observed in a number of thioanti-
monates [11,12,32-34] and have a coordination geometry that
may be considered to be derived from that of a trigonal bipyramid
by removal of one of the equatorial ligands, resulting in a
distorted see-saw-like geometry.

The trigonal pyramidal Sb(1)S3~ primary building unit shares
a common sulphur vertex (5(4)) with the Ge(1)S; tetrahedron
and another (S(5)) with the Sb(2)S4 unit. The latter is also linked
to GeS, via S(3) to complete a six-membered GeSb,Ss heteroring,
with a boat-like conformation, within a [GeSb,Sg]®~ secondary
building unit (Fig. 1). Individual [GeSb,Sg]®~ building units are
connected through the exocyclic S(2) that is common to Sb(1) and
Ge(1), to form an undulating chain of stoichiometry [GeSb,S;]*~
directed approximately parallel to [100] (Fig. 2). Pairs of Sb(2)S,4
units in neighbouring chains, share common edges, to form Sb,S,
rings that serve to link individual [GeSb,S;]*~ chains into layers
of stoichiometry [GeSb,Sg]?~ that lie within the ac crystallo-
graphic plane (Fig. 3). These layers contain large Ge4SbgSi2
heterorings, with dimensions of approximately 8.7 x 13.5 A (mea-
sured from atom to atom). This suggests a maximum effective
aperture of ca. 5 x 10 A when the van der Waals’ radius of sulphur
is taken into account. The layers are approximately 6.8 A thick
and are stacked parallel to the [010] direction, with successive
layers being displaced by c/2 along [001].

Atoms Bond v Atoms Bond v
distances distances
Sb(1)-S(2)! 2.468(1) 0.95 Ge(1)-S(1) 2.136(2) 1.26
Sb(1)-S(4) 2.459(1) 0.98 Ge(1)-5(2) 2.247(1) 0.93
Sb(1)-S(5) 2.427(1) 1.06 Ge(1)-S(3) 2.214(1) 1.02
Sum 299 Ge(1)-5(4) 2.262(1) 0.89
Sum 4.10
Sb(2)-S(3) 2.759(1) 0.43 Ge(2)-N(1) 2.192(5) 0.43
Sb(2)-S(5) 2.464(2) 0.96 Ge(2)-N(2) 2.218(5) 0.40
Sb(2)-S(6) 2.388(1) 1.18 Ge(2)-N(3) 2.213(5) 0.41
Sb(2)-5(6)! 2.694(1) 0.52 Ge(2)-N(4) 2.215(5) 0.41
Sum 3.09 Ge(2)-N(5) 2.197(5) 0.42
Ge(2)-N(6) 2.239(5) 0.38
Sum 245
S(2)'-Sb(1)-S(4) 91.45(5) S(1)-Ge(1)-S(2)  109.99(6)
S(2)'-Sb(1)-S(5) 89.87(5) S(1)-Ge(1)-S(3)  115.92(6)
S(4)-Sb(1)-S(5)  100.68(6) S(1)-Ge(1)-S(4)  117.01(6)
S(2)-Ge(1)-S(3)  109.31(6)
S(3)-Sb(2)-S(5)  91.71(4) S(2)-Ge(1)-S(4)  101.53(6)
S(3)-Sb(2)-S(6)  83.59(4) S(3)-Ge(1)-S(4)  101.86(5)
S(3)-Sb(2)-S(6)" 170.45(4)
S(5)-Sb(2)-S(6)  102.57(5)
S(5)-Sb(2)-S(6)" 85.14(5)
S(6)-Sb(2)-S(6)" 88.29(4)

Note: Symmetry transformations used to generate equivalent atoms: x +1, y, -z
i_x, -y, -z

2 Bond valences calculated using data in Ref. [34].

Fig. 2. A GeSb,S; chain directed parallel to [100] constructed from linkage of six-
membered germanium-antimony sulphide rings. Key: germanium, large shaded
circles; antimony, large black circles; sulphur, large open circles.

Fig. 3. View onto the (010) crystallographic plane of a single [GeSb,Sg]>~ layer
generated by linking GeSb,S; chains through Sb,S, rings. Key as for Fig. 2.
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Fig. 4. View along the [001] direction illustrating the location of the charge
balancing Ge(en)3™ cations between [GeSb,Sg]*>~ layers. Key: germanium, large
shaded circles; antimony, large black circles; sulphur, large open circles; carbon,
small black circles; nitrogen, small open circles. Hydrogen atoms of the ethyle-
nediamine ligands are omitted for clarity.

Bond-valence sums [35] are consistent with the formal oxidation
states Sb(Ill) and Ge(IV). This results in the germanium-antimony
sulphide layers being doubly negatively charged. Charge-balancing
is provided by a cationic coordination complex of Ge(2) located
between the [GeSb,Sg]?~ layers (Fig. 4). Bond-valence sums indi-
cate that it is divalent, [Ge(en);]**. Consequently in addition to
possessing a mixed-metal framework, the title compound also
contains germanium in two oxidation states. The charge-balancing
[Ge(en)s]>* cations are located between the [GeSb,Sg]*>~ layers
and form zigzag chains of cations directed along the [100], with
neighbouring germanium centres being related by the two-fold
screw axis along the a direction. Cations with 4(d04) and A(A40)
conformations are present as a result of the centrosymmetric nature
of the structure; the material is therefore achiral. The distances
between nitrogen atoms of the [Ge(en)s]>* complex and sulphur
atoms of the [GeSb,Sg]?~ layers (Table S1 of the Supplementary
materials) lie in the range 3.34-3.69 A, suggesting an extensive
network of hydrogen bonds between the cationic complex and the
thiometallate layers (Figure S4 of the Supplementary materials).

The band gap determined by optical spectroscopy is 2.49(4) eV
(Fig. 5). Through analysis of a large body of experimental data, we
have identified [15] in antimony sulphides, a correlation between
the optical band gap and the framework density, expressed as the
number of antimony atoms per 1000 A3, In particular, there is a
near-linear relationship (Fig. 6) between optical band gap and
framework density that holds remarkably well for antimony
sulphides with a wide range of structures, regardless of the
dimensionality of the antimony-sulphur framework.

The origin of this correlation lies in the nature of the electronic
states in the vicinity of the Fermi level. Band structure calcula-
tions [36] for the binary sulphide, Sb,S3, which comprises double
Sb,4Se chains of edge-linked SbSs square-based pyramids and SbSs
trigonal pyramids, indicate that the optical band gap corresponds to
a transition between states of predominantly sulphur 3p-character
in the lower valence band and states in the upper conduction
band deriving from an admixture of Sb 5s/p-type levels with
sulphur p-levels. X-ray photoelectron spectroscopy measure-
ments [37] reveal that the highest energy valence-band levels of
Sb,S3 derive from sulphur 3p lone pairs. The presence of a valence
band of predominantly sulphur character separated by a band gap
from a conduction band principally of antimony character
appears to be preserved in more complex quaternary antimony
sulphides [38]. This suggests that the optical band gap in
thioantimonates may be generally associated with a transition
from valence band levels of sulphur 3p character. In Sb,Ss, the
levels closest to the Fermi energy arise from the interaction of
sulphur 3p levels with antimony 5s levels. Decreasing the number

Kubelka-Munk Function

T T T T T T 1 T T T T
1.75 2.00 2.25 2.50 2.75 3.00
E/eV

Fig. 5. Diffuse reflectance spectrum of [Ge(C,N,Hg)3][GeSb,Sg]. The solid line
shows the extrapolation through the linear portion of the band edge used to
determine the band gap.

3.0

[Ge(en)3][GeSb,Sg]

Band Gap/eV

1.2

5 10 15
No. of metal centres per 1000 A3

Fig. 6. A comparison of the optical band gap of [Ge(C2N,Hg)s][GeSb,Sg] with those
of thioantimonates of varying dimensionality. The band gap of the bimetallic
thiometallate is indicated. The data demonstrate that the correlation between
band gap and framework density established for the thioantimonates holds for the
mixed-metal system reported here. The data used to construct this figure are
presented as supplementary information to Ref. [16]. Key: open square, discrete
unit; open circles, chain structures; solid triangles, layered structures; solid circle,
three-dimensional structure. The solid line is a guide to the eye.

of antimony centres per unit volume weakens these interactions.
This produces a contraction of the tail on the low-binding energy
side of the valence band. Consequently, the increase in band gap
with decreasing framework density observed in the thioantimo-
nates may be associated with a narrowing of the valence band
due to a decreased overlap of the sulphur lone pairs with
antimony 5s levels.

The question arises as to the effect on the optical band gap of
the introduction of a second metal into the metal-sulphur matrix.
In the case of [Ge(C;N;Hg)3][GeSb,Sg] reported here, the density
of main-group metal atoms within the metal-sulphide matrix
is 5.55 (Ge/Sb) atoms per 1000 A>. If the correlation we have
previously identified for thioantimonates and discussed above
holds, we would expect, for this framework density, a band gap
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in the range 2.3-2.6 eV. As is evident from Fig. 6, the observed
band gap of 2.49(4)eV is in excellent agreement with this
prediction. This suggests that the presence of germanium does
not significantly perturb the band structure in the region of the
Fermi level, from that of the thioantimonates, and that states
close to the top of the valence band remain predominantly of
sulphur 3p character derived from sulphur lone pairs.

Bimetallic main-group thiometallates are a comparatively
unexplored class of compounds [24,25,39,40]. Recent work
[24,25] indicates that germanium-antimony sulphides may exhi-
bit considerable structural diversity with materials containing
discrete clusters, one-dimensional chains, two dimensional layers
and three-dimensional frameworks all having been prepared.
Of these materials, M(en)s[GeSb,Sg] (M=Co, Ni) [25] contains
the same layers as those of the title compound, suggesting
that the six-membered GeSb,S; heteroring may prove to be an
important building unit in the construction of mixed-metal
systems. Six-membered heterorings are also present in the
recently reported ((CHs),NH;)[Ga,Sb,S;] [22,23] and (Haep),
[GaySb,S;] [41] (aep=1-(2-aminoethyl)piperazine), each of which
contains Ga,Sb,S2~ layers interleaved with organic cations.
However in these materials the heterorings, from which the
layers are constructed, consist of two GaS, tetrahedra and one
SbS; trigonal pyramid, giving them a composition of Ga,SbSs.
Moreover, in contrast to the GeSb,S3 heterorings identified here,
which are linked into layers by exocyclic sulphur atoms, pairs of
gallium-antimony sulphide heterorings are fused via the Ga-S-Ga
edge formed by the two vertex linked GaS, tetrahedra to form a
larger Ga,;Sb,Sg building unit.

The observation of germanium in both the +2 and +4
oxidation states is perhaps the most remarkable feature of the
title compound. In common with other post-transition-series
elements, in addition to the group oxidation state, N, the N—2
oxidation state may arise from the so-called “inert-pair effect”,
the lower oxidation state becoming more stable on descending a
given group. In group 14, the N—2 oxidation state is commonly
observed for the heavier congeners tin and lead, whereas divalent
Si(Il) species are thermodynamically unstable under ambient
conditions. Germanium appears to be an intermediate case,
suggesting that the stability of the Ge(Il)/Ge(IV) valence states is
finely balanced. In the title compound, Ge(1) is coordinated by
four sulphur atoms and, as always in such an environment, is
tetravalent. Divalent germanium is generally associated with a
higher coordination number. For example, in GeF,, the local
geometry about Ge is a distorted trigonal bipyramid, whilst in
GeXs (X=Br, I) and the binary chalcogenides GeQ (Q=S, Se), the
germanium has a highly distorted octahedral coordination [42].
The coordination chemistry of Ge(Il) is relatively unexplored,
although molecular complexes containing divalent Ge with nitro-
gen donor ligands have been reported, including [Ge,(py™)s]
[GeCl3] (py*=pyrazolyl) [43] and [Ge(OH)s][Ge(en)s] [44]. Sig-
nificantly in the context of the work reported here, Pell and Ibers
[45] have described a selenoantimonate, [Ge(en)s][enH][SbSe4]
that contains the [Ge(en)s;]?>* cationic complex. The present work
thus appears to be only the second such report of the divalent
Ge(2) tris-ethylenediamine complex serving as the charge-balan-
cing counter ion to a chalcometallate framework. Materials
containing germanium in intermediate oxidation states, such as
GesF,, have been shown to be mixed valent. Similarly the ternary
chalcogenides Tl,Ge,S,; [46] and Ba,Ge,Ses [47] contain both
Ge?* and Ge**. Recently [Mn(en)s;]o[GesTe;o] was prepared
under solvothermal conditions [48] and shown to contain
Ge(Il), Ge(Ill) and Ge(IV). The ability to access lower (and
mixed) oxidation states of germanium using the relatively mild
conditions of solvothermal reactions suggests considerable scope
for the development of the chemistry of mixed-valent germanium.

Supplementary information

Crystallographic data in CIF format, thermogravimetric
data, powder X-ray diffraction data and a table of hydrogen
bonds, together with an accompanying figure, for [Ge(C2N,Hg)s]
[GeSb,Sg], are available.

Crystallographic data for the structure reported in this paper
have been deposited at the Cambridge Crystallographic Data
Centre: CCDC number 831958.
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