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ABSTRACT: An easy to reproduce and scale-up method for the prepara-
tion of a microcrystalline allotrope of germanium is presented. Based on the
report of the oxidation of a single crystal of Li;Ge,, the synthesis and
structure determination of a powdered sample of Li;Ge,, is investigated.
Besides the known oxidation of Li;Ge;, with benzophenone a variety of
protic solvents such as alcohols and water were used as oxidants. Electron
energy loss spectroscopy (EELS) proves that the reaction products do not
contain Li. The structure determination of the powder samples based on
selected area electron diffraction (SAED), powder X-ray diffraction,
quantum chemical calculations (DFT-B3LYP level of theory), and simu-
lated powder X-ray diffraction diagrams obtained using the DIFFaX and
FAULTS software packages show that the microcrystalline powders do not
match any of the existing structures of germanium including the rough
model of so-called allo-Ge. It is shown that the structural motif of layered Ge slabs of the precursor Li,Ge, that contain five-
membered rings is retained in microcrystalline allo-Ge (m-allo-Ge). The covalent connectivity between the slabs and the statistic of
the layer sequence is determined. According to B3LYP-DFT calculations of a periodic approximate model a direct band gap is
expected for m-allo-Ge.
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B INTRODUCTION

The discovery of a class of novel allotropes of carbon, the
fullerenes, and the subsequent extension to the material class of
carbon nanotubes and fullerides® impressively shows that, even
though the building blocks and structures are rather simple, the
breakthrough has an enormous impact on various fields of
research. In this context the straightforward syntheses of hex-
agonal Ge (4H-Ge),® the recent discovery of another new
crystalline modification of germanium with a clathrate-type
porous structure, Ge-cF136,” and related mesoporous germa-
nium-based materials® are promising candidates to start yet
another round of developments in the field of semiconducting
materials.’ Crystalline @-Si and a-Ge are indirect band gap
semiconductors and are therefore inefficient light emitters. While
all technically important semiconductors such as III-V com-
pounds have a direct band gap and serve as optoelectrical
components, the synthesis of elemental direct-band gap semi-
conductors remains a desirable challenge.” Effects on band gaps
and absorption coefficients depending on the nature of the
material are also observed for amorphous in contrast to crystal-
line phases of silicon and germanium. For example, the band gap
increases, and the absorption coefficient is much higher for
amorphous Si.* The nature of the Ge band gap for a-Ge to
clathrate-type Ge changes likewise.
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For the less-studied formation of bulk germanium-based
materials it has been shown that binary alkali-metal germanium
precursors have a huge synthetic potential” The reaction of
compounds containing the [Geo]*™ anion leads to mesoporous
germanium,” and even the preservation of the Geo units in
germanium materials has been predicted.'® Another interesting
allotrope has been reported which forms through oxidation of
Li;Ge1,, and it has been proposed that the topology of the two-
dimensional polyanion Zw[Ge12]77 of Li;Ge,, (Figure lab) is
retained.'” The schematic representations in Figure 1c,d show
two possibilities of how oxidative coupling can occur under
retention of the basic structural units of Li;Ge;, the structure of
which has recently been accurately determined.'> Removal of Li
atoms and oxidative coupling of the polyanions lead to the
formation of an Li-free compound. A crude structural model of
allo-Ge has been given based on the unique reaction of a large
single crystal of Li,Ge;, with benzophenone/THF and X-ray
diffraction of the resulting single crystal with rather poor crystal-
linity. However, this structure model included disorder on
various atom sites, leading to rather unrealistic Ge—Ge distances.
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Figure 1. a) Structure of Li,Ge 12,2b) top view of the polyanions 2 o[Ge»]” ", and c) and d) schematic models of the polyanionic Ge, layers in Li;Ge;,
with dashed lines showing possible Ge—Ge connections between the atoms of two adjacent polyanions as expected in allo-Ge.

To our knowledge this result has never been reproduced. Further
hypothetical structure models of allo-Ge are based on theoretical
investigations.B'14 Besides some Raman spectra,15 a detailed
description of allo-Ge has not been published thereafter.

We report here about several new and reproducible syntheses
for the preparation of microcrystalline allo-Ge (m-allo-Ge) starting
from Li,Gey,. Besides the known reaction with benzophenone we
used also protic solvents such as H,O, MeOH, EtOH, and
CH;COOH as oxidants. Since none of the existing models
matched our experimental data and since the microcrystalline
product differs from the one obtained by reacting a single crystal,
we deduced the new structure model for microcrystalline allo-Ge
based on selected area electron diffraction (SAED), powder X-ray
diffraction, quantum chemical calculations (DFT-B3LYP level of
theory),'® and simulated powder X-ray diffraction diagrams ob-
tained using the DIFFaX and FAULTS software packages.

B EXPERIMENTAL SECTION

Materials and Reagents. Ge (99.999%) was purchased from
Chempur. All other reagents were purchased from Merck and purified

using standard laboratory techniques. All manipulations were carried out
under inert gas conditions, using standard Schlenk techniques or by working
in a glovebox (MBraun, Ar atmosphere, H,O < 0.1 ppm, O, < 0.1 ppm).

Synthesis of Li;Ge;,.'> The starting materials germanium (0.947 g,
13.0 mmol, granules) and lithium (0.053 g, 7.6 mmol, pieces) were fused by
arc melting using a standard welding machine (Edmund Biihler, MAM 1)
and a cooled copper reaction plate set in a glovebox. The reaction product is
a bright metallic regulus. Besides Li;Ge,, the product might contain also
LiGe and a-Ge. The product is ground to a gray powder in an agate mortar,
sealed in an Nb or Ta ampule with an arc welder followed by annealing in an
oven at 480 °C for seven days. The ampule, which is rapidly cooled in air,
now contains single-phase Li;Ge,.

Synthesis of Microcrystalline allo-Ge. The air- and moisture-
stable allo-Ge was prepared from Li;Ge;, in several reactions using
protic solvents or various oxidizing agents. Three mL of the appropriate
protic solvents (H,O, MeOH, EtOH, and CH;COOH) was added to
1.0 g (1.09 mmol) of single-phase Li;Ge in a 20 mL Schlenk tube. In all
cases a rapid reaction and the formation of hydrogen was observed,
confirmed by a straightforward oxyhydrogen pop test using small
amounts of the products. The mixtures were stirred at room temperature
for three days, and the solid product was separated by removing liquid
components using a cannula. The remaining dark-gray powder was
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washed several times with water. The product was dried under dynamic
vacuum for one day. The identity of the products was confirmed by
powder X-ray diffraction.

For the reaction with benzophenone, S mL (25 mmol) of a S molar
benzophenone solution in water- and oxygen-free THF was reacted with
4.0 g (4.36 mmol) of Li,Ge,, in a 20 mL Schlenk tube.'! Three mL of
THF was added to this mixture. The reaction solution immediately
turned dark blue, indicating the formation of the benzophenone radical
according to the equation Li;Ge;, + 7Ph,CO — 12allo-Ge + 7Li-
(Ph,CO). The mixture was stirred at room temperature for several days,
then all liquid components were removed by a cannula, and the
remaining solid was washed with THF until the solution remained
colorless. The residue was then washed with toluene, and the remaining
volatile products were removed in vacuo over one day.

In order to characterize the product, X-ray diffractograms of pow-
dered samples were recorded directly after the reaction. All samples
showed identical X-ray patterns.

Powder X-ray Diffraction. Powder X-ray diffractograms were
recorded using a Stoe STADI P2 diffractometer (Ge (111) monochro-
mator for CuKa, radiation A = 1.54056 A) equipped with a linear
position sensitive detector PSD with 20, ~ 40°. The powder was finely
ground in an agate mortar and filled into a glass capillary which was
sealed using wax.

Powder X-ray diffraction diagrams were simulated using the DIFFaX
and FAULTS software packages.'”'® DIFFaX exploits the recurring
patterns found in randomized stacking sequences to compute the
average interference wave function scattered from each layer type
occurring in a faulted crystal. FAULTS is based on DIFFaX and allows
the refinement of the theoretical structural models with respect to the
experimental powder diffraction pattern. Furthermore, DIFFaX can also
be used to simulate selected area electron diffraction (SAED) patterns,
which can be compared with experimental TEM images. The simulated
patterns were generated using monochromatic CuKa, radiation (4 =
1.54056 A) and Pseudo-Voigt instrumental broadening. Background
was modeled by linear interpolation. The powder diffraction patterns
were simulated with DIFFaX up to 20 = 90° to confirm agreement with
the experiment for high 20 angles. Due to the significantly higher
computational cost of the refinement procedure and the low number of
distinctive features for 20 > 60°, the final powder diffraction patterns
were refined with FAULTS up to 26 = 60°. The FAULTS and DIFFaX
input files are listed in the Supporting Information (Table S1).

Transmission Electron Microscopy (TEM) and Electron
Energy Loss Spectroscopy (EELS). The sample was ground in an
agate mortar and dispersed in ethyl alcohol suspension. A small amount
of the suspension was dispersed on a copper grid coated with a holey
carbon film. The grids were mounted on a double tilt holder with a
maximum tilt angle of 30° and subsequently transferred into the
microscope. Electron microscopy was carried out on a FEI Titan 80-
300 instrument equipped with a field emission gun operating at 300 kV.
TEM images and electron diffraction patterns were recorded on a Gatan
UltraScan 1000 P CCD camera. EELS was performed with a Gatan
Tridiem 863 P spectrometer.

Computational Details. The germanium structures were investi-
gated using the B3LYP hybrid density functional and localized atomic
basis sets composed of Gaussian-type functions. All calculations were
performed using the CRYSTALO6 and CRYSTALO9 software pack-
ages.” In periodic calculations, the choice of the Gaussian-type localized
atomic basis set requires careful consideration. Basis sets originally
developed for molecular calculations contain diffuse basis functions to
model the tails of wave functions, but in periodic calculations, where
the whole space is filled with basis functions, such diffuse functions
are usually unnecessary and lead into numerical difficulties and/or
severe degradation of performance.”® A split-valence-quality basis set,
originally developed by Ruiz et al.,*' and later reoptimized for
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Figure 2. Experimental powder X-ray diffraction diagram of m-allo-Ge.

elemental germanium,® was applied in all calculations. The results
obtained for germanium modifications at the present BALYP/SVP level
of theory have previously been confirmed to be in agreement with results
obtained using the PBEO hybrid functional and the SVP basis set.'® In
structural optimizations, both the cell parameters and the atomic
positions of the studied sample were allowed to relax within the
constraints imposed by the space group symmetry. The shrinking factors
(SHRINK) used for generating a Monkhorst-Pack-type grid of k-points
in reciprocal space were as follows: Chadi models: 8; Conesa models: 4;
Nesper model; and the GA+GB model (128 atoms/cell): 2. For the
evaluation of the Coulomb and exchange integrals (TOLINTEG), very
tight tolerance factors of 10, 10, 10, 10, and 20 were used. Default
optimization convergence thresholds and extra large integration grid
(XLGRID) for the density-functional part were applied in the calcula-
tions. Vibrational frequencies were obtained by using the computational
scheme implemented in CRYSTAL."

B RESULTS

Synthesis of m-allo-Ge. Microcrystalline allo-Ge was synthe-
sized from single-phase Li;Ge,, using protic solvents such as water
and alcohols as well as benzophenone (in THF) as oxidizing agent.
Li;Ge, was stirred with the appropriate solvent for several days
under the exclusion of air. After removal of all volatile components
and washing, the dried products showed identical characteristic
powder X-ray diffractograms (Figure 2). The absence of the Li K
edge in electron energy loss spectra (EELS) proves that the
reaction products do not contain Li within the limits of detection
(Supporting Information Figure S1).

Structure Determination of m-allo-Ge. The powder diffrac-
tion pattern was indexed by an orthorhombic cell witha=7.9,b =
16.3, and ¢ = 11.9 A (Figure 3a,b) determined by electron
diffraction. The setting of the orthorhombic cell of m-allo-Ge
was chosen with respect to corresponding orientations of the cell
axes of Li;Ge . Assuming a simple removal of the Li atoms from
Li;Ge,,, the Li interlayers shown in Figure 1 collapse, and the
structure contracts along ¢ from 15.35 Ain Li;Ge, to 11.9 A in
m-allo-Ge. In all electron diffraction patterns observed, reflec-
tions appearing on lines with i = 2n+1 are very weak (Figure 3a).
On the remaining reciprocal lines (h = 2n) in hkO patterns, we
observed that the reflections with k = 2n+1 are either very weak
or completely absent. These two observations suggest that
m-allo-Ge can be described with respect to a basic structure with
the lattice parameters a = 3.9 and b = 8.1 A.
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Figure 3. Selected area electron diffraction patterns of m-allo-Ge showing the reciprocal hk0 layer (a) and the Okl layer (b). In (a), the weak reflections
on lines with i = 2n+1 and the absence of reflections with k = 2n+1 on the remaining lines indicate a basic structure, as described in the text. The Okl plane
shown in (b) exhibits diffuse streaks located on lines along c* fulfilling k = 4n+2 and the reflections with k = 2n+1 are absent. The reciprocal space vectors

shown in the micrographs are not true to scale.

Figure 4. HRTEM image of m-allo-Ge recorded along [100]. While
being perfectly periodic along b, the image reveals considerable disorder
along c. The area outlined by a black box is enlarged on the right side of
the figure. The white box indicates the projected unit cell.

Further, Okl patterns, as represented in Figure 3b, exhibit
lines of diffuse streaks for k = 4n+2, and reflections with k = 2n
+1 are absent. This indicates a glide plane perpendicular to a in
b direction and that the periodicity of 8.1 A along b is only
weakly correlated along c. This can also be seen in a repre-
sentative HRTEM image recorded along [100] shown in
Figure 4.”* Since the structure appears well ordered along a
and b but disordered along ¢, this model suggests that the
polyhedron type found in the two-dimensional slabs of Li; Ge;,
and thus the order in the ab plane of m-allo-Ge as shown in
Figure 1 are retained upon oxidation of Li;Ge,. In contrast,
the disorder along ¢ in m-allo-Ge shows a nonregular connec-
tion between the Ge atom slabs.

Various Structural Models of allo-Ge. We applied quantum
chemical methods to investigate the various structural models for
allo-Ge. The 16-atom model previously suggested by Chadi,'*
which is directly related to the layered structure of Li;Ge,, is
denoted here as model 1 (Figure Sa). As pointed out in Figure 1c,
the model can be created by shifting two adjacent polyanion
layers in Li;Ge;, against each other in the b direction. The cell
parameters of the basic structure (a = 3.9 and b = 8.1 A) are in
good agreement with this model, and the substructure of Ge from
Li;Ge, is also mostly preserved. However, the simulated powder
X-ray and electron diffraction patterns on the basis of the
structure model by Chadi agree very poorly with the observed
diffraction patterns (Supporting Information Figure S2). Conesa
has performed a systematic investigation of different allo-Ge
models by studying the different ways of interconnecting the Ge
layers after the removal of Li atoms from the Li;Ge;, structure.'>
He investigated more than 40 structural models derived from
Li;Ge,, classifying the different structure types as GA, GB, GC,
or GD depending on the interlayer connectivity and orientation
of the Ge layers. Two representative structural models of the GA-
and GB-type families are shown in Figure Sb,c (models 2 and 3).
In the GA and GB structures of Conesa, the Ge layers are
alternating in a similar way as in the parent Li;Ge;,, while in the
GC and GD structure types (not shown here), all layers are
oriented in the same direction, contradicting the Li,Ge,, struc-
ture. We have also included the original 128 atom structural
model of Nesper et al. (model 4 in Figure 2d)."" We retained the
original lattice constants of Nesper et al. but optimized the
atomic positions to obtain a germanium framework with realistic
bond lengths, since retaining the original atomic positions
resulted in several Ge—Ge bonds that are shorter than 2 A.
Furthermore, allo-Ge was originally noted to display consider-
able stacking disorder, which is not accounted for in the model 4.
As discussed by Conesa, all Ge layers in the Nesper model are
oriented in the same direction, different from the Li,Ge;,
structure with alternating layer orientations."?

We calculated the relative energies of the studied Chadi,
Conesa, and Nesper models (Figure 6) and compared them to
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a) b) q)

Figure S. Schematic illustrations of the unit cells of various structural models for allo-Ge (the unit cell edges are drawn in blue). a) Chadi’s model with 16
Ge atoms per unit cell containing 7-membered rings (highlighted with green), b) Conesa’s model GA with 32 atoms per unit cell containing 7-membered
rings, c) Conesa’s model GB with 32 atoms per unit cell containing 6- and 8-membered rings (highlighted with red), d) Nesper’s model with 128 atoms
per unit cell, ) new merged model based on model GA and GB with alternating layer direction (128 atoms/unit cell). The arrows in d) and e) denote the
orientation of the two-dimensional layers of the Ge atoms of the polyanion in Li;Ge;, as depicted in Figure 1.
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4H-Ge and Ge-cF136. In agreement with the results of Conesa,
the GAa4 model (2) is energetically the most favorable one,
being 8.3 kJ/mol/atom less stable than a-Ge. For comparison,
the recently investigated hexagonal 4H-Ge and the clathrate-type
Ge-cF136 are 0.9 kJ/mol/atom and 4.4 kJ/mol less stable than
a-Ge, respectively.”* The GB models of Conesa are more strained
than the GA models. The Nesper model (4) is energetically close
to the Conesa GB models, while the Chadi-16 model (1) is one
of the most strained ones. All studied Ge phases are covalently
bonded, and the stability order of the phases depends on their
structural characteristics with respect to the most stable phase, a-
Ge (Ge—Ge bond length 2.45 A, all bond angles 109.5°).
Deviations from the perfect tetrahedral arrangement will induce
structural strain. For example, in the experimentally determined
structure of the porous Clathrate-II structure, the bond lengths
vary between 2.43—2.51 A and the bond angles are
106.0—120.0°. In the more strained allo-Ge models, the devia-
tions from a-Ge are considerably larger, in particular for the
bond angles. In the most favorable GAa4 model (2), the bond
lengths are 2.40—2.57 A, and the bond angles are 92.7—126.2°
(the lattice parameters of the optimized structures were scaled by
0.98 to enable direct comparisons with the experiment). In the
case of the more strained GBa3 model, the bond lengths are fairly
similar to those in GAa4 (2.38—2.56 A), but the bond angles
deviate even more from the ones in a-Ge (92.1—135.3°). In the
Nesper model (4), the bond lengths are also similar to those in
GAa4 (2.38—2.54 A), but the largest bond angles are increased
even further (89.9—144.9°). Finally, in the least favorable Chadi-
16 model with the smallest unit cell among the studied models,
the bond lengths vary between 2.39—2.56 A, and the structure
possesses some very small and strained bond angles (89.7—128.3°).
All studied allo-Ge structures are semiconducting according to our
DFT-B3LYP calculations, and the energetically most favorable
GAa4 structure shows a direct band gap of 1.26 eV (Figure S3,
Supporting Information).

The simulated powder diffraction patterns of the structural
models 1-4 are very different from the experimental ones
(Supporting Information Figure S2). The models 2 and 4 show
a large portion of the features visible in the experimental
spectrum, but the overall match is rather poor. Our first attempt
to improve the previous structural models was to introduce a
simple modification based on the results of Conesa. The model S,
resulting from the combination of the GA and GB structural
motifs, is closely related to the Nesper model (Figure S), but the

Ge layers show an alternating orientation in agreement with the
Li;Ge;, structure. The lattice constants and atomic positions of
the model were fully optimized with DFT. The relative energy of
the structure § is 12.0 kJ/mol/atom, which is an intermediate of
the GA and GB models, as can be expected from the structural
characteristics. However, the match between the simulated
powder diffraction pattern and the experimental one was still
not very good (Supporting Information Figure S2).

The rather poor correlation between the simulated powder
diffraction patterns of the structural models 1—5 and experi-
mental ones suggests that a more complex structural model is
required to reproduce the experimental powder diffraction
pattern of m-allo-Ge. The synthesis of m-allo-Ge from the
Li,Ge,, precursor proceeds through a rapid topotactical reaction,
resulting in imperfect stacking and stacking faults in the struc-
ture. The presence of stacking faults is confirmed by the TEM
measurements (Figures 3b and 4). Therefore, we created a
structural model with stacking faults and simulated the powder
diffraction patterns with the DIFFaX and FAULTS software
packages.'”'®

Based on the results for the more simple models 1—S5, we
created a new structural model 6 (Figure 7). As a starting point
for this model we used the GAa4 model of Conesa that is the
energetically most favorable ordered model. In model 6, the
energetically most favorable stacking mode with consecutive A
interlayers is considered as normal stacking, while B-type inter-
layers are considered as stacking faults. To reproduce the
features of the experimental powder diffraction pattern, the
stacking scheme shown in Figure 7c had to be applied for the
two layer types present in Li;Ge;,. In this scheme, the total
probabilities of A- and B-type interlayer contacts are 60% and
40%, respectively, also in agreement with the energetically
favorable A-type stacking. Further, more than two consecutive
B-type connections (for example, b — ¢ — d — e) are very
improbable in this model. Schemes with simpler stacking
schemes failed to reproduce the experimental powder X-ray
diffraction pattern. A preliminary version of the structural
model 6 was first created using the DIFFaX software, after
which the model was refined with respect to the experimental
data using the FAULTS software. The a and b cell parameters
of model 6 are 7.79 and 8.15 A, respectively. Experimental
values from TEM are a = 7.9, b = 16.3 A. The height of one A or
B interlayer (that is, two Ge-layers) in the c direction is 11.7 A,
which is in rather good agreement with the experimentally
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Figure 8. Powder X-ray diffractogram of the m-allo-Ge. Experimental data are shown as a gray line; reflections based on structural model 6 with stacking
faults along the ¢ axis are simulated with the FAULTS software and shown as a black line. The difference diagram is shown in red. Reflections denoted

with (*) originate from a-Ge.

Figure 9. Simulated electron diffraction pattern for the allo-Ge model 6
(red) superimposed on an experimental electron diffraction pattern of
m-allo-Ge (reciprocal Okl layer, cf. Figure 3b).

observed ¢ = 11.9 A. The values for a and ¢ fit very well with our
experimental observations by TEM. The doubled lattice con-
stant experimentally determined for b (16.3 A) is the result of a
weak superstructure, as indicated by the weak reflections with
indices k = 2n+1 in Figure 3a. These superstructure reflections
are not visible in the powder diffraction pattern. The exact
relative energy or the band gap of model 6 cannot be obtained
from theory, as the statistical part of the model cannot be
described by quantum chemical calculations which always
require an ordered model. However, similar to the ordered
structural model S, the relative energy of model 6 is expected to
be an intermediate between the GA and GB parent structures.

The simulated powder diffraction pattern resulting from the
structural model 6 is shown in Figure 8. All reflections of the
experimental data occur in the simulated X-ray diffraction
diagram, and the intensities agree well. The match between
the simulated and the experimental pattern is noticeably
better in comparison to the patterns of the ordered models
(Supporting Information Figure S2). The sample contains
small amounts of a-Ge (sharp peaks at 27.3°, 45.3° and
53.7°). The performance of the structural model 6 in terms
of the profile R-factor R, (8.0%) is comparable to similar
stacking models in the literature.”> The simulated SADP
image for the structural model 6, together with the experi-
mental TEM image, is shown in Figure 9.

l DISCUSSION

The allotropes of germanium and the germanium-based
porous materials play a crucial role in understanding intrinsic
semiconductors. Recently the clathrate-type germanium allo-
trope was structurally characterized and found to be a semicon-
ductor with a direct band gap, whereas porous materials show
various types of band gaps.

Up to now A,Gey phases (A = alkali metal), which contain
discrete clusters, were mainly used for the formation of Ge-based
materials.*” The wide variety of reactions presented here shows
that Li;Ge;, with a layered structure is an alternatively good
precursor for the soft formation of germanium-based materials at
room temperature. The reaction strategy to remove alkali metals
from layered Zintl phases has now been successfully demon-
strated for Li;Ge;, and might also apply for other layered
compounds. In our case, covalent Ge—Ge bonds are formed,
and simultaneous deintercalation and oxidative bond formation
at low temperatures lead to novel metastable materials which are
otherwise elusive. The scattering experiments of m-allo-Ge reveal
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the long-range order in this material and show that the Ge network
of the binary phase Li;Ge;, is mainly preserved, even though a
certain degree of freedom in connecting the Ge layers is possible.

The high reactivity of allo-Ge is indicated by the structural
transformation of allo-Ge to 4H-Ge, since five-membered rings in
allo-Ge transform to six-membered rings in 4H-Ge. This transfor-
mation already starts at 140 °C. Recently, we published a detailed
study of the transformation of allo-Ge to 4H Ge.” Interestingly,
even though the transition occurs at a very low temperature as
compared to the melting point of a-Ge, a microcrystalline and not
an amorphous powder is obtained. Preliminary reactions of m-allo-
Ge with the alkali metals Rb and Cs show that RbGe and CsGe are
already formed below 100 °C and not at several hundred degrees
Celsius when starting from a-Ge.”*

Bl CONCLUSION

Allotropes of elements count in many respects to the simplest
systems and at the same time — due to their structural simplicity —
they hold a huge potential in understanding the structure—prop-
erty relationship of materials. Especially the allotropes of the
elements of the carbon group have the outstanding property to
switch from insulators to conductors (carbon) or from semimetals
to metals (tin) by changing their modification. Therefore the
synthesis of element allotropes is a high challenge. In this article we
present the synthesis of a crystalline Ge allotrope whose structure
is predetermined by the precursor Li;Ge;,. Most astonishing is
the fact that through deintercalation the structure of the precursor
that contains five-membered Ge polygons is retained and that the
topotactic formation through oxidation of two-dimensional Ge
slabs of the precursors can be scrutinized in the product m-allo-Ge.
Due to rather small impurities of a-Ge, band gap measurements of
microcrystalline m-allo-Ge are not yet significant. From theoretical
calculations of ordered variants a direct band gap is expected. The
microcrystalline metastable m-allo-Ge is transformed through
thermal activation in a first step to hexagonal germanium and
finally to the most stable modification cubic germanium. The
synthesis by means of an oxidative delithiation of a binary Li—Ge
phase offers a valuable method which should apply to other Li-
containing phases and presents an interesting alternative to the
recently reported oxidation of alkali metal germanides in ionic
liquids. In contrast to other routes, the method reported here
offers the synthesis of bulk materials in quantities of several grams.

B ASSOCIATED CONTENT

© Ssupporting Information. EEL spectrum of allo-Ge, si-
mulated powder diffraction patterns for the structural models
1-5, and FAULTS and DIFFaX input files for the structural
model 6 as well as the band structure diagram of the ordered
GAa4 structure. This material is available free of charge via the
Internet at http://pubs.acs.org.
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