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ABSTRACT: Potassium (K6[Ge6(μ-OO)6(μ-O)6(OH)6]·14H2O, 1), cesium ammonium
(Cs4.2(NH4)1.8[Ge6(μ-OO)6(μ-O)6(OH)6]·8H2O, 2), and potassium ammonium
(K2.4(NH4)3.6[Ge6(μ-OO)6(μ-O)6(OH)6]·6H2O, 3) peroxogermanates were isolated from
3% hydrogen peroxide aqueous solutions of the corresponding hydroxogermanates and
characterized by single crystal and powder X-ray diffraction studies and by Raman
spectroscopy and thermal analysis. The crystal structure of all three compounds consists of
cations of potassium and/or ammonium and cesium, water molecules, and centrosymmetric
hexanuclear peroxogermanate anion [Ge6(μ-OO)6(μ-O)6(OH)6]

6− with six μ-oxo- and six μ-
peroxo groups. Peroxogermanates demonstrate relatively high thermal stability: the peroxide
remains in the structure even after water release after heating to 100−120 °C. DFT
calculations of the peroxogermanate [Ge6(μ-OO)6(μ-O)6(OH)6]

6− anion confirm its higher
thermodynamic stability compared to the hydroperoxo- and oxogermanate analogues.

■ INTRODUCTION

Gels, sol gel materials, and soft matter in general have
increasing contemporary importance. Hydrogen peroxide
addition is known to induce polycondensation and gelation
of transition and nontransition element oxides in aqueous
solutions.1−3 This process can be used for sol and film
formation, which can serve as end products or as solid oxide,
sulfide, and Ormocer precursors.1,4−8

Three mechanisms may be responsible for the hydrogen
peroxide enhanced polymerization: (i) Hydrogen peroxide is
acidic and induces polycondensation by oxo- or hydroxo-
bridging. (ii) Hydrogen peroxide is a superior hydrogen donor
compared to water,9 and its rotation around the O−O axis
provides flexibility and optimal orientation both of which
contribute to stronger hydrogen bonding.10−12 (iii) Peroxo
bridging can participate in or form by itself, without
contributing oxo bridging, the skeleton of the gel, or soft
matter.
For inorganic oxides, hydrogen bonding alone would not be

sufficient to hold together a solid network, which leaves two
dominant polymerization mechanisms, (i) and (iii). The mere
possibility of peroxo bridging of multinuclear elements in
aqueous solution is still questionable. When the peroxide rich
product is a soft matter, its structure elucidation is challenging.
Structure elucidation of soft matter comprised of noncrystalline
peroxides is challenging even with state of the art spectroscopy
and diffraction methods. For example, “persilicate”, a useful
commodity and a product of peroxide induced polymerization
of sodium metasilicate, is amply discussed in the liter-

ature2,13−15 with stipulations regarding the possibility of peroxo
coordination, and the same holds for peroxostannate3 and
peroxoantimonate16 gels. In contradistinction, crystal structure
studies of polynuclear peroxocompounds can shed light on the
skeletal polymer and its building blocks when crystal structure
can be shown to reflect the solution chemistry.
Peroxo bridged dinuclear peroxocomplexes were reported for

many transition metals, including manganese,17−19 iron,20−24

cobalt,25−32 nickel,33 copper,34−36 rhodium,37 palladium,38,39

iridium,40 platinum,41 tungsten,42 and recently even gold.43

However, we could find only two reports of multinuclear μ-O−
O transition metal peroxocomplexes. Bassil et al.44 reported
[Zr6(O2)6(OH)6(-SiW10O36)3]

18−, a six nuclear peroxo bridged
complex, and its Hf analogue. Chernyshev et al.45 reported a
peroxo bridged cyclic trimer Zr3F12(O2)3. All three polynuclear
complexes were isolated from aqueous solutions. All three have
side-on μ-η2:η2-O2

2− peroxide coordination, which is possible
for d-elements but improbable for p-block elements. Crystallo-
graphically described p-block element peroxocomplexes have
only end-on peroxo bridges and are mainly dimeric.
Dinuclear peroxo metaloorganic compounds of silicon,46

gallium,47−49 tin,50−52 antimony,53−55 tellurium,56 bismuth,57

and boron58 have been reported. The peroxoborates are the
only strictly inorganic dinuclear μ-O−O p-block element
compounds, and they are the only p-block element peroxo
bridged compounds that were isolated from aqueous solution.
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Dinuclear peroxo bridged germanium complexes received
considerable attention,59−63 though they were all isolated
from nonaqueous solutions. Based on the Cambridge Structural
Database64 and Inorganic Crystal Structure Database,65 there is
only a single polynuclear peroxo bridged nontransition element
compound, trinuclear cyclic tris(dimethylsilyl peroxide),66

which was obtained from anhydrous ethanol solution by
reaction of dichlorodimethylsilane with 99% hydrogen peroxide
and ammonia.
We report here on germanium inorganic crystalline

peroxocompounds containing a polynuclear end-on peroxo
bridged anion, [Ge6(μ-OO)6(μ-O)6(OH)6]

6−, that is isolated
from basic aqueous peroxide solution as potassium (K6[Ge6 (μ-
OO)6(μ-O)6(OH)6]·14H2O, 1), cesium ammonium
(Cs4.2(NH4)1.8[Ge6(μ-OO)6(μ-O)6(OH)6]·8H2O, 2), and po-
tassium ammonium (K2.4(NH4)3.6[Ge6(μ-OO)6(μ-O)6(OH)6]·
6H2O, 3) crystalline salts.

■ EXPERIMENTAL SECTION
Materials. Germanium(IV) chloride, ammonium hydroxide,

potassium hydroxide, cesium hydroxide monohydrate, and 50%
aqueous hydrogen peroxide were purchased from Aldrich Sigma.
Synthesis. Preparation of Hydroxogermanate Solution. Germa-

nium hydroxide was obtained by careful addition of NH4OH to
aqueous solution of 0.75 g (3.5 mmol) of germanium chloride GeCl4
with stirring and pH control. After the pH reached 7, the precipitate
was isolated by centrifugation, washed 5 times with water, and
dissolved in 3.5 mL of 2 M KOH at 70 °C. The resulting mixture was
heated for about 2 h. After complete dissolution of the precipitate, the
solution was filtered. The germanium concentration in the resulted
potassium hydroxogermanate solution was calculated as 0.7 M from
the initial amount of GeCl4 without taking into account the loss of
germanium hydroxide during the washing and due to its partial
solubility in water.
Synthesis of K6[Ge6(μ-OO)6(μ-O)6(OH)6]·14H2O (1). One hundred

twenty microliters of 50% aqueous H2O2 (purchased from Sigma-
Aldrich) was added to 1.88 mL of 0.7 M aqueous potassium
hydroxogermanate to achieve 3% hydrogen peroxide in the resulting
solution. Then the solution was kept in a closed beaker at 4 °C.
Colorless crystals were formed after 1 day. They were filtered and
washed 3 times with diethyl ether and dried in air for 30 min. Yield
24% (based on Ge). Anal. Calcd for H34O38K6Ge6 (1): OO
(peroxide), 14.63; K, 17.87; Ge, 33.20. Found: OO (peroxide),
14.50; K, 17.2; Ge, 32.8.
Synthesis of Cs4.2(NH4)1.8[Ge6(μ-OO)6(μ-O)6(OH)6]·8H2O (2). Ce-

sium hydroxogermanate solution (1.5 M) was prepared from GeCl4 by
the same method as described above for potassium hydroxogermanate
solution. One hundred twenty microliters of 50% H2O2 and 1.3 mL of
NH4OH were slowly added to 0.5 mL of 1.5 M cesium
hydroxogermanate with stirring. The resulting solution was kept in a
closed beaker at 4 °C. Colorless crystals were formed after 1 day. They
were filtered and washed 3 times with diethyl ether and dried in air for
30 min. Yield 18% (based on Ge). Anal . Calcd for
Cs4.2Ge6H29.2N1.8O32 (3): N, 1.62; OO (peroxide), 12.30; Ge, 27.93;
Cs, 35.77. Found: N, 1.70; OO (peroxide), 12.30; Ge, 27.1, Cs, 34.9.
Synthesis of K2.4(NH4)3.6[Ge6(μ-OO)6(μ-O)6(OH)6]·6H2O (3). Two

hundred fifty microliters of water, 140 μL of 50% H2O2, and 1.2 of
NH4OH were added one by one to 0.75 mL of 0.7 M potassium
hydroxogermanate solution with stirring. The resulting solution was
kept in a closed beaker at 4 °C. Colorless crystals were formed after 1
day. They were filtered and washed 3 times with diethyl ether and
dried in air for 30 min. Yield 21% (based on Ge). Anal. Calcd for
H32.4N3.6O30K2.4Ge6 (2): N, 4.61; OO (peroxide), 17.57; K, 8.59; Ge,
39.89. Found: N, 4.30; OO (peroxide), 17.10; K, 8.30; Ge, 39.1. Based
on XRD studies the same phase was isolated also from 20% H2O2.
Interaction of Germanium Chloride with 50% Aqueous Hydro-

gen Peroxide. GeCl4 (99.9%) (0.5 mL) was introduced into 2 mL of
50% hydrogen peroxide solution under stirring, and gelation was

observed. Precipitation was accomplished by addition of 15 mL of
ethanol:ether mixture (1:3). The precipitate was washed several times
with ether and dried in vacuum desiccator. Peroxide content was not
detected in the resulting material (according to permanganometric
titration).

Preparation of 98.3 wt % Hydrogen Peroxide. The hydrogen
peroxide was prepared from serine perhydrate crystals according to our
previously reported protocol.67

CAUTION: Concentrated hydrogen peroxide is explosive.
Single Crystal X-ray Analysis. Experimental intensities for 1 and

2 were collected on a Bruker SMART APEX II diffractometer using
graphite monochromatized Mo−Kα radiation (λ = 0.710 73 Å).
Absorption corrections based on measurements of equivalent
reflections were applied. The structures were solved by direct methods
and refined by full matrix least-squares on F2 with anisotropic thermal
parameters for all non-hydrogen atoms (SHELXTL). In 1, three water
molecules O5/O6, O7/O8, and O9/O10 are disordered over two
closely adjacent positions with occupancy ratios 0.88/0.12, 0.50/0.50,
and 0.92/0.08, respectively. In 2, Cs(3) and ammonium cations share
the same site with occupancy ratio 0.101(1)/0.899(1). In both
structures, all hydrogen atoms were found from difference Fourier
synthesis and refined isotropically. In 1, most of the water molecules
were refined with restrained O−H and H···H distances. As for 2, the
ammonium cation was refined with slightly restrained H···H
separations (SADI). Details of X-ray studies are given in Table S2.
Crystallographic data (excluding structure factors) for the structures 1
and 2 have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-1054007 and
1054008, respectively. Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, CambridgeCB2 1EZ,
UK [fax: + 44-1223-336-033; e-mail: deposit@ccdc.cam.ac.uk].

X-ray powder diffraction measurements were performed on a D8
Advance diffractometer (Bruker AXS, Karlsruhe, Germany) with a
goniometer radius of 217.5 mm, Göbel Mirror parallel-beam optics, 2°
Sollers slits, and a 0.2 mm receiving slit. The powder samples were
filled into low background quartz sample holders. The specimen
weight was 0.5 g. XRD patterns in the range 2°−75° 2θ were recorded
at room temperature using CuKα radiation (λ = 1.5418 Å) under the
following measurement conditions: Tube voltage of 40 kV, tube
current of 40 mA, step scan mode with a step size 0.02° 2θ, and
counting time of 1s/step. XRD patterns were processed by DiffracPlus
software.

Raman Spectroscopy. The measurements were performed at
room temperature with a Renishaw inVia Raman microscope. The
incident light was 514 nm with a power of 5.0 mW. Regular spectra
were acquired with a 20× objective, and the line scan measurements
were performed with a 5× objective. The spatial resolution for line
scan was 5 μm.

Differential scanning calorimetry (DSC) was performed on
differential scanning calorimeter, DSC 822 Mettler, Toledo, and
thermogravimetric analysis (TGA) was conducted on Thermoba-
lance, TG50 Mettler, Toledo. All experiments were carried out in the
range 40−400 °C under nitrogen flow at a heating rate of 5°/min.

17O NMR Spectrometry. 17O NMR spectra were collected on a
Bruker Avance-500 (11.7483T) spectrometer at resonance frequency
of 67.8 MHz. The measurements were performed using a single pulse
sequence with rf pulse duration of 8 μs and recycling time of 0.031 s.
Experiments were carried out at 5 °C. The 17O chemical shifts were
measured relative to water.

Peroxide, Potassium, Cesium, Germanium and Nitrogen
Determination. Peroxide content was estimated by permanganom-
etry. Potassium and cesium content was analyzed by inductively
coupled plasma atomic emission spectroscopy on a Thermo Jarrell Ash
ICAP-61E instrument according to the EPA method 6010.
Germanium content was calculated based on the cation (potassium
or cesium)/germanium ratio determined by EDX analysis. Nitrogen
content was determined using the PerkinElmer 2400 series II Analyzer.

Computational. Gaussian09 was used in all computations.68

Geometry of the [Ge6(μ-O)12(OH)6]
6−, [Ge6(μ-O)12(OOH)6]

6−,
[Ge6(μ-OO)6(μ-O)6(OH)6]

6−, and [Ge6(μ-OO)12(OH)6]
6− anions
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as well as H2O and H2O2 were optimized at the B3LYP/6-311G+
+(d,p) level using LANL2DZ basis set with effective core potential for
Ge atoms. The normal-mode analysis did not give imaginary
frequencies for the considered species. The sum of electronic and
thermal free energies68 was used in evaluation of the relative Gibbs
energy ΔrG

0
298 K of reactions 1−3.

■ RESULTS AND DISCUSSION
The structure of 1 comprises hexanuclear peroxide-containing
anion [Ge6(μ-OO)6(μ-O)6(OH)6]

6−, potassium cations, and
water molecules. In centrosymmetric anion, all six germanium
atoms possess trigonal bipyramid coordination environment
(Figure 1). The apical vertexes are occupied by peroxo ligands,

while oxo and hydroxo groups lie on equatorial positions. The
angles between the apical substituents are greater than
175.45(5)° (Table S1).
At the same time the equatorial angles are close to 120°

(116.83(5)−123.33(5)°), and the angles between apical and
equatorial ligands vary within 84.80(5)−95.13(5)°. Displace-
ments of Ge atoms from the least-squares planes of the three
equatorial oxygen atoms are less than 0.008 Å (Table S1).
According to CSD data (ver. 5.36, Feb 2015), Ge−OH and

Ge−μO distances adopt ordinary values.64 In contrast, Ge−OO
bond lengths (1.884(1)−1.916(1) Å) are noticeably longer
than those found in all known complexes in which two
germanium atoms are bridged by peroxide (1.76(1)−1.857(5)
Å).59−63 O−O distances (1.490(2)−1.491(1) Å) lie within the
range found previously for bridging Ge−O−O−Ge fragments
(1.42(1)−1.528(7) Å).60,63 On the other hand, these values are
of about 0.03 Å greater than those previously observed in the
accurately determined structures of hydrogen peroxide
molecule in crystalline H2O2 (1.461(3) Å),69 urea perhydrate
(1.4573(8) Å),70 and serine perhydrate (1.461(2) Å).11 All

peroxo groups exhibit gauche conformation with Ge−O−O−
Ge torsion angles close to 60°.
The neighboring Ge atoms are linked by one μ-oxo and one

μ-peroxo ligands forming five-membered metallocycles. All
these cycles adopt envelope conformation with both
germanium atoms, μ-oxo atom, and one μ-peroxo atom lying
in the base plane, while the second peroxo atom occupies the
flap site of the envelope. Of interest, all terminal OH groups are
directed outward the anion center. Evidently this arrangement
facilitates formation of intermolecular hydrogen bonds.
The unit cell of 1 contains three crystallographycally unique

potassium atoms. All of them possess irregular coordination
polyhedra with coordination number CN equal to 10. Their
coordination environment are partially formed by three (for
K1) or four (for K2 and K3) oxygen atoms originated from
both μ-oxo and μ-peroxo groups of the anions. All other
coordination sites are engaged by water molecules. The K−O
distances vary within the range 2.6959(14)−3.4254(12) Å. It
should be noted that the terminal hydroxo groups HO-Ge do
not interact with potassium cations.
The unique part of the unit cell contains seven water

molecules. Three of them are disordered over two closely
adjacent positions. Six water molecules are coordinated by K
cations, while one of them (O9/O10) occupies an outer-sphere
position. All water hydrogen atoms are involved in hydrogen
bonding.
All six terminal hydroxo ligands of [Ge6(μ-OO)6(μ-

O)6(OH)6]
6− participate in moderate hydrogen bonding with

four adjacent anions. The latter results in forming negatively
charged layers perpendicular to the ac-diagonal (Figure 2A).
The space among these layers is filled by potassium cations and
water molecules (Figure 3).

The structure 2 consisits of the forementioned [Ge6(μ-
OO)6(μ-O)6(OH)6]

6− anion, Cs and ammonium cations, and
water molecules. The geometry of the anions in the crystal
structures of 1 and 2 is very similar (Table S1). O−O distances
of peroxide ligands are 1.485(2), 1.488(2), and 1.492(2) Å,
respectively. Two of three cesium positions (Cs1 and Cs2) are
occupied completely by metal, while the third (Cs3) is shared
with ammonium cation in the molar ratio of cesium and
ammonium 0.10/0.90. The same partial substitution Cs+/NH4

+

Figure 1. Hexanuclear peroxide-containing anion [Ge6(μ-OO)6(μ-
O)6(OH)6]

6− in the structure 1. Displacement ellipsoids are drawn at
the 50% probability level.

Figure 2. Hydrogen-bonded anion layers in the structure 1 and 2 (A
and B, respectively).
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is well-known for mixed inorganic salts.71,72 The coordination
numbers of all Cs atoms are 10, and they exhibit irregular
coordination environment with Cs−O distances varying from
2.824(2) to 3.728(2) Å. All four hydrogen atoms of NH4

+

cation are involved in hydrogen bonding with anionic peroxo
oxygen atoms only. The N···O separations lie within 2.824(2)−
2.958(2) Å. In contrast to 1, all water molecules in 2 are
coordinated by cesium cations and form two donor hydrogen
bonds with neighboring anion or water oxygen atoms.
In 2, four of the six terminal hydroxo groups of each anion

participate in hydrogen bonding with peroxo ligands of four
adjacent [Ge6(μ-OO)6(μ-O)6(OH)6]

6− anions forming neg-
atively charged layers perpendicular to the a-axis (Figure 2B).
As in the structure 1, the space between these layers is filled by
cations and water molecules.
We also performed preliminary single crystal X-ray study of

compound 3K2.4(NH4)3.6[Ge6(μ-OO)6(μ-O)6(OH)6]·
6H2O. It crystallizes in triclinic space group P-1 (a =
7.8761(1), b = 10.2772(2), c = 10.3111(2) Å, α =
101.720(2), β = 104.023(2), γ = 108.366(2), Z = 1). It was
unambiguously established that 3 contains absolutely the same
hexanuclear peroxide-containing anions [Ge6(μ-OO)6(μ-
O)6(OH)6]

6−. These anions are combined by hydrogen
bonds in layers similar to those found in 2. However, the
high level of disorder of potassium/ammonium cations and
water molecules over six crystallographic sites were determined.
The molar ratio between potassium and ammonium cations
was determined based on results of the elemental analysis and
can be specified after the structure refinement. Details of this
structure will be published elsewhere.
X-ray powder diffractograms of 1−3 are presented in Figure

S1. According to XRD studies of 1−3, all powders are

crystalline and do not contain a significant amount of
amorphous phase. Most reflections in the diffraction pattern
of 1 (Figure S1A) are attributed to the structure that was
determined by single crystal X-ray analysis, and only a few
additional peaks (d = 8.089, 6.822, and 3.117 Å) indicate some
unidentified crystalline impurity. We did not find any known
hydroxogermanate, chloride, carbonate, or hydroxide phase
which could correspond to these reflections. Probably these
reflections are attributed to an unreported potassium
hydroxogermanate byproduct in sample 1. X-ray powder
diffractograms of 2 and 3 (Figure S1, B and C, respectively)
fit well to the X-ray diffraction patterns calculated from X-ray
data of corresponding single crystals. Thus, results of the XRD
studies confirm that compounds 1−3 are the dominant
products isolated from 3% hydrogen peroxide aqueous
solutions of the corresponding hydroxogermanates.
Raman spectra of 1−3 are depicted in Figure S2, and all have

a similar profile. Lines with maxima at 855 cm−1 and at lower
wavenumbers are attributed to vibrations of GeO5 polyhe-
dra73−75 and the broad line with a maximum at 3380 cm−1

assigned to O−H vibrations. All spectra reveal a quite intensive
peak with a maximum at 872, 874, and 874 cm−1, respectively
for 1−3, which corresponds to O−O stretching of peroxo
groups in the peroxogermanate anion [Ge6(μ-OO)6(μ-
O)6(OH)6]

6−. This peak maximum is shifted to the lower
wavenumber values compared to solvated and free hydrogen
peroxide (880 cm−1)76 similar to those in Raman spectra of
peroxoantimonate16 and crystalline hydroperoxostannates.3,77,78

In the case of peroxogermanate anion this bathochromic shift
can be caused by a noticeable increase (of about 0.02−0.03 Å)
in peroxide bond length as compared to the free H2O2
molecule. In addition, the reduction of the wavenumber
corresponding to O−O vibrations can also occur due to the
relatively heavy atom bonded to the oxygen atom of peroxo
group. Therefore, the bathochromic shift of the Raman line
corresponding to O−O stretching can be considered as a
general spectral characteristic of peroxide or hydroperoxide
ligands of main group element peroxocomplexes.
The temperature dependent stability of the peroxogerma-

nates 1−3 was characterized by differential scanning calorim-
etry (DSC) and thermogravimetry (TG) and by direct analysis
of the temperature dependent residual peroxide content (by
permanganate titration). Results of thermal stability studies of
peroxogermanate are depicted in Figure 4A. We also performed
Raman studies of the heated samples of 1 and 2. The Raman
spectra in the range corresponding to O−O stretching of 1
heated at different temperatures are depicted in Figures 4B and
S2C, D. All four dynamic tests were carried out at a constant
temperature scan rate, 5°/min. The DSC curve (Figure 4A,
inset) showed a pronounced endothermic peak, starting at 36,
43, and 54 °C and peaking at 40, 51, and 75 °C, for 1−3,
respectively, which corresponds to solvated water release. A
second, exothermic peak was observed starting at 110, 103, and
129 °C and peaking at 121, 111, and 139 °C, respectively for
1−3. This peak is attributed to peroxide decomposition and
oxygen evolution. The TGA data show a first pronounced
weight loss starting at 39, 47, and 60 °C, respectively, with good
correspondence of the integral weight loss to the solvated water
amount in 1−3. The second integral weight loss, starting at
103, 103, and 121 °C, respectively for 1−3, correlates well to
the oxygen, water (and ammonia in case of 2 and 3) evolution
that occurred after peroxogermanate decomposition. The
Raman line of O−O vibrations remains even after heating of

Figure 3. Arrangement of K cations (gray spheres) between anion
chains (view along b-axis) in the structure of 1. Water molecules are
not shown for clarity.
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1 and 2 up to 120 °C, and two additional peaks at 847 and 855
cm−1 appear in the Raman spectrum of 1 after heating to 50 °C
(Figure 4B). Similar peaks at 853−865 cm−1 exist in spectra of
2 and 3 at room temperature (Figure S2B, E), and they can be
attributed to stretching modes of Ge−O bond73−75 which can
be inactive in 1 before heating due to the hydrogen bonding to
solvated water molecules. Thus, based on the thermal studies
we can conclude that peroxogermanate anion is relatively
stable. It does not decompose during water release and remains
in the structure even when heating up to 120−130 °C. The
presence of ammonium in the structures of 2 and 3 increases
their thermal stability.

17O NMR studies of a germanate solution before and after
addition of 3% hydrogen peroxide are depicted in Figure S3a.
Besides the intensive signal of water, the 17O NMR spectrum of
initial aqueous hydroxogermanate solution contains a broad
peak at 67.1 ppm, which can be attributed to oxo- and hydroxo
ligands coordinated to germanium in hydroxogermanate
anions. The intensity of this signal (determined by normal-
ization versus water signal) decreased 2 times after addition of
8% hydrogen peroxide solution to the initial germanate
solution, and the peak of peroxide appeared at 219.7 ppm
(Figure S3b). Most probably, the shift of peroxide compared to
17O NMR spectrum of pure hydrogen peroxide (180 ppm) is
induced by deprotonation of H2O2 molecules at high pH and
does not prove peroxide coordination to germanium.
The same shift of peroxide 17O NMR signal to the weak field

occurs in the spectrum of 1 M sodium alkali solution in 4%
aqueous hydrogen peroxide (Figure S3c). However, the
significant intensity decrease of the signal assigned to the
oxo- or hydroxo ligands in germanate anions after hydrogen
peroxide addition demonstrates the substitution of initial
coordination environment of germanium(IV) atoms and can
be caused by peroxide coordination.
The relative stability of the [Ge6(μ-O)12(OOH)6]

6− and
[Ge6(μ-OO)6(μ-O)6(OH)6]

6− anions vs [Ge6(μ-O)12(OH)6]
6−

and [Ge6(μ-O)12(OOH)6]
6− anions, respectively, was esti-

mated by DFT calculations. The following gas-phase reactions
were considered:

μ‐ +

⇄ μ‐ +

−

−

[Ge ( O) (OH) ] 6H O

[Ge ( O) (OOH) ] 6H O
6 12 6

6
2 2

6 12 6
6

2 (1)

μμ‐ ⇄ ‐ μ‐− −[Ge ( O) (OOH) ] [Ge ( OO) ( O) (OH) ]6 12 6
6

6 6 6 6
6

(2)

μ

μ

‐ μ‐ +

⇄ ‐ +

−

−

[Ge ( OO) ( O) (OH) ] 6H O

[Ge ( OO) (OH) ] 6H O
6 6 6 6

6
2 2

6 12 6
6

2 (3)

The relative Gibbs energy ΔrG
0
298 K evaluated for reactions 1 −

3 are given Table 1.

According to Table 1, the hexanuclear peroxogermanate
anion is thermodynamically much more stable in the gas phase
than its hydroperoxo- and oxogermanate analogues. Results of
DFT studies in gas phase may shed light on the transformation
of germanate anions in aqueous hydrogen peroxide. Addition of
hydrogen peroxide to hydroxogermanate aqueous solution
reduces the pH and can induce germanium(IV) polycondensa-
tion resulting in hexanuclear μ-oxogermanate [Ge6(μ-
O)12(OH)6]

6− (Figure 5A; Scheme S1, structure I). Similar

germanate structures were previously isolated from aqueous
systems.79 We can suggest that hydrogen peroxide molecules
substitute terminal hydroxo ligands in the initial germanate
resulting in hydroperoxogermanate anion [Ge6(μ-
O)12(OOH)6]

6− (Figure 5B; Scheme S1, structure II) similar
to the hydroperoxo coordination in hydrogen peroxide
solutions of Sn(IV) hydroxocomplexes.78 ΔrG

0
298 of this

reaction in the gas phase is −645.2 kJ/mol.

Figure 4. Thermal analyses of peroxogermanates 1−3. On the left (A):
Thermogravimetry (black curves) and loss of the peroxide content as a
function of temperature (red curves) of 1−3. Insert: Dynamic
scanning calorimetry of 1−3. On the right (B): Raman spectrum in the
range of O−O stretching of 1 before and after heating at different
temperatures.

Table 1. Theoretical ΔrG
0
298 K Values (kJ/mol) of Reactions

1 − 3

reaction 1 2 3

ΔrG
0298 K −645.2 −117.1 −177.5

Figure 5. Structures of [Ge6(μ-O)12(OH)6]
6− (A), [Ge6(μ-

O)12(OOH)6]
6− (B), [Ge6(μ-OO)6(μ-O)6(OH)6]

6− (C), and
[Ge6(μ-OO)12(OH)6]

6− (D) anions optimized at the B3LYP/6-
311G++(d,p) level of theory using LANL2DZ basis set with effective
core potential for Ge atoms. Germanium, oxygen, and hydrogen atoms
are depicted by green, red, and blue circles, respectively.
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Following transformation of hydroperoxogermanate [Ge6(μ-
O)12(OOH)6]

6− to μ-peroxogermanate [Ge6(μ-OO)6(μ-
O)6(OH)6]

6− (Figure 5C; Scheme S1, structure III) results
in additional stabilization (−117 kJ/mol) of the germanium-
(IV) anion even with taking into account the additional
stabilization of the structure II by intra-anion hydrogen bonds
of hydroperoxo and μ-oxo ligands. The geometry of the
optimized structure III corresponds well to the geometry of
peroxogermanate anion [Ge6(μ-OO)6(μ-O)6(OH)6]

6− in
crystals 1−3 (Figure 5C). The Gibbs free energy of the
possible following oxo-bridges substitution in structure III
resulting in peroxogermanate anion [Ge6(μ-OO)12(OH)6]

6−

(Figure 5D) is −177.5 kJ/mol, which is relatively small
compared to the first stage. Most probably this process requires
higher concentration of hydrogen peroxide in the system.
Optimized geometry of structures I−IV and their selected
parameters are presented in Figure 5 and Table S4. The
thermodynamic stability of the germanium peroxobridged
anion is reflected also in the experimentally observed thermal
stability. Even after heating of 1−3 up to 120 °C, the
hexanuclear structure is retained, based on the Raman spectra
and permanganometry, though surprisingly we observe water
loss rather than peroxide decomposition. A similar phenomen-
on of water evaporation before peroxide cleavage was
demonstrated by Demir (2011) for sodium perborate
tetrahydrate.80

Studies of crystalline structures often raise questions
regarding the relevance of the solid salt to the solution
chemistry. The hexanuclear peroxogermanate presented here is
a good example for the relevance of the anion structure to the
aqueous precursor solution: (i) All three salts (1−3) share the
same hexanuclear anion despite having different crystal packing
and different hydrogen bond networks. (ii) The same anionic
structure was isolated from a rather wide range of peroxide
concentrations (3−20% H2O2). (iii) In all cases the isolated
compound was the dominant phase in powder XRD studies. A
coincidence where the germanium assembles during precip-
itation to give the same hexanuclear structure from a wide range
of solution compositions is unlikely.
Mayer81 hypothesized a general rule: hydrogen peroxide is a

poor ligand to metals, and hydroperoxo and peroxo complexes
are formed only after hydrogen peroxide deprotonation in the
presence of base. Mayer demonstrated his rule for gallium
complexes, but it is easy to see that it holds true also for the
ligation activity of borate versus boric acid82 and hydrox-
ostannate78 versus tin(IV) salts.
This work shows that Mayer’s rule holds true also for

germanium ligation, which takes place at high pH only. In order
to demonstrate further Mayer’s rule for germanium, we have
carried out the following simple experiment. We have added
98.3% hydrogen peroxide to germanium tetrachloride. Two
stable separated liquid phases were formed (Figure S4). The
hydrogen peroxide floated over the liquid GeCl4 phase, and gel
formation was not observed. Repeating the test with GeCl4 and
50% H2O2 solution resulted in gel formation, but after washing
with diethyl ether no peroxide content was found by potassium
permanganate titration. In fact, even without rinsing, a dry gel
that was obtained by vacuum desiccation at room temperature
did not contain any active oxygen. Therefore, we conclude that
peroxide coordination to germanium does not occur in acidic
conditions in accordance with Mayer’s rule.

■ CONCLUDING REMARKS

Three different salts with the hexanuclear peroxogermanate
anion [Ge6(μ-OO)6(μ-O)6(OH)6]

6− were isolated from differ-
ent aqueous solutions of widely different compositions,
demonstrating the stability of the hexanuclear peroxogermanate
anion in basic hydrogen peroxide−water solutions.
The hexanuclear peroxogermanate anion [Ge6(μ-OO)6(μ-

O)6(OH)6]
6− is the first structurally characterized strictly

inorganic germanium peroxo complex, the first p-block element
multinuclear peroxocomplex isolated from aqueous solution,
and the first end-on μ−η1:η1-O2

2− multinuclear complex
isolated from aqueous solution. It demonstrates for the first
time aqueous hydrogen peroxide induced nontransition
element polycondensation by the peroxobridging mechanism.
Thus, we can conclude that peroxobridging skeleton can play a
more than expected role in the p-block element polycondensa-
tions and sol and film formations.
The hexanuclear peroxogermanate was isolated only from

basic aqueous solution, serving as another example for Mayer’s
rule regarding the poor metal ligation ability of hydrogen
peroxide under acidic conditions.
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