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Room-Temperature Synthesis of Three Compounds Featuring
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Abstract: Applying a new synthetic approach in which transi-
tion metal complexes and a thiogermanate source are in differ-
ent liquid phases resulted in crystallization of three new com-
pounds with the adamantane-like [Ge,S:0]* anion at room
temperature. In the crystal structure of [Ni(cyclam)]5[Ni-
(cyclam)(H20),1(Ge4S101221H,0 (I, cyclam = 1,4,8,11-tetraaza-
cyclotetradecane), the two different Ni?*-centered complexes
and two unique [Ge,Siol* anions are joined by H-bonding
interactions with a water cluster composed of condensed pen-
tameric and hexameric rings. The compound {IMn(2,2"-bipy),-
K(HQO)]ZGe‘.Sm}BHzO (II, bipy = bipyridine) also contains the

[GesSip]* anion, which is expanded by two an*’-centered\
complexes through Mn-S-Ge bonds. The aqua ligand of the
Mn2*-centered complex is involved in O-H-=S H-bonding to a
terminal S atom of the anion with formation of a chain of
{IMn(2,2"-bipy)5(H,0)1,Ge,S; o} molecules. In the structure of
[Fe(2,2-bipy)315[GesS1o-10H,0 (), the [Fe(2,2™-bipy)s]** com-
plexes are arranged to form channels that host the thiogerman-
ate anions. Between the 2,2"-bipy ligands of the complexes -7t
interactions are observed. The water molecules of crystallization

form two different types of water clusters.

Introduction

The existence of a thiogermanate ion was proposed a long time
ago."! Since this first report the chemistry of thiogermanates
has been systematically developed. Evidence for “H,Ge,Ss" was
presented as early as 1943,2! but it was later identified as
HaGe4S10.3! The first structurally characterized compound con-
taining the tetrahedral [GeS4]* anion was Mn,GeS,."] The con-
nection of two [GeS,]*" units through a common edge yields
the [Ge,Sgl* ion,®! while Ge-Ge bonds are observed in the
[Ge,S6l% anion.! The [Ge,S;1°~ unit is obtained by corner link-
age of two [GeS,]* groups.l”? Connection of four [GeS,]*~ tetra-
hedra through common corners generates the adamantane-like
[Ge,Sq01* moiety,® which was observed in several inorganic
thiogermanates.”'”1 A slightly different connection mode of
the [GeS,]* tetrahedra leads to generation of the [GegS;ql®~
ion.l'8 The chain anion [GeS;27],, composed of corner-sharing
[GeS4]* units was identified in Na,GeS3.[' Two [GeS,]* tetra-
hedra are joined by an S-S bridge in the structure of
C54Ge,55.12% In the past the main focus in thiogermanate chem-
istry was on metal cations as charge-compensating ions. Many
of these compounds were prepared by high-temperature reac-

[a] Christian-Albrechts-Universitdt zu Kiel, Institut fir Anorganische Chemie,
Max-Eyth-Strasse 2, 24118 Kiel, Germany
E-mail: wbensch@ac.uni-kiel.de
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[b] Universitit Augsburg, Institute of Materials Resource Management,
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Eur. J. inorg. Chem. 2017, 4317-4323

Wiley Online Library 4317

tions involving the elements or binary sulfides such as BaS and
GeS,!"? as starting materials. Another synthetic approach in-
volves the precipitation of such compounds from solu-
tion.['3141721 Dyring the last decades efforts were undertaken
to prepare thiogermanates containing organic cations or transi-
tion metal complexes. The most promising method for the gen-
eration of such compounds is the solvothermal approach. Ex-
amples of compounds prepared by this route are (TMA),GesS 1o
(TMA = tetramethylammonium), (H,bipy),Ge,S;q(bipy)-7 H,0,
[DMBPE],GesS10  [DMBPE = N,N’-dimethyl-1,2-bis(4-pyridin-
ium)ethylenel], [MV],Ge,SipxSol (MV = N,N-dimethyl-4,4"-bi-
pyridinium, Sol = H,O/EtOH), (TMA);MGe,S:, (M = Fe, Cu,
Ag),2'?2 [Ni(phen)s],Ge,S;0:24H,0 (phen = 1,10-phenanthrol-
ine), and [Ni(trien),],Ge,S,, (trien = triethylenetetramine), as
well as thiogermanates featuring the [GeS,* ion[?324 or
[Ge,Sel* ion.[925251 Most of these compounds were obtained
by using the elements as starting materials in the presence of
amines and/or transition metal salts by the trial-and-error ap-
proach, that is, the different reaction parameters were systemat-
ically varied until a new compound crystallized. Interestingly,
precursors such as (TMA),Ge,S,o and Cs,Ge,S;, were applied
for the preparation of Cs,FeGe,S.oxH,O and (TMA),FeGesS1o
displaying a 3D open-framework structure of the zinc blende
type.22 A mesostructured material was obtained by adding a
metal salt to a solution of (TMA);Ge,S,o and cetyltrimethyl-
ammonium bromide in formamide. The metal ions link the
[Ge4S1]* anions to form a hexagonal phase, as evidenced by
XRD and TEM images.?”! By using a formamide solution of
K4GesSyp in the presence of cetylpyridinium bromide mono-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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hydrate and adding, for example, Snls, hexagonal mesostruc-
tured chalcogenide frameworks could be obtained at room
temperature.?) Mesolamellar thiogermanates with general
composition [C,Hyn1NH;1aGesS1o (n =12, 14, 16, 18) were syn-
thesized by a metathesis reaction of Na,Ge,S;, and alkyl
ammonium chloride surfactants.'® MCM-41 analogues were
obtained by linking [Ge,S;,]" anions with Pt>" cations in the
presence of alkyl pyridinium surfactant [C,H,,, NCsHsIBr (n =
12, 14, 16, 18, 20, and 22)12% While the adamantoid thio-
germanate precursor was applied for the synthesis of lamellar
and mesostructured phases, no reports are available in which
this precursor was used for the preparation of crystalline thio-
germanates. Recently, a (TMA),Ge,S;o-containing aqueous solu-
tion was used as precursor affording crystallization of new
crystalline thiogermanate compounds.'™ In the context of thio-
antimonate chemistry, we discovered that Na;SbS,;9H,0
(Schlippe's salt) is a suitable source for the preparation of new
compounds at room temperature.3%! Hence, we explored
whether a similar synthetic approach using (TMA),Ge,S;, as
precursor can be used for the synthesis of thiogermanates.
Herein, we report the synthesis, crystal structures, and spectro-
scopic data of three new [Ge,S,o*-containing compounds,
namely, [Ni(cyclam)]s[Ni(cyclam)(H;0),][GesS10]2221H,0 (1,
cyclam = 1,4,8,11-tetraazacyclotetradecane), {IMn(2,2"-bipy),-
(H20)1,GeqS103H,0 (I, bipy = bipyridine), and [Fe(2,2"-
b'IPY)ah[Ge451a]-10H20 (.

Results and Discussion

Synthetic Aspects

The solubility of (TMA),Ge,S, (Ge-1) was determined to be
3359 L' (0.369 mol L™"). Dissolution of Ge-1 in water generates
a pH value of 3.5. The acidic pH can be explained by the forma-
tion of H,S, as evidenced by addition of a solution of
Cd(CH3C0,);, leading to formation of a yellow precipitate, which
was identified as CdS by powder XRD. The evolution of H,S was
further verified by the positive reaction of a lead acetate paper.
After removal of H,S from a saturated solution of Ge-1 in water
by adding cadmium acetate, the resulting pH value of 4.5 still
indicated the presence of acidic molecular species, most likely
due to the formation of H,Ge,S;,. A comparable observation
was reported earlier:*"" MnGe,S:0(CgH14N2)-3H,0 was prepared
by the reaction of amorphous GeS; and MnCl»+4H,0 in a 40 %
solution of 1,4-diazabicyclo[2.2.2]octane (DABCO). The low pH
value of 2.5 of the slurry indicated formation of a strongly acidic
species, most likely thiogermanic acid. This assumption is in
agreement with experiments conducted by Willard and
Zuehlke.!? The reaction of germanium oxide with H,S in water
resulted in a clear solution with a pH of 1.8, which indicated
formation of H;Ge,S, .

Our investigations demonstrated that (TMA)4(Ge4S:o) is not
stable for long in water and is successively decomposed by
emission of H,S, forming a germanate, which is accompanied
by the generation of a pH value of about 3.5.' The reaction
of Ge-1 with transition metal salts leads to immediate precipita-
tion of dark gray or black powders of transition metal sulfides.
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Therefore, we used transition metal complexes as reactants,
which are more stable under the reaction conditions. However,
simply mixing solutions of these complexes and of Ge-1 was
not successful. Hence, we dissolved the complexes in aceto-
nitrile and prepared solutions of Ge-1 in water just before the
syntheses. The Ge-1 solution was then injected into the aceto-
nitrile solution. This procedure leads to a low concentration of
the complexes in the aqueous solution that suppresses the for-
mation of insoluble sulfides of transition metal cations. Crystals
appeared after about 3 h, and suitable single crystals for struc-
ture determination were obtained between 1 and 3 d.

Crystal Structures

[Ni(cyclam)]s[Ni(cyclam)(H20),1(GesS101221H,0 (1) crystallizes in
the noncentrosymmetric monoclinic space group Cc with four
formula units per unit cell and all atoms located on general
positions. {{Mn(2,2"-bipy),(H,0)1,Ge, S10}+3H50 (II) crystallizes in
the triclinic space group PT with two formula units in the unit
cell, and [Fe(2,2"-bipy)s;]2[GesS14l-10H,0 (1l1) adopts the mono-
clinic space group P2,/c with four formula units in the unit cell
(Table S1).

Compound I features two crystallographically independent
[Ge,S,0]* anions and four crystallographically unique Ni%*-cen-
tered complexes, of which one exhibits a different coordination
geometry. Selected bond lengths and angles for I are summa-
rized in Table S2. Three of the unique Ni** cations are in a
square-planar environment of one cyclam ligand, [Ni(cyclam)]**
(Figure 1, left), and the fourth complex contains one cyclam
molecule and two coordinating H,O molecules located trans
to each other (Figure 1, right). Compounds with two types of
coordination spheres around Ni?* have only been observed
rarely 32 In the [Ni(cyclam)]?* complex, the Ni?* cation is in the
plane of the four N donor atoms with Ni-N bond lengths be-
tween 1.926(7) and 1.947(7) A and corresponding N-Ni-N an-
gles ranging from 86.5(3) to 179.8(3)° These geometric parame-
ters are typical for [Ni(cyclam)]>* complexes. The Ni-N bond
lengths in [Ni(cyclam)(H,0),1%* [1.926(7)-2.074(7) Al are within
the range of values reported in the literature.[3334 The Ni-O
bond lengths are 2.125(6) and 2.170(6) A with a corresponding
O-Ni-O angle of 177.6(3)°. Similar values have been reported
earlier>**% The angles around Ni?*, which range between
85.2(3) and 179.8(3)°, are indicative of a slight distortion of the
octahedral environment.

N33

N32

Figure 1. View of the coordination spheres of the two unique Ni?" cations in
the structure of I. Only the water H atoms are shown and not all atoms are
labeled.
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The adamantane-like [GesS1]* anions (Figure 2) are gener-
ated by corner sharing of four GeS, tetrahedra exhibiting the
typical bonding pattern of short Ge-S; [t = terminal, 2.125(3)-
2.139(2) Al and longer Ge-S;, [b = bridging, 2.215(2)-2.251(2) Al
bonds (Figure 2). Comparison of the geometric data with those
reported for other [Ge,S;*-containing compounds show no
pronounced differences.' %3691 The variation of the S-Ge-S an-
gles from 105.41(9) to 114.16(9)° indicates a significant devia-
tion from ideal tetrahedral geometry. In the crystal structure,
two types of layers are stacked along [001]: one layer consists
of alternating [Ge4S1o]* anions and [Ni(cyclam)]>* complexes
with some H,O molecules located between them, and the
other is composed of alternating [Ni(cyclam)(H;0),]*" and
[Ni(cyclam)]** complexes with intervening H,O molecules (Fig-
ure 3 and Figure S1).

s18 sie

Figure 2. View of the molecular structures of the two unique [Ge,S,0]*" anions
in the structure of I.

Figure 3. View of the arrangement of the anions, cations, and H,O molecules
in the structure of I. Only water hydrogen atoms are shown.

The H,O molecules located between the Ni2* complexes
form a water cluster that can be described as L6(2)5(3)141-44
(Figure 4). The cluster consists of hexameric rings, which are
connected to two pentameric rings. Each (H,0)s; ring is
H-bonded to another pentameric ring and to two hexameric
rings.

Pentameric rings are a common structural motif in water
clusters, whereas hexameric arrangements are not often ob-
served.**4°! The O-H~-O hydrogen bonds between the aqua
ligands of [Ni(cyclam)(H,0),]*" and H,O as well as N-H:-O
bonds of the H atoms of the cyclam ligands connect the com-

Eur. J. inorg. Chem. 2017, 4317-4323

www.eurjic.org 4319

Eur|IC

European Joural
of Inorganiic Chemistey

Full Paper

Figure 4. View of the structure of the water cluster in the structure of I
H-O«H interactions are shown as dashed lines.

plex to the water cluster (Figure 5). The O-H--O separations
range from 2.643(10) to 2.861(10) A with corresponding angles
between 146.8° and 175.9° indicating relative strong interac-
tions.[46-481

a

A

Figure 5. View of the proposed H-bonding interactions between Ni**-cen-
tered complexes and the water cluster in the structure of 1. Not all H atoms
are shown.

Along [010] the [Ni(cyclam)(H,0),]** complexes interacts
with the water cluster through four N-H:O and two O-H«-H
H-bonds to form a chainlike arrangement, while the
[Ni(cyclam),]** cation has only one N-H-O contact (Table S3,
Figure 5).

Besides H-bonding interactions between H,0 molecules and
N-H hydrogen atoms of the cyclam ligands, O-H-:S bonds are
observed to the anions [0S 3.183(8)-3.428(8) A; O-HwS
163.0-174.8°]. In addition, N---S distances between 3.278(8) and
3.703(9) A (N-H«S 122.7-178.6°) indicate further H-bonds
(Table S3).

Compound 11, {IMn(2,2"-bipy)(H,0)1>GesS10}3H,0, can be
described as a germanium sulfide in which the [Ge4S]*" anion
is covalently bonded to two charge-compensating [Mn(2,2"-
bipy),(H,0)]>* complexes through Ge-S-Mn bonds involving
uy-bridging $2- anions (Figure 6). A similar connection pattern
of an Mn?* cation to a thiometalate anion has only been re-
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ported by Pienack et al."! Expansion of the [Ge,So]*~ core by
covalent bonds is rare and was observed, for example, by Parise
et al. in CuGe,Ss+(C,H3)4N % This structure consists of four-con-
nected [Ge,S10]*” units that are bridged by linearly bonded Cu*
cations with formation of a diamond-like framework.

Figure 6. The molecular structure of Il together with the three water mol-
ecules of crystallization. Only selected atoms are labeled and only one orien-
tation of the disordered sulfur atom (S7) is shown. For O4 and O5 the H
atoms could not be located. C-H and N-H H atoms are omitted for clarity.

The two unique Mn?* cations in Il are in a distorted octa-
hedral MnN,OS coordination environment (Figure 6). The
Mn-S bond lengths [2.5470(17)-2.5471(18) A] do not differ sig-
nificantly from those that have been reported earlier [2.497(2)-
2.542(2) Al¥" and match with the sum of the ionic radii (Mn?*:
067 A; 52 1.84 A2 The Mn-N bond lengths [2.247(5)—
2.291(5) A] are in agreement with values reported in the litera-
ture.[5354 The angles around Mn?*, which range between
72.29(19) and 168.21(14)° (Table 54), evidence severe distortion
of the coordination geometry, but are still in the range of litera-
ture data.®**! The distortion is caused by the fixed position of
the N atoms in the bipy molecule leading to acute angles. The
Mn-0O distances vary between 2.157(6) and 2.201(4) A. In thio-
metalate chemistry only two other compounds containing such
an MnN,OS octahedron were reported, namely, [Mn(H,0)-
(propane-1,2-diamine),],[Sn,Sgl  and  [Mn(H,0)(1,2-diamino-
cyclohexane),l,[Sn,561.19%¢ The interatomic distances in these
compounds agree with those observed here.

Comparing the geometric parameters of the thiogermanate
anion with those of the discrete [Ge,S;]*" anion in I reveals
that the Ge-S bond lengths [Ge-S, 2.1273(17)-2.204(3) A;
Ge-Sp 2.120(2)-2.247(2) A] vary over a larger range, while S-
Ge-S angles [105.00(7)-112.16(8)°] do not differ significantly
(Table S$4)1'036-31 The H-bonding interactions between
[GesS1ol* and the aqua ligand of the Mn?*-centered octa-
hedron generate a chainlike arrangement along [100] (Figure 7
and Table S5). The 2,2’-bipy ligands of neighboring chains are
oriented in a face-to-face and perpendicular T-shaped manner,
and m-m interactions are postulated with distances between
the ligands ranging from 3.486 to 3.677 A.

The O--S distances of 3.070(7)-3.128(6) A to ua-bridging S
anions (Table S5) indicate relatively strong interactions.®! The
oxygen atom of H,O(1) has a short contact to one H atom of

Eur. J. inorg. Chem. 2017, 4317-4323 www.eurjic.org

4320

Eur||C

European Joural
of Inorganiic Chemistey

Full Paper

Figure 7. View of the proposed H-bonds between [Ge,S;0l* and HyO of
[Mn(2,2-bipy),(H,0)1** in the structure of Il (dashed lines).

H,0(3) (Table S5). Although the H atoms of 04 and O5 could
not be located during structure refinement, the short 03---04
distance of 2.692(10) A and 03--05 distance of 2.758(10) A indi-
cate that these atoms are involved in H-bonds. Similar consider-
ations suggest that 04 and O5 are involved in O-H--S bonding
interactions (Table S5).

The structure of [Fe(2,2"-bipy);],[GeSiol-10H,0 (Il) is com-
posed of one [Ge,S;,]*" anion, one unique Fe?*-centered com-
plex, and water molecules of crystallization (Figure 8). The
Fe-N bond lengths in [Fe(2,2"-bipy);]2* range between 1.950(4)
and 1.968(4) A with N-Fe-N angles ranging from 81.82(15) and
173.92(16)° indicating a moderate distortion from ideal octa-
hedral coordination. These geometric data agree with literature
data_[57]

Figure 8. Coordination sphere of Fe?* and the [Ge,5,,]* anion in the struc-
ture of lll. Hydrogen atoms are omitted for clarity and only selected atoms
are labeled.

The [Ge,S:0l* anion exhibits the typical bonding pattern of
shorter Ge-S; [2.1224(12)-2.1290(11) Al and longer Ge-S,
[2.2263(12)-2.2448(11) A] bonds, and the values are similar to
those found for compound 1. The S-Ge-S angles [106.90(4)°—
112.03(5)°] evidence a deviation from ideal tetrahedral geome-
try.11036-401 Along [010] the complexes form rods with the aro-
matic ligands oriented to form mi-a interactions (Figure S2 and
Table S8).1°85°! The arrangement of the complexes generates
channels along [100], which are occupied by the anions (Fig-
ure 9).

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 9. Arrangement of the molecules in Ill along [100]. Hydrogen atoms
are omitted for clarity.

To determine the interaction energy of the unusual arrange-
ment of the 2,2"-bipy ligands, the ligands were cut out of the
structure and compared to free-standing single molecules. The
energy obtained by the B3LYP+D2 method is 6.1 kcal mol™'
(PBE: -10.1 kcal mol). This value is between typical interaction
energies for T-shaped and stacked ligands with two aromatic
rings reported in the literature.”” Therefore m-m interactions
between the 2,2"-bipy ligands in this particular arrangement
can clearly be concluded.

The H atoms of several H,O molecules could not be located
during structure refinement, but OO distances between about
2.6 and 3.0 A suggest O-H---O interactions. Five H,O molecules
are H-bonded to form a five-membered ring joined by an H-
O---H bond. Short O---S distances suggest S---H bonding interac-
tions. As a result of the different intermolecular H-bonding in-
teractions, a 3D network is generated. The five-membered rings
can be named as T5(0)A0 according to Infantes et al.*'-44
These five-membered rings are interconnected by four-mem-
bered rings containing two oxygen and two sulfur atoms. The
T5(0)A0 clusters are further H-bonded to a C6 chain by a sulfur
atom.

The Ge-S modes in the Raman spectra of thiogermanates
are located in the region of 500-100 cm™'. The assignment of
the modes for compounds I, 11, and 11l (Figures S3 — S5, Table S9)
were based on literature data. The terminal Ge-S stretching
bands are located at 451 and 464 cm™ for I, at 446 and
472 cm™ for 1, and at 464 and 473 cm™ for lIl. All three com-
pounds exhibit a shift of the stretching modes to larger wave-
numbers compared to HyGe;S1 (407 and 416 cm™),5Y but are
in the same region as those reported for the Na and Cs salts.'"]
The shift can be traced back to small differences of the Ge-S
bond lengths compared to those in the crystalline acid. The
band of the Ge-5-Ge symmetrical bridge-stretching mode is
found at 340 (1), 346 (Il), and 341 cm™’, and the Ge-5-Ge sym-
metrical bridge-bending resonance occurs at 188 cm™" (1), 187
(1), and 189 cm™" (llI). All these values are more or less identical
to that reported for H,Ge,S,,.*” Further bands in the Raman
spectra are due to the complex cations.
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Conclusions

We have developed a new and fast synthetic route for the
room-temperature preparation of thiogermanate-containing
compounds. This approach suppresses the formation of transi-
tion metal sulfides by reaction of an aqueous solution of the
thiogermanate precursor with an acetonitrile solution contain-
ing transition metal complexes. Fast mixing leads to a low con-
centration of the complex cation in the aqueous phase and
thus minimizes formation of complexes with H,O as ligand. The
structures of the three compounds consist of the adamantane-
like [GesS+01* anion and charge-balancing transition metal
complexes. Special features of 1 and Il are the large contents of
water of crystallization and the formation of water clusters,
which is normally not observed if thiogermanates are prepared
under solvothermal conditions. In further synthetic experiments
the applicability of the new approach will be investigated.

Experimental Section

Synthesis

General: All chemicals were used as purchased without further pu-
rification [germanium powder: ABCR (99.999 %)), sulfur powder:
Alfa Aesar (99.5 %), tetramethylammonium hydroxide pentahydrate:
Alfa Aesar (98 %), nickel(ll) perchlorate hexahydrate: ABCR (99 %),
manganese(ll) perchlorate hexahydrate: ABCR (99 %) iron(ll) per-
chlorate hydrate: Sigma-Aldrich (98 %) 2,2"-bipyridine: ABCR (99 %),
1,5,8,12-tetraazadodecane: Sigma-Aldrich (94 %), glyoxal: ABCR
(40 %), sodium tetrahydridoborate: ABCR (98 %), perchloric acid:
Merck (60 %), acetonitrile: Riedel-de-Haen (99 %). The compounds
were prepared under ambient conditions in glass tubes (inner vol-
ume 5 mL) with plastic caps. The solid precursor (TMA),GesS;, (Ge-
1) was synthesized as described by Ozin et al.?"! The transition
metal complexes were prepared by the procedures reported in
ref.®2l The reaction products were filtered off after reaction (3 d),
washed three times with distilled water, and dried in air. The homo-
geneity of the samples was verified by X-ray powder diffraction and
elemental analysis.

Synthesis  of  [Ni(C;oH 24N 4 1:INi(C;oH,4N,) (H;0),1[Ge S0l >+
21H,0 (I): [Ni(cyclam)](ClO,) (20.2 mg, 0.078 mmol) was dissolved
in acetonitrile (1 mL). Ge-1 (51.7 mg, 0.057 mmol) was dissolved in
water (1 mL) within 10 s. The freshly prepared solution was immedi-
ately injected into the acetonitrile solution. Phase separation could
be observed at the beginning but was no longer noticeable after
2 h. The reaction mixture was stored for 3 d at room temp. The
product consisted of orange-brown block crystals of I and remain-
ing Ge-1, which could be removed in the washing process. The
yield of the crystals was about 10 % based on Ge. Elemental analysis
(%) found: C 18.29, H 5.15, N 8.47; calcd: C 17.98, H 5.36, N 8.39.

Synthesis of {{Mn(C,,HgN,),(H,0)]1,Ge,S;0}-3H,0 (ll): The syn-
thetic procedure is identical to that for I but with [Mn(2,2"-
bipy)sl(ClO4), (19.7 mg, 0.027 mmol) in CH3CN (1 mL) and
(TMA),Ge,S;0 (41.1 mg, 0.045 mmol) in water (1 mL). The product
consisted of yellow platelets of Il without appreciable amounts of
Ge-1. The yield of the crystals was 54 % based on Mn. Elemental
analysis (%) found: C 34.03, H 2.91, N 8.54; calcd: C 33.46, H 2.95, N
7.80.

Synthesis of [Fe(CqoHgN>)3]2[Ge,Sq,]:10H,0 (lll): Compound I
was prepared in a similar way to I and Il from [Fe(2,2"-bipy);](CIO,),
(2.5 mg, 0.0034 mmol) in CH3CN (1 mL) and (TMA),Ge,S;, (20.4 mg,
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0.022 mmol) in water (1 mL). The reaction mixture was stored for
24 h at room temp. Crystals suitable for single-crystal structure anal-
ysis could be obtained after evaporation of the solvent. The product
consisted of dark red rods of Il containing small amounts of sulfur.
The yield of the crystals was 15 % based on Fe. Elemental analysis
(%) found: C 38.96, H 3.51, N 8.86; cald: C 39.17, H 3.73, N 9.13.

Structure Determination: The intensity data of crystals of the com-
pounds were collected with a STOE IPDS-2 diffractometer with
Mo-K,, radiation. The structures were solved with direct methods by
using the program SHELXS-97 and the refinements were done
against F? with SHELXL-2014.1%3] A numerical absorption correction
was performed for all compounds. All non-hydrogen atoms were
refined anisotropically (exception: disordered O atoms in HlI). The
CH and NH H atoms were positioned with idealized geometry and
refined isotropic by using a riding model [Ujso(H) = 1.2Uq(C)]. In all
compounds some of the OH H atoms were located in difference
maps, their bond lengths were set to ideal values, and finally they
were refined with a riding model [U;;,(H) = 1.5U.4(O}]. Some other
OH H atoms were positioned in the direction of the next acceptor
atoms and finally refined as described above. Some other OH H
atoms were not located but considered in the calculation of the
formula and the molecular weight. The crystal of 1 was racemically
twinned, and therefore a twin refinement was performed [BASF
parameter: 0.461(9)], which led to significantly better reliability fac-
tors. Because of the different coordination of the complexes, this
structure cannot be centrosymmetric. Compound Il showed some
small residual electron-density peaks, which can be assigned to an
additional uncoordinated bipy and/or solvent molecule, are disor-
dered, not fully occupied, and for which no reasonable structure
model was found. Therefore, the data were corrected for disordered
solvent by using the SQUEEZE option in Platon.!! One S atom of
the cluster anion is also disordered and was refined with a split
model. In this case, also other cluster atoms should be disordered
but this could not be resolved. Some of the water atoms in Ill are
disordered and were refined isotropically by using a split model.

CCDC 1559980 (for 1), 1559981 (for II), and 1559982 (for IlI) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre.

Powder XRD: The powder XRD patterns were recorded with a STOE
Stadi-P powder diffractometer (Cu-K, radiation, A = 1.540598 A, Ge
monochromator) in transition geometry. Measured and calculated
powder patterns demonstrate phase purity of the samples (Figures
S6 - S8, supporting information).

Raman Spectroscopy: Raman spectra were recorded with a Bruker
IFS 66 FT Raman spectrometer (1 = 541.5 nm) in the region from
100 to 3500 cm™" with a resolution of 0.25 cm™".

Computational Details: DFT calculations were performed with a
linear combination of Gaussian-type functions (LCGTF) as imple-
mented in CRYSTAL14.1%! Besides the PBE®®! parametrization of the
GGA, the B3LYPS?! hybrid functional including exact exchange was
applied for the total-energy calculations. The dispersion interactions
were described by the D2[%®! correction and were added to obtain
the interaction energies between the 2,2"-bipy ligands. C, N, and H
were described by all-electron basis sets.® The convergence
criterion considering the total electronic energy was set to 1078 a.u.
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