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ABSTRACT: Supertetrahedral chalcogenido (semi)metalate clus-
ters have been in the focus of inorganic and materials chemistry for
many years owing to a variety of outstanding physical and chemical
properties. However, a critical drawback in the canon of studying
corresponding compounds has been the lack of control in
assembling the supertetrahedral units, which have been known as
either highly charged monomeric cluster anions or lower charged,
yet extended anionic substructures of linked clusters. The latter is
the reason for the predominance of applications of such materials
in heterogeneous environment, or their solubilization by organic
shielding, which in turn was unfavorable regarding the optical
properties. Recently, we reported a partial alkylation of such
clusters, which allowed for a significantly enhanced solubility at a
marginal impact on the optical gap. Herein we showcase the formation of finite cluster oligomers of supertetrahedral architectures by
ionothermal syntheses. We were successful in generating the unprecedented dimers and tetramers of the [Ge4Se10]

4− anion in salts
with imidazolium-based ionic liquid counterions. The oligomers exhibit lower average negative charges and thus reduced
electrostatic interactions between anionic clusters and cationic counterions. As a consequence, the salts readily dissolve in common
solvents like DMF. Besides, the tetrameric [Ge16Se36]

8− anion represents the largest discrete chalcogenide cluster of a group 14
element. We prove that undestroyed cluster oligomers can be transferred into solution by means of electrospray ionization (ESI)
mass spectrometry and provide a full set of characteristics of the compounds including crystal structures and optical properties.
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1. INTRODUCTION

Atomically precise clusters have been broadly investigated,
with the research focus reaching from their designed synthesis
to many different fields of application.1−3 One of the cluster
families that has attracted unabated attention to date comprises
supertetrahedral chalcogenido (semi)metalate clusters, which
stand out owing to their structural beauty but also due to a
multitude of fascinating chemical and physical properties.4−10

Constant synthetic efforts and analytic methods are applied
in this area, and a diversity of structures have been reported.
Cluster-based networks gained increasing attention because of
the rational integration of porosity and semiconductivity in
them.11 Band gaps that are much narrower than those of
zeolites made them ideal candidates for application in
photocatalysis and electrocatalysis.12,13 Corresponding com-
pounds have thus been explored in terms of their use in areas
like catalysis,14 sensing,15 ion trapping,16 ion conduction,17,18

and opto-eletronic devices.9

Most of the studies and applications of supertetrahedral
clusters so far have been focused on the solid state or
suspensionsin many cases owing to the inherently high
anionic charges and thus low solubility of salts of discrete

(monomeric) clusters on the one hand and the inherent
insolubility of one-, two-, or three-dimensional cluster
networks in their respective salts on the other hand.
Oligomeric assemblies have not yet been realized for purely
inorganic clusters. In order to fabricate functional nanomateri-
als, e.g., for optoelectronic devices, by processing such
supertetrahedral clusters, there has been an increasing interest
in dissolving such materials in common solvents.19 However,
only a few studies about dissolving ligand-free clusters have
been reported, and most of them required the use of highly
polar solvents like water or methanol owing to the relatively
strong electrostatic interactions between anionic clusters and
cationic counterions.20 Therefore, it is significant and at the
same time challenging to alleviate the above-mentioned
electrostatic interactions, for a corresponding extension of

Received: October 24, 2021
Published: December 23, 2021

Articlepubs.acs.org/jacsau

© 2021 The Authors. Published by
American Chemical Society

204
https://doi.org/10.1021/jacsau.1c00473

JACS Au 2022, 2, 204−213

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhou+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Isabell+Nu%C3%9Fbruch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Simon+Nier"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefanie+Dehnen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacsau.1c00473&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00473?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00473?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00473?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00473?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00473?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jaaucr/2/1?ref=pdf
https://pubs.acs.org/toc/jaaucr/2/1?ref=pdf
https://pubs.acs.org/toc/jaaucr/2/1?ref=pdf
https://pubs.acs.org/toc/jaaucr/2/1?ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacsau.1c00473?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org/jacsau?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


the applications of materials based on supertetrahedral
chalcogenido (semi)metalate units. Of course, the solubility
of supertetrahedral semiconductor-based clusters is increased if
the molecules are fully covered with organic ligands,21,22 but
the organic shielding also leads to widening of the bandgap and
quenching of luminescent propertiesdrawbacks that require
new approaches.
One step forward for enhancing solubility is the introduction

of ionic liquid counterions, which serves to decrease the lattice
energy as long as the charge densities are not too large.
Recently, we were able to achieve partial alkylation of the
supertetrahedral cluster [Sn10O4S20]

8− in reactive ionic liquids,
yielding highly soluble salts of the general composition
(cat)4[Sn10O4S16(SBu)4] (cat = imidazolium-based ionic liquid
cation).23 The butyl groups lowered the charge of the clusters
(4− instead of 8−) and generated solubility in CH3CN and
CH2Cl2, while the optical properties were essentially not
affected by the alkyl ligands. However, their attachment to the
cluster surface is unfavorable in terms of a limited accessibility
of reactive sites. Another recent strategy for slightly enhancing
the solubility was realized by introducing a softer chalcogenide
ligand: replacement of sulfide with selenide allowed for
solubility in DMSO.6

As an approach to further increase the solubility of
supertetrahedral selenide clusters, we chose to (a) replace
alkali metal cations with organic cations in an ionothermal
approach and (b) apply conditions that allow a controlled and

limited aggregation of the anionic molecules, as an alternative
to the generation of (insoluble) extended networks. The
assembly of supertetrahedral clusters into oligomers of a finite
size, with a corresponding decrease of the average negative
charge per cluster unit, has not yet been reported to date.
Herein, we demonstrate the success of this strategy based on

a T2-type [Ge4Se10]
4− cluster monomer as a building unit,

which was formed in ionic liquids and subsequently condensed
into dimers or tetramers (Scheme 1) at distinct compositions
of the reaction medium. Key to this was the thorough choice of
an adequate relative amount of 2,6-dimethylmorpholine
(DMMP) to be added as an auxiliary agent for the connection
of chalcogenido germanate units.
In a first step, two of the [Ge4Se10]

4− units form a dimer-like
assembly by sharing one of the selenide ligands at the cluster
corners as μ-bridges, under release of one Se2− anion per newly
formed dimer and a corresponding decrease of the anionic
charge per cluster unit. Further condensation of two such
dimers yields a tetramer-like assembly by sharing a total of four
μ-Se2− ligands upon release of another two Se2− anions. This
leads to a significantly lower charge per cluster building unit
and a moderate total negative charge of the tetrameric anions.
Notably, a certain relative amount of the auxiliary led to the
formation of a salt comprising an unprecedented, large zigzag
chain as an extended anionic substructureindicating the
necessity of a thorough reaction control for obtaining discrete
cluster units.

Scheme 1. Schematic Illustration of the Concept of Lowering the Average Charge of Supertetrahedral Chalcogenide Cluster
Anions by Formation of Finite Cluster Oligomers

Scheme 2. Summary of the Reactions Yielding Compounds 1−4a

aAll steps were carried out at 150 °C.
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By following this approach, we not only obtained the first
ligand-free chalcogenido (semi)metalate cluster-based dimer
and its extension into a square-planar tetramer, [Ge16Se36]

8−,
representing the largest discrete binary chalcogenido (semi)-
metalate cluster but also demonstrated that such oligomers
readily dissolve in common solvents like dimethylformamide
(DMF) without decomposition, which was proven by mass
spectrometry and optical absorption spectroscopy of crystals
and their solutions.

2. EXPERIMENTAL SECTION

2.1. Syntheses

General Details. All manipulations and reactions were performed
in an argon atmosphere by using standard Schlenk or glovebox
techniques. [K4(H2O)3][Ge4Se10]

24 and [Na4(H2O)14][GeSe4]
25

were synthesized according to literature procedures. 2,6-Dimethyl-
morpholine (DMMP; Sigma-Aldrich, 99.8%) was dried over P2O5,
distilled, and stored over a molecular sieve (3 Å). 1-Ethyl-3-methyl-
imidazolium tetracyanoborate, (C2C1Im)[B(CN)4], from Sigma-
Aldrich (99.5%) and 1-ethyl-3-methyl-imidazolium tetrafluoroborate,
(C1C2Im)[BF4], from Sigma-Aldrich (99.5%) were used as received
without further purification.
Variations of the stoichiometric composition of the reactant

mixtures led to the formation of a total of five new compounds, as
described in the following and summarized in Scheme 2.
Synthesis of (C2C1Im)4[Ge4Se10] (1). A total of 56 mg

(0.077 mmol) of [Na4(H2O)14][GeSe4], 500 μL (2.300 mmol) of
(C2C1Im)[B(CN4)], and 50 μL (0.406 mmol) of DMMP were
combined in a borosilicate glass ampule, which was sealed airtight
thereupon. The ampule was heated to 150 °C at a heating rate of
30 °C/h, kept at 150 °C for 72 h, and then cooled down to room
temperature at a cooling rate of 5 °C/h. Pale yellow, needle-like
crystals of 1 were obtained in approximately 33% yield.
Synthesis of Two Polymorphs of (C2C1Im)6[Ge8Se19] (2). 2a:

40 mg (0.055 mmol) of [Na4(H2O)3][GeSe4], 250 μL (1.150 mmol)
of (C2C1Im)[B(CN4)], and 250 μL (1.616 mmol) of (C2C1Im)[BF4]
were combined in a borosilicate glass ampule, which was sealed
airtight thereupon. The ampule was heated to 150 °C at a heating rate
of 30 °C/h, kept at 150 °C for 72 h, and then cooled down to room
temperature at a cooling rate of 5 °C/h. Pale yellow needles of 2a
crystallized in approximately 42% yield. 2b: 56 mg (0.044 mmol) of
[K4(H2O)3][Ge4Se10], 500 μL (2.300 mmol) of (C2C1Im)[B(CN4)],
and 50 μL (0.406 mmol) of DMMP were combined in a borosilicate
glass ampule, which was sealed airtight thereupon. The ampule was
heated to 150 °C at a heating rate of 30 °C/h, kept at 150 °C for 72 h,
and then cooled down to room temperature at a cooling rate of 5 °C/
h. Pale yellow needle-like crystals of 2b were obtained in
approximately 2.5% yield. The extremely low yield of this polymorph
prevented access to further analytical data beyond the single-crystal
structure; therefore, the other approach in the complete absence of
DMMP was preferred, and all further data on compound 2 are based
on the study of polymorph 2a, which was accessible in good yield and
purity (see above).
Synthesis of (C2C1Im)8[Ge16Se36] (3). A total of 56 mg

(0.044 mmol) of [K4(H2O)3][Ge4Se10], 400 μL (1.840 mmol) of
(C2C1Im)[B(CN4)], and 200 μL (1.624 mmol) of DMMP were
combined in a borosilicate glass ampule, which was sealed airtight
thereupon. The ampule was heated to 150 °C at a heating rate of
30 °C/h, kept at 150 °C for 72 h, and then cooled down to room
temperature at a cooling rate of 5 °C/h. Yellow prismatic crystals of 3
were obtained in approximately 26% yield.
Synthesis of (C2C1Im)6[Ge12Se27] (4). A total of 56 mg

(0.044 mmol) of [K4(H2O)3][Ge4Se10], 350 μL (1.610 mmol) of
(C2C1Im)[B(CN4)], and 100 μL (0.812 mmol) of DMMP were
combined in a borosilicate glass ampule, which was sealed airtight
thereupon. The ampule was heated to 150 °C at a heating rate of 30
°C/h, kept at 150 °C for 72 h, and then cooled down to room

temperature at a cooling rate of 5 °C/h. Red plate-like crystals of 4
were obtained in approximately 7% yield.

2.2. Single-Crystal X-ray Diffraction (SCXRD)
Single-crystal diffraction data were collected at T = 100 K with Mo
Kα radiation (λ = 0.71073 Å) on an area detector system Stoe IPDS-
2T (1, 3), on a Bruker D8Quest with a CMOS detector (2a), on a
Stoe StadiVari diffractometer using Cu Kα radiation (λ = 1.54186 Å)
equipped with an Oxford Cryosystems module (2b), and on a Stoe
StadiVari diffractometer using Ga Kα radiation (λ = 1.34143 Å) (4) at
T = 150 K. Measurement, structure solution, and refinement results
are detailed in Tables S1−S5. Crystallographic data for the structures
reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre: CCDC-2116247 (1), CCDC-2123214
(2a), CCDC-2116249 (2b), CCDC-2116250 (3), and CCDC-
2116251 (4). Copies of the data can be obtained free of charge
upon application to the CCDC (e-mail: deposit@ccdc.cam.ac.uk).
Figures were created with Diamond 4.5.26

2.3. Powder X-ray Diffraction (PXRD)
PXRD data were obtained with Cu Kα radiation in transmission mode
on a Stoe StadiMP diffractometer using a Mythen detector system.
The data were examined by using WinXPOW (Figures S7−S9).27

2.4. Energy Dispersive X-ray (EDX) Spectroscopy
EDX analyses of single crystals (Figures S11−S14) were carried out
using an EDX-device Voyager 4.0 of Noran Instruments coupled with
an electron microscope CamScan CS 4DV. Data acquisition was
performed with an acceleration voltage of 15 kV and 100 s
accumulation time.

2.5. Electrospray Ionization Mass Spectrometry (ESI-MS)
ESI mass spectra were recorded with a Thermo Fisher Scientific
Finnigan LTQ-FT spectrometer in negative ion mode. Single crystals
of compounds were dissolved in freshly distilled DMF. The solutions
were injected into the spectrometer with gastight 250 μL Hamilton
syringes by syringe pump infusion. The mass spectra are displayed in
Figures S15−S24.
2.6. Dynamic Light Scattering (DLS)
A DynaPro NanoStar device from Wyatt Technology was used for the
DLS measurement. Single crystals were dissolved in dry DMF under
inert conditions at low concentration. Three drops of the solutions
were applied for the study, after equilibration for 1 min at 25 °C in the
device prior to the measurements. The Dynals algorithm was used to
calculate the size distributions from measured autocorrelation
functions;28 the results are reported as number plots. Three
independent measurements were performed on each sample. The
curves (Figures S27 and S28) reflect that the obtained RH values
(Table S11) are reliable.

2.7. Raman Spectroscopy
Raman spectra (Figure S29) were recorded on an S&I Mono-Vista
CRS+ device with a laser wavelength 633 nm and gratings of 300 and
1200 grooves mm−1. The measurements had a duration of 25 s with
10 coadditions and 10 s with 25 coadditions.

2.8. UV−Visible Spectroscopy
Optical absorption spectra of all compounds (Figure S30) were
measured in diffuse-reflectance mode on single crystals and in
transmission mode in a fresh solution of the crystals in DMF,
employing a Varian Cary 5000 UV/vis/NIR spectrometer from
Agilent, equipped with a Praying Mantis accessory for the solid state
samples. Tauc plots were generated using the Kubelka−Munk
function (F(R∞)hν)

1/γ, with γ = 0.5, indicative for a direct allowed
optical gap.

3. RESULTS AND DISCUSSION

3.1. Syntheses and Crystal Structures

The five title compounds, two of which resemble polymorphs
of the same anionic substructure, were synthesized by the
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treatment of [K4(H2O)3][Ge4Se10] in the ionic liquid
(C2C1Im)[B(CN4)] and DMMP (1, 2b, 3, 4) or by the
treatment of [Na4(H2O)14][GeSe4] in a 1:1 mixture of
(C2C1Im)[B(CN4)] and (C2C1Im)[BF4] (2a) at 150 °C for
3 days. It should be noted that all of the syntheses were
sensitive to the reaction temperature: crystals were only
obtained upon treatment at 150 °C, while no identifiable
compounds were observed at lower (120 °C) or higher
(180 °C) reaction temperatures. The most important
parameter, however, to be varied for obtaining the different
products was the amount of the auxiliary DMMP relative to
the amount of ionic liquid used. The results are summarized in
Figure 1, in comparison with reported products of similar
reactions.
As indicated in Scheme 2 and Figure 1, most of the reactions

reported herein were undertaken with [K4(H2O)3][Ge4Se10].
However, we also obtained pale-yellow crystals of a new salt
comprising the same discrete [Ge4Se10]

4− anion,
(C2C1Im)6[Ge4Se10] (1), by ionothermal treatment of
[Na4(H2O)14][GeSe4] in 500 μL of (C2C1Im)[B(CN)4] in
the presence of 50 μL of DMMP. Increasing the relative
amount of DMMP caused lower yields. The molecular
structure of the anion is shown in Figure 2.
Compound 1 crystallizes in the tetragonal crystal system,

space group type P42/n (No. 86) with two formula units per
unit cell (V = 2251.9(5) Å3; Figure S1). The accessible void
space is filled with the ionic liquid counterions. The Ge−(μ-
Se) bond lengths (2.3674(12)−2.3771(11) Å) and Ge−
Seterminal bond lengths (2.2604(13) Å) are within the range of
reported values.8,24,29−31

By treatment of [Na4(H2O)14][GeSe4] in a mixture of
250 μL of (C2C1Im)[B(CN)4] and 250 μL of (C2C1Im)[BF4]
without addition of DMMP, we were able to isolate a dimer of
a ligand-free supertetrahedral cluster in (C2C1Im)6[Ge8Se19]
(2a). A polymorph of this compound was also generated
starting from [K4(H2O)3][Ge4Se10], by treatment in
(C2C1Im)[B(CN)4] in the presence of a very small amount
of DMMP (10:1; v:v). The polymorphs 2a and 2b crystallize
in the triclinic crystal system, space group type P1̅ (No. 2, 2a),
and in the monoclinic crystal system, space group type P21/c

Figure 1. Survey of the formation and use of [GexSey]
4− anions for the synthesis of more complex anionic substructures in known compounds (top,

gray arrows and formulas) and in compounds 1, 2a, 2b, 3, and 4 reported in this work (center and bottom, black arrows and formulas; all reactions
done at 150 °C). Relative amounts are given as v:v ratios. For more details, see the Experimental Section and the Supporting Information.
Crystallographically indistinguishable Ge and Se atoms were assigned based on their characteristic coordination modes.

Figure 2. Structure of the anion and four nearest cations in
compound 1. Ge and Se atoms (with atom labeling scheme) are
shown as thermal ellipsoids at the 50% probability level; the atoms of
the imidazolium counterions are given in wired mode; H atoms are
omitted for clarity. Crystallographically indistinguishable Ge and Se
atoms were assigned based on their characteristic coordination modes.
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(No. 14, 2b) with two (2a, V = 3735.5(3) Å3; Figure S2) and
four (2b, V = 7524.9(9) Å3; Figure S3) formula units per unit
cell, respectively. As shown in Figure 3, two T2 clusters are

linked via sharing one μ-Se2− ligand, while three terminal Se2−

ligands are retained per building unit. Again, Ge−(μ-Se) bond
lengths (2.3296(19)−2.4127(21) Å) and Ge−Seterminal bond
lengths (2.2388(21)−2.2640(30) Å) are close to the expected
range.8,24,29−31 Another dimer of supertetrahedral clusters in
(DBN-H+)6[In20S33(DBN)6] has recently been reported.32,33

However, in this case, six of the terminal cluster positions were
occupied by organic substituents, while the dimeric assembly
in 2 has a purely inorganic composition.
By significantly increasing the amount DMMP relative to

(C2C1Im)[B(CN)4] in the reaction mixture used for the
preparation of compound 2b, from 10% to 50% (v:v) and thus
the largest relative amount of the auxiliary used in this study,
we were able to synthesize (C2C1Im)8[Ge16Se36] (3).
Compound 3 crystallizes in the monoclinic crystal system,
space group type C2/c (No. 15) with four formula units in the
unit cell (V = 11596.6(18) Å3; Figure S4). It comprises an
unprecedented tetramer of a chalcogenido (semi)metalate
cluster and at the same time the largest discrete and ligand-free
binary chalcogenido (semi)metalate cluster; larger species, like
the T5-type {In34S54} moiety,34 were usually integrated in
framework structures so far, and the only known (pseudo)-
tetramer of T2-type clusters included linkage by Sn2+ ions and
inclusion of a Cs+ atom, [Cs@Sn4(Ge4Se10)4]

7−.8 The
molecular structure of the anion in compound 3 is illustrated
in Figure 4. Ge−(μ-Se) bond lengths (2.3288(30)−
2.3978(33) Å) and Ge−Seterminal bond lengths (2.2296(35)−
2.2425(38) Å) match those of the reported ones8,24,29−31 and
also the ones observed in compounds 1 and 2.
To achieve the unique square-planar structure, one T2

cluster shares two corner Se2− ligands with two neighboring
clusters. However, instead of extending their corner-sharing
with two further building units, both of the latter T2 units
share corners with the same fourth cluster, which closes the
macrocycle to form the tetrameric anion. This oligomer of four
T2 supertetrahedra can also be regarded as the product of the
dimerization of two preformed cluster dimers under release of
two additional Se2− anions (see also Scheme 1). This
unprecedented assembly of Tn clusters represents the
structural alternative to a supertetrahedral arrangement of T2

clusters that would be connected by sharing six (instead of
four) corners, thus missing another two Se2− anions and four
negative charges. However, a corresponding defect T4-type
anion “[Ge16Se34]

4−” (or any other group 14−group 16 cluster
of this type) has not been described to date. While one may
hypothesize that a corresponding structure could form, as it
has been known for organometallic chalcogenide clusters, the
mismatch of the large size with the low charge has so obviously
inhibited its crystallization so far. Indeed, another finite
tetrameric assembly of (ternary) supertetrahedral clusters,
[Cd16In64S134]

44−, which was obtained in the ionic compound
Cd16In64S134·(DBNH2)11(DEMH2)11(H2O)50 upon solvother-
mal treatment of Cd(CH3CO2)2·2H2O, In, and S,10 shows this
aggregation pattern but also comprises a much larger charge
owing to the presence of di- and trivalent cations instead of
tetravalent ones. In this cluster, four {Cd4In16S35} T4-type
units are linked to form a hollow supertetrahedron by sharing
six corners.
Another change of the ratio of (C2C1Im)[B(CN)4] to

DMMP to an intermediate value (3.5:1; v:v) caused the
linkage of the [Ge4Se10]

4− cluster anions via μ-Se2− ligands
into infinite 1D zigzag chains in (C2C1Im)6[Ge12Se27] (4).
Compound 4 crystallizes in the monoclinic crystal system,
space group type P21/n (No. 14). As illustrated in Figure 5 and
Figures S5 and S6, the repeat unit of the zigzag arrangement
comprises three T2-type building units. These are connected
like the three first T2 units in compound 3, enclosing a near
rectangular angle of 95.13°. However, instead of a linkage to
the same fourth cluster under formation of the four-membered
macrocycle observed in compound 3, the repeat unit is
connected to identical units to both sides, hence extending into
an infinite super-zigzag chain with four clusters in a straight
row each. This structural motif has also been unprecedented in
chalcogenido (semi)metalate chemistry to date.
So far, it has not been possible to gain detailed insight into

the processes that lead to the formation of such complex
compounds. However, it is obvious that the relative amount of
the auxiliary DMMP must play a key role. We assume that the
basic molecules serve as mediators for the release of Se2−

Figure 3. Molecular structure of the anion in compound 2a (as an
example of the very similar anionic structures of 2a and 2b) with atom
labeling scheme. Ge and Se atoms are shown as thermal ellipsoids at
the 50% probability level; imidazolium counterions are omitted for
clarity. Crystallographically indistinguishable Ge and Se atoms were
assigned based on their characteristic coordination modes.

Figure 4. Molecular structure of the anion in compound 3 with atom
labeling scheme. Ge and Se atoms are shown as thermal ellipsoids at
the 50% probability level; imidazolium counterions are omitted for
clarity. Crystallographically indistinguishable Ge and Se atoms were
assigned based on their characteristic coordination modes.
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anions (most probably as H2Se) upon deprotonation of H2O
(from the reactant) and subsequent hydrogen bonding
interactions with the selenido germanate anions. In the
presence of a small amount of DMMP (1:10 relative to the
ionic liquid), the T1-type [GeSe4]

4− anions assemble to the T2
cluster in 1, which under the same conditions, if reacted as its
K+ salt, dimerizes to form compound 2. At a larger relative
amount (1:3.5 relative to the ionic liquid), the linkage
continues to form the infinite zigzag chains in 4. In this
substructure, all clusters share two corners with adjacent
building units. This is also the case for the tetrameric anion in
compound 3 that forms at the highest relative amount of
DMMP (1:2 relative to the ionic liquid). Hence, besides
affecting the mere number of Se2− anions to be released per
cluster unit (which is the same as for 4), the DMMP molecules
are supposed to have a more significant templating effect here;
we assume that they form H-bonded clusters which control the
local tetramerization. We note that all of these assumptions are
based on plausibility considerations, as, to this date, there is no
reliable method of studying the reactions in situ. The absence
of NMR nuclei that allow for quick monitoring and the fact
that the reactions take place in sealed ampules during a
heating−cooling sequence inhibited corresponding studies.
However, we hypothesize that one might get closer to that by
means of molecular dynamic simulations one day.
The guest-accessible spaces of all described compounds are

filled with counterions to balance the anions’ negative charge.
While this was fully proven for compound 1, the assignment of
some of the counterions’ atoms was inhibited by heavy
disorder. In order to avoid impairment of the refinement of the
anionic substructures by an incomplete model, the influence of
the electron density of atoms that could not be localized from
the difference Fourier map was detracted from the data by

application of the back Fourier transform method using the
SQUEEZE routine in PLATON.35 The precise Ge:Se ratios
were additionally verified by means of EDX spectroscopy
(Figures S11−S14). Phase purity was confirmed by PXRD
measurement (Figures S7−S9).
As noted above, ligand-free supertetrahedral chalcogenido

(semi)metalate clusters have only rarely been assembled into
finite cluster oligomers.8,10 Yet, this might be understood as the
very first steps of the formation of extended structures in a
bottom-up approach from isolated cluster unitsas demon-
strated for compounds 1, 2, and 4 herein. Hence, we provide
the first insights into corresponding materials formation with
the example of [Ge4Se10]

4− anions.
As discussed above, this cluster assembly process serves to

stepwise lower the charge per cluster unit: from 4− in 1 to 3−
in 2 and to 2− in 3 (and 4; which if the chains were interlinked
would ultimately end up with a neutral network of all-corner-
linked T2 clusters [Ge4Se6Se4/2] in a yet unknown
modification of GeSe2). We were therefore eager to investigate
the solubility of the crystals comprising molecular anions in a
common solvent (DMF) and probe their undecomposed
transfer into solution by means of mass spectrometry, UV−
visible spectroscopy, and dynamic light scattering experiments.
The success of these experiments is documented in the
following sections. Compounds 1−3 show excellent solubility
in dry DMF, determined to be 3.25 mg/mL, 2.75 mg/mL, and
3.13 mg/mL, respectively (1.3 mg of compound 1 in 0.4 mL of
DMF; 1.1 mg of compound 1 in 0.4 mL of DMF; 2.5 mg of
compound 1 in 0.8 mL of DMF), and they can be dispersed
without visible change in other organic solvents and water. We
attribute the decent solubility of compound 1despite
possessing the highest charge per cluster unitto its selenidic
nature and the combination with (C2C1Im)+ counterions, both
of which lower the lattice energy. These observations
discriminate the compounds reported herein from salts of
the T5-type supertetrahedral cluster [Cu5In30S56H4]

13−, which
only dissolve upon addition of LiBr.9

3.2. ESI Mass Spectra

Electrospray ionization mass spectra recorded in negative ion
mode, ESI(−), on a fresh DMF solution of single crystals of
compound 1 display the signal of the cluster anion along with
three counterions. The experimental isotope pattern is in
excellent agreement with the calculated isotopic distribution of
{(C6N2H11)3[Ge4Se10]}

− with a molecular mass of 1414.13
(Figure 6a and overview spectrum in Figure S15). As shown in
Figure S16, further monoanionic complexes {(C6N2H11)2H-
[Ge4Se10]}

− and {(C6N2H11)1H2[Ge4Se10]}
− and the aggre-

gate {H3[Ge4Se10]}
− were transferred into the gas phase. In

addition, the signal of {(C6N2H11)4H[Ge4Se10]}
+ was detected

by means of ESI(+) mass spectrometry (Figure S17), which
has been unprecedented for a ligand free supertetrahedral
chalcogenido (semi)metalate cluster and also is the only
ESI(+) signal to be detected among the series of compounds
reported herein. This and the identified aggregatesall of
which survived the electrospray ionization treatment
confirmed the significant interaction between cluster anions
and ionic liquid cations in compound 1. This is additionally
supported by the fact that the mass spectrum of this compound
is dominated by molecular peaks with a 1− charge (Figure
S15), while this is different for the other compounds reported
below.

Figure 5. Top: Anionic substructure of compound 4 with atom
labeling scheme for the asymmetric unit. Ge and Se atoms are shown
as thermal ellipsoids at the 50% probability level; imidazolium
counterions are omitted for clarity (for details, see the text). Bottom:
arrangement of two anionic zigzag strands in the crystal structure of 4,
accommodated in a 2 × 2 supercell. Crystallographically indistin-
guishable Ge and Se atoms were assigned based on their characteristic
coordination modes.
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For compound 2a, a series of mass signals referring to
monoanionic and dianionic aggregates were observed, in which
(C2C1Im)+ and H+ counterions served to decrease the charge.
As shown in Figure 6b and in Figures S18 (overview
spectrum), S19 and S20, we were able to identify the dimeric

cluster anion in compound 2a along with different quantities of
the mentioned cations. Five of them aggregate into
monoanions {(C6N2H11)5[Ge8Se19]}

−, {(C6N2H11)4H-
[ G e 8 S e 1 9 ] }

− , { ( C 6 N 2 H 1 1 ) 3 H 2 [ G e 8 S e 1 9 ] }
− ,

{(C6N2H11)2H3[Ge8Se19]}
−, and {(C6N2H11)1H4[Ge8Se19]}

−,
a nd t h r e e o f t h e a g g r e g a t e s f o rm d i a n i on s ,
{(C6N2H11)4[Ge8Se19]}

2−, {(C6N2H11)3H1[Ge8Se19]}
2−, and

{(C6N2H11)2H2[Ge8Se19]}
2−. All of the measured isotope

patterns again agree very well with the simulated ones, which
indicates a high stability of the species both in solution and in
the gas phase. In addition, some fragments were identified, but
their relative abundance is significantly smaller than that of the
dimeric anions’ signals. Most notably, the relative abundance of
peaks with 2− charges is larger in this experiment than that in
the case of compound 1. This confirms a reduced cation−
anion interaction, as expected and desired owing to the
reduced average charge per cluster unit.
For compound 3, the mass spectra are even more

complicated than the spectra of compound 2a. We observed
several series of peaks, with charges from 2− and 3− to 4−.
The dominant peaks are found in the range of m/z = 1020 and
1130, and they can be assigned to species with the general
composition {(C6N2H11)4−xHx[Ge16Se36]}

4− (x = 0−3). The
relative abundance of the species decreases gradually as H+

replaces the ionic liquid counterions. In addition, cluster
anions with a 3− or a 2− charge are detected, but with lower
relative abundance than observed for the species with a 4−
charge. Notably, no monoanions were observed for solutions
of compound 3, which we attribute both to the large molecular
mass and also to an again reduced cation−anion interaction
here; this assumption is supported by the described develop-
ment of relative abundances of species with 4−, 3−, and 2−
charges. High-resolution mass spectra for all of these anions
are provided in Figure 6c,d and in Figures S21 (overview
spectrum) and S22−S24, all of which show excellent
agreement of measured and simulated isotope patterns.
Again, this is a strong indication for good solubility and fair
stability of the compound in DMF. We would like to
emphasize that the clusters predominantly dissolve as a
wholein contrast to dispersions of [Zn4In16S34]

14− nano-
clusters, for which ESI(−) mass spectra in piperidine indicated
the inherent loss of sulfide ligands (along with a massive
uptake of H+).20 However, some fragmentation was also
observed in our studies of compound 3 in the mass spectra,
which in part overlays with the molecular peaks of the entire
anion. As an example, Figure 6c,d demonstrates the
c o i n c i d e n c e o f { (C 6N 2H 1 1 ) 3 [G e 4 S e 9 ] }

− a n d
{(C6N2H11)6[Ge16Se36]}

2− or of {(C6N2H11)3[Ge8Se18]}
−

and {(C6N2H11)6[Ge16Se36]}
2− (for more details, see the

Supporting Information).
In addition, it should be noted that the color of the solutions

of all molecular cluster anions remained unchanged over (at
least) 4 weeks, indicating their stability under inert conditions
(Figure S25a−f). However, the solutions decompose within
two hours of exposure to air, as indicated by a color change
from yellow to transparent and the precipitation of a black
solid (Figures S25g−i).
3.3. Dynamic Light Scattering

The Tyndall effect demonstrated on such solutions (see Figure
S26) indicates that the solutes have a nanoparticular
dimension. To study this in more detail and to determine
the size distribution of the cluster anions in compounds 1−3,

Figure 6. High-resolution ESI(−) mass spectra of the cluster anions
in compound 1 (a), compound 2a (b), and compound 3 (c−d).
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dynamic light scattering (DLS) studies were carried out on
DMF solutions of the single crystals. As shown in Figures S27
and S28, the hydrodynamic radius (RH) was determined to fall
in the ranges of 7.31−8.31 nm (compound 1), 5.95−8.23 nm
(compound 2a), and 2.93−5.20 nm (compound 3),
respectively (Table S11). The mean diameters of the cluster
anions in compounds 1, 2a, and 3 (calculated as the largest
Se···Se distance plus 2·Rcov(Se) = 2·0.116 Å)36 from the
SCXRD analyses are 0.99, 1.70, and 1.90 nm, respectively. This
further confirms the notable decrease of the electrostatic
interactions between anionic clusters and ionic liquid cations
from compound 1 via compound 2a to compound 3: Although
possessing the largest cluster diameter, compound 3 exhibits
the smallest hydrodynamic radius, while the opposite is the
case for compound 1, which shows the largest hydrodynamic
radius in spite of its diameter being only 60% of the diameter
of compound 2 with a very similar hydrodynamic radius. This
is comparable to the effective radii of alkali metal cations in
aqueous solutions that decrease from Li+ to the heavier
congeners owing to a significant drop of charge density in this
order.37 In summary, all studies performed on solutions of
compounds 1, 2a, and 3 confirm (a) the integrity of the cluster
assemblies in solution and (b) the notably decreased
interaction with counterions (and thus increased solubility)
upon oligomerization.

3.4. Vibrational and Optical Absorption Properties

Raman spectra were recorded on single crystals of 1, 2a, 3, and
4. As illustrated in Figure S29, all spectra exhibit almost
identical vibrational modes (although with varied intensities),
which indicates the identical bonding situations of these
compounds. The most intensive peaks at around 145 cm−1,
217 cm−1, and 339 cm−1 are attributed to lattice vibrations of
the cluster core, as compared with the reported value of
Na8Ge4Se1 0 ,

3 8 Na9Sm(Ge2Se6)2 ,
3 9 K2EuGeSe5 ,

4 0

Cs2Ge3Ga6Se14,
41 and Ge24Se76.

42 Slight differences are
attributed to slight differences of bond lengths or the presence
of heteroatoms in the reported cluster cores. The relatively low
resolution of the Raman spectra did not allow for the
assignment of vibrational bands of the counterions.
UV−visible spectra of crystalline samples (recorded in

diffuse-reflectance mode, Figure S30) served to characterize
the solid compounds 1−4 as narrow-band gap semiconductors.
Figure 7a demonstrates a gradual red shift occurs for the lowest
excitation energies from 1 to 4, with the following optical
bandgaps being determined by application of the Kubelka−

Munk function: 2.59 eV (479 nm; 1), 2.42 eV (512 nm; 2a),
2.15 eV (577 nm; 3), and 2.02 eV (614 nm; 4). We emphasize
here that the optical gaps of all four compounds are narrower
than those reported for bulk GeSe2 (2.74 eV)43 and also for
GeSe2 thin films (∼1 μm thickness; 2.36 eV),44 even the ones
with molecular selenido germanate anions. This indicates that
the cluster-based chromophors are very effective in band gap
narrowing.
The absorption spectra recorded on fresh solutions of the

crystals in DMF solution (Figure 7b) show a similar red shift,
with onsets of absorption at 2.98 eV (416 nm; 1), 2.88 eV
(431 nm; 2a), and 2.71 eV (457 nm; 3). The values are blue-
shifted by 0.4−0.6 eV relative to the solid samples, but they are
still small (in comparison with extended Ge−Se-based solids)
given that they stem from molecular anionic units in solution.
Notably, the band gap of the dissolved molecular [Ge16Se36]

8−

anion in 3 is even smaller than that of bulk GeSe2. Owing to its
inherent insolubility, it is impossible to record an absorption
spectrum of compound 4 in solution.
The investigations demonstrate that although all compounds

are based on the same building units (T2 clusters) of the same
elements (Ge and Se) and although they even comprise the
same counterions, the stepwise oligomerization serves to finely
tune the optical gap. This is important with regard to a
potential use of such oligomers in functional semiconductor-
based arrays.

4. CONCLUSIONS
In summary, a series of narrow-band gap semiconductor
clusters are presented that are based on [Ge4Se10]

4− and
comprise the first dimers and the first square-shaped tetramer
of chalcogenido (semi)metalate supertetrahedra. The com-
pounds were obtained by mild thermal treatment of
[Na4(H2O)14][GeSe4] or [K4(H2O)3][Ge4Se10] in the ionic
liquids 1-ethyl-3-methylimidazolium tetracyanoborate,
(C2C1Im)[BX4] (X = F, CN), at 150 °C. One of the title
compounds is based on the largest selenido germanate cluster
anion, [Ge16Se36]

8−, reported to date. By sharing μ-Se2−

ligands, the charge per cluster unit in the oligomeric anions
is decreased in comparison to the monomeric clusters, which is
reflected in a significantly reduced cation−anion interaction.
Consequently, the compounds dissolve readily in DMF, which
was demonstrated by means of ESI mass spectrometry and
dynamic light scattering studies on corresponding solutions.
UV−visible spectra of both the solid compounds and their
solutions indicate remarkably small optical band gapssimilar

Figure 7. Tauc plots derived from the solid-state UV−visible diffuse-reflectance spectra (Figure S29) of crystalline samples of 1, 2a, 3, and 4 (a)
and optical absorption spectrum of fresh solutions of single crystals of 1, 2a, or 3 in dry DMF (b).
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to that of bulk GeSe2, or even smallerwhich are finely tuned
with the degree of aggregation. Future studies aim at the
expansion of the oligomerization strategy to other super-
tetrahedral chalcogenido metalate clusters, with the logical next
step being the investigation of the related Ge/S system.
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