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Chalcogenido metalate compounds are an exceptional class of inorganic materials, ranging from
discrete clusters and simple binary solids to complex multinary three-dimensional structures with open
frameworks. This structural and compositional diversity generally enables a wide range of applications,
including opto-electronics, ion separation and catalysis. Traditionally, chalcogenido metalates have been
synthesized using flux synthesis or high-temperature solid-state reactions as well as solvothermal
approaches. More recently, this was shifted towards lower-temperature approaches, not only for
economic and environmental reasons, but also to access previously inaccessible compounds. In this
context, ionic liquids (ILs) have become important reaction media. However, while ILs have been famous
for their role as inert reaction media that provide a controlled environment for crystallization, they can
also be actively involved in the reactions under certain conditions and thus influence the formation and
stabilization of the new chalcogenido metalate compounds. This can take place by adopting a
templating role or through the transfer of (functional) groups, which enables access to modifications

Received 20th May 2025, and variations of the corresponding substructures. This dual role of ILs—as reaction media and reactive

Accepted 11th September 2025 agents—provides new opportunities for fine-tuning the structural and electronic properties of
chalcogenido metalate compounds. In this review, the multifaceted roles of non-innocent ILs in the
synthesis of chalcogenido metalate compounds are explored, with particular attention on their effects

on cluster formation, cluster stability, and their ultimate effect on the compounds’ properties.
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Introduction

Chalcogenido metalate compounds, with anionic substructures
ranging from isolated clusters to three-dimensional frame-
works, have long been a focus of inorganic and materials
chemistry. This is due to their unique structural and chemical
properties, which make them perfect candidates for potential
applications, such as gas and ion storage materials, ionic
conductors, or materials for (photo)catalytic H, evolution,
to mention but a few.'”’ In addition, many chalcogenido
metalates are characterized by interesting physical (especially,
opto-electronic) properties. These include intense photolumi-
nescence, high photoconductivity, or frequency doubling.®™*?
Of particular interest are porous chalcogenido metalates, which
exhibit tuneable pore sizes and are promising as selective ion
exchange materials."*"” The incorporation of different metal
ions, such as p- and d-block elements, into such structures
significantly enhances their diversity and allows for fine-tuning
of their physicochemical properties.'*>° Compounds with pure
p-block chalcogenido metalate substructures, such as the
3D-[Sn,Ss]”~ framework, have been used as robust and cost-
effective materials for the recovery of rare earth elements.>!
The development of crystalline chalcogenido metalate com-
pounds with novel compositions and architectures has become
a key area of materials research today, for which the develop-
ment of innovative synthesis methods is essential.>*** The
synthesis of chalcogenido metalate compounds is typically
categorized according to the temperature range of the reac-
tions. High-temperature methods include classical solid-state

Stefanie Dehnen is a Professor
of Information-Based Materials
Design and Nanosciences as well
as of Inorganic Chemistry at
Karlsruhe Institute of Technology
(KIT) and Executive Director of the
Institute of Nanotechnology (INT)
at KIT. She is a member of seven
national and international scientific
academies, including Leopoldina-
German National Academy of
Sciences, European Academy of
Sciences (EurASc) and the Academia
Europaea-Academy of Europe, and
she has been awarded many prestigious prizes and grants during her
career, including the Gottfiied Wilhelm Leibniz Prize from the German
Research Foundation (DFG)—the most prestigious German-based
research award—and an ERC Advanced Grant by the European
Research Council. Currently, Stefanie Dehnen is the Editor-in-Chief of
the journal Inorganic Chemistry (American Chemical Society, ACS) and
the President of the German Chemical Society (GDCh). She is an expert
for cluster-based materials, focusing on compounds with multinary, in
particular multimetallic, molecular nanoarchitectures that exhibit
potential as innovative catalysts, white-light emitters or battery
materials.

Stefanie Dehnen

This journal is © The Royal Society of Chemistry 2025

View Article Online

ChemComm
cations
R2 X
R R
)\ ‘ \ é\\\
RY R® ®N
&~ - Z @
N N N
\ / |® /N\ R/ \R
R R R
imidazolium pyridinium  piperidinium :I:‘?;i:‘izx
anions
F
NI 0| WF
BO Bre @ /P\
F/ \F ARG
F

hexafluorido

chloride phosphate

tetrafluoridoborate bromide

Fig. 1 Summary of common cations and anions combined in ionic liquids
for ionothermal reactions (R: alkyl groups).

reactions and molten flux techniques, while low-temperature
approaches include wet-chemical and solvothermal
processes.>* >’ Solid-state reactions carried out at temperatures
above 600 °C are diffusion-controlled and favour the generation
of thermodynamically stable compounds. The limited kinetic
control results in difficulties to influence products design.**7*
In contrast, molten flux techniques are carried out at compara-
tively lower temperatures (200-600 °C), determined by the melting
point of the excess alkali/alkaline earth chalcogenide used as
flux.>>>* Flux reactions also include metallic fluxes, such as the
reaction of K,Te and HgTe in liquid mercury yielding K,[Hg,Te;]
with a 3D-network structure composed of corner-linked {HgTe,}
tetrahedra.>® Wet-chemical syntheses temperatures are limited by
the boiling temperature of the solvent used. While high tempera-
tures favour extended 2D- or 3D-networks, wet-chemical methods
thus typically lead to compounds with discrete anionic clusters
(0D) or 1D structures.**>® Solvothermal reactions, which take
place under supercritical conditions, involve elevated temperatures
and pressures depending on the vapour pressure of the solvent
used. Although these conditions pose safety risks, they allow the
synthesis of unique structures by offering a wide range of
solvents.*® In addition, solvothermal methods facilitate the
formation of inorganic-organic hybrid compounds containing
amines, in situ derived ammonium counterions, or transition-
metal complexes also generated in situ by combining donor solvent
molecules with metal ions from the reaction mixture.****

The search for novel structures and properties of chalcogen-
ido metalate compounds has driven the development of inno-
vative synthetic strategies. More recent achievements include
unconventional reaction conditions with the usage of ionother-
mal, surfactant-thermal and hydrazine-thermal methods.**™°
Among these, ionothermal syntheses are characterized by the
fact that they operate at low temperatures (<200 °C), using
ionic liquids (ILs) as reaction media without the addition of
conventional solvents. ILs are salts with low melting tempera-
tures (m.t. < 100 °C) due to the poor interaction between their
anions and cations, resulting in low lattice energies.*™?
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Although Walden reported such a low-melting salt, ethylam-
monium nitrate (m.t. 12 °C) as early as in 1914, the term “ionic
liquid”” was introduced much later.>*>>

As shown in Fig. 1, typical ILs consist of organic cations (e.g.,
imidazolium, pyridinium, piperidinium, or quaternary ammo-
nium) and simple or weakly interacting anions (e.g., halides,
[BE4], or [PF¢]).”* ILs offer several advantages over other
classical solvents, including lower vapour and reaction
pressures, improved thermal stability, and excellent solvation
properties. Ionic liquids also contribute to the concept of green
chemistry by minimizing waste generation and enabling
more efficient recycling.>®™*® In addition, ILs can be used as
“designer solvents” due to the large number of different and
customizable cation-anion combinations.®* These properties
and the diversity make them highly suitable for the efficient
and sustainable synthesis of novel crystalline materials via
ionothermal reactions. Today, ILs are widely applied in
ionothermal synthesis, hence, at elevated temperatures in
sealed ampoules and well below supercritical conditions. This
approach has meanwhile served to generate numerous crystal-
line materials, including zeolites, organometallic frameworks
and chalcogenido metalates.®>®

Although ILs are widely regarded as inert reaction media, in
some cases, they also actively participate in reactions, thus
exhibiting a non-innocent behaviour. The active participation
of non-innocent ILs has been reported for various research
areas,’*® which was recently reviewed comprehensively by
Ruck and co-workers.*?

The ILs’ multifunctionality is also evident in the field of CO,
capture and conversion, where ILs influence separation, activa-
tion, and catalytic transformation pathways.”® A similar phe-
nomenon is observed in lithium-ion batteries, where
exothermic reactions with electrodes highlight the active role
of ILs beyond that of inert electrolytes.”

Their tunable structures and versatility make ILs particularly
valuable for emerging energy technologies, such as thermal
energy storage, nitrogen reduction for ammonia production,
and aluminium-ion batteries, where they can be precisely
adapted to the requirements of each application.””

ILs containing reactive moieties, can directly contribute to
the composition of the final products. For instance, ILs with
halide-based anions have been shown to act as both solvents
and halogen source in the synthesis of complex borate halide
compounds and other crystalline frameworks.”*””® These find-
ings enable innovative synthetic strategies for different types of
inorganic materials.”””®

This feature article focuses on the dual functionality of
non-innocent ILs in the context of ionothermal syntheses of
chalcogenido metalate compounds.”®®' We aim to provide a
detailed and comprehensive overview of the unique contribu-
tions of ILs to this specific field, with a particular focus on
their role in enabling the discovery and formation of new
structures. However, it should be noted that ILs do not neces-
sarily have a strictly defined non-innocent behaviour, as their
interactions within a reaction system can be dynamic and
overlapping.®>#?

17532 | Chem. Commun., 2025, 61,17530-17543
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Influence of ILs cations on structure
assembly

Literature reports on the synthesis of chalcogenido metalates
from ILs predominantly describe the use of imidazolium-based
ILs, which are systematically abbreviated as follows. They are
denoted as (C/(C,,)C,Im)", where I, m and n represent the
number of carbon atoms in the (linear) alkyl chains attached
to the N1-, C2-, and N3-position of the imidazolium (Im)
ring, respectively. Neutral imidazoles are denoted as “im” for
discrimination.®>®> Of particular importance of the non-
innocent behaviour of ILs is the incorporation of their cations
(or anions) into the final products, often acting as counterions
to balance the charge of ionic substructures of the opposite
charge. These can be encapsulated or separated by the organic
cations of the ILs. Anion- - -m or anion- - -H interactions between
chalcogenide ligands and organic IL cations contribute to the
enhanced stability of the resulting compounds. This inter-
action is rarely observed in traditional low temperature
methods.?%%”

In order to emphasize the role of ILs as non-innocent
components in the synthesis of crystalline chalcogenido meta-
lates, systematic experiments were conducted using different
starting materials, with or without SnCl,-5H,0 in various ILs.
This approach yielded novel chalcogenido metalate compounds
with diverse dimensionalities of the anionic part, including 1D-
strands in (C,C,C;Im),[Ge,SnSe;,], 2D-layers in (C,C;C;Im),
[Geo.83Sn3 175€0 06}, and extended 3D-open frameworks such as
in (C4C1Im),[SneSe,o] and (C4C;C1Im)g[Sn;gSe 0]

The anions are illustrated in Fig. 2. The 1D-{Ge,SnSe;o]*~
anion is composed of {Ge,Se;,} units linked by three-coordi-
nated Sn" atoms to form infinite double chains. The 2D-
[Geo.s3Sn3.175€9.06]° anion consists of one {SneSe;o} unit and
two {Geg g3Sn0.175€4.06} tetrahedra with mixed Ge/Sn positions
that are connected to form 2D-layers. The structure of
[SneSe,o]* ™ features {Sn,Se,} defect-heterocubanes connected
by two u-Se bridges, forming {Sn,S,} rings. These units are
further linked through {SnSe,} tetrahedra into the 3D network.
In (C4C;C1Im)g[SnygSey0), the anionic 3D structure is made up
of {Sn;Se,} defect-heterocubanes, connected by {Sn;Se;,} sub-
units. The dimensional variations, along with different elemen-
tal compositions, affect the photo-optical properties of the
crystalline solids. The incorporation of Sn" atoms as linkers
between the {Ge,Se;,} units results in a slight red shift for 1D-
(C4C1C4Im),[Ge,SnSe;o], to 2.33 eV, while in 2D-(C,C;C;Im),-
[Gep.83Sn3.175€0 06}, the larger Sn/Se building units causes a
more pronounced red shift, along with a second absorption
onset at 2.25 eV, reflecting the additional contribution of the
Ge/Se units to the optical features. The network compound 3D-
(C4C4Im),[SngSe,o], which contains no Ge, exhibits a bandgap
of 2.2-2.3 eV.%¥7%° It is noteworthy that certain selenido meta-
lates could also be synthesized directly from elemental tin and
selenium in (C,C;C,Im)Cl, thereby highlighting the versatility
and non-innocent role of ILs in these formation procedures.’*
All of the structures possess voids that are filled with the IL
cations, which emphasizes the influence of these species:

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Depiction of (a) (C4C1C41Im)o[GesSnSesol, (b) (C4CiIm)4lSneSesol,
(c) (C4C1CyiIm)2[Geg g3SN3175€9 06l and (d) (C4C1Cqlm),[SnygSespl. Colour
code: Sn = dark blue, Ge = light orange, Se = dark red.

definitely through assistance with the crystallization of specific
species, but possibly also through assistance at the assembly of
the mentioned structural moieties.

Building upon this concept, the use of ILs with a non-
innocent behaviour has also proven fruitful in the assembly
of finite cluster oligomers, thereby enhancing solubility with-
out affecting opto-electronic properties in an unwanted way.
Treatment of Nay[GeSe4]- 14H,0 or K4[Ge,Se;0]-3H,0 in (C,C,Im)"-
based ILs yielded condensation products of the T2-type [Ge,Se;q]*~
anion (Fig. 3(a)). Dimeric [GegSe;o]°  (Fig. 3(b)) and tetrameric
[GeseSesq]® ™ (Fig. 3(c)) structures were isolated as single-crystalline
salts. According to the literature, the relative amount of the
auxiliary DMMP is proposed to mediate the release of Se*~ anions,
most likely as H,Se, through deprotonation of H,O and sub-
sequent hydrogen bonding with the selenido germanate units.
Different DMMP-to-IL ratios were suggested to influence the
degree of cluster aggregation and local tetramerization, although
no in situ mechanistic studies have been conducted. The charge
per cluster unit decreases gradually from 4— in the parent cluster
to 3— in the dimer and 2— in the tetramer (Fig. 3(d)). The
reduction in charge per cluster unit results in a weakening of
the electrostatic interactions between anions and cations, thereby
facilitating the dissolution of the salts in DMF (DMF = dimethyl-
formamide). ESI mass spectrometry (ESI = electrospray ionization)
and dynamic light scattering studies further demonstrated the
change in cation---anion interactions. Optical absorption mea-
surements confirmed a consistent decrease in optical gaps as the
cluster size increased, with the same trend being observed both in
solution and in the solid state.”

Four single-crystalline nickel chalcogenido phosphates were
synthesized ionothermally in (C,C;Im)BF, at 150 °C, yielding salts
of [Ni(P,Sg),]*", [Ni(P3So)(P2Se)’, [Ni(P5So),]', and [(NiP;Sg)s-
(PSy)]””". The molecular anionic structures of the first three
compounds show a single Ni atom in octahedral coordination
by six S atoms, whereas [(NiP;Sg)4(PS,)]”~ contains four Ni atoms,
each coordinated by five S atoms and one P atom. In all of these

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Structure of the anions in (a) (CoC1lm)4[GesSerol, (b) (CoCqilm)e-
[GegSe1g] and (c) (CoCilm)glGeeSesel. (d) Schematic representation of the
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cluster anions through the formation of discrete cluster oligomers. Panel
(d) adopted with permission from ACS. Colour code: Ge = light orange,
Se = dark red.

compounds, the P atoms are surrounded by four S atoms in a
tetrahedral fashion, forming distinct [P,S,|"" ligands. Although
these binary P-S ligands had been previously known, their
coordination modes were novel in that report. The anion
[Ni(P,Ss),]>~ consists of two {PS,} units sharing a S corner atom,
with two additional corners bridged by a trisulfide group
(Fig. 4(a)). In [Ni(P5So)(P,Ss)]>~, the Ni atom interacts with two
different ligands: a [P,Sg]*~ ligand, which coordinates similarly to
that in [Ni(P,Sg),]* ", and a [P3Ss]*~ ligand, which is composed of
three corner-sharing {PS,} units (Fig. 4(b)). By expanding on the
coordination motifs observed earlier, [Ni(P3S,),]*~ incorporates a
Ni centre bound to two [P3S,]>~ ligands (Fig. 4(c)). The complex
anionic structure of [(NiP;Sg)4(PS,)]”” consists of a central {PS,}
unit surrounded by four interconnected {NiP;Sg} groups. Each Ni
atom is coordinated by two S atoms and one P atom from a {P;Sg}
moiety, together with a S atom from an adjacent {P;Sg} ligand
(Fig. 4(d)). Notably, in the thiophosphate ligand the S as well as
the P atoms act as donors, which results in an unprecedented
coordination mode.”” The cations of the ILs used in these
syntheses act as counterions, and as such, represent an important

YA \f@& ﬂ?* gies -

J\‘; &l J,L}\ AT fl

Fig. 4 Molecular structures of the nickel thiophosphate anions of (a)
(CoCalmM)2INi(PoSg)al, (b) (C2Cqlm)zINi(P3Se)(P2Sg)l, (€) (CoCilm)4INi(P3Se)al,
and (d) (C,Cilm);[(NiP3Sg)4(PS4)]. Colour code: Ni = black, P = pink,
S = gold.
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part of the reaction products itself. This behaviour highlights the
role of ILs also as a structure-directing agent (SDA) without
influencing the architecture of the moieties that are surrounded
by the IL components themselves.?**”** Such distinct effects and
interactions are rarely observed in conventional low-temperature
solvent methods.”* The SDA behaviour was first developed in 2004
for the synthesis of zeolites using eutectic mixtures of (C,C,Im)Br
and urea/choline chloride.” In contrast to traditional hydrothermal
techniques, the simultaneous use of the IL (cations) as reaction
medium and template prevents competition between solvent and
template during product formation, thereby enhancing structural
development. This advantage is particularly important for the
controlled synthesis of porous crystalline materials.>> Furthermore,
anion- - - interactions between the chalcogenide ions and the
organic cations contribute to the increased stability of discrete
clusters, strengthening the frameworks and facilitating the for-
mation of novel and often unprecedented cluster structures.

There are many more examples for this role, but we decided
to focus on a brief overview here as we aim to explore additional
aspects of the non-innocent behaviour of ILs in this feature
article.

One more parameter to be named here in addition to the
general role of the ionic liquids is the absence or presence of an
auxiliary. The synthesis of crystalline open-framework selenido

a)

Fig. 5 (a) 3D open-framework of the anion in (C4C;lm)4[SngSezol, and
(b) 2D nanotube structure of the anion in (CsCiIm)g[Sny;Sezgl. Colour
code: Sn = dark blue, Se = dark red.
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stannates was explored employing imidazolium-based ILs with
(again) varying alkyl chain lengths, thereby introducing N,H,-
H,O0 as a co-solvent. This enabled the synthesis of compounds
with unique 2D- and 3D-selenido stannate frameworks. For
instance, the use of (C4C;Im)Cl and N,H,-H,O led to the
formation of a compound with a 3D-[SnoSe,,]'” structure
(Fig. 5(a)), while in (C5C;Im)Cl and N,H,-H,O, another com-
pound based on a 2D-nanotube-type anion [Sn;,Sess]®”
(Fig. 5(b)) formed. In the absence of N,H,-H,O, nanoparticles
were formed instead of single crystals.”®

Influence of ILs on the packing of
identical anions

In certain cases, in which the anionic substructure is extremely
thermodynamically favourable, the IL counterions merely con-
trol the packing scheme of the latter. This in turn allows to
control the spatial separation between discrete cluster or other
anionic structural motifs, which also helps in finetuning opto-
electronic properties. Additional encapsulation of cations or
auxiliary molecules in the anionic part increases the structural
diversity of the resulting compounds and influences their
stability. A famous example of a mere packing effect was
reported for the numerous salts of the [Sn36Ge24Se132]24’ anion
and a Ge/Sn-disordered analogue: (C,C;C;Im),,[SnzsGessSesss]
and (C,C;Im),4[Sns; 5Ge,y 5S€q3,] were obtained by reacting
K,[Ge,Se;0]-3H,O with SnCl;-5H,0 in 1:1 mixtures of tetra-
fluoridoborate- and chloride-based ILs (C,C;C;Im)X and
(C4C4Im)X (X = [BF4], Cl) with the addition of small amounts
of 2,6-dimethylmorpholine (DMMP) or without auxiliary amine.

The compounds with the resulting ‘zeoball” polyanions
mentioned above are the largest known discrete main group
polyanions with an outer diameter of 11.6 nm and a volume of
820 A’ (under consideration of van der Waals radii). The
molecular structure of the superspherical ‘“zeoball” cluster
anion is shown in Fig. 6(a). Salts comprising the ‘‘zeoball”
anion have the capacity to capture I, molecules and activate I-I
bond cleavages to eventually form I;7.°7 A series of similar
“zeoball” salts with different packing arrangements of cations
and anions were obtained by varying the alkyl chain lengths of
the 1-alkyl-(2,)3-(di)methylimidazolium cations (alkyl = butyl,
hexyl or octyl) used for the synthesis. The nature and size of
these cations thus did not affect the formation of the ‘“zeoball”
cluster itself, but also impacted the crystal symmetry and
packing motifs. Depending on the IL cation selected, more
open or more densely packed arrangements emerged. This
clearly demonstrated the remarkable thermodynamic stability
of the anionic substructure under the given reaction condi-
tions. In addition, however, it also became apparent that the
size and shape of the IL cation, as well as their capability to
undergo electrostatic interactions and anion- - -m interactions of
different strengths, effectively controls the anions’ arrange-
ment within the unit cell. Fig. 6(b)-(e) show different crystal
packing arrangements of “zeoball” salts.”® We note in passing
that for the reactions to yield this anion, the right choice of the

This journal is © The Royal Society of Chemistry 2025
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Fig. 6

(a) Molecular structure of the superspherical “zeoball” cluster
anion [Sn3666245el32]24’, with the grey sphere representing the cavity
inside the anion. (b)-(e) Packing patterns of the anions with overall
pentagonal dodecahedral topology in different “zeoball” salts. Counter-
ions are omitted for clarity. Colour code: Sn = dark blue, Ge = light orange,
Se = dark red.

IL anion—as a moderator of the metal precursor’s reactivity—is
instrumental, which is a “normal” effect of the reaction med-
ium, however, and will thus not be discussed here.

The effect of the alkyl chain length on the packing mode was
demonstrated even more clearly for tellurido mercurates. The
ionothermal treatment of Na,[HgTe,], comprising co-planar 1D
strands of edge-sharing {HgTe;} triangles (Fig. 7(a)), within the
short-chain cation from (C,C,Im)[BF,] yielded (C,C,Im),[Hg,Te,],
featuring a novel 1D-type anion. The anion is constituted of
{Hg,Te;} five-membered rings with Te*~ and (Te,)*~ ligands (upon
partial oxidation of neighbouring Te*~ in the precursor), which are
connected via additional ;-Te®~ bridges (Fig. 7(b)).” The structure
directing effect of the cations results in crystal structure distinc-
tions when compared with related compounds {[Mn(en);,Cl}-
[Hg,Te,] (en = 1,2-diaminoethane) and {N(C,H;),},[Hg,Te,].**

In contrast, the use of ILs with longer alkyl chains
(C,C,Im)[BF,] (n = 10, 12) resulted in salts containing the
unprecedented molecular anion [HgsTe;s]® —according to
the IL cation effect discussed in the previous section. This
inorganic macrocycle also consists of the {Hg,Te(Te,)} five-
membered rings, bridged by Te* ligands. However, in this
case, the result is not a polymeric strand, but a macrocyclic
tetramer (Fig. 7(c)). The anion is structurally analogous to
organic porphyrins, which consist of four methylene-bridged
pyrrole rings. Nevertheless, the total valence electron counts
differ significantly (120 in [HggTe;6]°” and 114 in porphyrin).
[HgsTeyq]®” is thus not m-aromatic. It is isoelectronic to the
[BgChy] structures of BCh, (Ch =S, Se),"* but with the distinction
of being charged and significantly deviating from planarity owing
to the adoption to the counterion environment, see below (nota
bene: isolated molecules in DFT calculations planarize). A cyclic
oligomer such as [HggTe;c]* has nor previously been reported.
The tendency for the formation of [HggTe;s]°” macrocycles over
chain-like 1D-[{Hg,Te,]*~ anions can be attributed to the optimal
alignment of the molecular anions with the cationic template of
the IL. The precise mechanism by which the cyclic [HgsTe P~ is
formed remains to be determined; however, it is postulated to
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Fig. 7 (@) Anionic structure of Nay[HgTe,]. (b) Unit cell of
(C4C1lm)2[Hg,Tey] with the infinite zig-zag-strand of the anion. (c) Anionic
substructure of porphyrin-related tellurido mercurate [HggTeg(Te,)al® .
(d) Unit cell of the salt of the latter with (C;0C;Im)* cations, viewed along the
crystallographic a-axis. Colour code: Hg = black, Te = plum, C = grey, N = blue.

involve a reorganization of the anionic substructure of
Na,[HgTe,], in addition to (partial) oxidative coupling of the
telluride ligands. The formation of dichalcogenide anions in ILs
is a relatively facile process, and the ILs appear to be less innocent
than initially anticipated, as proven by the observation of a
tellurized IL derivative in the complex [(C,C,imTe),Hg]**."*" More
probably, however, the presence of residual oxygen or compo-
nents of the IL itself might act as oxidizing agents. A more
detailed analysis of the unit cell provides further insights into
the structural organisation of the compound. Optimizing the
interaction and structural match with the imidazolium cations
(also acting as counterions for charge compensation) requires
opposite pairs of {Hg,Te(Te,)} rings to be inclined by approxi-
mately 24.8(1)°. This ensures that the endocyclic Te atoms remain
relatively distant from each other (Te---Te distances: 7.0808(7)-
7.4130(6) A across the centre of the macrocycle).

Further examinations of the crystal structure have revealed a
very strict segregation into ionic and non-polar components
that, in alternating manner, form a lamellar crystal structure,
which is reminiscent of the organization of polar and non-polar
components in surfactant-based or lipid-double-layer-based
micelles. The non-polar regions are equally the result of van
der Waals interactions between the decyl chains, which form a
membrane-like interlocked double layer with a width of 17.7 A
that can be widened by extending the chain length to dodecyl,
tetradecyl, or hexadecyl. Simultaneously, the positively charged
imidazolium rings align precisely with the anions, with two
imidazolium rings positioned near each of the four {Hg,Te(Te,)}
units to compensate for the 8- charge of the macrocyclic anions
together. In this arrangement, the imidazolium rings are
oriented orthogonally to the {Hg,Te(Te,)} units, thereby max-
imizing the anion---anion distances (Fig. 7(d)).'°> In these
examples, ILs clearly influence the formation of novel tellurido
mercurate motifs, their assembly into chains or macrocycles,
and ultimately, their lamellar arrangement in the crystal.

Other examples showed that the influence of the length of
the alkyl chains affect the crystal symmetry of chalcogenido
metalates. For instance, the subtle difference of a single
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CH,-group in the alkyl chain of imidazolium-based ILs affected the
crystal structures of related sulfido stannates. While the use of
(C4C1CyIm)Br led to the formation of (C,C;C;Im),[Sn;S;] with a
trigonal crystal structure, the synthesis using (C,C;C,Im)Br resulted
in (C4C;C,Im),[Sn;3S;] exhibiting a triclinic crystal structure. The
presence of an additional CH,-group in the alkyl chain of the IL
leads to steric constraints that distorted the anionic framework.
Additional effects include the synthesis temperature. Elevated
temperatures at otherwise identical reaction conditions afforded
(C4C1C,Im),[Sn,Sy], demonstrating the combined influence of
reaction parameters on the product spectrum in these complex
ionothermal reactions.'®

Cooperation of ILs with metal cations

Another study addressed the synergistic structure-directing
effects of ILs combined with metal-amine complexes, which
were formed in situ through various polyamines for the synthe-
sis of novel selenido stannates.

The resulting compounds exhibit diverse anionic structures,
including binary 2D layers of [SnSe,],”"~ in (C4C;C,Im);[Ni(en);],
[SneSe,4]Cl and quasi-ternary 2D layers in (C,C,C;-Im)y[Ni-
(tepa)Cl],[Ni(tepa)Sny,Se,s] (tepa = tetraethylenepentamine).'**
(C4C;1C,Im);[Ni(en);],[SnoSe,, |Cl features polymeric zig-zag chains
of [SnzSeg],”"~, formed by {Sn;Se;o} units linked via edge-sharing
Up-Se atoms along the crystallographic c-axis. These chains inter-
connect through {Sn;Se,} units, creating a lamellar [Sn,Se,],>"~
structure in the crystallographic ac-plane. The structure is defined
by eight-membered rings formed by isolated {Sn;Seo,} and
{Sn;Se;o} units from neighbouring chains (Fig. 8(a)). Charge-
compensating ions, including [Ni(en);]**, (C4C;C.Im)*, and CI~
are located in the interlamellar spaces, stabilized by extensive
hydrogen bonding between the cations, the anionic selenido
stannate framework, and Cl™ ions.

The compound (C,C;C,Im),[Ni(tepa)Cl],[Ni(tepa)Sn;,Se,s]
features a layered anionic structure composed of [Sny,Se,s]®”
units, which are additionally decorated with [Ni(tepa)]** com-
plexes through Ni- - -Se bonds. The layers are constructed from
interconnected {SnsSe;o} units, forming compressed six-
membered rings (Fig. 8(b)). This structural motif is thus
different from more prevalent, regular eight-membered rings
observed in analogous structures. The [Ni(tepa)]** complexes
are all positioned on the same side of the layers, resulting in a
non-centrosymmetric stacking pattern (Fig. 8(c)). The organic
cations are intercalated between the layers, contributing to the
overall stability of the structure.'®'°® Huang et al. also exam-
ined the supramolecular interactions in both compounds to
better understand the structure-directing behaviour of the ILs.
In (C4C;,C4Im);3[Ni(en)s],[SnySe,1]Cl, the short C/N---Se/Cl dis-
tances and favourable C/N-H---Se/Cl angles indicate the
presence of non-classical hydrogen bonding interactions invol-
ving the metal-amine complexes, (C,C;C;Im)" cations, Cl~
anions, and the anionic [SnzSe;],>” layers. Some (C4C;C;Im)"
cations associate with [Ni(en);]** via C1~ ions, forming cationic
complexes that interact with [SnsSe,],>~ layers through
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Fig. 8 (a) Eight-membered ring in the binary anionic structure of
(C4C1Cqlm)3[Ni(en)sla[SngSex]CL (b) compressed six-membered rings in
the quasi-ternary anionic structure of (C4C;CiIm)4[Ni(tepa)CU,[Ni(te-
pa)SnioSesgl, (c) metal complex-decorated [Ni(tepa)SnioSessl,®"~ layer
viewed along the crystallographic c-axis. (d) Illustration of H---Cl interac-
tions (blue, dashed) in the cation substructure and with the closest Se atom
in (C4C1C4Im)3[Ni(en)s]>[SngSexICL (e) Illustration of H---Cl (blue, dashed)
and anion- - -nt (red, dashed) interactions in the cation substructure. Colour
code: Sn = dark blue, Se = dark red, Ni = black, C = grey (tepa) or orange
(C4C1Cqlm), N = blue, Cl = bright green, H = white.

C/N-H.--Se bonds. There are also anion---m interactions
between the imidazolium ring of the imidazole rings and the
dangling Se atom of the {Sn;Se;} unit. Meanwhile, other
(C4C,C,Im)" cations have been incorporated in the interlamellar
space that are directly connected to the [Sn;Se,],>"~ framework
through C-H- - -Se hydrogen interactions (Fig. 8(d)). The interac-
tions occurring in (C4C;C,Im),[Ni(tepa)Cl],[Ni(tepa)Sn;,Se,s] are
similar to those in (C4C;C;Im);[Ni(en);],[SnoSe,;]Cl. The two
compounds differ in the short C/H- - -Cl distances (2.28-2.63 A
in (C4C;C1Im)3[Ni(en)s],[SneSe,1]Cl and 2.48-2.81 Ain (C4C1CyIm),-
[Ni(tepa)Cl],[Ni(tepa)Sn;,Se,g]) that indicate the presence of non-
classical hydrogen bonding interactions between (C,C,C;Im)"
cations and [Ni(tepa)Cl] moieties.

There are some (C,C;C;Im)" cations that associate with
[Ni(tepa)Cl] via Cl™ ions, forming cationic complexes that
interact via C/N-H- - -Cl. Furthermore, anion- - - interactions occur
between the imidazolium ring of the IL cations and CI”~ anions of
the [Ni(tepa)Cl] units (Fig. 8(e)). Anion---m interactions between
imidazolium cations and halide anions are known to arise from
the electrostatic attraction between the negatively charged anion
and the electron-deficient n-system of the imidazolium ring.'®”'%®
The introduction of metal-amine complexes clearly facilitates the
formation of aggregated cationic complexes with strong hydrogen
interactions, which serve as cooperative SDAs.'® Additional
(C4C,C4Im)" cations occupy the remaining space to support crystal
growth.'® There are further examples of ILs that were successfully
combined with metal-amine complexes. By adjusting the ratio of
both components, a new family of selenido stannates featuring the
anionic [SnsSe,],”"~ layer was obtained, incorporating various
types of six- or eight-membered rings.'*°

Imidazolium-based ILs have been the most commonly used
media for the ionothermal synthesis of chalcogenido metalate

This journal is © The Royal Society of Chemistry 2025
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compounds, owing to their pronounced stability and diversity.
Pyridinium-based ILs, such as 1-ethylpyridinium bromide
(C,H5Py)Br, have received comparatively little attention in this
context. However, there are a few examples of their successful
application. The choice of the organic backbone of the IL cation
for the treatment of Ga, SnCl,/Na,SnOj3, and Se under otherwise
identical reaction conditions was shown to significantly affect
the resulting structures. Reactions using the pyridinium-based
IL (C,HsPy)Br yielded the compound (C,HsPy)[GaSn,Ses]
1/4H,0 with a 3D-open framework where (C,HsPy)' cations
reside in the channels of the anionic framework (Fig. 9(a)). In
contrast, upon replacement of the pyridinium-based IL by
(C,C1Im)Br, the product obtained was (C,CiIm) 55(NHy)o .48
[Gay ;Sn, 3Seg], which consists of a 3D-framework of pseudo-
T4 supertetrahedral clusters following a cubic ZnS-type topol-
ogy (Fig. 9(b)). A systematic comparison of imidazolium- and
pyridinium-based ILs reveals that their structural differences
have a significant impact on cluster formation. Imidazolium
cations typically promote the condensation of {GaSe,} tetrahedra
into supertetrahedral clusters more efficiently, due to their
ability to form stronger hydrogen bonds and engage in pro-
nounced anion---m interactions. Pyridinium cations, in con-
trast, show weaker hydrogen-bonding capabilities and less
effective anion. - -m interactions, both reducing their ability to
stabilize supertetrahedral clusters. Furthermore, the limited
number of studies on pyridinium-based ILs currently available
restricts our understanding of their specific influence on the
synthesis of chalcogenido metalates, making it difficult to draw
comprehensive conclusions about the relationship between the
type of IL and cluster formation. Optical absorption spectra of
both compounds suggest that they are semiconductors
with band gaps of 2.06 eV for (C,HsPy)[GaSn,Se¢]-1/4H,0 and
1.89 eV for (C,CiIm); 55(NHy)o.45[Ga; 751, 3Seg] (Fig. 9(c)). The
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Fig.9 (a) Crystal structure of the 3D-open-framework compound
(CoHsPy)[GaSn,Segl-1/4H,0. (b) Connection of pseudo-T4 supertetrahe-
dral clusters in the 3D-framework of the anion in (C,Cilm);22(NH4)0.48-
[Ga; 7SN, 3Segl. (c) Solid-state UV-vis spectra and (d) photocurrent
responses of (CoHsPy)[GaSnySeel-1/4H,0 (1) and (CoCilm)122(NH4)0.48-
[Ga17Sn,3Seg]l (2). Colour code: Sn/Ga = navy blue, Se = dark red,
C = grey, N = blue.
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semiconducting properties inspired an investigation of the
compounds’ photoelectrochemical performance under visible-
light irradiation.

Both materials display n-type semiconductor behaviour, as
evidenced by their anodic (positive) photocurrent responses
(Fig. 9(d)).""" The organic backbone of the IL cation hence
helped to access significantly different chalcogenido metalate
compounds. The reasons for the underlaying differences in the
formation procedure are only fragmentarily understood and
requires further investigation.

ILs as alkylation agents

Supertetrahedral chalcogenido metalate clusters, a subclass
of chalcogenido metalates, are comprised of the following
types of clusters: basic-type Tn, penta-type Pn and capped-
type Cp(m)-''>""° Within these clusters, Tn-type clusters
can be regarded as exact structural fragments of the zinc
blende (cubic ZnS) lattice, where n denotes the number of
metal layers or metal sites along the tetrahedral edges of the
cluster."* '8

For many decades, such clusters existed either in their
naked versions without any organic attachments, or they were
significantly shielded by organic substituents (most commonly
attached to the bridging chalcogen atoms) and donor ligands
(most commonly coordinating to the metal atoms at the cluster
corners). The presence or absence of the organic groups had
major influences on solubilities and optical gaps (both increas-
ing massively in the presence of organic groups). It was highly
desirable to find a way of attaching only few organic groups to
solubilize the clusters without affecting the semiconductor-type
optical gap. However, all attempts of a controlled, post-
synthetic alkyl or aryl transfer to the clusters by common
routes, e.g., using Mel (Me = methyl) or Meerwein’s salt,"***°
had been proven unsuccessful, which was attributed to the low
nucleophilicity of the cluster anions, a mismatch of reaction
conditions, and solubility issues with the metalate clusters. In
2019, a significant breakthrough was achieved with the for-
mation and isolation of a compound with methylated sulfido-
oxido stannate pseudo-T3-supertetrahedra, [Sn;004S16(SMe),]* ",
which had previously only been observed as purely inorganic,
highly-charged anion [Sn;;04S;0]° . This development high-
lighted the safety and potential of ILs in synthetic applications.
The reaction temperature and the amount of IL used were key
factors in controlling the arrangement of these anionic clusters
in their crystalline salts. However, the most important result of
this study was the first in situ methylation of the terminal sulfide
ligands and the first access to a selectively partially methylated
chalcogenido metalate cluster. The alkyl group, released from
the IL as confirmed by NMR spectroscopy, attacked the cluster
structure to form methylthiolate groups at the cluster corners."”!
Notably, this was the first successful post-synthetic alkylation of
a chalcogenido metalate cluster, overcoming the previous chal-
lenges associated with the conventional (and more toxic) alkyla-
tion reagents mentioned above.
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The methylation was not restricted to sulfidooxido stannate
supertetrahedra; it was also successfully applied to a P1-type
ternary selenido metalate cluster [Mn,Sn,Se;;(SeMe),]®”
(Fig. 10(a)) and a tellurido metalate cluster [HgsTe,o(TeMe),]*~
under comparable reaction conditions in ILs. This demon-
strates the versatility of the method for the selective methyla-
tion of terminal chalcogenide ligands."*"

While the use of ILs with butyl-methyl(-methyl) imidazolium
cations of the type (C4(C;)C;Im)" resulted in selectively methy-
lated products, the approach was recently extended to other
alkyl groups (n-propyl through n-hexyl) by using ILs with
symmetrical cation substitution. For instance, reactions with
(C4C1C4Im)Br lead to the crystallization of selectively butylated
clusters [Sn;004S16(SBu)]*~ (Bu = butyl) in their respective salts
(Fig. 10(b)).">>1%*

The scope of selective functionalization with longer alkyl
chains was further expanded through the successful decylation
of the tellurido mercurate cluster [HgsTe;o(TeDec),]*” (Dec =
decyl), as well as the achievement of an unique heteroleptic
functionalization combining methylation and decylation in
[HgeTe,o(TeDec)(TeMe)]®~ (Fig. 10(c)). The incorporation of
these long alkyl chains at both the cluster and the charge-
compensating cations resulted in characteristic lamellar assem-
blies of cations and anions in the corresponding crystal
structures.”*

Nuclear magnetic resonance (NMR) spectra of the reaction
solutions served to prove the IL cations as source for the butyl
groups by identifying the released, neutral imidazole molecules
(Fig. 11(a)). In contrast to the more highly charged pure
inorganic analogous, or to salts of methylated clusters, species
that comprise more extended alkyl groups exhibit sufficiently
high solubilities in common organic solvents such as CH;CN.
This was confirmed by "°Sn NMR spectroscopy (Fig. 11(b)) and
mass spectrometry. Importantly, partial alkylation only leads to
minor changes in the electronic structure of the supertetrahedral
compounds, so that they maintain their characteristic optoelec-
tronic properties, and all transitions observed in the UV-Vis
spectra are of indirect, allowed nature. This opens up new
possibilities for functionalizing chalcogenido metalates without

a) b)
Fig. 10 Molecular structures of (a) the T3-supertetrahedral cluster anion
[SN1004516(SBU)4I*~, selectively butylated at its terminal S atoms, (b) the
ternary Pl-supertetrahedral cluster anion [Mn4Sn4Se 3(SMe)41°~, selec-
tively methylated at its terminal Se atoms, and (c) the cluster anion
[HggTem(TeDec)(TeMe)le’ with a heteroleptic functionalization at its
terminal Te atoms combining methylation and decylation. Colour code:

Sn = dark blue, Se = dark red, O = red, S = gold, Hg = black, Te = plum,
alkyl groups = light green.
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Fig. 11 Identification of the [Sni0045:16(SBUl4I*™ cluster in CHsCN

solution using NMR spectroscopy, (a) *H-NMR spectrum, (b) °Sn-NMR
spectrum with an increased view of the peaks to the two different Sn
atomic sites (Sn* = red, Sn® = blue). The observed relative intensities do not
reflect the actual site population due to the measurement technique.
Reproduced with permission from Wiley-VCH.

affecting their physical properties in an undesired way.'?>*** The
examples underscore the importance of the role of ILs as
effective reagents. The in situ alkylation facilitated by ILs high-
lights their ability to actively participate in chemical transforma-
tions. Furthermore, the extension of this method to longer alkyl
chains and heteroleptic functionalization highlights the versati-
lity of the ILs’ use for tuning solubility and structure properties
of the products while preserving the electronic structure of the
resulting compounds.

ILs providing donor ligands for metal
atoms

ILs have been demonstrated to exhibit dual reactivity in their
interactions with terminal chalcogen atoms of chalcogenido
metalate clusters. In addition to alkylating these chalcogen
atoms (as discussed above), under suitable reaction conditions,
they can alternatively replace them entirely. This enhanced
versatility significantly broadens the scope for cluster modifica-
tion, thereby enabling precise control over structural and
electronical properties for a wide range of applications.

An example in this context involved the synthesis of four
isostructural compounds comprising discrete In-based T3-type
clusters, namely (C4C;C;Im)s[In;(¢Ch;6Cl3(C4C1im)] (Chye = Sy;
S;.125€g.88; S€13.80T€2.20)- In these clusters, three of the four In
atoms at the corners of the supertetrahedra are coordinated by
terminal Cl™ ligands, while the fourth corner exhibits a neutral
(C4Cqim) ligand. Again, the neutral (C,C;im) molecule was
formed in situ from the (C4C,C;Im)" cation, but in this case is
not released into the reaction medium, by used for cluster
formation; the CI™ anions also stemmed from the IL.

This journal is © The Royal Society of Chemistry 2025
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The stability of these discrete T3-type clusters is enhanced
by reducing the overall negative charge from —10 = 10-3 + 20-
(—2) in the T3-cluster [In;;,Chy]'*” to —5 = 10-3 + 16:(—2) + 3
(=1) + 0 in the modified [In,oCh;¢Cl3(C4,C,im)]’~ analogues.
Shielding of the cluster corners additionally prevented the Trn
clusters from aggregation into open framework structures.
(C4Cqim) groups are good donor ligands that stabilize the
isolated T3 clusters by coordinating to corner In atoms. At
the same time, this coordination effectively prevents the clus-
ters from further aggregation, as the (C,C;im) groups are
unable to form bridges. The organic ligand further reduces
the overall polarity of the T3 cluster unit, which appears to
contribute to the preference of the molecular form, too. As
usual, the surrounding (C,C,C,Im)" cations were shown to
contribute to the stabilization, primarily through the facilita-
tion of significant anion-: - -n interactions between the chalco-
gen atoms and the imidazole rings. The latter are aligned
parallel to the tetrahedral faces of the cluster, with the shortest
observed distance being 3.2845(5) A. It is noteworthy that the
T3-type indium selenide or telluride clusters. By adjusting the
elemental ratio of S:Se:Te, the absorption energies could be fine-
tuned from the UV to the visible spectrum, allowing precise
control of the photodegradation activity towards methyl
orange.”® In addition, slight modification of the reaction con-
ditions allowed for the replacement of the imidazole ligands
with chloride ions, resulting in the formation of (C,C;C;Im)s
[In;0Se;16Cly](Cyim),. In the presence of DMSO (DMSO =
dimethylsulfoxide) these organic-ligand free clusters could be
dispersed and degraded into nanoparticles. These nanoparticles
exhibited superior photocatalytic H, evolution activity in com-
parison to the original crystals (with organic-ligands)."*®

The substitution of terminal chalcogen atoms by compo-
nents of the IL used is not limited to the T3-type clusters
presented above; it has also been observed in T4 to T6 clusters.
This replacement occurs through the process of aliovalent
incorporation of M" (e.g., Cu”) or M** (e.g., Zn**, Cd**, Mn*").'*?
For instance, the synthesis of T5-supertetrahedral chalcogenido
metalate clusters with a ternary M-In-Ch composition
(M = Cu, Cd; Ch = Se, S/Se) has been demonstrated. It is
noteworthy that these clusters represent the first discrete
inorganic-organic T5-supertetrahedral clusters and that they
were shown to exhibit promising photoluminescence proper-
ties. The four vertex positions of the T5 core of [Cdgln,gs-
Chs,Cl3(C1im)]"> ™ (Chs, = Sesy; Seas.5523.5; S€16S36) are occupied
by one (C,im) and three CI™ ligands. As mentioned above, these
ligands are crucial for the stabilization and formation of
discrete clusters. The terminal In-Cl and In-N bonds at the
vertices provide a lower overall negative charge compared to
M-Ch bonds, which helps prevent polymerization. Further-
more, the crystallization of the compound with the [CdgIn,gSes-
$44Cl(C;im);]°~ ion demonstrated the possibility of ligand
modification. Previously, all clusters had three Cl~ and one
organic ligand, but variations in the synthesis methods lead to
the incorporation of three organic ligands while retaining only
one CI~ ligand. When Cd** was replaced with Cu’, a series of
compounds based on Cu-In-Ch clusters with different Se:S
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Fig. 12 Molecular structure of (a) [CusinzoSes,Clslim)2~ and (b) [Cusinzo-
Ses.5535Clslim)2~. Photodegradation of crystal violet in the presence of single
crystals of (c) (C4C1Ci1Im)1o[CusinzpSes,Cls(im)] and (d) (C4CiCqlm)1o[Cusinzg-
Se4g5535Cl3(im)] under visible-light irradiation monitored by diffuse reflectance
spectroscopy. Colour code: In = rose, Cd = black, Se = dark red, Cl = bright
green, C = grey, N = blue.

ratios were synthesized, namely [CusIn;oChs,Cly(im)]*>~
(Chs, = Sesy; SesssSss; Fig. 12(a) and (b)). Here, imidazole
was formed upon removal of all substituents from (C,C;C;Im)",
while in the examples discussed above, (C,C;im) or (C;im) were
retained.

Photocatalytic studies indicated that Cu-In-Ch clusters are
effective for the degradation of organic dyes under visible light,
while Cd-In-Ch clusters exhibited enhanced H, evolution
activity, with higher S content correlating with increased effi-
ciency (Fig. 12(c) and (d)). These experiments were conducted
in a closed glass circulation system with distilled water, trietha-
nolamine, H,[PtCl,], and the solid sample under Xe lamp
irradiation (4 > 420 nm). The generated H, was quantified
by gas chromatography. These modifications highlight the
versatility of cluster design in and with ILs.'”” Beyond In-
based clusters, the substitution of In*" by Ga®" has led to the
formation of a series of T5-cluster, (C4C1CiIm);o(NH,4)3[Cus.
GazoS52(SH)4],  (C4C1CiIm)g(NH,),[CusGazoSsy(SH)(Cyim),],  and
(C4C1C1Im)g 5(NH,4),[CusGazeSsy-(SH)1 5Cl(Cyim), 5] (Fig. 13). These

compounds, synthesized in (C4C;C;Im)Cl, exhibit the same
a) b) ~— )
pe
A e .
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;;u EIRETTe
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R, resestiel
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Fig. 13 Discrete T5-clusters (a) [CusGazoSsa(SH)41™™ in (C4C,Cylm)io-
(NH.)3[CusGas0Ss2(SH)4l, (b) [CusGaseSsa(SH)2(Caim)oI™ ™ in (C4C1Cilm)g-
(NH.),[CusGasz0Ss2(SH)2(Caim),] and (c) [CusGaszpSsa(SH)1sCUC4im)y s>~
in (C4C1C1|m)9_5(NH4)2[Cu56a30552(5H)1_5CI(C4im)1_5]. Organic counterions
are omitted for clarity. Colour code: Ga = green, Cu = black, S = gold,
C = grey, N = blue.
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T5-cluster core {CusGas(Ssyf, while the structures differ in the
modification of the cluster corners exhibiting Cl~, SH™, or in situ-
generated (C,C;im). The hybrid organic-inorganic compounds
show broad photoluminescence emission from 500 to 800 nm, with
the full width at half maximum being approximately 180 nm."*®
Notably, in all examples mentioned above that involve the
in situ decomposition of IL cations, the IL assumes at least a
twofold non-innocent behaviour: the cations turn into neutral
imidazole molecules, that (along with CI™ anions from the IL)
serve to terminate the supertetrahedra, or alternatively, the alkyl
groups released are transferred to the cluster corners. In addi-
tion, the unaltered Im cations act as counterions with their
discussed crucial role in structure formation and crystallization.

Polycationic chalcogenide compounds

The discussions in this feature article have so far been limited
to cases where the cations of ILs, but not the anions, are
incorporated into the final structures of crystalline chalcogen-
ido metalates. However, polycationic chalcogenide compounds
provide compelling evidence that the anions of ILs can also be
directly incorporated and as such affect the product structures
and properties.

The first breakthrough in this specific field was reported by
Kanatzidis et al. with the synthesis of the polycationic species
[Sb,SgBr,]** in a Lewis acidic IL. medium consisting of
(C,C4Im)Br and AICl;. The cation features interconnected
heterocubane-type {Sb,S,} units, which are further coordinated
by bromide ligands derived from the IL (Fig. 14(a) and (b)).
The compound has an optical band gap of 2.03 eV (Fig. 14(c))
and exhibits non-linear optical properties due to its non-
centrosymmetric structure. This enables its application for

a)

c) d) e
- 8 1600jn
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2 £1200{ =
s o 1000
.g % 800 .KDP
° o 600 ]
S £ 400 e
@ Kol ° L]
k-] g 200je ° (] =
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Bandgap (eV) Converted Wavelength, nm

Fig. 14 (a) Molecular Structure of the polycationic unit [Sb;SgBral**.
(b) Packing of the polycations and [AICl,]~ anions in the (extended) unit
cell of [Sb;SgBrallAlCl)s. (c) Absorption spectrum of single crystals of
[Sb;SgBr,][AICL]s. (d) Second harmonic generation of [SbySgBro][AlCl]3
compared to the benchmark material KH,PO,4 (KDP). Panels (c) and
(d) reproduces with permission from ACS. Colour code: Sn = dark blue,
Se = dark red. Sb = light blue, S = gold, Br = dark yellow.

17540 | Chem. Commun., 2025, 61,17530-17543

View Article Online

b) A
¥
¥

“\/J

Fig. 15 (a) Structure of the largest known molecular main group metal
polycation [SbBSemBrz]S*. (b) Packing in the unit cell of [BioTe,Br][AlCL4].
Colour code: Sb = light blue, Se = dark red, Br = dark yellow, Al = light grey,
Cl = bright green.

second harmonic generation (SHG, Fig. 14(d)) and differential
frequency generation.'*®

Following this discovery, the use of the bromide-rich IL
(C4C4Im)Br/AlBr; led to the formation of [Sby3Se;¢Br,][Sb,SesBr,]-
[AlBr,]s, a formal double salt of two polycationic units. The
[Sb13Se;6Br,]°* cation represents the largest known molecular main
group metal polycation composed of four heterocubane units,
with bromide ligands terminating the outermost Sb atoms
(Fig. 15(a)). The crystal structure of the [Sb,SegBr,>" salt is
analogous to that of the sulfur compound mentioned above.'*°

In addition to the successful synthesis of discrete polycatio-
nic species, layered polycationic chalcohalide compounds have
also been realized. Kanatzidis et al. reported an isostructural
class of such materials, including 2D-[Bi,Te,Br|[AlCl,], 2D-
[Sb,Te,Br|[AlCl,] and 2D-[Bi,Se,Br][AlCl,]. The layered 2D-
[Bi,Te,Br]" cation consists of interconnected {Bi,Te,} rings
forming extended layers by bridging Br atoms. The incorpora-
tion of [AICl,]” anions from the reaction medium provides
charge neutrality and structural stabilization through the iso-
tropic, near spherical anion (Fig. 15(b)). Notably, [Bi,Te,Br]-
[AICl,] exhibits a strongly anisotropic behaviour, as evidenced
by optical and electrical measurements as well as theoretical
calculations of its electronic band structure and density of
states.”*>™*? The capacity of ILs to incorporate Lewis acids
introduces new opportunities for the synthesis of cationic
species, diverging from the anionic compounds typically
obtained in molten salts chemistry.'*®

Further aspects

This article alluded to the capacity of ILs to interact and react
with the substrates and become an integral part of the reaction
products. It did not cover all parameters that control the role of
ILs as reaction media—most of them have simply not been
investigated in a systematic way to date. However, in this
section, we briefly refer to additional factors that influence
the reaction behaviour of ILs in order to illustrate the breadth
and complexity of the reaction space that are provided by them.
One of these factors is the ability of ILs to dissolve the reactants
at all, which depends on their polarity, which in turn is defined

This journal is © The Royal Society of Chemistry 2025
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by the composition and charge of the ions involved. A direct
consequence of this property is the resulting concentration of
the reactants, which significantly influences the kinetics of the
ongoing reactions. As another consequence of the concen-
tration of reactants and (commonly basic) additives, the reac-
tion medium will adopt a certain pH value that also plays a
decisive role—particularly in regards of framework formation
by help of hydrogen bonding interactions. There is a lack of
precise information on all these factors. This is largely due to
the fact that it is not trivial to survey and monitor the reactions,
which are usually carried out in small volumes and in sealed
ampoules or autoclaves within an oven. Future experimental
setups should be designed in a way that allows for such studies
though. A more comprehensive understanding of all the para-
meters involved in the reaction will eventually enable tailor-
made reactions for the design and development of new materi-
als in a more targeted manner.

Conclusions

The role of ILs in the synthesis of chalcogenido metalates goes
beyond their traditional role as reaction media. Their non-
innocent behaviour actively influences the formation, stabili-
zation, and functionalisation of the desired materials, provid-
ing an additional level of synthetic influence and control. By
acting as charge-balancing counterions, providers of anion- - -n
interaction, and structural stabilizer, ILs enable the formation
of discrete clusters that would otherwise be difficult to isolate.
Additionally, their ability to participate in specific transforma-
tions—such as selective alkylation of terminal chalcogenide
positions or ligand-exchange reactions at metal coordination
sites—opens up new synthetic pathways, particularly in the
context of post-synthetic modification, and thereby provides an
additional means of fine-tuning.

Beyond their role in tailoring cluster formation, ILs thus
significantly influence materials properties by controlling solu-
bility, optical absorption and electronic conductivity. Besides
charge balance and spatial separation, ILs prevent unwanted
aggregation while promoting the formation of well-defined,
discrete clusters with distinct structural and electronic
properties.

Their overall function as structure-directing agents, charge-
compensating counterions and even reactive species broadens
the scope of cluster engineering and allows the design of
functional materials.

In summary, this feature article highlighted the significant
impact of non-innocent ILs on the development of novel
functional materials and underlined the need for continued
research to fully realise the versatility of ILs in the synthesis
and post-synthetic modification of chalcogenido metalate
compounds.
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