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ARTICLE INFO ABSTRACT
Keywords: Chalcogenido metalate-based clusters, comprising cluster cores with directly bonded metal cations and chalco-
Chalcogenido metalate-based compounds genide anions, have been a focus of inorganic and materials research for decades, owing to their structural
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elegance and captivating catalytic-related and optical-related properties. The introduction of a ligand sphere to
functionalize, bridge, or separate these clusters can help to stabilize and control the topology as well as chemical
and physical properties of such compounds owing to interactions between clusters and ligands. In addition, this
multiplied the product spectrum in the chalcogenido metalate-based cluster family. In this article, we give an
overview of the recent developments of ligand-functionalized and ligand-bridged or organyl-separated chalco-
genido metalate-based compounds. For this, we selected some prototypical cluster families, ranging from
supertetrahedral clusters and cluster of related compositions but other structural motifs, to coinage metal clusters
and compounds based on octahedral transition metal arrangements. By summarizing the research on these
species, this review will provide a general overview of the syntheses and structures of selected contemporary
ligand-functionalized and ligand-bridged or organyl-separated cluster compounds, contribute to understand the
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formation of the molecular structures and give some further insights into the effects of their functional

modifications.

1. Introduction

Cluster molecules are often regarded as atomically precise in-
termediates between small(er) molecular compounds and nano particles
or bulk solids, both lacking the atomic precision [1-3]. The development
of cluster chemistry is therefore of significance to understand the nature
of chemical bonding and reactivity at molecular scale, and leading to
unique fundamental properties and practical applications of solid-state
compounds that can be precisely controlled [4-8]. The last half cen-
tury has witnessed the explosive growth of a wide spectrum of cluster
families ranging from non-metal clusters to clusters comprising only
metal atoms or a mixture of both. Examples are fullerenes [9], boranes
[10], chalcogenido metalates [11], polyoxo metalates [12], and Zintl
clusters [13], amongst many others. Owing to a combination of their
structural beauty, a rich variety of compositions and structures, as well
as a number of appealing catalytic and optical properties, chalcogenido
metalate-based clusters have stood out [14-16]. Therefore, they are in
the focus of this article.

Chalcogenido metalate-based clusters are composed of either tran-
sition metal [17] or main-group metal cations [18], or a mixture of both
[19], which are linked by chalcogenide ligands. They may be classified
in a variety of ways, one of which is a classification by the type of the
cluster architecture. This review mainly focuses on the families of
supertetrahedral chalcogenido metalate clusters, silver chalcogenide
nanoclusters, and octahedral Chevrel-type cluster molecules.

The most prominent supertetrahedral chalcogenido metalate clusters
belong to the Tn, Pn, and Cn(,m) families (for a definition of the
respective cluster types, see Section 2) [20]. They are constructed by
corner-sharing or corner-linked [MCh4]%™ subunits (M = metal cations;
Ch = 827, se?™, Te?"). Selected examples are shown in Fig. 1.

Coinage metal nanoclusters can be described as a combination of
“MoCh” or M (M = Cu, Ag, Au) in a cluster core of rather spherical
symmetry, which is surrounded by chalcogenolate ligands [15,21-25],
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Fig. 1. Selected examples of the Tn, Pn, and Cn(,m) supertetrahedral chalco-
genido metalate cluster families. (a) T3-[M;0Ch;6X4]9". (b) P1-[MgCh;3X4]%".
(c) CO-[MgCh;3X4]%. (d) C2,1-[M3,Chs0X4]9. M metal atoms, Ch  chal-
cogen atoms, X  terminal anions or ligands, q  charges. T1-type [MCh4]%®

units are shown as a dark-red colored polyhedra, anti-T1-type [ChM4]?" units
are shown as teal colored polyhedra.

with many of the prototypic examples being based on silver chalco-
genides. Clusters that refer to Chevrel phases [26] are based on mole-
cules with the general formula of [M¢Chgl® as building units. In this
structure, octahedra of metal atoms are enclosed by eight face-capping
chalcogenide ligands. All of these cluster types are discussed in more
detail in the respective chapters within this article.

Although there are reports on naked chalcogenido metalate-based
clusters, including record holders in size [27-29], most reported mole-
cules based on polynuclear M/Ch motifs are decorated with ligands for
functionalizing, bridging, or separating the cluster moieties and are in
the focus of this review [30-32]. Ligand functionalization not only
stabilizes the chalcogenido metalates, but also plays a significant role to
control the size and assembly/packing of the compounds in the solid
materials [15]. Furthermore, their properties can be effectively modified
through introducing specific ligands. For instance, the attachment of
redox-active ferrocene-based groups to the clusters endows them with
an electrocatalytic activity, and the decoration with amine groups has
been shown to trigger fluorescence [33]. Their addition is also helpful to
improve the solubility of chalcogenido metalate-based clusters in stan-
dard organic solvents, which opens up the door to many analytical
methods, such as mass spectrometry (MS), nuclear magnetic resonance
(NMR) spectroscopy, and transmission electron microscopy (TEM) for
instance, to better understand the molecular structures and investigate
the formation mechanisms of such clusters in specific cases [34,35].
Overall, such organic-inorganic hybrid materials show a promising
application potential within nano-chemistry and reticular chemistry.

As a comprehensive overview of all known and reported chalcoge-
nido metalate-based clusters would rather fill a book than a review
article, we concentrate on some types of corresponding cluster com-
pounds, which turned out to be particularly topical in recent years. We
discuss the syntheses and structures of selected ligand-functionalized
and ligand-bridged or organyl-separated chalcogenido metalate-based
compounds (Scheme 1) of the types briefly introduces above, and
properties that stem from their specific compositions and structures. We
split the contents into the following chapters: 2. Ligand-functionalized
and ligand-bridged supertetrahedral chalcogenido metalate-based
compounds; 3. Ligand-functionalized and organyl-separated chalcoge-
nido metalate-based compounds exhibiting other cluster architectur-
es—ranging from discrete to polymeric units with more unusual (sub)
structures; 4. Ligand-functionalized silver chalcogenide cluster-based
compounds—ranging from chalcogenide/chalcogenolate-functionaliz
ed species to polymers; 5. Ligand-functionalized and ligand-bridged
transition metal chalcogenides based on {RegSeg}, {CogSes},
{Mo3Chy} (x =4, 7), {Fe4S4}, or {C04S4} units. In chapter 6, we refer to
the persisting challenges and give an outlook for this specific area of
cluster chemistry, as we hope that this review contributes to the
continuous developments of these fields in the near future.

2. Ligand-functionalized and ligand-bridged chalcogenido
metalate-based compounds

2.1. Ligand-functionalization of discrete supertetrahedral chalcogenido
metalate-based clusters

Supertetrahedral chalcogenido metalate-based clusters (vide supra)
are considered as ideal candidates for modelling the structures, as well
as the properties, of bulk metal chalcogenide semiconductors [36].
However, issues still remain. Limited solubility and chemical sensitivity
(mostly against O,) or limited thermal stability, especially for selenido-
and tellurido-metalates, hinder an in-depth understanding of the
behavior of these compounds in solution. To deal with these issues,



ligand-functionalization offers itself as a promising solution.

To describe the build-up of supertetrahedral clusters that refer to the
sphalelite architecture, the Tn nomenclature is commonly used [37-39].
It formally considers the overall tetrahedral molecule to be built up from
small tetrahedral [MCh4]¢ subunits condensed at their corners, where n
is the number of such units to be found on an edge of the super-
tetrahedron. As examples, [SnS4]4 would be classified as a T1 cluster,
while the cluster core of adamantane-like compounds such as
[(PhSi)4Se] (1, Fig. 2a) are fall into the T2 category [40]. A T3-type
cluster is found with the anion in (H"-NC;Hg)5[Ga10S16(NC7Ho)4] (2,
Fig. 2b) [41]. The anion [In16Cd4831(DBN)4]6 (in 3, DBN = 1,5-dia-
zabicyclo[4.3.0]non-5-ene) is an example of a T4-type cluster (Fig. 2c)
[42] and the anion [CusGasoSs2(SH)2(C4Ciim)o]' (in 4, C4Cqim =
1-Butyl-2-methylimidazole) represents a T5 cluster decorated with
imidazole (im) groups (Fig. 2d) [43]. All four compounds will be dis-
cussed in more detail below. In ligand-functionalized compounds,
typically the terminal chalcogenide atoms at the supertetrahedron
corner of a prototypic supertetrahedral cluster is replaced with an
(anionic) organic group, such as alkyl or aryl, or a neutral donor-type
ligand, such as pyridyl-based functionalities or imidazoles. If not
otherwise stated, this is the substitution pattern for all compounds
described in this chapter.

Of all the Tn cluster types of chalcogenido metalate-based clusters,
T2-type clusters have been investigated most extensively. An example
for this is T2-[(PhSi)4Se] (1, Fig. 2a), in which phenyl groups bound to a
sulfido silicate-based adamantane-type cluster. It is noteworthy to
mention that every part of this molecule can be varied. The Si and S sites
can be replaced by Sn or Ge and Se or Te respectively, and almost any
organic ligand can be attached, leading to multiple possibilities to
modify and affect the stability and properties of the compounds. This
generally applies to most of the Tn clusters, and is not specific to the T2
type. Hence, the following discussion highlights the synthetic methods
to prepare clusters of all Tn type.

The ionothermal synthesis method has recently emerged as a very
convenient method for the synthesis of chalcogenido metalate clusters
decorated with ligands. The reactions take place in ionic liquids at
elevated temperatures (and concomitant pressure increase). In most
cases, alkylimidazolium-based ionic liquids (ILs) of the general type
(Cm(Cp)CoIlm)X (m, n, o = number of C atoms in the alkyl chains at
position 1, 2, and 3 of the imidazolium ring (Im); X = anion) are used
[44,45]. There are some prominent examples of the ionothermal treat-
ment of precursor salts and/or elements with ILs to form ligand-
decorated Tn-type chalcogenido metalate-based clusters.

The first ionothermally synthesized clusters with ligand decoration
were the T5 clusters [Cu5Ga30552(SH)2(C4C1im)2]11‘ (in 4, Fig. 2d) and
[CusGasoSs2(SH)1 5C1(C4C1im); 511> (in 5), where the IL (C4C;C1Im)Cl
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decomposes in situ to generate (C4C;im) ligands that coordinate to two
(in 4) or one and a half (in 5) of the gallium atoms at the corners of the
cluster. Both compounds were synthesized by the reaction of
(H*—en)z [GasSy(en)s] with Cu(NO3)2-3H20 in (C4C1C1Im)Cl at 160 °C
in a stainless steel autoclave for 5 (4) or 7 (5) days, respectively [43]. In
subsequent work, the T3 clusters [In;oChyCl3(C4C1im)]° (Chy = S16, in
6a; S7.12Seg gs, in 6b; Sejq, 6¢; and Sejs goTes 20, in 6d) were generated
this way, which contain a coordinating (C4C;im) ligand on one indium
atom with the other corners being substituted by chlorine atoms. These
compounds were synthesized from the elements (In, Ch) in (C4C;C;Im)
Cl and methylamine [46]. Further variation of the reaction conditions
allowed the formation of three novel Cu-In- and Cd-In-based T5 clusters
with different chalcogen moieties, [CusInzoSxSes2 xCls(im)] 12- with x =
0 (in 7a),3.5 (in 7b); [CdslnygSySess xCla(C1im)1'Y™ (Ciim =
1-methylimidazole) with x = 0 (in 8a), 23.5 (in 8b), 36 (in 8c), and
[CdeIn2gS44SesCl(Crim)s]® (in 9). They were obtained by a microwave-
assisted ionothermal process starting from the elements, CuSCN (for 7),
or CdCl; (for 8 and 9) in (C4C;C;Im)Cl under addition of diluting sol-
vents, namely thiourea, and/or amines. Here, imidazole in 7 or
1-methylimidazole in 8 and 9 serve as ligands that coordinate to the
terminal metal atoms (i.e., In) [35].

Another strategy of ionothermal synthesis uses alkali metal chalo-
genido (semi)metalates (e.g., Ax[MyCh,], A =Li - K; M = Ge, Sn; Ch =,
Se) in/with alkylimidazolium-based ionic liquids (vide supra) in the
absence or presence of amines such as ethane-1,2-diamine (en) or 2,6-
dimethylmorpholine (dmmp) as auxiliaries in sealed borosilicate glass
ampoules between 60 °C and 180 °C. According to the large number of
variables possible in the starting materials and reaction temperatures,
many different clusters have been isolated in this manner. In most cases,
the ionic liquids serve as counterions or, in some other cases, protonated
en or dmmp compensate the charge of such chalcogenido metalate
clusters. In the following section we present different ways to obtain
such ligand-functionalized cluster anions from Ax[MyCh,] salts [44,45].

Recently, methylated sulfido-oxido stannate clusters based on a
(filled) T3-type architecture were obtained in salts of the general for-
mula (C4C1C1Im)4.,4[Sn10S1604(SMe)4][An]y (Fig. 3a, with x = 0, 1;
10a, as example). For their syntheses, the ionic liquid used as the re-
action medium has taken part in the reaction as source of the methyl
group [47]. The cluster cores can be derived from a hypothetical, neutral
T3 supertetrahedron of the composition *“{SnigSz}”, which in-
corporates four additional 0% anions that link the four Sn atoms. The
purely inorganic version of this cluster, [Sn;¢S2004]1%~ has been known
since many years in several different salts, which were obtained by wet-
chemical synthesis techniques [48-50]. Notably, all attempts to alkylate
this—or any related—chalcogenido metalate cluster molecule by
application of the common (harsh) alkylation procedures using common

(c)

Scheme 1. Schematical illustrations of the types of compounds discussed in this article. (a) Ligand-functionalized clusters (b) Ligand-bridged clusters. (c) Organyl-
separated clusters. The yellow cuboids represent cluster molecules, and the ligands, linkers or spacer molecules are shown as red solid lines; the latter can be either
purely organic groups, or organic molecules with donor atoms/groups, or purely inorganic molecules (NoHy,).
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Fig. 2. Molecular structures of selected ligand-functionalized Tn clusters. (a) T2-[(PhSi)4Se], functionalized with phenyl groups. (b) T3—[Ga10316(NC7H9)4]2'
decorated with 3,5-dimethylpyridine. (c) T4-[In;Cd4S31(DBN)4]®~ capped with neutral DBN molecules. (d) T5-[CusGaseSsa(SH)2(C4Cqim),]1* L~ decorated with

(C4Cyim). H atoms are omitted for clarity.

solvents and conventional, usually toxic, alkylation reagents (e.g.,
Meerwein salt or Mel) previously failed owing to the compounds’ very
small nucleophilicity. Upon the mild treatment in ionic liquid, however,
in situ methylation was achieved effectively and selectively. All corners
of the supertetrahedron were functionalized. The same methylated
cluster anion [Sn1081604(SMe)4]4’ (in 10b), can also be generated by
using an IL based on (C4C4CiIm)" cations, which confirms that
methylation is preferred over a butylation in these cases [51]. Though
both anions in 10a and 10b are the same, the overall compounds differ
in the crystal structure, as the crystal lattice is somewhat templated by
the extra steric bulk provided by the butyl group in (C4C4CiIm)*.
Switching the cation in the IL to the isomeric (C4C1C4Im) ™, resulted in
the butylation of the cluster (in (C4C1C4Im)4x[Sn10S1604(SBu)4]Bry,
11; Fig. 3b); this result also confirmed that the N-bonded ligand is the
source of the alkyl substituent to be transferred [34]. Finally, an
expansion of the study to ILs containing the cations (C,C1CyIm)" (x = 3,
5, 6), led to a series of alkylated T3-based sulfido-oxido stannate cluster
anions, [Sn1904S16(SCx)4] 4’, in 12 — 14. The clusters differ by the vari-
ation in the alkyl substituent on the terminal sulfur atoms depending on
which IL is used, and by the different alkyl groups’ effects on the packing
scheme of the cluster molecules in the corresponding crystal structures
[52]. The most remarkable effect of the attachment of the alkyl groups to
the four corners of the cluster is a significant increase in solubility upon
both charge reduction and addition of unpolar groups. As a result, the
butylated cluster dissolved readily in organic solvents like MeCN,
remarkably without loss of the wide-band semiconductor properties of
the underlying inorganic cousin. Mass spectrometry (Fig. 3c) and NMR
spectroscopy (Fig. 3d) confirmed the retainment of the clusters in so-
lution. The optical absorption properties were studied by ultra-
violet-visible (UV-vis) spectroscopy and time-dependent density
functional theory (TD-DFT) studies, which confirmed similar band gaps
in solution and the solid state, and marginal effects in comparison with
the inorganic analog and between methylated and butylated species
(Fig. 3€).

Moving away from ionothermal synthesis, an alternative strategy
was the use of organic superbases, such as DBN or 1,8-diazabicyclo
[5.4.0]lundec-7-ene (DBU). The synthesis of a supertetrahedral cluster
is a challenge due to the fact that the negative charge of the cluster in-
creases dramatically when the cluster gets bigger. Efforts have therefore
been made to reduce the negative charge. For instance, higher-valent
metal ions, such as In®>" or Sn**, were included [53], or metal com-
plex cations were used as cluster corners or to form an anionic 3D
framework [54]. In this context, the superbases can have two different
functions at a time: they can terminate the cluster corners and/or serve
as counterions upon protonation. The clusters [In16M4831(DBN)4]6 M
= Cd?*, in 3a, Fig. 2¢; Mn?*, in 3b; Co?*, in 3c¢; Fe?', in 3d) and
[Iny 0816(DBN)4]2 (in 15) are examples of a T3-type and a T4-type unit,
respectively, obtained from reactions in DBN [42]. The base acts in both
roles here: neutral DBN terminates the cluster anion by coordinating to

the metal cation in the corners (thus reducing the cluster’s overall
charge) and simultaneously, DBN serves also as charge-balancing spe-
cies in the protonated form. By adding a ligand, such as imidazole or its
derivatives, to the synthesis with superbases, the superbase will just act
as charge-balancing species, while the imidazole serves to terminate the
cluster corners owing to this base’s higher nucleophilicity. The first
cluster to be prepared from the superbase DBU in such a way was the T5-
type supertetrahedral anion [In22Cd13552(Clim)4]12 (in 16). Prior to
that study, T5-type clusters were only known to occur in 2D and 3D
frameworks [55,56]. In compound 16, however, the central {Cd;3S4}
core is embedded in an {InzyS4s} shell, which is capped by four neutral
organic molecules through N — In coordination. The (protonated)
superbase acts just as counterions, (H'-DBU), here. Therefore, these
specific cluster architectures can only be prepared upon using both the
superbase and the imidazole derivative, and consequently, the super-
base used has a marked effect on the reaction outcome: DBN could be
used as terminating species and charge balancing species while (the
larger) DBU was only found to act as a charge-balancing species. More
details of the effect of the nature of the superbase are yet to be explored
and remain an open avenue of investigation.

Most of the compounds mentioned above have also been investigated
with regards to their promising physical and optical properties, such as
photoluminescence, photoconductivity, and photocatalytic ability. The
investigation of the optical properties of chalcogenido metalate cluster-
based compounds is mostly carried out to find out whether the corre-
sponding compounds are suitable for application as innovative mate-
rials. Varying the metal and/or chalcogen atoms leads to different
optical band gaps and thus allows fine-tuning of the properties [57].

UV-vis spectroscopy of compounds 4 and 5 showed an absorption
edge of 3.68 and 3.62 eV, respectively, hence blue-shifted in comparison
to that of the purely inorganic anion [CusGag()Ssz(SH)4]13’ (3.04 eV).
However, the ligands have no effect on the photoluminescence spectra
[43]. UV-Vis spectra of compounds 6a — 6d (Fig. 4a) showed that the
absorption edge of the spectrum is red-shifted as the chalcogen is
exchanged from lightest to heaviest (6d: 2.65 eV; 6a: 3.31 eV; Fig. 4b).
Compounds 7 -9 also show a similar trend, as the band gap elevates
with increasing S:Se ratio (7: 2.15 eV, cf., 9: 3.01 eV). Changing from
indium to gallium in the copper-based T5-type clusters also led to a
larger band gap (4 vs. 8 or 9).

The catalytic activity of chalcogenido metalate-based compounds in
decomposition reactions of photodegradable organic pollutants, such as
dye impurities, e.g., methyl orange (mo) and crystal violet (cv), under
ultraviolet-light and visible-light irradiation has also become an
important area of research [35,46]. In the case of ligand-decorated
clusters, these studies have remained very rare though, and the first
investigations were performed on the discrete T3-type clusters 6, for the
photodegradation of mo. The sulfide compound 6a was found to have a
higher photodegradation efficiency under UV illumination than the S/
Se-, Se- or Se/Te-containing clusters (6b — 6d). After 80 min, cluster 6a
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Fig. 3. Molecular structures and properties of alkylated T3-type sulfido-oxido
stannate cluster anions, obtained by in situ alkylation in ionic liquids that served
simultaneously as reaction media and alkylation reagents. (a) The methylated
cluster [Sn;0S1604(SMe)4]1*". (b) The butylated cluster [SnyoS;604(SBu)4]*". C
atoms of the alkyl groups are highlighted in turquoise color. H atoms are
omitted for clarity. (c) Proof of the presence of the [Sn;S1604(SBu)4] 4 cluster
in MeCN solution by means of ESI(-) mass spectrometry. (d) Proof of the
presence of the [Sn;S1604(SBu)4]1*" cluster in MeCN solution by means of
NMR-spectroscopy (right). (e) Comparison of the solid-state UV-vis spectrum of
the salt (C4C;C4Im)4, x[Sn10S1604(SBu)4]Bry, the solution UV-vis spectrum of a
solution of (C4C;C4lm)4, x[Sn10S1604(SBu)4]1Bry in MeCN, and DFT calculations.
Reproduced from Ref. [34] with permission from Wiley-VCH.

had a photodegradation efficiency of 95.4%, while for 6b and 6c, it was
not until 120 min had passed for an efficiency of 95.7%. For compound
6d, only a degradation efficiency of approximately 69.4% was obtained
after 120 min. Changing the wavelength of the incident radiation from
UV to visible light resulted in the opposite findings. Overall, all samples
showed better catalytic activities under UV light irradiation (Fig. 4c—d)
[35,46].

The photodegradation of cv was probed using 7a and 7b as catalysts.
The mixed sulfide-selenide cluster compound (7b) exhibits higher a
photodegradation efficiency than the pure selenium compound (7a). 7b
required 80 min to photodegrade nearly 99% of the cv, whereas the 7a
required 120 min to degrade approximately 93%. This is due to the more
negative conduction band of 7b as compared to that of 7a.

Due to the suitable band position, crystalline metal chalcogenides
also play an important role in photocatalytic Hy generation from water,
e.g., the hydrogen evolution reaction (HER). Nevertheless, very low Hy
generation rates are observed for bulk crystalline metal chalcogenides
due to insufficient exposure of the active sites to the H,O molecules. The
discrete T5 clusters in 8 and 9 were investigated for photocatalytic Hy
production using the solid-state compounds in heterolytic processes. Hy
production increased with irradiation time, and the Hy production ac-
tivity increased with increasing sulfur content of the clusters. In addi-
tion, the transient photocurrent densities of these compounds were
measured to demonstrate the separation efficiency of photoexcited
electron-hole pairs upon visible-light irradiation. Solutions or disper-
sions of these compounds have not been reported, most likely due to the
inherently poor solubility of salts containing these highly-charged an-
ions [35]. An overview of the described properties of these T5 clusters is
shown in Fig. 5.

Apart from Tn clusters, a second member of the supertetrahedral
chalcogenide family is represented by penta-supertetrahedral clusters (Pn,
n =1 or 2). Structurally speaking, Pn clusters can be viewed as attachment
of four Tn clusters onto the faces of an anti-Tn cluster, which exhibit the
same geometry but inversed metal and chalcogen atomic positions—for
example [ChM4]%", in comparison with [MChy]% [58]. Overall, they
possess structural characteristics of the Wurtzite structure type, but in a
fashion that cannot be expanded to a 3D structure (in contrast to the Tn
series, which can be viewed as exact fractions of the Sphalerite structure
type). Herein, we will only mention ligand-functionalized Pn clusters. As
opposed to Tn clusters, the known Pn cluster usually comprise ligands on
all chalcogen atoms, hence on the edges and the corners of the cluster
molecules, which increasing the coordination sphere of those moieties and
has a notable impact on chemical and physical properties. The difference is
not an inherent property of the cluster family, but refers to their usually
different synthetic approaches. To obtain functionalized Pn clusters,
chalcogenolates were commonly used as starting materials and Ch sources.
For instance, by reacting NaSePh with CdI,, NayS or NaSH and [Et4N]Cl in
MeOH and MeCN, the phenyl-decorated P1 cluster anion [SCdg(SePh);¢] z
(in 17, Fig. 6a), which consists of four T1-type [CdSe4]6' units and one
anti-T1-type [SCd,4]®* unit, is obtainable [59]. Both metal and chalcogen
atoms, as well as ligands can be varied, and thus enable a wide variety of
similar functionalized P1 clusters. Larger P2-type clusters, like [CujiIn;s.
Se16(SePh),4(PPh3)4] (18, Fig. 6b), have also been isolated. In 18, the four
corners are occupied by phosphines instead of chalcogenolates, which may
generally offer opportunities for further transformation by substituting the
phosphine [60]. Although this first ligand-functionalized P2 cluster was
documented in 2000, none larger than P2 have been synthesized to date,
and remains a goal in the future development of Pn cluster chemistry.

The ionothermal route used for Tn clusters has also been successfully
applied to the synthesis of ligand-functionalized P1 clusters, however,
this (probably post-synthetic) approach has allowed a selective, partial
alkylation of the corner Ch atoms only, as described above for the T3-
based sulfido-oxido stannate cluster. For instance, the ionothermal re-
action of Ky[SnySes] and MnCl, in (C4C;Im)[BF4], in the presence of
small amounts of dmmp, led to the formation of the first methylated
selenido stannate cluster [Mn4SnsSe;3(SeMe)4] % (in 19, Fig. 6¢). Unlike



(b)

e
(2

el
S

S
o

Kubelka -Munk function
=]
=

e
)

2.0 25 30 35 4.0
Energy (eV)

(€) w

crc,

0.0

0 40 80 120 160 200
Time (min)

0 40 80 120 160 200 240
Time (min)

Fig. 4. (a) Molecular structure of the anionic cluster [In;0Se16Cls(C4C1im)]1°~ with one (C4C;im) terminal ligand and three Cl ligands; H atoms are omitted for clarity.

(b) Solid-state UV-vis spectra of [In;oChyCl3(C4C1im)]% (Chy

S16 in 6a; S7.12Seg gg in 6b; Sejq in 6¢; Seyz goTes oo in 6d). (¢) Photodegradation of mo catalyzed by

[In;oChyCl5(C4C1im)]% (6a-6d) monitored as normalized concentration change as a function of illumination time under UV light, and images of the color change of
the solutions during irradiation. (d) Photodegradation of mo catalyzed by [In;oChyCl5(C4C,im)]%>" (6a-6d) monitored as normalized concentration change as a
function of illumination time under visible light. Reproduced from Ref. [46] with permission from the American Chemical Society.

in 14a, for example, not IL cations serve as counterions in 19, but pro-
tonated dmmp molecules [47].

All ligand-functionalized discrete supertetrahedral chalcogenido
metalate cluster-based presented in section 2.1 are summarize in
Table 1.

2.2. Ligand-bridged and ligand-functionalized chalcogenido metalate-
based supertetrahedra

As alluded to earlier, compensating for the high charge of super-
tetrahedral clusters is a significant synthetic challenge. In this section,
the linkage of anionic clusters by bridging ligands will be presented as
another approach into this direction.

In 2008, 1,2-bis(4-pyridyl)ethylene (DPE) and its derivatives were
used as bridges to synthesize gallium-sulfide-based supertetrahedral
clusters, in which the sulfur atoms at the vertices had been replaced by a
ligand [61]. The anion in (H*—NC6H7)2[Ga10516(NC6H7)2(DPE)] (20,
Fig. 7a) consists of one-dimensional zigzag chains of alternating T3-type
clusters and dipyridyl-ligands, with the two remaining vertices of the
supertetrahedral clusters terminated by monodentate 4-methylpyridine
molecules. The anion in (H+—NC7H9)2[Galoslﬁ(NC7H9)(DPE)3/2] 21)
also contains supertetrahedral clusters of the T3 type, but in this struc-
ture, three of the terminal S*~ anions have been replaced by DPE, while
the remaining vertex is terminated by a 3,5-dimethylpyridine molecule.
Using the DPE group, which acts as the bridge, led to the formation of
layers with a honeycomb-like topology of the cluster framework with a
pore diameter of ca. 30 A (Fig. 7b).

In addition to networks, the first dimer-type anions of ligand-
functionalized supertetrahedra have been prepared. Here, both DPE
and 4,4-bipyridine (bpy) molecules were used as bridges, with the
amine groups of the linker in both structures covalently bound to a
supertetrahedral T3-type cluster, while the remaining vertices were also
functionalized by ligands [62]. In the dimeric anion of the salt
(H*—NC7H9)5[Ga20534H2(NC7H9)4(DPE)] (22), two vertices of each
supertetrahedral cluster are terminated by 3,5-dimethylpyridine, and
one is protonated to form a (SH)™ group. Two different types of cluster
units are observed in the anionic substructure of the salt
(H*-NC7Ho)[Ga10S16(NC7Ho)(bpy)s] [GazoS32(NH3)2(NCsHy)4(bpy)]
(23). One of them, [Gazong(NHg)Z(NC6H7)4(bpy)]‘F, is a dimer of two
supertetrahedral clusters that are bridged via a bpy molecule. Two ter-
minal S* anions of each supertetrahedral cluster in the dimer were
replaced by monodentate amine linkers, and the remaining vertex is
terminated by NHs. The other anion is a monomeric supertetrahedral
anion, [Ga10516(NC7H9)(bpy)3]2‘, terminated by one 3,5-dimethylpyri-
dine and three bpy molecules.

A new level of structural hierarchy could be achieved with the
compound  (H™-NCsHs)g[(Ga10S16)7(NC2H7)4(NCeH7)g(N2C12Hi 2)s]
(24) [63]. Again, the salt is based on the T3-type [Galosls(NC6H7)4]2’
cluster units introduced above, yet with different connection modes
(Fig. 7¢).

Four T3 clusters are bridged via bpy ligands to a central T3 subunit in
a tetrahedral fashion. Each of these assemblies of five clusters is con-
nected via additional bpy bridges to four further T3-type clusters, which
in turn serve as bridges to the next four assemblies—this way extending
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Fig. 5. (a) Illustration of the proposed photocatalytic mechanism for photodegradation of cv by [CusIns,S,Sess_Cla(im)]*27; only the inorganic cluster core is shown
in polyhedral form for clarity. (b) Photodegradation of cv using [CusIngoSes;Cls(im)] %~ under visible-light irradiation, monitored by optical absorption spectroscopy.
(c) Photodegradation of cv using [CusInzoS3.sSe4s.sCla(im)]'? under visible-light irradiation, monitored by optical absorption spectroscopy. (d) Band structures of
[CusIngoSsSess xCly(im)]'2~ with x 0, 3.5, [CdglnagSySess xCl3(Crim)]'Y™ with x 0, 23.5, 36, or [Cdgln,gS44SesCl(Ciim)3]°", determined through impedance/
potential measurements. (e) Photodegradation of cv under catalysis of [CusIngoSes2Cls(im)]*2~ (black line) and [CusInseSs sSess sCly(im)]1*2” (red line) monitored as
normalized concentration change as a function of irradiation time under visible light and images of the color change of the solutions during the irradiation. (f)
Transient photocurrent density versus time for [CusInspSiSess Cls(im)1'%~ with x  0,3.5 and (g) for [CdglnysS,Sesz «Cl3(C1im)]'~ with x 0, 23.5, 36 or
[CdgIngS44SesCl(C1im)s]°. (h) Schematic representation of the proposed mechanism of the photocatalytic H, production from H,O and catalysts
[CdgInagSySess xCl3(Crim)]' Y™ with x 0, 23.5, 36 or [CdglnggS44SesCl(Cqim)3]°, only the inorganic cluster core is shown in polyhedral form for clarity. (i)
Comparison of the photocatalytic H, evolution from H,O in the presence of [CdgInggSySess xCl3(C1im)]M ™ with x 0, 23.5, 36 or [CdglnagS44SegCl(Cyim)s]~ upon
illumination with Xe lamp with a cut off filter. Reproduced from Ref. [35] with permission from Wiley-VCH.

(b)

Fig. 6. Molecular structures of selected ligand-functionalized Pn-type chalcogenido metalate clusters (n  1-2). (a) Ph-decorated supertetrahedral P1-type cluster
anion [SCdg(SePh)16]1%. (b) Triphenylphosphine-terminated P2-type cluster [Cu;;In;sSe;6(SePh)24(PPh3)4]. (c) Methylated P1-type cluster [Mn,SnsSe;3(SeMe) 418~
obtained from ionothermal reactions. H atoms are omitted for clarity.

into a 2D network. The two remaining vertices of the bridging T3 while the three crystallographically distinct T3 clusters form secondary
clusters are bound to en molecules. The structure of the compound building blocks. The assemblies of five cluster molecules tethered
represents a new complexity in this class of materials. The individual together by bpy linkers are tertiary building blocks that form the next

[GaS4]° tetrahedra can be considered as the primary building blocks, level of the structural hierarchy.



Table 1

Summary of the ligand-functionalized discrete supertetrahedral chalcogenido metalate-based clusters presented in section 2.1.

Compound Reactants Temperature Ref.
(9]

[(PhSD4Se] (1) Na,S, PhSiCl; in THF 0tort [40]

(H"-NC;Hg)12[Ga10S16(NC7Ho)4] (2) Ga and S in 3,5-dimethylpyridine 170 [41]

(Cat)g[In16M4S31(DBN)4] (3) Li»S, In(NO3)3-xH,0, MX-yH,0 in 2-amino-1-butanol, DBN or DBU, and MeCN (MX = Cd 150 [42]
(NO3)2, Mn(Ac),, CoCl,, FeS0O4)

(C4C1C1Im)g[CusGazpSs2(SH)2(C4Cqim),] [NH415 (4) (H"-en),[GasS;(en),], Cu(NO3)2-3H,0, thioacetamide, 4,4-bipyridyl in (C4C;C;,Im)Cl with 160 [43]
dimethylamine

(C4C1C1Im)g 5s[NH4]2[CusGazoSs2(SH)1 sCL (H"—en),[GasS7(en),], Cu(NO3)2-3H,0, S, NayCOs in (C4C;C;Im)Cl 160 [43]

(C4Cyim)1 5] (5)

(C4C1C1Im)s[In; ¢Ch,Cl3(C4Cqim)] (6) In, Ch in (C4C;C;Im)Cl and methylamine (Chx = S16, S7.125€5.88, Se16, Se13.80T€2.20) 160 [46]

(C4C1C1Im)12[CusIngpSySesa xCla(im)] (7) In, Se, CuSCN in (C4C;C;Im)Cl with MeCN, C,im, (thiourea) and DBU (x = 0, 3.5) 150 [35]

(C4C1C1Im)11[CdgInygSySess xCl3(C1im)] (8) In, S, Se in (C4C;C;Im)Cl with C;im, CdCl, and thiourea (x = 0, 23.5, 36) 150 [35]

(C4C1C1Im)g[CdgInsgS44SegCl(Cyim)s] (9) In, S, Se in (C4C;C1Im)Cl with C;im, CdCl, and thiourea 150 [35]

(C4C1C1Im) 4, x[Sn10S1604(SMe)4][An]x (10a) A4[SnS4]-zH,0, (MnCly) in (C4C4C;1Im)Cl/[BF4] with en or dmmp (x = 0, 1, AM/z = Li/13, Na/ 150 or 180 [471
14)

(C4C4C1)4[Sn1004S16(SMe)4] (10b) K4[SnS,4]-4H,0 in (C4C4C1Im)Cl with dmmp 180 [51]

(C4C1C4Im) 4, «[Sn1004S16(SBu)4]Bry (11) K4[SnS4]-4H50 in (C4C;C4Im)Br with dmmp 180 [34]

(C3C1C3Im)4[Sn1904S16(SPr)4] (12) Nay[SnS4]-14H50 in (C3C;C3Im)Br 180 [52]

(C5C1CsIm)4[Sn1004S16(SPn)4] (13) Nay[SnS4]-14H50 in (CsC1CsIlm)Br 180 [52]

(C6C1C6Im)4[Sn1004S16(SHx)4] (14) Nay[SnS4]-14H50 in (C¢CqCelm)Br 180 [52]

(H"-DBN);[In;0S;6(DBN)4]-(MeCN)-(H,0) (15) LiS, In(NO3)3-xH,0 mixed with 2-amino-1-butanol, MeCN and DBN 150 [42]

(H"-DBU)gLi3[In,5Cd; 3852(C1im)4]-2(MeCN)-31H,0 Li,S, In(NO3)3-xH50, Cd(NO3),-4H,0 mixed with 1-methylimidazole, 2-amino-1-butanol, 150 [42]

(16) MeCN and DBU

[Et4N]2[SCdg(SePh),¢] (17) NaSePh, CdCl,, and NasS or NaSH in MeCN/MeOH rt [59]

[Cuy1In;5Se;6(SePh),4(PPhs),] (18) CuCl, InCl3, PhSeSiMes, Se(SiMes),, and PPhs in THF rt [60]

(H"—dmmp)s[Mn4Sn,Se; 3(SeMe),] (19) K5[Sn,Ses], MnCl, in (C4C1Im)[BF4] with dmmp 120 [47]1
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clusters. (a) Intertwined helical chains (discriminated by green and blue poly-

hedra, respectively) of 1D—{[Galoslﬁ(NC6H7)2(DPE)]2’} in 20 (b) Honeycomb layers in 2D-{ [GamSl(,(NC7H9)(DPE)3/2]2’} in 21. (¢) Interrupted 2D networks in
(H"-NCsHs)s[(Ga10516)7(NC2H;)4(NCeH7)s(DPE)g] in 24. Each individual polyhedron represents a [GaS4]°~ motif. H atoms are omitted for clarity.

To achieve a new type of ordering, 4,4-trimethylenedipyridine
(TMDP) was used as an additional linker along with DPE to synthesize
discrete nanotubes of (HT-NCyH7)2[Ga;¢S16(N2C12H12)(NCoH7)2] (25).
The anion in 25 is built up from chiral helical chains of alternating
supertetrahedral T3 clusters and DPE ligands. Four single-stranded he-
lical chains are intertwined to form a four-stranded helical nanotube
with an outer diameter of 30 A and an inner diameter of 2 A. While
smaller DPE ligands thus enabled the generation of single-walled chiral
nanotubes, larger TMDP ligands gave rise to the formation of
(H™-NCsHs)3[Ga10S16(OH)2(TMDP),] (26), in which, for the first time,
organic and inorganic ligands coexisted between supertetrahedral
clusters in the same structure. The 2D structure is built of T3-
[Ga10S16(OH)2(N2Ci3H14)2] 4 clusters, and each T3 cluster is bridged via

u2-(OH)™ groups to two neighboring clusters. These chains in turn are
bridged via TMDP ligands to form the final 2D network [64].

The supertetrahedral cluster T3-[CdgAg4(SPh);6(DMF)(H20)(DPE)]
(DMF = N,N-dimethylformamide) was used as a building block for the
synthesis of crossbridged discrete supertetrahedral chalcogenolate
clusters with conjugated bipyridine linkers. The strategy to control the
dimensions of the coordination polymers utilized here was to tune the
ratio between [CdgAg4(SPh);¢] clusters and DPE linkers. Two equiva-
lents of DPE in the synthesis resulted in the formation of the diamond-
like framework 3D-[CdgAg4(SPh)16(DPE),)] (27, Fig. 8c) [65], while
the use of smaller relative amounts of DPE resulted in the formation of a
strands-like assembly in 1D-[CdgAg4(SPh)16(DMF)(H2O)(DPE)] (28,
Fig. 8a) [66]. Both structures comprise the initial T3-[CdgAg4(SPh);6]
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Fig. 8. Extended structures based on T3-[CdgAg4(EPh);6] cluster units. (a) 1D-[CdgAg4(SPh);6(DMF)(H,0)(DPE)] chain. (b) 2D-[CdeAg4(ChPh);6(TMDP),] (Ch S,
Se) layers. (c) 3D-[CdgAg4(SPh)16(DPE),)] framework (an adamantane unit within the network highlighted by lavender lines as a guide to the eye). Black polyhedra

represent [CdS4]6’, yellow polyhedra represent [AgS4]7’ units.

building unit, but with different connection modes. In 27, each T3
cluster is coordinated by four DPE ligands, which in turn connect two T3
clusters each. In compound 28, only two vertices of the T3 cluster are
decorated by DPE ligands, while the remaining two vertices are coor-
dinated by solvent molecules. By changing the bridge from the linear
and rigid DPE bridge to the more flexible TMDP, the layered structure of
2D-[CdgAg4(ChPh);6(TMDP),] (29, Ch = S, Se, Fig. 8b) was obtained
[67].1In 29, T3-[CdeAg4(EPh);6] clusters act as building units again, and
each T3 cluster is connected to four TMDP bridges. Each of them in turn
is connected to two T3 clusters, which results in a wave-like network
architecture. All three compounds show photocatalytic activity in the
degradation of organic dyes.

The chromophoric ligand tris(4-pyridylpheny)amine (TPPA) allowed
for the synthesis of two new supertetrahedral chalcogenolate cluster-
based assembled materials (SCCAMs), namely 1D-{[Cd;2Ags(SPh)32(TP
PA)(DMF)3(H20)2]-2DMF} (30) and 2D-[Cd;2Ags(SPh)35(TPPA);(DMF)
(H20)1 (31). The two compounds are formed depending on the ratio
between the bridges and the starting material Cd(SPh), used in the
synthesis. A ratio of 1:6 equivalents of TPPA and Cd(SPh),, respectively,
yielded 30. Here, one TPPA linker connects three clusters such that two
clusters connect to four others, while the third one only exhibits a
connection via one ligand to two other clusters. As a result, a 1D struc-
ture is obtained. If the ratio is increased to 1:3 (TPPA:Cd(SPh),), com-
pound 31 is obtained instead. Here, all cluster nodes are three-
connected through the TPPA ligands, resulting in a 2D sheet with a 63
honeycomb network [68].

The structures discussed above demonstrate that the incorporation of
bridge molecules based on N-donor heterocycles as ligands can vastly
extend the architectures of chalcogenide networks. Besides pyridine-
based bridges, imidazolates can also be used to bridge super-
tetrahedral clusters. 3D networks consisting of u4-supertetrahedral T3-
type or T4-type clusters connected by various imidazolate bridges, so
called supertetrahedral cluster imidazolate frameworks (SCIFs), were
synthesized [69]. The special feature of these structures is that the size
and geometry of their pore space can be influenced by the size of the
cluster and the type of substituents on the imidazolate bridges. For
example, the anionic substructures 3D-{[In16Cd4S31(2-C2im)51%} (in
32, 2-Cyim = 2-ethylimidazole) and 3D-{[In16Cd4S31(5,6-C1C1Bim)2]1%}
(in 33, 5,6-C;C1Bim = 5,6-dimethyl-benzimidazole) were the first ex-
amples of covalently ligand-bound assemblies of T4 clusters.

In 2018, the use of a mixture of imidazolate bridges and superbases
led to the formation of two new metal chalcogenide imidazolate
frameworks, (H'-DBU)s[(In;0S17)(IM)] (34) and (H'-DBU)g75[(Cdy4

In16S31.5)(IM)1.75] (35, IM = imidazolate) [70]. In 34, each T3-
[(Iny¢S17)(IM)] cluster is connected to four surrounding T3 clusters by
sharing two IM units and two ps-S? ligands at the corners of the
supertetrahedron, thereby building a 3D architecture with a distorted
doubly-interpenetrated diamond-like structure (Fig. 9a). Compound 35
contains an interrupted 3D-network with a unique topology based on 3-
connected and 4-connected T4-[(Cd4Ini6S31.5)(IM)1.75] clusters, with
the former featuring a terminal (SH)™ group at one of the four corners.
The two kinds of differently connected clusters are distributed at regular
intervals in a 1:1 ratio. Together, they form a 3D framework that evolves
from 2D wave-like layers, which are connected to each other by the four-
connected T4 clusters (Fig. 9b).

In addition to imidazolate bridges, 1,2,4-triazolate (TZ) bridges are
also widely used, although these show some differences from imidazo-
late bridges. 1,2,4-Triazolate has more N-atoms compared to imidazo-
late, and a lower Lewis basicity. Two new supertetrahedral cluster-based
triazolate frameworks (SCTFs) were prepared by incorporation of TZ
ligands [71]. Both reported structures are built from condensed T3
{In1¢S20} clusters and TZ bridges to form hybrid structures, (H*-DB
N)5.5[(In10S17.5)(TZ)o.5] (36) and (H'-DBN)s[(In10S17)(TZ)] (37). In 37,
one corner of the T3-InS cluster is bound to one TZ bridge, while the
remaining three corners are connected to neighboring clusters via -S>
bridges. Altogether, this results in a distorted diamond-like architecture
(Fig. 9¢). 36 has a similar structure, but with a yz—Sz’/TZ ratio of 2:2,
which yields 1D zigzag chains of T3 clusters that are connected via TZ
bridge.

So far, all structures shown have been based upon N-donor ligands.
In addition, chalcogenide frameworks in which the clusters are bridged
by O-donor bridges were reported—in 2018 for the first time. They form
assemblies from clusters ranging from T3-type to T5-type architectures
[72]. The anion 1D—{[(In10516)(H20)2(BTC)]4’} (in 38, BTC = benze-
netricarboxylate) is built of a T3-{In;(S1602} cluster, in which two sulfur
atoms at the vertices are replaced by oxygen atoms from water mole-
cules. The two remaining vertices are bridged via BTC ligands to form a
1D chain (Fig. 10a). [(Fe4In;6S31)(H20)3(BTC), /3]7' (in 39) isbased on a
T4-[Fe4ln;6S3103] cluster, where three vertices were replaced by oxygen
atoms from water molecules. The last remaining vertex is bound to one
BTC ligand, and one BTC ligand in turn is connected to three other T4
clusters to form a discrete anionic supramolecular assembly (Fig. 10b).
The T5-type secondary building units of 2D-{[(In35S4805)(H20)
BT 3 (in 40) represent the largest supertetrahedral sulfido-oxido
nanoclusters of the Tn series, while all other reported examples if Tn-
type sulfido-oxido clusters exhibited n = 2, 3, 4 [73,74]. In 40, the T5



Fig. 9. Polyhedral representation of sulfido metalate clusters bridged by IM or TZ bridges. (a) (H"-DBU)s[(In;0S17)(IM)]. (b) (H"-DBU)g 75[(Cd4ln;S31.5)AM); 751
(¢) (H™-DBN)s 5[(In10S17.5)(TZ)o.5]. Rose polyhedra represent [InS,]>~ units, black polyhedral represent [CdS,]® units.
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Fig. 10. BTC-bridged assemblies of supertetrahedral chalcogenido metalate clusters. (a) one dimensional T3-{[(In10516)(H20)>(BTC)]1*}. (b) discrete T4-
[(Fe4Iny6S31)(H20)3(BTC)q /3]7" (¢) two dimensional T5—{[(In3584808)(BTC)(H20)]10’}. Rose polyhedra represent [InS4]%", black polyhedra represent [FeS41°".
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Fig. 11. Polyhedral representation of assemblies of In/S and Ga/S-based clusters. (a) (H3—dach){[Ni(dach)s][In;2Ss(dach),1}-3H,0 with [IngSy(dach)418" units
bridging T3-type {In;oSzo} clusters. (b) [Mn(dach);]%*-linked heterometallic T3-{Mn,Ga,SnsSz} clusters. (c) [TM(TEPA)]3[Ga;10S1oSHSb]. Rose, sea-green, and
dark-blue polyhedra represent [InS4]%, [GaS,4]°", and [SnS4]*", respectively. H atoms are omitted for clarity.



cluster can be described as a T5-{In35Ss2} with four of the sulfide ligands
in the cluster core being replaced by oxide ligands, and four additional
oxide atoms being inserted into four of the central admantane-type
cages. The T5-type units are assembled in a plane and oriented in the
same fashion. Each of them connects to three bridging BTC molecules
(and vice versa) to form a 2D-superlattice with a honeycomb-like to-
pology if T5-type cluster and BTC ligands are viewed as three-connected
nodes (Fig. 10c).

Using 1,2-diaminocyclohexane (dach), (H;-dach){[Ni(dach)g]
[In;2S20(dach)2]}-3H20 (41) was synthesized. It contains a polyanionic
3D-{[In15S50(dach),] 4y framework, which is constructed by T3-
{In1¢S20} clusters mentioned above and a {Ins(dach)4Sg} cluster subunit
condensed at four corners of the T3 clusters in a 2:1 ratio [75]. In this
second subunit, two defect hetero cubane moieties {In3S4} are
condensed to share one face, which results in a centrosymmetric as-
sembly. The In atoms possess two different coordination environments:
trigonal bipyramidal {InS3N5} and octahedral {InS4N}. Each In atom of
the cluster is coordinated by one chelating dach molecule (Fig. 11a).

A neutral 3D chalcogenide framework containing dach molecules is
[Mn(dach)2]4[MnoGasSnsSao] (42). The compound is built up from a
regular supertetrahedral T3 cluster and [Mn(da\ch)g]2+ complexes,
which act as linkers to connect neighboring supertetrahedral T3 sub-
units by S-Mn-S bonds (Fig. 11b) [76]. In the bridge, the Mn atom has a
six-coordinate environment with four N atoms of the two dach ligands at
the equatorial sites and two S atoms from the edge or the corner of the
T3 clusters at the axial sites. Overall, each T3 cluster is bridged to four
other T3 clusters via eight [Mn(dach);] 2+ complexes, resulting in a 3D
open framework with a diamond-like topology.

In 2022, three new 3D chalcogenide frameworks of the general for-
mula [TM(TEPA)]3[Ga;0S19SHSb] (TM = Mn, 43a; Ni, 43b; Fe, 43c)
were introduced upon the use of tetraethylenepentamine (TEPA) [77].
The compounds are isostructural and consist of three-coordinated sul-
fido gallate-based supertetrahedral T3 clusters, which are connected to
three adjacent, three-connected Sb>* ions by their corners. Additionally,
each of the T3 cluster is decorated with a different type of [TM(TEPA)] 2+
(TM = Mn/Ni/Fe) complexes at their edges. The T3 clusters are con-
nected to Sb>* ions in a way that results in left-handed and right-handed
helices along the crystallographic a-axis. (Fig. 11c).

Ligands do not only serve to bridge and/or decorate cluster from
corners and/or edges of supertetrahedra, but can also stabilize subunits
in the cavities of cluster aggregates. An example is given by the selenido
metalate cluster, (C2CiIm);o[Nas(CN)e@Cug(GesSe1g)4(Cu)] (44, in
which the Cu atoms carry (CN)™ ligands [11]. It was obtained by

ionothermal treatment of Na4[GeSe4]-14H50, CuCN/Cu(OAc)2-H,0,
and dmmp in (C2C;Im)[B(CN)4]. This compound consists of four T2-type
[GesSeqo] 4 units, which are linked by six cu' atoms bearing (CN)™ li-
gands. The resulting (defect) supertetrahedron is connected on three of
its corners to Cu' units which serve as bridges to the neighboring clus-
ters, ultimately forming a two-dimensional layer (Fig. 12a). The (CN)~
groups point towards the center of the inner cavity of this cluster and
coordinate to a Na'centered (non-bonding) Na4 tetrahedron (Fig. 12b).

In addition to assemblies comprising bridged Tn clusters, there was
also success in linking Pn clusters by bipyridyl ligands to form one-
dimensional polymeric chains in three cases. All three compounds,
1D-[ZngS(SPh)14(DPE)] (45), 1D-[ZngS(SPh);4(BPP)] (46) and 1D-
[Zn;CoS(SPh)14(BPP)] (47), were synthesized by hydrothermal re-
actions and comprise P1 cluster units [78]. The P1-type {ZngS14} cluster
in 45 is connected to two N atoms of one trans-1,2-bis(4-pyridyl)
ethylene ligand each, that links the clusters into one-dimensional zig-zag
chains of alternating P1 clusters and dipyridyl moieties. Compound 46 is
based on the same P1 {[ZngS14]} cluster as in 45, but the P1 clusters are
bridged via 1,3-bis(4-pyridyl)propane molecules here. The P1 clusters in
47 are also linked via 1,3-bis(4-pyridyl)propane molecules, but in the P1
cluster core, one Zn atom was replaced by a Co atom. This could not be
determined through crystallographic refinement, so inductively coupled
plasma spectrometry was used to prove the Zn:Co ratio. In addition to
bipyridyl bridges in Pn clusters, there was also success in using the
quadridentate linker tetrakis(4-pyridyloxymethylene)methane (TPOM)
to build the P1 cluster [CdgS(SPh);6(TPOM)3] (48). In each P1-type
{[CdgS(SPh)16]} cluster core, two corners are occupied by SPh™ groups
while the two other corners are terminated by N atoms from TPOM. In
turn, one TPOM ligand is connected to three other P1-type clusters to
form a 1D structure [79].

Besides Tn and Pn clusters, there is a third family of tetrahedral
clusters, the so-called capped supertetrahedral clusters (Cn). In Cn
clusters, each cluster consists of a regular Tn unit in the cluster core, the
four faces of which are capped by barrelanoid cages characteristic of the
hexagonal Wurtzite-type structure. Each face of the Tn core unit is
covered with a single atomic layer, the T(n + 1) layer, and each corner of
this cluster is covered with an MCh group (M = metal, Ch = chalcogen).
One distinct structural feature is that there is an open cleft along each
edge of the cluster. In 2005, three Cn clusters bridged via bifunctional
linkers were synthesized. 1D-[CdgS(SPh)14(TMDP)5] (49) is built of a
CO-{[CdgS(SPh)14]} cluster (Fig. 13a), at two vertices of which the S
atoms were replaced by TMDP linker molecules. Every bridge, in turn, is
connected to two CO clusters, resulting in a 1D chain. In 1D-

(b)

Fig. 12. Crystal structure of (C2C1Im);0[Nas(CN)@Cug(GesSe10)4(Cu)l. (a) The supertetrahedral cluster [Nas(CN)e@Cug(GesSe10)s(Cu)1*®". (b) Central unit with
cyanide ligands linking copper and sodium cations in the inner cavity of the cluster. H atoms and counterions are omitted for clarity.
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Fig. 13. Structures of the Cn and Cn,m clusters. (a) CO-[CdgS(SPh) 4] cluster core in 1D-[CdgS(SPh);4(TMDP),]. (b) C1-[Cd;7S4(SPh)26] cluster core in 1D-
[Cd;17S4(SPh)o6(bpy)2l, () C2,1-[Cd32S14(SPh)s6] in 1D-[Cd32S14(SPh)36(TMDP)4]. (d) C2,2-[Cd32S14(SPh)sg] in 1D-[Cd32S14(SPh)3g(TMDP)o(PPhy),]. Cd atoms are

drawn in black. H atoms are omitted for clarity.

[Cd17S4(SPh)26(bpy)2] (50, Fig. 13b), the Cl-type [Cd;7S4(SPh)ogl
cluster is bridged via the more rigid bpy molecule to form a 1D zigzag
chain [75]. There was also success in bridging a C1-type cluster by using
the quadridentate linker TPOM. In [Cd;7S4(SPh)2g(TPOM),] (51) two
corners per Cl-type {[Cd;7S4(SPh)2g]} cluster unit are terminated by
TPOM linkers. For linking into a 1D chain, every TPOM linker is con-
nected to two Cl-type clusters [79].

In addition to Cn clusters, there are also Cn,m clusters. These have the
same composition as the corresponding Cn type, while m of the four
{M4Chs} corner units are rotated by 60°. Each of the four corner units
can be rotated independently, so m ranges from 1 to 4 [58]. Two Cn,m
clusters, 1D-[Cd32S14(SPh)3¢(TMDP)4] (52) and 1D-
[Cdgzs14(SPh)3g(TMDP)2(PPh4)2] (53), which are bridged via TMDP
molecules, were obtained under solvothermal conditions. Compound 52
has one barrelanoid cage rotated, which leads to a C2,1-type cluster
(Fig. 13c), while in compound 53, two corners are rotated (C2,2 type,
Fig. 13d). In 52, the C2,1-[Cd32S14(SPh)s6] cluster is connected by two
TMDP bridges into doubly-bridged chains, while in 53, each C2,2-
[Cd32S14(SPh)sg] cluster alternates with one TMDP molecule to build
singly-bridged chains. These materials exhibit size-dependent optical
properties, as the absorption edge shifts to longer wavelengths when
larger clusters are used as building blocks [80].

Before publication of these clusters, only a few Cn,m clusters were
known, and almost all Cn clusters were synthesized in the form of mo-
lecular crystals or covalent superlattices by corner-bound thiolates. A
few examples of covalent assemblies of chalcogenide nanoclusters and

ligands have been reported [81]. Regarding the optical properties of Cn
and Cn,m clusters comprising various semiconducting nanoclusters as
building blocks, it was reported again that the optical absorption of the
material is red-shifted when larger clusters are used as building blocks
[80]. In comparison to solutions containing discrete clusters of the
similar size and composition, the extended compounds exhibit broader
absorption spectra, with the onset of their absorption red-shifted; this
refers to electronic communication between clusters within the unique
arrangements described here [82].

All ligand-bridged and ligand-functionalized, supertetrahedral
chalcogenido metalate cluster-based compounds presented in section
2.2 are summarized in Table 2.

3. Ligand-functionalized or organyl-separated chalcogenido
metalate-based compounds exhibiting other cluster architectures

3.1. Ligand-functionalized chalcogenido metalate-based clusters
exhibiting other cluster architectures

In this section, we present chalcogenido metalate-based clusters
prepared by an ionothermal synthetic route and composed of other
building blocks than the supertetrahedral ones described above, and
octahedral ones discussed below. This means that the clusters are
composed of different subunits such as tetrahedral and trigonal pyra-
midal or trigonal planar units, rather than an assembly of tetrahedra
only.



Table 2
Summary of the ligand-bridged and ligand-functionalized chalcogenido metalate-based supertetrahedra in Section 2.2.

Compound Dimensionality =~ Reactants Temperature Ref.
(9]
(H"-NCgH7)2[Ga10S16(NCsH;)2(DPE)] (20) 1D Ga, S, DPE and 4-methylpyridine 170 [61]
(H'-NC;Hg)2[Ga0S16(NC;Hg)(DPE)3,5] (21) 2D Ga, S, DPE and 3,5-dimethylpyridine 200 [61]
(H"-NC7Ho)s[GasS34H2(NC;Hg)4(DPE)] (22) 0D Ga, S, DPE, FeCl,-4H,0 and 3,5-dimethylpyridine 200 [62]
(H"-NC;Hg)s[Ga10S16(NC7Ho)(bpy)s] oD Ga, S, bpy and 3,5-dimethylpyridine 200 [62]
[GazS32(NH3)2(NCeH7)4(bpy)] (23)
(H"-NCsHs)g[(Ga10S16)7(NCoH7)4(NCeH7)g(NoCioH12)g] (24) 2D Ga, S, 1,3-benzodiazole and 4-methylpyridine 200 [63]
(H"-NCyH7)2[Ga10S16(DPE)(NC,H;)-] (25) 2D Ga, S, DPE, tetraphenylphosphonium bromide and pyridine 200 [64]
(H'-NCsHs)3[Gay0S16(0H)o(TMDP)] (26) 2D Ga, S, TMDP and pyridine 200 [64]
[CdeAg4(SPh)16(DPE),)] (27) 3D CdeAg4(SPh)16(DMF), in DPE rt [65]
[CdsAg4(SPh);6(DMF)(H,0)(DPE)] (28) 1D CdgAg4(SPh);6(DMF)3(CH;0H) in DMF, DPE It [66]
[CdeAg4(ChPh);6(TMDP),] (29) 2D CdeAg4(EPh);6(DMF)3(CH30H) in DMF, TMDP (Ch = S, Se) rt [67]
[Cd12Ag5(SPh)32(TPPA)(DMF)3(H,0).]-2DMF (30) 1D AgNO3, Cd(PhS), in DMF, TPPA rt [68]
[Cd;Ags(SPh)35(TPPA),(DMF)(H,0)] (31) 2D AgNO;, Cd(PhS), in DMF, TPPA rt [68]
(Cat)g[Iny6Cd4S31(2-Coim),] (32) 3D Li5S, In(NO3)3xH;0, Cd(NO3),-4H,0, 2-ethylimidazole, 2- 150 [69]
amino-1-butanol, DBU
(Cat)g[In;6Cd4S31(5,6-C1C1Bim),] (33) 3D LisS, In(NO3)3-xH20, Cd(NO3),-4H,0, 5,6-dimethylbenzimida- 150 [69]
zole, 2-amino-1-butanol,acetontril, DBU
(H"™-DBU)5[(In}(S17)(IM)] (34) 3D In, S, IM, toluene, (R)-(-)-2-amino-1-butanol, DBU 180 [70]
(H'-DBU)g 75[(Cd4In;6S31.5)(IM); 751(35) 3D In(NO3)3-4.5H,0, Cd(NO3)»-4H,0, IM, thiourea, MeCN, 150 [70]
cyclohexylamine, DBU
(H*-DBN)s 5[(In}0S17.5)(TZ)o.5] (36) 1D In(NO3)3-4.5H,0, S, TZ, DMF, DBN 180 [71]
(H*-DBN)s5[(In;0S17)(TZ)] (37) 3D In(NO3)3-4.5H20, thiourea, TZ, MeCN, DBU 150 [71]
(Cat)4[(In10S16)(H20)2(BTC)] (38) 1D In(NO3)3-xH,0, H3BTG, thiourea, DBU, DMF 180 [72]
(Cat)[(Fe4In;6S31)-(H20)3(BTC)q /3] (39) 3D In(NO3)3-xH,0, H3BTC, thiourea, Fe,(S04)3-xH,0, DBU, DMF 180 [72]
(Cat)10[(In35S4505) (H,0)(BTC)] (40) 2D In(NO3)3-xH20, H3BTC, thiourea, DBU, DMF 180 [72]
(H3-dach){[Ni(dach)3][In;2S20(dach),]}-3H,0 (41) 3D Ni, In, L-cysteine, (C4C;Im)Br, GeO, in a water solution of 1 mL 160 [75]
65 % dach
[Mn(dach),]14[Mn,GasSnsSao] (42) 3D S, Gay03, Sn, Mn(Ac),-4H,0, H,0, dach 180 [76]
[Mn(TEPA)]35[Ga;0S19SHSb] (43a) 3D Mn(Ac),-4H50, S, Gay03, SbySs, TEA, TEPA and water 180 [77]1
[Ni(TEPA)]3[Ga10S19SHSb] (43b) 3D Ni(Ac)2-4H50, S, Gaz0s, SbySs, TEA, TEPA and water 180 [77]1
[Fe(TEPA)]3[Ga;¢S1oSHSb] (43c) 3D Fe(Ac),-4H,0, S, Gay03, SboS3, TEA, TEPA and water 180 [771
(C2C1Im)10[Nas(CN)s@Cus(GesSer0)4(Cu)] (44) 2D [Na4(H20)14][GeSe4], CuCN/Cu(OAc)2-H,0 in (C.C1Im)([B 150 [11]
(CN)4] with dmmp
[ZngS(SPh),4(DPE)] (45) 1D Zn(OAc),-2H,0, DPE, thiourea, thiophenol, water 150 [78]
[ZngS(SPh)4(BPP)] (46) 1D Zn(OAc),-2H,0, BPP, thiourea, AgOAc, thiophenol, water 165 [78]
[Zn;CoS(SPh),4(BPP)] (47) 1D Zn(OAc),-2H,0, BPP, thiourea, Co(NO3),-6H,0, thiophenol, 150 [78]1
water
[CdgS(SPh),¢(TPOM),] (48) 1D Thiourea, Cd(SPh),, TPOM, MeCN, methanol 85 [79]
[CdgS(SPh),4(TMDP),] (49) 1D Thiourea, Cd(SPh),, PPh4Br, TMDP, MeCN, water 85-150 [80]
[Cd17S4(SPh)26(bpy)2] (50) 1D Thiourea, Cd(SPh),, PPh4Br, bpy, MeCN 85-150 [80]
[Cd;7S4(SPh)25(TPOM),] (51) 1D Thiourea, Cd(SPh),, TPOM, DMF, water 85 [79]
[Cd32514(SPh)36(TMDP),4] (52) 1D Thiourea, Cd(SPh);, PPh,Br, TMDP, MeCN 110 [80]
{Cd35514(SPh)35(TMDP),[PPh,],} (53) 1D Thiourea, Cd(SPh),, PPh,Br, TMDP, MeCN 85-150 [80]

Fig. 14. (a, b) Two different crystallographic views of the ligand-functionalized layered selenido stannate anion 2D-{ [Ni(TEPA)Sn;5Se25]1%"} anion. Counterions and
H atoms are omitted for clarity.
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Fig. 15. Molecular structures of organyl-functionalized tellurido mercurate compounds. (a) Methylated [HgsTes(Tez)g(TeMe)z]& anion. (b) Carbene-functionalized
alkylated carbon atoms at the cluster, Cip,

cation [Hg(TeCgCqim)4]%*. Ca

(a)

carbon atom of imidazole ligands; H atoms are omitted for clarity.
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Fig. 16. Alkylated tellurido mercurate cluster anions embedded in a lamellar crystal structure. (a) Molecular structure of the [HgGTeG(TeZ)z(TeMe)(TeDec)]6’ anion
terminated by one methyl group and one decyl group at the terminal telluride positions. (b) Molecular structure of [HgeTeq(Tes)o(TeDec),1%", homoleptically
decylated at its terminal telluride positions. (c) 2 x 2 x 2 supercell of the first, viewed along the crystallographic a-axis (d) 2 x 2 x 2 supercell of the latter, viewed
along the crystallographic a-axis. Carbon atoms from the alkyl groups are drawn in turquoise color to distinguish them from the carbon atoms of the counterions

drawn in grey color. H atoms are omitted for clarity.

The first organically decorated, layered selenido stannate anion 2D-
{[Ni(TEPA)Sn2Sesg] 6-y (in 54; Fig. 14a-b) was synthesized from ionic
liquids in 2016. It was obtained upon reaction of elemental Sn and Se
with Ni(NO3)5-6H50 in (C4C1C1Im)CI with TEPA. The anion consists of
two double-defect hetero cubane structures that extend two-
dimensionally to form a six-membered annular layered architecture
[83].

The ionothermal synthesis of heavier chalcogenido metalate pre-
cursors, such as Ax[MyCh,] with A = Na, M = Hg, and Ch = Te, has seen
a lot of success. The first functionalized tellurido mercurate anion,
homoleptically methylated, was found in the compound
(CC1Im)s[HgeTeg(Te)2(TeMe)o] (n = 6 (55a), 8 (55b); Fig. 15a). It is
an extremely air- and moisture-sensitive compound which was synthe-
sized from Nay[HgTes] in the ionic liquids (C,C1Im)[BF4] (n = 6, 8). The
[Hg6Te6(Te2)2(TeMe)2]6’ anion consists of four (distorted) tetrahedral
[HgTe4]® units and two trigonal planar [HgTes]*" units, with methyl

groups attached to the two terminal telluride atoms [47]. Briefly
exposing compounds of the anion [HgﬁTeé(TeZ)g(TeMe)Z]G‘ to air and
resealing them under argon yields the new species [Hg(TeC,Cqim)4]%"
(n = 6 (in 56a), 8 (in 56b); Fig. 15b) with a cation built up from a
mercury atom tetrahedrally coordinated by four carbene-functionalized
tellurones that formed in situ. UV-vis spectroscopic measurements of
these two compounds showed that the longer chain length resulted in a
slightly narrower optical band gap (2.50 eV for 56a; 2.45 eV for 56b)
[84].

All ligand-functionalized chalcogenido metalate cluster-based com-
pounds presented in Section 3.1 are summarized in Table 3.

3.2. Ligand-functionalized and organyl-separated discrete chalcogenido
metalate-based clusters exhibiting other cluster architectures

Tellurido mercurate clusters can also be derivatized with longer alkyl



Table 3

Summary of the ligand-functionalized chalcogenido metalate-based cluster compounds presented in Section 3.1.

Compound Dimensionality =~ Reactants Temperature Ref.
[§9)
(C4C1C1Im)4[Ni(TEPA)CL,] [Ni(TEPA)Sn;,Seqg] 2D Sn, Se, Ni(NO3),-6H>0 in (C4C;C;Im)Cl with TEPA 160 [83]1
(54)
(C1CiIm)g[HgeTeg(Teo)o(TeMe),] (55) 0D Nay[HgTe,] in (C,CiIm)[BF4] (n = 10, 12) 80 [471
[Hg(TeC,CqIm)4][BF4]; (56) oD (CnC1Im)g[HgsTes(Tez)2(TeMe),] in (C,Cq1Im)[BF4] (n = 6, 8), under ambient rt [84]
conditions

chains in the tellurolate groups. Two examples featuring the same
inorganic core as described for 55 are the heteroleptically decorated
anion [HgﬁTeﬁ(Tez)z(TeMe)(TeDec)]6' (in 57, Fig. 16a) and another
homoleptically functionalized cluster [HgsTeg(Tez)2(TeDec),] 6 (in 58,
Fig. 16b). Compound 57 was synthesized from Nap[HgsTes] with
(C10C1Im)[BF4] and small amounts of en as auxiliary at 80 °C for 20 h. It
is the first chalcogenide metalate compound to feature two different
alkyl chains upon alkylation by an IL. 58 is obtained from the reaction of
Nay[HgTez] with (C19C;Im)[BF4] and small amounts of ZnCl, at 80 °C
for 20 h. Both compounds show lamellar arrangements in their crystal
structure, where the anionic substructures are embedded in a lamellar
pattern of the alkyl chains provided by the cluster termini and the IL
cations (Fig. 16¢c—d); this is reminiscent of soap/surfactant micelles or to
lipid double layers, e.g., in cell membranes. Consequently, the crystals
contain layers comprising the ionic part, with strong interactions be-
tween the anionic clusters and the cationic imidazolium rings of the IL
component, and non-polar interlayers formed by the long alkyl chain of
the ILs and the tellurolate group on the clusters. This arrangement may
be viewed as both, a ligand-functionalized and an organyl-separated
chalcogenido metalate-based cluster compound [85].

Besides compounds with direct covalent bonds between the cluster
atoms and ligands, it is also possible to isolate compounds, in which
purely inorganic chalcogenido metalate clusters are organyl-separated
by ILs or surfactants as spacer molecules in an ordered fashion in the
solid state.

One example is the compound (C19C1Im)4[Hg4Tex(Tez)2(Tes)2] (59).
Its anion, [Hg4Te2(Te2)2(Te3)2]4', contains two folded [HgsTe(Tez)]
rings and two additional lateral Te3™ “handles” (Fig. 17a-b). The cluster
has a similar inorganic architecture as the anion in 58 for example,
except that two [HgTez(TeDec)]3’ units have been replaced by two
(Te3)2’ fragments [85]. Another example is the anion [HgsTeg(Te2)4]8’
(in 60), a purely inorganic porphyrin analogue, which differs from the

(a)

organic cousin by the absence of an electronic n-system, thus preventing
the occurrence of “global” aromaticity. Owing to missing multiple bonds
and a larger inner diameter, the macrocycle has a non-planar structure
in the salt, therby being perfectly adjusted to the environment of
embedding imidazolium cations (Fig. 17c~d) [86]. Both of these anions
were synthesized ionothermally in the long-alkyl chain IL (C;0C;Im)
[BF4], using inorganic reactants Nay[HgsTe4] (for 59) or Nas[HgTes]
(for 60) and en as auxiliary. UV-Vis spectroscopy showed that the
presence of larger polytelluride units leads to a narrower band gap (1.26
eV for 59; 2.16 eV for 60).

Apart from the ionothermal synthesis of organyl-separated chalco-
genido metalate clusters, similar compounds can also be obtained by a
surfactant-thermal synthetic route. This method exploits the properties
of surfactants by using solutions of surface-active substances as solvents.
These include compounds such as polyethylene glycol (PEG), hex-
adecyltributylphosphonium bromide, [HTBP]Br, or alkylammonium-
based salts of general composition [C,Han:1N(CH3)3 mHp1X (n = 10,
12,14, 16,18; m = 0, 1, 3; X = Cl, Br). These surfactants were instru-
mental for the formation of the following compounds, since no crystals
formed in their absence under the otherwise same reaction conditions
[871].

The first example of an explicit synthesis in alkylammonium-based
surfactants was that of [H™—C;5H5NH,14[SnoSe]-2H,0 (61), in which
the [Sn256]4’ anion, consisting of two edge-sharing [SnS4]‘F tetrahedra,
is embedded in a lamellar arrangement of long-chain alkylammonium
surfactants (Fig. 18a) [88]. 61 was prepared by treatment of SnCls-5H50
with NayS-9H»0 in an H,O/MeOH solution of the surfactant dodecyl-
amine. A cation exchange of A4[Ge4Chjo] (A = Na, K; Ch = S, Se) with
the surfactant [CHa,1N(CH3)3 Hp1X (n = 10, 12, 14, 16, 18; m =0,
1; X = Cl, Br), treated at varying temperatures (from room temperature
to 120 °C) depending on the spacer molecules used, also yielded
lamellarly arranged compounds containing the T2-type [Ge4Chiol*
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Fig. 17. Crystal structures of organyl-separated tellurido mercurate compounds. (a) 2 x 2 x 2 Supercell of the compound (C;oC;Im)4[Hg4Tes(Tes)2(Tes),], viewed
along the crystallographic a-axis. (b) Anionic substructure of the latter. (c) Anionic substructure of porphyrin-related tellurido mercurate [HggTeg(Te2)41%. (d) 2 x 2
x 2 Supercell of the latter, viewed along the crystallographic c-axis. H atoms are omitted for clarity.
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Fig. 18. Surfactant-thermally synthesized compounds with a lamellar crystal structure, all given as their 2 x 2 x 2 supercells viewed along specific crystallographic
axes: (a) [C12H25NH3]4[Sn2Se] (viewed along a-axis). (b) [C14H29NH3]4[GesS10] (viewed along a-axis). (¢) [C14H29N(CH3)3]14[RegTeg(CN)g] (viewed along b-axis). H

atoms are omitted for clarity.

anion (in 62; Fig. 18b; [C14H29NH3]4[Ge4S19] shown as an example)
[89,90]. Another series of examples is given with [C,Hoy 1N
(CH3)3]4[RegChg(CN)e] (63, n =14, 16, 18; Ch =S, Se, Te). The cores of
the [RegChg(CN)s]*" cluster anions exhibit a Chevrel phase-like struc-
ture, with octahedral Reg units face-capped by eight u3-Ch ligands, and
with additional (CN)~ ligands at the Re atoms. All three congeners of
[ReSChg(CN)G]‘F are embedded in lamellar layers provided by the
ammonium surfactant (Fig. 18c) [91]. The syntheses of 63 represents a
cation exchange reaction of K4[RegChg(CN)s] with the surfactants
[CqHon41N(CH3)3]Br.

All ligand-functionalized and organyl-separated discrete chalcoge-
nido metalate cluster-based compounds presented in Section 3.2 are
summarized in Table 4.

Table 4
Summary of the ligand-functionalized and organyl-separated discrete chalco-
genido metalate-based cluster compounds presented in Section 3.2.

Compound Reactants Temperature Ref.
(O]
(C10C1Im)e[HgsTes(Tez)2(TeMe) Nay[HgsTey] in 80 [85]
(TeDec)] (57) (C10C1Im)[BF,4]
with en or dmmp
(C10C1Im)6[HgeTes(Ter)2 Nay[HgTe:], rt [85]
(TeDec),] (58) ZnCl, in (C10C1Im)
[BF4]
(C10C1Im),4[Hg4Tex(Tes)(Tes):] Nay[HgsTe,] in 80 [85]
(59) (C10C1Im)[BF,]
with en
(C10C1Im)g[HgsTes(Tez)4] (60) Nay[HgTe,] in 80 [86]
(C10C1Im)[BF4]
[H"-C12HasNH,]4[Sn5S6]-2H,0 SnCl,, Na,S, rt [88]
(61) dodecylamine in
EtOH/H,0
[ChHon 1N Nay[GesSi0l, rt — 60 [89,90]
(CH3)3-mHm]4[GesS10] (62) (CoHon 1N

(CH3)3-mHm)X in
EtOH/H20 (n =
12,14, 16,18, m

=0,3,X =ClBr)
[CoHon 1N K4[ResChg(CN)el, rt [91]
(CHs)3]4[ResChg(CN)e] (63) CiHan11N(CH3)3]
Br in H,O

(/acetone) (Ch =
S, Se, Te, n = 14,
16, 18)

3.3. Ligand-bridged and ligand-functionalized chalcogenido metalate-
based polymers exhibiting other cluster architectures

In this section, we present different ligand-bridged and ligand-
functionalized chalcogenido metalate clusters, in particular hydrazine-
functionalized clusters, consisting of irregular building blocks, which
were obtained from surfactant-thermal and hydrazine-thermal
syntheses.

In 2013, a one-dimensional chain containing a hydrazine-bridged
ternary anion, lD-{[Mn2A5258(N2H4)2]2'} (in 64; Fig. 19a), was ob-
tained by the reaction of Mn, AsyS3, and PEG-400 as surfactant, from
NoH4-Ho0 at 110 °C. UV-vis investigations of 64 were performed and
revealed a band gap of 2.46 eV, which is blue-shifted as compared to the
optical band gap of a related compound comprising non-functionalized
discrete clusters, [NH4]1g[Mn2As4S16] (2.31 eV) [92]. Using the cationic
surfactant [HTBP]Br as the reaction medium, a hydrazine-
functionalized chalcogenido metalate, namely 2D-
[(NaH4)2Mn3Sb4Sg(u3-OH)2] (65), was observed. The structure of this
compound features layers bearing 2D-[Mng(u3-OH)2] chains. Compound
65 proved to be a stable photocatalyst in photocatalytic studies for
continuous Hjy evolution from HyO under visible-light illumination
without any co-catalyst [93]. Another example, 2D-[Mn3GesS7(NHs)4]
(66), features NHj ligands, which are believed to stem from the
decomposition of hydrazine during the reaction. The anionic structure of
66 exhibits [GeS4]4' tetrahedra and Mn?* ions in an either octahedral
{MnS4N5} or tetrahedral {MnS3N} coordination environment. A quasi-
layered anionic substructure containing T2 cluster anions, [{Mn(en),}
MnGegseg]z’ (in 67), was obtained from Mn, GeSe, Se, and en in PEG-
400 as the reaction medium. Compound 67 contains an [Mn(en)z]2+
complex which is attached to the [MnGesSeg] 4 cluster core; the overall
cluster structure is the same as that of solvothermally synthesized
compound [Mn(en)2(H20)1[{Mn(en)2}2MnGesSg] [94]. Also, a 1D
chain of (H"-1,2-dap)s[{Mn(1,2-dap),}GesSe;] (68, 1,2-dap = 1,2-
diaminopropane) was observed by the surfactant-thermal reaction of
Mn, GeSe, Se, and 1,2-dap in PEG-400. In 68, two [Mn(1,2—dap)]2+
complexes are attached to the cluster core [GeySe7] 6’, which exhibits a
five membered ring upon corner-sharing of two [GeSe4]4' tetrahedra
and partial oxidation to form a diselenide unit (Fig. 19b) [95]. Two two-
dimensional, functionalized chalcogenido antimonate compounds, 2D-
[MnSb,S4(NoHy4)2] (69, Fig. 19¢) and 2D-[Mn(TEPA)SbgS10] (70), were
synthesized surfactant-thermally using PEG-400 or sodium dodecyl
sulfate (SDS) as reaction medium, respectively. While in 69, 2D-
{[MnS35N4] 2} units connect 1D-{ [SbS217} chains via corner-sharing of S
atoms to form neutral 2D frameworks, in 70, 8-membered rings of
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Fig. 19. Examples for compounds observed from surfactant-thermal syntheses. (a) Hydrazine-bridged 1D-{[Mn,As,Sg(NoHy)5]% 3. (b) Structure of the 1D-{[{Mn
(1,2—dap)2}Gezse7]2’} anion. (c) The layered structure of 2D-[MnSb,S4(N2Hy)-]. H atoms are omitted for clarity.

[SbsSs]*, 24-membered rings of [Sb12S241'%", and Mn atoms are teth-
ered together to form a neutral, layered framework of 2D-[MnSbgS;0].
UV-vis absorption spectra of the compounds indicate band gaps of 1.96
eV (for 69) and 2.12 eV (for 70). Both compounds show active visible
light-driven photocatalytic properties for Hy production from Hy0, with
a better performance observed for 69 [96].

The hydrazine-thermal synthesis route is also suitable for the synthesis
of crystalline compounds comprising neutral functionalized chalcogenido
metalate clusters. The first example prepared this way was 3D-
[MnySnS4(NoHyg)2] (71). The compound features a 3D framework, in
which the hydrazine ligands act as bridges to connect octahedral [MnLg]
(L = S, N) units, thereby forming a three-dimensional structure. Com-
pound 71 also shows strong antiferromagnetic interactions between the
Mn?" centers (ueff = ~5.5-5.6 up, Cf., tef = 5.92 up for free Mn>") and
order at ~ 41 K [97]. The first two examples in the Mn/pnictide-hydrazine
chalcogenide family synthesized via the hydrazine-thermal reaction pro-
tocol were  3D-[MnySbySs(NoH4)s3] (72; Fig. 20a) and
3D-[MnySb4Sg(N2H4)2] (73). The structures of both compounds are three-
dimensional frameworks, bearing neutral hydrazine molecules as bridges

that adopt three different roles: (a) intra-layer bridging ligands, (b) inter-
layer bridges, and (c) templates for the formation of the 3D frameworks
[98,99]. The UV-vis spectrum of compound 72 showed a band gap at
around 2.09 eV, while compound 73 revealed an absorption edge at
around 1.59 eV. In 72, magnetic measurements (Fig. 20b) revealed a
significant antiferromagnetic interaction (6 = —-177.57 K) between the
Mn?" ions with gef = 5.76 g (cf., pesf = 5.92 up for free Mn>") [93].
Magnetic susceptibility measurements of 73 showed that at high tem-
peratures, the Mn®" ions adopt a high spin configuration (ues = 4.24 ug,
cf., pefr = 4.3 g for known high spin Mn?"), while at around 40 K, a
transition from paramagnetic behavior to antiferromagnetic coupling
occurred. In addition, compound 72 also shows photocatalytic properties
for the generation of Hy from HoO under visible-light illumination at about
4.64 pymol/h-g (Fig. 20c) [99].

In 2016, salts of 3D-{[Mng(ug-S)(u-NoHa)3(us-AsS3)41%} (74) and
2D-{ [Mng(u6-S)(N2Ha)2(u-NoHy)2(us-AsS3)41% 7} (75; Fig. 20d), were
synthesized hydrazine-thermally from the corresponding elements in
different hydrazine/amine mixtures. The anionic substructures of both
compounds are based on [Mng(ug-S)(u3-AsS3)4] 2= clusters and covalently
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Fig. 20. Hydrazine-thermally synthesized compounds with NoH,-bridges. (a) 1D-[Mn,Sb,Ss(N2Hy)3]. (b) Magnetic properties of the latter plotted as 1/y vs. T. (c)
Photocatalytic hydrogen evolution from H,O over this compound as catalyst. (d) 1D-{[Mn(u-NoHy4)2(u-AsS4)17} anion. (e) 2D-{[Mng(us-S)(u-NoHg)2(NoH4) o (13-
AsS3)4]2’} anion. Reproduced from Ref. [98] with permission from Elsevier. H atoms are omitted for clarity.



bound NjyHy bridges. In the [Mng(ug-S)(u3-AsS3)4l 2 clusters, six
Mn?" cations are arranged in an octahedral fashion and linked through
the central ug-S>~ ligand. Each {Mns3} face of the octahedron is capped by
an {AsSs}. Together with the central ,u5-52‘, these atoms form four
heteratomic cubes that meet at the central sulfide ligand, and share a ug-
S-Mn edge per neighboring pair. While in 75, each cluster exhibits two
NyH,4 bridges and two terminal NoHy4 ligands to form a 2D layer, com-
pound 74 features three NoHy bridging ligands per cluster unit which are
connected in a three-dimensional fashion. Investigation by UV-vis
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spectroscopy showed a larger band gap for the material based on the 2D
anion (2.34 eV), and a larger one (2.21 eV) for the compounds
comprising the 3D substructure. In both cases, the band gap is slightly
wider than reported for the related, yet purely inorganic, cluster com-
pound [NH4][MnAs3Se] (2.08 eV) [100].

Another series of new polymeric Mn-based sulfido arsenates were also
obtained using the hydrazine-thermal method, [Mn(en)s] [(NoH4)2Mng(ug-
S)(u-NoHg)o(u3-AsS3)4]  (76), (H™-NoHy)[Mn(u-NoHy)o(u-AsS4)]-0.5en
(77, Fig. 20e), 3D-[Mn(u-trien){Mn(u-NoH4)(1-AsS3)}2] (78), 1D-[{Mn
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Fig. 21. (a) Molecular structure of 1D-[Zn(trien){Hg>Te4}]. (b) Time-dependent absorption spectra of the cv degradation by using tha latter as a photocatalyst;
reproduced from Ref. [102] with permission from American Chemical Society. (c) Representation of the crystal structure of the 3D-{[MnsSbgS;5(N2H4)e]>} anion in
the latter with 1D channels running along the crystallographic c-axis. (d) Representation of one of the dodecanuclear rings in the 2D-[MnsS;2(N2Hy)e] substructure of
(H3-en)[MnsSbeS;5(N2H4)s]-DMF-0.5N,H,. (e) CV curves of an electrode containing this compound and carbon black (CB). (f) Linear sweep voltammograms (LSV)
curves with CB, Pt/C (10 wt%) and a mixture of the compound with CB; reproduced from Ref. [103] with permission from Royal Society of Chemistry.



(N2H4)}2(u-NoHa)o{Mn(u-NoHa)2-(4-AsS3)2}] (79), 2D-[Mns(u-NaHa)e(us-
AsS4)(u2-AsS4)] (80), and [Mn(NHs)e] [{Mn(NH3)(4-AsS4)}2] (81). The
sulfido arsenate units found here, {AsS3} and {AsS4}, coordinate to Mn?t
ions in different coordination modes to form Mn-As-S ternary clusters,
chains, and layers, respectively. The hydrazine molecules act as bridging
ligands between Mn?* ions in the clusters, the chains, and the layers. This
allows to tune the semiconducting band gaps in these compounds, which
are in the range of 2.19-2.47 eV. Moreover, 74 exhibits stronger antifer-
romagnetic coupling interactions between the magnetic Mn?* ions than
77 (6 = -126.45 K vs. -19.85K) [101].

An organic-inorganic hybrid tellurido mercurate cluster containing a
covalently bound [TM(trien)]2+ complex, 1D-[TM(trien){Hg,Te4}] with
TM = Zn (82a; Fig. 21a) or Mn (82b), was synthesized in a hydrazine-
assisted solvothermal reaction of TMCly, HgCly, and Te in a mixture of
N,Hy/trien. The compounds feature one-dimensional strands based on
bowl-type {Hg(Te)4(Tez)} units that are linked into the chains by
sharing {Hg,Te,} faces with neighboring units. The [TM(trien)]*t
complex fragments are connected to every second Te atom in the
strands. The UV-vis spectra of the two semiconducting compounds
indicate a slight red-shift of the band gap of the Mn-based compound
(0.96 eV) as compared to that of the Zn-based compound (0.98 eV). The
photocatalytic properties of the Mn-based cluster were investigated by
the degradation of cv in aqueous solution (Fig. 21b). After 12 h, it was
found that 62% of cv had been degraded, indicating an only moderate
photocatalytic activity—in contrast to [Mn(TEPA)(NoH4)12[Hg4Tes2],
featuring discrete [Hg4Te12]4‘ anions, which showed 92% cv degrada-
tion after 12 h [102].

The Mn-based sulfido antimonate (Hj—en)[MnsSbeS15(NoH4)el-
DMF-0.5NH4 (83) was synthesized from Mn, SbySs, and S with DMF
and en in NoH4-Ho0 at 75 °C. The anion 3D-{[MnsSbeS15(N2H)e1% }
consists of a three-dimensional metal chalcogenide open framework
(MCOF) in which {SbsSs} building units act as pillars between 2D-
[MnsS12(N2H4)e] layers with NoHy4 ligands acting as bridges besides
1-S%" ligands (Fig. 21¢). In the Mn/S substructure, the Mn?" ions adopt
two different coordination environments: one is octahedrally coordi-
nated by three S atoms and three hydrazine molecules, and the other one
is octahedrally coordinated by four S atoms and two hydrazine mole-
cules. The octahedra are edge-linked into dodecanuclear rings that are
stacked to form the walls of straight hexagonal channels (Fig. 21d) with
a diameter of ~ 10 A (disregarding van der Waals radii), in which the
(H3 _en)?* counterions are located. The channels are linked into a
honeycomb pattern, as the {MnS4N5} octahedra belong to two channel
walls each, and the {MnS3N3} octahedra are part of the walls of three

adjacent channels. Compound 83 is well suited for electrocatalytic ox-
ygen reduction reactions (ORR) as displayed in Fig. 21e-f [103].

All ligand-bridged and ligand-functionalized chalcogenido metalate
cluster-based polymeric compounds presented in Section 3.3 are sum-
marized in Table 5.

4. Ligand-functionalized silver chalcogenide cluster-based
compounds

4.1. Ligand-functionalized silver chalcogenide/chalcogenolate clusters

In this section, we review the syntheses and structures of silver
chalcogenide/chalcogenolate cluster-based molecules with a special
emphasis on the comparison of different types of protecting ligands.
Similar copper and gold chalcogenide/chalcogenolate compounds were
also reported, which can be completely analogous or differ to certain
extents from the species comprising silver atoms (which in part is owing
to relativistic effects present in the gold compounds). However, as the
number of compounds that were published in this area is huge, we chose
to focus on the clusters including silver atoms here, and refer the reader
to other recently published review articles for the corresponding copper
and gold compounds [104-106].

Ligand-functionalized silver nanoclusters consist of an inorganic
silver-chalcogenide cluster core and chalcogenolate protecting ligands
on the surface. Normally, the description in terms of such compounds is
always challenging due to their structural complexity, especially for the
ones containing larger cluster cores [15]. However, the positions of the
ligands on the cluster surface can be well distinguished and therefore
can help to elucidate the structures at the interface between ligand shell
and cluster core. Furthermore, the surface ligands play a role as stabi-
lizing agents to protect the cluster cores and have thus a significant in-
fluence on the overall molecular structures. Herein, we summarize the
use of chalcogenide Ch® (Ch= S, Se, and Te), chalcogenolate (RCh)
(Ch =S, Se, and Te), dichalcogenidophosphate [RoPChy] (Ch =S, Se),
and a few examples of multichalcogenolate (RCh)? (Ch =S, x > 2)
anions as bridging ligands between the noble metal atoms of the cluster
cores. Additionally, (RCh) , [RoPChs] , and (RChy)? can also act as
ligands on the cluster surface.

Silver clusters in which the silver atoms are only linked by naked Ch?
anions have to be stabilized by, for example, phosphine groups at the sur-
face silver atoms. However, these compounds are rare due to a lack of
suitable Ch? precursors. The most suitable ones in this context for intro-
ducing Ch? are bis(trimethylsilyl) chalcogenides. For instance, the

Table 5
Summary of the ligand-bridged and ligand-functionalized chalcogenido metalate-based polymers compounds presented in Section 3.3.
Compound Dimensionality Reactants Temperature (°C) Ref.
[Mn(NH3)s] [MnpAs,Ss(NoH,)o] (64) 1D Mn, As,Ss, PEG-400 in N,Hs-H,0 110 [92]
[(N2H4)2Mn3Sb,Sg(u3-OH)1, (65) 2D Mn, Sb,Ss, S, in [HTBP]Br with N,H,-H,0 175 [93]
[Mn3GeyS7(NH3)4], (66) 2D Mn, S, GeS, in PEG-400 with NyH4-H,0 160 [95]
[Mn(en),(H20)1[{Mn(en),}MnGesSeq] (67) 2D Mn, Se, GeSe in PEG-400 with en 160 [95]
(H"-1,2-dap)»[{Mn(1,2-dap),}Ge,Se;] (68) 1D Mn, Se, GeSe in PEG-400 with 1,2-dap 160 [95]
[MnSb,S4(NoHy)o1, (69) 2D Mn, Sb,Ss, S in PEG-400 with N,H4-H,0 120 [96]
[Mn(TEPA)SbeS10], (70) 2D Mn, Sb,Ss, S in SDS with TEPA and H,O 160 [96]
[Mn,SnS4(NoHa)oln (71) 3D Sn, Mn, S in NoH4-H,0 and H,O 150 [97]
[Mn,Sb,Ss5(NoHy)z1, (72) 3D Mn, Sb,Ss, S in NoH4-H,0 and H,O 140 [98]
[Mn,Sb4Ss(N2Hy)o1, (73) 3D Mn, Sb,Ss, S in NyH,-H,0 and H,0 160 [99]
[Mn(dien),] [Mng(ug-S) (u-NoHy)3(u3-AsS3) 4]-Ho0 (74) 3D Mn, As, S in NoHy/dien 120 [100]
[Mn(1,2-dap),] [Mne(ue-S)(u-NaHz) 2(NaHa)2(u3-AsS5)41-Hy0 (75) 2D Mn, As, S in NoHg/1,2-dap 120 [100]
[Mn(en)s] [(NoH4)2Mne(ue-S) (u-NoHyg) 2 (13-AsS3)4] (76) 2D Mn, As, S in NoHy-Hp0/en 110 [101]
(H*-NyH,) [{Mn(u-N3Hy)2(u-AsS4)}-0.5en] (77) 1D Mn, As, S in NyH,-H,0/en 90 [101]
[Mn(y-trien){Mn(u-NoH4)(1-AsS3)} 2] (78) 3D Mn, As, S in NyH4-H,0/trien 110 [101]
[{Mn(N3H4) }2(u-NoHg)2{Mn(u-NoHyg) 2 (4-AsS3)23 1, (79) 1D Mn, As, S in NyH4-H,0/trien 90 [101]
[Mn(u-NoH,)6(us-AsS4) (u2-AsS4)], (80) 2D Mn, As, S in NyH,-H,0/DMF 90 [101]
[Mn(NH3)61[{Mn(NH3)(u-AsS4)}-] (81) 1D Mn, As, S in NoHy-H20/NHj( 90 [101]
[TM(trien){Hg,Te4}] (82) 1D TMCl,-xH,0 (TM = Mn, Zn, x = 4, 0), 120 [102]
HgCl,, Te, NoHy in trien
(H3—-en)[MnsSbeS;5(N2H4)e]-DMF-0.5NoH, (83) 3D Mn, Sb,S3, S in DMF, en and NoH4-Ho,O 75 [103]




Fig. 22. Molecular structures of huge phosphine-protected silver chalcogenolate clusters. (a) [Ag188So4(P"Pr3)30]. (b) [Ag154Se77(dppxy)i1s]. Most Ph groups and all

H atoms are omitted for clarity.

reaction of silver trifluoracetate, Ag(TFA) with S(SiMes), and P"Pr3 in
diglyme allowed for the formation of [Ag18gSo4(P"Pr3)30] (84, Fig. 22a),
which contains an Ag:S ratio of 2:1, and has a diameter of ~ 2.0 nm [107].
The P"Pr3 ligands are connected by thirty silver atoms from the outer shell
of the cluster and distributed on the surface as protecting agents, while the
remaining Ag " cations at the inner cluster core are bridged by $* ligands.
By changing the phosphine from P"Pr3 to P"Bus, one obtains the iso-
structural cluster [Ag;ggSo4(P"Bus)sol (85) [107]. Both cluster cores are
disordered, thus referring to the inherent property of AgsS to be a cation
conductor with notable Ag" mobility. However, this also indicates that a
variation of the different phosphine groups does not affect the disorder -
within the clusters. Even though this route has been proven to be effective, it
is still possible to form compounds that only contain Ch? anions as bridges
between silver atoms in the presence of chalcogenolates.
[Ag154Se77(dppxy)ig] (86, Fig. 22b, dppxy = 1,4-bis(diphenylphospha-
nylmethyl)benzene) can be isolated upon addition of Se(SiMes); to a sus-
pension of AgS'Bu and dppxy in DCM and toluene at 55 °C [108]. Here,
only Se? bridges form, despite the presence of thiolates. The reason being
that Se(SiMe3), is more reactive than AgStBu under such reaction condi-
tions, and also dppxy exhibits better coordination abilities than the (S'Bu)
group; therefore, dppxy is preferred as a bidentate ligand to cover the
cluster surface.

A greater variety of structural motifs can be achieved by using
different chalcogenolate ligands. Two examples are given in Fig. 23.
Adding (Et4N)Br to a mixture of Ag»SO4 and 2-TBI (2-thiobenzimidazol)
in DMF and MeCN allowed for the formation of [Et4N][Ag4(2-TBI)g(-
S04)3]2[Br@Ags(2-TBD)15(S04)2]e4MeCNe3DMF (87, Fig. 23a), which
represents a rare co-crystallization product of two different—a cationic
and an anionic—silver thiolate clusters [109]. Without the addition of
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[Et4N]Br, and by changing Ag>SO4 to AgX (X = CI, Br) and MeCN to
H»0, two silver-thiolate coordination polymers, 2D-[Ag;4(2-TBI)12X2]
(88a, X =Cl; 88b, X = Br; Fig. 23b), were isolated [110]. Owing to the
hydrophobic nature of the ligand shell, as well as the in situ formation of
a dynamic proton layer while treating with acid, both compounds are
stable in concentrated acidic or basic solutions, and also in various
common solvents.

With the use of 4-cyanobenzenethiol or 4-nitrobenzenethiol as chal-
cogenolate ligands, the isostructural compounds [Age(S-CeHy-
CN)6(PPh3)6] (89, Flg 24a) and [Aga(S'C6H4-N02)6(PPh3)6] (90, Flg 24b)
were obtained following the same synthetic approach as described before
[111]. Here, the chalcogenolate ligands not only serve as a ligand shell, but
also act as bridges to link the silver atoms. Upon reacting the former
product 89 with FeCl, in THF and pentane at room temperature, a larger
neutral complex [Ag14S(S-C6H4-CN)12(Pph3)8] [FeClZ(THF)4]3 (91,
Fig. 24c) was isolated with an interstitial sulfide anion in the center of the
{Ag14} cluster core [111]. The central S% has apparently been released
from the 4-cyanobenzenethiol ligand despite its stability, since no other
sulfur sources were present in the reaction mixture. A similar cluster
framework, [Ag;4S(S-C¢H4-NCS)12(PPh3)g] (92, Fig. 24d), was obtained
from the treatment of Ag(OAc), SCN-C¢H4-SH and PPhg in THF and Et;0
[111]. With the reaction of AgNO3 and 4-'Bu-CgH,4-SH in NEts, EtOH, and
MeCN at room temperature, a polymeric strand of 1D-{[AggAg4,2(S-CeHa-
4-Bu)15])? } (in 93) was formed with [HT-NEts] cations as structure
directing agents and counterions [112]. Moreover, the product can be used
as a precursor for further transformation, since it reacts readily with CS, in
solution. Addition of pure MeCN to the above solution enabled the for-
mation of a larger molecular cluster anion, [Agg()S7(S-C6H4-4-tBu)40]4 (in
94) [112]. These cases demonstrate that the modulation of the

Fig. 23. TBI-stabilized silver sulfide clusters. (a) Co-crystallizing [Ag4(2—TBI)6(SO4)3]2’ anions and [Br@Agg(Z—TBI)12(504)2]3+ cations. (b) Silver thiolate-based
coordination polymer of 2D-[Ag;4(2-TBI);2X5] (X  Cl, Br). H atoms and template cations of the first compound are omitted for clarity.



Fig. 24. Molecular structures of thiolate and phosphine co-functionalized silver sulfide clusters. (a) [Ags(S-CeH4-CN)g(PPh3)e]. (b) [Age(S-CoH4-NO2)s(PPhs)e]. ()
[Ag14S(S-CcHg-CN)12(PPh3)g]. (d) [Ag14S(S-C¢H4-NCS)12(PPh3)g]. H atoms are omitted for clarity.

chalcogenolate ligands is important but not the only parameter for
modifying the molecular structures. Other parameters, such as the solvent,
the reaction temperature, or the silver and chalcogen sources, need be
taken into account, too.

In order to obtain larger silver chalcogenide nanoclusters, the charge
distribution and electronic charge compensation within the cluster
compound is an important factor. To do so, highly reactive Ch(SiMe3)s
can be introduced as chalcogenide sources to balance the positive charge
of the inorganic cluster core. Another way is to generate chalcogenolate
ligands in situ from RChSiMes to compensate corresponding charge on
the surface. Following these routes, a combined use of Ch(SiMes), and
RChSiMejs with different silver salts in various solvents has led to a wide
spectrum of molecular clusters. In the presence of bis

(diphenylphosphanyl)methane (dppm) as stabilizer, the reaction of
(Me2N)CeH4S(SiMes)» and S(SiMes)s with Ag(O2CPh) in THF and Et,O
afforded [Ages5S13(S-CeHg-NMeg)s3o(dppm)s] (95, Fig. 25a), which con-
sists of 65 silver and 13 chalcogenide atoms in the cluster core with a
diameter approximately up to 1.7 nm [113].

By replacing S(SiMes), with Se(SiMes), and dppm with PPhs, even
larger clusters such as [AgyeSe;3(S-CeHg-NMes)so(PPhs)gs] (96,
Fig. 25b) and [AgsgSe;2(S-CoHa-NMeg)s3(PPhs)e] (97, Fig. 25¢) were
obtained [113]. The positive charges of the Ag™ cations of 96 are
compensated by the negative charges of the Se? anions and the (S-
CgH4-NMey) ligands. The situation within the cluster, shown in
Fig. 25¢, seems to be more complicated, since the 88 Ag* cations should
provide 88 positive charges. However, the 12 Se? anions and the 63 (S-

Fig. 25. Molecular structures of thiolate and phosphine co-functionalized silver chalcogenide nanoclusters. (a) [Ages5S13(S-CsHa-NMes)so(dppm)s]. (b) [Agr6Seq3(S-
CgH4-NMey)s0(PPh3)g s1. (€) [AggsSe;2(S-CeHa-NMes)e3(PPhs)s]. H atoms are omitted for clarity.



CeH4-NMey) ligands can only contribute 87 electrons. Therefore, one of
the silver atoms must be formally uncharged. Since no neutral Ag atom
could be observed by inspection of the respective coordination envi-
ronments, the authors thus assumed that the 87 positive charges are
equally distributed over all Ag atoms [113].

By introducing a ferrocene (Fc) group through the addition of
FcCH2SSiMes, silver-chalcogenide clusters with potentially interesting
electrocatalytic properties become accessible. For example,
[Ag10(SCHoFc)10(PPhs)4] (98, Fig. 26a), and the larger clusters
[Ag4sS6(SCH2FC)36] (99, Fig. 26b) have been prepared [114]. The latter
can be reversibly oxidized, as confirmed by CV.

Reacting Ph(SSiMes), Ag(O2CPh), and S(SiMes), in the presence of
tridentate 1,1,1-trsi(diphenylphosphinomethyl)ethane (triphos) as a
stabilizer in diglyme allowed for the formation of a neutral
[Ag70S16(SPh)34(PhCO4)4(triphos)4] cluster (100, Fig. 27a). In this case,
the Ag atoms adopt a d'° configuration with no detectable AgeseAg
interactions. Upon replacing triphos with bidentate dppm ligands, and
diglyme with DME, [Ag70S20(SPh)2g(dppm)109](TFA)s (101) could be
isolated (Fig. 27b) [107]. Even though 100 and 101 contain the same
number of silver atoms in the inner cores, the amount of sulfide atoms as
well as the number of thiolate groups differ [115]. This shows that going
from a tridentate P-donor ligand to a bidentate one has a significant
effect on the cluster composition and size. For example, in the presence
of bis(diphenylphosphino)butane (dppb), reactions of Ag(TFA), ‘BuS-
SiMes, and S(SiMes); in THF yield the high-nuclearity cluster
[Ag2625100(SBu)s2(dppb)s] (102, Fig. 27¢) [115]. In addition, by reac-
tion of Ag(S'Bu) and S(SiMe3); in toluene and chloroform, a compound
comprising the larger cluster molecules [Ag320S130(S'Bu)so(dppp)ial
(103) was isolated using 1,3-bis(diphenylphosphanyl)propane (dppp) as
stabilizer, which further emphasized the structure-regulating role of
phosphine ligands [108].

The spatial expansion of the cluster is influenced by the distance
between two P donor atoms of the bidentate phosphine, though it is not
the only decisive parameter. Replacing the dppb stabilizer with a larger
dppxy ligand resulted in the crystallization of smaller [Ag;23S35(S'Bu)s]
(104) and, also, larger [Ag3448124(StBu)96] clusters (105, Fig. 28a)
[116]. However, it is hard to correlate the influence of different types of
phosphines with the final cluster structures, since the phosphines are not
incorporated into the molecular structures in these two cases. Certainly,
to achieve high-nuclearity clusters, it is usually necessary to combine Ch
(SiMes), and RChSiMes in these reactions (with very few exceptions) to

(a)

(b)

balance the excess positive charges of the inner cluster cores as needed.

Another possibility for an effective synthetic approach to silver
chalcogenide nanoclusters is the use of a silver chalcogenate, Ag(ChR),
with Ch(SiMes), directly under the same reaction conditions. Following
this method, the reaction of Ag(S'CsH;1) with S(SiMes), in the presence
of 4,4"-bis(diphenylphosphanyl)biphenyl (dppbp) in THF and p-xylene
afforded the largest coinage metal cluster that was structurally charac-
terized to date, [Ag4908188(StC5H11)114] (106) [108]. However, in this
case, only 108 chalcogenolate groups could be fully identified by single
crystal X-ray diffraction (SC-XRD). Without the addition of p-xylene,
[Ag352S128(S'CsH11)06] (107, Fig. 28b) was isolated instead, albeit in
very low yield. The latter is likely an intermediate of the formation of
106 (Fig. 28c), since 106 could be obtained after 3-4 weeks alongside
10-20% of 107. Notably, the measured MALDI-TOF spectrum of 106
corresponds within a reasonable range with the simulated one. That is
despite the fact, that the chalcogenolate groups are easily lost under the
given conditions [108].

The discussion presented herein shows that (a) employing Ch
(SiMe3), together with RChSiMes, or combining M(ChR) (M = Ag, Cu,
Au; Ch = S, Se, Te) with Ch(SiMe3),, and (b) addition of a bidentate
phosphine as stabilizer is helpful in the generation of huge silver
chalcogenide-based nanoclusters, although in some cases, the phos-
phines are not incorporated into the clusters themselves, is necessary to
form these high-nuclearity clusters.

In the recent past, a steadily increasing number of novel coinage
metal (nano)clusters have been synthesized via solvothermal ap-
proaches [117] and via an in situ reduction method [118,119], without
the need for silylated chalcogenide as reagents. For instance, the sol-
vothermal reaction of Ag(S'Bu) with AgNO3 in MeOH, EtOH, and DMF
led to the crystallization of [CO3@Ag20(S'Bu)19(DMF)s(NO3)s] (108,
Fig. 29a) in high yield [120]. The thiolates serve as both bridging and
surface ligands to stabilize this drum-like nanocluster. The unexpected
inner templating anion, CO3 , is presumed to be generated in situ from
atmospheric COs. Replacing the nitrate anion and DMF with 1,3-dioxo-
1H-benzo[de]isoquinolin-2(3H)-yl)acetic acid (DOBzQA) ligands and
MeCN, respectively, allowed for the formation of [CO3@Ag20(S'Bu)1o(-
DOBzQA)g(MeCN)4] (109), a fluorescent compound. Its decoration with
ferrocenecarboxylic functional groups resulted in the formation of a
corresponding compound exhibiting electrochemical activity,
[C03@Ag20(StBu)10(FCC5H4C02)8(MeCN)4] (1 10, Fig. 29b) [121]. The
introduction of chiral amino ligands furthermore allowed for the

Fig. 26. Molecular structures of ferrocenyl-functionalized silver sulfide clusters (a) [Ag10o(SCH2Fc)10(PPh3)4], and (b) [Ag4sSe(SCH2FC)36] molecules. H atoms are

omitted for clarity.



(b)

(d)

Fig. 27. Molecular structures of silver sulfide nanoclusters stabilized by bidentate or tridentate phosphine ligands. (a) [Ag70S16(SPh)34(PhCO3)4(triphos)4]. (b)
[Ag70S20(SPh)2g(dppm)10](TFA),. (¢) [Ag262S100(SBu)s2(dppb)s]. (d) [Ag320S130(S'Buso(dppp)s]. H atoms are omitted for clarity.

Fig. 28. Molecular structures of thiolate-protected silver sulfide nanoclusters (a) [Ag344S124(SBwos], (b) [Ag3525128(S'CsH11)96], and (c) [Aga90S188(S'CsH11)114]. H

atoms are omitted for clarity.

formation of chiral silver sulfide nanoclusters. However, other species,
such as the benzoate-substituted cluster [CO3@Ag20(SBu)10(BzO2)g(D-
MA)2(MeCN);] cluster (111; Fig. 29c; DMA = dimethylacetamide),
show neither fluorescent potential or electrochemical performance nor
chirality [121]. These results and comparisons provide a deeper un-
derstanding of the selective functionalization of coinage metal nano-
clusters as an elegant means of influencing their properties.

The in situ reduction method mentioned above has seen a great
amount of success [122]. Most commonly, Na[BH4] and Na[BH3CN]
were used to reduce Ag" to Ag in this context. By this, the coinage metal
cluster cores can be stabilized without the insertion of any bridging
chalcogenide ligands. For instance, in the presence of Na[BHy], the

reaction of AgNOs, pentafluorobenzenethiol (PFBT), and PPhz in MeOH
and DCM afforded the formation of Nas[Agsg(PFBT)24(PPhs)g] (112).
Herein, it was found that 17 of the 39 silver atoms were formally un-
charged, and thus the cluster is isolable without further sulfide ligands.
Further experiments led to the synthesis of a mixed-metallic analogue
with Ag and Cu atoms in Nag[Ags7Cua(PFBT)24(PPh3)g] (113), and also
to the formation of a heteronuclear cousin in Nay[Agsy.
Cu2(PFBT)24(PPh3)g] [Ag14(PFBT)s(P

Phs)g] (114) [118]. By decreasing the number of C-F bonds in the thi-
olate reagents, using 3,4-difluorobenzenethiol or 4-fluorobenzenethiol,
in reactions with AgNO3 under the same conditions enabled the crys-
tallization of two isostructural clusters, [Ag44(S-C6H3-F2)3O]4 (in 115)



Fig. 29. Molecular structures of related silver sulfide nanoclusters decorated with different ligand groups. (a) [CO3@Agao(S'Bu)io(DMF)s(NO3)g]. (b)
[CO3@Ag20(S"Bu)1o(FcCsH4CO2)g(MeCN),]. (c) [CO3@Aga0(SBu)10(Bz02)s(DMA)2(MeCN),]. H atoms are omitted for clarity.

and [Ag44(S-C(,H4-F)30]4 (in 116). Further substitution of F by CF3 in
the thiolate led to the formation of [Ag44(S-C6H4-CF3)3O]4 (in 117).
Each of the three cluster anions comprise ten formally uncharged Ag
atoms [124].

Varying the chalcogenolate ligands provides a method for tuning
optical properties. The reaction of Ag(Tos) (Tos = tosyl) with 2,4-dime-
thylbenzenethiolate (2,4-DMBT) and PPhs in the presence of Na
[BH3CN] and EtOH, for example, led to the formation of [Agso(2,4-
DMBT)24(PPhs)g] (118; Fig. 30a). However, the use of 2,5-dimethylben-
zenethiolate (2,5-DMBT) afforded the larger cluster [Ague(2,5-
DMBT)24(PPh3)g](Tos), (119; Fig. 30b). Given the correlation between
the structures and optical properties, the authors noted that the crystal
packing is essential to tune the optical features of coinage metal nano-
clusters. Alternatively, the treatment of 118 in DCM and MeOH with
small amounts of 2,5-DMBT afforded mixed single crystals of 119 and
[Ag43(2,5-DMBT)25(PPhs)4] (120; Fig. 30c) [125].

The reaction of Ag[SbF¢] with HSCy, [PPh4]Br and Na[BH4] in the
solvent mixture DCM, MeOH, triethylamine (TEA) and hexane yielded
[Ag206(SCy)70 xFxCla]d" (x = 0-4; q = 2-5; in 121; Fig. 31a) [126]. The
presence of differently charged isomers has been shown by means of ESI-
MS analyses. Considering the charge balance, a considerable number of
the silver atoms in the cluster core are formally uncharged. An overall
metalloid nature of the cluster core was confirmed indeed by electro-
chemistry, plasmonic absorption, and density functional theory calcu-
lations (DFT). Furthermore, the treatment of 93 with [PPh4]Br under the
same reaction conditions led to the formation of [PPh4l4[Ag136(S-
4-'BuPh)e4Cl3Ago 451 (122; Fig. 31b). The addition of Ag[BF4] afforded
[Ag374(S-4-'BuPh);13BroClo] (123; Fig. 31c), containing a metallic core
with 257 uncharged silver atoms, which represents the largest reported
coinage metal cluster when also taking the ligands into account [127].

In this section, we have illustrated the wide spectrum of silver

chalcogenide cluster-based compounds, where the cluster cores are
either (a) terminated and bridged by chalcogenolate (RCh) moieties, or
(b) linked by chalcogenide anions and shielded by (RCh) groups with
or without further functionality. In the first case, smaller coinage metal
chalcogenide clusters are obtained. Upon introduction of chalcogenide
atoms, as in the second case, larger clusters are formed for reasons of
charge balance. Larger clusters can alternatively be approached by (c)
the reduction of Ag™ cations.

Besides the use of chalcogenide Ch? and chalcogenolate (RCh)
anions as either bridging or surface-decorating ligands, there are also
some works reporting the functionalization of such high-nuclearity
clusters with dichalcogenolate [(R);PChz] anions (Ch = S, Se), and
even with multichalcogenolate (RCh,)? anions (Ch =S, x > 2) as li-
gands. Some examples are given in Scheme 2.

The treatment of [Ag(MeCN)4][PF¢] salts with [NH4][ChaP(R)2]
under the given reaction conditions allowed for the formation of a series
of relatively smaller silver dichalcogenolate clusters. The variation of
solvents and auxiliaries is regarded the most important factor in these
reactions. For instance, the reaction of [Ag(MeCN)4][PFg] and [NH4]
[S2P(O'Pr),] in DCM and H,0 afforded [Age(S2P(O'Pr)2)e] (124a) [128].
Replacing [NH4][SoP(OPr)y] with [NH,][SesP(O'Pr)y] yielded the
analogous [AgG(SeZP(OiPr)z)6] clusters (124b) [129]. Interestingly, the
neutral [Aga(SeZP(OiPr)g)ﬁ] cluster co-crystallized with the larger
[Ags(Se){SezP(OiPr)Z}G] (125a), which shows an additional Se atom
embedded in a cubic {Agg} core as elucidated by SC-XRD. This show-
cased that the formation of a heteronuclear silver selenolate cluster is
also possible. Using THF as a solvent and NayS as an additional sulfide
source, the sulfur analogue, [Agg(S){SgP(OiPr)z}G] (125b), was formed
[130]. Further varying the chalcogenolate source as well as the solvent
allowed for the isolation of the even larger clusters [Agio(Se){SexP
(OEt)2}6] (126; Fig. 32a) and [Aglo(Se)(SezP(OiPr)2)6] (127) [130]. In

Fig. 30. Transformation of silver sulfide nanoclusters. (a) [Ag40(2,4-DMBT)24(PPh3)gl. (b) [Ag46(2,5-DMBT)24(PPh3)g](Tos)2. (c) [Ag43(2,5-DMBT),5(PPh3)4]. H

atoms are omitted for clarity.
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Fig. 31. Molecular structures of huge metalloid silver sulfide nanoclusters. (a) [Ag206(SCy)ssF2Cl2]1?" (@ 2, 3, 4, 5). (b) [PPh4][Ag136(S-4-"BuPh)g4Cl3Ago 45]. (c)
[Ag374(S-4-"BuPh);13Br,Cl,]. H atoms are omitted for clarity.

[Ag(MeCN),J[PF¢]  +

INH,JICh,P(R).]

EZ: :20 [Ags(S:P(OPr),)e]
2T [AGy(Se,P(OPr),)sl [Ags(Se)(Se,P(OPr),)]
THF, Na,S [Ags(S)(S,P(OPr),)e]
T [AGy(F)(S,P(OPI),)(PFe)
THF, BTEAC

[Agg(CI)(S,P(OPr),)6](PFe)

TARPPRIBT |, [AGy(Br)(S,P(OPr),)el(PFs)

B O [Ags(H)(Se,P(OEY),)el(PFs)

[BuyN]Br, EtOH [Ags(H)(SeQP(OEt)z)a](PFe)

MeOH, Bu NI

[Ag1ola(1)(S:P(OPr),)e]

[Ag1o(Se)(Se,P(OEt),)q]
[Ag1o(Se)(Se,P(OPr),)e]

DCM, H,0, hexane
DCM, H,0, hexane

[BuyN]I, DCM,

H,0, heaxne [Ag4(Se)(1)(Se,P(OEt),)s]
A 1)(Se,P(OP

[BUNIl DOM, [Ag11(Se)(1)(Se,P(OPr),)e]

H,0, heaxne

Scheme 2. Illustration of the syntheses of smaller silver dichalcogenolate clusters exhibiting dichalcogenolate groups by the use of salts of dichalcogenolate

[(R),PCh,] anions as reactants.

Fig. 32. Molecular structure of chalcogenide-centered or halide-centered silver chalcogenide clusters comprising dichalcogenolate ligands. (a) [Ag10(Se)(SeoP
(OE1)5)el. (b) [Ags(F){S2P(O'Pr)2}6](PFe). (c) [Ags(H)(SeaP(OEt),)6] [PFe]. H atoms are omitted for clarity.

these cases, the selenide ligand is encapsulated in a distorted
trapezoidal-prismatic configuration, and the cluster cores are further

surrounded by six selenolate ligands.

Given the crystallization of coinage metal clusters with interstitial

chalcogenide anions, similar coinage metal clusters have also been
realized with interstitial halide anions. For this, the use of halogenated
solvents or halide salts has been proven useful. For example, the reaction
of [Ag(MeCN)4][PFg] and [NH4] [SzP(OiPI')g] in THF led to the



formation of the fluoride-centered species [Agg(F)(SZP(OiPr)2)6] [PFg]
(128a; Fig. 32b) [130]. Addition of benzyltriethylammonium chloride
(BTEAC) or [PPh4]Br to the aforementioned reaction solution resulted in
a replacement of the central fluoride anions with chloride or bromide,
and led to the formation of chloride-centered [Agg(Cl)(SgP(OiPr)Z)ﬁ]
[PFg] (128b) or bromide-centered [Agg(Br)(SzP(OiPr)z)ﬁ] [PFg] clusters
(128c), respectively [130]. All of these structures are identical and
crystallize with cubic inorganic cores, which are further surrounded by
six dichalcogenolate units at each face of the cubic core. The next logical
step was to synthesize iodide-centered clusters. This could be achieved
by adding [BusN]L, which afforded the larger neutral clusters [Ag;ol3(D)
(SgP(OlPr)g)ﬁ] (129), [Ag11(Se)(1)(Se2P(OEt)2)6] (130), and [Ag11(Se)(D
(SeaP(0'Pr)2)g] (131). [130,131] Their different structures, as compared
to the F , Cl , and Br containing cousins, might be caused by the
template effect of the larger I anions.

With the addition of Na[BH4] as a reducing agent, hydride-centered
molecules are obtained under different reaction conditions. For
instance, in the presence of Na[BH4], the reaction of [Ag(MeCN)4][PF¢]
and [NH4][ChoP(OR)2] (Ch = S, Se; R = Et, Pr) in DCM enabled the
crystallization of the hydride-centered heptanuclear clusters of [Ag;(H)
(SeaP(OPr)o)s] (132) and [Ag;(H)(S2P(O'Et)s] (133) [132]. The
presence of the hydride was fully confirmed by means of NMR, ESI-MS,
and DFT calculations. Additionally, these clusters can also be generated
from larger clusters through stepwise fragmentation. The reaction of
[Ag10(Ch)(ChaP(OR)3)e] with Na[BHy4] in DCM lead to an exchange of
the Ch? anionwithanH anion, which allowed for the formation of the
hydride-centered, cationic species [Agg(H)(ChaoP(OR)2)6]1[PFe] (134, R
=Pr; 135, R = Et; Fig. 32¢) as an intermediate. Upon further addition of
Na[BH4], the latter transform into the smaller clusters 132 and 133,
respectively [133].

Besides the use of dichalcogenidophosphonates as bidentate ligands,
dithiolatecarborane has recently been established as another significant
type of surface-capping agents for the functionalization of coinage metal
clusters. [134,135] For example, the reaction of 1-thiol-o-carborane
with Ag(TFA) in MeCN afforded [Ag;4(S2C2B10H10)6(MeCN)4]e4MeCN
(136, Fig. 33a), which contains a metallic core where a partial reduction
of Ag+ to Ag0 is observed [134]. Because of the coordination of labile
MeCN moieties, this compound is not stable. For the same reason,
however, it can be functionalized with other coordinating molecules.
For example, through immersing the compound 136 in a solution of
DCM and pyridine or 4-methylpyridine, the pyridine and 4-methylpyri-
dine molecules substitute all MeCN molecules, thereby affording the
analogous species [Ag14(S2C2B10H10)6(py)4]l (137; Fig. 33b) and
[Ag14(S2C2aB10H10)6(4-CH3-py)4] (138). A linkage of this type of clusters
into polymers with multidentate ligands has also proven successful
(Section 4.2). Apart from the isolation of smaller clusters, the use of
dimercaptocarborane also contributes to the formation of relatively
larger clusters. By reacting achiral 9,12-dimercapto-1,2-closo-carborane
with Ag(TFA) in MeCN and after addition of PPhs and Na[BHy], the

neutral cluster [Ags3(S2CoB10H10)12] formed (139; Fig. 33c). A partial
replacement of Ag" with Cu™ in the cluster core breaks the symmetry
and results in the formation of chiral compounds [135]. This serves as an
efficient method to manipulate the chiroptical properties of specific
coinage metal clusters.

Multidentate chalcogenolates have also been employed for inducing
chirality in such clusters. In the presence of dppm, the reaction of 8,9,12-
trimercapto-1,2-closo-carborane with Ag(TFA) in MeCN and NoHy led to
a racemic mixture of clusters (R/L-)[Ag30(S3C2B10Hg)g(dppm)e] (140;
Fig. 34a) [136]. The chirality of the cluster is attributed to the chiral
arrangement of the trimercaptocarborane ligands. The ligands thus not
only serve as protective agents, but also act as a chirality inducer in some
specific cases.

Most recently, even thiacalix[4]arene groups, which contain multiple
sulfide and oxide coordination sites, have been utilized to stabilize coinage
metal clusters. Reactions of ["BusN]4(a-MogOo), (AgSED),, and Ag(Tos)
with p-phenyl-thiacalix[4]arene (H4PTC4A) in MeCN, TCM, and DMF
enabled the crystallization of [Ag;g(Moy0sPTC4A)g(EtS)e(Tos)]e2Ag
(MeCN)3e4TCM (141, Fig. 34b) [137]. The formation of the anionic
[(MOZOSPTC4A)]12 metallamacrocycle is instrumental for stabilizing the
inner inorganic cluster core, and was confirmed by mass spectrometry.
Crystals of the compound are soluble in DCM/MeOH, and the cluster re-
mains intact as evidenced by ESI-MS measurements. Under the given re-
action conditions, the replacement of p-phenyl-thiacalix[4]arene with p-
tert-butylthiacalix[4]arene allowed for the isolation of [Ag155(SCy)40(T-
C4A)sClp] (142; Fig. 34c) [138]. The arrangement of the silver atoms in
the inorganic core leads to an uncommon pseudo-5-fold symmetry.

Although it has been a challenge to synthesize soluble coinage metal
clusters for a long time, the silver clusters functionalized with thiacalix
[4]arenes are well soluble in common solvents. Because of the good
solubility of both starting materials and thiacalix[4]arene-stabilized
coinage metal chalcogenide clusters, future work might contribute to
the understanding of cluster growth mechanisms by in situ studies in
solution.

All ligand-functionalized silver cluster-based compounds presented
in Section 4.1 are summarized in Table 6.

4.2. Ligand-bridged silver cluster-based polymers

Polymeric networks can be synthesized by reactions of silver chal-
cogenides or silver chalcogenolates with pyridinium-based compounds.
Inserting these ligands as bridges between the respective silver clusters
yields large porous networks.

For example, a step-wise ligand-substitution reaction of [Ag;2(S”
Bu)s(TFA)s(MeCN)g] with bpy led to the formation of the highly stable
silver chalcogenolate polymer 2D—[Ag12(StBu)8(TFA)4(bpy)4] (143a;
Fig. 35a) [139]. The crystals of [Agl2(StBu)6(TFA)6(MeCN)6] decom-
posed completely within 30 min after exposure to air. By contrast, the
polymeric compound 143a is air-stable for over one year, as confirmed

Fig. 33. Molecular sulfide nanoclusters

structures of silver
[Ag14(S2C2B10H10)6(PY)4]- (¢) [Ag33(S2CoB1oHi0)12]. H atoms are omitted for clarity.

with  dithiolatecarborane-derived

ligands. (a) [Ag14(S2CaB1oH10)6(MeCN)4]l. (b)



Fig. 34. Molecular structures of chiral or thiacalix[4]arene-functionalized silver sulfide nanoclusters. (a) [Ags0(S3C2B1oHo)s(dppm)s]. (b) [Ag18(M02OsPT-

C4A)6(EtS)6(Tos)]. (c) [Ag155(SCy)40(TC4A)sCl2]. H atoms are omitted for clarity.

by powder X-ray diffraction (PXRD). The polymeric 2D-[Agia(S"
Bu)s(TFA)4(bpy)4] shows ultrafast reversible fluorescence properties in
vacuumy/air, and the switching mechanism has been further elucidated
by studying single-crystal structures. It is assumed that molecular Oz
transfers the triplet energy of the bpy ligands and thus quenches its
photoluminescence emission. The luminescence property can be
restored upon exposure to volatile organic compounds (VOCs) under air.
Introducing additional NHy, CHs, or F substituents at the third position
of the bpy molecules led to the formation of a series of clusters of the
formula 2D-[(Ag12(S[Bu)g(TFA)4(bpy-X)4] (143b, X = NH»; 143¢, X =
CHgs; 143d, X = F) (Fig. 35b, 35¢) [140]. It was shown that the use of
substituents with lone pairs (here: NHy) results an increase of the
phosphorescence lifetime from microseconds to milliseconds. In
contrast, the electron-donating CHs group afforded a decrease of the
lifetime. These findings underscore the significant role of ligands as
bridges for stabilizing silver-chalcogenolate clusters on the one hand,
and for engineering their luminescent properties on the other hand.

Novel polymers are accessible via fine-tuning of the reaction condi-
tions. For example, replacement of MeCN and EtOH with an excess of
dimethylformamide (DMA) and toluene in the reaction described above,
led to the formation of 2D—[(Agl2(StBu)6(TFA)6(bpy)4o(DMAXotoly)]
(144; Fig. 36) [141]. Here, the inorganic cluster moieties are com-
pressed to form a cubooctahedron-like topology with bpy as bridging
ligands. The compound shows thermochromic photoluminescence
properties with dual-emission bands centered at around 463 and 630
nm, respectively. Both emission intensities are highly dependent on the
excitation energy, and the differences regarding the emission intensities
are remarkable as revealed by photoluminescence spectroscopy. Partial
replacement of the bpy bridges with bpy-NH; afforded comparable in-
tensities of these two emission peaks at low temperature, which was
attributed to the lower temperature-dependence of the photo-
luminescence emission of bpy-NH; than that of the cluster itself.

In the presence of the coordination agent PhPO(OH)s,, the reaction of
AgS'Bu, Ag(TFA) and bpy in MeCN and EtOH yielded a “breathing” two-
dimensional polymer, 2D-[AglO(StBu)6(TFA)2(PhP02(OH))2(bpy)2]
(145; Fig. 37a) [142]. As elucidated by SC-XRD, the PhPO(OH), mole-
cules act as functional hydrogen bond donors to terminate the growth of
the inorganic cluster cores. Thus, the clusters are relatively small with
only ten silver atoms. Since the introduction of [PhPO3(OH)] solvent
units, the framework is less rigid and can “breath” upon treatment with
CH,Cly, CHCl3, and CCly, as revealed by SC-XRD. Therefore, the use of
coordinating solvents or molecules is believed to be important towards
the structure expansion of such cluster-based polymers.

Upon addition of [PPh4]Cl as an auxiliary instead of PhPO(OH),, the
larger clusters assemble into a one-dimensional strand in 1D-{[Ag;5Cl
(StBu)g(TFA)5,67(N03)0433(bpy)2(DMF)Z] .4.3DMF~H20} (146) or a two-
dimensional layer in 2D-{[Ag;4Cl(S'Bu)s(TFA)5(DMF)]e2DMF} (147;
Fig. 37b) [143]. Both were crystallized from the same reaction solution.

The absence of bpy bridges led to the formation of a discrete cluster
molecule in [Ag16Cl(S'Bu)g(TFA)(DMF)4(H20)]e1.5DMF (148). Upon a
comprehensive investigation, it was suggested that the thermal stability,
the optical, and the photoluminescence properties correlate with the
dimensionality of the formed products, since the charge-transfer from
the bridge to the cluster could be effectively modified this way. This has
been further studied and confirmed by DFT calculations.

Besides ligands and auxiliaries, the selection of silver salts is regarded
as another important parameter to influence the crystallization of the final
products. With the reaction of [Ag(tbt)], (tbt = tertiarybutylthiol); Ag
(TFA), and bpy in MeCN and MeOH, a three-dimensional silver cluster-
based framework is formed [144]. However, the coordination environ-
ment and composition of the cluster nodes differ from the ones discussed
above. This might be caused by their distinct reactivity and steric effect. In
addition, the replacement of bpy ligands with smaller pyrazine (pyz) li-
gands yielded a stable two-dimensional, sheet-like hexagonal structure in
2D-{[Ag12(tbt)6(TFA)e(pyz)s]#2MeCN}(149; Fig. 38a) [144]. The neigh-
boring layers are stabilized by van-der-Waals interactions and HeeeF
hydrogen bonding. Therefore, the bulk crystals can be easily exfoliated to
hexagonal nanosheets.

Further investigations using larger pyridyl-based ligands, such as tppe
(1,1,2,2-tetrakis(4-(pyridine-4-yl)phenyl)-ethene) and TPyP (5,10,15,20-
tetra(4-pyridyl)porphyrin),  yielded  3D-{[Ag;2(S'Bu)e(TFA)1[Ags(S"
Bu)4(TFA),4](tppe)2e10DMA} (150; Fig. 38b) [145], 3D-{[Ag12(SBu)e(T
FA)g(tppe)1.5]1¢39DMA} (151; Fig. 38c) [146], and 2D—[Ag12(StBu)6(T—
FA)3(TPyP)] (152; Fig. 38d) [147]. The tppe molecule, which is regarded
as an aggregation-induced emission luminogen, endowed the framework
compounds with usable luminescent properties. Furthermore, upon
exposing the blue-emitting 150 and 151 to air, the guest DMA (Dime-
thylacetamide) molecules are lost, and the resulting guest-free solids show
green emission. By then treating the DMA-free products with DMA again,
the fluorescence can be switched back from green to blue. These two
works emphasize the utilization of tppe bridges for tailoring the photo-
luminescence properties of silver cluster-based polymers. Future in-
vestigations will help to understand the underlying excitation and de-
excitation mechanisms.

The use of catalytically active porphyrin ligands has been proven
useful to improve both the photocatalytic and the electrocatalytic ac-
tivities of silver cluster-based frameworks. For instance, with the addi-
tion of TPyP, the reaction of Ag(S'Bu) and Ag(TFA) in CF3CO.H, 1,4-
dioxane, and TCM afforded 152, which not only selectively oxidizes 2-
chloroethyl ethyl sulfide, but also provides a platform for screening
silver cluster-based photocatalysts [147]. By changing the solvent to
MeCN and EtOH, a two-dimensional polymer, 2D-{[Ag27S2(S"Bu);4(T-
FA)s(TPyP)1(TFA)} (153; Fig. 39a) with larger cluster nodes formed
[148]. This compound possesses highly exposed catalytic sites and
shows efficient CO; fixation in carboxylative cyclization.

Besides the utilization of N-containing porphyrin ligands, it has



Table 6

Summary of the ligand-functionalized silver cluster-based compounds presented in Section 4.1.

Compound Dimensionality =~ Reactants Temperature (°C) Ref.
Silver Chalcogenide (Ag*/Ch%)
[Ag188S94(P"Pr3)30] (84) 0D Ag(TFA), P"Pr3, S(SiMe3),, diglyme 20 °C to rt [107]
[Ag188S04(P"Bus)so] (85) 0D Ag(TFA), P"Bus, S(SiMes),, diglyme 40°Cto 20°C [107]
tort
[Ag154Se77(dppxy)1s] (86) oD AgS'Bu, Se(SiMes),, DCM, dppxy, toluene 25°Cto O tort [108]
Silver-Chalcogenide/Chalcogenolate {Ag*/Ch? /(ChR) }
[Et4N][Ag4(2-TBI)6(S04)3]2[Br@Ags(2-TBI)12(SO4)2]e 0D Ag>S04, 2-TBI, NEt4Br, MeCN, DMF 120 [109]
4MeCNe3DMF (87)
[Ag14(2-TBI);2X>] (88) 2D AgX, 2-TBI, DMF, H,0 (X = Cl, Br) 125 [110]
[Ages(S-CeH4-CN)6(PPh3)s] (89) 0D Ag(OAc), 4-Cyanothiophenol, PPhs, THF, hexane rt [111]
[Ag6(S-CsH4-NO2)6(PPh3)s] (90) 0D Ag(OAc), 4-Nitrothiophenol, PPh;, THF rt [111]
[Ag14S(S-CeH4-CN)12(PPh3)g] [FeCly(THF) 413 (91) 0D [Ags(S-CeHa-CN)6(PPh3)6], FeCl,, THF, pentane t [111]
[Ag14S(S-CcH4-NCS)12(PPh3)s] (92) 0D Ag(OAc), SCN-CgHy4-SH, PPhs, THF, Et,0 rt [111]
[H*-NEt5],[AgsAg4,2(S-CoHa-4-Bu); ;] enEtOH (93) 1D AgNO3, 4-Bu-CgH,-SH, NEt5, EtOH, MeCN rt [112]
[H*-NEt5]4[Ags0S7(S-CeHy-Bu-4) 40]#2CS,06ELtOH (94) 0D [H*-NEt3],[AgsAga/2(S-CeHa-Bu-4); 2] enEtOH, CSz, MeCN It [112]
[Ag65S13(S-CeHa-NMe3)3o(dppm)s] (95) 0D Ag(02CPh), (MezN)CgH4(SSiMes3)2, S(SiMes),, dppm, THF, Et;0 60 °C to rt [113]
[Ag76Se13(S-CeHa-NMe,)s0(PPh3)e 51 (96) 0D Ag(0,CPh), Se(SiMej3),, PPhs, (MeoN)CgH4(SSiMes3), THF, Et,0 60 °C to rt [113]
[AgssSe1(S-CeHa-NMey)g3(PPhs)s] (97) 0D Ag(0,CPh), Se(SiMes),, PPhs, (Me,N)CeH4(SSiMes), THF, Et,0 60 °C to rt [113]
[Ag10(SCH2Fc)10(PPh3)4] (98) 0D Ag(OAc), PPhs, TCM, [CpFe(nS-C5H4CstSiMe3)]; pentane 0°Ctort [114]
[Ag4gS6(SCH2FC)36] (99) 0D Ag(OAc), PPhs, TCM, [CpFe(n’-CsH4CH,SSiMes)]; pentane 0°Ctort [114]
[Ag70S16(SPh)34(PhCO,)4(triphos)4] (100) 0D Ag(O,CPh), Ph(SSiMe3), S(SiMej3),, triphos, diglyme 20°Cto0°Ctort [107]
[Ag70S20(SPh)2s(dppm);0](TFA), (101) 0D Ag(TFA), Ph(SSiMes), S(SiMe3),, dppm, DME 40 °Ctort [115]
[Ag2625100(SBwe2(dppb)e] (102) 0D Ag(0,CPh), (‘Bu)S(SiMes), S(SiMes)2, dppb, THF 20°Ctort [115]
[Ag320S130(SBweo(dppp)i2] (103) oD Ag(SBu), S(SiMes), dppp, TCM, toluene rt [108]
[Ag123S35(SBwso] (104) 0D Ag(0,CCH3), (‘Bu)S(SiMes), S(SiMes),, dppxy, toluene It [116]
[Ag344S124(SBwos] (105) 0D Ag(0,CPh), (‘Bu)S(SiMes), S(SiMes),, dppxy, toluene rt [116]
[Ag490S188(S'CsH11)114] (106) 0D Ag(S'CsH11), S(SiMes),, dppbp, THF, p-xylene 15°C [108]
[Ag3525125(S'CsHy1)s6] (107) ")) Ag(S'CsHy 1), S(SiMes),, dppbp, THF 25°Cto rt [108]
Other Ag/S-Based Species
[CO3@Ag20(SBu)1o(DMF)(NO3)g] (108) 0D AgS'Bu, AgNO3, MeOH, EtOH, DMF It [120]
[CO3@Ag20(S'Bu)10(DOBzQA)g(MeCN)4] (109) 0D [CO3@Ag20(S'Bu)10(DMA)(NO3)g], HDOBzQA, TEA It [121]
[C03@Aggo(S[Bu)10(FcC5H4COZ)8(MeCN)4] (110) oD [COg@Aggg(StBu)lO(DMA)G(N03)3], Ferrocenemonocarboxylic It [121]
acid, TEA
[COs@Ag20(S'Bu)19(Bz02)s(DMA),(MeCN),] (111) oD [CO3@Ag20(S'Bu)10(DMA)s(NO53)s], BzOH, TEA rt [121]
Nay[Agso(PFBT),4(PPhs)s] (112) oD AgNOs, PPhs, PFBT, MeOH, DCM, Na[BH,], pentane It [123]
Nay[Ags;Cuy(PFBT)24(PPh3)g] (113) 0D AgNOs, CuCl, PPhs, PFBT, MeOH, DCM, Na[BH,], pentane rt [123]
Nay[Ags,Cus(PFBT),4(PPhs)s] [Ag14(PFBT)s(PPh3)s] (114) oD AgNOs, Cu(TFA),, PPhs, PFBT, MeOH, DCM, Na[BH,], pentane  rt [123]
[PPh4]4[Ag44(S-CeH3-F2)30] (115) 0D AgNO3, 3,4-difluorobenzenethiol, PPh4Br, DCM, MeOH, Na 4 [124]
[BH4], TEA, hexane
[PPh4]4[Ag44(S-CeH4-F)30] (116) 0D AgNOs3, 4-fluorobenzenethiol, PPh,Br, DCM, MeOH, Na[BH,], 4 [124]
TEA, hexane
[PPhy]4[Ag44(S-CeH4-CF3)30] (117) 0D AgNOs3, 4-trifluoromethylbenzenethiol, PPh4Br, DCM, MeOH, 4 [124]
Na[BH4], TEA, hexane
[Ag40(2,4-DMBT),4(PPh3)g] (118) 0D Ag(Tos), 2,4-DMBT, PPhs, EtOH, Na[BH;CN] rt [125]
[Ag46(2,5-DMBT)4(PPh3)g](Tos), (119) 0D Ag(Tos), 2,5-DMBT, PPh3, EtOH, Na[BH3CN] It [125]
[Ag43(2,5-DMBT)25(PPh3)4] (120) 0D [Ag40(2,4-DMBT)24(PPhs)g], 2,5-DMBT, DCM, MeOH rt [125]
(Cat)y[Ag206(SCy)esF2Cla] (in 121, x =2, 3, 4, 5) 0D Ag[SbFe], HSCy, MeOH, DCM, Na[BH,], TEA, hexane 4 [126]
[PPh,][Ag136(S-4-BuPh)e4ClsAgo 451 (122) 0D [HNEt3],[Ag;0(SPh'Bu);,], DCM, MeOH, [PPh,]Br, Na[BH,], 4 [127]
TEA, hexane
[Ag374(S-4-‘BuPh)113Br2C12] (123) 0D [HNEtg]2[Ag10(s-4'[BUPh)12], AgBF,4, DCM, MeOH, [PPh,]Br, 4 [127]
Na[BH4], TEA, hexane
Silver Dichalcogenolate (Ag*/(ChZR’ )
[Agﬁ(SzP(OiPr)z)s] (124a) 0D [Ag(MeCN)4][PF¢], [NH4] [SZP(OiPr)g], DCM, H,O It [128]
[Ag(,(SezP(OiPr)z)d (124b) 0D [Ag(MeCN)4][PFel, [NH4] [SeZP(OiPr)Z], DCM, hexane 50 °Ctort [129]
[Agg(Se)(SezP(OiPr)z)ﬁ] (125a) oD [Ag(MeCN)4][PF¢], [NH4] [SezP(OiPr)z], DCM, hexane 50 °Ctort [129]
[Ags(S)(S2P(O'Pr),)s] (125b) 0D [Ag(MeCN)41[PF¢], [NH41[SoP(O'Pr),], THF, NayS 20 [130]
[Ag10(Se)(Se2P(OEt)2)e] (126) 0D [Ag(MeCN)4][PF¢], [NH4][SeoP(OEt),], Et,0, DCM, H,0, 30°Ctort [130]
hexane
[Ag10(Se)(SesP(OPr)y)] (127) 0D [Ag(MeCN)4]1[PFe], [NH,][SesP(O'Pr),], Et,0, DCM, Hy0, 30°Ctort [130]
hexane
[Ags(F)(S2P(O'Pr),)e] [PFe] (128a) 0D [Ag(MeCN)4]1[PF¢], [NH4][S,P(O'Pr),], THF 20 [130]
[Ags(C1)(S2P(O'Pr)2)s] [PFe] (128b) 0D [Ag(MeCN),4][PF¢], [NH4][S>P(OPr),], THF, 20 [1301]
Benzyltriethyammonium chloride
[Ags(Br)(S;P(O'Pr),)6] [PFe] (128¢) 0D [Ag(MeCN)4]1[PFcl, [NH,][S;P(O'Pr),], THF, [PPhy]Br 20 [130]
[Ag10(1)4(S2P(OPr)2)6] (129) 0D [Ag(MeCN),4][PF¢], [NH4]1[S>P(O'Pr),], MeOH, [BuyN]I rt [130]
[Ag11(Se)(I)(SexP(OEL)3)6] (130) 0D [Ag(MeCN)4][PF¢], [NH4][SeoP(OEt),], [BusN]I, DCM, H,0, rt [131]
hexane
[Ag11(Se)(I)(Se;P(O'Pr)y)6] (131) oD [Ag(MeCN)4]1(PFg), [NH,][Se;P(O'Pr),], [BugNII, DCM, H,0, rt [131]
hexane
[Ag;(H)(SeaP(OPr),)6] (132) oD [Ag(MeCN)41[PF¢], [NH41[SesP(O'Pr),], Na[BH,4], DCM rt [132]
[Ag7(H)(S2P(OEt)2)e] (133) 0D [Ag(MeCN)4] [PFs], [NH4][SoP(OEL),], Na[BH,4], DCM It [132]
[Ags(H)(Se,P(OPr),)6] [PFe] (134) 0D [Ag(MeCN)41[PF¢], [NH4][Se,P(O'Pr),], Na[BH,4], THF 20 [133]
[Agg(H)(Se2P(OEt)2)6] [PFs] (135) 0D [Ag(MeCN)4][PF¢], [NH,4][SeoP(OEt),], Na[BH,], THF 20 [133]
[Ag14(S2C2B10H10)6(MeCN)4]e4MeCN (136) 0D Ag(TFA), 1-thiol-o-carborane, MeCN rt [134]

(continued on next page)



Table 6 (continued)

Compound Dimensionality =~ Reactants Temperature (°C) Ref.

[Ag14(S2C2B10H10)6(Py)4] (137) oD [Ag14(S2CoB10H10)(MeCN),]e4MeCN, py, DCM rt [134]

[Ag14(S2C2B1oH10)6(4-CH3-py)4] (138) 0D [Ag14(S2C2B10H10)(MeCN)4]e4MeCN, 4-CH3-py, DCM t [134]

[Ag33(52C2B1oH10)12] (139) 0D Ag(TFA), 9,12-Dimercapto-1,2-closo-carborane, MeCN, PPhs, rt [135]
Na[BH,4]

Silver Polychalcogenolate (Ag*/(Ch,R)% ; n > 2)

[Ag30(S3C2B10Ho)s(dppm)e] (140) oD Ag(TFA), 8,9,12-Trimercapto-1,2-closo-carborane, dppm, It [136]
MeCN, NoHy

[Ag15(M02,0sPTC4A)6(EtS)s(Tos)]e2Ag(MeCN)304TCM 0D (AgSED),, Ag(Tos), H4PTC4A, ["BuyN]4(a-MogOoe), MeCN, 65 [137]

(141) TCM, DMF
[Ag155(SCy)40(TC4A)sCl>] (142) oD (AgSCy)y, AgNO3, "BuOH, H,TC4A, TCM, Na[BH,], EtOH, NEt; 1t [138]

Fig. 35. Cutouts of the structures of ligand-bridged silver cluster-based polymers. (a) ZD-[(Ag1z(StBu)g(TFA)4(bpy)4]. (b) 2D-[(Ag12(S‘Bu)S(TFA)4(bpy-NH2)4]. (c)

2D-[(AglZ(S‘Bu)8(TFA)4(bpy-CH3)4]. H atoms are omitted for clarity.

(b)

Fig. 36. Cutout of the framework of 2D—[(Ag12(StBu)6(TFA)6(bpy)4-(DMAX-toly)]. (a) A fraction of seven linked clusters, with Ag and S atoms shown as space-filling
models. (b) Zoom into one of the cluster units with half of the bridging bipy molecules drawn as ligands. H atoms are omitted for clarity.

recently also been proven feasible to link silver clusters by using
carboxylate-based bridges. For instance, the two clusters were assembled
into framework compounds 2D-{ [(HPO4)2@Ag18(SiPr)8(H2P04)4(H22n
TCPP(EtOH))] OZMECN} (154) and 3D- [(HPO4)4(H2PO4)2@Ag54(SiP1‘
)32(TFA)e(MeCN)2(H,TCPP)(TCPP)] (155; Fig. 39b) employing TCPP li-
gands [149]. Hence, carboxylates can also contribute to the functionali-
zation and structural expansion of coinage metal chalcogenide cluster-
based materials.

The ligand-bridged silver cluster-based polymeric compounds pre-
sented in Section 4.2 are summarized in Table 7.

5. Other ligand-functionalized and ligand-bridged transition
metal chalcogenides

5.1. Ligand-functionalized and ligand-bridged {ResSeg} cluster-based
compounds

Among the metal chalcogenides, the octahedral {MgChg} cluster-
b