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Abstract

Chalcogenido (semi)metalate clusters have been in the focus of inorganic chemistry and materials
chemistry owing to their structural beauty and a variety of physical and chemical properties.
Structurally, the tetrahedral coordination of their metal centers allows for the formation of zeolite-
type framework compounds similar to zeolites, making them attractive from syntheses to appli-
cation aspects. However, given these clusters are usually highly negatively charged, it is chal-
lenging to enable the formation of discrete cluster molecules in their solid-state. Understanding
the molecular subunits and how they behave in solution has therefore been a hot topic in this field
over the last decade. In addition, enriching the structural diversity of the chalcogenido metalate
family, whether through variations in composition, connectivity between clusters, or the for-
mation of new cluster types, provides valuable insights into the formation of these compounds
and their potential applications.

To access discrete cluster molecules, and thus study their properties in solutions, strategies in-
cluding a) incorporation of tetra-valent metal cations in the reaction system, b) charge reduction
by netural ligands, and c) alkylation of chalcogenido metalate clusters have been employed. In
this thesis, a new cluster oligomerization strategy is presented. By oligomerizing [GesSeio]*” clus-
ters into dimeric [GesSeiq]*” and tetrameric [GesSess]® in their corresponding salts, these com-
pounds were made soluble in DMF owing to a reduced local cation-anion electrostatic interac-
tions; their undecomposed transfer into solutions was evidenced by mass spectrometry. The
optical properties and size distribution of particles in solutions were studied by means of UV-
visible spectroscopy and dynamic light scattering, respectively. Another salt comprising
[Cs@Ge"4(Ge'V,4Sei)s]” anions was also found soluble in DMF, and adds to the few examples
of chalcogenido metalates capable of selectively capturing Cs* during crystallization, as moni-
tored by mass spectrometry, energy-dispersive X-ray spectroscopy, and single crystal X-ray dif-
fraction. Quantum chemical studies were also carried out to understand its exclusive preference
for inclusion of Cs* compared to the lighter alkali metal ions.

For enriching the structural diversity of chalcogenido metalates, two strategies were introduced
in this thesis, a) manipulating the anionic clusters via incorporation of Cu(l) atoms; and b) modi-
fying the structure-directing agents during the formation of new cluster anions. The importance
of Cu(l) atoms for tailoring the anionic clusters owing to the diverse coordination modes of Cu*
with chalcogen atoms was highlighted by the isolation of four new compounds. All of them are
narrow band-gap semiconductors. In comparison to a copper-free compound, the presence of
Cu(l) allowed access to directly manipulate the chalcogenido metalate anions. The modification
of the ionic liquid cations led to varied structure-directing agents, which in turn afforded the for-
mation of two new compounds, their anisotropic conductivity along horizontal and vertical direc-
tions were also further investigated. Additionally, further structural expansions within the chal-
cogenido metalate family have been realized upon using different types of ionic liquids, or
modifying the precursor salts.



In summary, within this thesis, a new oligomerization strategy towards isolating finite cluster
oligomer-based compounds was introduced, thereby improving the solubility of chalcogenido
metalates in standard solvents. In addition, the significance of the incorporation of copper ions,
of the modification of ionic liquid cations and anions, and of the variation of the precursor salts
for expanding the chalcogenido metalate family members was demonstrated. This thesis will help
the community to better understand the controllable synthesis of new chalcogenido metalate com-

pounds.
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1 Introduction

1.1 General introduction to zeolites and
polyoxometalates

Zeolites, a family of ordered porous crystalline materials, are formed by linking {TO.} tetrahedra
(TO4, with oxygen atoms bonded to the central tetrahedral atoms, T = Si/Al) through O*
bridgest™?. These structures are templated by a wide spectrum of inorganic (especially Na*, K*,
and Ca?")P! or organic (ammonium, ionic liquid cation)™® or organic-inorganic hybrid (e.g. (Na—
Crown ether)* complexes)® structure-directing agents (SDAS) in their cavities. The wide variety
of these SDAs, especially the organic ones, offers great opportunities for the isolation of numer-
ous zeolites with large pores which facilitates their application in areas ranging from ion-ex-
change! to gas adsorption/separation® and catalysis™®. Structurally speaking, the tetrahedral cen-
ter of Si** and AI** can be partially substituted by other cations, such as Ge**, Ga®*', Co?*, without
modifying the tetrahedral coordination geometries, but giving arise to specific properties owing
to the incorporation of these heteroelements*®. Two examples of anionic zeolitic structures, com-
prising aluminosilicate!™! or beryllophosphate!*? architectures, are given in Figure 1.1 without
showing the SDAs. These two anionic frameworks are established upon periodic assembly of the
small {TO4} tetrahedral units, providing geometry-differing but large cavities for further applica-
tions in, but not limited to, catalysis and ion-exchange. Although there are successful cases of
forming zeolitic structures without using Si** or AI** as a tetrahedral center (the latter beryllo-
phosphate or CoxGa;xPO4 and their analogues for instance), it is rather challenging and rare to
fully replace them with elements from other groups while maintaining the anionic structure of
zeolites. Doing so would mostly break the tetrahedral configuration of the central cations, leading
to the formation of other structural units, like polyoxometalates (POMSs), neutral or cationic metal
oxido clusters, instead™!,



(b)
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Figure 1.1: Zeolitic framework structures of aluminosilicate EMC-2, [Si7eAl200192]'>" (a), and beryllophosphate,
[Be24P24096]%+ (b). Counterions are not shown in their cavities for clarity. Color code: Al/Si-Sea
green, P-Pink, O-Red, Be—Lime, {Al/SiO4}, {PO4}, and {BeOa} tetrahedra are shown in sea green,
pink, and lime.

In comparison to the featured coordination configurations of the central atoms (tetrahedral) and
ligand oxygen atoms of aluminates and silicates in zeolites, the use of their heavier congeners,
such as Ge*, Sn**, Ga** and In*, commonly allows for more diverse coordination possibilities
with oxygen in metal oxido clusters and POMs!**], As illustrated in Figure 1.2, these cations
cannot only inherent the same tetrahedral geometry as those aluminates and silicates when bond-
ing to oxygen ligands, but they can also form trigonal bipyramidal, as well as octahedral, coordi-
nation modes. Additionally, while oxygen atoms in zeolites typically serve as p-ligands, in metal
oxido clusters and POMs, ps-O, ps-O, or ps-O ligands are also observed!*®. Therefore, given these
considerations, synthesizing zeolitic structures, using the heavier congeners of Si** and AI** as
the tetrahedral center atoms, presents a significant synthetic challenge, but are crucial for intro-
ducing specific structures and other properties beyond what zeolites can currently achieve.
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Figure 1.2: Coordination environments of Tt**, Tr®* and O in metal oxido clusters and POMs (Left) in comparison
to those in zeolites (Right); M = central metal atoms, T = tetrahedral central atoms.



1 Introduction

1.2  General introduction to chalcogenido metalates

To expand the structures and the properties of zeolites, it has been confirmed that further replace-
ment of 0%~ with S? or Se?™ is fruitful. This approach benefits from the size-matched character-
istic between Ge*', Sn*", Ga*', In® and S* or Se’” (Ch*") compared to O* '] Owing to the
stronger polarization capability of chalcogen atoms, metal chalcogenides or chalcogenido meta-
lates are normally semiconductor materials!*®.. Therefore, so-called “colored zeolites” can be iso-
lated following this concept!*®!. In addition to this, the charge is better delocalized because of the
longer T-Ch bond lengths compared to T-O, leading to more variable possibilities at the coordi-
nation spheres, and therefore new structure types.

In this introduction, a few zeolite-type framework compounds of chalcogenido metalates will be
firstly introduced, focusing on their structures and applications, with an emphasis on the design
and formation of the building blocks of each type of compound. Second, an introduction to the
stabilization of discrete supertetrahedral clusters will be given, an elaborate consideration con-
cerning the construction of size-differed cluster supertetrahedra have been fully presented. Third,
the transformation of the alkali metal salts of such tetrahedra in ionic liquids (abbreviated as ILs,
see below for a detailed introduction to ILs) and their reactivities towards transition metals com-
pounds are presented. Both allow the formation of a wide spectrum of crystalline chalcogenido
metalate-based compounds and application potential of corresponding products in different fields.

Bedard et al. first produced porous chalcogenido metalate architectures in 1989 by corner linking
[MS4]* (M = transition metal, here, M = Cu*; Zn**; Mn?*; Co®"; Fe?*) and [TtsS1o]* (Tt = Sn**;
Ge*") tetrahedra. The anionic networks are filled by organic SDAs®%. Their tetrahedral building
units, [MS,]* and [TtsS10]*", were later defined as T1 and T2 clusters by Yaghi et al. in 1999 (Tn
refers to a tetrahedral cluster with n layers of metal atoms along the edges and all the metal centers
being coordinated by four chalcogenide ligands, see Figure 1.3)!?Y. From there, they achieved
giant porosities and channels in two T3-{In1oSx}-based zeolite-type structures (approximately
80% of voids for both). The T3-{In1eS20} unit can be regarded as the condensation of ten T1-
{InS4} clusters via sharing their corner sulfur atoms. It is noteworthy that zeolites built by tetra-
hedral units larger than {TO4} have not been reported yet. Chalcogenido metalate framework
compounds that are constructed by Tn units typically possess higher porosities than that of alu-
minosilicate zeolites, thus offering new possibilities for gas adsorption/separation, selective ca-
talysis and ion-exchange process.
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Figure 1.3: The known Tn-type cluster family members, ranging from T1 (a), to T2 (b), T3 (c), T4 (d), T5 (e), and T6
(f). Color code: Tr/Tt-Sky blue, transition metal-Black, chalcogen—Yellow.



From a mathematical perspective, to establish larger Tn clusters, one would theoretically need
[n(n+1)(n+2)]/6 tetrahedral central metal atoms and [(n+1)(n+2)(n+3)]/6 chalcogen atoms*®!.
Structurally, for a discrete supertetrahedral cluster, a T2-{TtsChio} anion comprises four termi-
nating Cherm, Six bridging u-Ch and four metal atoms!??. A T3-{Tr1Chzo} cluster contains four
Chierm, 12 p-Ch, four ps-Ch, and ten metal atoms. One may notice that there are ps-Ch observed
ina T3-[TrChao]'® cluster unit®!. To balance the negative charges of these ps-Ch, each adjacent
In®* would in theory contribute 0.75 relative positive charges to their neighboring chalcogen at-
oms and therefore, the T3-{In1Chyo} cluster can be chemically stabilized. The charge balance is
much more challenging for (yet unknown) T3-type {TtioChz} or {M"10Chao} clusters. T3-type
{SN2004S20}?*?%) and T3-{MsSnsSx} (M = Co, Mn, Zn, Cd, Hg)"?®! are further examples, even
though the first one is not an ideal supertetrahedral cluster, as interstitial O ions are required for
charge balancing. To build perfect discrete T4 clusters, it is necessary to include low-valent metal
atoms!?”). A suitable selection of metal ions of certain charges is one of the most general concepts
and means to push up the size of supertetrahedral chalcogenido metalate clusters, as detailed be-
low (Chapter 1.3). This way, T5®! and, especially, T6[% clusters have been achieved. A few of
the known zeolite-type chalcogenido metalate structures are illustrated in Figure 1.4, with a spe-
cial focus on their corresponding building blocks ranging from T2 to T5 clusters. As shown in
Figure 1.4a,b, in the anionic three-dimensional framework of {TrsTtChg} (denoted as UCR-
20), Feng et al. achieved a sodalite-type topology structure upon regarding each T2 cluster as a
node®® (pink sphere). The sodalite-type chalcogenido metalate frameworks comprise large cavi-
ties (shown as a purple sphere in Figure 1.4b) which allows further use for pore-related applica-
tions. In a similar way, corner linking of T3-type {In10Sz0} clusters afforded another porous struc-
ture in a CrB4-type topology®®!! (denoted as ASU-32, Figure 1.4c,d). In these two cases, all corner
chalcogen atoms link two clusters each to form the networks. When the corner chalcogen atoms
serve to link four identical T4-type {ZnsInisSss} clusters, an infinite diamond-type structure is
formed upon treating each T4-type cluster as a node®”, with a framework formula of {ZnsInisSs2}
(denoted as ITF-9, Figure 1.4e,f). Figure 1.4g,h displays the assembly of a T5-type {CusInzoSse}-
based cluster, forming a two-fold interpenetrated diamond-type anionic {CusInseSss} framework
(denoted as UCR-17), upon sharing the four corner chalcogen atoms with adjacent clusterst?®l,
Although a T6 cluster is also reported®, there is no T6-based zeolite-type structure isolated yet,
and it remains a synthetic challenge in this area.
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Figure 1.4: Examples of zeolite-type frameworks. UCR-20 with a sodalite-type topology, using T2 clusters as build-
ing units (a—b). ASU-32 with a CrBa-type topology, using T3 clusters as building units (c—d). ITF-9
with a diamond topology, using T4 clusters as building units (e—f), and UCR-17 with a two-fold inter-
penetrated diamond-type topology, using T5 clusters as building units (g—h). Color code: Tr/Tt—Sky
blue, TM-Black, chalcogen—Yellow. Small pink and red spheres represent the whole building units.
Large purple and gray spheres represent the cavities of each network. The cavity of UCR-17 is not
highlighted owing to its interpenetrated nature. Counterions are omitted for clarity.

Not only Tn-type clusters are observed in the tetrahedral chalcogenido metalate cluster family,
pental-supertetrahedral (described as Pn) and capped-supertetrahedral (described as Cn), were
also isolated. The latter two can be viewed as derivatives from parent Tn clusters. As illustrated
in Figure 1.5a, a P1 cluster is formed through adding four T1 clusters onto the surfaces of an anti-
Tn cluster, the anti-Tn cluster here is defined as a Tn cluster but with inversed cationic and anionic
positionst®Y. Up to now, the largest Pn cluster is a P2 cluster, observed in its molecular and net-
work  versions, like [In2LisS4]*®  anion in the network  compound
[CaysLiii(H20)aa][IN22LisS42]2. The Cn clusters are typically capped with thiolate ligands at the
surfaces, and are constructed by covering a single sheet of atoms of the same composition as a
T(n+1) cluster onto the four faces of a Tn core motif. A C1 cluster is shown as an example in
Figure 1.5b%. Table 1.1 serves to outline the differences in terms of the metal and chalcogen
atom numbers in each type of clusters. However, this thesis targets on investigaing the transfor-
mation of Tn clusters, therefore only Tn-type cluster-based structures and their reactivities are
discussed.
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Figure 1.5: Molecular structure of P2-type cluster anion [In22Li4S4]'% (a), and of C1-type cluster anion
[Cd17S4(SPh)2s]?>~ (b). Color code: In-Sky blue, In/Li-Blended purple and sky blue, Cd-Black, chal-
cogen—Yellow. H atoms are omitted for clarity.

Table 1.1: Summary of known Tn, Pn, and Cn clusters and their general formulas.

N Compositions of Tn Compositions of Pn Compositions of Cn
clusters (disregarding charge) clusters (disregarding charge) clusters (disregarding charge)
1 MChy MsChaiz M17Chsz
2 M4Chaio M26Chas M32Chsa
3 M10Ch2o
4 M20Chss
5 M3sChss
6 Ms6Chsa
n Mx1Chyz @ Mx2Chy2 b Mx3Chys ©

8 x1 = [n(n+1)(n+2)]/6, y1 = [(n+1)(n+2)(n+3)]/6
b x2 = [4n(n+1)(n+2)]/6 + [(n+1)(n+2)(n+3)1/6, y2 = [4(n+1)(n+2)(n+3)]/6 + [n(n+1)(n+2)]/6
¢ x3 = [n(n+1)(n+2)]/6 + [4(n+1)(n+2)]/2 + 4, y3 = [(n+1)(n+2)(n+3)]/6 + [4(n+2)(n+3)]/2 + 4

1.3 Towards structural design of compounds with
molecular supertetrahedral chalcogenido metalate
clusters

While a huge number of zeolite-type chalcogenido metalate framework compounds have been
isolated and their physical and chemical properties have been extensively investigated over many
years, a critical challenge in the study of these compounds has been the lack of control over as-
sembling supertetrahedral cluster units. These units are known either as highly charged mono-
meric cluster anions®! or as extended anionic substructures of linked clusters with lower charge
per cluster unit™®!. The latter type is the predominant in applications of such materials, which is
why most of them take part in a heterogeneous environment.

In contrast to the frequent observation of framework compounds, molecular cluster supertetraheda
have been reported far less, but allow an opportunity to study their aggregates in liquid and gas
phasest®®, and, at the same time, provide a platform for investigating their reactivities at various
reaction conditions®”. In the present thesis, the assembly of Tn clusters, and exploration of their
reactivities have been focused on. Tn clusters tend to form porous framework compounds via
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linking corner chalcogen atoms. This tendency results in lower reactivities and hinder further
structural transformation. To address this challenge, it is of great importance to form compounds
with molecular chalcogenido metalate anions, and several strategies, including, but not limited to,
1) incorporation of Tt*'metal cations®®=% 2) charge reduction by neutral ligandst*®*2, and 3)
alkylation of supertetrahedral clustersi**%! have been proposed in the past decade. A more de-
tailed discussion of these three strategies is given below.

1.3.1 Incorporation of Tt** metal cations

As discussed earlier, the incorporation of transition metal catioms, such as Zn?*, facilitates the
formation of larger cluster supertetrahedra!?®.. It has also been recently found that the in-situ in-
clusion of a significant amount of metal cations of a 4+ charge during the formation of these Tn
clusters is helpful for terminating their extension into frameworks owing to intramolecular charge
reduction. This approach enabled the isolation of a series of discrete tetrahedral clusters, ranging
from T2 to T5. Herein, a few examples of T2, T3, and T4 clusters are shown to explain how the
use of Tt** cations helps in the the formation of discrete supertetrahedral clusters.

Feng et al. found that blending Tr** and Tt** typically results in T2-based zeolite-type framework
compounds™. Figure 1.6 illustrates a T2-type {TrxTtsxChio} cluster (0 < x < 4). To date, no
discrete T2-type {TrxTtsxChio} cluster has been reported (0 < x < 4). There are only a few exam-
ples for the pure inorganic forms of T2-type cluster anions in [Kg(H20)16][GasSio],
[Ks(H20)16][IN4S10], and [Ks(H20)16][1n4Se10]??. The relatively small size of K* compared to that
of organic cations might allow the stabilization and formation of the highly charged T2 clusters.
[TtsChio]* clusters, in contrast, fewer charges need to be balanced, and consequently, discrete
T2-type {Tts«Chio} clusters were obtained in a very wide spectrum of salts using different

SDAgl46:47:56.48-55]
(b) (c)

T2-{Tr, Tt,_,Chyo}

(a)

x=0 0<x<4 Xx=4

Figure 1.6: Illustration of pure or mixed T2-type {TrxTtaxChio} clusters. Color code: Tt-Gray, Tr—Sky blue, Tt/Tr—
Blended gray and sky blue, chalcogen—Yellow.



Ideal T3-type clusters, which typically are constructed by group 13 element atoms and chalcogen
atoms for suitable charge balance®"*®, can also be formed using a Tt**/M?*/Ch?" combination?®!,
Here, Tt*" atoms not only serve to compensate the negative charges in the presence of M?* cations,
but also serve to inhibit the agreegation of those T3-type clusters into networks. As depicted in
Figure 1.7, in a T3-type {M"sSnsChyo} cluster (here M" = Zn and Co), there are four ps-Ch ob-
served at the surface of the cluster, twelve p-Ch found along the cluster’s edges, and the remaining
four chalcogen atoms are arranged at the corners, with four Sn** atoms bridging to the corner
chalcogen atoms. The last Sn** atom is disordered and assigned at a 1/6 occupancy at each of the
six remaining metal atom positions. Especially, given that alkali metal ions acting as counter
cations in various forms of the [M"sSnsCh]'*" anions, again, it is somehow also favorable for
the formation of these cluster anions because of the smaller size of alkali metal ions in comparison
to that of organic counterions.

T 4
AR

T3-{MI;Sn;Chy,}

Figure 1.7: Molecular structure of a T3-type [M"sSnsChz2o]'%" anion. Color code: Sn-Gray, M"/Sn-Blended black and
gray, chalcogen—Yellow.

Following the same idea on how to establish T2 and T3 clusters, discrete T4 clusters can also be
stabilized. Known regular T4 clusters normally comprise of either Cu*™~Tr¥*—Ch? B4 or M**—Tr¥*—
Ch? 1295%-621 compositions (Figure 1.8), and in most cases, these clusters further serve as building
blocks to form porous frameworks via sharing corner chalcogen atoms. To obtain discrete cluster
molecules, it is necessary to compensate for the relative charges arising from the terminal chal-
cogen atoms of the clusters. Given that T4 clusters are approximately twice the size of T2 clusters,
it is thus possible to congregate more counterions nearby the cluster’s edges or surfaces, and to
achieve the formation of T4 clusters, even in the presence of larger organic counterions®. Addi-
tionally, the inclusion of a significant amount of Tt** also improve the possibilities to obtain iso-
lated T4-type substructures, and T4-type clusters {M2GaisSn2Chss} are pointed to as examples.
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N [—/ N

T4-{M,Tr,sChs} T4-{Cuyln S5} T4-{M,GazSn,Chjs}

Figure 1.8: Molecular structure of a T4-type {M4Tr1sChss} cluster (a), a T4-type {CualnisSss} cluster (b), a T4-type
{M2Ga1sSn2Chss} cluster (c). Color code: M—Black, Tr-Sky blue, Tt-Gray, chalcogen—Yellow. H
atoms are omitted for clarity.

1.3.2 Charge reduction by neutral ligands

In addition to the success achieved in forming discrete Tn clusters by inclusion of Tt** cations for
reduction of the negative charge, another approach involving the attachment of ligands at their
corner metal atoms has also been widely investigated. These neutral ligands replace the terminal
chalcogen atoms, thereby effectively reducing the overall negative charges of the clusters and
enhancing their stability. The first documented formation of a Tn cluster with neutral corner
groups was reported in 2007 by Vaqueiro et al. In their work, a [Gai0S16(S)4]'"" cluster had its
four terminal sulfur atoms substituted by four neutral coordinating 3,5-dimethylpyridine ligands,
effectively reducing the overall charge from 10— to 2— and resulting in the isolated T3-type
[Ga10S16(NC7Ho)4]* cluster® (Figure 1.9a). In comparison to the original [Ga10S16(S)4]'*” mole-
cule, the functionalized version possesses only one fifth of the overall charge, providing both a
higher thermal and chemical stability through the attachment of organic ligands. By finely tuning
the reaction conditions, it was also possible to partially replace the corner chalcogen atoms by
placing three 3,5-dimethylpyridine ligands at the corners while the last remaining one was a thiol.
Additionally, 3,4-dimethylpyridine or 4-methylpyridine ligands are also capable of substituting
the vertices of the T3 supertetrahedron and terminate its further extension to multidimensional
substructurest>%l, By modifying the reaction medium, from pyridine-derivatives to 1,5-diazabi-
cyclo[4.3.0]non-5-ene (DBN) or imidazolium-based ionic liquids, a family of DBN or imidazo-
late (im) functionalized cluster supetetrahedra were obtained. T3-type clusters of
[1n10S1s(DBN)4]* and [In10Ch16Cls(C.im)]° are pointed to as examples“2©, As discussed earlier,
the incorporation of transition metals allows further pushing such clusters up to T4 and T5, such
as T4-type [CdslnisSsi(DBN)4]® or [CoslnieChsi(DBN)4]® (Figure 1.9b) and T5-type
[Cd13In2Ss2(C1im)4]'*™ or [CusGaseSs2(SH)2(C4Caim),]'!™ (Figure 1.9¢) and many other similar
supertetrahedra-based functionalized clusters have been reported recently®561,
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Figure 1.9: Molecular structure of a T3-type cluster {Gai0S16(NC7Hs)4} (a), of a T4-type cluster {Maln1sChs1(DBN)4}
(b), and of a T5-type cluster {CusGasoSs2(SH)2(C4Ciim)2} (c). Color code: Tr-Sky blue, M—Black,
M/Tr-Blended sky blue and black, chalcogen—Yellow, C-Gray (25%), N-Blue. H atoms are omitted
for clarity.

*

1.3.3 Alkylation of supertetrahedral chalcogenido metalate clusters

Most recently, in-situ alkylation has emerged as an alternative means towards forming discrete
supertetrahedron-like cluster molecules through ionothermal reactions. In contrast to binding im-
idazolate or pyridine-based molecules to terminal metal atoms directly, as described above, this
approach involves transferring one of the alkyl chains of the non-inocent ILs to the vertex chal-
cogen atoms, forming C-Ch bonds through in-situ alkylation reactions. This method effectively
lowers the charges of the cluster anions, thereby potentially improving the solubility of such com-
pounds in standard organic solvents as compared to their pure inorganic analogs. For instance, by
adding [A4(H20)][SnSs] (A = alkali metal) to imidazolium-based ILs, such as
(C4C1C1IM)[BF4)/CI or (CuCiCmlm)Br (m = 3; 4; 5; 6), the selectively alkylated
[Sn1004816(SMe)4]4’ (Figure 1.10a), [Sn1004816(SPr)4]4’ (Figure 1.10b), [Sn1004816(SBu)4]4’ (Fig-
ure 1.10c), [Sn1004S16(SPN)4]*", and [Sn1004S1s(SHex)a]*", were obtained (Me = methyl group; Pr
= propyl group; Bu = butyl group; Pn = pentyl group; Hex = hexyl group)*!. The negative
charge of each cluster was thus reduced from 8— for the non-decorated cluster core to 4—. While
the salt comprising [Sn1004S16(SMe)4]* anions is not soluble in standard solvent, the latter four
compounds can be readily dissolved in MeCN and retain their structural features as well as com-
positions in liquid and gas phases as confirmed by electrospray ionization (ESI) mass spectros-
copy and *H and °Sn nuclear magnetic resonance (NMR). Although, these molecules are not
ideal Tn clusters due to the incorporation of four oxygen atoms into their cores, this approach
offers a new pathway towards obtaining discrete cluster supertetrahedra through in-situ alkylation
at the corner chalcogen atoms. The alkylation of perfect Tn supertetrahedra is therefore feasible
this way and is currently being investigated within this research group.
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Figure 1.10: Molecular structure of pseudo-T3-type clusters {Sn1004S16(SMe)4} (a), {Sn1004S16(SPr)4} (b), and
{Sn1004S16(SBuU)4} (c). Color code: Sn—Gray, O-Red, S—-Yellow, C-Green. H atoms are omitted for
clarity.

In general, the methods presented above are the three common ways for achieving isolated super-
tetrahedral chalcogenido metalate clusters. For the latter two approaches, however, the protecting
effect of organic ligands, endowing these compounds with good thermal and chemical stability,
result in lower reactivities, and are unfavorable for their further chemical transformations. Taken
together, in this thesis, the first method is employed to synthesize “naked” T1 or T2 clusters ini-
tially by a solid-state reaction. The investigation towards their structural transformation in ionic
liquids is further carried out, leading to the formation of a wide spectrum of products, and the
fundamental properties, including optical properties, photocurrent conversion, and electrical con-
ductivity of these products, have been also explored.

1.4  Synthetic approaches to chalcogenido metalates

In the context of syntheses, there are several routes for targeting chalcogenido metalate com-
pounds, which include, but are not limited to, a) solid-state syntheses[67], b) solvothermal tech-
niquest®®® c) ionothermal approaches”®. Given these three are the most popular approaches for
accessing chalcogenido metalates, herein a brief introduction for each is given.

1.4.1 Solid-state syntheses

High temperature synthesis, including classical solid-state reactions and molten-salt flux methods,
were among the most commonly used synthetic routes in chalcogenide chemistry two decades
agol>". These methods have been proven to yield products with high purity and unique struc-
tures that are not achievable under milder conditions.

Classical solid-state reactions typically occur at temperatures above 600 °C, while molten-flux
reactions take place between 200-600 °CI7 With this method, reactants are mixed in stoichio-
metric ratios and heated to high temperatures to facilitate melting and diffusion of components.
For these reactions, sealed tubes (for example quartz glass tubes) are used, and the reactions take
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place in a furnace mostly under an inert atmosphere or vacuum to prevent oxidation. This ap-
proach serves as a platform to form new structure types or compositions that cannot be achieved
at lower temperatures, which is attributed to the higher energy that can be provided using this
method. Classical solid-state reactions are exemplified by the formation of binary and ternary
chalcogenides, including materials with complex frameworks of high thermal stability. However,
the high temperatures pose challenges for in-situ characterizations and therefore a challenge to-
wards the elucidation of reaction pathways.

In typical solid-state syntheses for targeting chalcogenido metalates, the most common combina-
tions of reagents include 1) A2Ch/MyCh,I"¥ and 2) A,Ch/M/ChI™! (A = alkali metals, M = metal
elements) with varied stoichiometric ratios. The temperature and the duration of the reaction as
well as the stoichiometry between the reactants are key factors to modify the product spectrum.
By controlling the temperature, the diffusion of molecules at the interface can be modulated,
thereby modifying the aggregation precesses and ultimately, the substructure of the product. The
duration of the reaction typically influences the yield and purity of target compounds. Adjusting
the stoichiometry of the reactangts changes the dimensionality and energy gap of resulting chal-
cogenido metalate compounds. Using chalcogenido cadmate-based compounds as an example to
demonstrate the influence of stoichiometric ratios on the product formation in solid-state reac-
tions, CdCh chalcogenides possess densely packed diamond-like structures, as that of sphalerite.
As shown in Figure 1.11, reacting CdCh with a small amount of A>Ch in a solid-state reaction
can “break up” the dense parent structure and form three-dimensional (3D) porous networks with
A* cations as intercalants and counterions, such as in K,[Cd.Chs]"®. By further increasing the
amount of A,Ch, the 3D dimensionality of K,[Cd.Chs] can be reduced to 2D in K[CdsCh4]t""
and to 1D in K2[CdCh,]"®, and to molecular anions in Ke[CdCha]". This method not only allows
for facile modification of the dimensionalities, but also enables the tuning of their optical gaps.
The optical gaps are widened from dense phase via networks to molecular compounds.

12
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Figure 1.11: Approach for dimensionality reduction of chalcogenido cadmates from a 3D dense compound (a), or a
3D open-framework (b), via 2D layers (c), to 1D strands (d), and OD molecular anions (e) in the
A2Ch/CdCh system through increasing the stoichiometric ratio of A2Ch. Correspondingly, dense
CdCh (f), 3D-{[Cd2Ch3]?"} in A2[Cd2Chs] (g), 2D-{[Cd3Chs]>"} in A2[CdsCha] (h), 1D-{[CdCh2]?>}
in A2[CdChz] (i), OD-[CdCha]®~ in As[CdCha] (j) were referred to as model examples, and the subse-
quent effect on the electronic properties of these compounds were illustrated (k).

Despite the fruitful set of compounds obtained from classic solid-state reactions, this approach
favors the formation of the most thermodynamically stable compound. Molten-salt flux tech-
niques have therefore become more popular in modern chemistry, due to the significantly lower
melting point of the reactants, and because they allow to greatly decrease the reaction temperature
in comparison to that of the former approach. This enables the isolation of kinetically stable com-
pounds and intermediates”®. For instance, through replacing K»S with the polysulfide salt K,S,
in a solid-state reaction, the reaction temperature can be reduced. This is attributed to the presence
of polysufide bonds in the latter, lowering the melting point to 145 °C compared to 850 °C for
K>S. Given the strong oxidizing nature of K>S, it is highly reactive towards metals once it melts
at 145 °C, thereby initiating the reactions!”®!. This way, the in-situ characterization of the reactions
at relatively lower temperatures is feasible and thus offers possibilities to reveal the reaction
mechanism of such so-called black-box syntheses with in-situ powder X-ray diffraction (PXRD),
for instance.
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1.4.2 Solvothermal techniques

Solvothermal techniques refer to reactions that take place in a sealed container and in a solvent
that is heated to relatively high temperatures and pressurest®. These techniques have been the
dominant synthetic approaches for targeting chalcogenido metalate-based compounds in the last
twenty yearst®82 Unlike the diffusion at the interface in solid-state reactions, solvothermal tech-
niques allow ions or molecules to react directly in the solvent. Therefore, it is also possible to
isolate different products using the same reagents as those used in solid-state reactions.

Solvothermal techniques are defined as subcritical (below 240 °C) or supercritical (from 240 °C
to 1000 °C)!, The former route is most widely applied in laboratories and industry owing to the
increased risk associated with higher temperatures and pressures. Nevertheless, variation in tem-
perature is an important parameter used to modify the solubilities of reagents, and therefore, in-
fluence the product spectrum. Normally, not only the reaction temperature, but the used solvent
and filling factor (i.e., to the volume ratio of solvent to that of the reaction vessel) of the sealed
reactor also influence the formation of different compounds®!.

From a perspective of solvent choice, solvothermal synthesis can be further classified as hydro-
thermal synthesis, in particular, or solvothermal synthesis, in gerneral. In the case of using water
as a solvent, the surface tension, density and viscosity decreases at higher temperatures and pres-
sures, while vapor pressure and ion production increase. This way, the reaction rate will be accel-
erated once the reaction system is heated above the boiling point of water, following to the Ar-
rhenius equation:

dink/dT = E/RT?,

where k represents the reaction rate constant, T is the absolute temperature, E is the molar activa-
tion energy, and R is the universal gas constant. As the reaction temperature increases, k will
exponentially increase simulataneously.

The large variety of organic solvents offer an even broader range of solvation properties, provid-
ing more possibilities in solvothermal reactions. Generally, solvents not only serve as a reaction
medium for the mobility of reactants, but also help to dissolve or at least partially dissolve the
reactants, which modifies the chemical conversion rate and affects the product spectrum. Select-
ing the appropriate organic solvent involves considering parameters such as density, melting
point, boiling point, heat of evaporation, and solvent polarity. By choosing a suitable combination
of these parameters, it is possible to effectively tune the dissolution behavior of reagents in dif-
ferent solvents and thus tailor the products out of solvothermal reactions(®>#!,

1.4.3 lonothermal reactions

As a unique type of solvents, ionic liquids (ILs) have found extensive use in inorganic synthesis
owing to their low melting points, nonflammability, excellent chemical and thermal stability, and
many other advantages®®”). Unlike other standard organic solvents, ILs resemble molten salts,
making them suitable for ionothermal syntheses—a specialized method where reactions occur
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under slightly elevated temperatures in sealed containers, yet clearly below supercritical condi-
tionst®. lonothermal syntheses have garnered significant attention in inorganic chemistry since
the breakthrough discovery of ionothermally accessed zeolites in 200459,

As shown in Figure 1.12, the cationic component of ILs typically includes imidazolium, pyri-
dinium, piperidinium, or ammonium moieties, while the anionic part consists of weakly-interact-
ing ions such as [BF4] ", [PFe], or [B(CN)4] ", or of halides (abbreviated as X ). Notably, ILs
not only act as solvents to dissolve reactants for allowing reactions in solution, they can also serve
as counterions for templating the formation of anionic or cationic architectures®. In this thesis,
the transformation of chalcogenido metalate compounds with imidazolium-based ionic liquids as
a reaction medium is focused on. For clarity, imidazolium-based cations will be abbreviated as
(C((Cm)Cnlm)*, with Im representing the imidazolium cation, I, m, and n being the numbers of
carbon atoms in the alkyl chains attached to the N1, C2, and N3 positions of the imidazolium ring,
respectively. The alkyl group can also be replaced by other substituents like a tolyl or an isopropyl
group. The wide variety of the substituents attached to the cations, and also their diverse combi-
nations with different anions, creates a vast library of ILs, providing a great deal of variability
regarding reaction conditions.

Cations: R
R/ R,
R, | \ /
N@ N@
R © Rs A Ri JRa
~ NG | No®
\w/ Z Rz/ R3
Anions:
F CN F
Fues NC e o FulaeF
/ VF / YCN S
F NC F

Figure 1.12: Examples of the cations (top) and anions (bottom) that have been combined in ionic liquids used for in-
organic syntheses, with emphasis on the imidazolium-based ionic liquids used frequently for the ac-
cess of chalcogenido metalate.

From a synthetic perspective, the Dehnen group first used ILs in the isolation of chalcogenido
metalate-based compounds in 2011, exemplified by the framework structure of 3D-{[SnySezo]* }
through the transformation of [SnSe,s]* in (C4C1Im)[BF4]®?. In the following, contemporary ion-
othermal approaches for targeting such compounds are presented, which can be categorized into
three distinct methods by classifying the use of different kinds of precursors: 1) a combination of
elemental chalcogens and metals or salts comprising such elementst®®; 2) synthesis using micro-
wave-activated precursorst®; 3) transformation of starting materials prepared by preceding solid-
state-reactions!®s!,
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1.4.3.1 A combination between elemental chalcogens and metals or salts
comprising such elements

In reactions involving elemental selenium and tin in ILs, a series of selenido stannate with differ-
ent dimensionalities have been synthesized. For example, treating Sn and Se in (C4C1C1Im)Cl or
(C4C1Im)CI with a small amount of N2H4-H20 as an auxiliary reagent, various salts comprising
new anionic substructures, such as 2D-{[Sn17Sess]* }, 3D-{[SneSe20.0]* }, and 3D-{[SnsSex]* },
have been isolated in their corresponding salts with high yields!®®!. The in-situ oxidation of Sn to
Sn** and reduction of Se to Se?” under such basic reaction conditions allows for the formation of
Sn-Se bonds and assembling complex architectures. In these reactions, N2H4-H,O seems to play
a crucial role by promoting the crystallization processes of chalcogenido metalates, as no target
compounds were obtained in its absence. In addition, the used ratio of ILs and N2H4-H20 is an
important parameter for modifying the anionic substructures, which might be attributed to the
varied basicity at different relative amounts of the auxiliary species. Furthermore, replacing
N2H4-H20 by organic amines, such as ethylenediamine, yielded six-membered-ring-based 1D-
{[SnsSe7]*} or 2D-{[SnsSe7]*"} in their respective compounds via varying the reaction tempera-
ture from 140 °C to 160 °C in (C4C1C1Im)CI (Scheme 1.1)P). Incorporating Ni(NO3)2-6H,0 in
the same reaction yielded the latter (C4C1C1Im)2[SnsSer], a completely new lamellar substructure
comprising [SnsSe;]*” as a building block in (C4sC1C11m)3[Ni(en)s]2[SneSe21]Cl. In this anionic
substructure, the [SnsSe;]* building block assembled into an eight-membered-ring-based net-
work, rather than the most commonly observed six-membered-ring-based substructure, with
(C4C1C1lm)* and [Ni(en)s]** as cations. Further addition of triethylenetetramine (teta) to the re-
action led to the isolation of another anionic 2D layer featuring a ten-membered-ring in
(C4C1C1lm)2[Ni(teta)(en)][SnsSes].°8. Only a few compounds reported thus far out of this reac-
tion system have been discussed (more shown in Scheme 1.1), yet indicating that varing the alkyl
chains of ionic liquids, auxiliaries, different stoichiometric ratio of ionic liquids and auxiliaries,
and incorporating transition metals are the keys for allowing the formation of hew compounds
comprising the same building blocks.
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Scheme 1.1: Summary of the formation of selenido stannates from the transformation of Sn and Se in ionic liquids,
which highlights the importance of different types of ionic liquids, auxiliaries, different stoichiometric
ratio of ionic liquids and auxiliaries, temperature, and incorporation of transition metals for modifying
the product spectrum.

To synthesize chalcogenido metalates, without the need of in-situ redox processes of elemental
metals and chalcogens, the use of salts comprising these elements as starting materials has proven
to be effective. By reacting In,Sz with Cul and thioacetamide in (C4C1C1Im)Cl, pyridine (py), and
dimethylamine (DMA), for instance, the Huang group was able to form the largest isolated su-
pertetrahedral cluster, T5-[CuslInseSs2(SH)2Cl2]"", in 2012. Detailed adjustments of reaction con-
ditions yielded a set of imidazole-functionalized or purely inorganic T5 clusters, all of which
exhibit fluorescence propertiest®®.

However, a significant challenge lies in the low reactivity of these starting materials, which typi-
cally tend to form more stable bulk materials like MyChy (SnSe or SnSe,) instead of forming
porous chalcogenido (semi)metalates. This inherent preference complicates the selective synthe-
sis of chalcogenido metalates and requires strategic adjustments in reaction conditions to over-
comel®®,

1.4.3.2 Synthesis using microwave-activated precursors

To improve the reactivity of starting materials and allow for a lower activation energy, therefore
an accelerated and easier reaction pathway for obtaining chalcogenido metalates, Huang and
coworkers employed a microwave-activated approach to prepare reaction precursors from ele-
mental metals, chalcogens, and ILs. These precursors were further transformed into supertetrahe-
dral cluster-based compounds in mixed solvents comprising ILs and amines. For instance, by
heating In, S/Se, and (C4C1C1Im)Cl at 150 °C for 5 min and follow-up treatment at 190 °C for 30
min, a dark-red gel-like precursor was formed. Its reactivity with CdCl; in 1-methylimidazole (1-
Mim) and 1,5-diazabicyclo[4.3.0]non-5-ene (DBN) led to the formation of T4-type clusters
[CdsIni7Chs;Cls]°", shown to evolve H, in photocatalytic reactions®. Replacement of DBN with
thiourea in similar reactions, a family of compounds consisting of larger anions
[CdelnasChs,Cla«(Mim)]4 (x = 1, q = 11; x = 3, g = 12) were obtained; there is a metal atom
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missing in the cluster core of these anions compared to an ideal T5 cluster, as a result of a charge-
balancing effect®™!. Using CuSCN as the transition metal source instead of CdCly, an ideal (with-
out any deficient metal position) T5-[CuslnsChs.Cls(im)]'*" cluster can be achieved. This is due
to the fact that the incorporation of lower-valent Cu* decreases the charge of the cluster core. In
the absence of transition metals, one moves down from a T5 or T4 cluster to T3 as discussed
above, hence a wide spectrum of [InioChCl4]® clusters (with varied ratios between S and Se at
the chalcogen atom positions) were isolated this way®*1%. While significant progress has been
made, particularly in synthesizing discrete clusters, there still remains a number of avenues open
for using this approach, such as the formation towards network compounds based on these clus-
ters.

1.4.3.3 Transformation of starting materials prepared by preceding solid-state-
reactions

Although the reactivity of the aforementioned microwave-activated precursors is significantly
enhanced compared to their elemental counterparts—Ieading to the synthesis of a library of hew
compounds—their molecular structure and bonding situations remain unclear. To date, no crystals
of these precursors have been isolated, which limits the understanding of their transformation
mechanisms. To combine the advantages of these two approaches, it is necessary to find well-
defined starting materials, which at the same time already have metal-chalcogen bonds formed.
Following this, the third method for targeting supertetrahedral cluster-based chalcogenido meta-
lates from ILs focuses on using precursors that comprise either T1- or T2-type binary cluster
anions and alkali metal cations, which can be dissolved in highly polar, protic solvents like
MeOH, or in ILs!%21%], These salts are known and can be obtained from solid-state processes by
reacting A,Ch, elemental metal, and Ch in silica ampoules at a program-controlled temperature
(Scheme 1.2a,b, with the synthesis of As[TtsSeio] and As[TtsSeso] as examples)21%4. An alterna-
tive, but more efficient approach involves using an oxygen/propyl burner to melt the reagents and
allow for their diffusion in the melt within 15 min. It can also be applied for synthesizing T1- or
T2-cluster-based precursors (Scheme 1.2c,d). While single crystalline products are only rarely
formed this way due to the rapid process and cooling rate, the materials are of a suitable crystal-
linity for powder X-ray diffraction (PXRD) to confirm the successful syntheses of the target com-
pounds as well as their corresponding phase purity.
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Scheme 1.2: Schematic illustration of the syntheses of well-defined salts A4[TtSes] and As[TtsSe1o] via common
solid-state reaction (a—b), and an alternative approach using an oxygen/propyl burner within a rela-
tively shorter reaction duration (c—d).

To mimic the composition of zeolites, previous work in the research group has focused on utiliz-
ing salts containing group 14 and 16 elements as precursors, with a general formula of A,[Tt,Ch,].
These salts and their reactivities in ILs were investigated at various conditions. For example, in
(C4C1Im)[BF4] or (C4C1Cilm)[BF4], treating [Ki(H20)s][GesSeio] with SnCls-5H,0 in the pres-
ence of 2,6-dimethylmorpholine (DMMP) yielded the largest discrete main-group-element-based
polyanions in (C4C1lm)2a[SnzsGezsSeis] and (C4C1C1lm)2s[SnasGezsSe1s;]*). By systematically
varying the length of the alkyl chains of the imidazolium cations, the arrangement of the so-called
“zeoball” anions can be altered within the unit cell and stabilized in different configurations. Ex-
amples for corresponding salts are (CC11m)24[SnzsGe2sSeisz] and (CoC1lm)aa[SnssGezsSessa] %,
Further variations in reaction conditions, such as using other molar ratio of SnCls-5H,0
/[Ka(H20)3][GesSe1o], employing different organic solvents or additives, like SnCl; instead of
SnCl4-5H,0, allowed for the formation of more diverse anionic substructures in
(C4C1Im)2[Ge4Se9], (C4C101Im)z[Ge4Sn”Se10], (C4C1Im)4[Sn98ezo], (C4C1C1|m)g[sn18384o], to
name but a few (Scheme 1.3)1%,
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Scheme 1.3: Summary of the formation of selenido germannates by transformation of [A4(H20).][GesSe1o] (A = K or
Cs) in ionic liquids.

Treatment of the salts [Az(H20),][SnS4] (A =Li, z=13; A=Na, z=14) in (C4C1C1)[BF4]/Cl led
to the first methylation of the known pseudo-T3-type cluster [Sn1004S20]*” in an ionothermal ap-
proach. The methylated versions of [Sni004S15(SMe)s]* in a series of compounds
[C4C1C1IM]44x[SN1004S16(SMe)a][An]x (An = anion) possess only half of the charges of the purely
inorganic analog, however, these compounds cannot be dissolved in any standard solventst>7],
Considering that typically compounds of similar polarity dissolve in similarly polar substances,
the research group has further propylated, butylated, pentylated, and hexylated the same cluster
by using symmetrical ILs of the type (CiC:Ciim)Br (I = 3; 4; 5; 6) as solvents and alkylation
agents. In these reactions, the alkyl chain at the N position is transferred to the corner S atoms
and allowed the construction of [Sn1004S16(SPr)s]*", [SN1004S16(SBU)4]*", [SN1004S16(SPN)4]*,
and [Sn1004S16(SHex)4]*, respectively (Scheme 1.4). The corresponding salts are soluble in
CH3CN and remain intact, not only in the liquid but also in the gas phase, as confirmed by Sn-
NMR and ESI-MSE344],

(C4C4C1Im),[Sn;50,S5(SMe),] (C4C1Im),[SngSey] (C4C4C4Im)5[SnySeyl[BF,]
(C4C,C,Im),[Sn,S;] DMMP | (C,C,C,Im)CI (C.C,Im)[BF,] DMMP | (C,C,C,Im)[BF.]
& (C.C,C,Im)Cl
H,0),][SnS Ki(H;0).l[SnSe ) 2t
n nae,
HOusnsd ) (K 0NlISnSe )= =
(C4C+C4Im)[B(CN)4]
(C,C,C,Im)Br
x=3,4,56 150 °C 120°C
(C,C:C,Im),[Sn;;0,55(SR).] (H*-DMMP),[Sn,Se;] K;[Sn;Sey]

(C,Cylm)(H*-DMMP),[SneSe,,]

Scheme 1.4: Summary of the formation of selenido stannates by transformation of [A4(H20)2][SnCh4] (A = Li, Na, or
K, Ch =S, or Se) in ionic liquids.
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1 Introduction

In contrast to the first two synthetic routes for the formation of chalcogenido metalates in ILs,
there are several advantages using such salts as precursors, as illustrated in Figure 1.13a) these
starting materials are all atomically well-defined and thus the reaction mechanism might possibly
be revealed using in-situ characterizations; b) they are soluble in ionic liquids at subcritical pres-
sure and relatively low temperature; ¢) Tt—Ch bonds are already formed in such salts, greatly
reducing the activation energies for structural transformations; d) given that all these salts are
charge-balanced by alkali metal cations, their use also serves as a platform to investigate the in-
situ uptake of alkali metal ions by chalcogenido metalates. Considering these advantages, in the
present thesis, the third route (as introduced in chapter 1.4.3.3) for transforming purely inorganic
T1- or T2-type cluster-based salts into more complex chalcogenido metalate substructures in ionic
liquids is focused on. The fundamental properties of the obtained products have been also studied
from different perspectives.
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Figure 1.13: Summary of the advantages of using well-defined salts [A4(H20).][TtxChy] as starting materials in the
syntheses of chalcogenido metalate compounds (top), with a particular emphasis on the reduction of
the activation energy for structural transformation (bottom, with the schematic illustration of the dif-
ferences of reacting elemental Sn and Se or a preformed single-source precursor A4[SnSeq4] as an ex-
ample).

1.5 Applications of chalcogenido metalate compounds

In addition to their structral beauty, chalcogenido metalate compounds are also attractive in ma-
terials chemistry due to their application potential across diverse areas, such as ion-exchange, gas
separation, ionic conductivity, and photocatalysis. Given the porous nature of compounds exhib-
iting chalcogenido metalate networks, for instance, the zeolitic T2-{TrsTtx}-cluster-based UCR-
20, is confirmed to be a potential ion-exchange material. The organic counterions of UCR-20 are
exchangeable upon treating the solid sample with an aqueous solution of CsCl. Because of the
relatively “soft” inner surfaces of zeolitic UCR-20, it exhibits high selectivity for capturing rela-
tively “soft” alkali metal ions, like Cs™ (the exchanged product is denoted as Cs@UCR-20), even
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1 Introduction

from solutions with very low Cs* concentrations (Figure 1.14a)1'%]. Cs@UCR-20 can further ex-
change Cs* with Na*, K*, and Rb" in their concentrated aqueous solutions, forming A@QUCR-20
(A=Na", K*, Rb"). The latter effectively separate CO./N; due to the higher affinities of A@UCR-
20 towards the polar C=0 bond in CO; as compared to the N=N bond in N (Figure 1.14b,c)**,
Additionally, the size-matched windows of Cs@UCR-20 allows rapid encapsulation of smaller
organic dye molecules, like acridine orange (AQ) within its cavities, whereas larger molecules,
like rhodamine B (RhB), can only be adsorbed onto the outer surface of Cs@UCR-201"'%, Fol-
lowing this concept, composites of AO-encapsulated and RhB-covered UCR-20 was fabricated
(denoted as [RhB-(AO@UCR-20)]). Given the semiconductor-derived nature of UCR-20, its host
framework serves to absorb ultraviolet light and emits near the absorption wavelength of AO
molecules, which in turn further excite the incorporated AO molecules. This leads to the emission
of AO guests at around 525 nm, which serves to excite the RhB molecules (Figure 1.14d). There-
fore, the supertetrahedral cluster-based framework serves as a platform for studying cascade-type
fluorescence resonance-energy transfer processes. Such a phenomenon had not been observed in
oxide zeolites due to their insulating nature stopping the (potential) energy-transfer process at the
first step.

Furthermore, purely alkali metal cation templated supertetrahedral chalcogenido metalate archi-
tectures, such as compounds Nas[InsSes] and Naio[Cuslni7Sss], were also isolated using Na,Ch
(Ch =S or Se) as sources of inorganic SDAs. The highly polarized inner surfaces of 3D-
{[InsSeg]* } and 3D-{[CuslIni7Sz3]'* } frameworks allow a smooth transport of “hard” Li* and Na*
ions through ordered pores, achieving good ionic conductivities up to 0.018 Q! cm™ (Figure
1.14e)™. The ionic conductivities of chalcogenido metalates embedding larger, “soft” alkali cat-
ions (i.e. K¥, Rb", and Cs") have been rarely investigated, because the relatively high affinity
between the chalcogenido metalates’ inner surfaces and larger alkali cations would lead to low
ionic conductivities.
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Figure 1.14: Applications of porous chalcogenido metalate-based framework compounds in the removal of Cs* (a),
gas absorption/separation (b—c), host-guest chemistry for energy transfer (d), and fast-ion conduction
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In addition to exploring the applications of chalcogenido metalate framework compounds, studies
on the applications of molecular chalcogenido metalates have also emerged. For instance, in the
discrete core-missing T5-type cluster [CdsInzsSs2(SH)4]*, incorporation of a Cu(l) atom at the
core-deficient position allows for the formation of a [CuCdsInzsSs2(H20)4]"~ molecule, resulting
in significantly improved photoelectric properties of the solid state compared to the parent com-
pound (Figure 1.15a)™2. Moreover, introducing a single Mn(ll) into the core-missing location
shifts the emission center from 490 nm of the parent compound to 630 nm of the Mn-doped var-
iant, as evidenced by their photoluminescence spectra (Figure 1.15b)!*3. Additionally, chalco-
genido metalates also find applications in photocatalysis. For example, dissolving single crystals
of a salt of the T5-type cluster [CusInseSs2(SH)4]**~ in a DMF solution of LiBr results in a homog-
enous solution containing [CuslInsSs2(SH)4]"*"; the undecomposed transfer of crystals to nano-
particles in solution was confirmed by ESI-MS. Importantly, these cluster-based aggregates can
sensitize TiO; electrodes due to their excellent light absorption property, causing significantly
improved photocurrent conversion efficiencies than that of unmodified TiO; electrodes (Figure
1.15¢)12. And this type of cluster-based compounds is also capable of producing H. via light
irradiation. Crystals of compounds (C4C1C1lm)s[Cdsln17S31-xSexCls] (x = 0, 18, and 31) lead to a
moderate photocatalytic H, production upon Xe-lamp irradiation. However, once the solid crys-
tals are dissolved in DMSO and form homogenous solutions containing cluster-based aggregates,
the H; evolution performance is improved due to larger number of exposed catalytic sites upon
transitioning from micrometer-sized solid crystals to nanometer-sized dispersed aggregates (Fig-
ure 1.15d)®4. By loading these aggregates onto the surfaces of different materials, such as gra-
phitic carbon nitride or a covalent organic framework, even better photocatalytic performance is
achieved owing to the formation of a heterostructure between the two components that facilitates
the electron-hole separation via irradiation™>!, Overall, both network and molecular chalco-
genido metalates are attractive because of their structural beauty and application potential in in-
organic and materials chemistry.
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Figure 1.15: Applications of molecular chalcogenido metalates in solid-state or in their solution. Photoelectric re-

sponse of compounds comprise [CdsIn2sSs2(SH)4]*2~ or [CuCdsInzsSs2(H20)4]7~ cluster anions (a),

emission spectra of compounds contain [Cdsln2sSs2(SH)4]'>~ or Mn-doped anions (b), photoelectric
response of TiO2/ITO or T5 cluster decorated TiO2/ITO (c), and Hz evolution property catalyzed by
compounds (C4C1C1Im)s[CdsIni7S31-xSexCla] or their aggregates in DMSO (d).
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2

Research objectives

In the last three decades, a library of chalcogenido metalate network compounds has been ob-
tained, however, there have been far fewer studies on chalcogenido metalate oligomers, leading
to limited understanding on how these cluster subunits behave in solutions. Additionally, struc-
tural expansion of chalcogenido metalate family is desired for further extending their diversity
and application potentials. This thesis aims to address these challenges with the following steps:

1)
2)

3)
4)
5)

6)

Syntheses of selenido germanate cluster-based oligomers via cluster condensation
Investigating the solubilities of salts comprising these oligomers in standard solvents
(such as DMF), and their optical properties in solutions

Syntheses of oligomeric cage-type molecules embedding alkali metal ions for further
charge reduction, and study the selectivity for different alkali metal ions

Variation of chalcogenido metalate architectures through manipulating anionic clusters
with Cu(l) ions

Variation of chalcogenido metalate architectures through modifying the structure-direct-
ing agents

Comprehensive study of fundamental properties, such as photocurrent measurement, cur-
rent-voltage characteristics, or optical properties of corresponding compounds

Scheme 2.1 illustrates the general considerations mentioned above.

[A4(H;0).]1[Ge Se]

Varied ILs : additives

[Na,(H,0),,][GeSe,] [A4(H;0),][SnSe,]

| Reactivity in ionic liquids | Structural expansion

Varied Structure-directing-agents

ratios

precursors

1

Cluster-based
oligomers?

l
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l

Electrospray ionization
mass spectrometry;
UV-visible
spectroscopy;
dynamic light scattering

Scheme 2.1: Schematic illustrations to the research objectives of this thesis.
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3 Results and Discussion

3 Results and Discussion

3.1 Defined oligomers of supertetrahedra-based selenido
germanate clusters

The results of this chapter are published in the following journal:

Zhou Wau, Isabell NuRbruch, Simon Nier, and Stefanie Dehnen*, lonothermal Access to Defined
Oligomers of Supertetrahedral Selenido Germanate Clusters. JACS Au 2022, 2, 204—213.

3.1.1 Introduction

Chapter 1 highlighted the enduring interest in supertetrahedral chalcogenido (semi)metalate clus-
ters within inorganic and material chemistry for many years owing to their outstanding physical
and chemical properties. However, a critical drawback of studying corresponding compounds has
been the lack of control in assembling the supertetrahedral units, which are known as either highly
charged monomeric cluster anions or lower charged, yet extended, anionic substructures of linked
clusters. As a result, research and applications have largely focused on their behavior in the solid
state or as suspensionst**’—in many cases owing to the inherently high anionic charges and thus
low solubility of salts of discrete (monomeric) clusters on the one hand**¥, and the inherent in-
solubility of one-, two- or three-dimensional cluster networks in their respective salts on the other
hand™l. Oligomeric assemblies have not yet been realized for purely inorganic clusters. In order
to fabricate functional nanomaterials, e.g., for opto-electronic devices, by processing such super-
tetrahedral clusters, there has been an increasing interest in dissolving such materials in standard
solvents. However, only a few studies about dissolving ligand-free clusters have been reported,
and most of them required the use of highly polar solvents like water or methanol owing to the
relatively strong electrostatic interactions between anionic clusters and cationic counterions2%,
Overcoming these interactions is crucial for dissolving such compounds in standard solvents, thus
for expanding the applications of materials based on supertetrahedral chalcogenido (semi)meta-
late units, but at the same time challenging. As discussed in Chapter 1, alkylating supertetrahedral
clusters or substituting “harder” sulfide atoms with “softer” selenide atoms in supertetrahedral
chalcogenido metalate clusters allows better solubilities in standard solvents. While covering
these clusters with organic ligands can increase their solubility™®1?21 it often comes at the cost
of widening the bandgap or quenching luminescent properties—drawbacks that require new ap-
proaches.

As an approach to further increase the solubility of supertetrahedral selenide clusters, a strategy
to (a) replace alkali metal cations with organic cations in an ionothermal approach and (b) apply
conditions that allow a controlled and limited aggregation of the anionic molecules, as an alter-
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native to the generation of (insoluble) extended networks was selected. The assembly of supertet-
rahedral clusters into oligomers of a finite size, with a corresponding decrease of the average
negative charge per cluster unit, has not yet been reported in the literature to date.

Based on this strategy, a T2-type [GesSeio]* cluster monomer is selected as a building unit, which
was formed in ionic liquids and subsequently condensed into dimers or tetramers (Scheme 3.1) at
distinct compositions of the reaction medium. Key to this was the thorough choice of an adequate
relative amount of 2,6-dimethylmorpholine (DMMP) to be added as an auxiliary agent for the
connection of chalcogenido germanate units. This approach highlights the innovative use of ILs
to control the aggregation of supertetrahedral clusters, thereby expanding the potential applica-
tions by increasing their solubility in organic solvents.
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Scheme 3.1: Schematic illustration of the concept of lowering the average charge of supertetrahedral chalcogenide
cluster anions by formation of finite cluster oligomers.

In a first step, two of the [GesSeio]* units form a dimer-like assembly by sharing one of the
selenide ligands at the cluster corners as p-bridges, under release of one Se?” anions per newly
formed dimer and a corresponding decrease of the anionic charge per cluster unit. Further con-
densation of two such dimers yields a tetramer-like assembly by sharing a total of four p-Se*
ligands upon release of another two Se? anions. This leads to a significantly lower charge per
cluster building unit, and a moderate total negative charge of the tetrameric anions. The addition
of an auxiliary such as DMMP controls this aggregation process. The optimal amount of DMMP
leads to the formation of discrete cluster units rather than extended network structures. Under
specific amounts of DMMP, an unprecedented large zigzag chain forms as an extended anionic
substructure. These findings underscore the importance of precise reaction control for the targeted
formation of cluster oligomers.

By following this approach, the first ligand-free chalcogenido (semi)metalate cluster-based dimer
and its extension into a square-planar tetramer, [GesSess]®, were obtained and the latter repre-
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sents the largest discrete binary chalcogenido (semi)metalate cluster by now. It is also demon-
strated that such oligomers readily dissolve in common solvents like DMF without decomposi-
tion, which was proven by mass spectrometry and optical absorption spectroscopy of crystals and
their solutions.

3.1.2 Syntheses and crystal structures

The synthesis of five new selenido germannate compounds, including two polymorphs of the
same anionic substructure, was achieved by the treatment of [K4(H20)3][GesSe10]"? in the ionic
liquid (C>C1Im)[B(CN.)] and DMMP (2b, 3, 4) or by the treatment of [Nas(H20)14][GeSes]** in
a10:1 mixture of (C2C1Im)[B(CN4)] and DMMP (1) or in a 1:1 mixture of (C2C1Im)[B(CN4)] and
(C2C1Im)[BF4] (2a) at 150 °C for 3 days. It should be noted that all of the syntheses were sensitive
to the reaction temperature: crystals were exclusively obtained upon treatment at 150°C, while no
identifiable compounds were observed at lower (120 °C) or higher (180 °C) reaction temperatures.
The most important parameters, however, to be varied for obtaining the different products was
the amount of the auxiliary DMMP relative to the amount of ionic liquid used. The results are
summarized in Figure 3.1, in comparison with reported products of similar reactions, of which
highlighted the importance of using (C.C1Im)[B(CNs4)] as solvent and source of the SDA in these
reactions and at the same time clearly demonstrated the ratios of ILs relative to DMMP are the
key to modifying the connection of T2-type selenido germannate cluster units.

As depicted in Figure 3.1, most reactions in this study were undertaken with [Ks(H20)3][GesSe1o]
as precursors. With the only exception being pale-yellow crystals of a new salt comprising the
same discrete [GesSeio]* anion, (C.Cilm)s[GesSew] (1), by ionothermal treatment of
[Nas(H20)14][GeSes] in 500 pL of (C.C1Im)[B(CN)4] in the presence of 50 pL of DMMP. In-
creasing the relative amount of DMMP led to lower yields. The molecular structure of the anion
with label scheme is shown in Figure 3.2.
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Figure 3.1: Survey of the formation and use of [GexSey]* anions for the synthesis of more complex anionic substruc-
tures in known compounds (top, gray arrows and formulas) and in compounds 1, 2a, 2b, 3, and 4 re-
ported in this work (center and bottom, black arrows and formulas; all reactions done at 150°C). Rela-
tive amounts are given as v:v ratios. For more details, see the Experimental Section.
Crystallographically indistinguishable Ge and Se atoms were assigned based on their characteristic
coordination modes.

Compound 1 crystallizes in the tetragonal crystal system, space group type P4./n (No. 86) with
two formula units per unit cell (V = 2251.9(5) A®; Figure 3.2). The asymmetric unit consists of
one germanium atom, two and half selenium atoms, and one (C.Cilm)* cation. Considering the
anionic nature of the cluster units, the accessible void space is filled with the ionic liquid coun-
terions. Structurally speaking, the [GesSeio]* anion is condensed from four [GeSes]* tetrahe-
drons by sharing three quarters of the Se*” ligands, and therefore losing six Se*~ in total upon such
a condensation procedure. Therefore, the negative charges of the four [GeSe4]*” are well-reduced
from 16— to 4— in a [GesSe1o]* anion. The Ge—(p-Se) bond lengths (2.3674(12) — 2.3771(11) A)
and Ge—Sewermina bond lengths (2.2604(13) A) are within the range of reported values['%612412%,
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3 Results and Discussion

@ (b)
] Se3 ¢ \

Figure 3.2: Structure of the anion and four nearest anions in compound 1 (a). View of the unit cell of compound 1
(ionic liquid counterions are omitted for clarity, the cluster tetrahedrons are shown in two different
colors due to their altered orientations) (b). Ge and Se atoms (with atom labelling scheme) are shown
as thermal ellipsoids at the 50% probability level; the atoms of the imidazolium counterions are given
in wired-mode. H atoms are omitted for clarity.

By treatment of [Nas(H20)14][GeSe4] in a mixture of 250 pL of (C2C1Im)[B(CN).] and 250 pL of
(C2C1lm)[BF4] without addition of DMMP, the first dimeric structure of a ligand-free supertetra-
hedral cluster in (C2C1Im)s[GesSeig] (2a; Figure 3.3a) was isolated. A polymorph of this com-
pound was also generated starting from [Ka(H20)3][GesSeio], by treatment in (C2C1Im)[B(CN)4]
in the presence of a very small amount of DMMP (v:v = 10:1; Figure 3.3c). The polymorphs 2a
and 2b crystallize in the triclinic crystal system, space group type P1 (No. 2, 2a) or in the mono-
clinic crystal system, space group type P2i/c (No. 14, 2b) with two (2a, V = 3735.5(3) A®; Figure
3.3b) or four (2b, V = 7524.9(9) A%; Figure 3.3d) formula units per unit cell, respectively. As
shown in Figure 3.3a,c, both anionic parts of the asymmetric unit of 2a and 2b contain eight
germanium atoms, nineteen selenium atoms, charge balanced by six surrounding imidazolium
cations. In the anionic substructures of 2a and 2b, two T2 clusters are linked via sharing one p-
Se? ligand, while three terminal Se?" ligands are retained per building unit. Again, Ge—(u-Se)
bond lengths (2.3296(19) — 2.4127(21) A) and Ge—Seermina bond lengths (2.2388(21) — 2.2640(30)
A) are close to the expected range. Another dimer of supertetrahedral clusters in (H*-
DBN)s[In20S33(DBN)e] has recently been reported™?612], However, in this case, six of the terminal
cluster positions were occupied by organic substituents, while the dimeric assembly in 2 has a
purely inorganic composition.
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Figure 3.3: Molecular structure of the anion and nearest cations in compound 2a (a). View of the unit cell of com-
pound 2a (b). Molecular structure of the anion and a part of the cations in compound 2b (c). View of
the unit cell of compound 2b (d), given that those molecules are shared with the adjacent unit cells,
only four of the anions observed within the unit cell in average. Ge and Se atoms (with atom labelling
scheme) are shown as thermal ellipsoids at the 50% probability level; the atoms of the imidazolium
counterions are given in wired-mode; the cluster tetrahedrons are shown in two different colors due to
their altered orientations. H atoms are omitted for clarity.

By significantly increasing the amount DMMP relative to (C2C1Im)[B(CN)4] in the reaction mix-
ture used for the preparation of compound 2b, from 10% to 50% (v:v) and thus the largest relative
amount of the auxiliary used in this study, it was possible to synthesize (C>C1lm)s[GeisSess] (3).
Compound 3 crystallizes in the monoclinic crystal system, space group type C2/c (No. 15) with
four formula units in the unit cell (V = 11596.6(18) A3; Figure 3.4). The anionic substructure of
the asymmetric unit consists of eight germanium atoms, and eighteen selenium atoms. Compound
3 comprises an unprecedented tetramer of a chalcogenido (semi)metalate cluster and at the same
time the largest discrete and ligand-free binary chalcogenido (semi)metalate cluster; larger spe-
cies, like the T5-type {In34Ss4} moiety!*?8], were usually integrated in framework structures so far,
and the only known (pseudo)-tetramer of T2-type clusters included linkage by Sn** ions and in-
clusion of a Cs* atom, [Cs@Sn4(GesSeio)s]” 12 The molecular structure of the anion in com-
pound 3 is illustrated in Figure 3.4. Ge—(u-Se) bond lengths (2.3288(30) — 2.3978(33) A) and Ge—
Sewerm bond lengths (2.2296(35) — 2.2425(38) A) match those of the reported ones, and also the
ones observed in compounds 1 and 2.

32



3 Results and Discussion

Se19
Se20 Ge8 Se18 Se14
et “

-

Ge7 Ge6
Se15

Se8

Se16 Sell

Figure 3.4: Molecular structure of the anion in compound 3 with atom labelling scheme (a). View of the unit cell of
compound 3 (b), given that those molecules are shared with the adjacent unit cells, only four of the
anions observed within the unit cell in average. Ge and Se atoms are shown as thermal ellipsoids at
the 50% probability level; the imidazolium counterions are omitted for clarity; the cluster tetrahe-
drons are shown in two different colors due to their altered orientations.

To achieve the unique square-planar structure, one T2 cluster shares two corner Se?~ ligands with
two neighboring clusters. However, instead of extending their corner-sharing with two further
building units, both of these T2 units share corners with the same fourth cluster, which closes the
macrocycle to form the tetrameric anion. This oligomer of four T2 supertetrahedra can also be
regarded as the product of the dimerization of two preformed cluster dimers under release of two
additional Se*” anions (see also Scheme 3.1). This unprecedented assembly of Tn clusters repre-
sents a structural alternative to a supertetrahedral arrangement of T2 clusters that would be con-
nected by sharing six (instead of four) corners, thus missing another two Se*” anions and 4 nega-
tive charges. However, a corresponding defect T4-type anion “[Ge1sS€ss]* > (or any other group
14—group 16 cluster of this type) has not been described in the literature to date. While one might
hypothesize that a corresponding structure could form, as known for organometallic chalcogenide
clusters, the mismatch of the large size with the low charge has so evidently inhibited its crystal-
lization so far. Indeed, another finite tetrameric assembly of (ternary) supertetrahedral clusters,
[Cdi6InesS134]**", which was obtained in the ionic compound [[(H*-DBN)((H")2—
DEM)11][Cd16InssS134]-50H20 upon solvothermal treatment of Cd(CHsCOy)2-2H20, In, and S,
shows this aggregation pattern but also comprises a much larger charge owing to the presence of
di- and trivalent cations instead of tetravalent ones®®. In this cluster, four {CdslnsSas} T4-type
units are linked to form a hollow supertetrahedron by sharing six corners.

Another change of the ratio of (C.C1Im)[B(CN)4] to DMMP to an intermediate value (3.5:1; v:v)
caused the linkage of the [GesSeio]* cluster anions via u-Se*” ligands into infinite 1D zigzag
chains in (C,C1lm)s[Ge12Se27] (4). Compound 4 crystallizes in the monoclinic crystal system,
space group type P21/n (No. 14). As illustrated in Figure 3.5, the asymmetric unit of the zigzag
arrangement comprises twelve germanium atoms and twenty-seven selenium atoms, in three T2-
type building units. These are connected similarly to the three first T2 units in compound 3, en-
closing a near rectangular angle of 95.13°. However, instead of linking to the same fourth cluster
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under formation of the four-membered macrocycle observed in compound 3, the repeat unit is
connected to identical units to both sides, thus extending into an infinite super-zigzag chain with
four clusters in a straight row each. This structural motif has also been unprecedented in chalco-
genido (semi)metalate chemistry to date.

Figure 3.5: Anionic substructure of compound 4, with the asymmetric unit display in polyhedron mode (a). View of
the unit cell of compound 4 (b), given that those molecules are shared with the adjacent unit cells,
only four of the anions observed within the unit cell in average. Ge and Se atoms are shown as ther-
mal ellipsoids at the 50% probability level; the imidazolium counterions are omitted for clarity, the
polyhedrons are highlighted in different colors to clearly illustrate the chains’ arrangement. Color
code: Ge-Sky blue; Se-Red.

So far, it has not been possible to gain detailed insight into the processes that lead to the formation
of such complex compounds. However, it is evident that the relative amount of the auxiliary
DMMP must play a crucial role. It is assumed that the basic molecules serve as mediators for the
release of Se*” anions (most probably as H,Se) upon deprotonation of H,O (from the reactant)
and subsequent hydrogen bonding interactions with the selenido germanate anions. In the pres-
ence of a small amount of DMMP (1:10 relative to the ionic liquid), the T1-type [GeSe4]*” anions
assemble to the T2 cluster in 1. Under the same conditions, if DMMP is replaced by
(C2C1lm)[BF4], the cluster dimerizes to form compound 2. With a larger relative amount of
DMMP (1:3.5 relative to the ionic liquid), the linkage extends to form the infinite zigzag chains
in 4, where all clusters share two corners with adjacent building units. This is also the case for the
tetrameric anion in compound 3, which forms at the highest relative amount of DMMP (1:2 rela-
tive to the ionic liquid). Hence, besides affecting the number of Se*” anions released per cluster
unit (which is the same as for 4), the DMMP molecules likely have a more significant templating
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effect here. It is assumed that they form H-bonded clusters that control the local tetramerization.
These assumptions are based on plausibility considerations, as, to this date, there is no reliable
method to study these reactions in-situ. The absence of suitable NMR nuclei for quick monitoring
and the fact that the reactions take place in sealed ampules during a heating—cooling sequence
inhibits corresponding studies. However, it is hypothesized that molecular dynamic simulations
might one day bring us closer to understand the underlying mechanism.

The guest-accessible spaces of all described compounds are filled with counterions to balance the
anions’ negative charge. While this was fully proven for compound 1 via single crystal X-ray
diffraction (SC-XRD), the assignment of some of the counterions’ atoms was inhibited by heavy
disorder. In order to avoid impairment of the refinement of the anionic substructures by an in-
complete model, the influence of the electron density of atoms that could not be localized from
the difference Fourier map was detracted from the data by application of the back Fourier trans-
form method using the SQUEEZE program in PLATON! %%, All refinement results are detailed
in Tables 6.9-6.13. The precise Ge:Se ratios were additionally verified by means of energy dis-
persive X-ray (EDX) spectroscopy (Figure 3.6). Slight differences between calculated and simu-
lated values (below £1 atom) are acceptable and caused by the overlap of Ge and Se signals in
the EDX spectra. Phase purity was confirmed by powder X-ray diffraction (PXRD) measurement
(Figure 3.7). Differences observed in the intensities of PXRD measurements are attributed to the
crystals’ random orientation during sample preparation, this is commonly observed in PXRD in-
vestigation due to the fact that we can never orient crystalline sample into the same arrangement
as what they are in a single crystal.
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Figure 3.6: Scanning electron microscope (SEM) image and EDX spectrum of compound 1 (a); compound 2a (b);
compound 3 (c); compound 4 (d). Slight differences between calculated and simulated values (below
+1 atom) are caused by the overlap of Ge and Se signals in the EDX spectra.
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Figure 3.7: PXRD pattern of as-synthesized and simulated compound 1 (a); compound 2a (b); and compound 3 (c).
Notable differences in the intensities are attributed to texture effects.

As noted above, ligand-free supertetrahedral chalcogenido (semi)metalate clusters have only
rarely been assembled into finite cluster oligomers, such as the anions of [Cd16InesS134]* 2, and
[Cs@Sn'"4(GesSe10)]” 124, This can be understood as the initial steps of the formation of extended
structures in a bottom-up approach from isolated cluster units, as demonstrated with compounds
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1, 2, 3, and 4. Hence, the first insights into corresponding materials formation with the example
of [GesSeio]* anions is provided.

As discussed above, this cluster assembly process serves to stepwise lower the charge per cluster
unit: from 4—in 1 to 3— in 2, and to 2— in 3 (and 4; which if the chains were interlinked would
ultimately end up with a neutral network of all-corner-linked T2-clusters [GesSesSeass;] in a yet
unknown modification of GeSey). It is therefore interesting to investigate the solubility of the
crystals comprising molecular anions in a common organic solvent (DMF), and to probe their
undecomposed transfer into solution by means of mass spectrometry, UV-visible spectroscopy,
and dynamic light scattering experiments. The success of these experiments is documented in the
following sections. Compounds 1 — 3 show excellent solubility in dry DMF, determined to be
around 3.25 mg/mL, 2.75 mg/mL, and 3.13 mg/mL, respectively (1.3 mg of compound 1 in 0.4
mL of DMF; 1.1 mg of compound 1 in 0.4 mL of DMF; 2.5 mg of compound 1 in 0.8 mL of
DMF), and they can be dispersed without visible change in other organic solvents and water. The
decent solubility of compound 1—despite possessing the highest charge per cluster unit—is at-
tributed to its selenideic nature and the combination with (C,C,Im)* counterions, both lower the
lattice energy. These observations discriminate the compounds reported herein from salts of the
T5-type supertetrahedral cluster [CusInzoSssH4]**~, which only dissolve upon addition of LiBr4!,

3.1.3 Additional characterizations to compounds 1 —4

3.1.3.1 ESI mass spectroscopy

Electrospray ionization mass spectra recorded in negative ion mode, ESI(—), on a fresh DMF
solution of single crystals of compound 1 display the signal of the cluster anion along with three
counterions (Figure 3.8a). The experimental isotope pattern is in excellent agreement with the
calculated isotopic distribution of the aggregate {(CsN2H11)s[GesSeio]} with a molecular mass
of 1414.13 (Figure 3.8b). Besides this, further monoanionic complexes {(CsN2H11):H[GesSe1o]}
and {(CeN2H11)1H2[GesSe10]} (see also Figure 6.1 for more high-resolution mass spectra) and
the aggregate {Hs[GesSeig]} were transferred into the gas phase (Figure 3.8c). In addition, the
signal of {(CsN2H11)4aH[GesSe1]}" was detected by means of ESI(+) mass spectrometry (Figure
3.8d), which has been unprecedented for a ligand free supertetrahedral chalcogenido (semi)met-
alate cluster and also is the only ESI(+) signal to be detected among the series of compounds
reported herein. This and the identified aggregates, all of which survived the electrospray ioniza-
tion treatment, confirmed the significant interaction between the cluster anions and ionic liquid
cations in compound 1. This is further supported by the mass spectrum of this compound, which
is dominated by molecular peaks with a 1— charge (Figure 3.8a). This behavior contrasts with that
observed for the other compounds reported below this section.
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Figure 3.8: Overview of the ESI(—) mass spectrum of a fresh solution of single-crystals of 1 in DMF (a). High-resolu-
tion ESI(—) mass peak of the cluster anion of 1, detected along with three ionic liquid counterions,
formulated as {(CeN2H11)3s[GesSe10]} (b); and with three protons {Hs[GesSe1]}~ (c). High-resolution
ESI(+) mass peak of the cluster cation of 1 {(CsN2H11)4H[GesSe1o]}* (d), detected along with four
ionic liquid counterions and one proton.

For compound 2a, the mass spectrum revealed a series of signals corresponding to monoanionic
and dianionic aggregates, where (C.C1Im)* and H* counterions served to decrease the charge. As
shown in Figure 3.9, the dimeric cluster anion in compound 2a along with different quantities of
the mentioned cations was identified. The monoanionic aggregates were identified as

{(CsN2H11)5[GesSe1q] }, {(CsN2H11)sH1[GesSe1q] }, {(CsN2H11)3H2[GesSe1q] }
{(CsN2H11)2H3[GesSeio]} , and {(CsN2H11)1Ha[GesSe19]} . Additionally, three dianionic aggre-
gates including {(CeN2H11)a[GesSe10]}, {(CeN2H11)3H1[GesSeq]}, and

{(CsN2H11)2H2[GesSe1o]}* were found (see Figure 6.2 for more high-resolution mass spectra).
All of the measured isotope patterns agree very well with the simulated ones, which indicates a
high stability of the species both in solution and in the gas phase. In addition, some fragments
were identified, but their relative abundance is significantly smaller than that of the dimeric ani-
ons’ signals. Most notably, the relative abundance of peaks with 2— charges is larger in this ex-
periment compared to that of compound 1. This observation confirms a reduced cation-anion in-
teraction, which was expected and desirable due to the reduced average charge per cluster unit.
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Figure 3.9: Overview of the ESI(—) mass spectrum of a fresh solution of single-crystals of 2a in DMF (a). High-reso-
lution ESI(—) mass peak of the cluster anion of 2, detected along with five ionic liquid counterions,
formulated as {(CeN2H11)s[GesSe1s]} (b); and with four ionic liquid counterions, formulated as
{(C6N2H11)4[GesSe19]}*~ (c), with three ionic liquid counterions and one proton, formulated as
{(CsN2H11)3H[GesSe1s]}*, the overlay of the mass peak of {(CsN2H11)sH[GesSe1]}?~ with that of the
fragment {(CeN2H11)Hz[GesSe1o]}~ formed during the ionization process (d).

For compound 3, the mass spectra are even more complicated than those of compound 2a. A
series of peaks, with charges ranging from 2— and 3— to 4— were observed. The dominant peaks
are found in the range of m/z = 1020 and 1130, and they correspond to species with the general
composition {(CeN2H11)4<Hx[Ge1sSess]}* (x = 0-3). The relative abundance of the species grad-
ually decreases as H* replaces the ionic liquid counterions. In addition, cluster anions with a 3—
or a 2— charge were also detected, but with lower relative abundance compared to those with a
4— charge. Notably, no monoanions were observed for solutions of compound 3, which was at-
tributed to both the large molecular mass and the reduced cation-anion interaction. This assump-
tion is supported by the observed relative abundances of species with 4—, 3—, and 2— charges.
High-resolution mass spectra for all of these anions are provided in Figure 3.10, all of which show
excellent agreement of measured and simulated isotope patterns. Again, this is a strong indication
for good solubility and fair stability of the compound in DMF. The clusters predominantly dis-
solve as a whole entity, in contrast to dispersions of [Zn4Ini6S3s]' nanoclusters, which exhibit
significant sulfide ligand loss and massive proton uptake in piperidine®”. However, some frag-
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mentation was also observed in the studies of compound 3, partially overlapping with the molec-
ular peaks of the entire anion. As an example, Figure 3.10 demonstrates the coincidence of
{(CeN2H11)3[GesSeo]} and  {(CeN2Hi1)e[GeieSess]}> or of {(CeN2Hi1)s[GesSeis]} and
{(CsN2H11)s[Ge16Sess]}*~ (see Figure 6.3-6.5 for more high-resolution spectra).
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Figure 3.10: Overview of the ESI(—) mass spectrum of a fresh solution of single-crystals of 3 in DMF (a) High-reso-
lution ESI(—) mass peak of the cluster anion of 3, detected along with six ionic liquid counterions,
formulated as {(CsN2H11)s[Ge1sSess]}2, the overlay of the mass peak of {(CsN2H11)s[Ge16Sess]}>
with that of the fragment {(CsN2H11)3[GesSe1s]}~ formed during the ionization process (b), and with
five ionic liquid counterions and one proton, formulated as {(CsN2H11)sH[Ge1sSess]}>~ (c), with four
ionic liquid counterions, formulated as {(CsN2H11)s[Ge1sSess]}?, the overlay of the mass peak of
{(CoN2H11)s[Ge1sSess]}> with that of the fragment {(CoN2H11)[GesSes]} formed during the ioniza-

tion process (d).

In addition, the stability of the solutions of all compounds was investigated. The color of the
solutions remained unchanged over (at least) four weeks, indicating their good stability under
inert conditions. However, the solutions decompose within two hours of exposure to air, as evi-
denced by a color change from yellow to transparent and the precipitation of a black solid (see
Chapter 6, Figure 6.6).
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3 Results and Discussion

3.1.3.2 Dynamic light scattering

The Tyndall effect demonstrated on these solutions (Figure 3.11) indicates that the solutes possess
nanoparticle dimension. To study this in more detail and to determine the size distribution of the
cluster anions in compounds 1-3, dynamic light scattering (DLS) studies were carried out on
DMF solutions of the single crystals. As shown in Figure 3.11, the hydrodynamic radius (Rw) was
determined to fall in the ranges of 7.31-8.31 nm for compound 1, 5.95-8.23 nm for compound
2a, and 2.93-5.20 nm for compound 3, respectively. The mean diameters of the cluster anions in
compounds 1, 2a, and 3 (calculated as the largest Se---Se distance plus 2-Reov(Se) = 2.0116 A)
from the SC-XRD analyses are 0.99, 1.70, and 1.90 nm, respectively™?. This further confirms
the notable decrease of the electrostatic interactions between anionic clusters and ionic liquid
cations from compound 1 via compound 2a to compound 3: despite having the largest cluster
diameter, compound 3 exhibits the smallest hydrodynamic radius, whereas compound 1 shows
the largest hydrodynamic radius in DMF solution. This is comparable to the effective radii of
alkali metal cations in aqueous solutions, which decrease from Li" to the heavier congeners owing
to a significant drop in charge density™. In summary, all studies performed on solutions of
compounds 1, 2a and 3 confirm (a) the integrity of the cluster assemblies in solution and (b) the
notably decreased interaction with counterions upon oligomerization.

(a)mo 4 —s—Measurement 1 N | (b) 1004 —s— Measurement 1 —a— Measurement 1
—a— Measurement 2 ! —a—Measurement 2 —>— Measurement 2
—a— Measurement 3 w [ —o— Measurement 3 —— Measurement 3
g Compound 1 i’ g Compound 2a Compound 3
E 504 . E 504
J
0 0
1 10 1 10 1 10
Radius (nm) Radius (nm) Radius (nm)
(d) Compound Ry [nm] Ry [nm] Polydispersity [%] Polydispersity [%]
(mean value) (mean value)
1 8.31/7.31/7.99 7.87 9.99/14.52/5.01 9.84
2a 8.23/5.95/7.91 7.36 9.27/9.15/11.06 9.83
3 2.93/3.78/5.20 3.97 17.39/18.47/16.76 17.54

Figure 3.11: DLS measurements of fresh solution of compounds 1 (a), 2a (b), and 3 (c), with the inset shows the solu-
tion and the Tyndall effect of each solution, summary of the hydrodynamic radii (Rn) and polydisper-
sity on corresponding solutions (d).

3.1.3.3 Vibrational and optical absorption properties

Raman spectra were recorded on single crystals of 1, 2a, 3, and 4. As illustrated in Figure 3.12,
all spectra exhibit almost identical vibrational modes (although with varied intensities), which
indicates the identical bonding situations of these compounds. The most intensive peaks at around
145 cm™, 217 cm™%, and 339 cm* are attributed to lattice vibrations of the cluster core, as com-
pared with the reported value of Nag[GesSei]™, NagSm(Ge;Ses),'*, Ki[EuGeSes]*4,
Cs2[GesGasSer4]™®, and GeSez™. The slight shifts observed in the spectra are attributed to
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slight differences of bond lengths or the presence of heteroatoms in the reported cluster cores.
Due to the relatively low resolutions of the Raman spectra, it was not possible to assign vibrational
bands to the counterions.

—— compound 1

compound 2a
compound 3

compound 4

150 200 250 300 350 400 450 500
Raman shift (cm™)

rel absorbance (%)

Figure 3.12: Raman spectra of compounds 1, 2a, 3, and 4. The peaks at 145 cm™ and 339 cm™ are signed to the
stretching modes of Ge-Se bond, the peaks at 217 cm™ are attributed to the symmetric stretching
mode of [GeSes]* tetrahedron.

UV-visible spectra of crystalline samples (recorded in diffuse-reflectance mode, Figure 6.7)
served to characterize the solid compounds 1-4 as narrow-band gap semiconductors. Figure 3.13a
demonstrates a gradual red shift occurs for the lowest excitation energies from 1 to 4. The optical
bandgaps, determined by application of the Kubelka—Munk function, are 2.59 eV (479 nm; 1),
2.42 eV (512 nm; 2a), 2.15 eV (577 nm; 3), and 2.02 eV (614 nm; 4). It is noteworthy that the
optical gaps of all four compounds are narrower than those reported for bulk GeSe; (2.74 eV)1*"]
and also for GeSe; thin films (~1 um thickness; 2.36 eV)%®! even those with molecular selenido
germanate anions. This indicates that the cluster-based chromophores are very effective in band
gap narrowing.

The absorption spectra recorded on fresh solutions of the crystals in DMF solution (Figure 3.13b)
show a similar red shift, with onsets of absorption at 2.98 eV (416 nm; 1), 2.88 eV (431 nm; 2),
and 2.71 eV (457 nm; 3). These values are blue-shifted by 0.4-0.6 eV relative to the solid samples
but remain small in comparison with extended Ge—Se-based solids, indicating they stem from
molecular anionic units in solution. Notably, the band gap of the dissolved molecular salt com-
prising the [GesSess]®™ anion in 3 is even smaller than that of bulk GeSe,. Owing to its inherent
insolubility, it has so far not been possible to record an absorption spectrum of compound 4 in
solution.
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3 Results and Discussion
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Figure 3.13: Tauc plots derived from the solid-state UV-visible diffuse-reflectance spectra of crystalline samples of 1,
2a, 3, and 4, and optical absorption spectra of fresh solutions of single crystals of 1, 2a, and 3 in dry
DMF.

The investigations clearly demonstrate that although all compounds are based on the same build-
ing units (T2 clusters) composed of the same elements (Ge and Se) and even the same counterions,
the stepwise oligomerization serves to finely tune the optical gap. This modification strategy is
important crucial for a potential use of such oligomers in functional semiconductor-based arrays.

3.1.4 Conclusions

In summary, a series of narrow-band gap semiconductor clusters based on [GesSeio]*™ have been
presented, featuring the first purely inorganic dimers and a first square-shaped tetramer of chal-
cogenido (semi)metalate supertetrahedra. These compounds were obtained by thermal treatment
of [Nas(H20)14][GeSes] or [Ka(H20)3][GesSeso] in the ionic liquids 1-ethyl-3-methylimidazolium
tetracyanoborate/tetrafluoroborate, (C.C1Im)[BX4] (X = CN, F), at 150 °C. One of these com-
pounds comprises the largest selenido germanate cluster anion, [GeieSess]®, reported to date. Ol-
igomerization of these anions through sharing x-Se*~ ligands reduces the charge per cluster unit
compared to the monomeric clusters, resulting in a significantly reduced cation—anion interaction.
Consequently, the compounds dissolve readily in DMF, which was demonstrated by means of
ESI mass spectrometry and dynamic light scattering studies on corresponding solutions. UV—vis-
ible spectra of both the solid compounds and their solutions indicate remarkably small optical
band gaps, similar to that of bulk GeSe;, or even smaller, which are finely tuned with the degree
of aggregation. Future studies aim to extend this oligomerization strategy to other supertetrahedral
chalcogenido metalate clusters, with the next logical step being the investigation of the related
Ge/S and Ge/Te system.
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3.2 lon-selective assembly of supertetrahedral selenido
germanate clusters for alkali metal ion capture

The results of this chapter are published in the following journal:

Zhou Wu, Florian Weigen, Dieter Fenske, Tim Naumann, J. Michael Gottfried, and Stefanie
Dehnen*, lon-Selective Assembly of Supertetrahedral Selenido Germanate Clusters for Alkali
Metal lon Capture and Separation. J. Am. Chem. Soc. 2023, 145, 3802-3811.

3.2.1 Introduction

Supertetrahedral chalcogenido (semi)metalate cluster-based frameworks have demonstrated a
high selectivity for alkali metal cations due to the specific charge density of their inner surfaces.
This property has made them ideal ion-exchange materials towards various metal ions and have
especially been investigated for separating Cs* ions over the last decades!10813%-1411,

The selective removal of Cs* ions and the recovery of other alkali metal ions (especially Li*, Na*,
and K*) from wastewater are crucial steps for solving the environmental crisis and achieving en-
ergy conversion. These issues have gained increasing significance and have been the focus of an
advancing research topic during the past yearf!42-1441,

Due to their similar chemical properties, alkali metal cations often coexist in nature and industrial
environment. Consequently, developing effective methods for their separation with high ion se-
lectivity is both crucial and challenging. Various methods have been proposed to enhance these
separation efficiencies, including ion-exchange*>**], liquid—liquid extraction™"**, solid—lig-
uid extraction®%% and film separation!*5*%2, Despite the small differences in ionic radii and
charge densities of Na*, K*, and Ca*", an artificial Na*-selective ionic device based on crown-
ether crystals was developed, for instance, which achieves a high selectivity of Na* toward K*
and Ca*"I*%%1, In addition, crystalline silicotitanate has shown exceptional high capacity and selec-
tivity for Cs* in ion-exchange process, even in in highly alkaline solutions (1-7 mol/L NaOH)!%*1.
Additionally, zeolite-type chalcogenides have showed promising uptake rates for heavy
ionst%1491 - According to these findings, the slight yet notable differences in the ionic radii r. of
the alkali metal ions (A*) play the most important role in increasing the separation efficiency.
Therefore, materials designed for alkali metal ion capture and separation can benefit from selec-
tive crystallization owing to the lattice energy’s general dependency from the cation’s charge Z*
and the ionic radius as Z"/r..

Compounds comprising supertetrahedral chalcogenido metalate clusters have been extensively
studied, from their synthesis to their application perspective, particularly in the selective removal
of radionuclide or heavy metal elements™*!°!, Corresponding salts have shown high selectivity
for capturing relatively “soft” cations like Cs* and Sr** compared to “harder” alkali or alkaline
earth ions. This selectivity is attributed to the stronger interaction of the former with the “soft”
inner chalcogenide surface of such frameworks>"**®!. However, none of these pioneering reports
focused on selective crystallization of such compounds for separation of alkali metal cations.
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3 Results and Discussion

Given the recent progress in chalcogenide cluster chemistry™®62 supertetrahedral chalcogenido
metalate cluster compounds (or frameworks of such clusters) with suitable cavities, are consid-
ered as promising candidates for selective incorporation of A" ions. However, many of the re-
ported compounds based on supertetrahedral chalcogenido metalate clusters are structurally tem-
plated by organic ammonium cations (from neutral amines or ionic liquid cations), which occupy
the cavities and can hardly be replaced. In contrast, much fewer compounds have been known in
which the clusters co-crystallized with A™ counterions. To address this challenge, a method that
allows a combination of both, and thus enabling A*-selective crystallization have therefore been
proposed, on which is shown herein (Scheme 3.2).
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Scheme 3.2: Summary of reported alkali metal ion separation approaches: solid—liquid ion-exchange (a). lon separa-
tion by liquid—liquid extraction (b). Ion separation in films (c), and ion-selective cluster assembly (d,
presented herein).

In this work, a new approach of ion-selective cluster assembly using two new compounds as
examples is demonstrated. Both compounds are based on the supramolecular assembly of super-
tetrahedral selenido germanate clusters, forming pseudo-P2-type or T2,2-type superclusters. The
first one, (C2C1Im);[Cs@Ge"4(Ge'4Se10)s] (5), comprises the largest selenido germanate cluster
reported to date. The anions features an enclosed tetrameric oligomers of [Ge'V4Se1o]* interlinked
by four Ge(ll), and represents the first mixed-valent supertetrahedral anionic substructure incor-
porating both Ge(ll) and Ge(lV) oxidation states. The second compound,
(C2C1Im)1o[Nas(CN)s@ Cus(GeaSeio)a(Cu)] (6), is based on a framework of related heterometallic
supercluster anions. The title compounds were obtained by joint templating effects of A* (= Cs*
in5,=Na" in 6) and ionic liquid cations (C,C1Im)* (= 1-ethyl-3-methyl-imidazolium). These salts
exhibit high selectivity for either heavy (5) or light (6) types of A" cations, and as such show very
promising in-situ separation characteristics. The exclusive crystallization with either Cs* or Na*
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was proven by corresponding cross experiments in combination with thorough analyses by means
of SC-XRD, EDX spectroscopy, and ESI-MS, taking advantage of the good solubility of com-
pound 5 in DMF. Moreover, comprehensive density functional theory (DFT) calculations on (hy-
pothetic) series of clusters with Li*, Na*, K*, Rb*, or Cs* on the central position of the anion in
compound 5 indicate that an isolated cluster would also allow for the inclusion of Rb* or even K.
However, the selective crystallization experiments demonstrate a clear preference for Cs+ ions in
the crystalline state, highlighting the influence on the formation of compound 5. This work pro-
vides a comprehensive insight into the selective incorporation of specific alkali metal ions into
supramolecular aggregates of supertetrahedral chalcogenide clusters, and are promising basis for
new ion trapping techniques—especially for heavy alkali metal ions that pose environmental chal-
lenges.

3.2.2 Syntheses and crystal structures

The three title compounds were obtained from ionothermal reactions in the ionic liquid
(C2C1Im)[B(CN)4] in the presence of DMMP at 150 °C for three days. As shown in Scheme 5.3,
crystals of compound 5 were obtained upon treating [Cs4(H20)][GesSe1o] in a 10:1 (v:v) mixture
of (C,C1Im)[B(CN.)] and DMMP. Red plate-like single crystals of compounds 6a and 6b were
prepared under the same reaction conditions by using other starting materials. For preparing 6a,
[Nas(H20)14][GeSes] was reacted with CuCN. To explore whether the (CN) ™ anions in the struc-
ture of 6a originated from the copper salt alone or also from the complex ionic liquid anion,
[B(CN)4] ", an alternative approach was tested employing Cu(OAc)2-H2O. This treatment afforded
the same compound, as polymorph 6b, yet in lower yields than obtained for 6a. An overview of
the comprehensive investigations using (C2C1Im)[B(CN4)] ionic liquids for targeting [GesSeio]-
based compounds is provided in Figure 3.14, and the crystal structures of the new compounds are
discussed below.
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3 Results and Discussion
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Figure 3.14: Overview of the formation of supertetrahedral {GesSeio}-based anionic architectures via ionothermal
reactions using (C2C1lm)[B(CN)4] ionic liquids, known compounds are summarized at the center and
top with gray arrows and formulas; compounds 5, 6a and 6b reported in this work at the bottom with
black arrows and formulas, all reactions were performed at 150 °C for 3 days.

It is worth noting that the use of [Csa(H20)][GesSeio] or [Nas(H20)14][GeSes] is essential for suc-
cessfully synthesizing the title compounds 5 and 6, the compounds were not obtained upon re-
placement of these salts with [Lis(H20)2033][GesSe1n], Nas[GesSeio], [Ka(H20)s][GesSeio],
Rb4[GesSeiq] or [Ka(H20)4][GeSe4] as single source reactant, unless additional CsCl or NaCl was
added in corresponding reactions. With these investigations, recent studies of the use of [GexSey]*
anions in (C,C1Im)[B(CNaJ)] by exploring the effect of varied counterions on (a) their templating
role and (b) the selectivity of the anionic substructures for the cations’ incorporation in the finite
cluster and the cluster network architectures were further expanded.

Compound 5 crystallizes in the orthorhombic crystal system, space group P2:2:2; with four for-
mula units per unit cell [12307.8(8) A%; Figure 3.15a]. The asymmetric unit of anionic substruc-
ture in 5 consists of one cesium, twenty germanium, forty selenium atoms (Figure 6.8). The crys-
tallographically indistinguishable Ge and Se atoms were assigned according to their characteristic
coordination modes; their relative amount was verified by means of EDX analyses and ESI-MS.
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These analytical techniques help ensure the accuracy of the atomic positions within the crystal
lattice of compound 5.

As shown in Figure 3.15b,c, four T2-type [GesSeio]*” anions are connected by four Ge atoms.
Corresponding to their pyramidal coordination, those four atoms represent (formal) Ge sites with
a lone pair pointing toward the center of the supramolecular assembly. Compound 5 exhibits a
structure related to supertetrahedral P2-type clusters like [CugTri2SngSs]'*™ (Tr = Ga and
In)1633641 11 isn2Sas]™ B, or [CuiilnisSeis(SePh)2a(PPhs)s]! This structural motif deviates
from the pristine P2-type architecture (Figure 3.15d), the inner moiety is not an anti-T2-supertet-
rahedron but consists of a central Cs* cation and the four Ge' atoms. This defect- or pseudo-P2-
type architecture was only described for a related Sn/Ge compound so far,
(C4C1C1Im)7[Cs@Sn"4(Ge'"V4Sei0)4] [with (C4C1C1lm)* representing 1-butyl-2,3-dimethylimidaz-
olium cations].

Figure 3.15: View of the (extended) unit cell of compound 5 (a). Molecular structure of the [Cs@Ge'4(Ge'VaSe10)s]™
anion in compound 5 (b), atoms are shown as thermal ellipsoids with at the 50% probability level
(color code: Ge"-Turquoise, Ge'V-Green, Se-Red, Cs—Pink). Highlight of the inner moiety compris-
ing the Cs* ion, 4 Ge' sites, and 12 Se atoms coordinating the latter; the connection of the Cs* ion to
12 Se atoms is illustrated by dash lines (c). Structure of the P2-type supertrahedral cluster
[CusTr12SnsSas]'? for comparison (d).

With a total composition of 20 Ge and 40 Se atoms, the anion in 5 is the largest binary selenido
germanate cluster architecture reported to date. The co-existence of Ge'' and Ge'V was unambig-
uously confirmed by high-resolution X-ray photoelectron spectroscopy (XPS) of 5 (Figure 3.16).
The experimental ratio of Ge':Ge'Y (1:3.5) obtained from the sum differs from the ratio according
to the structural data (4:1), which is attributed to a surface effect upon sample preparation and
measurement. However, the spectrum clearly indicates the presence of Ge(ll) in the compound.
In addition, the different valence states of the respective atomic positions were additionally ra-
tionalized by bond valence sum (BVS) calculations (Table 3.1)[*%2¢7], Besides these, a compari-
son of the observed Ge'-Se and Ge'V—Se bond lengths with those of related compounds led to the
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3 Results and Discussion

same conclusion (Table 3.2). Hence, the cluster also represents a rare example of an inorganic
mixed-valent Ge(l1/1V) compounds—and the first one observed in supertetrahedral chalcogenido
metalate cluster chemistry to date.
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Figure 3.16: High-resolution Ge 3d XPS spectrum of compound 5. Open circles represent the measured data. The red
line, centered around 33.2 eV, is assigned to Ge'V. The blue line, centered around 31.8 eV, is assigned
to Ge'". The purple line is a sum of both Ge" and Ge'V as fitted to the measured data.

Table 3.1. Bond lengths (unit: A) and results of a BVS calculation of the sixteen tetra-coordinated Ge atoms, and four
tri-coordinated Ge atoms in the asymmetric unit of compound 5. The bond valence is defined as Sj; =
exp[(Ro — Rij)/B], where Rjj is the bond length between the two given atoms, Roand Rij are empirical
parameters as defined by Brown et al. The bond valence sum is defined as BVSs = XS;; for the sum of
all the bond valences around a given atom i.

Tetra-coordinated Ge sites
Sel Se2 Se3 Sed BVSs
Gel 2.2313 2.3786 2.4040 2.3703 4.1146
Se2 Seb Seb Se7 BVSs
Ge2 2.3471 2.3225 2.3752 2.3499 4.0194
Se3 Seb Se8 Se9 BVSs
Ge3 2.3405 2.3516 2.3143 2.3669 4.0783
Se4 Se7 Se9 Sel0 BVSs
Ge4 2.3423 2.3643 2.3660 2.3120 4.0726
Sell Sel2 Sel3 Sel4 BVSs
Geb 2.3178 2.3720 2.3533 2.3462 4.0346
Sel2 Sel7 Sel8 Se40 BVSs
Ge7 2.3568 2.3429 2.3617 2.3321 4.0196
Seld Selb Sel6 Sel7 BVSs
Ge8 2.3754 2.2518 2.3869 2.3820 4.0598
Sel3 Sel6 Sel8 Sel9 BVSs
Ge9 2.3568 2.3509 2.3689 2.3193 40161
Se20 Se2l Se23 Se27 BVSs
Gell 2.3024 2.3532 2.3527 2.3645 4.0830
Se21 Se22 Se24 Se28 BVSs
Gel2 2.3806 2.2439 2.3872 2.3733 4.0960
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Se23 Se24 Se25 Se26 BVSs
Gel3 2.3706 2.3462 2.3144 2.3503 4.0564
Se26 Se27 Se28 Se29 BVSs
Gel4 2.3637 2.3585 2.3490 2.3175 4.0355
Se30 Se3l Se32 Se33 BVSs
Gelb6 2.3147 2.3515 2.3529 2.3660 4.0460
Se31 Se34 Se35 Se37 BVSs
Gel7 2.3910 2.2357 2.3853 2.3699 41137
Se33 Se35 Se36 Se38 BVSs
Gel8 2.3535 2.3408 2.3232 2.3698 4.0388
Se32 Se37 Se38 Se39 BVSs
Gel9 2.3632 2.3432 2.3516 2.3254 4.0479
Tri-coordinated Ge sites
Sel0 Sell Se25 BVSs
Geb 2.5026 2.5208 2.5160 1.9308 Geb
Sel9 Se20 Se36 BVSs
Gel0 2.5075 2.5102 2.5327 1.9122 Gel0
Seb Se29 Se30 BVSs
Gel5 2.5103 2.5325 2.5165 1.8967 Gel5
Se8 Se39 Se40 BVSs
Ge20 2.5219 2.5153 2.5128 1.9121 Ge20

Table 3.2: Comparison of Ge(I1)-Se and Ge(1V)-Se bond lengths in typical supertetrahedral selenido germannate
cluster compounds.

Compound Ge(IV)-Se Ge(ll)-Se Reference
5 2.2313 — 2.4040 2.5026 — 2.5307 This work
1 v
g%‘gel'm”[cs@sn a(GeMaSer | 5 3175(215) — 2.3508(54) None [124]
(C4C1Calm)[Sn"(Ge'VaSe10)] 2.2465(9) — 2.3805(9) None [124]
(CsNHio)2[MnGesSex] 2.2844(13) — 2.3700(13) None [168]
(C1NHze)<[GeaSexd] 2.2553(38) — 2.3809(20) None B
(CsN2H15)2[GesSes] 2.2420(14) — 2.4086(13) None [106]
(CeN2H17)2[Sn"(GesSe10)] 2.2411(13) — 2.3802(13) None [106]
(CsN2H15)24[SnseGe24Se1sz] 2.2886(54) — 2.3785(29) None [95]
(CsNzH11)s[GesSexs] 2.2388(21) _ 2.4127(21) None [169]
(CoNaH11)s[GesSess] 2.2296(35) — 2.3978(33) None [163]

Like the related Sn/Ge cluster, the [Ge's(Ge'V4Se10)s]*” cage embeds a Cs* ion, which not only
plays a significant structure-directing and structure-stabilizing role but also reduces the negative
charges of the supercluster from 8- to 7—. The Cs" ion is embedded in an inner cavity and stabi-
lized by the lone pairs of the 4 Ge" atoms [Cs---Ge 3.8208(1)-3.8557(1) A] and 12 Se* anions
[Cs---Se 4.1145(1)-4.3489(1) A], see Figure 3.15b,c.

In contrast to the synthesis of (C4C1C1lm);[Cs@Sn"4(Ge'V4Se1o)4] by the ionothermal reaction of
[Csa(H20)][GesSeio], SNCls, and [Pt@Biig][AlBr4]s, compound 5 was synthesized from a single-
source precursor, [Csa(H20)][GesSeio]. The reduction of Ge' to Ge" during this synthesis remains
not fully elucidated, as either selenide or cyanide or both would be suitable for allowing the re-
duction of Ge'V. Although, it is known that the presence of (C.C1Im)[B(CN)4] is mandatory for
obtaining the mixed-valent product. This is ascribed to the fact that (CN) ", which is released from
the anion, is oxidized to cyanogen, C2N2, which under the basic condition (H2O plus amine) dis-
proportionates into cyanide and cyanate. In addition, the size of the ionic liquid cation seems to
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3 Results and Discussion

subtly affect the crystallization since it was not possible to isolate a compound comprising this
cluster anion from (C4C:Cilm)[BF4] which in turn allowed the crystallization of the Sn/Ge/Se
analogue. Apparently, the overall smaller size of the purely Ge- / Se-based anion (edge length
Se---Se 15.78-16.01 A) fits better to the smaller-size (C,C1Im)* cations, while the larger Sn/Ge/Se
anion (edge length Se---Se 16.18 A) is well accommodated within a (C4C1C1)* counterion envi-
ronment. Consequently, the packing schemes of the clusters in the crystals of the compounds
differ (Figure 3.17). In compound 5, the cluster anions settle into a diamond-like arrangement,
and as of the latter reported compound, the clusters adopt a high symmetrical primitive cubic
alignment.
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Figure 3.17. Arrangement of the crystal of compound 5, each blue polyhedron represents one
[Cs@Ge''4(Ge'VaSe10)4]” cluster anion (a). Arrangement of the crystal of reported
(C4C1C1lm)7[Cs@Sn"4(Ge'V4Se10)s] compound, each green polyhedron represents one
[Cs@Sn"4(Ge'V4Se10)a]”™ cluster anion (b).

Compounds 6a and 6b crystallize in the triclinic crystal system, space group P1, with unit cell
volume of 7842.1(6) A® (6a) and 7822.6(5) A® (6b), respectively. As compounds 6a and 6b differ
in structural details only, their general structural features will be discussed together here. The
crystal structure of compound 6a is displayed in Figure 3.18, as an example of both 6a and 6b.

Similar to the architecture of the anion in compound 5, four T2-type [GesSeio]* units are con-
nected in compound 6 to form a supercluster assembly (Figure 3.18a). However, the way of con-
nection is significantly different in several regards compared to the connectivity in 5. In this case,
not four Ge" atoms, but six Cu' atoms serve to connect the [GesSe1o]*” moieties, which are thus
arranged in a different way relative to each other: they are connected along the six edges of a
T2,2-related architecture (Figure 3.18b, Tp,g-like clusters possess a defect Tn-type architecture,
e.g., the T2,2-type is a defect T4-type architecture lacking a central T2-type cluster connecting
four T2-type units) and not via the four faces of a P2-related one. Nevertheless, while the T2 units
are linked via a single p-bridging atom in a real T2,2-type cluster, the T2 moieties in the pseudo-
T2,2 structure of the heterometallic cluster in 6 are connected via Se—~Cu'-Se bridges. The anion
of 6 therefore represents the first superclusters with such triatomic bridges including transition
metal atoms. The edge lengths of the superclusters are larger than they would be in a (hypothet-
ical) Ge-/Se-based T2,2 cluster (Figure 6.12), being 18.3509(5)—18.7436(6) A in compound 6a
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and 18.4181(8)-18.7532(7) A in compound 6b (the edges of the Ge-/S-based T2,2 cluster in 3D-
{Gaz33Geoe7Ss} are 14.27-14.43 A)19,

Figure 3.18: Molecular structure of one pseudo-T2,2-like [Nas(CN)s@Cus(GesSe10)a(Cu)]'*~ supercluster in com-
pound 6a (as an example for 6a and 6b) along with three {CuSes} units connecting the supercluster
with its neighbors (a). Structure of the T2,2 defect-supertetrahedral cluster in 3D-{Gas.33Geo.67Sg} for
comparison (b). llustration of the architecture of the supercluster without (left) and with the inner
{Nas} moiety for clarity (c). Fragment of the two-dimensional layer in compound 6a (imidazolium
counterions omitted for clarity) (d).

Compound 6 exhibits a complex structural arrangement where the Cu' atoms not only bridge
[GesSe1o]* units but also coordinate with an inner unit filling the cluster cavity: besides the two
Se?” neighbors from two adjacent T2 clusters, the copper atoms are coordinated by a cyanide
group, the presence of which has also been unprecedented in supertetrahedral chalcogenide clus-
ter chemistry thus far. The (CN)™ anions serve as ambident ligands, coordinating to Na* atoms
with their second donor site. Specifically, the six cyanide ligands bridge the six edges of an inner
Nas tetrahedron, which is centered by the fifth Na* ion that is also coordinated by the six (CN)~
anions, each of which thus acts as an »*:5*-u ligand (Figure 3.18c). The five Na* ions, in turn,
serve to balance a part of the overall negative charges of the anion, but at the same time provide
us an opportunity to investigate the selectivity of the cluster formation toward Na* as the stabiliz-
ing alkali metal ion and on a long term also the potential Na* storage properties of such com-
pounds.

As illustrated in Figure 3.18d, heterometallic superclusters coordinate to tri-connected Cu atoms
with three of their four terminal Se atoms. This coordination leads to the formation of a 2D hon-
eycomb (hcb) superlattice with an overall composition of 2D-
{[Nas(CN)s@Cus(GesSe10)4(Cu)]'*}. The slight structural differences between compounds 6a
and 6b are caused by different relative orientations of the {Cu(u-Se)s} groups that connect the
pseudo-T2,2 clusters (Figure 3.19).
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3 Results and Discussion

Figure 3.19: Linkage mode between single Cu* linker and pseudo-T2,2-type heterometallic supercluster in compound
6b, each supercluster is connected with three copper linkers (a); and vice versa (b); two-dimensional
layer structure of compound 6b (c); and the arrangement of simplified layers ina 2 x 1 x 1 supercell
via treating each pseudo-T2,2-type heterometallic cluster (purple) and Cu' bridge (black) as a node (¢
—d). Counterions are not shown for clarity.

During structure refinement of 6a, all ionic liquid cations could be localized from the difference
Fourier map. In the case of 6b, 8 of 10 counterions were localized and refined explicitly, while
the electron density of the two remaining ones needed to be detracted from the data using the back
Fourier transform algorithm. All refinement details are summarized in Table 6.15 and Table 6.16
in Chapter 6.

For reactions in supercritical solvents or ionic liquids, the most important templates are commonly
ammonium cations or auxiliary amines applied in the reactions. Less attention has been spent on
the alkali metal cations that were usually only part of the reactants. These findings show, however,
that they do play a crucial role for certain compounds, which may be used for the targeted capture
or separation of the alkali metal cations. It is thus interesting to explore the selectivity of the two
compounds for the alkali metal cations stabilizing them in more detail, which was achieved by
means of quantum chemical calculations using DFT methods, as well as doing corresponding
cross-experiments followed by SC-XRD, EDX, and ESI-MS studies.
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3.2.3 Additional characterizations compounds 5 and 6

3.2.3.1 Quantum chemical studies

For the identification of metal types being preferred for the encapsulation, DFT calculations ad-
dressed the incorporation of A" into the discrete cluster assembly of compound 5 by a hypothetical
reaction given as eq 1:

[Ges(GesSen)a]® + A" > [A@Ges(GesSern)s]” @

This reaction scheme models the uptake of an alkali metal cation in an empty supercluster (Figure
3.20, for A = Cs as an example), thus delivering the binding energies of A* to the empty
“[Ges(GesSe10)a]* ™ supertetrahedron according to eq 2:

Es = E([A@GG4(G648610)4]7_) - E(A+) - E(“Ge4(Ge4Selo)4]8”’) (2)

The calculated bond energies provide insights into the stability of alkali metal cations within the
pseudo-P2 type cluster architecture. The bond energies are as follows: Eg of —47.6 (Cs"), —65.0
(Rb"), —61.8 (K*), —25.7 (Na"), and —15.8 (Li*) kJ/mol. The small differences between the ener-
gies obtained for Cs™, Rb*, and K* suggest that they could all potentially be accommodated within
the cavity. This indicates that in theory, the cluster could selectively incorporate Cs*, Rb*, or K*
cations, although the mode’s accuracy does not significantly distinguish between these three due
to the closeness in their bond energies. However, it is worth noting that all cations smaller than
Cs" show an increasing tendency of adopting unsymmetrical off-center position. Distances from
the center of gravity are 0.0 (Cs"), 0.1 (Rb*), 37.2 (K"), 147.4 (Na*), and 219.4 (Li") pm. The
cavity thus seems to be perfectly adopted to the needs of a symmetrical Cs* inclusion, as a valu-
able precondition for crystallization.

w O ,

® © ¢ ¢

Cs Ge' GeVvV Se

Figure 3.20: Illustration of the uptake of a Cs* ion by the surrounding “[Gez20Se40]® ™ cage, according to eq 2. The cal-
culated clusters symmetrize during geometry optimization.

3.2.3.2 Exchange Reaction, and Experimental Proof

To investigate the selectivity of compound 5 for Cs* cations, a series of cross-experiments were
conducted as outlined in Scheme 3.3 and summarized in Table 3.3. The experimental conditions
were the same as those for the preparation of compound 5, except for variations in the alkali metal
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3 Results and Discussion

salts of the [GesSeio]*” reactant. Namely, [Lis(H20)2033][GesSei], Nas[GesSeio],
[Ka(H20)3][GesSeio], or Rba[GesSeiq] were used, along with the addition of binary salts of other
alkali metal salts, CsCl, NaCl, KCI, RbCI or NaCl + CsCl, to the original or modified reaction
mixture.

Reproducibly, the use of [Lis(H20)2033][GesSe0], Nas[GesSeio], [Ka(H20)3][GesSero], or
Rba[GesSeio] did not afford crystals of compound 5 (Scheme 3.3) but led to the crystallization of
crystals of either compound (C,C1lm)s[GesSero] or (C2C1lm)s[GesSe1q] that have been discussed
in chapter 3.1. As detailed in Scheme 3.3, the addition of CsCl to such a reaction mixture caused
the formation of compound 5 in all cases, as verified by SC-XRD. In addition, the yield of 5 from
all controlled combinations is close to the number of the single-source formed one and is listed in
Table 6.2.

(a) (d)

0.025 mmol [Liy(H,0)y 3;][GesSe ] — —_ 0.025 mmol [Li,(H,0)y 33][Ge Seqq] — —

0.025 mmol Na,[Ge,Se,,] _— —_ 0.025 mmol Na,[Ge,Se,q] —_— 0.100 mmol KCI —
500 pL (C,C,Im)[B(CN),]

0.025 mmol [K,(H,0),][Ge,Se,;] — —_— 0.025 mmol [K4(H,0);][Ge,Se;;] —— 500 pL (C.,C,Im)[B(CN),] —

50 uL. DMMP, 150 °C for 72h

0.025 mmol Rb,[Ge;Se;] — — 0.025 mmol Rb,[Ge,Se,] — 50 pL DMMP, 150 °C for 72h —>

0.025mmol [Cs,(H,0)][GeSe,] — — 0.025mmol [Cs,(H;0)][GeSes] — —

(b) (e)

0.025 mmol [Li,(H;0);05][GesSeq] — — 0.025 mmol [Liy(H;0)z.5,][GesSes] — .

0.025 mmol Na,[Ge,Se,] —_ 0.100 mmol CsCI —_— 0.025 mmol Na,[Ge,Se,,] —_— 0.100 mmol RbCI —_—

0.025 mmol [K,(H,0);][Ge,Se;)] — 500 L (C,C.Im)[B(CN)] —> 0.025 mmol [Ky(H,0);][GesSeq] —  500pL (C.Ciim)[B(CN),] —>

0.025 mmol Rb,[Ge,Se,(] — 50 L DMMP, 150 °C for 72h —> 0.025 mmol Rb,[Ge,Se,] — 50 pL. DMMP, 150 °C for 72h —

0.025 mmol [Cs,(H,0)][Ge,Se,] — L, 0.025 mmol [Cs,(H;0)][Ge.Se;q] — —

(©) (f)

0.025 mmol [Lis(H,0)y 5:][Ge,Seq] — — 0.025 mmol [Liy(H,0)z0:1[Ge Seq] — —_—
0.100 mmol NaCl

0.025 mmol Na,[Ge;Se] _— 0.100 mmol NaCl —_ 0.025 mmol Na,[Ge,Se,;] — —
0.100 mmol CsCI

0.025 mmol [K,(H,0);][Ge,Se,;] — 500 pL (C,C,im)[B(CN),] —s 0.025 mmol [K,(H,0);][Ge,Se;,] — —

500 pL (C,C,Im)[B(CN),]
0.025 mmol Rb,[Ge,Se,(] — 50 gL DMMP, 150 °C for 72h —p 0.025 mmol Rb,[Ge,Se,,] —_— —_—
50 uL DMMP, 150 °C for 72h
0.025 mmol [Cs,(H,0)][Ge,Ser] — — 0.025 mmol [Cs,(H0)][GeSe,,] — -

Scheme 3.3: Schematic illustration of the synthesis of the target compound (C2C1lm)7/[A@Ge's(Ge'V4Se1)4] by the
use of [Lis(H20)2033][GeaSe10], Naa[GesSeio], [Ka(H20)s][GeaSe1o], Rba[GesSeio], and
[Csa(H20)][GesSe1o] as starting materials (a). Synthesis under addition of CsCl to the above-men-
tioned reaction mixtures (b). Synthesis under addition of NaCl to the above-mentioned reaction mix-
tures (c). Synthesis under addition of KCI to the above-mentioned reaction mixtures (d). Synthesis
under addition of RbCI to the above-mentioned reaction mixtures (e). Synthesis under addition of
NaCl and CsCl to the above-mentioned reaction mixtures (f).
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Table 3.3: Summary of experiments undertaken to explore the selectivity of compound 5 for alkali metal ions, the
yield of specific reactions that allow the formation of 5 is given in Table 6.2.

no additional ACl__ CsCl NaCl KCI RbCl NaCl + CsClI
[Lis(H20)20.33][GesaSe1o] X v X ~ ~ .
Nas[GesSeio] X J ~ = = >
[K4(H20)3][GesSeio] X J > ~ = i
Rba[GesSe1o] X J ~ ~ = >
[Csa(H20)][GesSe1o] N J 7 N ] N

2 denotes that it was possible to crystallize compound 5; X denotes that it was not able to isolate compound 5

As an example, in the case of using [K4(H20)3][GesSei10] and CsCl as the starting materials, de-
tailed refinement procedures were employed to analyze the selectivity of compound 5 for Cs*
cations: in the first refinement procedure, the Q peak on the difference Fourier map representing
the embedded cation was assigned the atom form factor of a K atom (Figure 3.21a), which yielded
unacceptable R1 and wR2 values of 0.1176 and 0.3277, respectively (Figure 3.21Db). In the second
refinement procedure, the inner Q peak was assigned the atom form factor of a Cs atom instead
(Figure 3.21c), which led to a significant improvement of the final R1 and wR2 values of 0.0814
and 0.2248, respectively (Figure 3.21d). The result is in agreement with the fact that the difference
Fourier map after refinement indicates a clear under-assignment of electron density around the
embedded site if it is considered to be a K atom (Figure 3.21a), whereas it is a perfect match
regarded as a Cs atom (Figure 3.21c). The series of cross-experiments proved the high selectivity
of the crystal structure of compound 5 for inclusion of Cs* as compared to that of the lighter
congeners (Scheme 3.3c—f).
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3 Results and Discussion
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Figure 3.21: Electron density map and refinement details upon the X-ray diffraction experiment of compound 5 under
assignment of the embedded atom as K (a —b) or as (¢ — d).

Furthermore, the preference for Cs* during the crystallization process was demonstrated by sem-
iquantitative EDX of the as-synthesized crystals (Figure 3.22). The data clearly indicate a pre-
dominance of Cs* in compound 5 across all combinations of reactants tested. In comparison with
other alkali metals, the Cs* content is predominant in compound 5; however, it was also possible
to detect trace amounts of Li*, Na*, K*, or Rb". Initially, it appears that the concentration of these
alkali metals increases in the order of Li* < Na* < K" < Rb* (as expected with regard to the ion
radius approaching the one of Cs*). However, it's important to note that the accuracy of these
measurements varies significantly, with larger errors associated with smaller amounts of the de-
tected ions.
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Figure 3.22: EDX spectra and analysis result of compound 5 crystallized from a series of cross experiments (see Ta-
ble 3.3) along with an electron microscopy image of the investigated crystal individual from the re-
spective ionothermal reaction, using different starting materials: [Cs4(H20)][GesSe10] (a).
[Lia(H20)20.33][GesSeio] and CsCl (b). Nas[GeaSe1o] (€). [Ka(H20)3][GesSero] (d). Rba[GesSeio] and
CsCl (e). [Csa(H20)][GesSe1o] and CsCl (f). [Csa(H20)][GesSe1o] and NaCl (g). [Csa(H20)][GesSe1o]
and KCI (h). [Csa(H20)][GesSe1q] and RbCI (i). [Lis(H20)2033][GesSe10], NaCl and CsCl (j).
Nas[GesSe1o], NaCl, and CsCl (k). [Ka(H20)s][GesSeio], NaCl, and CsCl (l). Rbs[GesSe1o], NaCl, and
CsClI (m). [Csa(H20)][GesSeio], NaCl, and CsCl (n). Note that the detection of Li is impossible with

this method.

This result aligns with the findings from the DFT study, indicating that while it is theoretically
possible to include K* or Rb*, their incorporation is minimal. This supports the hypothesis that
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3 Results and Discussion

the observed distortion in the crystal structure, which is only observed in the crystal structure
(while the assembly relaxed into a higher symmetry during geometry optimization by quantum
chemistry), causes the high selectivity for Cs™ owing to a thus perfect match of the ionic radius of
the inner ion with the cavity. In addition, this underscores the meaningfulness of actually crystal-
lizing the compound for effective ion separation applications.

A final proof for the inclusion of Cs" in the cluster anion of isolated compound 5 was obtained by
means of ESI-MS, as a powerful tool for the investigation of precise compositions. Isolated and
washed single crystals obtained from the ionothermal reaction of [K4(H20)3][GesSe1o] with CsCl
were dissolved in DMF, and the fresh solutions were investigated. A series of signals of the
[Cs@Ges(GesSe1n)s]* anion along with different numbers of counterions or H* and thus with
charges ranging from 4— to 3— and 2— (Figure 3.23a) were detected. The experimental isotope
patterns show perfect agreement with the simulated ones. The dominant signals can be assigned
to species of the formulas {(CeN2H11);—xHxCs@Ges(GesSeio)s}* (x = 0-2). An overlap with the
isotope pattern of {(CsN2H11);—HxK@Ges(GesSern)a}* ™ is coincidently caused by the similar mo-
lecular weight of the (C.C1Im)* cation and the difference between the atomic weight of Cs and K.
As indicated in detail for the high-resolution mass peaks of {(CsN2H11)2Hi1Cs@Ges(GesSero)a}*
and {(CsN2H11)sK@Ges(GesSeio)s}* (Figure 3.23b), the isotope patterns exhibit very similar m/z
values, but that of {(CsN2H11)sK@Ges(GesSeo)s}* shows completely different relative abun-
dances as compared to the experimental spectrum. In order to further distinguish the composi-
tions, the mass spectra of the cluster anion with 3— charge, which amplifies the difference between
simulated and experimental patterns due to the lower charge, are provide in Figure 3.23c,d.
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Figure 3.23. Overview of the ESI(—) mass spectrum of a fresh solution of a single-crystal of compound 5 (upon iono-
thermal reaction of [Ka(H20)s][GesSeio] with CsCl) in DMF. The cluster anion was detected with 2—,
3— and 4— charges upon assembly with counterions (C2C1Im)* and H* (a). Comparison of the meas-
ured high-resolution mass peak around m/z 1242.06 (red) with the simulated spectra of
{(C6N2H11)2HCs@[Ge20Sea0]}* (black) and {(CeN2H11)sK@[Ge20Se40]}* (blue) (b). Comparison of
the experimental ESI-MS spectrum with the simulated spectra of {(CsN2H11)2H2Cs@ [Ge20Se40] }*~
(black), {(CeN2H11)3H1Cs@[Ge20Se40]}* (red), and {(CeN2H11)3H1Cs@[Ge20Se40]} (blue) (c).
{(CeN2H11)2H2K@[Ge20Sea0]}*~ (black), {(CsN2H11)sHiK @[Ge20Ses0]} (red), and
{(CoN2H11)sH:K@[Ge20Se40]}*~ (blue) (d), indicating the perfect fit if the presence of Cs* is assumed
and the misfit if the presence of K* is assumed.

Clearly, the simulated mass peaks of the species {(CsN2H11)sHxK@Ges(GesSer0)s} (Figure
3.24c,d) differ from those appearing in the experimental spectrum, whereas the mass peaks of
{(CsN2H11)sxHxCs@Ges(GesSern)s}  are an excellent match with the experimental ones. The
mass spectra thus demonstrate both the integrity of the supramolecular cluster assembly (along
with counterions) in solution and in the gas phase and the formation of [Cs@Ges(GesSeio)a]”
instead of [K@Ges(GesSe10)s]” during crystallization. The comparison of measured mass spec-
trum with the simulated mass peaks of {(CsN2H11)sxHxCs@[GexSesw]} and
{(CsN2H11)sH«K@[Gez0Ses]}* species are also provided in Figure 3.24 for further amplifying
the differences below.
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3 Results and Discussion
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Figure 3.24: Comparison of the experimental ESI-MS spectrum with the simulated spectra of
{(CsN2H11)3H2Cs@[Ge20Se40] }>~ (black), {(CsN2H11)sH1Cs@[Ge20Se40] }> (red), and
{(CsN2H11)sCs@[Ge20Se40]}> (blue) (a). {(CsN2H11)aH1K1@[Gez0Sea0]}* (black),

{(CsN2H11)sK@[Ge20Se40]}*~ (red) (b), indicating the perfect fit if the presence of Cs* is assumed.

(a)

0.055 mmol [Na,(H,0),;][GeSe,]

0.055 mmol [K,(H,0),][GeSe,]

0.089 mmol CuCN
500 pL (C,C,Im)[B(CN).]

50 pL DMMP, 150 °C for 72h

(b)

0.055 mmol [Na,(H,0),;][GeSe,]

0.055 mmol [K,(H,0),][GeSe,]

0.220

0.089 mmol CuCN
500 pL (C,C4Im)[B(CN).]
50 yL DMMP, 150 °C for 72h

mmol NaCl

Scheme 3.4: Schematic illustration of the synthesis of the target compound (C2C1Im)10[As(CN)s@Cus(GesSe10)a(Cu)]

by the simultaneous use of [Nas(H20)13][GeSes], and [Ka(H20)4][GeSes] as starting materials (a).

Synthesis under addition of NaCl to the reaction mixture comprising [Ks(H20)4][GeSea4], but no

[Nas(H20)13][GeSed] (b).
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Table 3.4: Summary of experiments undertaken to explore the selectivity of compound 6a for alkali metal ions. @

no additional ACI NaCl
[Naa(H20)14][GeSe4] N v
[K4(H20)4][GeSea] X v

ay denotes that it was possible to crystallize compound 6a; X denotes that it was not able to isolate
compound 6a

Another series of experiments were undertaken to investigate the selective incorporation of Na*
during crystallization of compound 6a, which are summarized in Table 3.4 and Scheme 3.4. The
study was restricted to a cross-check of the most closely related K* as the competing ion during
the crystallization process as this already ruled out the necessity to continue with the less similar
ones. When the reaction conditions were replicated for the synthesis of compound 6a, but with
[K4(H20)4][GeSe4] replacing [Nas(H20)14][GeSes], a crystal structure similar to 6a with K* em-
bedded inside the heterometallic cage could not be obtained. (Table 3.4). However, crystals could
be isolated upon the addition of NaCl and [K4(H20)4][GeSes], which was confirmed by means of
SC-XRD measurements and corresponding refinement. According to the difference Fourier maps,
all the embedded A* atoms were determined to be exclusively Na*. As expected, R1 and wR2
values do not differ a lot, but still indicate a preference for the assignment of Na* to the site of the
A" atom (0.0502 and 0.1243, respectively; Figure 3.25a,b) as compared to the assignment of K*
to this site (0.0545 and 0.1345, respectively; Figure 3.25c¢,d). These results are supported by EDX
measurements (Figure 3.25¢,f). Due to the polymeric nature of the anionic substructure, the com-
pounds 6a and 6b exhibit low solubility, which precluded the use of mass spectrometric analyses
and molecular quantum chemistry for further characterization. However, the experimental proofs
given above are all aligned and clearly indicate that compounds 6a and 6b are based exclusively
on the ion-selective cluster assembly with the aid of Na* and Cu".
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Figure 3.25: Electron density map and refinement details upon the X-ray diffraction experiment of compound 6a un-
der assignment of the embedded atom as Na (a — b); or as K (c —d), while the R1 and wR2 values do
not differ significantly owing to the more similar characteristics of Na and K (as compared to the
comparison of Na and Cs), but the electron density map clearly indicates a preference of Na over K
on these positions. EDX spectra and analysis result of 6a crystallized from different reaction mixtures
using different starting materials [Nas(H20)14][GeSe4] and NaCl (e), or [Ka(H20)4][GeSes] and NaCl

(®.

3.2.4 Conclusions

Through ionothermal reactions and subsequent crystallization, ion-selective assembly of super-
tetrahedral clusters into discrete or polyhedral supramolecular assemblies based on [GesSeio]*
anions were introduced. The discrete substructure, which represents a defect- or pseudo-P2-type
architecture, is the largest supertetrahedral selenido germanate anion and the first one to feature
Ge' and Ge'" co-existing in supertetrahedral chalcogenides. The polymeric substructures, which
were isolated in two crystalline polymorphs, forming two dimensional layers. They are based on
similar supramolecular cluster assemblies but differ in detail owing to the additional incorporation
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of Cu®. Both types of compounds exhibit an exclusive selectivity for one specific type of alkali
metal cations included in the crystalline compound. The anion in compound 5 shows high selec-
tivity for Cs*, while the anionic substructure in compounds 6a and 6b selectively incorporate Na®.
This selectivity has been confirmed by a variety of analytical methods. These compounds serve
as models for further development of ion-selective cluster assemblies in crystalline phases. They
hold promise as tools for targeted ion capture and separation applications, leveraging their unique
structural and selectivity properties in environmental and chemical processes.
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3 Results and Discussion

3.3 Structural expansion and enhanced photocurrent
conversion of selenido stannates with Cu* ions

The results of this chapter have been published in the following journal:

Zhou Wu, Benjamin Peerless, Panpan Wang, Wolfgang Schuhmann, and Stefanie Dehnen¥*,
Structural Expansion and Enhanced Photocurrent Conversion of Selenido Stannates with Cu®
lons. JACS Au 2024, 4, 3788-3799.

3.3.1 Introduction

Tin chalcogenides, particularly in ternary or quaternary forms with other metals, represent a cru-
cial area of research in advanced materials for various high-end technologies. Examples include
lead tin chalcogenides*’®*™ PhSnCh;, (Ch =S or Se), copper tin chalcogenides™"21"®, Cu,ShChs,
or copper zinc tin chalcogenides™’**™ Cu,ZnSnCh,. These materials are highly promising for
thermoelectric or light-conversion technologies. The subtle impact of the admixture of Cu® to tin
selenide(s) has been intensively studied, and nanosized versions of the compounds in thin films
were shown to be excellent materials for absorber layers in thin film solar cells!*"®1"8], However,
there are still many open questions regarding the synthetic access to such materials, especially in
the context of new variations in compositions and their crystalline (nano)structures.

Multinary, cluster-based crystalline chalcogenido metalates, particularly those exhibiting mi-
cropores, have long been regarded as the “younger siblings” of zeolites?"), as they share many
commonalities in terms of the synthetic approaches?”), of their structural subunits!*®, and also of
functional applications!**®!. Anionic zeolite substructures are usually constructed from aluminates
and silicates, in which ammonium or alkali or alkaline earth metal counter cations serve as struc-
ture-directing agents!®®17918% (see also chapter 1). Upon using the heavier congeners of these three
main-group elements, typically Ga(l11)/In(111), Ge(IV)/Sn(1V), and S(—II)/Se(—1II), a wide spec-
trum of zeolite-type chalcogenido metalate structures can be prepared, all based on supertetrahe-
dral subunits™. Besides this, the in-situ reduction of tetrahedral Tt(I\V) has also been employed,
allowing for the formation of triangular pyramidal Tt(ll) centers with the lone pair pointing to-
wards the remaining direction of the tetrahedral geometry, thus achieving the isolation of a series
of novel ternary and quaternary salts in this system%¥21 Even though, the coordination principle
endows such chalcogenido metalate clusters with predictable and elegant structures, it simultane-
ously restricts the structural expansion of such compounds due to the limited types of operable
cations and the geometric restrictions of their coordination by chalcogenide ligands.

The inclusion of different atoms—similar to doping when added in small amounts—is generally
recognized as an effective method for manipulating both structure and functional properties of
crystalline compounds*#! including supertetrahedral chalcogenido metalates*®%! QOther
positive charges, in particular, cause modifications of the compositions and structures of the sub-
units in the crystal lattice. Therefore, the incorporation of M?* cations like Zn?*, Cd?*, Mn?*, or
Fe?*, into the Tt(I\V)-Ch(—II) and Tr(Il1)-Ch(—II) systems has proven fruitful®®"*% However, the
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coordination geometry of M?* with chalcogenide ligands typically favors tetrahedral, which poses
a barrier for further expansion of the family of such compounds to some extent.

As a last aspect, the synthesis conditions play another important role, with high-temperature ap-
proaches usually limiting the range of structural variations beyond the most stable versions, and
solution-based approaches impacting the systems with solvent effects or solubility issues.

To expand the approaches clarified above, taking advantage of the multiple coordination modes
of Cu* with chalcogenide ligands®°4, Cu* was introduced into chalcogenido metalate cluster
architectures under mild ionothermal reaction conditions. This approach aimed to partially modify
the coordination patterns to enable variations of the geometric as well as the electronic structures
and, therefore, the physical properties. While this strategy has proven promising, predicting the
crystal structures of final products remains challenging. Nonetheless, it opens new avenues for
tailoring the properties of chalcogenido metalate clusters for advanced applications.

Scheme 3.5 illustrates the variety of coordination modes of the ions mentioned above.

(@) (b) (c)
/ \ Chz_ \r:":'c:&‘ﬁ” -]:i:hz—j'u
) .‘f?hll} / - - ‘/
(d) (e)
® (9) (h)
o che- _ o -.- o

Scheme 3.5: Summary of common coordination geometries of Tt** (Sn** and Ge*"); Tt?* (Sn?* and Ge?*); Tr3* (Ga3*
and In®); M?* (Zn?*, Cd?*, Mn?* and Fe?* etc.) and Cu* with Ch?>™ (S*” and Se?") observed in chalco-
genido metalate compounds.
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3 Results and Discussion

Selenido metalates were selected in this study for their higher reactivity than that of sulfido met-
alates and higher stability than that of tellurido metalates. In regard to the most sustainable mate-
rials, the use of selenido stannates stands out due to the greater annual production of tin with
respect to that of gallium, indium and germanium, making them an economically viable choice
for experimental investigation.

Thanks to the various coordination modes of {CuSex} units within a ternary Cu/Sn/Se system, a
wide spectrum of copper-selenido metalate compounds were obtained by slight variations of the
synthesis  protocols.  These  compounds include  (C2Calm)oLi[CuioSnsSez] (7)),
(C2C2|m)4[CU3snﬁselg] (8), (C2C1|m)3[CU55n35610] (9), and
(C2C2Im)s[CusSnsSesF]-(C2C2lm)[BF4] (10). For comparison, a compound based on a binary
selenido metalate network, {(C2Cz1m)2[SnsSe7]}4-{(C2C2Im)[BF.]}2 (11) was also synthesized. A
thorough analysis of these five new compounds illustrates the significance of Cu® for structural
expansion, narrowing of the optical gap, and photocurrent conversion performance in relation to
selenido stannate compounds.

3.3.2 Syntheses and crystal structures

In general, fewer copper-selenido stannates are reported than copper-sufido stannates, typically
due to the lower stability of the former and their corresponding intermediates, as well as the for-
mation of side products such as CuSe or Cu.Se during the reaction. To limit decomposition on
the one hand, and inhibit the reactivity between copper and selenide reagents on the other hand,
the salts of [Lis(H20)13][SnSes] and [Ka(H20)4][SnSe4] were first synthesized, and subsequently
their reactivities with Cul were explorded under inert conditions by an ionothermal approach. The
preparation of [SnSe,]* salts offers a platform where Sn—Se bonds are already pre-formed before
addition of copper reagents. This strategy helps avoid the formation of CuSe and Cu,Se byprod-
ucts to some extent owing to the lower reactivity between Se? ligand atoms and Cu*. Addition-
ally, it facilitates the formation of the target compounds.

Five new compounds were synthesized by reacting [Lis(H20)13][SnSes]™® or
[Ka(H20)4][SnSe,]®* with Cul in the ionic liquids (C.CxIm)[BF.] (x = 2 for compounds 7-8 and
10-11; x = 1 for compound 9) and DMMP at 120 °C or 150 °C for 3 days.

The reaction of [Lis(H20)13][SnSe4] and Cul in (C2C2Im)[BF.] and DMMP at 120 °C for 3 days
yielded a few reddish-black crystals of the ternary anion of [Cu1SneSez2]'® in 7. This anion is
stabilized by both (C,C,Im)* and Li* counterions. When [K4(H20)4][SnSes] and LiCl salts were
treated with Cul in the same solvents at 150 °C, compound 8 was obtained instead, with an approx.
yield of 58% yield. Although neither Li*/K* nor CI™ were included in the product, their presence
may have altered the solvation behavior of the ionothermal flux, leading to the formation of the
different compounds. It has been previously reported, that modifications in the length of the alkyl
chain of an imidazolium-based ionic liquid counterion can effectively modulate the structure of
the anionic cluster units obtained from such reactions!’®!, By substituting one of the ethyl groups
of (C2Cz2Im)* in (C.C2Im)[BF,] for targeting 7 with a methyl group, an inseparable mixture of
enantiomeric-selenido metalate open-framework structures were obtained, compounds 9a and 9b
(approx. 34% vyield in total). Besides the nature of the ionic liquid counterion, the reaction tem-
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perature is another significant parameter to modify solubility and thus the crystallization condi-
tions of chalcogenido metalates in ionothermal environments. By raising the reaction temperature
up from 120 °C, used for the formation of compound 7, to 150 °C, black cubic crystals of 10 were
obtained (the yield was not calculable due to the formation of a side product). In this reaction,
compound 11 was identified as a minor side product and can also be obtained as a pure product
(approx. 35% vyield) if Cul is not present in the reaction mixture. It should be noted that the pres-
ence of [BF4] ™ anions is essential for the successful synthesis of all compounds. Upon replacement
of [BF4]” by Br or CI™ anions, none of the named products crystallized. This is understandable
for compounds 10 and 11, which contain [BF4]™ anions, but it is also attributed to the role of this
anion in achieving optimal polarities and melting points of the corresponding reaction fluxes for
all compounds. In addition, using Cul as a copper source turned out to be instrumental for the
formation of copper-rich compounds 7-10. No identifiable compounds were observed using
CuCl, CuCl; or Cu(OAC)2'H,0 instead. 8, 10, and 11 are also isolable from one batch by reacting
[Lis(H20)13][SnSe4] with CuBr at 150 °C, yet with very poor crystal quality due to heavily inter-
grown crystals. It is assumed that the solvation of Cu® and I” ions and their solution dynamics in
ionic liquids precisely meet the requirements for molecule or network formation and subsequent
crystallization, while the other anions cause too high (CI") or to low (OAc") reactivity under the
given conditions. The use of bromides, exhibiting a reactivity between CI” and I", affords crystal-
line materials of lower quality owing to intergrown crystals.

Compound (C2CzIm)sLi[Cu10SnsSez2] (7) crystallizes in the high symmetrical cubic space group

Pa3 (No. 206) with eight formula units per unit cell (Figure 3.26a). The asymmetric unit of the
cluster anion, as shown in Figure 3.26b, contains four copper atoms, two tin atoms and eight
selenium atoms. The relative atomic content was confirmed by means of EDX measurements. As
pictured in Figure 3.26c¢, the cluster anion in 7 can be viewed as a molecular core-shell structure.
The central fragment, {Cu-Se} (Figure 3.26d), is capped and stabilized by three dimeric {Sn,Se+}
anionic motifs (Figure 3.26€). Three additional copper atoms bridge the {Sn,Se7} anions, forming
a larger trigonal {CusSneSe21} shell. The {Cu;Se} core unit features a distorted cubane-type ar-
chitecture. The distances between neighboring copper atoms range from 2.598(1) A to 2.912(1)
A, which are longer than the interatomic distance in metallic copper (2.56 A), indicating that
bonding interactions between Cu atoms in 7 are negligible(**2. The dashed lines in Figure 3.26d
only demonstrate their arrangement. Nine copper atoms of the cluster anion adopt trigonal-planar
coordination modes, while the remaining central tetra-coordinated Cu atom bridge three capping
{Sn,Se;} motifs and the remaining selenium atom of the anionic cluster (Figure 3.26f). The
[Cu10SneSez,]'" anion presented here has a larger cluster size (Figure 3.26g) and significantly
higher charges compared to the reported [M7As3Chis]*” (M = Cu or Ag, Ch = Se or Te) ani-
onst*®31%4 These differences can be attributed to the successful incorporation of tin atoms into
the cluster anion. The local negative charges of the {Sn,Se7} capping units in 7 are 6— (cf. the 3—
charge of {AsSe,} in {M-As3;Chis}), necessitating the introduction of more tri-coordinated Cu*
atoms to balance a part of their negative charges and stabilize the cluster. Consequently, the clus-
ter size increases from 9.11 — 9.95 A in the [M;AssChys]* anions to 13.84 A in the
[Cu10SneSez,]'" anion in 7.
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Se3”

[Cu,As;Se )4 [Cu,As;Te ;]

Figure 3.26: lllustration of the crystal structure of compound 7. View of the unit cell of compound 7. lonic liquid cati-
ons are shown in wire mode; H atoms are omitted. For clarity, the {Sn2Se7} units of different
[Cu10SneSe22]'%" cluster anions are shown as polyhedral mode, to clearly clarify the quantity of anions
in each unit, the polyhedrons are shown in different colors (a). Asymmetric unit of compound 7 (b).
Molecular structure of the [Cu10SnsSe22]'°" cluster anion in 7 (c). The {Cu1Se} core of
[Cu10SneSe22]'% (d). The dimeric {Sn2Ser} capping motif in [Cu10SneSe22]'*~ (e). Three- (left) and
four-connected Cu* (right) in the asymmetric unit of 7, shown for atoms Cu3 and Cul as examples
(f). Structures of the reported [Cu7As3Se1s]*” (left) and [CuzAssTes]* (right) cluster anions for com-
parison (g). Thermal ellipsoids are drawn at 50% probability level in Figures 3.26b—3.26e. A corre-
sponding color code was used for the atom labels in Figure 3.26c¢. Color code for Figure 3.26g: Cu—
Black; As—Gray (70%); Te-Gray (40%); and Se-Gray (10%).

Compound (C2C2Im)4[CusSneSeis] (8) crystallizes in the monoclinic crystal system, space group
P2i/c, (No. 14). As illustrated in Figure 3.27a, the asymmetric unit of 8 consists of eight crystal-
lographically independent copper atoms, six tin atoms, and eighteen selenium atoms. The valence
state of all copper atoms, which are found in trigonal-planar or tetrahedral coordination modes
(Figure 3.27b), is assigned as +1 for charge balance, which is further demonstrated by BVS cal-
culations (Table 6.4). The distances between neighboring copper atoms range from 2.6176(2) —
3.1850(2) A, indicating negligible Cu---Cu bonding interactions. In terms of reticular chemis-
try™®], two crystallographically independent {CusSn,Ses} units represent the repeating motifs
that extend into a backbone-type strand. These are bridged by a {Sn.Ses} substructure, further
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assembling into a two-dimensional polymeric structure (Figure 3.27c). The architecture of these
layers accords with a honeycomb-type (hcb-type) net, considering each of the repeating units as
anode. As displayed in Figure 3.27d, the crystal structure of 8 features two parallel anionic wave-
shaped layers. Notably, all the ionic liquid cations could be localized in the crystal structure. Three
quarters of these cations serve to separate the anionic components, being situated between the
interlayers of the neighboring substructures. The remaining quarter of the cations are found within
the six-membered rings of each single layer (Figure 3.27¢), providing further charge compensa-
tion and internal stabilization of the anionic architecture.

(b)

©sn

Se15 Se16

Cué

Se13
Se16 Se20 Se17

Figure 3.27: Asymmetric unit of compound 8 with labeling scheme (a), thermal ellipsoids are drawn at 50% probabil-
ity level. A corresponding color code was used for the atom labels. Three- (right) and four-connected
Cu* (right) observed in the asymmetric unit of compound 8 (b). View onto the two-dimensional ani-
onic substructure of compound 8 (c). Counterions are omitted for clarity. The simplified hcb net that
is obtained when each repeating unit is regarded as a node (displayed as a lime sphere) is highlighted
by sticks in rose color. The bridging {SnzSes} units are highlighted in polyhedral mode, and one of
which is shown in bond and stick mode for clarity. Illustration of the cyclic substructure in the (dis-
torted) honeycomb-like 2D network including one counterion (d). Side view of the corrugated 2D lay-
ers and the counterions in between them (e).
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Compound (C,C1Im)s[CusSnsSeio] (9) crystallizes as a mixture of enantiomer-pure crystals, de-
noted as compounds 9a and 9b, in the trigonal crystal system in the two corresponding, chiral
space groups P3; (No. 145) and P3; (No. 144), respectively. As displayed in Figure 3.28a,b, the
asymmetric units of 9a and 9b contain five copper atoms, three tin atoms and ten selenium atoms
(the Cub5 positions of both being split into Cu5A and Cu5B due to heavy disorder). The oxidation
state of all copper atoms was assigned as +1 according to their trigonal-planar coordination ge-
ometry (Figure 3.28c) and as confirmed by BVS calculations (Table 6.5). As depicted in Figure
3.29a, the repeat units of 9a and 9b are connected to identical units via sharing tin atoms at four
corners of the building blocks (Figure 3.29b,c), and further assemble into chiral quartz (gtz) net-
works (Figure 3.29d,e). Apart from the inverted chirality, compounds 9a and 9b possess the same
anionic structures and are templated by the same counterions. The networks of 9a and 9b feature
two different types of chirality: the naturally chiral gtz net, and the one-dimensional chirality of
the M- and P- helix (Figure 3.29f,g). Most recently, similar anionic structure of both enantiomers,
COC-10-L and COC-10-D with the formula (H*~DBN)s[CusSnsSeio], were obtained through
solvothermal reactions™™®, with the difference being the chiral space groups of P64 and P6; in
COC-10-L and COC-10-D. It is reasoned that the use of different structure directing agents,
(C2C1Im)* for 9a and 9b, (H*-DBN) for COC-10-L and COC-10-D, led to the formation of the
same anionic frameworks but with altered chiral space groups, underscoring the importance of
the reaction medium, and the cations originating from it, on the stereochemistry during product
formation. Owing to heavy disorder of the ionic liquid counterions that located at the solvent
accessible spaces, they were not able to be localized on the difference Fourier map. To avoid
impairing of the refinement, the corresponding electron density was detracted from the data using
the back-Fourier-transform method**). The formula of 9a and 9b were determined to be
(C2C1Im)s[CusSnsSeso] based on the SC-XRD measurements and charge balance rules.

Se9

Cu4

Se8

Se4

Se9

Figure 3.28: Asymmetric unit of compound 9a (a); and compound 9b (b). the thermal ellipsoids are drawn at 50%
probability level, the imidazolium counterions were not able identify due to the poor crystal quality.
Three-connected Cu* of the asymmetric unit of compounds 9 shown for Cu4 as an example (c).
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1 enantio-
selenidometalates

P-Helix

Figure 3.29: Structure of one secondary building unit in compound 9a and 9b, shown for 9a as an example, a corre-
sponding color code was used for the atom labels (a). Illustration of the enantiomeric linking mode
between the second building units in 9a (b) and 9b (c), highlighted with increasing transparency as
the units get more distant from the viewpoint of the viewer. Illustration of the simplified chiral gtz net
of compounds 9a (d) and 9b (e) upon treating each building block as a node. The M-helix observed
along axis c¢ in 9a (f). The P-helix observed along axis ¢ in 9b (g).

Compound (C2CzIm)s[CusSnsSeisF]-(C2C2lm)[BF4] (10) crystallizes in the highly symmetric cu-
bic space group Pm3 (No. 200) with one {FCusSnsSe12Sexxs} building block in the unit cell
(Figure 3.30a). The Cu:Sn:Se ratio of 10 is the same as that for 8, underpinning the key structure-
directing role of the additional F~ and the impact of the slightly varied reaction conditions for
altering product spectrum. The core of this building unit comprises a cubic array of copper atoms
with the neighboring Cu---Cu distances being 3.3241(6) A, indicating no significant interactions
between adjacent copper atoms (Figure 3.30b). The {Cus} cube accommodates a F~ anion, origi-
nating from the anion of the ionic liquid (C2C1Im)[BF4], its presence was further confirmed by
EDX analysis. Twelve selenium atoms surround the core motif by bridging each edge of the
{FCus} cube, forming an icosahedral {FCusSei2} cluster unit. Bridging of the latter in compound
10 by six {Sn,Se,} units finally affords a three-dimensional primitive cubic (pcu) network (Figure
3.30c,d). Although {CusChm} (Ch =S, Se; m = 12, 13) clusters have been documented (Figure
31b—d), this is the first reported inclusion of F~ in {Cus} cubes within a network structure. It has
been known in the molecular cages of [Cus(F){Se:P(O'Pr).}¢] and [Cus(S){Se-P(O'Pr),}s] 1%
(Figure 31e,f) exhibit slightly shorter Cu---Cu and Cu---F distances compared to those in com-
pound 10. The observed volume expansion of the building unit in the extended framework is
attributed to the lack of terminal ligands, resulting in larger average coordination numbers of the
involved atoms.
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Figure 3.30: Structure of the building units in the unit cell in compound 10 (a). Thermal ellipsoids are drawn at 50%
probability level. A corresponding color code was used for the atom labels. Illustration of the linkage
of building units {FCusSe12} and {Sn2Se2} in compound 10 (b). Extension of the anionic substructure
in a 3 x 3 x 3 supercell (c). The simplified pcu net of 10 upon treating each {FCusSe12} motif as a
node and each {Sn2Se2} unit as a linker (d). The disordered [BF4]~ anions are omitted for clarity.
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(b) (d) (f)

Figure 3.31: Structural comparison of embedded or hollow {Cus—~xTMxChi2} motifs {FCusSei2} in compound 10 (a).
Core-stuffed {CusChis} (b); hollow {CusChi2} (c); and (Cu7GeSeis) in extended network com-
poundst*98-201 (d). {FCusSe12} (e); and {SCusSei2} (f) in reported molecular cage compounds of
[Cus(F){Se2P(O'Pr)2}s] and [Cus(S){Se2P(O'Pr)2}s]". The organic ligands are shown with transpar-
ency. Color code: Cu-Black; Se-Red; C-White; F-Green; N-Blue; Ch—Yellow.

The replacement of [BF4] anions of ionic liquids with CI” or Br™ did not yield the same com-
pound, highlighting that (C,C.Im)[BF4] acts not only as solvent and template for the ionothermal
reactions, but is non-innocent and actively involved in the bottom-up construction of the cluster
units. It is assumed that the {Cug} cube cannot accommodate larger anions than F~. As shown in
Figure 3.32a, a disordered [BF4]™ anion from the ionic liquid is identified at the corner of each
unit cell, supporting the important role of (C.C2Im)[BF4] as reaction medium. The heavy disorder
of the cations contributes to the high overall symmetry of the crystal structure, with the cations
appearing as smeared electron density, making localization on the difference Fourier map chal-
lenging/impossible. Correspondingly, the SQUEEZE routine was applied again to account for this
feature, which is typical for many structures of this kind. The solvent accessible voids, illustrated
in Figure 3.32b, correspond to the accommodation of a total of six (C2C2Im)* cations within the
crystal structure of 10.
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(b)

Figure 3.32: Disordered [BF4]™ anions at the corners of each unit cell (a); and centered at position of eight neighbor-
ing unit cells in compound 10 (b). Color code: Cu-Black; Se-Red; Sn—Gray; B-Pink; F-Green.

Compound {(C2Czlm)2[SnsSe7]}4-{(C2Calm)[BF4]}2 (11) crystallizes in the triclinic space group
P1 (No. 2) with a unit cell volume of 6667 A%. The asymmetric unit contains twelve crystallo-
graphically independent tin atoms and twenty-eight selenium atoms, forming the selenido stan-
nate substructure, which is further surrounded by ten (C.C.Ilm)* cations and two [BF4]™ anions
(Figure 3.33a). The anionic substructure consists of the well-known honeycomb-like 2D layer,
formed by repeating the {SnsSe;} unit via corner sharing of p-Se atoms (Figure 3.33b,c). Two of
the (C.C2lm)* cations are located inside the hexagonal pores of the layer, six are intercalated
between adjacent layers, and the remaining two cations balance the charges of two [BF4] anions
within the crystal structure (Figure 3.34a—c). There is no interaction between the anionic substruc-
tures and the [BF4] ™ anions, classifying this compound as a double salt. While compound 11 can
form as a side product during the synthesis of compound 10, it can also be obtained as a pure
product in the absence of Cul.
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Se24
Sn12
Se27

Figure 3.33: Asymmetric unit of compound 11 (a), thermal ellipsoids are drawn at 50% probability level. Top view of
the two-dimensional, honeycomb-like anionic substructure of compound 11, highlighting the six-
membered ring motif in polyhedral mode (b). Side view of the stacking of the layers along the b axis
in the crystal structure of 11 (c). Organic cations and [BF4]~ anions are omitted for clarity in (b) and
(c). Color code: Se—Red; Sn—Gray (40%); B—Pink; F-Green; N-Blue; C-Gray (25%).
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Figure 3.34: View of the arrangement of the infinite layers in the crystal structure of 11 along axis a (a); axis b (b);
and axis ¢ (c). Color code: Se-Red; Sn—Gray (40%); B-Pink; F-Green; N-Blue; C-Gray (25%).

It is emphasized that honeycomb-like binary substructures, similar as the one found in compound
11, represent the most frequently observed structural motif in chalcogenido stannate compounds
obtained under mild (solvothermal or ionothermal) reaction conditions—even in the presence of
different structure-directing agents?22%!. Changing the reaction temperatures or crystallization
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3 Results and Discussion

conditions allow access other motifs, but these variations remain somewhat limited. In contrast,
the addition of Cu" to the reaction system provides huge opportunities for structural diversity
owing to the cation’s diverse coordination modes by chalcogen ligands. This flexibility enables
the formation of unprecedented anionic substructures, such as the ones observed for compounds
7-10 upon subtle modifications of reaction temperatures, precursor salts, as well as the use of
different ionic liquid cations. Consequently, the spectrum of selenido stannate-based materials
experiences a significant structural expansion despite the relatively similar atomic ratios of the
involved elements Cu:Sn:Se of 10:6:22 (7), 8:6:18 = 10:7.5:22.5 (8 and 10), 5:3:10 = 10:6:20 (9).

3.3.3 Elemental analysis and PXRD measurement

3.3.3.1 Elemental analysis

To verify the precise atomic ratio between heavier elements, especially between Cu and Sn, in all
compounds, EDX spectroscopy on the single crystals of compounds 7—11 were performed. Using
the EDX analysis of compound 7 as an example, as shown in Figure 3.35a, the experimental
atomic ratio of Cu:Sn:Se (0.2791:0.5456:0.1753) closely matches the calculated ratio
(0.2632:0.5789:0.1579), with differences between observed and simulated values well below +1
atom. The light elements, such as C, N, H, and Li, were not investigated this way. The EDX
measurement confirm the accurate compositions. Figure 3.35b—e depicted the SEM images and
EDX spectra of single crystals of compounds 8—11, they serve to support the atomic ratios as
observed from the SC-XRD results, like the same case for compound 7.
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Figure 3.35: SEM images, EDX spectra and comparison of the differences between calculated and simulated atomic
ratios of compound 7 (a); compound 8 (b); compound 9 (c); compound 10 (d); and compound 11 (e).

3.3.3.2 PXRD measurement

As an additional method to reveal crystal structures, and in turn to verify the as-solved crystal
structures from SC-XRD technique, PXRD of compounds 8—11 were further investigated. Unfor-
tunately, 7 could not be included in the PXRD analysis due to its limited yield. As depicted in
Figure 3.36a—d, the experimental PXRD patterns of measured compounds 8—11 match the pat-
terns simulated from SC-XRD. The differences in the intensity in 8 are attributed to texture effects
(Figure 3.36a), while slight shifts towards the lower angle in all compounds are caused by the
temperature effects. As the PXRD patterns were carried out at room temperature, the SC-XRD
analyses were performed at 100 K. The sample measured for PXRD are more compressed com-
pared to the crystals measured for SC-XRD, shifting the reflections in PXRD towards lower an-
gles in comparison to that of the simulated pattern. The mixed phase of compounds 10 and 11
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3 Results and Discussion

were also identified by PXRD since they were not able to be separated, however, as it was men-
tioned above, phase-pure crystals of 11 were found without impurities as also verified by PXRD
(Figure 3.36¢—d).
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Figure 3.36: PXRD patterns of as-synthesized compound 8 and simulated one (a); as-synthesized compound 9 and
simulated one (b); as-synthesized mixture of compound 10 and compound 11 and simulated patterns
of 10 and 11 (c). as-synthesized compound 11 and simulated one (d).

3.3.4 Optical absorption properties and photocurrent measurement

3.3.4.1 Optical absorption properties

In addition to the structural expansion of such cluster assemblies, the introduction of Cu* was
undertaken to modulate the electronic structures of corresponding compounds. Solid-state UV-
vis diffuse-reflectance spectra were collected on crystalline samples of compounds 8 — 11 (the
investigation of compound 7 was hampered by the small yield) to assess their optical prpteries
(depicted in Figure 3.37a—c). It was found that all compounds, particularly 8 — 10, are narrow
band gap semiconductors with Egap values similar to those of reported copper-rich cluster-based
materials**-2902%] and those of the photocoltaic materials Cu,SnChs and Cu,ZnSnCh,"-2% (Ta-
ble 6.8, Ch =S, Se, Egsp = 1.33 - 1.88 eV).

According to the corresponding Tauc plots shown in Figure 6.21, the optical band gap energies
Egap Of compounds 8 — 11 were determined to be 1.39 eV (8), 1.75 eV (9), 1.83 eV (10), and 2.05
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eV (11), respectively (Figure 3.37d). In comparison to the Egsp 0Of 11, a distinct red-shift of the
UV-vis spectra of 8 — 11 is observed upon the introduction of Cu* into the reaction system owing
to the lower electronic excitation energy of copper(l) selenide (0.50 eV)*”! as compared to tin(I1V)
selenide (1.07 eV)#,

Considering the ratios of “SnSe,:Cu,Se:Se?” comprised in the four Cu/Sn/Se substructures (nor-
malized to 6SnSe;), hence 6SnSe,:5Cu,Se:55e? in 7, 6SnSe;:4Cu,Se:2Se? in 8 and 10, and
6SnSe;:5Cu;Se:3Se? in 9 (cf. 6SnSez:2Se? in 11), similar degrees of “Cu,Se admixtures” relative
to SnSe; in the new compounds 7 — 10 was observed. This explains the similar effect observed
for 10 (1.83 eV) and 9 (1.75 eV) as compared to 11 (2.05 eV). The additional narrowing of the
bandgap measured for 8 (1.39 eV), in spite of a slightly lower relative “Cu,Se content”, is at-
tributed to a denser anionic substructure — hence supporting the concerted effect on structures and
electronic properties by incorporation of Cu*.

These findings indicate that the synthetic access reported herein provides a straight-forward and
sustainable way of generating novel semiconductor materials with finely tunable geometric and
electronic structures.
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Figure 3.37: Solid-state UV-vis diffuse-reflectance spectra of compound 8 (a), compound 9 (b), compound 10 and
compound 11 (c) and comparison of the differences between the optical band gap energies Egap 0f
compounds 8 — 11 (d). The tauc plots derived from the solid-state UV-vis diffuse-reflectance spectra
are shown in Figure 6.21, and were generated using (F(Roo)hv) function, with y = 0.5, indicative for
a direct allowed optical gap. And the corresponding measurement of compound 7 were hampered by
its small yield.
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3 Results and Discussion

3.3.4.2 Photocurrent measurement

Based on the distinct red-shift of the optical absorption energies of the compounds comprising
Cu" ions as compared to the Cu*-free compound, it was suspected that a corresponding effect on
the photocurrent conversion efficiencies could also be found. Cyclic voltammograms (CV) were
recorded on pulverized crystals of compounds 8, 9, 10 (with small amounts of side product 11),
or 11. The compounds were deposited on carbon cloth under white-light irradiation and under
exclusion of light (the corresponding characterization of 7 was hampered by its small yield). To
ensure the accuracy of experimental results, CVs were measured under dark conditions first. As
shown in Figure 3.38a—c, electrodes fabricated with compounds 8, 9, and 10 (plus 11) present
nearly two times the current densities during irradiation than in the dark over the applied potential
range (E). The photocurrent density of the electron fabricated with 11 (Figure 3.38d) indicates
that the photocurrent is only about 1.2 times the dark current, which indicates that copper-free
selenido stannate improves the photocurrent conversion efficiency under the same irradiation con-
dition, but at a relative moderate efficiency in comparison to the behavior of the copper-selenido
stannates. Also, in terms of the absolute photocurrent and dark current density numbers, elec-
trodes functionalized with Cu*-containing compounds 8 — 10 exhibit a superior conversion per-
formance than electrode fabricated with compound 11, which is attributed to the faster electron-
hole separation during white-light illumination of the former three relative to the latter. In addi-
tion, the transient photocurrents of all electrodes were studied at a potential E of 250 mV vs
Ag/AgCl/3 M KCI to amplify the differences in terms of their densities. As displayed in Figure
3.39, compound 11 modified electrode showcases almost negligible photocurrent response prop-
erties, while the electrode deposited with 8 achieves excellent current densities over 20 pA/cm?,
Given the fact that the photocurrent and dark current keep decreasing owing to the moderate sta-
bility of these compounds, the photocurrent densities of electrodes fabricated with 8, or a mixture
of 10 and 11 decorated electrodes cannot be calculated. However, the increment of photocurrent
in the first 30s after illumination of the sample was still observed.
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Figure 3.38: Photocurrent measurements of compounds 8 (a), 9 (b), 10 (with a small amounts of side product 11; c),
and 11 (d), given as cyclic voltammograms (CV) of pulverized crystals deposited on carbon cloth.
Red curves represent measurements under white-light irradiation. Black curves were recorded under
exclusion of light. Scan rate: 10 mV/s. An Ar-saturated phosphate buffer (c = 0.1 M) at pH = 7 was
used as electrolyte, the electrode area is 0.246 cm?2.

The study demonstrates that introducing Cu™ into selenido stannate compounds allows for an in-
creased photocurrent. The CVs also indicate that only oxidation peaks (Cu* to Cu?") of com-
pounds 8—10 are observed on measuremnt, indicating that the redox reactions are irreversible and
lead to degradation of the material under the given conditions. In order to improve the redox
stability of such cluster-based materials, an in-situ anchoring of Cu®* complexes around the Cu*
in the ongoing materials development strategies is promising.
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Figure 3.39: Comparison of transient amperometric response densities of 8, 9, a mixture of 10 and 11, 11 fabricated
working electrodes with an E = 250 mV by applying an on-off cycles with white light illumination.

3.3.5 Conclusions

In this work, the structural expansion of selenido stannates by introducing Cu* into the compounds
was investigated. By reacting the salts [A4(H20)x][SnSeq] (A = Li*, x = 13; A = K*, x = 4) with
Cul in ionic liquids (C2C2lm)[BF4] or (C.C1Im)[BF4], a series of Cu*-containing anionic substruc-
tures, ranging from 0D-{[Cu10SneSe22]'""} in 7 to 2D-{[CusSneSeis]* } in 8, 3D-{[CusSnsSeio]* }
in 9, and 3D-{[CusSnsSe1sF]> } in 10 were accessed. Compound 7 demonstrates that this approach
is suitable to push the size limit of this type of clusters, previously from 23 atoms in related ternary
Cu/As/Ch assemblies (Ch = Se, Te) to 38 atoms in the Cu/Sn/Se combination. In compound 8, an
unprecedented 2D network which were observed—Ilike 7—has not been accessible by traditional
synthetic approaches. Compound 9 serves to underpin the influence of reaction media that ulti-
mately provide cations on the product formation, including the stereochemistry of complex 3D
frameworks. With the observation of Compound 10, the {FCusChi.} cluster family were finally
expanded from a molecular structure to an unprecedented 3D network—again inaccessible by
traditional routes—with the concomitant consequence on the optical properties. With the for-
mation of a fifth product, the importance of Cu® in enriching the family members of selenido
metalates were underscored: in the absence of Cu® cations, yet under otherwise unchanged reac-
tion conditions, compound 11 that is based on binary 2D-{[SnsSe;]*} layers is obtained.

Owing to the lower electronic transition energy of Cu”, its inclusion into the anionic substructures
not only allows to expand the structures, but additionally and simultaneously serves to narrow the
optical gaps of corresponding ternary compounds in comparison to that of binary ones as revealed
by UV-vis spectroscopy. The excellent light-absorption capabilities therefore served to notably
improve the photocurrent conversion efficiencies of such copper-selenido metalates.
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In future investigations, the structural expansion of other chalcogenido metalates are to be inves-
tigated, like the related family of selenido germanates or homologous and mixed chalcogenides,
utilizing this successful and straightforward strategy.
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3 Results and Discussion

3.4  Structural expansion of selenido stannates by
modifying the ionic liquid cation and investigation of
their conductivity properties

3.4.1 Introduction

Chapter 3.3 served to understand the structural expansion of chalcogenido metalates via directly
tailoring cluster anions through the incorporation of Cu* ions. In Chapter 3.4, an alternative strat-
egy, which involves modifying the nature of ionic liquid cation, is introduced.

In ionothermal reactions aiming at synthezing new chalcogenido metalates, previous efforts have
been focused on the modification of the length of alkyl chains, leading to anionic structures that
differ in size or packing owing to the structure-directing effect of ionic liquid cations®"%!. In this
chapter, a method towards substituting one of the alkyl groups of the imidazolium cation with a
hydroxyl group is proposed. 1-propyl-3methyl-imidazolium tetrafluoroborate (abbreviated as
(CsC1Im)[BF4]) and 1-(2-hydroxyethyl)-3methyl-imidazolium tetrafluoroborate (abbreviated as
(HOC,C1Im)[BF4]) were selected as model ionic liquids for investigations. Structurally, the ter-
minal —CHs; of the propyl group in the former is replaced by a —OH group in the latter. Even if
the hydroxy-functionalized ionic liquid cations were not found as (potentially) structure-directing
counterions of chalcogenido metalates anions, they may serve as proton donors for regulation of
the pH value of the reaction medium, resulting in the isolation of unprecedented compounds.

In addition to the structural expansion of chalcogenido metalates, in this chapter, anisotropic con-
ductivity properties of four selenido stannate compounds have also been investigated. As also
briefly outlined in Chapter 1, chalcogenido metalates are generally referred to semiconductor ma-
terials, yet their conductive properties, especially their anisotropic conductivity, have rarely been
studied®'2?3], Recent activities in this area, involving the conductivity measurements of
(TMA)2[MGe4Chig], where TMA = tetramethyl ammonium, and M = Mn, Fe, Co, Ni, Zn, and Ch
= §, Se, have demonstrated that (TMA)2[FeGesChio] behaves as a band-type electronic conduc-
tor?4! while the other analogues display mixed ionic and electronic conductivities as revealed by
direct-current conductivity measurement, impedance spectroscopy, and DFT modeling. However,
given that [MGesChio]* in (TMA)[MGesChyo] is a three-dimensional coordination polymer, it
remains a challenge, but simultaneously an opportunity, to find and understand anisotropic phe-
nomenon in chalcogenido metalates. To address this, compounds featuring two-dimensional ani-
onic networks or one-dimensional strands are desired.

3.4.2 Syntheses and crystal structures

As mentioned in Chapter 3.3, the honeycomb-like binary substructure, 2D-{[SnsCh]* '}, repre-
sents the most frequently observed anionic structural motif in chalcogenido stannate com-
pounds!?:2%°1 Their families were expanded by four new compounds via a Cu*-incorporation
strategy (see Chapter 3.3), thereby manipulating the anionic substructures of the chalcogenido
metalates.
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Considering the structure-directing role of ionic liquid cations, in this chapter, the use of different
ionic liquids for accessing compounds comprising 2D-{[SnsCh;]*"} is introduced. In the presence
of DMMP, treatment of [Lis(H20)13][SnSe4] in 1-propyl-3-methyl-imidazolium tetrafluoroborate
((CsC1Im)[BF4]) at 150 °C for 3 days afforded the frequently observed two-dimensional honey-
comb-like substructure in (C3C11m)s(H*-DMMP)[Sn3Ser]2 (12). In this compound, three quarters
of the counterions originate from the ionic liquids, and the remaining quarter are protonated
DMMP molecules. By replacing the terminal —CH3 of the propyl chain with a —OH group in the
imidazolium cation, while keeping the other reaction conditions unchanged, an unique hetero-
anionic substructure in (H*-DMMP),[SnsSe;]-(H*-DMMP),[Sn,Ses]os (13) was observed. In this
case, all counterions are protonated DMMP, resulting in the different compound (see below for a
detailed discussion of the structure). The formation of the latter is attributed to the introduction
of a fairly protic hydroxyethyl group to the reaction media, serving to more effectively protonate
DMMP molecules, and providing a chance to form an unprecedented compound compared to the
former.

Compound 12 crystallizes in the monoclinic crystal system, space group Cc (No. 9), with a unit
cell volume of 5806.8(7) A%. As pictured in Figure 3.40a, the asymmetric unit comprises six crys-
tallographically independent tin atoms, fourteen selenium atoms, three (CsCiIm)* and one (H*—
DMMP) counterion. Repeating the anionic substructure in the asymmetric unit through sharing
Sel, Se3, Sel0, and Sel4 afforded the same honeycomb-type anionic substructure (Figure 3.40b)
as what had been discussed in compound 11. In compound 12, however, not only imidazolium
cations serve to balance the negative charges of the two-dimensional framework, but protonated
DMMP also act as counterions. In this case, the protons are supposed to originate from water
molecules present in the [Lis(H20)13][SnSe4] starting material. Figure 3.40c — e shows the ar-
rangement of the layers in a 2 X 2 X 2 supercell viewed from three different crystallographic
directions. The protonated DMMP and imidazolium counterions are intercalated between neigh-
boring layers.
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Figure 3.40: Asymmetric unit of compound 12, Sn and Se atoms are shown as thermal ellipsoids at the 50% probabil-
ity level (a). Fragment of the layer-type anion in compound 12 (b). Packing of the anions and cations
ina?2 X 2 X 2 supercell, the fragments that locate in the neighboring unit cell are shown with trans-
parency (c —e).

Upon substituting the propyl group of the imidazolium cation in (C3C1Im)[BF4], which was used
to form compound 12, with a hydroxyethyl group, compound 13 was obtained. Compound 13
crystallizes in the triclinic crystal system, space group P1 (No. 2), with a unit cell volume of
2337.5(7) A%. As depicted in Figure 3.41a, the asymmetric unit comprises three different parts—
the anionic {SnsSe;} and {SnSes} units and (four) protonated DMMP counterions. In comparison
to the anionic substructure in compound 12, not only the formation of the same honeybomb-type
network by repeating {SnsSe;} units can be observed, but in addition, there are dimeric [Sn,Ses]*
anions intercalated between the extended layers in this compound. While this type of anions has
been known from various salts, their co-crystallization with the layer-type substructure has not
yet been observed. Protonated DMMP counterions compensate for the charge of both anionic
substructures (Figure 3.41b). The use of 1-(2-hydroxyethyl)-3-methylimidazolium tetrafluorobo-
rate ionic liquid probably plays the role of proton donor in this case, as the proton is released
relatively easily from a hydroxyl group. However, although only (H-DMMP) cations are ob-
served as counterions in compound 13, it cannot be excluded that the ionic liquid cations also
help in the assembly of the selenido stannate substructures. Figure 3.41c — e displays the arrange-
ment of the dimeric anions, the polymeric layer as well as the (H'~DMMP) cationsinal X 1 X
2 supercell viewed from different directions.
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Figure 3.41: Asymmetric unit of compound 13, Sn and Se atoms are shown as thermal ellipsoids at the 50% probabil-
ity level (a). Packing of the layer-type anions and the dimeric anions in compound 13. (b). Packing of
the anions and cationsina 1l X 1 X 2 supercell (c —¢).

3.4.3 Additional characterizations of compounds 12 and 13

3.4.3.1 Micro-X-ray fluorescence

Micro-X-ray fluorescence (u—XRF) measurements were carried out on the single crystals of com-
pounds 12 and 13 to verify the atomic ratio between Sn and Se. As illustrated in Figure 3.42, the
experimental ratio of Sn:Se (0.7056:0.2941) matches well with the calculated value
(0.7000:0.3000) of 12, and the differences between measured and simulated values are below +1
atom, within an acceptable margin of error. For 13, the experimental ratio of Sn:Se
(0.7232:0.2768) also closely matches the calculated value (0.7143:0.2857) revealed by the SC-
XRD measurement. The light elements of C, N, and H of both samples were not analyzed this
way, but with SC-XRD analysis, it was possible to localize all the organic counterions, therefore,
providing the accurate crystal structure and composition of both compounds.
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(a) j' Element Atom  Cont. | Atom Cont. (b) 1 Element Atom  Cont. | Atom Cont.
1 Obs. [%] Calc. [%] { Obs. [%] Calc. [%]
Sn 27.68 30.00 I Sn 29.41 28.57
Se 72.32 70.00 ) Se 70.59 71.43

Figure 3.42: p—XRF spectra and comparison of the differences between calculated and simulated atomic ratios of
compound 12 (a), and compound 13 (b).

3.4.3.2 PXRD

As an additional characterization to verify the phase purity of of 12 and 13, PXRD measurements
were carried out on both samples. As illustrated in Figure 3.43, the measured PXRD patterns of
12 and 13 match the patterns simulated from SC-XRD analysis, confirming phase purity of both
samples. Slight shifts of the measured PXRD reflections towards lower angles are caused by the
effect of the temperature, as the PXRD measurements were carried out at room temperature, SC-
XRD analyses were performed at 100 K. The sample measured at room temperature is more ex-
panded than the compound measured at 100 K, therefore showing larger lattice spacing. The dif-
ferences in the reflection intensities between measured and simulated patterns are attributed to
texture effects, as both samples appear as hexagonal plates. This applies to compound 13 in par-
ticular.
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Figure 3.43: PXRD patterns of as-synthesized compound 12 along with the simulated diffractogram from SC-XRD
analysis (a) and of as-synthesized 13 along with simulated from SC-XRD analysis (b); the insets dis-
play reflections at the small angle regions.
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3.4.3.3 Optical properties

Solid-state UV-vis diffuse-reflectance spectroscopy, as a tool to investigate the energy gaps of
semiconductor materials, was performed for compounds 12 and 13. As shown in Figure 3.44a,
the diffuse-reflectance spectrum of 12 was measured and plotted (in red) to an energy-gap-de-
pendent absorption spectrum according to the Kubelka-Munk function!?!>21€l:

(o-hv)¥" = B(hv — Ey),

where o refers to the energy dependent absorbance, hv = h-c/4, Eq = energy gap, the exponent 1/n
denotes the nature of the transitions, while n = 2, indicating for an indirect allowed transition,
while n = 0.5, indicating for a direct allowed transition.

For compound 12, in comparison to a direct energy gap value, the indirect energy gap value is
closer to the energy gap calculated from the absorbance spectrum, therefore compound 12 is de-
termined to be an indirect band gap semiconductor material. The energy gap was calculated to be
1.93 eV. Compound 13 was also determined to be an indirect band gap material, yet the replace-
ment of half the honeycomb-type layers by [Sn,Ses]* anions led to a slightly wider energy gap
compared to that of 12, and was determined to be 1.98 eV according to the Kubelka-Munk func-
tion (Figure 3.44b). The energy gaps of 12 and 13 are close to those of reported materials in the
chalcogenido metalate family and of the well-known materials SnCh and SnCh,. They might
therefore potentially be used as semiconducting materials, like SnCh and SnCh; which have been
studied greatly in this regard over the last two decades!?!"-219!,
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Figure 3.44: Solid-state UV-vis diffuse-reflectance spectra of compound 12 (a) and compound 13 (b). Both com-
pounds were determined to be indirect band gap semiconductors.
3.4.4 lon-exchange experiments of compounds 12 and 13

The various salts of [Sn,Che]* are soluble in water?2%221l and the organic cations of chalcogenido
stannates are exchangeable by soaking in concentrated aqueous solution of ACI (A = alkali metal
ions)[141:158222223] ' The jsolation of 12 and 13 therefore provides an opportunity to exchange the
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organic cations of both and extract the molecular [Sn,Ses]*” anions of the latter out of the inter-
layer spacings without decomposing the crystal structures themselves. By doing so, it is not only
possible to study the properties of two more compounds, but also provides an opportunity to un-
derstand how the conductivities differ between inorganic or organic cation templated chalco-
genido metalates.

The ion-exchange process was operated under Ar. As illustrated in Scheme 3.6, 10 mg crystals of
12 or 13 were immersed in 10 ml of an aqueous solution of CsClI (0.5 M) in a Schlenk flask, the
flask was heated at 75 °C for 24 hours to allow the cation exchange and anion extraction process.
After allowing the mixture to cool down to room temperature, the solution was filtered into an-
other flask and analyzed by ESI-MS. The solid residue was washed three times with degassed
water. The full process was repeated twice. The obtained solid samples are denoted as Cs@12
and Cs@13, respectively.

@

1) 75 °C, 24 hours

2) washing the solid with water

i three times i
—
@ 3) repeating steps 1 and 2 twice @
more
0.5 M CsCl I
crystals of 12 or 13 Cs@12 or Cs@13

Scheme 3.6: Schematic illustration to the ion-exchange reactions of 12 and 13 in aqueous solution of CsCl under inert
condition.

ESI-MS was carried out to investigate the ion-exchange process. For the solution obtained after
ion-exchange of 12, as illustrated in Figure 3.45a-c, (H'—=DMMP) and (C3Cilm)* cations were
observed from high-resolution ESI(+) spectra, and the experimental isotope patterns are both in
excellent agreement with the calculated isotopic distributions. Additionally, Cs* and hydrated
(H'-DMMP) were also detected in the ESI(+) spectrum. Elemental mapping was further per-
formed on a single crystal to investigate the product obtained after ion-exchange. The even dis-
tribution of cesium, as shown by its elemental mapping images in Figure 3.45d, demonstrates the
cation exchange took place in the whole crystal. Infrared spectroscopy (IR) was further carried
out to detect any remaining organic counterions. As demonstrated in Figure 3.45e, this also cor-
roborates an exchange of the organic cations, as the characteristic vibrations detected for 12 are
considerably weaker in the IR spectrum of Cs@12, although a complete exchage was not
achieved.
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Figure 3.45: High resolution ESI(+) mass spectra of (H*—~DMMP) (a), (CsC1Im) (b), and hydrated (H*—~DMMP) (c)
detected in the solution after ion-exchange process. Elemental mapping of Cs@12, showing even dis-
tribution of Cs, Sn, and Se (d); comparison of IR spectra of 12 and Cs@12 (e).

PXRD measurements were additionally performed, as depicted in Figure 3.46a. The measured
PXRD patterns of Cs@12 and 12 serve to clarify the ion-exchange experiments by comparing the
reflections’ shifts at small scattering angle (26). There is no shift observed at 26 = 7.59° between
the PXRD patterns of Cs@12 and 12, indicating no obvious volume expansion or shrinking along
the (1,1,0) lattice plane (Figure 3.46b). However, at scattering angles 20 = 7.83 or 26 = 8.87 in
the diffractogram of 12, corresponding to the (1,1,—1) or (0,2,1) lattice planes (Figure 3.46¢c—d),
there is a slight shift towards smaller angles found in the PXRD pattern of Cs@12, demonstrating
an expansion along those lattice planes upon the cation exchange process. This is attributed to the
size differences of organic cations and hydrated Cs* ions, even though the shifts are small. As
demonstrated in Figure 3.46a, the scattering angles 26 = 9.90 in the PXRD pattern of 12 and at
20 = 9.83 in the diffractogram of Cs@12 correspond to the (0,0,2) lattice planes (Figure 3.46¢)
and further confirm the cation-exchange process. More notable differences between the scattering
angles are caused by the more distinct distances along the (0,0,2) lattice planes as compared to
the other lattice planes.
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Figure 3.46: Comparison of the simulated PXRD pattern of 12 with its experimental pattern and with that of Cs@12
(a). The anionic honeycomb layer viewed along various directions: (1,1,0) (b), (0,2,1) (c), (1,1,-1)
(d), and (0,0,2) (e).

Similar characterizations were carried out to understand the ion-exchange process of 13. The yel-
lowish solution obtained after the ion-exchange process was investigated via ESI-MS. Figure
3.47a-b displays the high-resolution ESI(+) spectra of (H*-DMMP) and Cs*. Both experimental
isotope patterns match well with the simulated distributions, indicating the successful cation-ex-
change of (H'-DMMP) with Cs". Interestingly, a set signals of fragments {Css[Sn,Ses]} (Figure
3.47c), {Cs[Sn,Ses]}, {Cs[Sn.Ses]}, and {H[Sn,Ses]} were also detected in the ESI(—) mass
spectrum (see Chapter 6.1.13 for their high-resolution mass spectra), suggesting the extraction of
[Sn2Ses]*” units. EDX and elemental mapping were further performed on a single crystal to inves-
tigate the product upon ion exchange. The even distribution of cesium, as shown by elemental
mapping images in Figure 3.47d, demonstrates that the cation exchange took place in the whole
crystal. According to IR spectra of 13 and Cs@13, the (H*~DMMP) cations were not able to be
completely exchanged, and not as effectively as for Cs@12, (Figure 3.47f).
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Figure 3.47: High resolution ESI(+) mass spectra of (H*—~DMMP) (a) and Cs* (b); and high resolution ESI(—) mass
spectrum of {Cs3[Sn2Ses]} (c) detected in the solution after the ion-exchange process. Elemental
mapping of Cs@13, showing even distribution of Cs, Sn, and Se (d); comparison of IR spectra of 13
and Cs@13 (e).

PXRD was also performed to characterize 13 and Cs@13 for demonstrating the cation-exchange
and anion-extraction reactions. As shown in Figure 3.48a, the PXRD pattern of experimental 13
matches well with the one simulated from SC-XRD. For Cs@13, the only two significant reflec-
tions observed at scattering angles 26 = 7.36° and 26 = 7.56°, corresponding to lattice planes
(1,0,0) and (0,1,0) (Figure 3.48b—c), indicate the long-range order along the two-dimensional net-
works. Slight shifts by 0.07° toward higher angles are attributed to the slight pore shrinking of the
six-membered-rings of the anionic substructure. The diminished intensity of other reflections as
compared to the PXRD pattern of parent 13, for example the reflections representing the (0,0,1)
(Figure 3.48d) and (1,1,1) planes, suggests no long-range order along these lattice planes. This is
attributed to the successful extraction of some of the [Sn,Ses]*" units, leading to a rather random
arrangement of the layers and remaining [Sn,Ses]* anions along these lattice planes.
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Figure 3.48: Comparison of the simulated PXRD pattern of 13 with its experimental pattern and with that of Cs@13
(a). The anionic substructure viewed along various directions (0,1,0) (b), (1,0,0) (c), (0,0,1) (d).

3.4.5 Conductivity measurements

To understand the conductive nature of these compounds, a set of electrical measurements were
performed on single crystals. As shown in Scheme 3.7, the hexagon-shaped crstals of 12, Cs@12,
13, and Cs@13 were placed onto a gold-coated silicon wafer along the horizontal faces. The |-V
characteristics were measured along horizontal or vertical directions of the crystals by varing the
tungsten probes’ positions. While one of the tungsten tips points towards the top surface of the
crystal, and the other one situates at the gold substrate, the measured current flows vertically
across the crystal. By placing both tungsten probes onto the top surfaces of the crystal, the current
flow that crosses over the horizontal direction is obtained. This way, it provides a platform to
investigate and understand the conducting behavior of this type of materials in different orienta-

tions.
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Scheme 3.7: Schematic illustration of the two-terminal conductivity measurement along vertical (a) and horizontal (b)
directions of the hexagon-shaped crystals.

The 1-V characteristics were measured within an initial voltage sweep (—10 V — 10 V) over a
single crystal of compound 12. As demonstrated in Figure 3.49, the voltage-dependent currents
are nonlinear and asymmetric from both vertical and horizontal directions, revealing its semicon-
ducting nature along the two different directions. However, the measured currents are small, even
with a bias voltage at 10 V. As for Cs@12, the |-V characteristics were recorded with a voltage
sweep from —2 V to 2 V (denoted as forward sweeping), and from 2 V to —2 V (denoted as back-
ward sweeping). As shown in Figure 3.50, the 1-V curves, measured along vertical and horizontal
directions, serve to demonstrate that the voltage-dependent currents improve by around ten times
upon cation-exchange of 12. More importantly, the I-V curves feature non-zero-crossing current,
indicating a capacitor-like 1-V characteristics. To better understand the non-zero-crossing nature,
I-V hysteresis was investigated vertically and horizontally by applying sweeping voltage follow-
inga0V—-+2V — -2V — 0V order. Figure 3.50c displays the hysteresis along the vertical
direction of Cs@12. At the initial stage, while no bias voltage was applied, there is no current
flow observed. As the voltage sweeps from 0 V to +2 V, the current flow gradually increases. In
the phase with a voltage sweeping from +2 V to —2 V, an open circuit voltage (Voc) at +0.88 V is
observed at where the current was determined to be zero but with 0.88 V voltage applied. While
decreasing the voltage from —2 V to 0 V, a second Voc at —0.68 V was obtained, indicating a pair
of asymmetric Vocs along the vertical direction of Cs@12. During the voltage sweep direction
transition from +2 V to —2 V and —2 V to 0 V, two non-zero-crossing currents were observed at
0 V, suggesting a short circuit current (Isc). This is attributed to the existence of a displacement

current (lg), which is a sum of voltage changes (V%) and capacitance changes (C%) over time.

Yet, given that the former is a small number, the latter dominates the change and leads to the
observation of lsc at 0 V%221 The same phenomenon has been found from the I-V hysteresis
measured along the horizontal direction of Cs@12 (Figure 3.50d), although with altered Voc (1.66
V and —0.54) and Isc (—0.013 nA and 0.006 nA) values.
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Figure 3.49: -V characteristics of compound 12 measured over a single crystal, along vertical (a) and horizontal di-
rections (b), within a voltage sweep from —10 V to +10 V.
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Figure 3.50: -V curves of Cs@12 measured over a single crystal along vertical (a) and horizontal (b) directions, both

forward (blue) and backward (red) 1-V curves are shown. I-V hysteresis of Cs@12 measured over a
consecutive voltage sweep (0 V— +2 V — —2 V — 0 V) along vertical direction (c), and over a con-
secutive voltage sweep (0 V— +3 V — -3 V — 0 V) along horizontal direction (d).
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Chronoamperometry, as a tool for revealing conduction mechanisms of a material, were per-
formed on single crystals of Cs@12 along two directions. The current flows across vertical and
horizontal directions of Cs@12 were recorded while stepping the applied voltage by +0.5 V each
50 seconds between 0 V and 5 V. As illustrated in Figure 3.51a, at 0.0 — +1 V, the current flows
are too small to be accurately distinguished from the background noise. However, by applying a
higher voltage, at +1.5 — +5.0 V, it was found that the current flows decrease gradually at a steady
biased voltage, indicating an ionic conductivity along the vertical direction; this is attributed to
the movement of Cs* cations through the six-membered channels of the anionic substructure. As

for the horizontal direction (Figure 3.51b), the currents are too small to determine the conduction
mechanisms.
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Figure 3.51: Chronoamperometry traces measured over single crystal of Cs@12 along vertical (a) and horizontal (b)
directions, under applied voltages ranging from 0 V to +5 V, with steps of 0.5 V.

Temperature-dependent |-V characteristics were additionally carried out to demonstrate temper-
ature effects on the anisotropic conducting behavior of Cs@12. As depicted in Figure 3.52a, ver-
tical I-V curves of Cs@12 measured at four varied temperatures, room temperature, 313.75 K,
333.75 K and 353.75 K show that the higher the temperature, the lower the conductivity. This
contrasts with the temperature-dependent conductivity of many reported ionic or electronic con-
ductors, whose conductivity increase at higher temperature. It is possible that the structure of 12
becomes more flexible upon ion-exchange, and the anionic layers are more distant from one an-
other upon raising the temperature up from room temperature to higher temperatures. This leads
to a lower density of Cs™ cations per unit volume and, consequently, reduces the conductivity
compared to that at room temperature. Given the temperature-dependent I-V characteristics meas-
ured along the horizontal direction feature the same conduction behavior (Figure 3.52b), it is
suggested that ionic conductivity also dominates the conductivity along the horizontal direction.
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Figure 3.52: Temperature-dependent I-V curves of Cs@12 measured along vertical (a) and horizontal (b) directions.

I-V curves measured along both directions were carried out at room temperature, 313.15 K, 333.15 K,
and 353.15 K.

The full set of 1-V characteristics were also investigated over 13 and Cs@13. As shown
in Figure 3.53, the |-V curves measured along both vertical and horizontal directions of
13 indicate its insulating behavior. For the horizontal direction, assuming that the topmost
“layer” consitists of [Sn2Ses]*~ units, this leads to an open-circuit, and causes in an insu-
lating characteristic. For the vertical direction, it is assumed a result of the substitution of
the more mobile ionic liquid cations by the less mobile (H'~DMMP). However, for
Cs@13, similar capacitor-like 1-V characteristics were observed as for Cs@12, again
suggesting a successful cation exchange. The forward (voltage scans from —2 V to +2 V)
and backward (voltage scans from +2 V to —2 V) current flows along the two measured
directions display non-linear characteristics, both exhibiting a pair of asymmetric Voc and
Isc (Figure 3.54a-h).
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Figure 3.53: -V characteristics of compound 13 measured over single crystal, along vertical (a) and horizontal direc-
tions (b), within a voltage sweep from -2 V to +2 V.
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The 1-V hysteresis was additionally investigated vertically and horizontally by applying
a sweeping voltage followinga0 V— +2V — -2V — 0 V order. Figure 3.54c displays
the hysteresis along the vertical direction of Cs@13. At the initial stage while no bias
voltage is applied, the current is determined to be 0 nA. After scanning Cs@13 with a
bias voltage from 0 VV to +2 V via—2 V to 0 V, the two Voc are found at +0.51 and —0.98
V, respectively, and the two Isc measured as —0.029 and +0.048 nA, slightly differing
from the Voc and Isc numbers observed from the 1-V hysteresis along vertical direction
of Cs@12. The horizontal 1-V curve exhibits a similar hysteresis phenomenon but with
Voc being +0.96 and —0.84 V, and Isc being —0.035 and +0.021 nA (Figure 3.54d). De-
spite variations in the absolute Voc and Isc values, the hysteresis suggests capacitor-like
I-V characteristics in both directions for compound Cs@13.
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Figure 3.54: -V curves of Cs@13 measured along vertical (a) and horizontal (b) directions, both forward (blue) and
backward (red) I-V curves are shown. |-V hysteresis of Cs@12 measured over a consecutive voltage
sweep (0 V—+2V — -2V — 0 V) along vertical direction (c), and over a consecutive voltage
sweep OV — +2 V — —2 V — 0 V) along horizontal direction (d).

Chronoamperometry measurements were performed to elucidate the conduction mechanisms of
Cs@13 along the two directions. As illustrated in Figure 3.55, at 0.0 — 1.0 V, the current flows
are too small to yield reliable conclusions. At +1.0 — +5.0 V, the current flows decrease gradually
at each steady bias voltage, indicating an ionic conductivity in both directions. This behavior is
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attributed to the migration of Cs™ cations through the six-membered channels of the anionic sub-

structure in the vertical direction, and across the interlayer spacing of the network in the horizontal
direction.
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Figure 3.55: Chronoamperometry traces measured of Cs@13 along vertical (a) and horizontal (b) directions, under
applied voltages ranging from 0 V to +5 V, with steps of 0.5 V.

Temperature-dependent |-V characteristics were also investigated in order to further understand
the anisotropic conducting behavior of Cs@13. As demonstrated in Figure 3.56a, in the vertical
direction, the current decreases with increasing temperature, displaying temperature-dependent
Isc and temperature-independent Voc. In the horizontal direction, temperature-dependent 1-V
characteristics reveal similar conduction mechanisms, but with smaller Isc and Voc values (Figure
3.56b). It also suggests that increasing the temperature causes the anionic layers to separate fur-

ther, leading to a lower density of Cs* cations per unit volume, and therefore a reduced conduc-
tivity.
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Figure 3.56: Temperature-dependent I-V curves of Cs@13 measured along vertical (a) and horizontal (b) directions.

I-V curves measured along both directions were carried out at room temperature, 313.15 K, 333.15 K,
and 353.15 K.
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3.4.6 Conclusions

In conclusion, two new compounds, (CsCilm)s[H'-DMMP][SnsSes]. (12) and (H™—
DMMP);[SnsSe;]-(H-DMMP),[Sn;Ses]os (13), are presented in this chapter. The compounds
were obtained by treating [Lis(H20)13][SnSe4] in 1-propyl-3-methylimidazolium tetrafluorobo-
rate, (CsCilm)[BF4], or in 1-(2-hydroxyethyl)-3-methylimidazolium tetrafluoroborate,
(HOC,C1Im)[BF4], in the presence of DMMP. 12 comprises the well-known honeycomb-type
2D-{[SnsSe7]* } substructure, with three quarters of counterions being (C3C1Im)* cations and one
quarter being (H*-DMMP). However, for the reaction that yields 13, the hydroxyethyl group of
the applied ionic liquid cation serves to more effectively protonate the DMMP molecules. With
only (H*-DMMP) counterions present, the unprecedented double-salt comprising [Sn,Ses]* and
2D-{[Sn3Se;]* } anionic substructures were formed. Further treatment of 12 and 13 in aqueous
CsClI solution afforded cation-exchanged 12 (denoted as Cs@12), and cation-exchanged and
[Sn2Ses]* -anion-extracted 13 (denoted as Cs@13). -V characteristics serve to reveal the semi-
conducting nature along both vertical and horizontal directions of 12. However, the incorporation
of [Sn,Ses]* anions in 13 creates an open circuit along the horizontal direction, thus leading to
an insulating behavior. Upon a Cs*-exchange process, the conductivity increases along both di-
rections, as revealed by forward and backward |-V curves. Additionally, the I-V hystereses fea-
ture non-zero-crossing currents, suggesting a capacitor-like conductive nature along both direc-
tions for Cs@12 and Cs@13. Chronoamperometry traces show that Cs* migration dominates the
conductivity in two directions of these compounds. Temperature-dependent 1-V curves feature
lower conductivity at higher temperature owing to a decreased Cs* density per unit cell upon
increasing temperature. This work contributes on understanding and offering a platform to inves-
tigate the conductive nature of chalcogenido metalates.
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3 Results and Discussion

3.5 Further structural expansion of selenido metalates
via the above-mentioned strategies

In addition to the new compounds introduced in Chapter 3.3 and 3.4, which were obtained by a)
heteroatom-incorporation or b) modification of the structure-directing agents, eight more new
compounds (compounds 14 — 21) were obtained following these two concepts. Their crystal struc-
tures are discussed below, information on the synthesis of these compounds is provided in Chapter
5.4. Further characterizations are yet to be performed.

3.5.1 Crystal structure of compound 14

Compound 14 crystallizes in the triclinic crystal system, space group P1 (No. 2), with a unit cell
volume of 3552(2) A3. As illustrated in Figure 3.57a, the asymmetric unit comprises six crystal-
lographically independent tin atoms, fourteen selenium atoms, one bromine atom, and five
(CsC4Cilm)* counterions; only four of the counterions refinable due to a heavy disorder of the
remaining one. The two formula units in the asymmetric unit of 14 feature slight structural dif-
ferences in terms of the bonding situation between Sn and Se atoms. While Se4 is bonded to three
neighboring Sn atoms, the distance between Sn4 and Sell is 3.1897(12) A, indicating weak in-
teractions only; therefore it is shown as a dashed line. Besides this, the Sn6-Sel1 bond (2.5075(8)
A) is by nearly 0.7 A shorter, and the terminal Sn6-Se12 bond length is 2.4181(10) A. By repeat-
ing the asymmetric units via sharing Sel, Se3, and Sel4, the 1D-{[SnsSe;],*"} substructure is
obtained (Figure 3.57b). A similar anionic substructure was reported in the
(C4C1C1Im)a[SnsSes ] and (C4C1Cilm)s(H*—DMMP)[SnsSe;]o1?%%. The smaller size of the pro-
py! group of the ionic liquid cation in 14 in comparison to that of a butyl group in the published
salts may cause the inclusion of the (C3C1C1Im)Br ionic liquid to fulfill the steric needs. Apart
from slightly modifying the structure of such compounds, the incorporation of (C3C1C1Im)Br may
serve to modulate the opto-electronic properties. Further efforts toward the replacement of Br™ by
other congener halide ions, like CI” or I, is about to be investigated. More structural details of
compound 14 are depicted in Figure 3.57¢ —e.
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Figure 3.57: Asymmetric unit of compound 14; Sn, Se, and Br are shown as thermal ellipsoids at the 50% probability
level (a). Fragment of the strand-type substructure in compound 14 (b). Packing of the anions and cat-
ions in the unit cell; fragments that locate in the neighboring unit cell are shown with transparency (c

—e).

3.5.2 Crystal structure of compound 15

Further modifications in term of the alkyl chain length at the imidazolium cation and the use of a
different type of anion of the ionic liquids allow the isolation of similar substructures in some
cases. Upon replacing the ionic liquid (HOC,CiIm)[BF4] for forming 13 with (C,C2Im)Br, and
while keeping the other reaction conditions unchanged, compound 15 was obtained.

Compound 15 crystallizes in the monoclinic crystal system, space group P21/n (No. 14), with a
unit cell volume of 13446.5(4) A®. As shown in Figure 3.58a, the asymmetric unit is more com-
plex and comprises four [SnsSe;]* units, two Br atoms, and ten (C.C2lm)* cations. By repeating
the [SnsSe7]«* units via sharing Sel, Se4, Sell, Sel4 and Sel5, Sel8, Se27, Se28, the honey-
comb-like substructure 2D-{[SnsSe7]s* } is obtained again (Figure 3.58b). All the Sn—Se bond
lengths are within the reported range and similar to the values in compounds 12—-13 and 15. The
use of Br~ as the anion of the ionic liquids slightly modifies the compositions of the compounds.
One may notice that the asymmetric unit contains two additional units of the (C2C2Im)Br ionic
liquid, which renders 15 a double-salt compound. And again, the incorporation of (C,C.Im)Br
may serve to modify the optical properties of such compounds. Logically, the next step will in-
clude the substitution of Br~ by other halide anions as well as the exploration of their correspond-
ing optical properties. Figure 3.58c — e displays the arrangement of anions and cations within the
unit cell viewed from different directions.
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3 Results and Discussion

Figure 3.58: Asymmetric unit of compound 15; Sn, Se and Br atoms are shown as thermal ellipsoids at the 50% prob-
ability level (a). Fragment of the layer-type substructure in compound 15 (b). Packing of the anionic
layers, bromide atoms and counter cations in the unit cell (c — e).

Compounds 12-15 are all obtained under the same reaction conditions, but upon using slightly
different ionic liquids through modifying the length or the nature of the attached alkyl chains or
using different types of anions. The treatment of Lis[SnSes] in DMMP and a tri-alkylated imid-
azolium-based ionic liquid, (CsCiCilm)Br, yielded a double-salt with the formula of
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(C3C1C1IM)4[Sn3Ser]2-(C3C1CaIm)Br (14). By using a di-alkylated imidazolium-based ionic lig-
uid (C3C1Im)[BF4], as the reaction medium and origins of the counterions, the strand-type sub-
structure were further extended to a honeycomb-like anion (in 12). Again, by using symmetrical
1,3-diethylimidazolium bromides as the reaction medium, the same anionic honeycomb-like 2D-
{[SnsSe;])* } substructure was obtained in compound 15, yet in this case, two more (C2C2lm)Br
crystallize in the asymmetric unit. The isolation of these compounds confirms once more that
changing the length of the attached alkyl chains, the nature of the attached alkyl chains, and the
use of different types of anions in ionic liquids can effectively modify the product spectrum of
such selenido metalate compounds.

3.5.3 Crystal structure of compound 16

Compound 16 crystallizes in the trigonal crystal system, space group P31/c (No. 159), with a unit
cell volume of 5242.8(10) A3. As shown in Figure 3.59a, the asymmetric unit comprises four tin
atoms, two oxygen atoms and eight selenium atoms. All the Sn—Se bond lengths are within a
reasonable range, yet for the Sn—0O bonds, there are only weak interactions observed between Sn3
and O2 or Snl and O1, the connection is therefore illustrated by dashed lines. Figure 3.59b dis-
plays the known pseudo-T3-type [Sn10Se2004]* cluster anion in compound 16. Here, four oxygen
atoms are accommodated in the four adamantane cages of a perfect T3-type “{SnioSex}” cluster
architecture. For targeting this cluster, the use of [Lis(H20)13][SnSes] precursor is suitable, as it
brings in O*" ions. In contrast, treatment of Lis[SnSe,] with ionic liquids under the same reaction
condition does not afford the [Sn10Se2004]%" cluster. However, the counterions are unidentifiable
due to heavy disorder, and therefore, the electron density of atoms that could not be localized
from the difference Fourier map was detracted from the data by application of the back-Fourier
transform method, using SQUEZZE tool in PLATON!?, Figure 3.59¢ — e shows different views
of the unit cell. Each unit cell accommodates two pseudo-T3-type [Sn10Se2004]* clusters.

With this compound, it is demonstrated that pyrrolidinium-based ionic liquids can also support
the formation of selenido metalates. Therefore, further studies concerning the use of similar pyr-
rolidinium-based ionic liquids for the transformation of chalcogenido metalates should be per-
formed.
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Figure 3.59: Asymmetric unit of compound 16; Sn, Se and O atoms are shown as thermal ellipsoids at the 50% prob-
ability level (a). Molecular structure of the cluster anion in compound 16 (b). Packing of the two ani-
ons in compound 16 in the unit cell (c — ).

3.5.4 Crystal structure of compound 17

Compound 17 crystallizes in the tetragonal crystal system, space group 141/a (No. 88), with a unit
cell volume of 2925.0(9) A%, As shown in Figure 3.60a, the anion in the asymmetric unit com-
prises a central Sn1/Hgl co-occupied metal atom position, and three Se ligand atoms. The further
coordination assembly between Sn1/Hgl and all Se atoms leads to the formation of a T2-type
{HgxSns«Seio} architecture. By sharing the four corner Se atoms with adjacent clusters, an infi-
nite layer-type substructure is formed, formulated as (Cat)2x[HgxSns—Seg]. From a reticular chem-
istry perspective, the T2 cluster-based substructure can be simplified as a sql network by treating
each T2-type cluster as a node (Figure 3.60b). In compound 17, the Hg1/Sn1/-Se2 bond lengths
are close to the mean value of the overall Hgl/Sn1—Se bond lengths, as a consequence of the
connection of the clusters. In Figure 3.60c — e, the substructure is illustrated ina 2 X 2 X 2
supercell from different crystallographic directions.
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Figure 3.60: Asymmetric unit of compound 17; Sn/Hg and Se atoms are shown as thermal ellipsoids at the 50% prob-
ability level (a). Fragment of the layer-type substructure in compound 17 (b). Packing of the poly-
meric layers in compound 17 ina2 X 2 X 2 supercell (c —e).

3.5.5 Crystal structure of compound 18

As discussed in Chapter 3, incorporation of heteroatom, especially Cu™, is important for the struc-
tural expansion of chalcogenido metalate chemistry. Following the same strategy, another
Cu/Sn/Se-based network was observed in compound 18. Compound 18 crystallizes in the cubic
crystal system, space group Im3 (No. 204), with eight formula units in the unit cell. The anionic
part of the asymmetric unit comprises two copper atoms, one tin atom, four selenium atoms, and
the remaining site being co-occupied by selenium and sulfur from the CuSPh precursor (Figure
3.61a). The core of the building unit comprises a cubic array of copper atoms, with closest Cu---Cu
distances being 3.0397(9) A —3.0407(9) A, indicating no obvious interactions between the copper
atoms (Figure 3.61b). The {Cus} cube accommodates a Se5/S1 co-occupied atom. Twelve sele-
nium atoms surround the core motif by bridging each edge of the {(Se/S)Cus} cube to form a
polyhedral {FCusSei2} cluster unit. Bridging of the latter in compound 18 by six {Sn,Se;} units
finally affords a three-dimensional pcu network (Figure 3.61c — d). The bridging angles between
those polyhedra get smaller in comparison to the ones observed in compound 10 (Figure 3.61b),
as the cluster are slightly out of alignment with the neighboring clusters. This may be caused by
the fact that the co-occupied Se5/S1 site yields a mismatch of the cluster sizes. The counterions
are unidentifiable due to heavy disorder. The electron density of atoms that could not be localized
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from the difference Fourier map was detracted from the data by application of the back-Fourier
transform method using the SQUEZZE tool in PLATON!?),

(a) (b)
- —
Cu1 N
5.8934(8 5.8934(8
.\'4\’\’3e5/s1 { )1 I) ] o 7045(22)| {’){5.1666(17)
Se1 . \ 180° 7 “160.21°(19)

Figure 3.61: Asymmetric unit of compound 18; Se/S, Cu, Sn and Se atoms are shown as thermal ellipsoids at the 50%
probability level (a). Comparison of the bridging angles between the adjacent polyhedral clusters in
compound 10 (left) and 18 (right) (b). Fragment of the framework structure in compound 18 (c). pcu-
type topology of compound 18 by treating each {(Se/S)CusSei2} cluster as a node, and {SnzSez} as a
linker (d).

3.5.6 Crystal structure of compound 19

Further investigations on the effect of incorporation of a third type of metal atoms in the Cu/Sn/Se,
specifically, the introduction of In®", allowed for the formation of a P2-type cluster in compound
19. Compound 19 crystallizes in the cubic crystal system, space group P23 (No. 195), with one
formula unit in the unit cell. The anionic part of the asymmetric unit consists of one tin atom, one
copper atom, two indium atoms, and five selenium atoms (Figure 3.62a). The organic counterions
are again unidentifiable due to heavy disorder. The electron density of atoms that could not be
localized from the difference Fourier map was detracted from the data by application of the back-
Fourier transform method using the SQUEZZE tool in PLATON! . Figure 3.62b — d illustrates
the structure of the P2-type cluster and the arrangement of those clustersina 2 X 2 X 2 supercell.
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Figure 3.62: Asymmetric unit of compound 19; Cu, In, Sn and Se atoms are shown as thermal ellipsoids at the 50%
probability level (a). Molecular structure of the cluster anion in compound 19 and an illustration of its
assembly (b). Molecular structure of the cluster anion in compound 19 shown in polyhedral mode (c).
Packing of the P2-type anions ina 2 X 2 X 2 supercell (d).

3.5.7 Crystal structure of compound 20

In addition to expanding the families of selenido stannate compounds, Cu® also serves to enrich
the structural types of selenido germanates. By reacting Lis[GeSeq], instead of
[Lia(H20)x][SnSe4], with Cul in en, (H*—C2N2H10)[CusGeSes] (compound 20) was formed. Figure
3.63a shows the asymmetric unit of compound 20. The anionic substructure of 20 represents an
infinite coordination assembly of selenium and metal atoms. As shown in Figure 3.63b, 20 com-
prises double honeycomb-type layers. The bottom and the top layer possess inverse chalco-
gen/metal positions and are coupled together via Cul-Se3 and Gel-Se2 bridges. The lighter or-
ganic counterions can be located in this case, although being affected by some disorder (indicated
by transparency in Figure 3.63a). Figure 3.63c — e shows the arrangement of the anionic double-
layer substructure accommodated ina 3 X 5 X 3 supercell, viewed from three different directions.
Counterions are not shown for clarity. Further variations regarding the reaction conditions may
afford the crystallization of more new compounds in the Cu/Ge/Se system.
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Figure 3.63: Asymmetric unit of compound 20; Cu, Ge and Se atoms are shown as thermal ellipsoids at the 50%
probability level (a). Substructure of the anionic substructure in compound 20, and illustration of its
construction by fusion of two layers (b). Packing of the layer-type anionic substructure in compound
20ina3 X 5 X 3 supercell, viewed from crystallographic direction a (c), direction b (d), and direc-
tion ¢ (e). Counterions are not shown for clarity.

As has been discussed in Chapter 3.3, the introduction of a heteroatom serves effectively to vary
the structural types of selenido stannates. The compositional expansion strategy to widen the fam-
ily members of such compounds is further studied. In compound 17, through the incorporation of
Hg?*, a ternary T2-type {HgxSns—xSeio} cluster-based 2D anionic network by sharing the corners
of each cluster was isolated. Compound 18 features a similar cluster type and framework as that
of compound 10 described in Chapter 3.3, with the only difference being the endoheral atom type.
Instead of a F~ ion in compound 10, a mixed occupation by S*~ and Se*” was observed in this case.
The incorporation of a third metal atom further serves to modify the cluster type. In the Cu*-In®'-
Sn** reaction system, a rare, and the first P2-type cluster from ionothermal approach, was obtained
Further variations, like temperature, the use of a different ionic liquid, or the use of different
additives, should be explored, which may afford network compounds by linking the P2-type clus-
ter building units.

3.5.8 Crystal structure of compound 21

In addition to the reactivities of selenido stannates or selenido germanates, the transformation of
selenido antimonates in ionic liquids was studied. By treatment of (inseparable) salts Ks[SbhSea]
and Ks[SbSes] in (C2C1Im)[BF4] and DMMP, (C,C1Im)[ShsSes] (compound 21) was obtained. As
shown in Figure 3.64a, the asymmetric unit is composed of three antimony atoms, five selenium
atoms, and one (C.Cilm)* cation. Secondary interactions are found between H atoms from the
ionic liquid cations and atoms of the anionic substructure. Further assembly by repeating the
asymmetric unit via sharing Sh1, Se2, Se4 and Se5 results in the formation of an infinite strand-
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type substructure in 21 (Figure 3.64b). The lighter analogue, 1D-{[ShsSs]s* }, was documented
in compound (H*—C7N2H12)3[SbeS15] in 2004227, but this strategy allows us an opportunity to
approach the family of selenido antimonates in ionic liquids, which may make a difference in
terms of the structure types accessible in comparison to the ones that were synthesized through
solvothermal reactions. Figure 3.64c — e displays the arrangement of the anionic strands accom-
modated ina 1 X 5 X 1 supercell, viewed from three different directions. The orientation-de-
pendent conductivity using single crystals is about to be investigated.

(a)

Figure 3.64: Asymmetric unit of compound 21; Sb and Se atoms are shown as thermal ellipsoids at the 50% probabil-
ity level (a). Substructure of the strand-type anionic substructure in compound 21 (b). Packing of two
strands in compound 21 inal X 5 X 1 supercell, viewed from crystallographic direction a (c), direc-
tion b (d), and direction ¢ (e), counterions are shown for illustrating their weak interaction with the
strands.
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4  Summary

This dissertation focuses on the transformation of salts of the general formula [A4(H20)/][TtxSey]
(A = alkali metal ions; Tt = Ge(IV) or Sn(IV)) into complex substructures in ionic liquids using
three distinct strategies: a) oligomerization of [GesSeso]* anion, b) Cu* incorporation in a Sn—Se
reaction system, and c) modification of the imidazolium-based structure-directing agents.

(a) In Chapters 3.1 and 3.2, through an ionothermal approach, an effective route to target a family
of oligomeric {GesSeio}-based compounds was proposed. These compounds comprise the first
dimeric anion of selenido metalate suptetrahedra in (C.Cilm)s[GesSeg] and the first square-
shaped tetrameric anion in (C,C1lm)s[GeisSess]. They can be readily dissolved in solvents like
N,N-dimethylformamide (DMF) owing to a significantly decreased negative charges per cluster
unit. Electrospray ionization mass spectrometry (ESI-MS) as well as dynamic light scattering
(DLYS) serve to demonstrate the alleviated interactions between each cluster unit and imidazolium
counterions upon oligomerization of cluster supertetrahedra. By slightly modifying the reaction
condition, a pseudo-P2-type cage-like molecule embedding a Cs* cation was observed. It is inter-
esting not only because of its structural beauty, but also because of its selectivity towards Cs* ions
in comparison to the lighter congeners during the crystallization process. A full set of characteri-
zation, including single-crystal X-ray diffraction (SC-XRD), energy dispersive X-ray spectros-
copy (EDX), ESI-MS and quantum chemical calculations were applied to confirm its high selec-
tivity for Cs*. Besides the in-situ capturing, and therefore potential separation of Cs* from its
lighter congeners, another selenido metalate-based polymer compound was found selectively em-
bedding Na" ions during crystallization. All these anionic substructures are summarized in
Scheme 4.1.
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Scheme 4.1: Summary of the new supertetrahedra-based selenido germanate molecules or networks presented in
Chapter 3.1 - 3.2.

(b) In Chapter 3.3, a Cu(I)-incorporation strategy was introduced to enrich the structural diversity
of chalcogenido metalates. Owing to the multifaceted coordination environments of d*° Cu* ions
with chalcogen atoms, the introduction of Cu(I) serves as an effective means to install a second
or even a third kind of coordination mode of cations in such clusters. It allowed for the formation
of a wide spectrum of copper-selenido stannate compounds, ranging from
(CngIm)gLi[CuloSnGSezg], (C2C2|m)4[CU38neselg], (C2C1|m)3[CU58ngselo] to
(C2C1lm)e[CusSnsSess]-(CoC2lm)[BF4]. Their optical properties as well as photocurrent perfor-
mance were investigated by UV-Vis spectroscopy and and cyclic voltammograms. This under-
scored the impact of Cu(I) in chalcogenido metalate chemistry as compared to a copper-free com-
pound.

(c) Within Chapter 3.4, the structural expansion of selenido stannates via modifying the nature of
the imidazolium cations’ substitutent was introduced. Treatment of [Lis(H20)13][SnSe4] in 1-pro-
pyl-3-methyl-imidazolium tetrafluoroborate or 1-(2-hydroxyethyl)-3-methyl-imidazolium tetra-
fluoroborate and DMMP as auxiliary amine yielded two different selenido stannates,
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[C3C1|m]3[H+—DMMP] [Sn3$e7]2 and [H+—D|V|MP]z[SﬂsSE7]'[H+—DMMP]z[Snzsee]o_s. The for-
mation of the two different compounds is attributed to the proton donation effect of the hydroxy-
ethyl group in the latter ionic liquid. Treatment of the two compounds in an aqueous solution of
CsCl afforded cation-exchanged or cation-exchanged and anion-extracted selenido stannates. The
anisotropic conductivity of the four compounds was studied by a full set of I-V measurement on
single crystals. All the anionic substructures are summarized in Scheme 4.2.
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Scheme 4.2: Summary of the new supertetrahedra-based selenido stannate molecules or networks presented in Chap-
ters 3.3-3.4.

(d) In Chapter 3.5, the crystal structures of eight new compounds were presented, without results
of further investigations of their additional properties. However, their isolation still allows to con-
clude that the length of alkyl chains of the ionic liquid cations and the nature of ionic liquid cations
and anions in general can effectively modify the product spectrum upon transformation of chal-
cogenido metalates. It indicates that there is still room to be filled in this area. All the anionic
substructures are summarized in Scheme 4.3.
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Scheme 4.3: Summary of the new supertetrahedra-based selenido metalate molecules or networks presented in Chap-
ter 3.5.
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5 Experimental sections

5.1 General

All manipulations and reactions were performed in an argon atmosphere by using standard
Schlenk or glovebox techniques. 2,6-Dimethylmorpholine (DMMP; Sigma-Aldrich, 99.8%) was
dried over P,Os, distilled and stored over molecular sieves (3 A). 1-ethyl-3-methyl-imidazolium
tetracyanoborate, (C2C1Im)[B(CN)4], from Sigma-Aldrich (99.5%); 1-ethyl-3-methyl-imidazo-
lium tetrafluoroborate denoted, (C2C1Im)[BF4], from Sigma-Aldrich (99.5%); 1,3-diethylimidaz-
olium tetrafluoroborate denoted as (C2Czlm)[BF4], from abcr GmbH (99%); 1,3-diethylimidaz-
olium bromide denoted as (C.C.Im)Br, from Carl Roth GmbH (99%); 1-propyl-3-methyl-
imidazolium tetrafluoroborate denoted as (CsC1Im)[BF], from abcr GmbH (99%); 1-(2-hydrox-
yethyl)-3-methyl-imidazolium tetrafluoroborate denoted as (HOC,C1Im)[BF.], from abcr Gmbh
(99%); 1-propyl-2,3-dimethyl-imidazolium bromide, (CsC:CiIm)Br, from Carl Roth Gmbh
(99%); 1-butyl-2,3-dimethyl-imidazolium tetrafluoroborate, (C4C1C1Im)[BF4], from Alfa Aesar
GmbH (99%); 1-butyl-3-methyl-purrolidinium dicyanamide, (C4C1Pyrro)[N(CN);], from Carl
Roth GmbH (99%); tin, Sn, from Sigma Aldrich (99%); selenium, Se, from Merck Millipore
(99%); indium, In, from Sigma Aldrich (99%); antimony, Sh, from Sigma Aldrich (99%); cop-
per(l) cyanide, CuCN, from Riedel-de-Haen (99%); copper(ll) acetate monohydrate,
Cu(OAC)2H,0, from Fluka Chemika (99%); copper(l) iodide, Cul, from Sigma-Aldrich (98%);
antimony(111) oxide, Sh,0Os, from Sigma Aldrich (99%), bought from Sigma-Aldrich with 99.5 %
purity, and dried under vacuum before use. The gold-coated silicon wafer was bought from Sigma
Aldrich. All reactions were carried out with ionothermal approaches, and the synthesis procedures
of all compounds are detailed as below.

5.2 Chracterizations

5.2.1 Light-microscopic images of the single crystals

Light microscopic investigation of crystals was performed on the stereo light microscope SteREO
Discovery.V8 by Carl Zeiss. The microscope was equipped with a high-intensive cold-light
source CL 1500 ECO, an Achromat S 0.63x objective (FWD 107 mm), a PL 10x/21 Br ocular,
and the microscope camera AxioCam MRc 5 with the camera adapter 60N-C 2/3*” 0,63x. The
raw photo material was examined by the AxioVision40x64 4.9.1 SP1 software.

5.2.2 Powder X-ray diffraction (PXRD)

PXRD data were obtained with Cu-Ka radiation in transmission mode on a Stoe StadiMP diffrac-
tometer using a Mythen detector system at room temperature. The data were examined by using
WinXPOW.
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5.2.3 Energy dispersive X-ray (EDX) spectroscopy

EDX analyses of single crystals were carried out using an EDX-device Voyager 4.0 of Noran
Instruments coupled with an electron microscope CamScan CS 4DV. Data acquisition was per-
formed with an acceleration voltage of 10 kV or 15 kV and 100 s accumulation time. All the EDX
spectra were measured and analyzed by Michael Hellwig at Department of Physics Philipps-Uni-
versitat Marburg.

5.2.4 Electrospray ionization mass spectrometry (ESI-MS)

ESI mass spectra were recorded with a Thermo Fisher Scientific Finnigan LTQ-FT spectrometer
in negative ion mode. Single crystals of compounds were dissolved in freshly distilled DMF. The
solutions were injected into the spectrometer with gas-tight 250 pL. Hamilton syringes by syringe
pump infusion. ESI mass spectra were measured by the Sevice Department Mass Spectrometry at
Philipps-Universitat Marburg.

5.2.5 Dynamic light scattering (DLS)

A DynaPro NanoStar device from Wyatt Technology was used for the DLS measurement. Single
crystals were dissolved in dry DMF under inert condition at low concentration. Three drops of
the solutions were applied for the study, after equilibration for 1 min at 25 °C in the device prior
to the measurements. The Dynals algorithm was used to calculate the size distributions from
measured autocorrelation functions; the results are reported as number plots. Three independent
measurements were performed on each sample. DLS measurement were measured and analyzed
by Simon Nier from the Research Unit of Dehnen.

5.2.6 Raman spectroscopy

Raman spectra were recorded on an S&I Mono-Vista CRS+ device with a laser wavelength 633
nm and gratings of 300 and 1200 grooves mm ™. The measurements had a duration of 25 s with
10 coadditions and 10 s with 25 coadditions. Raman spectra were measured by Gina Stuhrmann
and Bertram Peters from the Research Unit of Dehnen.

5.2.7 UV-visible spectroscopy

Optical absorption spectra of all compounds were measured in diffuse-reflectance mode on single
crystals and in absorption mode on a fresh solution of the crystals in DMF, employing a Varian
Cary 5000 UV/VIS/NIR spectrometer from Agilent, equipped with a Praying Mantis accessory
for the solid-state samples. For the measurement of solid-state sample, Tauc plots were generated
using the Kubelka-Munk-function (F(R.)hv)"", with y = 0.5, indicative for a direct allowed optical
gap, or with y =2, indicative for an indirect allowed optical gap.
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5.2.8 X-ray photoelectron spectroscopy (XPS)

XPS was carried out on a SPECS Phoibos 150 electron energy analyzer, using monochromatized
Al Ka radiation operated at 30 keV pass energy. The spectrum was recorded in ultrahigh vacuum
after cleaning the surface by sputtering with Ar* ions. The measurement was performed with low
photon flux to avoid charging effects and beam damage. XPS were measured and analyzed by
Tim Naumann and Prof. J. Michael Gottfried at Philipps-Universitat Marburg.

5.2.9 Infrared Spectroscopy (IR)

Infrared spectra were performed on a Nicolet iS50 Fourier-transform infrared (FTIR) spectrome-
ter with attenuated total reflection (ATR).

5.2.10 Quantum chemical calculations

The calculations were done at the DFT(PBE??)) level. The quasi-relativistic all-electron approach
DLU-X2C?2*20% jn jts scalar-relativistic variant was applied with optimized triple-zeta basis
sets!?Y. The conductor-like screening model (COSMO®*?l) was used for charge compensation
with default parameters throughout. All structures were fully optimized without symmetry re-
strictions. The calculations were performed and analyzed by Prof. Florian Weigend at Philipps-
Universitat Marburg.

5.2.11 Photocurrent measurement

Preparation of crystals modified carbon cloth working electrodes: 10 mg crystals of each sample
was first ground in a mortar and subsequently the obtained powder was ultrasonicated in an eth-
anol solution that containing 0.5% Nafion for one hour, which was added dropwise to the surface
of carbon cloth, the working electrodes were obtained after evaporation of ethanol thereupon, and
the effective area was determined to be 0.246 cm?,

Cyclic voltammograms and amperometric response of crystals decorated working electrodes were
carried out using a PGU-BI 100 potentiostat (IPS Jaissle). Ag/AgCl in 3M KCI was used as the
reference electrode; Pt plate was applied as an auxiliary electrode. Ar-saturated 0.1M phosphate
buffer at pH = 7 was used as electrolyte. The preparation of working electrode and measurement
of cyclic voltammograms are simplified as Scheme 5.1. The photocurrent measurements were
carried out and analyzed by Panpan Wang and Prof. Wolfgang Schuhmann at Ruhr University
Bochum.
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0.5% Nafion in EtOH
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onto carbon cloth

Scheme 5.1: Schematic illustrations for the preparation of crystals deposited carbon cloth working electrode (a), and
of a three-electrode photocurrent measurement setup (b).

5.2.12 lon-exchange experiments

The ion-exchange process was operated under Ar condition. 10 mg crystals of 12 or 13 were
soaked in 10 ml of 0.5 M CsCl aqueous solution in a Schlenk flask, the flask was heated at 75 °C
for 24 hours to allow the cation exchange and anion extraction process. After cooling the Schlenk
flask down to room temperature, the solid crystals were separated out of the solution and washed
with degassed water three times. The full process was repeated twice, and the obtained solid sam-
ples are denoted as Cs@12 and Cs@13, respectively.

5.2.13 1-V characteristic measurement

The 1-V curves were measured over single crystals of 12, 13, Cs@12, and Cs@13. All the meas-
urements were performed by applying voltage to one of the tungsten probes while grounding the
other, and the induced current was measured with an ammeter accordingly. |-V hystereses were
measured over a consecutive voltage sweep (0 V— +2 V — -2 V — 0 V) along both vertical
and horizontal directions. The chronoamperometry traces were measured over single crystals,
under applied voltages ranging from 0 V to +5 V, with steps of 0.5 V. Temperature-dependent |-
V curves were collected after heating the crystal up from room temperature to certain tempera-
tures, including 313.15 K, 333.15 K, and 353.15 K. |-V characteristics, I-V hysteresis, chrono-
amperometry traces, and temperature-dependent I-V curves were carried out and analyzed by
Hongrong Hu and Prof. Jasmin Aghassi-Hagmann at Karlsruhe Institute of Technology.
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5.3 Syntheses of starting materials

[Na4(H20)14] [GeSe4][123], [K4(H20)4] [GGSE‘4][233], and [Li4(H20)20_33][Ge4selo][234],
Nas[GesSe10]®®, [Ka(H20)3][GesSero]®?, Rba[GesSer]®*®, and [Csa(H20)][GesSe10] > were
synthesized according to literature procedures. By fusion of stoichiometric of A>Se, Ge, and Se
in a sealed quartz ampoule and subsequently heated up in a temperature-programmed oven,
Au[GeSeq] and As[GesSeso] are obtainable. To improve their solubilities, the salts were stirred in
25 mL degassed H,O for 3 h in a Schlenk flask, and then the H,O was removed under dynamic
vacuum with warm-water bath during 8 h. Syntheses of Lis[SnSes] and [Lis(H20)13][SnSe.] are
given as examples as below.

Synthesis of Lis[SnSe4]: 20 mmol of Li»Se, 10 mmol of Sn powder, and 20 mmol of Se powder
were homogeneously mixed in a mortar and charged in a quartz ampoule. The quartz ampoule
was heated by a propane/oxygen burner for 15 minutes under a dynamic Ar flow, the Lis[SnSeq]
salt was obtained by allowing the quartz ampoule to cool to room temperature.

Synthesis of [Lis(H20)13][SnSe4]: 1g of Lis[SnSe4] salt and 25 mL of degassed water were charged
in a 50 mL Schlenk flask, and being stirred at room temperature for 3 hours, the
[Lia(H20)13][SnSe4] formed upon removing the water by vacuum.

Synthesis of Kz[Sn,Ses]: 10 mmol of K,Se, 20 mmol of Sn powder, and 40 mmol of Se powder
were homogeneously mixed in a mortar and charged in a quartz ampoule. The quartz ampoule
was heated by a propane/oxygen burner for 15 minutes under a dynamic Ar flow, the K;[Sn,Seg]
salt was obtained by allowing the quartz ampoule to cool to room temperature thereupon.

Synthesis of K;Hg>Ses: 10 mmol of K;Se, 10 mmol of Hg, and 20 mmol of Se powder were
homogeneously mixed in a mortar and charged in a quartz ampoule. The quartz ampoule was
heated by a propane/oxygen burner for 15 minutes under a dynamic Ar flow, the KoHg.Se; salt
was obtained by allowing the quartz ampoule to cool to room temperature thereupon.

Synthesis of Lis[GeSes]: 20 mmol of Li>Se, 10 mmol of Ge powder, and 20 mmol of Se powder
were homogeneously mixed in a mortar and fused in a quartz ampoule. The quartz ampoule was
heated by a propane/oxygen burner for 15 minutes under dynamic Ar flow, the Lis[GeSe,] salt
was obtained by allowing the quartz ampoule to cool to room temperature thereupon.

Synthesis of Kz[SbSen] (n = 3 or 4): 15 mmol of K»Sex, 10 mmol of Sb, and 15 mmol of Se powder
were homogeneously mixed in a mortar and fused in a quartz ampoule. The quartz ampoule was
heated by a propane/oxygen burner for 15 minutes under dynamic Ar flow, the mixed salts of
Ks[SbSes] and Ks[ShSe4] were obtained by allowing the quartz ampoule to cool to room temper-
ature thereupon.
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5.4 Syntheses of compounds 1 —21

5.4.1 Synthesis of (C2C1lm)s[GesSeio] (1)

56 mg of [Nas(H20)14][GeSes] (0.077 mmol), 500 pL (2.300 mmol) of (C.C1Im)[B(CN,)], and
50 uL (0.406 mmol) of DMMP were combined in a borosilicate glass ampoule, which was flash
frozen in a liquid nitrogen filled dewar, evacuated to an internal pressure of 0.05 mbar and sub-
sequently sealed air-tight thereupon. The ampoule was heated to 150 °C at a heating rate of
30 °C/h, kept at 150 °C for 72 h, and then cooled down to room temperature at a cooling rate of
5 °C/h. Pale yellow, needle-like crystals of 1 were obtained in approx. 33% yield.

5.4.2 Synthesis of (C2C1lm)s[GesSeis] (2a and 2b)

2a: 40 mg of [Nas(H20)3][GeSes] (0.055 mmol), 250 puL (1.150 mmol) of (C2C1Im)[B(CN4)], and
250 pL (1.616 mmol) of (C2C1Im)[BF.] were combined in a borosilicate glass ampoule, which
was flash frozen in a liquid nitrogen filled dewar, evacuated to an internal pressure of 0.05 mbar
and subsequently sealed air-tight thereupon. The ampoule was heated to 150 °C at a heating rate
of 30 °C/h, kept at 150 °C for 72 h, and then cooled down to room temperature at a cooling rate
of 5°C/h. Yellowish crystals of 2a were obtained in approx. 42% vyield; 2b: 56 mg of
[Ka(H20)3][GesSe1o] (0.044 mmol), 500 pL (2.300 mmol) of (C2C1Im)[B(CN4)] , and 50 pL of
DMMP were combined in a borosilicate glass ampoule, which was flash frozen in a liquid nitro-
gen filled dewar, evacuated to an internal pressure of 0.05 mbar and subsequently sealed air-tight
thereupon. The ampoule was heated to 150 °C at a heating rate of 30 °C/h, kept at 150 °C for
72 h, and then cooled down to room temperature at a cooling rate of 5 °C/h. Pale yellow needle-
like crystals of 2b were obtained in approx. 2.5% yield. The extremely low yield of this poly-
morph prevented access to further analytical data beyond the single-crystal structure; therefore,
the other approach in the complete absence of DMMP was preferred, and all further data on com-
pound 2 are based on the study of polymorph 2a, which was accessible in good yield and purity
(see above).

5.4.3 Synthesis of (C2C1lm)s[GeisSess] (3)

56 mg of [K4(H20)s][GesSe1o] (0.044 mmol), 400 uL (1.840 mmol) of (C.C.Im)[B(CNy)], and
200 pL (1.624 mmol) of DMMP were combined in a borosilicate glass ampoule, which was flash
frozen in a liquid nitrogen filled dewar, evacuated to an internal pressure of 0.05 mbar and sub-
sequently sealed air-tight thereupon. The ampoule was heated to 150 °C at a heating rate of
30 °C/h, kept at 150 °C for 72 h, and then cooled down to room temperature at a cooling rate of 5
°C/h. Yellow prismatic crystals of 3 were obtained in approx. 26% vyield.

5.4.4 Synthesis of (C2C1Im)e[Ge12Sez7] (4)

56 mg of [Ki(H20)3][GesSeio] (0.044 mmol), 350 uL (1.610 mmol) of (C2C1Im)[B(CN4)], and
100 pL (0.812 mmol) of DMMP were combined in a borosilicate glass ampoule, which was flash
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frozen in a liquid nitrogen filled dewar, evacuated to an internal pressure of 0.05 mbar and sub-
sequently sealed air-tight thereupon. The ampoule was heated to 150 °C at a heating rate of
30 °C/h, kept at 150 °C for 72 h, and then cooled down to room temperature at a cooling rate of
5 °C/h. Red plate-like crystals of 4 were obtained in approx. 7% yield.

(C,C4Im),4[Ge,Se ] (C2C4Im)g[GeqgSess]
1 3

500 pL (C,C4Im)[B(CN),] ‘ 50 uL DMMP 400 uL (C,C4Im)[B(CN),] | 200 uL DMMP

[Nay(H20)14][GeSe,] o [K4(H20);3][Ge,Seq0]

9
250 pL (C,C,Im)[B(CN).] 350 uL (C,C,Im)[B(CN),]
250 uL (C,C,Im)[BF.] S 100 uL DMMP
\a)
(C,C1lm)g[GegSe ] (C5CqIm)e[Geq,Se,7]

2a, 2b 4

Scheme 5.2: Summary of the reactions yielding compounds 1 — 4. All steps were carried out at 150 °C.

5.4.5 Synthesis of (C2C1lm)7[Cs@Ge''4(Ge'VsSe1o)4] (5)

40 mg of [Cs4(H20)][GeaSe1o] (0.025 mmol), 500 pL of (C2C1Im)[B(CN.)] (2.300 mmol), and 50
uL of DMMP (0.406 mmol) were combined in a borosilicate glass ampoule, which was flash
frozen in a liquid nitrogen filled dewar, evacuated to an internal pressure of 0.05 mbar and sub-
sequently sealed air-tight thereupon. The ampoule was heated to 150 °C at a heating rate of
30 °C/h, kept at 150 °C for 72 h, and then cooled down to room temperature at a cooling rate of
5 °C/h. Yellow, block-shaped crystals of 5 were obtained in approx. 72.9% yield (20.1 mg) with
respect to [Csa(H20)][GesSeio].

5.4.6 Synthesis of (C2C1Im)10[Nas(CN)s@ Cue(GesSei0)s(Cu)] (6a and
6b)

40 mg of [Nas(H20)s][GeSe4] (0.055 mmol), 8 mg of CuCN (0.089 mmol; for polymorph 6a) or
10 mg of Cu(OAc).-H.0 (0.050 mmol; for polymorph 6b), 500 pL of (C2Cilm)[B(CNa)]
(2.300 mmol), and 50 uL. of DMMP (0.406 mmol) were combined in a borosilicate glass ampoule,
which was flash frozen in a liquid nitrogen filled dewar, evacuated to an internal pressure of 0.05
mbar and subsequently sealed air-tight thereupon. The ampoule was heated to 150 °C at a heating
rate of 30 °C/h, kept at 150 °C for 72 h, and then cooled down to room temperature at a cooling
rate of 5 °C/h. A few red plate-like crystals of 6a or 6b, respectively, were obtained.
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5 [Cs4(H,0)][Ge,Se] 16 [Na,(H,0),,][GeSe,]

10 CuCN 15 Cu(OAc), H,0
+ (C,C,Im)[B(CN),] | DMMP +(C,C,Im)[B(CN),] | DMMP
(500 pL) | (50 pL) (500 pL) | (50 pL)
(C,Cylm),[Cs@Ge™,(Ge",Se,),] (C,C4lm),o[Nas(CN);@Cug(Ge,Se,),(Cu)]
5 6a, 6b

Scheme 5.3: Summary of the reactions yielding compounds 5, 6a, and 6b. All steps were carried out at 150 °C.

5.4.7 Synthesis of (C2C2lm)eLi[Cu10SneSez2] (7)

27 mg of [Lis(H20)13][SnSes] (0.039 mmol), 10 mg of Cul (0.053 mmol), 500 mg of
(C2C2Im)[BF4] (2.36 mmol), and 100 uL of DMMP (0.812 mmol) were combined in a borosilicate
glass ampoule, which was flash frozen in a liquid nitrogen filled dewar, evacuated to an internal
pressure of 0.05 mbar and subsequently flame-sealed. After standing in a sand bowl for an hour,
the sealed ampoule was heated to 120 °C from room temperature at a heating rate of 30 °C/h, kept
at 120 °C for 72 h, and then cooled down to room temperature at a cooling rate of 5 °C/h. A few
black, cubic-shaped crystals of 7 were obtained.

5.4.8 Synthesis of (C2C21m)4[CusSneSeis] (8)

27 mg of [K4(H20)4][SnSe4] (0.040 mmol), 10 mg of Cul (0.053 mmol), 10 mg of LiCl (0.236
mmol), 500 mg of (C.C.Im)[BF.] (2.36 mmol), and 100 uL of DMMP (0.812 mmol) were com-
bined in a borosilicate glass ampoule, which was flash frozen in a liquid nitrogen filled dewar,
evacuated to an internal pressure of 0.05 mbar and subsequently flame-sealed. After standing in
a sand bowl for an hour, the sealed ampoule was heated to 150 °C from room temperature at a
heating rate of 30 °C/h, kept at 150 °C for 72 h, and then cooled down to room temperature at a
cooling rate of 5 °C/h. Black, rod-shaped crystals of 8 were obtained in a 58% yield (12 mg) with
respect to [Ka(H20)4][SnSes].

5.4.9 Synthesis of (C2C1lm)3[CusSnsSeig] (9a and 9b)

27 mg of [Lis(H20)13][SnSes] (0.039 mmol), 10 mg of Cul (0.053 mmol), 500 mg of
(C2C1Im)[BF4] (2.53 mmol), and 100 uL of DMMP (0.812 mmol) were combined in a borosilicate
glass ampoule, which was flash frozen in a liquid nitrogen dewar, evacuated to an internal pres-
sure of 0.05 mbar and subsequently flame-sealed. After standing in a sand bowl for an hour, the
sealed ampoule was heated to 120 °C from room temperature at a heating rate of 30 °C/h, kept at
120 °C for 72 h, and then cooled down to room temperature at a cooling rate of 5 °C/h. Black,
octahedron-shaped crystals of inseparable 9a and 9b were obtained in a 34% yield (8 mg) with
respect to [Lis(H20)13][SnSe4].
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5.4.10 Synthesis of (C2C2Im)s[CusSnsSeisF]-[C2C21m][BF4] (10)

27 mg of [Lis(H20)13][SnSes] (0.039 mmol), 10 mg of Cul (0.053 mmol), 500 mg of
(C2C2lm)[BF4] (2.36 mmol), and 100 uL of DMMP (0.812 mmol) were combined in a borosilicate
glass ampoule, which was flash frozen in a liquid nitrogen dewar, evacuated to an internal pres-
sure of 0.05 mbar and subsequently flame-sealed. After standing in a sand bowl for an hour, the
sealed ampoule was heated to 150 °C from room temperature at a heating rate of 30 °C/h, kept at
150 °C for 72 h, and then cooled down to room temperature at a cooling rate of 5 °C/h. Black,
cubic-shaped crystals of 10 were obtained. However, the yield of 10 was not calculable since the
co-crystallization of 11 in this reaction.

5.4.11 Synthesis of {(C2C21m)2[SnsSer]}s:(C2C21m)2[BF4]2 (11)

27 mg of [Lis(H20)13][SnSe4] (0.039 mmol), 500 mg of (C.C2Im)[BF4] (2.36 mmol), and 100 pL
of DMMP (0.812 mmol) were combined in a borosilicate glass ampoule, which was flash frozen
in a liquid nitrogen dewar, evacuated to an internal pressure of 0.05 mbar and subsequently flame-
sealed. After standing in a sand bowl for an hour, the sealed ampoule was heated to 150 °C from
room temperature at a heating rate of 30 °C/h, kept at 150 °C for 72 h, and then cooled down to
room temperature at a cooling rate of 5 °C/h. Red, hexagonal-shaped crystals of 5 were obtained
in a 35% yield (23 mg) with respect to [Lis(H20)13][SnSes]. Compound 11 is also a byproduct of
the reaction yielding 10.

A=Li*
Cul, (C,C,Im)BF,, DMMP

C,C,Im),Li[Cu,,Sn.Se 7
120 °C. 3 days (C,C,lm)oLi[Cu,,SngSe,,]
A=K LiCl
Cul, (C,C,Im)BF,, DMMP

C,C,Im),[CusSnSe 8
150 °C. 3 days (C,C,Im),[CugSneSe,s]
A=Li*

Cul, (C,C,Im)BF,, DMMP

[A4(H,0),1[SnSe,] e T (C,C4lm);[CusSn;Seq] 9
120 °C, 3 days

A=Li*,x=13;
A=K x=4 A=Lit

Cul, (C,C,lm)BF,, DMMP

. 10
150 °C, 3 days (C,C,Ilm)g[CugSngSe,F]-(C,C,Im)[BF,] s
1
A=Li*
(C,C,Im)BF,, DMMP

150 °C, 3 days {(C,C,Im),[Sn;Se,]},-{(C,C,Im)[BF,J}, 11

Scheme 5.4: Summary of the syntheses of compounds 7 — 11. Compounds 7 and 9 — 11 were prepared by the use of
[Lia(H20)13][SnSe4] in ionic liquids; compound 8 was formed by mixing [Ka(H20)4][SnSes] and LiCl
salts as starting materials instead. The use of Cul is necessary for the formation of compounds 7 — 10,
and the DMMP auxiliary is needed for all syntheses.

125



5.4.12 Synthesis of (C3C1lm)3;(H*-DMMP)[Sn3Ser]2 (12)

30 mg of [Lis(H20)13][SnSe4] (0.043 mmol), 500 uL (2.358 mmol) of (CsC1Im)[BF4], and 100 puL
(0.812 mmol) of DMMP were combined in a borosilicate glass ampoule, which was flash frozen
in a liquid nitrogen filled dewar, evacuated to an internal pressure of 0.05 mbar and subsequently
sealed air-tight thereupon. The ampoule was heated to 150 °C at a heating rate of 30 °C/h, kept at
150 °C for 72 h, and then cooled down to room temperature at a cooling rate of 5 °C/h. Orange,
plate crystals of 12 were obtained.

5.4.13 Synthesis of (H'-DMMP)2[Sn3Se7]«(H'-DMMP)[Sn2Ses]os (13)

30 mg of [Lia(H20)13][SnSe4] (0.043 mmol), 500 uL (2.337 mmol) of (HOC,C;Im)[BF.], and 100
uL (0.812 mmol) of DMMP were combined in a borosilicate glass ampoule, which was flash
frozen in a liquid nitrogen filled dewar, evacuated to an internal pressure of 0.05 mbar and sub-
sequently sealed air-tight thereupon. The ampoule was heated to 150 °C at a heating rate of
30 °C/h, kept at 150 °C for 72 h, and then cooled down to room temperature at a cooling rate of
5 °C/h. Orange, plate crystals of 13 were obtained.

(C4C4Im)[BF,]; DMMP

12
150 °C. 3 days (Cat 1)(Cat 2),[Sn;Se,],

[Lis(H;0),3][SnSe,] Cat1=H*DMMP Cat2=C,C,Im

(HOC,C,Im)[BF,]; DMMP

. 13
150 °C. 3 days (Cat 1),[Sn;Se;]-(Cat 1),[Sn,Seg, 5

Scheme 5.5: Summary of the syntheses of compounds 12 and 13. Cat 1 represents protonated DMMP melecules and
Cat 2 represents (CsCilm)*. The use of DMMP auxiliary is needed for bothsyntheses.

5.4.14 Synthesis of {(C3C1C1lm);[Sn3Ser]}2:(CsC1C1lm)Br (14)

30 mg of Lis[SnSe4] (0.065 mmol), 500 mg (2.283 mmol) of (C3C1C1Im)Br, and 100 uL (0.812
mmol) of DMMP were combined in a borosilicate glass ampoule, which was flash frozen in a
liquid nitrogen filled dewar, evacuated to an internal pressure of 0.05 mbar and subsequently
sealed air-tight thereupon. The ampoule was heated to 150 °C at a heat-ing rate of 30 °C/h, kept
at 150 °C for 72 h, and then cooled down to room temperature at a cooling rate of 5 °C/h. Pale
yellow, plate crystals of 14 were obtained.

5.4.15 Synthesis of {(C2C21m)2[Sn3Se7]}4-2(C2C2lm)Br (15)

30 mg of Lis[SnSes] (0.065 mmol), 500 puL (2.439 mmol) of (C.CoIlm)Br, and 100 pL
(0.812 mmol) of DMMP were combined in a borosilicate glass ampoule, which was flash frozen
in a liquid nitrogen filled dewar, evacuated to an internal pressure of 0.05 mbar and subsequently
sealed air-tight thereupon. The ampoule was heated to 150 °C at a heating rate of 30 °C/h, kept at
150 °C for 72 h, and then cooled down to room temperature at a cooling rate of 5 °C/h. Orange,
plate crystals of 15 were obtained.
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(C5C,C,Im)Br, DMMP

C,C,C,Im),[Sn,Se,]},(C;C,C,Im)Br 14
120G, 3 dave {(C5C/CIm);[Sn;Se;]};(CsC1Cyim)

Li,[SnSe,]

(C,C,Im)Br, DMMP
150 °C, 3 days {(CZCZIm)2[Sn3se"]}4'Z(CZCZIm)Br 15

Scheme 5.6: Summary of the syntheses of compounds 14 and 15.

5.4.16 Synthesis of (C4C1Pyrro)s[Sni00sSezo] (16)

30 mg of [Lis(H20)13][SnSes] (0.043 mmol), 15 mg (0.0515 mmol) of Sh,Os, 500 uL
(2.400 mmol) of (C4C1Pyrro)[N(CN).], and 100 pL (0.812 mmol) of DMMP were combined in a
borosilicate glass ampoule, which was flash frozen in a liquid nitrogen filled dewar, evacuated to
an internal pressure of 0.05 mbar and subsequently sealed air-tight thereupon. The ampoule was
heated to 120 °C at a heating rate of 30 °C/h, kept at 120 °C for 72 h, and then cooled down to
room temperature at a cooling rate of 5 °C/h. Orange, octahedral crystals of 16 were obtained.

Sb203,
: (C.C,Pyrro)[N(CN),], DMMP
[Liy(H,0)4;][SnSe,] (C4C4Pyrro)g[Sn,;,0,Sey] 16
1560 °C, 3 days

Scheme 5.7: Syntheses of compound 16.

5.4.17 Synthesis of (Cat)2x[Sns-—xHgxSes] (17)

20 mg of K;[Sn,Ses] (0.025 mmol), 20 mg of K;Hg,Ses (0.028 mmol), 500 uL (2.358 mmol) of
(C2Colm)[BF4] or 500 uL (2.526 mmol) of (C.Cilm)[BF4] or 500 upL (2.083 mmol) of
(C4C1C1Im)[BF4], and 100 pL (0.812 mmol) of DMMP were combined in a borosilicate glass
ampoule, which was flash frozen in a liquid nitrogen filled dewar, evacuated to an internal pres-
sure of 0.05 mbar and subsequently sealed air-tight thereupon. The ampoule was heated to 150 °C
at a heating rate of 30 °C/h, kept at 150 °C for 72 h, and then cooled down to room temperature
at a cooling rate of 5 °C/h. Orange, square-plate crystals of 17 were obtained.

5.4.18 Synthesis of (C2C1Im)s[CusSneSeis.7So.3] (18)

27 mg (0.058 mmol) of Lis[SnSes], 6 mg of (0.035 mmol) CuSPh, 500 pL (2.526 mmol) of
(C2C1lm)[BF4], and 100 pL (0.812 mmol) of DMMP were combined in a borosilicate glass am-
poule, which was flash frozen in a liquid nitrogen filled dewar, evacuated to an internal pressure
of 0.05 mbar and subsequently sealed air-tight thereupon. The ampoule was heated to 150 °C at
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a heating rate of 30 °C/h, kept at 150 °C for 72 h, and then cooled down to room temperature at a
cooling rate of 5 °C/h. Black, cubic crystals of 18 were obtained.

5.4.19 Synthesis of (C2C21m)1s[CuslnisSnaSess] (19)

30 mg (0.065 mmol) of Lis[SnSes], 10 mg of (0.053 mmol) Cul, 10 mg (0.087 mmol) of In, 500
uL (2.358 mmol) of (C2C2Im)[BF4], and 100 uL (0.812 mmol) of DMMP were combined in a
borosilicate glass ampoule, which was flash frozen in a liquid nitrogen filled dewar, evacuated to
an internal pressure of 0.05 mbar and subsequently sealed air-tight thereupon. The ampoule was
heated to 150 °C at a heating rate of 30 °C/h, kept at 150 °C for 72 h, and then cooled down to
room temperature at a cooling rate of 5 °C/h. Black, cubic crystals of 19 were obtained.

5.4.20 Synthesis of (H*—en)[CusGeSes] (20)

30 mg (0.065 mmol) of Lis[GeSe4], 10 mg of (0.053 mmol) Cul, and 500 pL (8.333 mmol) of en
were combined in a borosilicate glass ampoule, which was flash frozen in a liquid nitrogen filled
dewar, evacuated to an internal pressure of 0.05 mbar and subsequently sealed air-tight thereupon.
The ampoule was heated to 150 °C at a heating rate of 30 °C/h, kept at 150 °C for 72 h, and then
cooled down to room temperature at a cooling rate of 5 °C/h. Black, plate crystals of 20 were
obtained.

(C,C,Im)[BF J/(C,C,Im)[BF,)/
(C4C,C,Im)[BF ], DMMP
K,[Sn,Seq] + K;Hg,Se, (Cat),,[Sn,_,Hg,Se;] 17
150 °C, 3 days

CuSPh,
(C,C,Im)[BF,], DMMP

C,C,Im);[Cu,Sn.Se,;-S 18
150 "C,Sdays ( 21 )6[ 8 6 18.7 0.3]

Li,[SnSe,] cul In
(C,C,Im)[BF,], DMMP
150 °C, 3 days (C,C,Im),g[CugIn,cSn,Se,,] 19
Cul, en
Li,[GeSe,] (H*—en)[Cu,GeSe,] 20

150 °C, 3 days

Scheme 5.8: Summary of the syntheses of compounds 17 — 20. Cat represents cations in the formula of 17, and to be
characterized by elemental analysis (C, H, N) due to their moderate scattering at high angles.

5.4.21 Synthesis of (C2C1Im)[SbsSes] (21)

30 mg of inseparable K3[ShSe4] and K3[SbSes], and 500 puL (2.526 mmol) of (C.C1Im)[BF4], and
100 pL (0.812 mmol) of DMMP were combined in a borosilicate glass ampoule, which was flash
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frozen in a liquid nitrogen filled dewar, evacuated to an internal pressure of 0.05 mbar and sub-
sequently sealed air-tight thereupon. The ampoule was heated to 150 °C at a heating rate of
30 °C/h, kept at 150 °C for 72 h, and then cooled down to room temperature at a cooling rate of
5 °C/h. Black, plate crystals of 21 were obtained.

(C,C4Im)[BF ], DMMP
K,[SbSe,] (x =3, 4) (C,C,Im)[Sb,Se,] 21
150 °C, 3 days

Scheme 5.9: Syntheses of compound 21.
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6 Additional information

6.1 Additional information on compounds discussed in
Chapter 3

6.1.1 High-resolution mass spectra of the cluster anion in 1, 2a, and 3

a b
(a) —— Simulated {{C¢N,H,,),H[Ge,Se, ]}~ (b) —— Simulated {(C,N,H,,)H,[Ge,Se, ]~
—— Experimental ~——— Experimental
) — ] ~
Q T 130405 ] T 1193.96
c c
1] 1]
© ©
c c
: | I 2 | |
< Ll AL T < ..mlll Hllu..
g [ 130405 g [T~ 110396
- -
) &
[+7] [])
i} | ‘ : | | |
.||I|”| |||||| .||I|||| ||||||..
T T T L] T T T T T
1290 1300 1310 1320 1176 1184 1192 1200 1208
m/z m/z

Figure 6.1: High-resolution mass peak of the cluster anions in 1, detected along with two ionic liquid cations and one
proton (a), one ionic liquid cation and two protons (b).
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Figure 6.2: High-resolution mass peak of the cluster anions in 2a, detected along with four ionic liquid cations and
one proton (a), three ionic liquid cation and two protons (b), four ionic liquid cations (c), two ionic
liquid cations and two protons (d).
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Figure 6.3: High-resolution mass peak of the cluster anions, with a total negative charge of 4, in 3, detected along
with three ionic liquid cations and one proton (a), two ionic liquid cations and two protons (b), one
ionic liquid cation and three protons(c).
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Figure 6.4: High-resolution mass peak of the cluster anions, with a total negative charge of 3, in 3, detected along
with five ionic liquid cations (a), four ionic liquid cations and one proton (b), three ionic liquid cati-
ons and two protons (c), two ionic liquid cations and three protons (d).
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Figure 6.5: High-resolution mass peak of the cluster anions, with a total negative charge of 2, in 3, detected along
with four ionic liquid cations and two protons.
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6 Additional information

6.1.2 Stability study of solutions of the soluble compounds 1, 2a, and
3

Figure 6.6: Photographs of fresh solutions of compound 1 (a), compound 2a (b), and compound 3 (c) dissolved in
DMF under inert conditions. Photographs of DMF solutions of compound 1 (d), compound 2a (g),
and compound 3 (f) after being kept under inert condition for four weeks. Photographs of DMF solu-
tions of compound 1 (g), compound 2a (h), and compound 3 (i) after being exposed to air for two
hours. Corresponding experiments of compounds 2b and 4 were impossible owing to the small yield
of compound 2b on the one hand, and the insolubility of the extended-network compound 4 on the
other hand.
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6.1.3 UV-visible diffuse-reflectance spectra of compounds 1, 2a, and 3
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Figure 6.7: Solid-state UV-visible spectra of single-crystalline samples of 1 (a), 2a (b), 3 (c) and 4 (d), recorded in
diffuse-reflectance mode. Corresponding experiments of compound 2b were hampered by the small
yield of this compound.
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6 Additional information

6.1.4 Structural details of compound 5

Figure 6.8: Asymmetric unit of compound 5. All the atoms are shown as thermal ellipsoids at the 50% probability
level, imidazolium counterions are omitted for clarity. Ge'V—sky blue; Ge''-green; Se-red; Cs—pink.

Figure 6.9: Ge''-Se-Ge'V bridging angle in compound 5 (a), and Sn'-Se-Ge'V bridging angle in reported compound
(C4C1Cilm)7[Cs@Sn"4(Ge'VaSe10)4] (b). The structural details of other parts are omitted for clarity.
Ge'V-sky blue; Ge'"-green; Sn''-maroon; Se-red.

Table 6.1: Comparison of the bridging angle Ge''-Se-Ge'V in compound 5 with the Sn''-Se— Ge'V in reported
(C4C1C1lm)7[Cs@Sn"4(Ge'V4Se10)s] compound, and comparison of the Se— Ge''-Se angle in 5 with
the Se-Sn'"-Se angle in the reported analog.

Cluster M M''—Se—Ge'v Se—M'—Se
[Cs@Ge''4(Ge'VaSe10)a]" (in 5) Ge' 91.396(7) — 97.188(8) 92.84(9) — 96.05(8)
[Cs@Sn''s(GeVaSero)a]’™ Sn'l 96.31(1) 92.82(8)

In both the Sn/Ge/Se and the Ge/Se superclusters, the [GesSeio]* units are rotated with respect to
the pseudo-C; axes of an idealized tetrahedral architecture to adopt the volume of the inner cavity
to the size of the inner Cs™ cation. In case of the Sn/Ge/Se compound, this rotation is identical for
all four [GesSe10]* moieties, leading to a high crystallographic symmetry of the clusters (Dy). In
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the smaller Ge/Se cluster, the subunits are rotated to slightly different extents, hence ending up
with pseudo-D, symmetry only. The structural parameters of the anionic cluster structure also
differ as a consequence of the (formal) replacement of Sn with Ge atoms, which is notable espe-
cially for the coordination environment of the divalent atoms: The Ge"-Se-Ge' and Se-Ge"-Se
angles in 5 span ranges, 91.396(7)-97.188(8)° and 92.84(9)-96.05(8)°, respectively. Their mean
values (approx.. 94°) differ from the (larger) Sn"-Se-Ge'” angle (96.31(1)°) and the (smaller)
Se-Sn''-Se angle (92.82(8)°) in the Sn/Ge/Se analog, in which one value is found owing to the
higher symmetry.

6.1.5 Structural details of compound 6

Figure 6.10: Asymmetric unit of compound 6a. All the atoms are shown as thermal ellipsoids at the 50% probability
level, imidazolium counterions are omitted for clarity. Atom color code: Ge—sky blue; Cu-black; Se—
red; Na—lilac; C—grey; N-blue.
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6 Additional information

Sel3

Figure 6.11: Asymmetric unit of compound 6b. All the atoms are shown as thermal ellipsoids at the 50% probability
level, imidazolium counterions are omitted for clarity. Atom color code: Ge—sky blue; Cu-black; Se—
red; Na-lilac; C—grey; N-blue.

(a) se
Ge
Cu

18.3509(5) — 18.7436(6)

(c) (d)

S In

14.2789(12) — 14.4303(41) 23.3129(73) - 23.3517(70) 31.0616(330) — 31.0666(306)

Figure 6.12: Comparison of the cluster size between T2,2-type supercluster in compound 6a (a); in compound 6b (b);
T2,2 cluster in compound (AEP)2.41[Ga2.13Sn1.87Ss] (c); T3,2 cluster in compound [(H*-DBU)16.5(H*—
AB)6.1(H20)4][1n42.65n7.4S90](d); T4,2 cluster in compound [(H*)2-DBN)11((H*)2—
(DEM))(H20)s50][CdasInssS134] (e). Atom color code: Ge—sky blue, Cu-black, Se-wine red, S—yellow,
Ga-lilac, Sn—purple, In-lime, Cd-red. AEP = 1-(2-aminoethyl)piperazine; DBU = 1,8-diazabicy-
clo(5.4.0)undec-7-ene;AB = 2-amino-1-butanol; DEM = 4-[2-(dimethylamino)ethyl]morpholine.
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6.1.6 Mass weight and yield of the cross-experiments for compound 5

Table 6.2: Summary over the yield and weight of 5 from cross-experiments,

formed under the given reaction conditions.

denotes that no target compound 5 was

No additional

AC cscl NaCl Kel RbCI NaCl + CsCl

(yield + (yield + weight) (yield + weight) (yield + weight) (yield + weight) (yield + weight)

weight)
[Lie(H20)20 5] [GesSeu] 62.3% (17.2 mg) 56.29 (15.5 mg)
Na:[Ge:Sex] 66.5% (8.4 mg) 58.6% (16.2 mg)
[Ka(H20)s][GesSex] 69.8% (19.3 mg) 62.3% (17.2 mg)
Rba[GesSe] 64.1% (17.7 mg) 66.4% (18.3 mg)
[Cs4(H0)][GesSex] (2706%4:%) 725% (20.0mg) | 70.2% (19.4mg) | 71.9% (199mg) | 66.5% (18.4mg) | 73.2% (20.2 mg)

6.1.7 Structural details of compound 7

> g

473w

\ »

e

e S

Figure 6.13: Arrangement of 64 anions in the crystal structure of compound 7, accommodated in a 2 x 2 x 2 supercell.
Color code: Cu-Black; Se-Red; Sn—Gray; Li-Turquoise.
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6 Additional information

(@ /"!W (b) {c) ‘g?
h Tamy X A :o:.. :. ’::... J

13.7798 (4) A 9.1176 (37) A 9.8896 (128) A

[Cuy SngSey,] ' [Cu,As,Se,;]* [CuzAs;Te,,]"*

Figure 6.14: Comparison of the cluster core {Cu10Se} of the cluster anion of compound 7 (a), the cluster core
{CurSe} in known [CurAs3Se13]* anion (b) and the cluster core {Cu7Te} in know [CuzAssTe1s]*"
anion (c). The molecular structure and size of cluster anion in compound 7 (d), thermal ellipsoids are
drawn at 50% probability level, disordered atoms are omitted for clarity; the molecular structure and
size of cluster anion in reported [CuzAssSe13]*” (e) and [CuzAssTe1s]* (f). Color code: Cu-Black; Se—
Red; Sn—Gray.

6.1.8 Structural details of compound 8

Figure 6.15: Infinite zigzag chain fragment in compound 8. Color code: Cu-Black; Se-Red; Sn—Gray, ionic liquid
counterions are omitted for clarity; each {CusSn2Ses} repeating unit is regarded as a node, illustrated
as a pale green sphere for a simplified representation of the backbone-type strand.

139



(b)

Figure 6.16: View of the single anionic layer in compound 8 from direction a (a); b (b); and ¢ (c). Color code: Cu—
Black; Se—Red; Sn—Gray, ionic liquid counterions are omitted for clarity.

6.1.9 Structural details of compound 9

Figure 6.17: The gtz networks of compound 9a (a) and 9b (b) along c axis via regarding each cluster as a node
(shown as a pale green sphere). Color code: Cu-Black; Se-Red; Sn—Gray.
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6 Additional information

Figure 6.18: The solvent accessible surfaces show potential positions of structure directing cations in 9a (a); and 9b
(b) along b axis.

Se1

Cu1

Set’ Se1

Figure 6.19: Three-connected Cu* observed in the asymmetric unit of compound 10, shown for atom Cul as an ex-
ample.

6.1.10 Strctural details of compound 10

Figure 6.20: The solvent accessible surfaces show potential positions of structure directing cations in 10.
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6.1.11 Bond valence sum (BVS) of Cu atoms in compound 7 — 10

To verify the valence state of all Cu atoms in compound 7 — 10, BVS caculation is applied. The
bond valence is defined as S; = exp[(Ro — Rjj)/B], where Rjj is the bond length between the two
given atoms, Ro and Rj; are empirical parameters as defined by Brown et al. We herein use Ry =
1.9, B=10.37. The BVS is defined as BVS = xS;; for the sum of all the bond valences around a
given atom i.

Table 6.3: Bond length (A) and result of a BVS calculation of the one tetra-coordinated and three tri-coordinated Cu
atoms in the asymmetric unit of compound 7.

Se3 Se3 Se3 Se8 BVS

Cul 2.5856 2.5856 2.5856 2.5017 0.6670
Se4 Se7 Se8

Cu2 2.3905 2.4428 2.3757 0.7727
Se3 Se4 Se7

Cu3 2.4219 2.3666 2.4289 0.7668
Se2 Se3 Seb

Cu4 2.3880 2.4652 2.3573 0.7751

Table 6.4: Bond length (A) and result of a BVS calculation of the one tetra-coordinated and three tri-coordinated Cu
atoms in the asymmetric unit of compound 8.

Sel Se2 Se3 Sed BVS
Cul 2.6621 2.4631 2.4134 2.5955 0.7481
Sel Se2 Se4 Se5 BVS
Cu2 2.5448 2.3901 2.6221 2.5615 0.7503
Sel3 Selb Sel7 Sel8 BVS
Cu7 2.6434 2.5533 2.3880 2.5449 0.7476
Sel3 Sel6 Sel7 Sel8 BVS
Cu8 2.5984 2.4071 2.6640 2.4767 0.7427
Se3 Se5 Se7 BVS
Cu3 2.3769 2.3555 2.4050 0.8230
Sel Sed Se7 BVS
Cu4 2.3656 2.3705 24114 0.8155
Sel2 Sel3 Sel7 BVS
Cu5s 2.4305 2.3738 2.3687 0.7980
Sel2 Selb Sel6 BVS
Cu6 2.4004 2.3523 2.3681 0.8353

Table 6.5: Bond length (A) and result of a BVS calculation of the one tetra-coordinated and three tri-coordinated Cu
atoms in the asymmetric unit of compound 9a.

Se4 Se5 Seb BVS
Cul 2.3609 2.3814 2.3661 0.8437
Se3 Seb5 Se7 BVS
Cu2 2.3496 2.3933 2.3648 0.8450
Se3 Se9 Sel0 BVS
Cu3 2.3538 2.3798 2.3734 0.8449
Se4 Se8 Se9 BVS
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6 Additional information

Cu4 2.3565 2.3605 2.3935 0.8427
Se7 Se8 Sel0 BVS

Cu5A 2.5386 2.1600 2.8201 0.7564
Seb Se7 Se8 BVS

Cu5B 2.8368 2.1607 2.5255 0.7582

Table 6.6: Bond length (A) and result of a BVS calculation of the one tetra-coordinated and three tri-coordinated Cu
atoms in the asymmetric unit of compound 9b.

Se4 Seb Seb BVS
Cul 2.3607 2.3578 2.3537 0.8715
Se3 Seb Se7 BVS
Cu2 2.3274 2.3479 2.4091 0.8657
Se3 Se9 Sel0 BVS
Cu3 2.3762 2.3496 2.3504 0.8688
Se4 Se8 Se9 BVS
Cu4 2.3390 2.3893 2.3667 0.7427
Se7 Se8 Sel0 BVS
Cu5A 2.6699 2.0899 2.6921 0.8409
Seb Se7 Se8 BVS
Cu5B 2.7115 2.0720 2.6923 0.8573

Table 6.7: Bond length (A) and result of a BVS calculation of the one tetra-coordinated and three tri-coordinated Cu
atoms in the asymmetric unit of compound 10.

Sel Sel Sel BVS
Cul 2.3488 2.3488 2.3488 0.8919

6.1.12 Optical properties of compounds 8 — 11

Optical absorption spectra of compounds 8-11 were measured in diffuse-reflectance mode on
single crystals employing a Varian Cary 5000 UV/vis/NIR spectrometer from Agilent, equipped
with a Praying Mantis accessory for the solid-state samples. Tauc plots were generated using the
Kubelka—Munk function (F(Reo)hv)Y?, with y = 0.5, indicative for a direct allowed optical gap, or
y = 2, indicative for a indirect optical gap.
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Figure 6.21: Tauc plots derived from the solid-state UV-visible spectra of samples of 8 (a), 9 (b), 10 (c); and 11 (d).
Corresponding experiment of compound 7 was hampered by the small yield of this compound.
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6 Additional information

Table 6.8: Summary of the optical band gaps energies Egap 0f chalcogenido metalate compounds comprising Cu*, as
well as photovoltaic materials based on the Cu/Sn/Ch elemental combination (Ch = S, Se).

Compound Egap (V) Comment Ref.
Cluster-based compounds
Cu-Ge-S
[Ni(en)s]4[Cu16Ge12S36]Clis 2.08 [200]
(H*-en)4[CusGesSis] 2.50 [198]
(H*2-CaN2H10)0.5[CusGeSa] 2.30 [237]
(H*2-C3N2H10)0.5[CusGeS4] 2.06 [237]
Na4[CusGesS12]2H20 2.40 [238]
K4[CusGesS12] 2.20 [239]
(H*-CsN4H18)4[ CusGesSiz] 2.45 [240]
Cu-Ge-Se
(H*-CsNH11)[CusGesSeis] 1.42 [200]
(H*-CeN4H1s)s[ CurGesSeis] 1.40 [200]
(H*-CNHe)s[Cu10GesSe24] 1.76 [206]
Cu-Sn-S
(H*2-C4N2H12)2[Cu2SnS4] 2.15 [241]
(H*2-en)2[CusSn3S12] 2.00 (242]
-2.10
Rb2[Cu2SnS4] 2.08 [243]
(H*-en)z[La(en)s(CuSnsSg)]+0.5en 2.13 [244]
(H*-en)4[Nd(en)4]2(CusSnsS20)]+3en 2.29 [244]
Cu-Sn-Se
(H*-CsNH11)10[Cu16SneSe1o(Se2)s] 0.73 Contains polyselenide units [191]
(H*-CsN2H11)4[CusSnsSe1s]*13H20 1.19 [200]
(H*-C4N2H12)[Cu2SnSes] 1.61 [245]
Photovoltaic materials
Cu2SnSs 1.88 Nanocrystals [209]
Cu2SnSes 1.50 Nanocrystals 207]
Cu2ZnSnSs 1.50 Contains additional Zn?* [208]
Cu2ZnSnSe4 1.30 Contains additional Zn?* [208]

6.1.13 ESI(-) mass spectra of the solution upon extracting 13 with Cs*
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Figure 6.22: High resolution ESI(—) mass spectra of {Cs[SnzSes]}~ (a), and{H[Sn2Ses]} (b) detected in the solution
after treating 13 with aqueous solution of CsCI.
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6.1.14 Crystal structure measurement and optical photographs of
compounds 1 - 21

Single-crystal diffraction data were collected at T = 100 K with Mo-Ka radiation (A = 0.71073 A)
on an area detector system Stoe IPDS-2T, or on a Bruker D8Quest with a CMOS detector, or on
a Stoe StadiVari diffractometer using Cu-Ka radiation (A = 1.54186 A) equipped with an Oxford
Cryosystems module, or on a Stoe StadiVari diffractometer using Ga-Ka radiation (A = 1.34134

A).

Measurement, structure solution, and refinement results are detailed in following Tables. The
structures were solved by dual-space methods implemented in SHELXT from SHELXL-
2018/136 and refined by full matrix least-squares methods against F? using the SHELXL pro-
gram. Measurement, structure solution, and refinement results, as well as details on the back Fou-
rier transform procedure using the SQUEEZE algorithm in the PLATON program package, are
detailed in corresponding Tables. Figures were created with Diamond 4.5.

The following tables provide crystal data refinement details and photographs of single crystals on
these compounds.

146



6 Additional information

Table 6.9: Crystallographic data and refinement parameters for compound 1.

Compound
Chemical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

clA

ol®

BI°

°

Volume/A3

VA

Pealc g/lcm?

wlmm™

Radiation

2e range for data collection/°
Reflections collected
Independent reflections

Rint
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexed [1>24 ()]
Final R indexed [all data]
Largest diff. peak/hole / e A3

1

GesSe10C24NsHa44
1524.63

100(2)

Tetragonal

P42/n

13.6752(14)
13.6752(14)
12.0415(15)

90

90

90

2251.9(5)

2

2.249

10.754

MoKa (4 =0.71073)
4.212 t0 49.264
13684

1908

0.099

1908/2/102

0.934

R:1=0.0381, wR2 =0.1013
R1=0.0693, wR2 =0.1112
1.39/-0.61

Figure 6.23: Crystal photograph of compound 1.

/ @ 0,1|_m|m
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Table 6.10: Crystallographic data and refinement parameters for compound 2a.

Compound

Chemical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/lA

al®

BI°

°

Volume/A3

A

Pealc g/lcm?

wlmm™

Radiation

2e range for data collection/°
Reflections collected
Independent reflections
Rint
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexed [1>2¢ ()]
Final R indexed [all data]
Largest diff. peak/hole / e A3

2a
GesSe19CasN12Hes
2747.96

100(2)

Triclinic

P1

10.2607(5)
17.6852(9)
21.9944(11)
100.8887(18)
95.5998(18)
105.2396(18)
3735.5(3)

2

2.443

12.465

MoKa (4 = 0.71073)
4.16 to 50.796
75462

13817

0.0516
13817/75/596

1.236

R1=0.0999, wR2 = 0.1962
R1=0.1130, wR2 = 0.2021
3.20/-2.10

Figure 6.24: Crystal photograph of compound 2a.
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Table 6.11: Crystallographic data and refinement parameters for compound 2b.

Compound
Chemical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

ol®

B

e

Volume/A3

z

Pealc g/cm3

w/mm

Radiation

2e range for data collection/®
Reflections collected
Independent reflections

Rint
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexed [I>24 (1)]
Final R indexed [all data]
Largest diff. peak/hole / e A3

2b
GesSe19C3sN12H66
2747.96

100(2)

Monoclinic

P2i/c

22.2060(2)
9.5440(1)
36.8230(4)

90

105.37(9)

90

7524.8(9)

4

2.426

14.373

CuKa (4 = 1.54186)
5.56 to 152.852
143325

15777

0.1546
15777/370/535
1.070

R1=0.0878, wR2 = 0.2523
R1=0.1263, wR2 = 0.2979
1.57/-1.73

Figure 6.25: Crystal photograph of compound 2b.
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Table 6.12: Crystallographic data and refinement parameters for compound 3.

Compound
Chemical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

al®

B

e

Volume/A3

z

Pealc g/cm3

w/mm™

Radiation

2e range for data collection/®
Reflections collected
Independent reflections

Rint
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexed [I>24 (1)]
Final R indexed [all data]
Largest diff. peak/hole / e A3

3
Ge165e36Ca8N16Hss
4893.34

100(2)

Monoclinic

C2/c

20.5265(19)
28.744(2)

19.720(2)

90

94.640(8)

90

11596.6(18)

4

2.803

15.417

MoKa (4 = 0.71073)
3.098 to 53

32924

7582

0.1695

7582/85/379

0.913

R1=10.0592, wR2 = 0.1264
R1=0.1384, wR2 = 0.1534
1.36/-0.87

Figure 6.26: Crystal photograph of compound 3.
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6 Additional information

Table 6.13: Crystallographic data and refinement parameters for compound 4.

Compound

Chemical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

clA

al®

BI°

°

Volume/A3

VA

Pealc g/lcm?

wlmm™

Radiation

2e range for data collection/°
Reflections collected
Independent reflections
Rint
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexed [1>24 ()]
Final R indexed [all data]
Largest diff. peak/hole / e A3

4
Ge24SesaCr2N24H132
7340.01

150(2)

Monoclinic

P2i/n

14.8339(11)
30.6469(17)
20.4654(16)

90

107.603(6)

90

8868.2(11)

2

2.749

12.090

GaKa (4 = 1.34143)
4.672 t0 89.994
32408

10733

0.1248

10733/0/352

0.877

R1 = 0.0656, wR2 = 0.1487
R1=0.1737, wR2 = 0.1663
1.31/-0.75

Figure 6.27: Crystal photograph of compound 4.

f O.Mm
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Table 6.14: Crystallographic data and refinement parameters for compound 5.

Compound

Chemical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/lA

al®

BI°

°

Volume/A3

A

Pealc g/lcm?

wlmm™

Radiation

2e range for data collection/°
Reflections collected
Independent reflections
Rint
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexed [1>2¢ ()]
Final R indexed [all data]
Largest diff. peak/hole / e A3

5
Ca2N14H77CsGe20Se40
5521.28

150(2)

orthorhombic
P212121

18.1595(7)
18.5017(6)
36.6323(13)

90

90

90

12307.8(8)

4

2.980

14.194

GaKa (1 = 1.34143)
6.294 to 99.982
107357

19191

0.0765

19191/7/578

0.794

R1 =0.0366, wR2 = 0.0646
R1=10.0727, wR2 = 0.0687
0.78/-0.66

Figure 6.28: Crystal photograph of compound 5.
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6 Additional information

Table 6.15: Crystallographic data and refinement parameters for compound 6a.

Compound
Chemical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

ol®

B

e

Volume/A3

z

Pealc g/cm3

w/mm

Radiation

2e range for data collection/®
Reflections collected
Independent reflections

Rint
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexed [I>24 (1)]
Final R indexed [all data]
Largest diff. peak/hole / e A3

6a
CesN2sH110NasCuzGe1sSeso
6147.36

100(2)

triclinic

P1

19.2790(6)

20.4268(7)

23.2357(9)

105.2750(10)

93.6570(10)

115.2060(10)

7822.6(5)

2

2.610

13.312

MoKa (4 =0.71073)
4.026 to0 50.712

249496

28621

0.0901

28621/7/1442

1.046

R1=0.0317, wR2 = 0.0724
R1=0.0526, wR2 = 0.0766
2.17/-1.25

Figure 6.29: Crystal photograph of compound 6a.
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Table 6.16: Crystallographic data and refinement parameters for compound 6b.

Compound

Chemical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/lA

al®

BI°

°

Volume/A3

A

Pealc g/lcm?

wlmm™

Radiation

2e range for data collection/°
Reflections collected
Independent reflections
Rint
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexed [1>2¢ ()]
Final R indexed [all data]
Largest diff. peak/hole / e A3

6b
CesN2sH110NasCuzGe1sSeqo
6147.36

100(2)

triclinic

P1

20.3457(8)

20.8202(9)

23.1199(11)

72.172(2)

68.184(2)

60.802(1)

7842.1(6)

2

2.472

13.271

MoKa (4 = 0.71073)
3.958 t0 50.774

119149

28841

0.0897

28841/114/1288

1.039

R1 =0.0643, wR2 = 0.1584
R1=0.1312, wR2 = 0.1824
1.90/-1.24

Figure 6.30: Crystal photograph of compound 6b.
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6 Additional information

Table 6.17: Crystallographic data and refinement parameters for compound 7.

Compound
Chemical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

ol®

B

e

Volume/A3

z

Pealc g/cm3

w/mm

Radiation

2e range for data collection/®
Reflections collected
Independent reflections

Rint
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexed [I>24 (1)]
Final R indexed [all data]
Largest diff. peak/hole / e A3

7
Ce3N18H117LiCu10SNeSe22
4218.34

100(2)

cubic

Pa3

29.1431(12)

29.1431(12)

29.1431(12)

90

90

90

24752(3)

8

2.264

9.374

MoKa (4 = 0.71073)
3.952 to 46.548

425280

5960

0.1177

5960/15/236

1.058

R1=10.0626, wR2 = 0.1548
R1=0.0824, wR2 =0.1715
2.17/-1.74

Figure 6.31: Crystal photograph of compound 7.
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Table 6.18: Crystallographic data and refinement parameters for compound 8.

Compound
Chemical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

al®

B

e

Volume/A3

z

Pealc g/cm3

w/mm™

Radiation

2e range for data collection/®
Reflections collected
Independent reflections

Rint
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexed [I>24 (1)]
Final R indexed [all data]
Largest diff. peak/hole / e A3

8
Cs6N16H104Sn12Cu16Se3s
6285.34

100(2)

monoclinic

P2i/c

28.693(2)

10.4788(6)

23.2254(19)

90

111.748(6)

90

6486.0(8)

2

3.164

32.578

CuKa (A = 1.54186)
6.634 to 99.962

48294

6652

0.1796

6652/192/523

0.931

R1=0.0598, wR2 = 0.1352
R1=10.1148, wR2 = 0.1549
1.98/-1.46

Figure 6.32: Crystal photograph of compound 8.
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6 Additional information

Table 6.19: Crystallographic data and refinement parameters for compound 9a.

Compound
Chemical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

ol®

B

e

Volume/A3

z

Pealc g/cm3

w/mm

Radiation

2e range for data collection/®
Reflections collected
Independent reflections

Rint
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexed [I>24 (1)]
Final R indexed [all data]
Largest diff. peak/hole / e A3

9a
C18NsH33CusSnsSeio
1796.87

100(2)

trigonal

P32

14.0995(11)
14.0995(11)
17.2340(13)

90

90

120

2967.0(5)

3

3.017

28.395

CuKo (A= 1.54186)
7.24 t0 152.878
33492

7757

0.0683

7757/13/172

0.719

R1=10.0320, wR2 = 0.0493
R1=10.0643, wR2 = 0.0555
0.54/-0.46

Figure 6.33: Crystal photograph of compound 9a.
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Table 6.20: Crystallographic data and refinement parameters for compound 9b.

Compound
Chemical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

al®

B

e

Volume/A3

z

Pealc g/cm3

w/mm™

Radiation

2e range for data collection/®
Reflections collected
Independent reflections

Rint
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexed [I>24 (1)]
Final R indexed [all data]
Largest diff. peak/hole / e A3

9b
C18NsH33CusSnsSeio
1796.87

100(2)

trigonal

P31

13.843(2)

13.843(2)

17.174(3)

90

90

120

2849.9(11)

3

3.141

29.561

CuKo (A =1.54186)
7.374 10 107.96
18654

4404

0.1274

4404/19/142

0.842

R1=0.0867, wR2 = 0.2189
R1 = 0.1540, wR2 = 0.2515
1.41/-0.82

Figure 6.34: Crystal photograph of compound 9b.
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6 Additional information

Table 6.21: Crystallographic data and refinement parameters for compound 10.

Compound
Chemical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

ol®

B

e

Volume/A3

z

Pealc g/cm3

w/mm

Radiation

2e range for data collection/®
Reflections collected
Independent reflections

Rint
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexed [I>24 (1)]
Final R indexed [all data]
Largest diff. peak/hole / e A3

10
Ca2N12H78B1FsCusSnsSe1s
3498.86

100(2)

cubic

Pm3

12.384(2)

12.384(2)

12.384(2)

90

90

90

1899.3(11)

1

2.721

27.823

CuKo (A =1.54186)
7.138t0 124.444

12360

587

0.1046

587/0/20

1.017

R1=0.0565, wR2 = 0.1754
R1=0.0731, wR2 = 0.1830
1.88/-0.70

Figure 6.35: Crystal photograph of compound 10.
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Table 6.22: Crystallographic data and refinement parameters for compound 11.

Compound
Chemical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

al®

B

e

Volume/A3

z

Pealc g/cm3

w/mm™

Radiation

2e range for data collection/®
Reflections collected
Independent reflections

Rint
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexed [I>24 (1)]
Final R indexed [all data]
Largest diff. peak/hole / e A3

11
C70N20Sn12Se2s8B2FsH130
5140.18

100(2)

triclinic

P1

13.8832(13)
20.2057(19)

23.954(3)

95.208(8)

89.890(8)

94.943(8)

6666.9(11)

2

2.390

26.700

CuKa (A = 1.54186)
6.012 to 119.998

52281

18873

0.0964

18873/644/1162

1.026

R1=10.1099, wR2 = 0.3403
R1=10.1991, wR2 = 0.3767
4.66/-3.42

Figure 6.36: Crystal photograph of compound 11.
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6 Additional information

Table 6.23: Crystallographic data and refinement

parameters for compound 12.

Compound

Chemical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/A

ol®

Bl

°

Volume/A3

z

Pealc g/cm®

ulmm

Radiation

2e range for data collection/°
Reflections collected
Independent reflections
Rint
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexed [I>24 (1)]
Final R indexed [all data]
Largest diff. peak/hole /e A3

12
SneSe1aC27N7Hs30
2309.45

100(2)

monoclinic

Cc

13.9563(10)
23.7774(12)
18.5447(13)

90

109.337(5)

90(3)

5806.8(7)

4

2.558

30.445

CuKa (1 =1.54186)
6.942 to 146.878
215170

6532

0.0299
6532/136/478

1.089

R1=0.0371, wR2 = 0.1024
R1=0.0383, wR2 = 0.1037
1.48/-1.53

Figure 6.37: Crystal photograph of compound 12.
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Table 6.24: Crystallographic data and refinement

parameters for compound 13.

Compound

Chemical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/A

ol®

B

°

Volume/A3

z

Pealc g/lcm?

ulmm

Radiation

2e range for data collection/°
Reflections collected
Independent reflections
Rint
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexed [I>24 (1)]
Final R indexed [all data]
Largest diff. peak/hole /e A3

13
SnaSe10C24N4Hs604
1729.16

100(2)

triclinic

PT

13.9007(4)
13.9225(4)
14.8731(5)
71.403(3)

75.705(2)

60.472(2)
2359.69(14)

1

2.281

9.829

MoKa (1 =0.71073)
3.458 t0 69.376
47156

18902

0.0470
18902/798/562
0.954

R1=0.0519, wR2 = 0.1377
R1=0.1400, wR2 = 0.1624

2.35/-2.31

Figure 6.38: Crystal photograph of compound 13.
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6 Additional information

Table 6.25. Crystallographic data and refinement parameters of compound 14.

Compound

Chemical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

clA

al®

BI°

°

Volume/A3

VA

Pealc g/lcm?

wlmm™

Radiation

2e range for data collection/°
Reflections collected
Independent reflections
Rint
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexed [1>24 ()]
Final R indexed [all data]
Largest diff. peak/hole / e A3

14
SneSe14Ca0N1oH7sBr
2593.59

100(2)

triclinic

P1

12.825(5)

13.834(6)

20.169(6)

89.44(3)

86.56(3)

84.03(3)

3352.0(20)

2

2.425

25.660

CuKa (4 = 1.54186)
6.942 t0 146.878
48097

13827

0.0405

13827/0/532

1.047

R1=0.0475, wR2 = 0.1292
R1=0.0497, wR2 =0.1321
2.02/-2.37
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Table 6.26. Crystallographic data and refinement parameters of compound 15.

Compound

Chemical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/lA

al®

BI°

°

Volume/A3

A

Pealc g/lcm?

wlmm™

Radiation

2e range for data collection/®
Reflections collected
Independent reflections
Rint
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexed [1>24 ()]
Final R indexed [all data]
Largest diff. peak/hole / e A3

15
Sn12Se28C70N20H130Br2
4431.44

150(2)

monoclinic

P2i/n

23.945(3)

13.8203(14)

40.650(7)

90

91.645(13)

90

13447 (3)

8

2414

18.339

GaKa (2 = 1.34143)
3.68 t0 107.994

83258

22202

0.1574
22202/725/1225

0.892

R1=0.0644, wR2 = 0.1448
R1=0.1432, wR2 = 0.1592
1.57/-1.64
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6 Additional information

Table 6.27. Crystallographic data and refinement parameters of compound 16.

Compound

Chemical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

clA

al®

BI°

°

Volume/A3

VA

Pealc g/lcm?

wlmm™

Radiation

2e range for data collection/®
Reflections collected
Independent reflections
Rint
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexed [1>24 ()]
Final R indexed [all data]
Largest diff. peak/hole / e A3

16
Sn1004Se20C72NsH136
3994.20

150(2)

trigonal

P31lc

15.5794(12)
15.5794(12)
24.942(2)

90

90

120

5242.8(9)

2

1.793

9.286

MoKa (4 = 0.71073)
3.018 to 42.06

24328

3749

0.1100

3749/13/103

1.047

R1 =0.0878, wR2 = 0.2821
R1=0.1250, wR2 = 0.3016
1.18/-1.24
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Table 6.28. Crystallographic data and refinement parameters of compound 17.

Compound

Chemical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/lA

al®

BI°

°

Volume/A3

A

Pealc g/lcm?

wlmm™

Radiation

2e range for data collection/®
Reflections collected
Independent reflections
Rint
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexed [1>24 ()]
Final R indexed [all data]
Largest diff. peak/hole / e A3

17

HgxSn4—xSes

?

100(2)

tetragonal

141/amd

7.8735(11)
7.8735(11)
47.184(11)

90

90

90

2925.0(11)

2

?

38.071

CuKa (4 = 1.54186)
7.494 t0 124.214
4615

671

0.1101

671/0/20

1.044

R1=0.0782, wR2 = 0.2428
R1=0.0988, wR2 = 0.2580
2.16/-1.12
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6 Additional information

Table 6.29. Crystallographic data and refinement parameters of compound 18.

Compound

Chemical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

clA

al®

BI°

°

Volume/A3

VA

Pealc g/lcm?

wlmm™

Radiation

2e range for data collection/®
Reflections collected
Independent reflections
Rint
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexed [1>24 ()]
Final R indexed [all data]
Largest diff. peak/hole / e A3

18
Cus4Sn48Se149.6S2.4NosHs28Co2ss
26989.07

150(2)

cubic

Im3

24.350(8)

24.350(8)

24.350(8)

90

90

90

14438(14)

1

3.104

30.976

GaKa (2 = 1.34143)

4.464 to0 107.392

8816

2300

0.1086

2300/7/59

0.866

R1=0.0593, wR2 = 0.1638
R1=0.1263, wR2 =0.1796
0.75/-1.19
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Table 6.30. Crystallographic data and refinement parameters of compound 19.

Compound

Chemical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/lA

al®

BI°

°

Volume/A3

A

Pealc g/lcm?

wlmm™

Radiation

2e range for data collection/®
Reflections collected
Independent reflections
Rint
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexed [1>24 ()]
Final R indexed [all data]
Largest diff. peak/hole / e A3

19
Cusln16SnsSea4Ci26N3sH234
8421.17

100(2)

cubic

P23

16.700(4)

16.700(4)

16.700(4)

90

90

90

4657(4)

1

3.002

30.639

CuKo (1 = 1.54186)

5.292 t0 86.918

6609

1154

0.1194

1154/0/55

0.988

R1=0.1007, wR2 = 0.2332
R1 =0.2518, wR2 = 0.3365
1.27/-0.53

168



6 Additional information

Table 6.31. Crystallographic data and refinement parameters of compound 20.

Compound

Chemical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/A

ol®

Bl

°

Volume/A3

z

Pcalc g/cm3

ulmm

Radiation

2e range for data collection/®
Reflections collected
Independent reflections
Rint
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexed [I>24 (1)]
Final R indexed [all data]
Largest diff. peak/hole /e A3

20
CusGeSe4sC2N2Hs 5
639.22

180(2)

monoclinic

P21/m

6.8553(18)
7.6886(13)
10.447(3)

90

102.90(2)

90

536.7(2)

2

3.905

43.996

GaKa (4 = 1.34143)
11.522 to 116.244
4906

1201

0.0340
1201/174/115

1.114

R1=0.0413, wR2 = 0.1195
R1=0.0434, wR2 = 0.1209
2.94/-1.26
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Table 6.32. Crystallographic data and refinement parameters of compound 21.

Compound

Chemical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/lA

al®

BI°

°

Volume/A3

A

Pealc g/lcm?

wlmm™

Radiation

2e range for data collection/®
Reflections collected
Independent reflections
Rint
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexed [1>24 ()]
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