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But in the end it's only a passing thing, this shadow.

Even darkness must pass.

J. R. R. Tolkien
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Abstract

For the design of smart materials with specific properties deep knowledge of the building units,
the driving forces and the (non-)covalent interactions forming the assemblies is needed. By
choosing supramolecules with an intrinsic functionality, cavity and properties as building units,
the in-built functionalities are implemented into materials.

Pillarplexes [MsL2](X)s are organometallic complexes, which exhibit a hydrophobic, tubular
cavity. These supramolecules are built up by two macrocyclic ligands linearly connected
through eight metal(l) ions and are characteristic for their tuneable solubility dependent on the
counter anion, intrinsic luminescence dependent on the metal ions and shape-selective guest
encapsulation of linear alkyl chains over sterically branched aromatic systems. To utilise such
pillarplex salts as building units, both the behaviour in the solid-state and synthetic
modifications of the systems were evaluated.

The literature-known pillarplex salts [AgsLMe:](PFe)s, [AusLMe;](PFs)s, [AgsLMe;](OAc)s and
[AugLMe;](OAc)s were analysed by SC-XRD measurements, which revealed particularly
interesting crystal arrangement dependent on the metal ions and the occurring non-covalent
interactions with counter anions or solvent molecules. To test the potential of these pillarplex
salts concerning their guest uptake in the solid-state, gas adsorption of bulk material was
investigated towards N2 and COs.. In general, the Au(l) congeners exhibited lower guest uptake
and for the respective [MsLMe;](OAc)s salts a lower resulting gas uptake was monitored
probably due to the partial encapsulation of the acetate anions. Remarkably, different affinity
of [MsLMe;](PFg)s to C4 hydrocarbons (n-butane, trans-2-butene, iso-butylene, 1,3-butadiene)
was observed with the highest uptake for 1,3-butadiene and decreasing uptakes of
trans-2-butene to iso-butylene to butane most probably resulted by kinetic diameter and
polarisability. The library of pillarplex salt [MsLMe;](X)s with X as counter anion was expanded
by anion exchange reactions using precipitation or anion exchange resins. The successfully
Synthesised salts, [AggLMez](F)4, [AggLMez](C|)4, [AggLMez](Br)4, [AggLMez](|)4, [AU3LM62](C|)4,
[AUgLMez](Br)4, [AggLMez](SCN)4, [AggLMez](N03)4, [AggLMez](C|O4)4 and [AggLMez](BF4)4 were
analysed towards their chemical composition by NMR spectroscopy, elemental analysis, mass
spectrometry, and further methods. Additionally, crystallisation attempts were performed to
determine the arrangement in the solid-state, however no single crystals were obtained. For
[AgsLMe;](BF4)s microcrystalline powder was subjected to electron diffraction, which revealed
a highly symmetrical arrangement in the solid-state with a chain and pore alignment of the
pillarplex cations and hence the formation of a quasi-continuous channelled cavity. All
pillarplex salts were analysed towards their gas adsorption towards N2 and CO,, where high
dependency of the gas uptake on the counter anion was observed. The potential to synthesise
mixed anion pillarplex salts was discovered as structure determination by X-Ray diffraction
revealed the mixed salts [AugLM®;](PFs)2.5(AuCl2)1.5 and [AgsL'2]2(PFe)s(OTf)s. Aromatic counter
anions were implemented in the pillarplex system using a pseudorotaxane, which contained a
1,12-diammonium guest molecule and terephthalate units as counter anions. These aromatic
counter anions displayed a strong influence of the T-interactions towards the crystal packing.

First steps using the pillarplex as a building unit to implement into materials were tested by
introducing a bromide group at the pyrazole unit of the organic ligand. This late-stage
modification at the macrocyclic ligand yielded the brominated ligand LB (PFs)s and further
conversion to the respective [MsLB";](PFs)s pillarplexes was accomplished. The brominated
compounds were fully characterised by common analytical methods, and the influence of the
bromide group was investigated by X-Ray diffraction measurements. Here, the bromide groups



dictated the arrangement by non-classical hydrogen bonding with the hydrogen atoms and by
metal coordination with the Ag(l) metal ions of neighbouring [MsLB";]** cations. Even tough
further modifications towards functionalised groups, such as dicarboxylic acids or pyridine
units, were attempted, so far no positive results were obtained.

Another method for the implementation of pillarplexes into network materials was achieved
using the host-guest chemistry of pillarplexes. By encapsulation of alkyl chains with
functionalised end groups, such as carboxylic acids, so-called pseudorotaxanes are formed.
The encapsulation of a,w-dicarboxylic acids with different lengths of the alkyl chains was
investigated towards their formation, their chemical composition, their crystal arrangement and
their thermal stability. The binding affinities of the respective host-guest complexes was
determined by NMR and isothermal calorimetry titration experiments. Various attempts were
tried to coordinate the carboxylate units with either metal precursors or by organic
polymerisation reactions. While the guest molecules bearing small end groups can slip of the
ring component, introduction of sterically demanding stopper motifs form mechanically
interlocked molecules, known as rotaxanes. According to a literature-known procedure, the
synthesis of the rotaxane [MsL®,][Py](PFs)4, which are bearing a pyridine unit as stopper motif,
was achieved and characterised in term of its chemical composition. Until now, no single
crystals suitable for SC-XRD analysis could be obtained, nor was it possible to coordinate the
pyridine units to a metal precursor.

Besides the investigation of [MsL2](X)s as building unit, [AusLM®;](PFs)s was photophysical
examined to understand quenching of emission due to guest encapsulation in solution or the
occurrence of aggregation-induced emission at different solvent ratios. The synthesis of
rotaxanes containing chromophores as stopper motifs for potential communication between
the stopper motif and the pillarplex rim was tested by the introduction of N-naphthalimide
building units. Additionally, the lability of the Ag(l)-pillarplex was used to achieve the formation
of further supramolecular architectures, where a complex bearing three macrocyclic ligands
and twelve Ag(l) ions was observed and called trillarplex due to a triangular arrangement of
inner Ag(l) ions and a S-shaped complex with a partially protonated macrocyclic ligand and six
Ag(l) ions was discovered. The pillarplex [AgsLM:](PFes)s was further tested towards the
encapsulation of perfluorinated substances into the cavity to potentially use the non-water
soluble pillarplex salt in the solid-state as sponge material to selectively adsorb perfluorinated
compounds. Only partial encapsulation of the tested compounds PFOA and GenX was
detected by NMR spectroscopy. The scope of guest molecules was expanded to
five-membered heterocycles by the encapsulation of THF into [AgsLMe2](PFs)a.



Zusammenfassung

Fir die Entwicklung intelligenter Materialien mit spezifischen Eigenschaften ist eine genaue
Kenntnis der Bausteine, der treibenden Krafte und der (nicht-)kovalenten Wechselwirkungen,
die die Baueinheiten bilden, erforderlich. Durch die Auswahl von Supramolekilen mit einer
intrinsischen Funktionalitat, einem Hohlraum und Eigenschaften als Bauelemente werden die
eingebauten Funktionalitaten in Materialien implementiert.

Die Pillarplexe [MsL2](X)s sind metallorganische Komplexe, die einen hydrophoben,
réhrenférmigen Hohlraum aufweisen. Diese Supramolekile bestehen aus zwei
makrozyklischen Liganden, die Uber acht Metall(l)-lonen linear verbunden sind und zeigen
eine einstellbare Ldslichkeit in Abhangigkeit vom Gegenanion, eine von den Metallionen
abhangige intrinsische Lumineszenz und einen formselektiven Gasteineinschluss von linearen
Alkylketten gegeniber sterisch verzweigten aromatischen Systemen. Um diese Pillarplexsalze
als Bausteine zu nutzen, wird ihr Verhalten im festen Zustand und die synthetische
Modifikation der Systeme untersucht.

Die literaturbekannten Pillarplexsalze [AgsLM®:](PFe)s, [AusLMe](PFs)s, [AgsLMe2](OAC)s und
[AusLMe;](OAc)s  wurden durch SC-XRD-Messungen analysiert, welche besonders
interessante Anordnung im Kristall in Abhangigkeit von den Metallionen und den auftretenden
nicht-kovalenten Wechselwirkungen mit Gegenanionen oder Ldsungsmittelmolekilen
ergaben. Um das Potenzial dieser Pillarplexsalze hinsichtlich ihrer Gasaufnahme im festen
Zustand zu testen, wurde die Gasadsorption des Bulkmaterials gegentber N2 und CO;
untersucht. Im Allgemeinen wiesen die Au(l)-Spezies eine geringere Gastaufnahme auf und
fur die entsprechenden [MsLMe;](OAc)s Salze wurde eine geringere Gasaufnahme beobachtet,
welcher wahrscheinlich auf den teilweisen Einschlusses der Acetatanionen zurtickzufuihren ist.
Interessanterweise wurde eine unterschiedliche Affinitit von [MsLM®;](PFs)s zu
Cs-Kohlenwasserstoffen (n-butan, trans-2-buten, iso-butylen, 1,3-butadien) beobachtet, wobei
die hoéchsten Aufnahme fir 1,3-Butadien und eine abnehmende Aufnahme von trans-2-Buten
Uber iso-Butylen bis hin zu Butan zu verzeichnen war. Dies kann auf den kinetischen
Durchmesser und die Polarisierbarkeit zurlickgefihrt werden. Die Bibliothek der
Pillarplexsalze [MsL"e;](X)s mit X als Gegenanion wurde durch Anionenaustauschreaktionen
mittels Fallung oder Anionenaustauscherharzen erweitert. Die erfolgreich synthetisierten
Salze [AgsLMez](F)4, [AgsLMez](C|)4, [AgsLMez](Br)4, [AgsLMez](|)4, [AUsLMez](C|)4, [AUsLMez](BI’)4,
[AggLMez](SCN)4, [AggLMez](N03)4, [AggLMez](C|O4)4 und [AggLMez](BF4)4 wurden mittels NMR-
Spektroskopie, Elementaranalyse, Massenspektrometrie und weiteren Methoden auf ihre
chemische Zusammensetzung untersucht. Zusatzlich wurden Kristallisationsversuche
durchgefihrt, um die Anordnung im festen Zustand zu bestimmen, jedoch wurden keine
Einkristalle ausreichender GroRe erhalten. Fir [AgsLM®;](BF4)s wurde mikrokristallines Pulver
einer Elektronenbeugung unterzogen, die eine hochsymmetrische Anordnung im Festkorper
mit einer Ketten- und Porenausrichtung der Pillarplex-Kationen und damit die Bildung eines
quasi-kontinuierlichen kanalférmigen Hohlraums ergab. Alle Pillarplexsalze wurden auf ihre
Gasadsorption an N2 und CO untersucht, wobei erneut eine starke Abhangigkeit der
Gasaufnahme von der Wahl des Gegenanions festgestellt wurde. Das Potential zur Synthese
von Pillarplexsalzen mit gemischten Anionen zeigte sich, als die Strukturbestimmung mittels
Rontgenbeugung die gemischten Salze [AusLM®:](PFs)25(AuClz)1s und [AgsLi]o(PFs)s(OTf)s
ergab. Aromatische Gegenanionen wurden in das Pillarplex-System mit Hilfe eines
Pseudorotaxanes implementiert, welches ein 1,12-Diammonium Gastmolekil und



Terephthalat-Einheiten als Gegenanionen enthielt. Diese aromatischen Gegenanionen
zeigten einen starken Einfluss der m-Wechselwirkungen auf die Kristallpackung.

Erste Schritte zur Verwendung des Pillarplexes als Baustein flr die Implementierung in
Materialien wurden durch die Einfihrung einer Bromgruppe an der Pyrazol-Einheit des
organischen Liganden getestet. Diese spate Modifikation am makrozyklischen Liganden ergab
den bromierten Liganden L®(PFg)s, und die weitere Umwandlung in die entsprechenden
[MsLB2](PFs)s Pillarplexe wurde durchgefihrt. Die bromierten Verbindungen wurden mit
gangigen Analysemethoden vollstandig charakterisiert und der Einfluss der Bromgruppe
wurde durch Réntgenbeugungsmessungen untersucht. Dabei diktieren die Bromgruppen die
Anordnung durch nicht-klassische Wasserstoffbrickenbindungen mit den Wasserstoffatomen
und durch Metallkoordination mit den Ag(l)-Metallionen der benachbarten [MsL5";]** Kationen.
Auch wenn weitere Modifikationen in Richtung funktionalisierter Gruppen, wie Dicarbonsauren
oder Pyridin-Einheiten, versucht wurden, wurden bisher keine positiven Ergebnisse erzielt.

Eine weitere Methode zur Implementierung von Pillarplexen in Netzwerkmaterialien wurde mit
Hilfe der Wirt-Gast-Chemie von Pillarplexen erreicht. Durch den Einschluss von Alkylketten mit
funktionalisierten  Endgruppen, wie z.B. Carbonsauren, entstehen sogenannte
Pseudorotaxane. Der Einschluss von a,w-Dicarbonsauren mit unterschiedlich langen
Alkylketten wurde im Hinblick auf ihre Bildung, ihre chemische Zusammensetzung, ihre
Kristallanordnung und ihre thermische Stabilitdt untersucht. Die Bindungsaffinitdten der
jeweiligen Wirt-Gast-Komplexe wurden durch NMR- und isothermische Kalorimetrie-
Titrationsversuche bestimmt. Es wurden diverse Versuche unternommen, die Carboxylat-
Einheit entweder mit Metallprakursor oder durch organische Polymerisationsreaktionen zu
koordinieren. Wahrend die Gastmolekile, die kleine Endgruppen tragen, von der
Ringkomponente abrutschen kdénnen, bildet die Einfihrung von sterisch anspruchsvollen
Stoppermolekiilen mechanisch verzahnte Molekiile, die als Rotaxane bezeichnet werden.
Nach einem literaturbekannten Verfahren wurde die Synthese des Rotaxans
[MsLMe,][Py](PFs)s, welches eine Pyridin-Einheit als Stoppermolekil tragt, erreicht und
hinsichtlich seiner chemischen Zusammensetzung charakterisiert. Bisher konnten weder fir
die SC-XRD Analyse geeignete Einkristalle erhalten werden, noch war es méglich, die Pyridin-
Einheiten mit einem Metallprakursor zu koordinieren.

Neben der Untersuchung von [MsL2](X)s als Baustein wurde [AusLM®;](PFs)s photophysikalisch
untersucht, um das Quenching der Emission aufgrund des Einschlusses von Gasten in Losung
oder das Auftreten von aggregationsinduzierter Emission bei unterschiedlichen
Lésungsmittelverhaltnissen zu verstehen. Die Synthese von Rotaxanen, welche Chromophore
als Stopper Motive erhalten, um eine mogliche Kommunikation zwischen dem Stoppermolekdil
und dem Pillarplex-Rand zu erzielen, wurde durch die Einfihrung von N-Naphthalimid
Einheiten getestet. Zusatzlich wurde die Labilitdt des Ag(l)-Pillarplexes genutzt, um die Bildung
weiterer supramolekularer Architekturen zu erreichen, wobei ein Komplex mit drei
makrozyklischen Liganden und zwolf Ag(l)-lonen beobachtet und aufgrund der dreieckigen
Anordnung der inneren Ag(l)-lonen als Trillarplex bezeichnet wurde, sowie ein S-férmiger
Komplet mit einem teilweise protonierten makrozyklischen Liganden und sechs Ag(l)-lonen
entdeckt wurde. [AgsLMe;](PFs)s wurde des Weiteren im Hinblick auf den Einschluss
perfluorierter Substanzen in den Hohlraum getestet, um das nicht wasserlésliche Pillarplex-
Salz im festen Zustand als Schwammmaterial zur selektiven Adsorption perfluorierter
Verbindungen zu nutzen. Durch NMR-Spektroskopie wurde nur ein teilweiser Einschluss der
Verbindungen PFOA und GenX nachgewiesen. Der Umfang von Gastmolekulen wurde durch
den Einschluss von THF in [AgsLMe,](PFs)s auf flnfgliedrige Heterozyklen ausgeweitet.
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1. Introduction

For the development of new materials with specific physical properties a fundamental
understanding of the self-assembly and the structure-function relationships is crucial and
predictive design principles must be created.’® Porous materials gained more interest from
industry and academia due to their outstanding structural diversity / versatility®® and their
applicability towards uptake of guest molecules, gas adsorption / separation®'®> and sensing,
catalysis.%-??

Through the introduction of pre-defined motifs by using supramolecular host systems with an
intrinsic porosity, a certain control over the structure and composition of the obtained porous
material is gained.?? However, while using pre-defined building units, the better the
understanding of the properties and the reactivity of the building blocks is, the better predictions
of the properties and the reactivity of the interconnected assembilies in the solid-sate and their
applicability can be made.?*3* The underlaying principle is called crystal engineering®3%-38,
where synthetic chemistry is applied to crystallisation processes. Design and control of
structure and properties of the produced materials is achieved by knowledge concerning the
optimal intermolecular interactions along with topology, shape, electronic and chemical
properties. Especially the presence of cavities allows pore engineering by a functionalisation
of the ligand or anchoring of substituents inside the pore, which for example exhibit catalytic
sites. 3941

1.1 Supramolecular Chemistry and Mechanostereochemistry

Supramolecular chemistry described as the “chemistry beyond the molecule” deals with the
(self-)assembly of two or more molecular species and their (non-)covalent interactions.*>* By
applying principles obtained from nature to molecular systems, Charles J. Pedersen, Donald
J. Cram and Jean-Marie Lehn were awarded the Nobel price 1987 “for their development and
use of molecules with structure-specific interactions of high selectivity”. Due to common
working principles of supramolecular chemistry and biological systems, artificial
supramolecular systems mimicking biological systems are designed for a broad variety of
applications.*447

The intermolecular interactions are of non-covalent nature such as ion-ion, ion-dipole, dipole-
dipole, hydrogen bonding, cation-11, anion-1r , T1-1 interactions, induced dipolar interactions,
polarisability, van der Waals forces, solvation effects , hydrophobic effects, halogen bonding
and metallophilic interactions within a defined molecular architecture (size, geometry), which
is capable of recognising anions, cations and neutral species in a strong and selective way
and forming supramolecular entities.3¢424548-4% The binding of one molecule with another one
by non-covalent interactions produces a host-guest complex or supramolecule, where the host
exhibits convergent binding sites inside a cavity and the guest exhibits divergent binding sites.




Host-Guest complex

Host Guest
Supramolecule

Figure 1: Schematic representation of the equilibrium between host and guest and the host-guest complex with the
formula for the binding constant Ka.

Key focus of the supramolecular chemistry is the investigation of the thermodynamic stability
of host-guest interactions in solution, which is described by the binding constant K in a specific
solvent at a given temperature (Figure 1). In biochemistry the concentrations [H], [G] and [HG]
can be determined by e.g., electrophoresis®®®', however for most host-guest equilibria no
direct determination of the concentration [HG] is possible and the binding constants are
determined by titrations experiments.5? First, an appropriate binding model based on the
stoichiometry of host to guest must be applied followed by a suitable titration method, such as
NMR titration, fluorescence titration, UV-vis spectrophotometric titration, potentiometric
titration, calorimetric titration or isothermal titration calorimetry (ITC).>2° Several factors (e.g.,
solvation or desolvation effects®*) can influence the formation of a host-guest complex and
hence the binding constant. The pore opening of a host molecule is predefined by the structural
configuration, however taking binding site cooperativity, multivalency, chelating effects, pre-
organisation and complementarity into account stable host-guest complexes can be designed.
The host systems can either be synthesised bearing in-built properties or can be post-
synthetically modified to introduce specific functionalities to exhibit specific guest binding
(Figure 2A).%°
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Figure 2: Schematic representation of (A) supramolecular chemistry dealing with discrete host-guest complexes
exhibiting a predefined pore size, functionality, and the possibility for modification; (B) mechanostereochemistry
dealing with the stereochemistry of mechanomolecules, which are connected by a mechanical bond and
mechanically interlocked molecules (MIMs), where the two or more components cannot be separated without
breaking a covalent bond. Exemplary the mechanomolecule as pseudorotaxane is displayed and the following
exemplary MIMs are displayed: [nJrotaxanes, [n]catenanes with n interlocked architectures, molecular knots with
foiled chains, suit[n]anes with a suit as host molecule and a guest molecule consisting of a body with n limbs pointing




outwards of the pore opening of the host molecule and clippanes with interconnected metallo-tweezers by sterically
demanding side groups. Varied and taken from %,

By the encapsulation of a linear guest molecule into a ring-shaped host molecule a
pseudorotaxane is formed. Pseudorotaxanes are a class of rotaxanes where the two
components can dissociate without breaking a covalent bond®” and the further introduction of
bulky sterically demanding stopper motifs can convert the pseudorotaxane into a rotaxane
(Figure 2B).%%% The entanglement of two or more components in space is defined as a
mechanical bond, when no separation of the units without breaking or distorting a covalent
bond is possible.®5%%" Thus, molecules exhibiting at least one mechanical bond are called
mechanomolecules and their stability is defined by the weakest covalent bond. When handling
the structure, the spatial arrangement of atoms in molecules and the overall topology of such
mechanomolecules, the term mechanostereochemistry is applied.®®*%° Such entangled
molecules are also called mechanically interlocked molecules (MIMs) with the typical structural
motifs of rotaxanes and catenanes (Figure 2B).*®%2 As MIMs can carry more than one
mechanical bond, high-ordered entanglement opens up the possibility of divers topologies with
the famous example of the olympiadane, where five interlocked macrocycles form a topology
similar to the Olympic rings®® or the molecular knots (Figure 2B)%*%¢, which are mainly folded
with the templating effect of metal ions.” The more recently introduced suitanes (Figure 2B)%
0 are two-component MIMs with the host molecule acting as a suite fitting around the guest
molecule, which can be described as a body with limbs pointing outwards of the pore openings
of the host molecules. The number of limbs defines the nomenclature and hence the presence
of two limbs leads to the name suit[2]ane. Recently, the synthetic approach by slippage was
achieved for a suit[4]ane, where the host molecule opens up the pore opening at high
temperatures with a following uptake of the guest molecule forming the locked topology at
lower temperatures.®® Synthesised by a similar slippage procedure, two metallo-tweezer can
be combined to a so-called clippane (Figure 2B).”" Here, a sterically demanding tert-buty! (t-
Bu) group is introduced, which hinders the dissociation of the two metallo-tweezers and only
through breakage of a covalent bond a disassembly would be possible, which defines the
clippanes as MIM.”" As seen in the mentioned examples, the mechostereochemistry results in
mechanomolecules with unique properties, unique topologies and functionality.’®? These
properties are the combined result of the coordinative, non-covalent and dynamic covalent
bonding interactions that exists between the compounds of the MIMs. Such architectures can
be responsive towards external stimuli, which makes them suitable for the manufacture of
molecular switches and machines undergoing large-amplitude motions in a controlled and
reversible way. In this area of research, the Nobel price in 2016 was awarded to Jean-Pierre
Sauvage, Sir J. F. Stoddart and B. L. Feringa for the “design and synthesis of molecular
machines”. Here, F. Stoddart examined the field of rotaxanes and their incorporation into
molecular shuttles, switches and lifts.6"7376

An important part is the synthetic accessibility, which is challenging since the formation of
MIMs is intrinsically entropically unfavoured and hence, synthesis strategies have to be
developed.”” By only involving the random probability of interpenetration of cyclic and acyclic
components with sufficient size, the statistical synthesis was used for first synthetic attempts
(Figure 3A).%° As expected, the formed MIMs were isolated in low yields and were difficult to
separate from the residual reagents. To address these disadvantages of the statistical
synthesis, the pre-organisation of the components around a covalent template with cleavage
after synthesis, the direct synthesis was established (Figure 3B).”” Although the direct
synthesis exhibits higher efficiency, numerous synthetic steps still must be performed to yield




the MIM. Hence, the template-directed synthesis (Figure 3C+D) was established as the most
successful synthetical strategy, where MIMs are formed by the presence of templates through
occurring non-covalent bonding interactions.”®”® An active template (e.g., metal ions) serves
not only as the template but acts additionally as a catalyst driving the reaction towards the
formation of the MIM.80.77-79
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Figure 3: Schematic representation of synthesis strategies for the formation of MIMs shown exemplary for
catenanes: (A) Statistical synthesis; (B) direct synthesis by a covalent template (black); (C) passive template-
directed synthesis by non-covalent interaction (grey) and (D) active template-directed synthesis by a catalyst (grey
sphere). Slightly varied and taken from 77,

By introducing metal ions into the synthesis of MIMs a great platform of template strategies via
coordination chemistry is provided with high functionality.*8%-83 However, the introduction of
metal ions can increase the platform of structural architectures, properties (e.g., catalytic
activity, sensing) and the modifiability of the synthesised supramolecules.?4

1.2 Metallosupramolecular Chemistry

To overcome the limited post-synthetical modifiability and the design of elaborated molecular
architectures, hosts featuring a metal-organic coordination were introduced. The molecular
hosts were defined as metallocavitands, which are multi metallic complexes, where the metal
coordination is necessary to form the cavity, and can be fine-tuned by the metal node or the
multidental ligands.*®#* Functionalities can be introduced by these ligand molecules, while their
binding abilities determine the size, shape, geometry and functionality of the cavity. With a
huge flexibility of metal and ligand the coordination self-assembly yields architectures in huge




dimensions which show possible applicability in molecular encapsulation, stabilisation of
reactive species, supramolecular catalysis and drug delivery.'0.16:85

By geometrically divergent combination of metal node and ligand so-called coordination
polymers (CPs) or coordination networks such as metal-organic frameworks (MOFs) are
formed (Figure 4A).85 A CP exhibits the characteristics of a bridging ligand (organic or
inorganic) between metal nodes forming 1D chains, which can be cross-linked and extended
into 2D and 3D materials.?® The presence of a measurable, permanent porosity can expand
the materials into the porous coordination polymers (PCPs).8” The specific combination of an
organic bridging ligand in a 2D or 3D coordinated network with the potential for void space, is
considered a metal-organic frameworks (MOFs).86 However, no direct porosity must be
displayed and dependent on the topology, the frameworks exhibit structural robustness and
can be designed by assortment of ligand and metal node or post-synthetical modification.
Although by combination of ligand and metal node, the pore of a MOF can be tuned, unwanted
side-effects, such as the interpenetration can occur. Smart selection of ligand and metal node
can assemble polymeric structures with high symmetry and an infinite porosity.

When mentioned in the following text, the abbreviations CPs, PCPs and MOFs will be used
according to the aforementioned definitions.

A Coordination Polymers B Supramolecular Coordination Complexes
& Networks ) ; SCCs
divergent / \ convergent

assembly assembly

edge-directed
metal node ligand
K // face-directed
1D 2D 3D

Figure 4: Schematic representation for the outcome of combining a metal node and a ligand motif: (A) Formation of
coordination polymers or network materials by divergent assembly into more dimensional materials and (B)
Formation of supramolecular coordination complexes by convergent assembly into discrete structures. Varied and
taken from 8

On the other hand, by convergent combination of metal node and ligand the discrete and well-
defined supramolecular coordination complexes (SCCs) with either edge-directed or face-
directed coordination are formed (Figure 4B).8°" These discrete organometallic assemblies
can be formed by the node directionality (e.g., carbon metal bond in the metal node) or by the
ligand properties, where a metal to carbon bond is implemented in the ligand. A dynamic SCCs,
which can be reversibly assembled and disassembled, exhibits labile metal to ligand
coordination, which allows the formation of the thermodynamical most stable complex.

Such molecular coordination complexes with a discrete composition and an internal pore can
be referred to as metallacages®°°, metal-organic cages®° or metal-organic polyhedra®-%
and in the following text the term metal-organic polyhedra (MOP) will be applied. The broad




parameter space of the ligand and the metal node geometries yields architectures such as
cycles®99-100 tetrahedra’'1%2 or helicates'®® (Figure 5).
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Figure 5: Examples of MOPs: Pt(ll) cycle [(enPt(bpz-N4,N4°))3](NO3s)2(ClO4)4 - 2 H20 with en = ethylenediamine,
bpz = 2,2"-bipyrazine®; Fe(ll) tetrahedra [Fesl4](OTf)s with L containing triamine and pyridine units’®*; Cd(ll)
helicate [Cd2(L?)2](CIO4)s with L? containing thiazole-pyridy! donor units separated by a triphenylene unit with a
amine group’%,

The microporous metal-organic polyhedra (MOPs) can be highlighted as building units for the
synthesis of novel materials®*® since during the preparation of MOPs, the coordinative metal-
to-ligand bond can be exploited to achieve discrete architectures, which can exhibit a
permanent porosity in solution and in the solid-state.®*°7:1% Due to their discrete architecture,
the number, nature and location of functional groups at the surface is known and hence, MOPs
show orthogonal surface reactivity, meaning that one component of a MOP can react with a
reagent without the other components reacting with the same reagent.'?-'% However, the
functional pendant groups of the organic ligand, the open metal sites and the presence of
counter-ions® provide great possibilities for covalent or coordinative post-synthetic
modifications, which can tailor the solubility, stability and (surface) reactivity.'®-''? By the
combination of intrinsic porosity and well-defined surface reactivity of MOPs, design strategies
for the (hierarchical) self-assembly or polymerisation achieve the formation of controlled metal-
organic porous materials by variation of stoichiometry, stability and solubility of the building
units.34'”3'”5

Excursus: Organic Cavitands

Host molecules bear a cavity in solution and in the solid-state, allowing the host to engage with
a guest molecule by versatile interactions and show a broad vary of size, shape and properties.
Starting with purely organic compounds, such as the simple structure motive of the
crown[n]ether and [n.n.nJcryptand (Figure 6A), where specific alkali metal ions can be
encapsulated, led to more complex organic macrocyclic cavitands, which are container-shaped
molecules. Trough introducing a tuneable cavity by varying the number and nature of included
monomers (n), macrocyclic cavitands such as calix[n]arenes, n-cyclodextrins, pillar[n]arenes
or cucurbit[n]urils were investigated (Figure 6B)."'¢22 Defined by the monomer unit, the height
of the cavitands is described by the parameter h, the large pore opening of the cavitands is
defined as parameter a and the small pore opening is defined as parameter b. For the
cucurbit[n]uril the parameter c is introduced for the inner pore diameter. The enforced cavity is
usually a concave bowl or ring shape engaging with guest molecules based on matching size,




hydrophobic effect and electrostatic interactions. These supramolecules exhibit limited
synthetical manipulation at the rim and by introducing a functionality, an improvement of
solubility, an increase in cavity size or the alternation of non-covalent interactions can be
achieved.?4129
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Figure 6: Chemical formula of exemplary organic cavitands: crown[njether, [n.n.n.Jcryptand, calix[n]arene,
n-cyclodextrin, pillar[nJarene and cucurbit[njuril displayed concerning shape with selected parameters: h describes
the height of the cavitand, a describes the (large) pore opening, b describes the (smaller) pore opening and ¢
describes the inner pore diameter.

The calix[n]arene''® are formed by the combination of para-substituted phenol units with
formaldehyde exhibiting a cone-shaped hydrophobic 1r-binding cavity. On one side, a wider
rim with substituents (R) and on the other side a narrow rim with the ether substituents exhibits
a cone conformation due to the cyclic hydrogen bonding of the ether groups (OR). Upon guest
encapsulation, conformational changes can occur due to breakage of the cyclic hydrogen
bonding network and hence in solution a rotation around the aryl-methylene bridges is
possible. Typical guest molecules are metal ions; for example, the calix[4]arene with a pore
openingofa=7.3Aandb=53A (h=2.8A) (R'=-CHs, R? = H) can selectively interact with
Li* or Na* cation.’®

By introducing rigidity in the conformation of host systems, the preorganisation effect yields an
enhanced guest encapsulation of more complex organic species in solution. Through
intramolecular hydrogen bonding and the sharp radius of n-cyclodextrins (n = 6, a-cyclodextrin;
7, B-cyclodextrin; 8, y-cyclodextrin) a more rigid structural conformation of truncated funnels
with a height of h = 7.8 A is achieved."""1%'3" The cyclic oligosaccharides can be divided into
two rims, where the primary hydroxyl groups (-CH2OH) form the narrow end of the funnel and
the hydroxyl groups, directly attached at the six-membered rings, form the wider end of the
funnel. With an edge-to-edge linkage of the six-membered rings and the faces pointing towards
the inside a hydrophobic cavity is formed. Due to the hydrophilic alcohol groups cyclodextrins
are soluble in water and guest encapsulation in aqueous environment is widely investigated.
With a pore opening of a = 5.7 A (b = 5.0 A) for a-CD, the encapsulation of benzene or phenols
(e.g., K=758.58 for phenol in H2O) is possible, while for B-CD already (substituted)
naphthalene motifs can enter the cavity through the pore opening of a = 6.5 A (b = 6.2 A).""®
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The barrel-shaped cucurbit[n]urils (n = 5-14)'2%132 — named after pumpkins (lat. cucurbita) due
to their similar shape — are host systems synthesised by the condensation of glycoluril and
formaldehyde. During the synthesis a templating effect of oxonium ions (HsO") through
interactive coordination with the carbonyl atoms on both sides of the monomers takes place.’?
Interestingly, the uneven numbered supramolecules show solubility in water, while the even
numbered supramolecules are less soluble in water. With a pore opening of a = 3.9 A, an inner
cavity ¢ = 5.8 A and a height of h =9.1 A, cucurbit[6]uril or CB[6] is an effective host for the
encapsulation of polyamines and metal ions (e.g., Li*, Mg?*, Al**)'** in aqueous solutions and
in the solid-state, where the host-guest complex is stabilised by a coordination with carbonyl
functions of the rim.

With a similar shape, the pillar[n]arenes (n = 6-8(-14))'% are synthesised from para-methylene-
bridged hydroquinone derivatives and exhibit a height of h=7.8 A. However, these
supramolecules exhibit a rigid hexagonal shape by extensive intramolecular hydrogen bonding
with a planar chirality dictated by the orientation of the hydroquinone oxygens and show
solubility in organic solvent. The most common ones are the pillar[5]arene (P[5]) with a pore
opening of a = 4.7 A, P[6] with a pore opening of a =6.7 A and P[7] with a pore opening of
a=8.7 A. In the solid-state the mentioned derivatives enable microporous uptake of small
molecules (e.g., N2, CO2), but in solution P[6] can also encapsulate aromatic systems, such as
substituted xylene. ' Interestingly, these organic host systems can be easily functionalised for
example by the alkylation of the hydroxyl groups, which yields a lower rigidity due to the
breakage of the hydrogen bond network.

Supramolecular Organometallic Complexes (SOCs)

Discrete organometallic assemblies of metal node and ligand, where the carbon metal bond is
implemented in between metal node and ligand are called supramolecular organometallic
complexes (SOCs).® In these SOCs the carbon-metal bond is structural decisive and hence
crucial for the assembly and suitable ligand molecules include alkynyl, arenes or
N-heterocyclic carbene (NHC) units with extended 1r-conjugated systems (Figure 7A). In the
following, the term SOC will be used for complexes featuring a metal to carbon bond with
typically NHC ligands and a cavity as previously defined. In general, these ligand motifs are
very stable “spectator” ligands, which exhibit strong o-donor and weak TT-acceptor properties
and have the possibility for finetuning of the electronic / steric properties or the solubility. The
electronic and steric properties can be modified by synthetic modification; e.g. NHC ligands
can be tuned by alternation of the wingtip and backbone positions without a huge impact onto
the carbon metal bond."¥"'*8 Polyconjugated macrocyclic ligand motifs allow the synthesis of
a broad variety of structural architectures with different pore sizes, influencing the host-guest
chemistry by shape selectivity towards guest molecules. Most examples of SOCs contain
metal nodes of group 1139140 — Ag(1), Au(l), Cu(l) — and NHC ligands with a linear coordination
of the metal nodes facilitating a trans coordination of two NHC motifs, however other metals
(Ni?*, Ir?*, Pd?*, Pt?*) have already been implemented into SOC architectures.'#'-4¢ Strong
NHC to metal bonds with late-stage metal complexes exhibit a static structure, which is
strengthened by a synergistic effect of kinetic and thermodynamic stabilisation due to presence
of macrocycles, and hence the reversible dissociation of SOCs is hindered.'0.147-148
Interestingly, for the self-assembly of Ag(l) with a bis-NHC ligand, which is built by the
combination of a freely rotating imidazolylidene donor and a benzimidazolylidene unit, an
equilibrium of tri- and tetranuclear complexes in solution on the NMR timescale was detected.
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While the self-assembled tetranuclear Au(l)-complex shows a slow conversion in solution
towards the respective trinuclear Au(l)-complex, which is boosted by the exposure to higher
temperatures, no such conversion for the tetranuclear Cu(l)-complex was identified.49-15°

By smart ligand design, various shapes can be achieved ranging from metallo-cylinders or
metallo-cages'%1°1199 metallo-triangles or metallo-rectangles’#*149.160-162 " metallo-folders to
metallo-tweezer.'®31%° |n Figure 7B-F various of these structure motifs are presented in a
simplified manner.
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Figure 7: (A) Chemical structures of the ligand motifs with marked residues for modification; NHC-based SOCs
including (B) metallo-cylinders, (C) cages, (D) rectangles, (E) folder and (F) tweezer; Exemplary schematic
representation of host-guest complexes of (G) an Au(l)-rectangle examined towards selective encapsulation of
polyaromatic hydrocarbons (PAH) and (H) a Pd(ll)-cage with encapsulated fullerenes (Ceo / C70), which can act as
efficient and photochemically stable photosensitiser to produce singlet oxygen for the oxidation of cyclic and acyclic
alkanes.#0

The metallo-cylinder [Ags(CNHC).](BF4)3 (Figure 7B) was synthesised via self-assembly at
room temperature of the macrocyclic imidazoline salt with metal precursor Ag-0O in a “weak-
base” approach.'®® Further testing the chiral Ag(l)-cylinder towards the enantioselective
catalytic properties yielded a size-selective catalytic performance.’™* In a similar synthetic
approach, metallo-cage [Ags(L-MIC),](PFs)s (Figure 7C) was achieved, where the NHC motifs
were exchanged by mesoionic carbenes (MICs) and transmetalation reactions with a Au(l)
source yielded the respective [Aus(L-MIC)2](PFe)s complex. Interestingly, by combination of
[Ags(L-NHC),](PFe)s and [Aus(L-MIC),](PFs)s a re-arrangement of the ligands towards the
heteroleptic Ag(l) complex was noticed, indicating the lability of Ag(l) complexes in solution.'®®
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The group of Hahn synthesised various metallo-rectangles by exploiting the linear coordination
properties of NHC ligands to various metals including Ni(ll), Ir(ll), Pd(ll) and Pt(ll)
(Figure 7D).'42145-146 The implementation of mono-NHC ligands yields architectures such as
the metallo-folder (Figure 7E) and the metallo-tweezer (Figure 7F). To synthesise the Pt(ll)
metallo-folder a cis-Pt(ll) precursor and an imidazolium salt in the presence of a base formed
a void space between the polyaromatic ligands, where electron-deficient aromatic compound
can be trapped selectively by T1-r stacking interactions.’®” However a relatively low affinity for
guest encapsulation was explained by the orthogonal arrangement of the polyaromatic folders.
Hence, the introduction of a "connector” placed between the two flat, polyaromatic motifs in a
parallel manner in a self-assembly reaction of Au(l)-NHC complexes with
1,8-diethynylanthracene was tested. This metallo-tweezer is stabilised by - and aurophilic
interactions and formed a dimer in the solid-state.'®® Taking the potential of -1 stacking and
metallophilic interactions into account, the guest encapsulation of substituted polycyclic
aromatic hydrocarbons was tested with an Au(l)-based rectangle (Figure 7G)."42:151.162,169-170
The size and nature of the obtained rectangle exhibited large binding affinity towards planar
polyaromatic hydrocarbons (PAH), such as anthracene, pyrene or perylene, in DCM with an
increasing binding affinity for PAHs with increasing numbers of tr-electrons. Upon
encapsulation of non-planar PAHs (e.g., corannulene) a loss in the binding energy was
detected due to the straining effect.'® The Pd(Il) metallo-square displayed in Figure 7H
exhibited strong guest encapsulation of the fullerenes Cso and C7o and showed good solubility
and stability in organic solvents.'3'"" Due to the spin transfer properties of fullerenes,
C60@Pd(ll)-cage and C70@Pd(ll)-cage were tested towards their applicability as
photosensitiser to generate singlet oxygen.'”? This efficient and photochemically stable
photosensitiser was able to generate singlet oxygen from air, which was used to oxidise cyclic
and acyclic alkanes at room temperature and at atmospheric pressure.'”? Besides the
described catalytic activity, SOCs were already investigated towards their potential as nano-
vessels for size and shape constrained reactions'”®, their potential for photo-induced
cycloaddition' and photo- or redox-induced structural transformations by a change in the
bond orientation. 198164175

These structures are intriguing candidates for porous materials since their properties
concerning porosity, such as pore size and shape in the solid-state, are highly dependent on
the occurring non-covalent interactions and host-guest chemistry. The investigations of these
structure-property relationships can be investigated by crystal engineering to tailor-make
unique architectural landscapes, which can be altered by applying small changes. This makes
crystal engineering an important tool to achieve functional porous materials by target-oriented
design.

1.3 Supramolecules in Porous (Solid-State) Network Materials

The porosity of supramolecules can be exploited to either achieve porosity in liquids or solid-
state materials. Porous liquids are at hand (Figure 8A), when the used solvent is not adsorbed
by the supramolecules and leaves the pore vacant for the adsorption of smaller substrates.'”®
78 This was presented by the group of Cooper, where rigid organic cages with an approximate
pore diameter of 5 A and approximate pore opening of 4 A were dissolved in crown ether
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(15-crown-5), which is liquid at room temperature and exhibits low surface curvature and which
was not able to enter the pore of the cage. The organic cages were functionalized with crown
ether groups for enhances solubility and showed the ability to uptake methane into the pore
while being dissolved in the crown ether.'”® Very recently, the liquid-liquid extractions of
substituted ortho- (0), meta- (m) or para-benzenes (p) was achieved by dissolution of organic
cavitand in water. Although all isomers can enter the pore of CB[7] in an aqueous solution, a
selective stronger binding affinity for o-xylene (0X), o-dichlorobenzene, o-dibromobenzene and
o-chlorotoluene was accomplished.'”® By utilising the hydrophobic pore of a modified and
hence water-soluble P[5], a liquid-liquid extraction of m-substituted benzene isomers with an
approximate selectivity of 86 % for m-xylene (mX) and m-chlorotoluene up to a selectivity of
95 % for m-bromotoluene was achieved.'®

A Supramolecules in solution c Supramolecules in solid-state
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Figure 8: Overview of the implementation of supramolecules in porous materials: (A) in solution; (B) in solid-state
connected by non-covalent interactions and (C) in solid-state connected by covalent or coordinative binding yielding
more dimensional materials.

To establish the prediction of structure-property relationship for supramolecular building units
in porous materials, assemblies of supramolecules in the solid-state driven by non-covalent
interactions have to be investigated (Figure 8B). However, enhanced guest binding sites by
pre- or post-synthetic modification and the retention of porosity by stabilising non-covalent
interactions must be achieved.?”:'®" The implementation of supramolecules into the solid-state
can be attempted by crystallisation of the molecular host systems forming networks, which are
cross-linked by weak non-covalent interactions. The structure and properties of these so-called
supramolecular polymeric networks (SPNs)3-%0:182 gre strongly dependent on the non-covalent
interactions between the molecular components. The assemblies can either be in an
equilibrium or in a non-equilibrium and hence the dynamic nature of the structure-dictating non-
covalent interactions exhibit properties such as responsivity, experimental adaptability, ability
to undergo self-healing'?. Although functional materials can be achieved by design of the
molecular component, the arrangement of the molecular components in the solid-state can
lead to limitations in the pore accessibility. A distinction must be made between intrinsic and
extrinsic porosity.’®" The intrinsic porosity is accompanied by a molecule bearing an internal
pore, typically a central pore of a shape-persistent supramolecule, and the arrangement in the
solid-state is highly dependent on the non-covalent interactions, which can lead to lability
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towards solvents or reagents.?>'" An extrinsic porosity is formed by the inefficient solid-state
packing of molecules, which are not necessarily bearing an internal pore, and can lead to
polymorphism.8

When dealing with the arrangement of nanoporous, discrete organic molecules, which are held
together by non-covalent interactions, the term porous molecular crystals (PMCs) is
introduced.’®" By synergistically combining the individual weak interactions, a robust and
practical material is formed, which is solvent and vapour processable and hence allows the
applicability for gas capture or separation. This has been investigated by the group of
Khashab, where molecular cages with triangular shaped pore opening were tested towards
their solid- vapor adsorption for xylene isomers and a matching pore geometry and preferred
encapsulation for mX and mesitylene but not for p-xylene (pX) was identified.'® Additionally,
the separation of styrene (St) and ethylbenzene (EB) was achieved with a trianglimine
macrocycle.

By the introduction of metal ions, the so-called metal-macrocycle frameworks (MMFs) were
established by Shionoya, consisting of PdCl> units and a macrocyclic hexaamine ligand L
yielding four different stereoisomers of [PdsLCls], which are co-crystallising in a particular
manner.'8-18” Within the four co-crystallised stereoisomers, nanochannels are formed by
intermolecular hydrogen bonding and Pd-Pd interactions and the crystal arrangement
possesses multiple binding sites, which allows for site selective adsorption of different guest
molecules (e.g., pinene, serine, limonene) giving this material the ability for molecular
recognition.'®-18  Additionally, this site-selective recognition could further be utilised for
catalytic applications, where a specific reaction, such as the size-specific deprotection of
tritylated substrates, was promoted by the MMF, while simultaneously inhibiting other possible
conversion,'90-193

Another approach for the implementation of supramolecules in the solid-state is by co-
crystallisation with variable stoichiometry of guest molecules, which allows the studying of
structure-properties relationships for the obtained self-assemblies. The co-crystallisation of
perethylated (Et) EtP[5] and EtP[6] with tetracyanobenzene yielded different solid-state
structures including the co-existence of two different host-guest complexes.®*

Nonporous Adaptive Crystals

Materials, which exhibit no porosity at a supramolecular level in the initial crystalline state are
called nonporous adaptive crystals (NACs).%-20" Upon guest uptake by either solid-liquid or
solid-gas phase reaction, intrinsic or extrinsic porosity is introduced in combination with a
structural transformation of the arrangement in the solid-sate material (Figure 9). A re-
arrangement into the initial state is occurring upon removal of guest molecules. This behaviour
was observed for organic cavitands, which were able to separate hexane isomers or
distinguish between benzene and cyclohexane?°?2*4 and for cages, which could separate
xylene isomers.2%5-206 The sorption and desorption of guest molecules combined with structural
transformation was already extensively studied for pillar[n]arene-based NACs."36:197-198,207-212
EtP[5] or EtP[6] display polymorphism in the solid-state, which was dependent on the
temperature. While crystallisation at room temperature yielded a honeycomb-like 1D channel
structure, the crystallisation at elevated temperatures yielded the thermodynamically stable
and guest free phase EtP[6]8, where no alignment of the aromatic pillars was obtained. The
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accompanied loss of porosity was determined by gas sorption experiments with N2 in
002.195,197-200

Due to their similar molecular size, the separation of St and EB is difficult. However, exposure
of crystalline EtP[6]8 to vapourised St and EB yielded St@EtP[6] and EB@EtP[6]. While St
was located in the extrinsic pores between distorted EtP[6] molecules, EB was located inside
the intrinsic 1D channel of EtP[6]. Due to the higher stability after settling the reaction
equilibrium, only St@EtP[6] was obtained. After subjection to heat the desorption of St yielded
the crystal phase EtP[6]B and the cycle of sorption could be repeated (Figure 9A).2'° Similar
behaviour was obtained for the separation of a mixture of 0X, mX and pX. Adsorption into the
EtP[6]B phase yielded oX@EtP[6] with a honeycomb 1D channel, aligned pillars and
disordered oX guest molecules, mX@EtP[6] with a distorted pillar structure and guest mX
located outside of the cavity, and pX@EtP[6] with 1D channels of aligned pillars to maximise
the 11-11 interactions. However, exposure of EtP[6]8 to a mixture of oX, mX and pX revealed
the selective encapsulation of pX in combination with structural transformation (Figure 9B).
Through heating, the release of pX transformed the solid-state phase back to EtP[6]B.36:2"3
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Figure 9: Schematic representation for the interconversion of non-porous adaptive crystals of perethylated
pillar[6]arene (EtP[6]) with (A) Styrene (St) vs. ethylbenzene (EB) and (B) Xylene mixtures containing oX, mX and
pX. Partially taken from 136210,

The advantages of pillar[n]arene-based NACs is the simple preparation in a large-scale
synthesis, their chemical / thermal stability, their solubility in common organic solvents and the
recyclability of the whole sorption / desorption process.

The implementation of supramolecular character into the solid-state can also be achieved by
the formation of infinite networks, which are either connected by covalent bonds or by
coordinative bonds between ligand motifs and metal nodes (Figure 8C). The typically known
porous materials are for example covalent organic frameworks (COFs)?™, which are more
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dimensional structures connected by strong covalent bonds, or MOFs, which exhibit a complex
structure and the implementation of porosity during the arrangement in the solid-state. These
network materials show multiple domains, which can range from micro-, meso- to macro-pores

dependent on the order in the dimensional space and the interpenetration of the building units.
10,16,215-217

Network Materials with Ligand featuring Supramolecules

To overcome the problem of interpenetrated architectures, porous network materials can be
tailored by the introduction of various supramolecular building units containing pre-defined and
intrinsic porosity341218-21° gnd can form multi-pore frameworks.??>?" By designing a ligand
molecule, which is a simple supramolecule, control over the arrangement in the solid-state and
tailoring the functionality of the pore portal can be achieved.
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Figure 10: Schematic representation for network materials with implemented supramolecular motifs: (A) MOFs with
ligands featuring supramolecules where either functionalised flexible benzyl amide macrocycle are combined with
Cu(ll), Zn(ll) as metal node or difunctionalised pillar[5]arenes are combined with Zn(ll) as metal node; (B) MOFs
with ligands featuring MIMs where the difunctionalised axle of a rotaxane is combined with a metal node.?20.222-223

To implement supramolecule as ligands, possibly either a macrocycle could directly be
functionalised or a difunctionalised ligand could be used as one monomer unit for the
macrocycle (Figure 10A). When using difunctionalised flexible benzyl amide macrocycles,
which exhibit large and well-ordered cavities, a direct functionalised macrocyclic was obtained.
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Dictated by the supramolecular nature of the macrocycle, guest encapsulation by specific non-
covalent interactions is possible, which in this case would be hydrogen bonding or 11-1T stacking
interactions. Combination with Cu(ll) or Zn(ll) metal nodes yielded the UMUMOF revealing a
1D linear polymer with bent ligand motifs. Oval channels with a height of 11.55 A and a width
of 16.59 A were investigated towards the encapsulation of fullerene, where a size selective
encapsulation of C60 driven by 11-1r stacking was achieved.??? Various other macrocycles show
the potential to be used as ligand motifs for the implementation into frameworks, which was
utilised by the group of Stoddart for the implementation of cyclodextrins in highly biocompatible
MOFs.219224 For the pillar[n]arenes the exchange of one monomer unit by a difunctionalised
ligand motif was achieved and hence the multi-porous framework P[5]A-MOF-1 was obtained.
Due to the rotational freedom and the random distribution of “enantiomeric” P[5] in the network
structure, the structure of P[5]A-MOF-1 was modelled based on the similar network structure
without the embedded supramolecular ligand molecules.??°

Network Materials with Ligand featuring Mechanically Interlocked Molecules

The design principles inherent in mechanically interlocked molecules have already been
integrated into the development of network materials. First introduced by Loeb the so-called
Metal-Organic Rotaxane Frameworks (MORFs)?23225-227 gre network materials with rotaxane
(or catenane) molecules as ligands (Figure 10B). One of the first examples was the MORF-2,
which is built by the combination of a Zn(Il) metal node and a [2]pseudorotaxane with a single
charged pyridinium axle component and a crown[8]ether derivative as ring component. With a
octahedral coordination sphere of Zn(ll), 2D layers of square grids are formed, which are
stacked in an alternating manner due to hydrogen bonding of the additional two water
molecules coordinated to the Zn(ll) nodes.??

The idea of implementing functionality of MIMs, which are individually address- and
controllable is called “robust dynamics™.??® The term “robust dynamic™ describes constructs
with repeated dynamics of one entity, which is not affecting the integrity of any other entity. By
applying this concept to dynamic molecules with random motion 3D extended structures are
established with significantly enhancing their order, coherence, and performance. After facing
the challenges of ligand design and synthetic concepts, the formed mechanically interlocked
network materials display the advantages of in-built properties, tunability of the internal
properties and are individually address- & controllable upon exposure to an external
stimulus.??>2% A combination of these advantages was recently employed by MORFs with
cucurbit[8]uril motifs demonstrating the selective detection of antibiotics.?*' MORFs combine
the rigidity of a framework with the dynamic molecular motion by the added flexibility and
functionality of the implemented MIM.232
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1.4 Pillarplex — A Supramolecular Organometallic Complex

Based on the idea, that NHC ligands, where electronic and steric properties can be tailored by
the modification of the substituents, lead to “static’ supramolecular structures with no
reversibility of the assembly, the pillarplexes [MsL2](X)4 (with M = Ag(l), Au(l); X = PFe, OTF,
OACc’), were introduced.?3*2* This organometallocavitand bears macrocyclic ligands with NHC
and pyrazole units bridged by methylene units, while two of these ligands are connected by a
relatively strong, linear NHC-M bond with eight coinage-based metal ions forming a tubular
hydrophobic cavity.
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Figure 11: Schematic representation of the pillarplex cation [MsL2]** and the properties (A) tuneable solubility by
anion exchange reactions, (B) shape-selective guest encapsulation, (C) rotaxane formation by trapping 1,12-
diamino dodecane with sterically demanding stopper motifs, (D) intrinsic luminescence of [AuslL2]** and
(E) possibility of rim functionalisation by exchanging the pyrazole unit with a triazole unit.

Due to the charged nature of [MsL2](X)s the solubility of the pillarplex salt can be tuned by
simple anion exchange reactions. For example [AgsL2](PFs)s is soluble in organic solvents
(MeCN, DMF), while [AgsL2](OAc)4 is soluble in aqueous solvents (H.O, DMSO) (Figure 11A).
The tubular cation [MsLMe;]** exhibits a pore opening of 4.3 A and a pore height of 11.7 A and
hence showed excellent host properties for linear molecules (Figure 11B).242% The
dissociation constant Ky of the host-guest complex with 1,8-diaminooctane could already be
determined by 'H NMR (Kq=24.0 £ 5.4 uM for [AgsL®;](PFs)s in MeCN) and ITC titration
experiments (Kq = 7.45 + 0.36 uM for [AusLM®;](OAc)s in H20) indicating relatively weak guest
binding?*®8, however similar K4 values were observed for the encapsulation of respective guest
molecule in functionalised pillar[5]arene (1:1 ratio of MeCN:H;0).'%

The stoichiometry of 1:1 for these host-guest complexes was calculated by Job-Plot analysis.
Prolonging the guest molecule to 1,12-diamino dodecane led to a host-guest complex or
pseudorotaxane, where the -NH2 groups stick out of the cavity on both sides. By in-situ
stoppering of these linear molecules with sterically high demanding aromatic rings (e.g.,
1,3-di-tert-butylphenyl), the formation of a pillarplex rotaxane was achieved (Figure 11C).%®
This [MsL2][2]Rot(X)s can undergo a transformation of the inorganic rotaxane into a purely
organic rotaxane (HsL)2[3]Rot(X)s with the metal ions in solution by simply lowering the pH
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value. The pH reversibility and switch ability were examined and confirmed the re-assembly of
the inorganic [2]rotaxane at higher pH values. It was also tested if the re-assembly of the
inorganic pillarplex-rotaxane was possible with different metal ions and an exchange of Ag(l)
with Au(l) ions was achieved. The gold congeners displayed intrinsic luminescence
(Figure 11D). The emission was solvent dependent and quenching by guest encapsulation
was observed. For example, MeCN can be encapsulated into the cavity of [AusLM®;](PFs)s and
hence no emission in solution was detected, but no encapsulation of H>O into [AusLM;](OACc)4
occurred and hence the emission was not quenched.?®® Different methods were already
investigated towards a rim-functionalisation of the pillarplex cation (Figure 11E). Here, a lone
pair of electrons could be introduced by exchanging the pyrazole unit with a triazole unit (LT).2%
The connectivity and the overall shape are similar to the pyrazole-based pillarplex. However,
a structural distortion and hence a structural flexibility of the portal opening, and the cation was
observed dependent on the counter anion resulted by intermolecular hydrogen bonding of PF¢
with the hydrogen atoms of the organic rim.

Additionally, the potential for applications of the pillarplex salts in medicine were already
investigated and revealed promising results. The activity of [AgsLM®:](PFe)s, [AusLM;](PFs)a,
[AgsLMe;](OAC)s and [AuslLMe;](OAc)s towards bacterial strains, fungus and human cell line was
investigated and all compounds exhibited bioactivity dependent on the incorporated metal.
While the Ag(l)-pillarplex salts showed higher toxicity towards bacteria, fungus and the human
cell line HepG2, the Au(l)-pillarplex salts displayed no toxicity towards bacteria and fungus and
only demonstrated a low toxicity towards the human cell line. With the low or non-toxic
properties of the Au(l) based pillarplex salts could be used as drug delivery systems for the
slow release of active drug from inside of the pillarplex cavity.?*° Very recently, experimental
results suggested the implementation of the [AusLM®,]J(OAc). pillarplex into a 3-way junction
with DNA, which was confirmed by MD calculations?*' and further investigation of applicability
of the pillarplex salts in biological systems is on the way.
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Figure 12: Representation of the division of [MsLMey]** into the large pocket between two imidazolylidene units
bridged by a methylene bridged pyrazole unit and the small pocket between two imidazolylidene units bridged by
methylene units.

In general, the pillarplex rim can be divided into two pockets (Figure 12) containing aromatic
C-H hydrogen atoms. The small pocket is defined as the space between two imidazolylidene
units, which are bridged by a methylene unit and the larger pocket is defined as the space
between two imidazolylidene units, which are bridged by two methylene units and the pyrazole
unit.2¥’
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2. Motivation

The overall aim of this thesis is to investigate the characteristics and interactions of the cationic
pillarplex as building block in the solid-state. In the process, an enhanced understanding of the
behaviour of porous pillarplexes in solution is aimed. Hence, the driving forces for a particular
crystal arrangement and the influence or dependence of this arrangement on various
parameters must be evaluated. By applying this fundamental knowledge of the pillarplex as a
porous building block in the solid-state, further implementation as supramolecular
organometallic ligand moieties in network materials can be achieved. The research carried out
for this thesis can be divided into the following questions:

| How is the self-assembly of pillarplex salts and their properties in the solid-state influenced
by the counter anion? Which (non-)covalent interactions are occurring and which of these
demonstrate structure-decisive character?

The discrete supramolecular pillarplexes [MsL2](X)s with a predefined pore functionality and
pore size is investigated towards the behaviour in the solid-state to gain a deeper
understanding of the principles of self-assembly. While the pillarplex provides a broad range
of parameters to vary within the metal ion, the ligands or the counter anions, the focus is put
on the shape, size and charge of the counter anions and their interactions with the anisotropic
pillarplex cation. Firstly, methodological tools to analyse the occurring (non-)covalent
interactions were tested and their applicability towards an organometallocavitand was
evaluated. Then, anion exchange reactions were performed to yield a library of pillarplex salts,
which were analysed towards behaviour in the solid-state regarding the location and influence
of solvent molecules, guest molecules and counter anions. The preservation of intrinsic
porosity was investigated by adsorption experiments.

I Can a functionalisation be implemented into the pillarplex cation to achieve potential building
blocks for the formation of network materials?

With the synthesis of the rim-modified triazole-based pillarplex [MsL';]** an additional N-donor
functionality was already introduced at the rim. Therefore, the -CH position at the pyrazole unit
seems to be a fitting point for further introduction of functionality. To implement typical ligand
units (e.g., carboxylates, pyridines) at this position, the first step could be the bromination
followed by cross-coupling reactions to achieve suitable ligand moieties.

The functionalised pillarplexes will then be tested towards their implementation into network
materials following literature-known synthetic procedures (e.g., solvothermal synthesis,
diffusion, layering). The geometry of the metal precursors, the metal ions, solvent mixtures,
temperature and additives can be varied to find a suitable method to form more dimensional
materials, which will be analysed towards their chemical and structural composition and their
properties (e.g., crystallinity, porosity, luminescence, thermal stability).
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[l Can mechanically interlocked pillarplex systems, which are bearing functional groups be
achieve as potential building blocks for the formation of network materials?

The shape-selective encapsulation of linear alkyl chains into the pillarplex cavity and the
formation of a pillarplex rotaxane by the addition of stopper units can be used to introduce a
functional group for further coordination into network materials either through guest
encapsulation or through smart design of the stopper units.

The encapsulation of difunctionalised alkyl chains (e.g., diamines, dicarboxylic acids) yields
dynamic pseudorotaxanes already bearing ligand moieties (e.g., -NHz, -COOH), which can be
tested towards the implementation into network materials. Combining the pseudorotaxanes
with stopper units yields the mechanically interlocked rotaxanes, which are bearing the
functionality in the aromatic stopper unit.

These functionalised pillarplex (pseudo)rotaxanes will be tested towards their implementation
into network materials. Investigation of suitable reactants (e.g., metal precursors, geometry,
additives) and synthetic conditions (e.g., solvothermal synthesis, diffusion, deposition) must
be performed to form 1D, 2D or 3D network materials, which will be analysed towards their
chemical composition, structural arrangement, and their properties (e.g., responsivity).
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3. Results and Discussion

3.1 Adsorption Studies of [MsLM®;](PFs)4 and [MsLM2](OAC)4

This chapter is based on work by this author, Philipp J. Altmann, Shengyang Guan, Yuh Hijikata, Shin-
ichiro Noro, Jack D. Evans and Andreas Schneemann; manuscript in preparation.

3.1.1 Introduction

Porosity or porous materials are highly interesting topics, which influence several industrial
processes, such as catalysis or separation of hydrocarbons.'? Nevertheless, one porous
material cannot fit all purposes and hence, further optimisation of the pore or the material itself
is required to achieve a more accurate, miniaturised and efficient material.'® Applying a (post-)
synthetic modification approach leads to an improvement of the material properties by
controlling the functionality in porous solids and their structure-property relationship.'¢ In
another approach crystal engineering’-?° or pore engineering?' is considered to form porous
structures with the targeted properties. Besides the porosity of these materials, their chemical
and mechanical stability, sorption kinetics, processability, mechanical properties, and thermal
properties influence their applicability." Most porous materials are extended networks,
including porous coordination polymers, MOFs, zeolites, gels or clay, where the cavity is either
formed upon material formation or by connection of porous subunits through intermolecular
bonds.?? In contrast, porous molecular materials are discrete molecules with a defined pore
resulting in a high porosity, chemical stability and structural flexibility. The porous molecular
materials exhibit solubility in (organic) solvents, which enables them to be processed into
various forms (e.g, thin-films, membranes) and allows post-synthetic modification. Additionally,

the porous units can undergo re-arrangement (e.g., NACs) as no interconnection is present.?*
26

To generate reasonable predictions of the structure-property relationships, a detailed
understanding of the inter- and intramolecular interactions between the porous host system
and the guest is needed. This achieved knowledge of the host-guest system and their
(non-)covalent interactions at a molecular level can be used to tailor the desired assemblies or
porous material for specific applications. The influences of ions?® — either metal ions or
anions/cations — with their possible interactions (e.g., coulombic forces, metal coordination,
(non-)classical hydrogen bonding) must be taken into account. In particular, a large internal
cavity, ordered and well-defined pore dimensions, functionalised pore surfaces, adjustable
pore dimensions and high tunability can be achieved in case of porous salts.’®?42” Additionally,
due to the influence of a counter-ion, the structural flexibility and a certain sensitivity towards
external stimuli was discovered.?® By introducing metal sites and varying their number, the
capacity of the obtained porous materials can be altered.?>?
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Figure 13: Schematic representation of pillarplex salts (A) in solution (red indicates aqueous solutions, blue
indicates organic solutions), where encapsulation of linear guest molecules is preferred instead of branched
aromatic molecules in the intramolecular pore of the pillarplex cation vs. (B) in solid-state with specific crystal
arrangement of the pillarplex cations, where intramolecular pores inside the pillarplex cavity and intermolecular
pores between the pillarplex cations are observed. The solid-state materials can be tested to the gas uptake of
CO2, N2 and C4 hydrocarbons n-butane, trans-2-butene, isobutylene and 1,3-butadiene.

Although the pillarplex salts [MsLMe;]Xs (M = Ag(l), Au(l); X=PFs, OAc) with hexafluoro
phosphate and acetate as counter anion were already analysed towards their properties in
solution (Figure 13A)?°, no systematic studies for their behaviour in the solid-state were
conducted. The investigations in solution revealed a strong influence of the anion towards the
solubility. In particular, the PF¢ salt provides solubility in organic solvent (e.g., acetonitrile,
DMF), while the OAc salt is mainly soluble in aqueous solutions. Additionally, these
organometallic complexes®® provide a hydrophobic cavity with an approximate pore opening
of 4.3 A2 In solution, this pore size allows the shape-selective uptake of linear hydrocarbons,
e.g., dodecyl diamines, while branched or aromatic hydrocarbons cannot enter the cavity. As
the influence of the anions and the host-guest chemistry of the pillarplex salts [MsLMe;](X)s are
already partially studied in solution, the question arises about the performance of pillarplex
salts in the solid-state (Figure 13B). This ionic supramolecule provides numerous parameters,
such as a wide variety of size, shape and charge of anions, metal ions (M = Ag, Au) as well as
the occurring (non-)covalent interactions (e.g., (non-)classical hydrogen bonding, metal
coordination), with which can influence the solid-state structure.®'-*? Thus, the positions of
different counter anions, their intra- or intermolecular (non-)covalent interactions and
subsequently the influence of the selected anions on the crystal packing in the solid-state are
investigated in detail.
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3.1.2 Synthesis and Characterisation of [MsLM;](PFs)4 and [MsLMe;](OAC)4

The four pillarplex salts 1 [AggLMez](PFe)4, 2 [AUgLMez](PF6)4, 3 [AggLMez](OAC)4 and 4
[AusLMe;](OAc)s (Figure 14) were synthesised according to literature?® to conduct adsorption
experiments on these salts in the solid-state. After synthesis and purification, 1-4 were
analysed by "H NMR spectroscopy revealing the typical signal set for the organic residues in
the range of 5-9 ppm, which verified the successful formation.
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Figure 14: Molecular structure of the pillarplex salts 1 [AgsLMe2](PFs)s, 2 [AusLMe2](PFs)4 and the anion exchange
reaction towards pillarplex salts 3 [Agsl.Me2](OAc)+ and 4 [Ausl.Me;](OAc)4.

Single crystals suitable for SC-XRD measurements of 1 and 2 were obtained by slow diffusion
of diethyl ether into a saturated solution of the respective pillarplex salt in acetonitrile. A
combination of the solvents, water and acetone, was used to obtain suitable single crystals of
the respective acetate pillarplex salts 3 [AgsL"®;](OAc)s and 4 [AusLMe;J(OAc)s. For each salt,
single crystalline structures with large unit cells were observed, for which the location of the
[MsLMe,]** cations was always possible to be determined by assignment of the heavy metal
atoms. Due to varying quality of the obtained data, the location of the anions in some cases
could only be determined patrtially. Nevertheless, the obtained crystal data was investigated
towards the location of the counter anions, solvent molecules, the crystal arrangement and the
observed (non-)covalent interactions. However, the solid-state structure analysis was quite
complex, the best feasible models were discussed and the limitations due to data quality will
be described in Chapter 3.1.5.

Beforehand, the diameters of the counter anions PFes and acetate were analysed based on
X-Ray diffraction data, where a medium diameter of 6.092 A for PFs” and a medium diameter
of 5.248 A for the oxygen atoms of the acetate were calculated (Figure 15). The calculations
based on XRD data indicate, that both anions exhibit a steric demand, which exceeds the pore
opening of the pillarplex (4.3 A?°), which inhibits the anion to enter the cavity.
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(2-1.576)+(2-1.47)=6.092A 2.208 + (2-1.52) =5.248 A

Figure 15: XRD data based calculations of the approximate diameter for PFs with an average P-F distance of
1.576 A% and the approximate diameter for acetate anion with an average O-O distance of 2.208 A% with van-der-
Waals radii for F 1.47 A and O 1.52 A.3¢

DFT Calculations

DFT (density functional theory) calculations were performed to investigate the location of the
counter anions and possible interactions. The geometry optimisation performed with ORCA
and an exchange-correlation GGA functional by Perdew-Burke-Ernzerhof (PBE). Def2 Aldrich
basis sets were applied for the final geometry optimisations with the convergence criteria
“TightOPT” and “TightSCF” (for details see Chapter 5.7). The positions of the counter anions
were varied based on initial geometries obtained from single crystal X-Ray diffraction
experiments. The DFT calculations were performed in the gas phase and with implicit
implementation (CPCM) of solvent effects, namely MeCN for [MsLMe;](PFe)s and water for
[MsLMe,](OAc)s. To confirm that the obtained geometries correspond to energetic minima,
numeric frequency analysis with the same level of theory was performed and inspected for
negative eigenfrequencies.

For optimised [AgsLMe;](PFs)s in solution (MeCN), numeric frequency analysis showed
negative eigenfrequencies even after several separate geometry optimisations and frequency
analyses. However, only four negative eigenfrequencies with values < 10 cm™ were obtained
indicating that no saddle point was optimised. Due to the complexity of the pillarplex system,
where the cation itself contains 124 atoms including eight metal atoms and the additional
presence of the four anions (each containing seven atoms), the numeric frequency analysis
was highly time-consuming and hence no further calculations were performed for the other
materials.

The geometry optimisation of [AgsLM;](PFs)4 in the gas phase revealed the encapsulation of
one PF¢ anion into the cavity (Figure 16A). This encapsulation was driven by the formation of
metal coordination between Fprs and the Ag(l) ions in the region of 2.927 —2.989 A, which
exhibits slightly longer bond distances compared to bond distances obtained from crystal
structures with an average distance of 2.499 A%, This resulted in a structural deformation of
the pillarplex cation on one side towards an oval shape. The other PFs anions were calculated
at the outside of the cation forming non-classical hydrogen bonds® between Fprs and the
hydrogen atoms of the organic rim. Notable, repeating the calculations with an implicit solvent
model, no encapsulation of a counter anion PFg into the cavity and no deformation of the
pillarplex cation was observed (Figure 16B). This finding is in accordance with experimental
NMR data, as no shifting or splitting of the signals in the '°F and *'P NMR spectra (F1S) was
detected, which would indicate the encapsulation of the counter anion. These data suggest
that the anions are located on the outside of the pore opening and form non-classical hydrogen
bonds®* with the hydrogen atoms of the organic rim.
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Figure 16: Optimised structures of (A) [AgsLMé2](PFs)s in gas phase; (B) [AgsLMe;](PFe)s in solution (MeCN);
(C) [AgsLMe2](OAc)4 in gas phase; (D) [AgsLMe2](OAc)4 in solution (Hz0).

Geometry optimisation of [AgsLMe;](OAc)s was performed in the gas phase and in solution
(Figure 16C+D). The starting geometry of the cation was taken from SC-XRD measurements,
and two acetate anions were placed on the outside of the rim, while the two other anions were
placed on the top of the pore opening. The calculations in gas phase and in solution revealed
similar geometric arrangement of the pillarplex cation and anions with almost no change of the
acetate anion locations relative to the pillarplex cation. Due to the small size of the acetate
anions, encapsulation of these molecules into the pillarplex cavity was discovered, where one
anion is completely located inside the cavity forming metal coordination of the oxygen atoms
with the Ag(l) ions and one anion was located at the pore opening with the methyl group
directed into the cavity. The OAc™ anions, which were located on the outside of the pillarplex
cation showed the formation of hydrogen bonding of one anion in the small pocket of the
organic rim and metal coordination of one OAc™ anion, which was located in close proximity to
the Ag(l) ions. The metal-coordination between the acetate anions and Ag(l) revealed similar
distances, when the OAc is located inside and outside of the cavity, in the range of 2.490 —
2.647 A, and is in the similar range compared with coordinative bond distances obtained from
crystal structures with average distances of 2.449 A 3%

As similar initial geometries for the DFT calculations for the respective [AusLMe;](PFs)s and
[AusLMe;](OAc)s were used, similar optimised geometries were obtained by DFT calculations
(FO7S).
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Solid-state analysis

The cavities of the pillarplex salts 1-4 can host solvent molecules (e.g., Et2O, MeCN, H.0O,
acetone), which was analysed with '"H NMR spectroscopy (F1S — F4S). An upfield shifting of
the solvent signals indicate the encapsulation of such a solvent into the pillarplex cavity. In the
case of 1 and 2 this behaviour was discovered for the Et,O signals, while for 3 and 4 no shifts
of the solvent signals were obtained. To further evaluate this, thermogravimetric
measurements for pre-dried samples of 1 and 2 were performed. On one hand the
thermostability of these salts was investigated, but the efficacy of the performed activation
(100 °C in vacuo) was also evaluated. A minor loss of weight was followed by two major weight
losses (F12S). The first one corresponds to 3.2% for 1 and 5.0% for 2 occurring between 30 °C
and 350 °C. The shallow drop and minimal mass loss suggested the evaporation of diethyl
ether that is encapsulated in the cavity, which is commonly observed during thermogravimetric
analysis of MOFs.*” The two major weight losses (350 — 400 °C; 400 — 800 °C) corresponds
to 24.9% and approximately 15.5% for 1 and respectively 21.1% and 20.1% for 2. Both
pronounced losses of weight have been attributed to the decomposition of the organic parts of
the samples. The calculated total mass percentage also corresponds to these measured
weight losses. At 800 °C, a residue of approximately 55% was obtained, which roughly
corresponds to the mass percentage of metal in the sample.

However, to ensure accessibility to the pillarplex cavity for adsorption experiments with No,
CO; and C4 hydrocarbons, these solvent molecules need to be removed. Hence, the samples
were activated either by drying the white solids in vacuo at 100 °C for 72 h or by supercritical
CO; activation, while their stability was monitored by 'H NMR spectroscopy in solution and in
solid-state, IR spectroscopy as well as powder X-Ray diffraction. The 'H NMR spectra
conducted before activation (labelled with as = as synthesised), contained the residual solvent
signals of diethyl ether in 1 and 2 and acetone in 3 and 4 (for diethyl ether slight downfield
shifted signals indicate the encapsulation inside the cavity). In contrast, in the '"H NMR spectra
conducted after activation (labelled with act = activated) no such signals were observed (F1S
— F4S). Additionally, '"H NMR spectroscopy was applied to verify that the chemical structure of
the pillarplex salts was maintained by dissolving the samples after activation and checking for
the integrity of the cation signals. IR spectra revealed similar signals before and after activation
for the compound itself, while the intensity of the solvent signals decreased (F10S). The
crystallinity of the pillarplex salts was monitored by powder X-Ray diffraction (Figure 17), for
which the obtained pattern of the as synthesised samples displayed significantly higher
crystallinity of the Ag(l)-pillarplex salts than for the Au(l) congeners. Following activation, 1 and
3 maintain the high crystallinity, displaying an identical set of reflections. This may indicate that
the unit cell parameters and consequently the crystal arrangement remain unchanged. In
contrast, the powder patterns of 2 and 4 already display minor crystallinity for the as
synthesised samples, which is indicated by the presence of broad shoulders in the wider
angular range. Visual inspection of samples 2 and 4 before and after activation revealed a
strong discolouration of the white powders to a pink colour for 2 and a dark red colour for 4. It
is known, that colloidal gold solutions exhibit an intensive red colour due to the plasmon
oscillation and show different colours dependent on the size and shape of the nanoparticles.3®
42 Based on this knowledge, it is proposed that during activation decomposition of the pillarplex
salts could occur, which would lead to the formation of Au-nanoparticles. However, PXRD
measurements (Cu K, radiation, A = 1.5406 A) with typical broad reflections at 38.1° (111) and
44.3° (200) would reveal the formation of nanoparticles.*>*° As the reflections for 2 and 4 are
indeed broad signals and are detected at large angles of approximately 27°, 32°and 46°, a
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comparison with the typical reflections of elemental Au-nanoparticles was conducted. The
observed reflections are not detected at the identical angles, which is an indication that no
nanoparticles were formed. The colour change might also be caused by the formation of large,
nanocrystalline aggregates of pillarplex cations, where short Au(l)-Au(l) distances are
present.*®#” In summary, the Ag(l)-pillarplexes 1 and 3 exhibit high crystallinity before and after
activation, while for the Au(l)-pillarplexes 2 and 4 only broad reflections in the wider angular
range are detected.
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Figure 17: PXRD patterns: (A) of 1 [AgsLMe3J(PFs)s; (B) of 2 [AusLMe3](PFs)s; (C) of 3 [AgsLMe2](OAc)s
(D) 4 [AusLMe2](OAc)+ as synthesised (as) and activated (act).

3.1.3 Excursus Theoretical Background for Gas Adsorption

In order to understand the results of the gas adsorption measurements in the following Chapter
3.1.4 (and 3.2.5) it is necessary to define the terms used according to the /[UPAC definitions.*®

Adsorption is defined as the accumulation of molecules, atoms or ions in the vicinity of a
surface, whereas desorption is the reversed process to release the adsorbed material. To
simplify the further explanation, a gas to solid adsorption is assumed. In such a gas / solid
adsorption process (Figure 18A) the particle in the gas phase is called adsorptive. When this
particle is adsorbed at the surface it is called adsorbate and the surface, where particles can
adsorb, is called adsorbent. The most common type of adsorption is the physisorption, which
described the interaction of a gas with a surface by attractive dispersion forces, repulsive
forces and molecular interactions (e.g., polarisation, dipole). Besides the physisorption,
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chemisorption can occur, where upon contact of adsorptive and adsorbent, the intermolecular
forces create a chemical bond.

As porosity will be investigated in further studies, the term surface refers to the inner surface
of a pore. However, a pore is classified according to its size.*® Pores with a narrow width not
exceeding 2 nm are considered micropores, pores with a width between 2 nm and 50 nm are
called mesoporous and macropores exhibit a width greater than 50 nm. Based on this

classification, the pillarplex with a pore opening of 4.3 A (0.43 nm) is considered to be
microporous.
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Figure 18: (A) Schematic representation of a gas-solid adsorption process with the adsorptive in gas phase, which
is adsorbed at the surface of the adsorbent and then called adsorbate; (B) Isotherms classified by IUPAC into types
I-VI; (C) Hystereses classified by IUPAC into types H1-H5. (B) and (C) are slightly varied and taken from 48,

After measuring the quantity of adsorbed gas, the data is represented as isotherms. The
course of an isotherm is closely related to the pore structure of the adsorbent. IUPAC therefore

identified eight types of physisorption isotherms (Figure 18B) with associated hysteresis
curves (Figure 18C):48

Type | isotherms are common for microporous materials with a limited inner pore surface area.
A steep uptake at low pressure is determined due to enhanced adsorbent-adsorptive
interactions in narrow pore, which results in the filling of micropores. As the curve reaches a
plateau of a limited value, the uptake is controlled by the accessible micropore volume rather
than by the internal surface area. Normally, the desorption is fully reversible. Dependent on
the narrowness of the micropores, it is decided whether isotherm type la or Ib is assigned. A
less steep gas uptake is observed, the broader the pore size distribution is and potentially
small mesopores can show isotherm type Ib.

Type |l isotherms are determined for nonporous or macroporous adsorbents, where an
unrestricted monolayer-multilayer adsorption up to high pressure is allowed. The
completeness of the monolayer is indicated by point B and the more distinctive this point is,
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the less of an overlap of monolayer coverage and multilayer adsorption is observed. Again,
isotherm type Il indicates reversible desorption.

Type Il isotherms are similar to Il, however no indication for the completeness of the
monolayer is detected. This results by weak adsorbent-adsorbate interactions and hence
adsorbed molecules are clustered at the favourable sites of the surface of a nonporous or
microporous solid resulting in a theoretical “infinite” gas uptake.

Type IV isotherms are common for mesoporous adsorbents, where initial monolayer
adsorption on the pore walls with following pore condensation occurs until a final saturation
plateau is reached. This behaviour is determined by adsorbent-adsorptive interactions and
interactions of molecules in the condensed state. When a pore width exceeds the critical width
(large pores) a hysteresis is present (IVa), while for smaller pores, no hysteresis is
accompanied (IVb).

Type V isotherms follow the curve of type Il isotherms at low pressure dictated by the weak
adsorbent-adsorbate interactions, while at higher pressure molecular clustering occurs with a
following pore filling to reach a limited plateau.

Type VI isotherms a typical layer-by-layer adsorption curvatures, which are observed for
nonporous surfaces. The step-height is the capacity of one layer and the sharpness
dependents on the applied conditions (gas, temperature).

Hystereses appear when adsorption and desorption do not follow the same path. In general,
this can be assigned to the metastability of adsorption due to capillary condensation and / or
network effects (e.g., pore blocking, interpenetration, percolation).5%-52 Depending on the pore
structure, different types of curves are observed, of which the most common ones are again
classified according to IUPAC:

Type H1 hystereses are obtained for well-defined (mesoporous) pores of a cylindric shape with
a narrow opening by delayed evaporation. The distribution of pore opening size corresponds
to the magnitude of the hysteresis. In this type, network effects play a minimal role.

Type H2 hystereses are common for complex pore structures including disordered or
connected pores, where network effects play a significant role. The variation in pore opening
size distinguishes between a, characterised by a small pore opening and b featuring a wider
pore opening size distribution.

Type H3 hystereses correspond to type Il isotherms and are obtained for macroporous or
nonporous absorbents. The steep step down in desorption can be caused by not completely
filled macropores or delayed condensation at nonporous surfaces.

Type H4 hystereses are similar to H3, but a combination of types | and Il isotherms, where the
uptake at low pressure is explained by micropore filling. This behaviour is often observed for
aggregated crystals or (micro-)mesoporous material.

Type H5 hystereses are obtained for pore structures, which contain open and partially blocked
mesopores.

Based on the classifications presented in this chapter, the following gas adsorption
experiments will be assessed.
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3.1.4 Gas Adsorption and C4 Hydrocarbon Uptake Experiments
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Figure 19: Schematic overview of the (A) Gas adsorption experiments conducted with CO2 and Nz; (B) Vapour
adsorption experiments conducted with the C4 hydrocarbons n-butane (C4H10), iso-butylene (i-C4Hs), trans-2-butene
(t2-C4Hs) and 1,3-butadiene (1,3-C4Hs), which were performed on the pillarplex salts 1-4.

As already mentioned in the introduction of this chapter, the pores of supramolecules can be
utilised to encapsulate and probably store small molecules by the formation of host-guest
complexes. Therefore, the synthesised pillarplex salts 1-4 will be tested towards their gas
uptake of CO2 and Nz in BET measurements (Figure 19A). Additionally, their uptake of various
C4 hydrocarbon isomers is evaluated and compared (Figure 19B). The selective uptake or the
selective separation of hydrocarbon isomers is highly interesting for industry since the
hydrocarbons are obtained as mixtures with varying ratios by fluid catalytic cracking (FCC),
steam cracking and methanol-to-olefins(MTQO) processes.>** The separation and especially
the purification is crucial and accounts for high costs since it is nowadays achieved by
distillation.®>®” These processes require high energy and therefore the separation of
Cs-hydrocarbons by adsorption would result in reduced cost and energy contributions.%®

Before analysing the gas adsorption, the materials need to be activated to ensure solvent-free
pores. The activation of the molecules can be achieved either at high temperatures in vacuo
or by solvent exchange with following activation by supercritical CO, as discussed in
Chapter 3.1.2. After activation, the gas adsorption experiments of the compounds 1-4 were
conducted with N2 at 77 K and with CO; at 195 K. The evaluation of the gas adsorption was
performed based on the Brunauer-Emmett-Teller (BET) method, which aims to calculate the
specific surface area of a material.>%-

The N, adsorption isotherm (Figure 20A) of [AgsLMe;](PFs)s demonstrated the characteristics
of a type Il isotherm.*® Initially, at low pressure (0 — 3 kPa) a steep uptake with a turning point
at 33.2 cm?® g' was observed. Subsequently, a plateau was reached spanning from 3.5 kPa
up to 82.6 kPa with a gradual increase to an adsorbed volume of 47.1 cm3 g'. At higher
pressure, starting at 82.6 kPa, another steep increase in gas adsorption was detected with an
overall N, uptake of 68.9 cm3 g' at 100 kPa. The desorption curve followed a similar pattern
albeit a marginal hysteresis was present throughout the desorption process. The initial rapid
uptake might be attributed to either the filling of micropores or the formation of a monolayer on
a nonporous surface. Given that the pillarplex cation is considered a microporous material, the
filling of the pillarplex pores was plausible. The slight increase in the plateau can be associated
with mesopores. Due to the charged nature of the pillarplex cation and the presence of counter
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anions, there may be mesoporous regions between the pillarplex cations in the solid-state,
where nitrogen condensation could occur. This would be consistent with the observed minor
hysteresis, which could be attributed to delayed evaporation of the adsorbate or network
effects.

The CO; isotherm (Figure 20B) of 1 followed a type | isotherm“®, which featured a steep initial
uptake at low pressure. The curve gradually approached a plateau, ultimately reaching a gas
uptake of 60.2 cm® g™ at 100 kPa. The desorption curve exhibits a minimal hysteresis, which
cannot be aligned with a specific type. A type | isotherm is typically observed in microporous
materials with limited inner pore surface. Therefore, it could be assumed that CO, can enter
through the pillarplex pore openings and accumulate within the cavity until it is saturated. The
hysteresis could be explained by adsorption metastability, originated from the delayed
evaporation of the liquid-like adsorbate.
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Figure 20: Physisorption Isotherms of (A) [AgsLé2](PFs)2 for N2 recorded at 77 K; (B) [AgsLMe2](PFe)2 for CO2
recorded at 195 K; (C) [AuslMe;](PFs)2 for N2 recorded at 77 K; (D) [AusLMe2](PFe)2 for CO2 recorded at 195 K. Red
circled lines represent the adsorption and blue circled lines represent the desorption.

The N, adsorption isotherm of 2 (Figure 20C) was assigned to follow a type Il curvature.*® A
steep uptake at low pressure is extending to 4.9 kPa resulting in an adsorbed volume of
6.2 cm® g'. Subsequently, a plateau was reached with a gas uptake of 16.2 cm?® g' continuing
up to 79.2 kPa. At higher pressure another steep increase in gas adsorption was detected
leading to an overall adsorbed volume of 106.1 cm?® g'. The modest uptake at low pressure
could originate from the uptake of gas into the microporous cavity of pillarplexes. However, it
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is also plausible that this corresponded to a monolayer on macroporous or nonporous material.
The shallow increase on the plateau could be elucidated by the addition of multiple layers on
top of the monolayer on macroporous or nonporous materials. On the other hand, it could
signify the uptake of gas within the mesoporous spaces between the pillarplex cations. At
elevated pressure, the nitrogen condensation was enhanced by capillary condensation and
therefore, the minimal hysteresis was observed during the desorption process could be caused
by delayed evaporation or by network effects.

In the CO. isotherm of 2 (Figure 20D), which aligned with a type | isotherm*, a similar
behaviour to the CO; isotherm of 1 with a significant smaller gas uptake was noted. An initial
steep uptake reached the limited value of approximately 22.4 cm?® g at 100 kPa. The isotherm
was already categorised as type |, but due to a less pronounced steepness of the initial uptake,
the assignment to a type Ib isotherm was more plausible.*® This suggested the presence of a
microporous material with a larger pore size distribution and a limited inner pore surface. The
behaviour of a type Ib isotherm might indicate that CO; can enter the pillarplex cavity or might
be caused by a combination of micropore filling and simultaneous filling of the mesoporous
space exterior to the pillarplex cations. During the desorption process, a major hysteresis was
observed, most likely classified as H2b. This could be resulted by network effects of complex
pores with a wider pore size distribution, potentially attributed to the combination of
microporous and mesoporous space within the material.

Comparison of the Nz isotherms of 1 and 2 revealed a significant lower gas adsorption for 2,
which can be attributed to micropores. However, the overall gas uptake for 2 is higher reaching
106.2 cm® g'. Upon examining the CO, isotherms, a significant higher gas uptake is reached
for 1. The isotherm type | suggested that CO; could enter the microporous cavity, which offered
a limited pore surface for adsorption. The discrepancy of gas uptake (60.2 cm® g™’ for 1,
22.4 cm?® g™ for 2) could be attributed either to the metal ions (Ag vs. Au) or the arrangement
in the solid-state. Although the exact influence of various metal remains unclear it has already
been discovered that unsaturated metal sites enhance the interaction with the adsorbed
species. This phenomenon, combined with the slight difference in the ionic radii®' for Ag(l) and
Au(l), may explain the higher microporosity for 1.625

Given by previous suggestion of a partial occupation of the pillarplex cavity by the acetate
anions for compounds 3 and 4, it was anticipated that the gas uptake in the respective gas
adsorption experiments would be lower than the measured one for 1 and 2. However, the data
obtained from the adsorption experiments with 3 and 4 yielded data of limited quality with a
gas uptake < 10 cm?® g™'. Therefore, no interpretation of the results is possible, which could be
caused by the fact that these materials lack porous character.

However, comparing the obtained values (BET surface area 138.4 m? g (1), 29.9 m? g (2))
with literature-known organic and metal-organic polyhedral exhibiting BET surface areas
> 1000 m? g',%¢7® the obtained gas uptake was in total comparatively modest. However,
considering the narrow pore opening of the pillarplex (4.3 A = 0.43 nm), the total pore volume
of the pillarplex salts was also comparatively modest. This narrow but defined pore diameters
of the related compounds 1-4 can be used for the separation of small molecules. Several
organic molecules were already tested towards their separation by microporous materials’*"”
and recently, the separation of hydrocarbons was also investigated by supramolecular organic
cavitands, where high selectivity’s were achieved.”®#! Until now, the pillarplex salts were tested
towards only their encapsulation of linear alkanes (e.g. diamino dodecane,
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dodecyl-diammonium)?°3'-32 in solution, and therefore, their applicability for vapour separation
with the following Cs4 hydrocarbons as proof-of-concept was explored: butane (CsH1o),
isobutylene (i-CsHs), trans-2-butene (t2-CsHsg) and 1,3-butadiene (1,3-C.Hs). The physisorption
experiments were carried out using [AgsLMe;](PFs)s (1), [AusLM®;](PFe)a (2), [AgsLMe:](OAC)4 (3)
and [AusLMe;](OAc)s (4) at 298 K (Figure 21).
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Figure 21: Adsorption isotherms for 1,3-C4Hs (red circles), t2-C4Hs (blue triangles), i-C4Hs (black squares) and C4H1o
(green triangles) on (A) [AgsLMe2](PFs)4; (B) [AusLMe;](PFs)4 measured at 298 K.

All experiments followed a type | isotherm suggesting that a microporous material is present,
and the steepness of the initial uptake is dependent on the pore opening. The following trend
of guest uptake was noted: 1,3-C4He (red) > {2-C4Hs (blue) > i-C4Hs (black) > C4H1o (green).

As the determined isotherms of 1 are assigned to type |, an initial steep uptake at low pressure
reached into a plateau. In general, 1 yielded the highest uptake of Cs4 hydrocarbons with
28.1 cm?® g for 1,3-C4Hs, 21.0 cm?® g™ for 12-C4Hs, 15.2 cm® g for j-CsHs and 11.6 cm? g™* for
C4H1o reached at 100 kPa (Table 1). However, the differences are not significant and hence
the adsorption of C4 molecules per pillarplex was calculated. This corresponds to 3.41
molecules of 1,3-CsHs, 2.5 molecules of {2-CsHs, 1.8 molecules of i-C4Hg and 1.4 molecules of
CsH1o per pillarplex. Similar isothermal behaviour was reported for 2, where uptakes of
28.6 cm?® g for 1,3-C4Hs, 15.9 cm3 g for t2-C4Hs, 10.3 cm? g™ for i-C4Hs and 9.3 cm?® g™ for
C4H10 were reached at 100 kPa (Table 1). Notably, a slightly higher uptake of 1,3-CsHes was
obtained for 2 and the disparity between the uptake of 1,3-CsHs and the other C4 hydrocarbons
became more pronounced. Again, the number of adsorbed molecules per pillarplex was
determined revealing 4.4 molecules of 1,3-C4Hs, 2.4 molecules of {2-C4Hs, 1.6 molecules of
i-C4Hg and 1.4 molecules of C4H1o per pillarplex cation at 100 kPa.

The probability of adsorption of specific molecules is dependent on various factors, such as
size of adsorbate, pore size, interactions. In order to elucidate the variations in the uptake of
the four different C4 hydrocarbons by compounds 1 and 2, the kinetic diameter of the guest
molecules and their polarisability was investigated (Table 1). 1,3-C4sHs and t2-C4Hs have a
kinetic diameter of 4.31 A% which is comparable in size to the pore opening of the pillarplex
(4.3 A).2 Therefore, the encapsulation of 1,3-CsHs and t2-CsHs is in principle possible,
although the differences in their uptake could not be explained by the kinetic diameters.
Therefore, the polarisability is analysed and a higher polarisability was reported for 1,3-CsHs
compared to {2-C4Hs (86.4 vs. 81.8 - 1025 cm?®).58:82-84 The observed higher uptake of 1,3-CsHs
could be explained by this difference in polarisability. The hydrocarbons i-CsHs and CsH1o
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exhibit a kinetic diameter, which exceeds the pore opening of the pillarplex (4.84 A,
4.69 A).5882:84 |nyestigations of the pillarplex rim have already shown that a certain flexibility of
the cation is achievable®?8%, which would enable the encapsulation of the hydrocarbons i-C4Hs
and C4H10. Considering only the kinetic diameter would result in a slightly higher probability for
C4H1o uptake, however the measured data yielded opposite results. Again, the differences in
uptake could be explained due to the polarisability, which was slightly higher for CsH1o
(82.0 - 10 2° cm?, compared to 80.0 - 10 % cm? for i-C4Hs).%® The differences in the uptake of 1
and 2 could be explained by the different ionic radii®! for Ag(l) and Au(l), as the pore opening
of the cavity was comparatively similar for 1 and 2 due to the hydrogen atoms of the rim
determining the size of the entrance. No definite statement can be made, as other factors,
such as coordinative interactions, dipole interactions, pore blocking, network effects, could
influence the adsorption.

The uptake of C4 hydrocarbons by 3 and 4 was also studied. However, an overall lower uptake
was anticipated due to the results obtained from the N2 gas adsorption measurements. Indeed,
an overall lower uptake, following a similar trend (1,3-C4Hs > {2-C4Hg > i-C4Hg >= C4H10) as
detected for 1 and 2, was observed. The only notable difference was that i-C4Hs and CsH1o
exhibited almost no distinction in their adsorption behaviour. For 3 uptakes of 21.2 cm?® g™ for
1,3-C4Hs, 8.7 cm? g for t2-C4Hs, 1.1 cm?® g™ for i-C4Hs and 1.0 cm? g' for C4H1o were reached
at 100 kPa. For 4 uptakes of 12.9 cm?® g for 1,3-C4He, 6.0 cm?® g™ for t2-C4Hs, 3.5 cm? g for
i-C4Hg and 3.4 cm?® g' for C4H1o were reached at 100 kPa (F14S).

Table 1: Data obtained from the vapour adsorption measurements and the calculated IAST (ideal adsorbed solution
theory) selectivity’s for compounds 1 and 2.

1 [AgsLMe2])(PFe)a 2 [AusLMe;](PFe)4
1,3-CaHe Vass [cM3 g7'] 28.1 28.6
kinetic diameter [A] 4.31
polarisability [cm?] 86.4 - 10%
12-C4Hs Vads [cm3 g'] 21.0 15.9
kinetic diameter [A] 4.31
polarisability [cm?] 81.8-10%
i-CaHs Vass [cm3 g7'] 15.2 10.3
kinetic diameter [A] 4.84
polarisability [cm?] 80.0 - 10
CaH1o Vads [cm?3 g'] 11.6 9.3
kinetic diameter [A] 4.69
polarisability [cm?] 82.0 - 10%
IAST selectivity 1,3-C4aHe / C4H10 16.9 70.2
1,3-C4Hs / i-C4Hs 53 36.1
1,3-C4Hs / 12-C4Hs 1.2 4.1

Additionally, the ideal adsorbed solution theory (IAST) selectivity’s were calculated from the
single component adsorption isotherms, to evaluate adsorption selectivity of equimolar
mixtures.?¢8 For the equimolar mixtures of 1,3-C4He/CsH10, 1,3-CsHe/i-CsHs and
1,3-C4Hs/t2-C4Hs the calculated selectivity’s amount to 16.9, 5.3 and 1.2 for 1 and 70.2, 36.1
and 4.1 for 2 at 100 kPa (Table 1). The highest IAST selectivity values were obtained for
equimolar mixture 1,3-CsHs/ CsH10, which is in accordance with the obtained isotherms.
However, 2 seems to exhibit a higher selectivity for gas separation than 1, as generally higher
values were determined.
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3.1.5 Crystallographic Investigation

In order to examine the arrangement of pillarplex salts 1-4 in the solid-state and potentially
discern any correlation between the determined gas uptake and the crystal arrangement,
SC-XRD measurements were conducted with suitable single crystals. As mentioned above,
the analysis of the solid-state structures was quite complex due to the observation of large unit
cell parameters, varying quality of measurements and difficulties in assigning counter anions.
Nevertheless, the best feasible models are described below.

1 [AgsLM®;](PFs)s, was solved and refined in the orthorhombic space group P b ¢ n (No. 60)
with the asymmetric unit containing one [AgsL"®;]** cation, four PF¢ counter anions and eight
acetonitrile molecules. During refinement, a co-crystallised molecule of diethyl ether was
identified inside the cavity, which, however, was treated with the SQUEEZE procedure®® due
to the strong disorder. By comparing the number of removed electrons with the number of
electrons present in one molecule of diethyl ether (64 e), it was determined that exactly one
molecule was encapsulated inside the cavity. In accordance with the DFT calculations, the
counter anions are arranged close to the rim of the pillarplex cation, but outside of the cavity
exhibiting non-classical hydrogen bonding® between H:im and Fers. The crystal packing shows
layers (along the b-axis) of chain-aligned pillarplex cations (along the a-axis, Figure 22A) with
the PFe counter anions staged in between. Considering the chain-aligned arrangement a
repetition of two cationic units with a rotation angle of 44.95° and an argentophilic Ag(l)-Ag(l)
distance of 3.791(1) A is observed (Figure 22B). Additionally, every second cationic unit is
pore-to-pore connected along the c-axis to the next layer of metallophilic chain-aligned
pillarplex cations by numerous non-classical®® Hm to Fers interactions (Figure 22C+D).
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Figure 22: Representation of the solid-state structure of 1 [AgsLMe2](PFs)s: (A) Crystal packing along a-axis,
(B) Tilted chain alignment of [AgsLe:}** along the a-axis, (C) Crystal packing along the c-axis; (D) Non-covalent
interactions between the [AgsLMe:]** cations and the PFs anions.

44



In contrast, 2 [AusLMe;](PFs)4 crystalises in different polymorphs and two of the polymorphous
structures could be determined by SC-XRD measurements. As both space groups led to
valuable results, the structure of 2 was solved in the triclinic space group P 1 (No. 1) with
parameters a=15.0306(12) A, b=15.0397(12) A, c¢=16.2780(13) A, a=117.469(2)°,
B =117.486(2)°, y = 90.070(3)° (Figure 23A-C) and in the triclinic space group P -1 (No. 2)
with parameters a = 27.529(3) A, b = 27.529(3) A, ¢ =27.529(3) A, a = 107.61°, B = 108.89°,
y = 111.94° (Figure 23D-F).

Polymorph 2a was solved and refined in the space group P 1 with the asymmetric unit
containing only one [AusLM®;]** cation and six of the respective PFs anions, of which four are
partially occupied summing up to the residual two PFe¢ anions. The analysis of the occurring
non-covalent interactions (Figure 23C) yields mainly non-classical hydrogen bonding. In
particular between the counter anions and the pillarplex rim, non-classical hydrogen bonding®®
is observed (2.25A — 2.94 A), while no aurophilic interactions are detected between
neighbouring [AusLMe,]** cations with Au(l)-Au(l) distances of 7.502(4) A — 7.504(4) A
(Figure 23B). The crystal packing of 2a along the b-axis is examined and a chain alignment of
the [AusLMe,]** cations is determined. The cations are not tilted towards each other and the
chain-aligned layer of pillarplex cations form a zigzag arrangement with the next layer by the
shift of the cations of the next layer into the space between the pillarplex cations of one layer.
This shift might be influenced by the hydrogen bonding interactions with the counter anions,
which are connecting the pillarplex cations from one layer to the next layer. Consequently,
every second layer of [AusL"®,]*" shows a pore-alignment (along the c*-axis, Figure 23A) of
those pillarplex cations [AusLMe;]**. Upon refinement of 2a, a disorder of the [AusLM®;]** cations
is observed, where the second allocation of cation is rotated by 180°, resulting in the partial
occupancy of the PFg counter anions.

The second polymorph 2b was solved in P-1 with the asymmetric unit containing four
[AusLMe;]* and sixteen PFs units (Figure 23D-F). Four symmetrical independent [AusLMe,]**
cations (displayed in red, yellow, blue and green in Figure 23D) are present and are connected
by aurophilic interactions with Au(l)-Au(l) distances of 3.57 A — 4.43 A (Figure 23D). The
crystal packing along the a-axis (Figure 23E) displays the pore alignment of the yellow
[AusLMe;]* cations, where two PFs anions are located in between two pore-aligned cations.
The three other symmetrical independent cations surround the inner cation (yellow). These
outer cations are tilted to the inner cation by 93.54° — 106.55° and to each other by 45.65° —
58.14°. The three outer cations form a helical-like structure laying around the inner cation,
where every layer is rotated by 180°. The crystal packing along the b-axis shows a similar pore
alignment of the cations (blue), where the PFs” molecules are located on the external sites of
the rim forming non-classical hydrogen bonding® with the neighbouring pillarplex cations.
Similar behaviour is observed for the cation, depicted in red colour, along the c-axis. The fourth
symmetrical independent cation (green) also exhibits identical crystal arrangement but is not
arranged along a specific crystallographic axis. Interestingly, analysis of the non-covalent
interactions indicates an anomalous position of the two PFe¢ anions, as these anions are
located in the pore opening of the pillarplex rim with a short distance to the Au(l) ions of 3.78 A
(Figure 23F).
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Figure 23: Representation of the solid-state structure of 2a [AuslMe;](PFe)4 in space group P 1: (A) Crystal packing
along the c*-axis; (B) Crystal packing in top view of cationic [Ausl.Me2]* with Au(l)-Au(l) distances; (C) Non-covalent
interactions of [Ausl.Me2]** with counter anions PFs with the main contribution of non-classical hydrogen bonding®®
of Fprs. and Hrim; Representation of the solid-state structure of 2b [AuslM;](PFe)4 in space group P -1: (D) Four
symmetrical-independent [AusLMe2]** cations (displayed in red, yellow, blue and green) contained in the asymmetric
unit with aurophilic Au(l)-Au(l) distances; (E) Crystal packing along the a-axis with a pore alignment of the central
pillarplex cations (displayed in yellow); (F) Non-covalent interactions of [AusLMe;}** with the PFs anion.

Although the diameter of acetate appears to be too sterically demanding to enter the pillarplex
pore, the crystal structure of 3 and 4 results in partially occupied cavities, with each pore
containing two acetate anions. Thereby, the methyl groups of the acetate ions point towards
the middle of the cavity.

Although, the obtained crystal data for 3 [AgsLMe;](OAc)s was of limited quality, the
[AgsLMe;]* cation could be refined isotropically, while the acetate anions were refined

46



anisotropically. 3 crystallised in the monoclinic space group P 21/ ¢ (No. 14; a = 29.41(3) A,
b=232.88(3)A, c¢=31.13(3)A, a= y=90°, B=115.620(19)°) with the asymmetric unit
containing three [AgsLMe;]** cations and twelve acetate anions respectively. Each pillarplex
pore is occupied by two acetate molecules with the methyl group directed to the centre of the
cavity and the oxygen atoms pointed towards the rim indicating hydrogen bonding with Hyim.
The remaining two acetate molecules are located outside of the [AgsL®;]** cations suggesting
metal coordination between the oxygen atoms. Additionally, they exhibit a short distance of
2.68 A to the Ag(l) metal ion (Figure 24A). As depicted in Figure 24D, the rim of one cation is
deformed to an oval pore opening with a diameter of 8.926 A, while the diameter of the round
rim is measured to be 9.014 A. The structural analysis reveals co-crystallised water molecules,
which form hydrogen bonding with the pillarplex rim, but were removed by SQUEEZE
procedure.®® Regarding the crystal packing of the pillarplex, the three symmetrical independent
[AgsLMe;]* cations form a metallophilic chain alignments in the c*-direction with short
Ag(1)-Ag(l) distances of 3.22 A to 3.45 A with the cations being tilted by 33.30° - 135.40°
(Figure 24B+C).
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Figure 24: Representation of the solid-state structure of 3 [AgsL.Me;]J(OAc)4: (A) Non-covalent interactions between
the [AgsLMes}** cation and the OAc  anions with contributions of hydrogen bonding and metal-coordination;
(B) Crystal packing along the a-axis, (C) Tilted chain alignment of the three symmetrical independent cations
(displayed in blue, green and pink); (D) Calculated differences of height and pore opening of the “normal” cation
and the oval cation.

A more detailed analysis of the crystal structure of 4 revealed two different polymorphs. 4a
was solved and refined in trigonal space group R3c (No.167) with parameters
a=77.2129)A, b=77212(9) A, c=246744)A, a=B=90°, y=120° and with an
asymmetric unit containing 1 1/2 [AusLMe;]** cations and respectively six counter anions. While
three acetate anions are encapsulated in the cavity (viz. each cavity is occupied by two acetate
ions with the methyl group pointing to the inside of the cavity), the residual acetate anions are
located on the side-top of the pore opening. The distances for the hydrogen bonding of the
Oacetate and the Hrim are determined to reach from 2.252 A to 2.586 A (Figure 25A). Visualising
the [AusLMe,]** cations in colours by symmetry equivalent for clarity, the crystal packing of 4a
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shows large aggregate (displayed along the c-axis, Figure 25B), which can be divided into
inner groups of three cations (depicted in green) and an outer ring of cations (depicted in blue).
The cations of the internal group of three [AusLMe;]** cations (green) are tilted by an angle of
34.04° towards each other in one direction (Au(l)-Au(l) distances of 3.527(4) A) and are
forming layers (perpendicular to the a-axis), where every second group of three pillarplex
cations is tilted in the same direction (Figure 25C). The outer ring (depicted in blue, Figure 25D)
can be divided into pairs of two cations, which are connected by Au(l)-Au(l) coordination
(3.407(1) A) and tilted towards each other with an angle of 35.79°. Those pairs of two
[AusLMe;]* cations construct the outer ring in a zigzag configuration tilted to each other by
111.50°. The large aggregates are itself interconnected by Au(l)-Au(l) metal coordination of
two pillarplex cations (blue) with distances of 3.366(2) A (Figure 25E).

On the other hand, 4b was solved and refined in the orthorhombic space group C ¢ ¢ a (No. 68)
with parameters a = 33.3585(34) A, b =59.7626(81) A, ¢ =31.3472(31) A, a =B =y = 90°.
Due to the limited quality of the crystal data, only partial occupation of the cavities by acetate
ions could be refined. The asymmetric unit contains 4 1/2 independent [AusLMe;]** cations
(Figure 25F). Thereby, the methyl group point to the middle of the cavity. Three of the
symmetrical independent [AusLM®;]** are chain-aligned with short Au(l)-Au(l) distances of
3.389 A — 3.463 A, where the cations are tilted towards each other by 35.68 — 55.29°. A pore
alignment along the c-axis of the [AusLM®;]** cations (depicted in green and red, Figure 25G)
is observed, which are alternating arranged along the a-axis.
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Figure 25: Representation of the solid-state structure of 4a [AusLMe2](OAc)4 in space group R3c: (A) Non-covalent
interactions between the [AusLMe2]** cations and the OAc™ anions, (B) Crystal packing along the c-axis exhibiting
large aggregates, which are depicted as the symmetrical independent [AusLMe;]** cations in blue and green for
simplification, (D-F) arrangement of the symmetrical independent cations; Representation of the solid-state
structure of 4b [AusLMe2](OAc)4 in space group C ¢ ¢ a: (F) Asymmetric unit containing 5 1/2 [AusLMé]** cations and
encapsulated acetate anions; (G) Crystal packing of [AusLM;]** cations along the c-axis of the five symmetrical
independent cations depicted in green, red, blue, yellow and pink.

In summary, the arrangement of the pillarplex salts 1-4 in the solid-state can be influenced by
various factors including the type of anions, hydrogen bonds, solvent interactions and
metallophilic interactions. In the case of [AgsLM®,](PFs)s (1) and [AusLM,](PFs)s (2) the counter
anion PFs was not encapsulated within the cavity, while for [AgsLM;]J(OAc)s (3) and
[AusLMe;](OAc)s (4) partial encapsulation by the counter anion acetate was observed. DFT
calculations to optimise the geometry suggested the encapsulation of one PFg anion into the
pillarplex in the gas phase. However, when applying an implicit solvent model with MeCN, this
encapsulation was no longer determined. This finding was further supported by NMR studies,
which revealed no shift of the respective signals in the '°F and *'P NMR spectra.

Polymorphs were identified for both compounds 2 and 4. The formation of polymorphs is
influenced by various factors, such as the used solvent, solvent ratio, temperature, pressure
and the presence of additives. Despite similar procedure for crystallisation attempts, variations
in the factors solvent ratio, pressure conditions, glass equipment and environmental factors

49



like temperature fluctuations or vibrations from equipment in the fume hood could lead to the
formation of polymorphs for compounds 1 and 3. To assess the consistency between the bulk
material and the single crystals, PXRD patterns were compared (F9S). While the measured
PXRD patterns of 1 and 3 exhibited sharp reflections, those of 2 and 4 displayed only broad
signals at large angles. Although the calculated patterns based on the SC-XRD measurements
revealed similarities to the measured ones for 1 and 3, a complete match was not obtained.
This indicates that the bulk material may not be arranged in the same manner as in the single
crystals. The calculated pattern for 2a, 2b, 4a and 4b revealed sharp reflections but could not
be directly compared to those measured from the bulk material, as these diffractograms
displayed only broad signals in the larger angular region.

3.1.6 Summary and Outlook

The literature-known pillarplex salts [AgsLV®:](PFe)s, [AusLM®](PFs)s, [AgsLM®:](OAc)s and
[AusLMe;](OAc)s were investigated towards their behaviour in gas adsorption experiments (N2,
CO3), vapour adsorption experiments (1,3-C4He, {2-C4Hs, i-C4Hs, C4H10) and their arrangement
in the solid-state via SC-XRD measurements. The hypothesis that there might be a correlation
between adsorption properties and solid-state arrangement, especially concerning the
locations of counter anions (PFs vs. OAc’), the metal ion (Ag vs. Au) and the occurring
interactions, was issued.

Suitable single crystals for compounds 1-4 were successfully obtained and analysed. 1
crystallised in a chain-aligned arrangement of [AgsLMe;]** cations, tilted towards each other,
with Ag(I)-Ag(l) distances of 3.79 A. The layers of these chains were interconnected by non-
classical hydrogen bonding®® between the pillarplex rim and the counter anions PFs (Hrim —
Frrs). 2 crystallised in two different polymorphs. 2a exhibited a highly ordered structure with
chain-aligned cations, indicating the absence of aurophilic interactions due to Au(l)-Au(l)
distances of 7.50 A. The cations formed a zigzag arrangement from layer to layer through non-
classical hydrogen bonds* between Him and Fers. On the other hand, 2b revealed four
symmetrical independent cations, which are tilted and chain-aligned by Au(l)-Au(l) distances
of 3.10 — 3.60 A. A helical-like arrangement along the a-axis with three cations surrounding a
pore alignment of [AusLMe;]** cation with two PFs located between them was discovered.
Notable, the counter anions PF¢ in all cases were located outside of the cavity, leaving the
micropore accessible. This solid-state arrangement could allow additional (mesoporous) void
volume between the cations, anions and co-crystallised solvent molecules. Although the unit
cells obtained from SC-XRD and PXRD measurements were not identical, the crystal
structures revealed that the PFs anion is not encapsulated inside the cavity. This finding could
explain the measured gas uptake behaviour for N2 and CO.. For 1 and 2 type Il isotherms were
observed for the uptake of N2.*® The initial steep uptake at low pressure might be attributed to
either the presence of micropores followed by mesopore uptake or the formation of a
monolayer on a nonporous material with subsequent multilayer formation.*® Interestingly, 1
exhibited a higher gas uptake at low pressure, while 2 showed an overall higher gas uptake
(68.9 cm® g for 1 vs. 106.1 cm?® g for 2). This behaviour was supported by the determined
BET surface of 138.4 m?g™" for 1 and of 29.9 m? g for 2, which could in both cases be
assigned to the micropore surface. The CO; isotherms followed type | curvature, indicating gas
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uptake in microporous material with a limited inner pore surface with an overall CO, uptake of
60.2cm?® g for 1 and 22.4 cm® g’ for 2.8 This finding would be in accordance with the
observed microporous behaviour of 1 and 2 in the case of N2 gas uptake.

Structure analysis of 3 revealed the encapsulation of two acetate anions per pillarplex cavity.
Three symmetrical independent cations, tilted towards each other and chain-aligned with
Ag(1)-Ag(l) distances ranging from 3.22 — 3.45 A were observed. Besides the hydrogen bonds
between counter anion and rim hydrogen atoms, metal coordination of Ooac to Ag(l) with
distances of 2.68-2.88 A was identified. The crystallisation attempts for 4 resulted in two
different polymorphs and in both cases partial occupation of the cavity by acetate anions was
present. For 4a the formation of large aggregates was observed, with an inner part containing
three [AusLMe;]** cations and an outer part containing pairs of cations arranged in a zigzag
manner. Aurophilic interactions were determined between the three cations, the pairs of
cations and between the inner and outer part. 4b exhibited a mixture of chain-aligned and pore-
aligned [AusLM®;]** cations. However, not all acetate positions could be assigned due to limited
data. In summary, for 3 and 4 the cavity of the pillarplex was partially occupied by acetate
anions, thereby reducing the accessible void space inside the micropore. However, the crystal
arrangement still allowed the presence of mesopores between the cations and anions.
Unfortunately, the adsorption data for N> and CO: in the case of 3 and 4 displayed limited
quality, potentially originated by the nature of the sample as it could lack porosity. Alternatively,
the sample could have been compromised during the activation process, demonstrated by a
colour change to pink or dark red. This could suggest the formation of nanoparticles in
conjugation with the decomposition of the pillarplex.

The analysis of the arrangement of the pillarplex salts in the solid-state posed challenges given
by the two polymorphous structures for 2 and 4, which is also likely to occur for the Ag(l)-
pillarplexes. Polymorphism and the inconsistency between the unit cells determined from
single crystals and bulk powder material makes the evaluation of correlations between the
crystal arrangement and the adsorption properties difficult. In order to examine the influences
of the crystal arrangement on the adsorption properties, further extensive study must be
carried out. One approach could be collecting single crystalline material, which will determined
by SC-XRD and PXRD measurement for the consistency in the unit cell and perform gas
adsorption measurements on this bulk material.

Moreover, vapour adsorption of Cs hydrocarbons (1,3-CsHs, {2-C4Hs, i-CsHs, CsH1o) by
pillarplex salts 1-4 was tested, where in all cases a consistence preference for the uptake of
1,3-C4Hs over {2-C4Hs, i-C4Hs and CsH1o was obtained. This observed trend could likely be
explained by the differences in the kinetic diameters of the Cs hydrocarbons or their
polarisability.>®82-84 The IAST selectivity calculations demonstrated the highest selectivity for
the mixture 1,3-CsHs / C4H10 by [AusLMe;](PFs)s. To verify these theoretical findings, further
adsorption studies involving equimolar gas mixtures would be the logical next step to explore
the potential of pillarplex salts for gas separation. Additionally, the obtained crystal structures
can be applied to molecular simulations®-®3 to identify specific adsorption sites and thereby
analyse the preference for adsorbed gases for these sites. In particular, the micropores inside
the pillarplex cavity can be thoroughly examined based on these calculations.
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3.2 Expanding the Anionic Diversity of Pillarplex Salts

This chapter is based on work of this author, Jan Berger, Lena Schréck, Christian Jandl and the research
internship of Hikmet Yanar, which was supervised by this author.

3.2.1 Introduction

In the context of crystal engineering, an investigation of various pillarplex salts will be
conducted to understand the self-assembly of pillarplex components. As the pillarplexes exhibit
salt character, variation of anions and modification of cations might influence the self-assembly
of these supramolecular structures. Hence, investigation of the crystal arrangement, especially
concerning the packing of the pillarplex cations towards each other and the location of the
respective counter anions is performed (Figure 26). For the [MsLMe,]** cations, either pore
alignment, chain alignment or a random mixture can be present. Pore alignment would enable
access to the channels, if not tilted, whereas chain alignment would only provide access to
isolated cauvities.

Here, varying the metal would lead to an understanding of the effects of different metal radii
(Ag(l) vs. Au(l)). The exchange of the anions already showed a strong influence on the
solubility of pillarplex salts (e.g. [MsLMe;](PFs)s soluble in organic solvents, [MsLMe;](OAC)4
soluble in water) and therefore, various anions with different size, charge and shape are tested
towards anion exchange reactions. The last point to be mentioned is the influence of the
appropriate solvent on the self-assembly of supramolecules. In summary, variation of cation
(Ag(l) vs. Au(l)), anion, solvent can influence the occurring (non-)covalent interactions, e.g.,
hydrogen bonding, T-interactions or metallophilic interactions. These interactions need to be
identified and a potential structure-determining character on the crystal arrangement
investigated.
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Figure 26: Overview of the anion exchange reactions of [MsLMe2](X)+ (with X = PFe¢, OTf) with various anions
differing in size, shape and charge and the (A) influences on the crystal packing in the solid-state; (B) Furthermore,
the new pillarplex salts can be tested towards their gas uptake of small molecules, such as CO2 and No.
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As depicted in Figure 27 the anions are categorised into the following four classes: X1 anions
exhibit one negative charge and a round shape including halides and sulfide (S%) anion. Group
X2 includes the anions thiocyanate (SCN-) and triiodide (ls") demonstrating a longer, bar-like
shape. The X3 anions are still of inorganic nature but exhibit a slightly larger or more
voluminous shape including the nitrate (NO3’), perchlorate (ClOy), tetrafluoroborate (BF4) and
sulphate (SO4%) with a tetrahedral shape. The organic anions (X4) have a charge of 2- and
are sterically more demanding.

3.2.2 Theoretical Consideration towards the Size of Anions

Determination of the size of the anions
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Figure 27: The anions were divided into four groups: X1 “spherical” shape with the respective ionic radii®*, X2 “stick”
shape, X3 inorganic larger shape and X4 organic sterically more demanding shape with a charge of 2-. The
approximate “radius” for NOz, ClO4, BFs+ and SO4%* were calculated based on the average distances.?® The
approximate “height” and “width” for Is, SCN, ox?, sq* and bq? were calculated based on the average distances.*
The following van-der-Waals radii were used for calculations: C 1.70 A, N 1.55 A, 0 1.52 A, F 1.47 A, S 1.80 A and
11.98 A.34 Colour code: grey C, white H, red O, blue N, yellow S, pink B, turquoise F, green ClI.

By analysing the size and shape of the anions, it may be possible to theoretically predict the
probability of anions entering the pillarplex cavity (Figure 27, Table 2). Comparing the ionic
radii of X1 with the static pillarplex pore opening of 4.3 A, all anions should be able to enter the
cavity. Hence, similar to the crystal structure of [MsLM®,](OAc)4 partial occupation of the cavity
by anions can be anticipated. The anions of group X2 show a bar-like shape with a width
between 3.60 A and 3.96 A, which theoretically could also enter the cavity. As the height of |5
nearly equals the height of the pillarplex cation the encapsulation of one anion per pillarplex
unit may be feasible. For SCN- either the encapsulation of one anion per pillarplex unit or the
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partial encapsulation of two anions was assumed. For the group X3, the anions were simplified
to a spherical shape. The diameter of these spheres was calculated by a combination of bond
lengths based on XRD data and the van-der-Waals radii of the outer atoms. All calculated radii
exceeded the size of the pillarplex pore opening. Hence, no partial occupation of the cavity
was proposed. For the X4 anions a comparable behaviour was assumed. However, those
anions differ also by their charge of 2-, which exhibits possibilities for hydrogen bonding of one
anion and a number of sites of the pillarplex cation (e.g., rim hydrogen atoms, metal ions). The
anion could be located at the side of the pillarplex cation, where hydrogen bonding to both
ligands and metal coordination of the conjugated m-system with the M(Il) ions is possible.
Otherwise, the coordination of one anion directly above the pore opening allows hydrogen
bonding between the anion oxygen atoms and the rim hydrogen atoms. Furthermore, T1-
interactions of the aromatic areas of the ligands with the conjugated 1-system of the anion is
possible.

Table 2: Overview of the steric demand of the applied counter anions determined based on ionic radii and
crystallographic data.’39%*

X F- CI- Br I I3~ S SCN- NOs ClOs BFs S04 ox* sg> bg*
Radius
[A]
Height
[A]
Width
[A]

133 181 196 2.20 - 1.84 - 552 586 567 598 - - -

- - - 9.87 - 6.14 - - - - 526 6.26 7.74

- - - 3.96 - 3.60 - - - - 6.08 6.28 5.70

3.2.3 Synthesis and Characterisation

Synthesis by anion exchange reactions

In addition to the theoretical investigation, such compounds can be synthesised by anion
exchange reaction starting from [MsLMe;](PFs)s or [MsLMe;](OTf)s. These anion exchange
reactions were performed by two different approaches using the tuneable solubility of the
pillarplex salts (Figure 28, Table 3). While [MsLMe,](PFs)4 is soluble in organic solvents, such
as MeCN, DMF and DMSO, [MsLMe,](OTf)4 is soluble in both, organic solvents and aqueous
solution. [MsLMe;](OAc)4 instead is only soluble in aqueous solutions.
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Figure 28: Synthetic route for the anion exchange reactions starting with [MslL.Me2](PFs)4 or [MslLM,](OTf) 4+ with anion
X to achieve [MsLMe2](X)4 or [MsLMe2](X)-.
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One synthetic approach was already reported for the formation of [MsLMe;](OAc)s.2° This
approach was used for rather small inorganic anions (X1, X2, X3), as it was assumed that
these would be soluble in aqueous environment, but not in an organic solvent. This literature-
known procedure was then applied for the anions F-, CI, Br, I, Is, SCN-, NOs", CIO4", BF4 and
SOs4- resulting in a fast — almost immediate formation of a precipitate. For the anions F-, CI,
Br, I, SCN-, NOs and CIlO4 a desired white precipitate was obtained. In contrast, for anion |5,
degradation of the pillarplex was observed during the synthesis, as determined by a colour
change of the clear solution to a dark brown suspension. After purifying the dark precipitate,
'H NMR spectroscopy suggested the decomposition of the pillarplex as neither ligand nor
pillarplex signals could be assigned in the complex mixture of signals. The synthesis to obtain
[AgsLMe;](S2): pillarplex was modified due to the unavailability of (TBA).-S as a sulfur source.
Therefore, the solvent mixture of acetone:MeCN (1:1) was infused by H>S gas and
subsequently a solution of [AgsLM®;](PFs)s in an acetone:MeCN mixture was slowly added.
Upon addition of minimal amounts of [AgsLMe;](PFs)s a colour change of the reaction mixture
from clear to brown was noticed. This indicated the decomposition of the pillarplex salt, which
was confirmed by 'H NMR spectroscopy, where the proton signals of the macrocyclic ligand
could be assigned. When using TBA>-SO4 as exchange reactant, a white precipitate was
formed during the reaction, which could be isolated by centrifugation. After purification by
washing the precipitate with acetone, the white solid was dried in vacuo. No solubility of this
powder in the following organic solvents (MeCN, DMSO, DMF) or water was obtained and
hence the measurement of an '"H NMR spectrum was not possible. Although, a powder X-Ray
diffractogram could be conducted, the reflections could not provide a clear indication for the
formation of the respective [AgsLM®;](SO4). pillarplex salt and therefore no further evaluation
was conducted.

In contrast to the previously described anion exchange reactions, the anion exchange
reactions towards BF4 took a longer time and only after stirring the reaction mixture for 1 h, a
white precipitate was formed, which could be isolated by centrifugation. 'H, "B and '°F NMR
spectra confirmed the formation of the respective [AgsLMe;](BF4)4 pillarplex salt but with low
yields of only 30%. This behaviour was considered due to relatively similar chemical
environment of the BFs and the PFs anions and hence similar solubility was anticipated.
However, simply changing the washing solvent from acetone to water, led to significant higher
yields up to 91%.

Table 3: Overview of anion exchange reactions with the applied method and the used reactants.

Method [MsLMe2](X)4 Anion Successful
F- precipitation [AgsLMe2](PFe)a TBA-F X
Cr precipitation [MgLMe;](PFe)s TBA-CI X
Br precipitation [MsLMe;](PFe)s TBA-Br X
I precipitation [MgLMe;](PFe)s TBA-I (x)
I3 precipitation [MgLMe;](PFe)s TBA-I3 -
sz precipitation [AgsLMe2](PFe)s H2S -
SCN- precipitation [AgsLMe2](PFe)a TBA-SCN X
NO3 precipitation [AgsLMe2](PFe)a TBA-NO3 X
ClOs precipitation [AgsLMe2](PFe)a TBA-CIO4 X
BF4 precipitation [AgsLMe2](PFe)a TBA-BF4 X
SO4* precipitation [AgsLMe2](PFe)a aqueous (TBA)2-SO4 ?
ox% column [AgsLMe2](OTf)a oxalic acid -
sq* column [AgsLMe2](OTf)a squaric acid -
bg% column [AgsLMe2](OTf)a 2,5-dihydroxy-1,4-benzoquinone -
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Another method for anion exchange reactions, was using a procedure based on anion
exchange resins Amberlite™ IRA-400 Chloride, which was placed in a small column. The resin
was activated by 1 M NaOH-solution and rinsed with water until reaching a pH-value of nearly
7. Then, [AgsLMe,](OTf), was dissolved in a small amount of water and transferred onto the
column. While the pillarplex salt slowly passed through the resin, an exchange of the OTf
anions by hydroxide anions occurred. Further addition of the in-situ synthesised [AgsLM®;](OH)4
pillarplex to the corresponding acid as a diluted solution should result in the novel pillarplex
salt. In the cases of X4 anions, no conversion but a colour change towards dark suspensions
was observed, indicating the decomposition of the pillarplex salt. This was evaluated by
'H NMR spectroscopy and mass spectrometry, where only the typical signals of the
macrocyclic ligand were detected. Here, various parameters can be changed to reach anion
exchange reactions. One example would be changing the dilution of the respective acids in
water towards higher pH-values. Otherwise, the acids can be deprotonated beforehand by
weakly coordinating anions also resulting in a higher pH-value and probably better conversion
towards the anion exchange.

After synthesis, the obtained powders were analysed by "H NMR spectroscopy. In general, the
'H NMR spectra showed slight shifts of the pillarplex signals compared to the signals of
[AgsLMe;](PFe)s in DMSO-ds, already indicating a change in the chemical environment of the
pillarplex rim based on various (non-)covalent interactions for different anions. If the desired
ligand signals were observed and the compound was analytically pure, full characterisation of
the obtained compound was carried out. The powders were additionally analysed by solid-
state NMR, IR and UV-vis spectroscopy, elemental analysis and ESI| mass spectrometry. Their
crystallinity has been examined by means of powder X-Ray diffraction experiments. To
investigate the thermal stability of the salts for activation procedures, thermogravimetric
analysis was performed.

Characterisation of Salts with X1 Anions (F-, CI,, Br, I)

After synthesis and purification, the pillarplex salts were analysed by '"H NMR spectroscopy in
DMSO-ds to evaluated and assigned the signals of the rim hydrogen atoms. Although only
diluted solutions of approximately ¢ =2 mg mL™" are needed for determination of a '"H NMR
spectrum, problems with the solubility of the obtained compounds occurred during the
preparation of the solutions. With the help of sonification and heating, solutions of [AgsL®;](F)a,
[AgsLM;](Cl)a, [AgsLM®:](Br)s, [AgsLMe2](1)a, [AusLM®;](Cl)s and [AusLMe,](Br)s were homogenised
and subjected to NMR spectroscopy. In the '"H NMR spectra the desired signals were obtained
but they were already slightly shifted (Figure 29). For [AgsLMe;](l)s, an additional splitting of
several signals was observed, which indicated that the pillarplex cation must still be partially
intact. The obtained signals could also be a mixture of pillarplex cation and free macrocyclic
ligand. Here, additional analysis methods (e.g., VT NMR experiments) must be applied to verify
the successful synthesis of [AgsL®;](1)s. However, elemental analysis and ESI MS indicated
the presence of the desired pillarplex salt. 3'P NMR spectra of all substances were additionally
measured to ensure the full exchange of the PFg anions. The complete disappearance of the
signals at approximately -144 ppm verified the full conversion to the novel pillarplex salt. 'H / H
COSY spectra were conducted to verify the coupling between the hydrogen atoms of the
ligand, which indeed was identified for all compounds. Due to the limited solubility, the
measured C NMR spectra showed no or only a few signals. For [AgsLVe;](F)s additional
F NMR spectroscopy was performed, where one signal at -142.40 ppm indicated the
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presence of the fluoride anion. For [AusLM®;](F)s and [AusLMe;](1)s the NMR solutions were also
prepared, but no signals were obtained. Due to the low solubility of the pillarplex salts, solid-
state 'H and 3C NMR spectroscopy was performed. The 'H NMR spectra showed only one
broad signal in the regions between 10 ppm and -5 ppm with two sharper shoulders, so no
conclusion could be drawn based on these 'H NMR spectra. The solid-state *C NMR spectra
revealed sharp signals, similarly to the solid-state *C NMR spectrum of [AgsLMe;](PFs)s4, which
could be assigned to the carbon atoms in the pillarplex rim (F25S — F28S). In combination with
elemental analysis and ESI mass spectrometry, the formation of the desired pillarplex salts
was validated.
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Figure 29: Stacked "H NMR spectra of [AgsLMe2](F)s, [AgslMe2](Cl)s, [AgslMe2](Br)s and [AgslMe;](1)4 in DMSO-ds
(2.50 ppm) at 298 K.

The IR spectra revealed the typical bands for the [AgsLMe;]** cation with additional halide bands
at approximately 1200 cm™' (Figure 30B). After testing the solubility of the obtained salts in
water, similar solubility in DMSO and water was determined. UV-vis measurements were
conducted in water, where absorption maxima at 224 — 237 nm for the Ag(l)-pillarplex salts
were detected. For the Au(l)-pillarplex salts absorption maxima at 241 — 243 nm with an
additional broad shoulder at 258 nm were observed. This could indicated the presence of
aggregates or nanoparticle, as a bathochromic shift for shorter Au-Au distances is known.%
After determining the absorption maxima for the Au(l) congeners, the next step would be to
investigate their emission and luminescence properties and compare the obtained data to the
literature-known properties of [AgsLM®](PFs)s (solid-state, Amax =430 nm, Aex = 335 nm with
quantum yield of 40%)?°.

To investigate the powders in the solid-sate, powder X-Ray diffraction was performed
(Figure 30A), where in general higher crystallinity of the Ag(l)-pillarplex salts than the Au(l)-
pillarplex salts was discovered. A high amount of amorphous material for [AgsLM®;](F)s and
[AgsLMe;](1)s was observed, while highly crystalline patterns were obtained for [AgsLMe,](Cl)4
and [AgsLMe;](Br)s. However, no pattern for the [AusLM®;](X)s salts was obtained, and only
amorphous substances were achieved. To determine the thermal stability, TGA analysis was
applied to the pre-dried pillarplex salts (100 °C in vacuo). At the beginning of every
measurement a defect in the scaling led to small mass loss (max 1.7%). Although, the samples
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were dried, a removal of solvent up to an amount of 8.3% was determined, which indicated
that the solvent molecules were strongly bound in the solid-state. For example, encapsulation
of such solvent molecules can require significant higher temperatures for complete removal.
The Ag(l)-pillarplex salt showed a thermostability up to 290 °C with the decomposition starting
at 250 °C for [AgsLM®;](F)s, 290 °C for [AgsL™®;](Cl)s and [AgsLM®;](Br)s and 240 °C for
[AgsLMe;](1)s. The Au(l) congeners showed higher thermostability up to 330 °C with the start of
the decomposition at 330 °C for [AusLMe;](Cl)s and 300 °C for [AusLMe;](Br)a.
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Figure 30: (A) PXRD patterns of [AgsLe3](F)s4, [AgslMe2](Cl)s, [AgsLMe2](Br)s and [AgsLMes](1)s; (B) IR spectra of
[AgsLMe3](F)4, [AgslMe2](Cl)4, [AgsLMe2](Br)4+ and [AgsLMe2](1)a.

The anion exchange reaction with X1 anions was partially successful. While all Ag(l)-pillarplex
salts could be synthesised, purified, and analysed, the anion exchange starting with
[AusLMe;](PFs)s worked only for CI- and Br-, while for the other two anions (F-, I'), no evidence
for the formation of the respective pillarplex salt was gathered. Before repeating the anion
exchange reactions for these anions, the purity of the starting materials must be verified, as
the Au(l)-pillarplex salts tent to form nanocrystalline arrangement in the solid-state. It is
therefore necessary to examine the crystallinity and the colour of the reactant [AusLM®;](PFs)4
pillarplex.

However, the pillarplex salts containing the small halide anions seem to form relatively stable
compounds, their solubility was limited and already solutions of 2 mg mL™" were only obtained
after treatment with ultra sonification and / or heat depending on the counter anion.

Characterisation of Salts with X2 Anions (SCN’) and X3 Anions (NOs", ClOy4, BF4)

During the anion exchange reaction with anions of group X2 and X3, white precipitates of the
desired salts [AgsLMez](SCN)4, [AggLMez](N03)4, [AggLMez](C|O4)4, [AggLMez](BF4)4 and
[AgsLMe,](SO4). were obtained. For 'TH NMR spectroscopic analysis, diluted solutions of these
purified solids in DMSO-ds were prepared. Compound [AgsL®;](SO4). was not soluble in
DMSO-ds and hence no signals in the '"H NMR spectra were detected. For the other salts, the
signal set of the rim protons indicated that at least the [AgsLM;]** cation stayed intact
(Figure 31). No signals for the starting material were obtained in the *'P NMR spectra,
indicating that a complete anion exchange reaction must have proceeded. Additional *C and
2D NMR spectroscopy were performed to underpin the successful synthesis of the novel
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pillarplex salts. For [AgsLMe;](BF4)s the formation was also confirmed by "B and 'F NMR
spectroscopy, where one boron signal and a duplet signal for the fluorine atoms were
confirmed (F24S). The chemical conformation of all salts was examined by elemental analysis
and ESI mass spectrometry. Besides the predominant [AgsLMe;]** signal in the mass spectra,
signals for [AgsLMe;]+(X)*" and partially also signals for [AgsLMe,]+(X).2* were assigned which
indicates the presence of the desired pillarplex salts (F30S — F31S).
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Figure 31: Stacked "H NMR spectra of [AgsLMe3](SCN)4, [AgslMe2](NO3)s, [AgslMe3](CIO4)4 and [AgsLMe2](BF4)4 in
DMSO-ds (2.50 ppm) at 298 K.

The IR spectra showed the typical bands for the [AgsLMe;]** cation. Additionally, for each anion,
specific bands were observed, as for SCN- an additional S-C=N band at approximately
2050 cm™, for CIOs an additional CI-O band at approximately 600 cm™ and for NOs™ an
additional N-O band at approximately 1400 cm™ were assigned and marked in Figure 32B.
The absorption properties were investigated by UV-vis spectroscopy, where absorption
maxima between 224 and 232 nm were detected for all synthesised compounds. Interestingly,
the [AgsLMe;])(BF4)s pillarplex showed similar absorption properties as the [AgsLMe:](PFe)s
pillarplex with both absorption maxima at 227 nm. As the absorption maxima are all in a similar
range, also compared to literature-known data of [AgsLM®;](PFs)42°, the exchange of the counter
anions only slightly affects the absorption behaviour.
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Figure 32: (A) PXRD patterns of [AgsLMe2](SCN)4, [AgsLMe2](NO3)s, [AgslMe2](ClO4)4 and [AgsLMe2](BF4)4; (B) IR
spectra of [Agsl.Me2](SCN)4, [AgsLMe2](NO3)4, [AgslMe2](ClO4)4 and [AgslMe2](BF4)a.

The powder X-Ray diffraction experiments revealed partially high crystalline materials for
[[AggLMez](C|O4)4 and [AggLMez](BF4)4, while the [AggLMez](SCN)4 and [AggLMez](NO3)4 salts
exhibited a combination of amorphous and crystalline character (Figure 32A). In the solid-
state, the thermostability was tested by TGA measurements, which resulted in a behaviour for
the thermal stability similar to other pillarplex salts. The temperatures for the start of
decomposition were determined to be at 240°C for [AgsLM®;]J(SCN)s, 310 °C for
[AgsLMe;](NOs)s and 360 °C for [AgsLMe,](BF4)s. At the beginning of the measurement removal
of solvent molecules was observed again up to 5% in all three mentioned compounds. The
[AgsLMe;](ClO4)s underwent abrupt decomposition at 370 °C due to the presence of perchlorate
anions in the compound.

In summary, the anion exchange reaction with X2 anions was successful for SCN- and for X3
anions successful for SCN-, NOs', ClO4 and BF4. For SO4% a white solid was indeed formed
but due to solubility problems no conclusion on the obtained powder could be made. The
[AgsLMe;](BF )4 pillarplex was investigated towards the solubility and showed similar behaviour
as the respective [AgsLMe;](PFs)s salt, a good solubility in organic solvents such as MeCN,
DMSO and DMF.

Characterisation of Salts with X4 Anions

As already described, the synthesis route with anion exchange resin did not yield the desired
pillarplex salts and decomposition upon introduction of [AgsLMe;]** into aqueous solutions of
the acids.

During the characterisation a change in solubility for the pillarplex salts was detected. For the
X1 salts a limited solubility in organic solvents and in water was obtained. While the pillarplex
salts containing X2 anions showed good solubility in DMSO, which was also witnessed for
most of the X3 anions. The only exception in this regard was the product originated from anion
exchange reaction with SO4%* anion, where no solubility in any solvent was observed. The
synthesis of the X4 pillarplex salts was not successful until now and the obtained powders
exhibited limited solubility in all solvents. Thus, "H NMR spectroscopic data, conducted in
DMSO-ds, showed no signals of the ligand protons.
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Crystallisation Attempts

Especially in the case of [AgsLM®;](Cl)s, [AgsLM2](Br)s, [AgsLM®:](SCN)s, [AgsLMe:](NO3)s,
[AgsLMe;](ClO4)s and [AgsLMe,](BF4)4 the obtained powders depicted high crystallinity in powder
X-Ray diffraction measurements. As the main interest was put on the crystal arrangement —
location of the anions, assembly of the [MgLM®,]** cations and intermolecular (non-)covalent
interactions — of the various pillarplex salts, crystallisation attempts were performed for all
obtained powders, where different approaches were applied:

1. Diffusion: After synthesis and purification, a saturated solution of the pillarplex salt
(ca. 10 mg) in a solvent with relatively low vapour pressure (e.g., water, MeCN, DMF)
was provided. This solution was filtered and transferred into an NMR tube, which was
placed in a Schlenk flask. This Schlenk flask was filled with a solvent bearing a high(er)
vapour pressure (e.g., acetone, diethyl ether, THF). Due to slow diffusion, slow
precipitation of the pillarplex salt can lead to single crystals.

2. Layering: After synthesis and purification, a saturated solution of the pillarplex salt in a
solvent with a lower vapour pressure (e.g., water, MeCN, DMF) was provided in a small
vial. Another solvent (e.g., acetone, diethyl ether, THF) was then slowly layered on top
of the saturated solution and crystallisation can occur at the boundary surface at room
temperature.

3. Reaction in U-tube: The tube was partially filled with the solvent mixture acetone:MeCN
(1:1). On one side of the U-tube a solution of [MsL"e,](PFs)s (1 €g.) and on the other
side a solution of excess TBA-X (10 eq.) was slowly layered on top of the pure solvent
mixture. Due to the gradual dilution of both reactants, a slow anion exchange reaction
should result in the formation of single crystals.

4. “Solvothermal” crystallisation: The reactants were dissolved in a certain solvent and
provided in a vial, which was sealed airtight. The vial was then placed in an oven,
heated to 40 °C / 60 °C / 80 °C, kept at that temperature for 1-3 days and then slowly
cooled to room temperature.

5. Low temperature / Solvent evaporation: The purified pillarplex salt was dissolved in a
certain solvent. Either the sealed vial was placed in the fridge (4 °C) or in the freezer
(-30 °C) to aim for slow crystallisation due to lower solubility of substrates at low
temperatures or the vial was kept at ambient temperature with a small opening to the
atmosphere to achieve crystallisation through slow evaporation of the solvent.

For the pillarplex salts obtained through anion exchange reaction with X1 anions, the methods
1, 2, 3 and 5 were applied. For methods 1 and 5 the limited solubility caused problems as a
highly saturated solution could not be obtained and immediate precipitation was observed,
e.g., atlow temperatures. Applying methods 2 and 3 was again problematic due to a rapid and
immediate precipitation. Although the precipitates resulted in crystalline materials, no formation
of single crystals suitable for X-Ray diffraction measurements was identified. The pillarplex
salts containing X2 and X3 anions were subjected to crystallisation methods 1, 2 and 3. In the
cases of [AgsLV®2](SCN)4, [AgsLMe;](NOs)s and [AgsLMe;](ClO4)s applying methods 1 and 2 was
accompanied by a fast precipitation resulting in crystalline material. A highly crystalline material
was also collected after applying method 3. However, no single crystals could be identified.
Although a slower precipitation of [AgsLM;](BF4)s could be achieved, no crystals suitable for
single crystal X-Ray diffraction were obtained. As the synthesis route by anion exchange resin
did not work for X4 anions, crystallisation methods 2 and 4 were performed. Applying method
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2 yielded off-white precipitates, which were analysed by powder X-Ray diffraction revealing
amorphous materials. Crystallisation method 4 resulted in coloured suspensions, where the
vials partially showed a metal mirror at the side.

In summary, single crystals were not successfully obtained. Nevertheless, crystalline powders
were acquired for several components and were assessed towards their suitability for structure
determination via micro-electron diffraction (ED) measurements.

3.2.4 Structural Investigation of [AgsLM®](BF4)s by Micro-ED

As no suitable crystals for SC-XRD measurements were obtained for [AgsLM;](BF.)s, the
highly crystalline materials were exposed to electron diffraction measurements. This method
can evaluate the structure of microcrystalline powders.%

A microcrystalline powder of [AgsLMe;](BF4)s suitable for electron diffraction measurements
with a LaBs source (A = 0.02851 A) has been solved and refined in the monoclinic space group
P 2/n (No. 13) with cell parameters a = 12.4(4) A, b = 14.1(4) A, c =21.2(6) A, a =y = 90° and
B =93.18(6)°. A highly ordered structure with 1/2 [AgsLM®;]** and the two respective BF4 anions
contained in the asymmetric unit is discovered. Interestingly, no co-crystallised solvent
molecules are assigned in the outer region of the pillarplex cations or in the cavity. Closer
inspection reveals that the pore opening of the [AgsLMe,]** cation is deformed into an oval form
(Figure 33A) indicating a structural flexibility based on the interactions with counter anions.
The occurring intermolecular interactions (Figure 33B) are mainly based on non-classical
hydrogen bonding*® of H.im and Fsrs. Additionally, a metal coordination between Ag(l) ion and
Fgr4 is detected.

The crystal arrangement of the [AgsLMe;]** cations is shown to be highly ordered. While the
crystal packing along the a- and c-axis exhibits a chain alignment of the cations with
metallophilic interactions of Ag(l)-Ag(l) ion distances of 4.312 A (F39S), the crystal packing
along the b-axis reveals a particularly interesting pore alignment (Figure 33C). This alignment
leads to an accessible channel or a continuous cavity in the crystal arrangement, which could
feature interesting encapsulation properties. The location of the anions plays an important role
when examining the pore accessibility. Based on crystallographic data, the determined radius
or diameter of 5.86 A for the BF,4 anion does not allow for encapsulation of the anions into the
cavity. In the case of [AgsLM®;](BF4)4 the tetrahedral counter anion BF4 seems to perfectly fit
in the empty space between neighbouring pillarplex cations yielding the highly symmetric
crystal packing in all directions. Thus, serendipitously the BF4 anion with its ideal size and
shape, facilitates the formation of a remarkably well-ordered crystal arrangement and a
continuous cavity running through the pore-aligned pillarplex cations.
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Figure 33: Representation of the molecular solid-state structure of [Agsl.Me2](BF4)+: (A) Distorted pore opening of
[AgslLMex}*; (B) Non-classical hydrogen bonding®® interactions between the hydrogen atom of the rim and the
fluorine atoms of the counter anions; (C) Crystal packing along the b-axis exhibiting a highly ordered arrangement
with [AgsLMe,}** cations displayed in cabbed sticks and the BF4+ counter anions displayed in space fill.
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3.2.5 DFT Calculations Towards the Location of the Anions

Geometry optimisation calculations of [AgsLM®;]** cation with different anions X1-X4 were
performed by DFT (for details see Chapter 5.7). For all calculations, the geometry of cation
[AgsLMe;]** determined by SC-XRD measurements of [AgsLMe;](PFs)s (Chapter 3.1.5) was
used. First, three of the PFs. counter anions were removed and the fourth one was replaced
with the targeted anions. Simultaneously, another calculation was conducted, positioning the
targeted anion directly on top of the pore opening. In the case of halides and NOs', it appeared
that the hydrogen bonding with the rim was more favourable than encapsulation into the cavity.
In particular, the position of the anion was calculated to be in the large pocket of the pillarplex
rim with hydrogen bonds to the pyrazole hydrogen and the imidazolylidene hydrogen atoms.
One of the remaining targeted counter anions was placed in the large pocket of the same
ligand, while the two other anions were then positioned close to the small pocket of the other
ligand. However, for the SCN- anion, encapsulation within the cavity was observed for the
calculation, where the anion was placed directly on top of the pore opening. In this case, the
three other SCN- anions were placed above or besides the large pocket of the pillarplex leading
to significant changes in the calculated positions during geometry optimisation. The geometry
optimisation calculation of [AgsLM®;](BF4)s utilised the crystal structure determined via
micro-ED measurements as starting point. The DFT calculations were performed in the gas
phase. For compound [AgsLM®,](BF4) the calculations were repeated using an implicit solvent
model (MeCN).

As previously mentioned, no encapsulation of the X1 anions (F-, CI,, Br, I) into the pillarplex
cavity was observed, although one anion was placed directly on top of the pore opening. In all
these cases, the interactions with the organic rim by non-classical hydrogen bonding® seemed
to determine the structure. On one ligand, the anions were moved towards the small pocket
and one the other ligand towards the larger pocket during the steps of geometry optimisation
calculations. In the small pocket hydrogen bonding with the two imidazolylidene units and the
methylene bridge was discovered, while in the larger pocket hydrogen bonding of the X (X = F,
CI,, Br, I) anions with two imidazolylidene units and the pyrazole hydrogen atom in the middle
was detected. The organic rim on the side of the large pocket interactions showed a
deformation of the pore opening. Here, the organic rim was bent towards the middle of the
cavity and this deformation decreased with the size of the ionic radius of the anions exhibiting
the strongest deformation for the F- anion and no structural deformation of the rim with the I
anion (Figure 34A+B, F98S). Such a structural flexibility of the pillarplex rim was already
discovered for the [AusL:](PFs)s, where non-classical hydrogen bonds® between Hiim and Fers
yielded this mentioned deformation of the cation.®? For the geometry optimised structures of
[AgsLMe;](F)s, [AgsLMe2](Cl)s, [AgsLMe;](Br)s and [AgsLMe;](1)s strong non-classical hydrogen
bonding®® with distances of 1.623 — 3.202 A between X and H.m were obtained. A similar
location of the counter anions for all anions of group X1 was determined, however with an
increased size of the anions (F- < CI < Br < I') less structural deformation of the pillarplex
cation was monitored.

In contrast to the X1 anions, the geometry optimisation of X2 anions, precisely [AgsL";](SCN)4
resulted in the encapsulation of one SCN" anion inside the cavity, where metal coordination of
Nscn and weak metal coordination of Sscn with the Ag(l) ions was discovered. The anions,
which were located outside of the cavity, showed additional metal coordination with the Ag(l)
ions similar to that revealed inside the cavity. One SCN- anion formed hydrogen bonding with
the H:im in the small pocket of the pillarplex cation. Here, Nscn to the methylene bridged proton
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and Sscn to the hydrogen atoms of the imidazolylidene units were assigned to the strongest
interactions with distances of 2.30 A (Figure 34C). Similar to the finding of encapsulation of
SCN- during geometry optimisation of [AgsLM®;]J(SCN)s, the geometry optimised structure of
[AgsLMe;](PFs)s showed the encapsulation of one counter anion in the gas phase (see
Chapter 3.1.2), although this behaviour was not verified by common analytical methods in the
liquid phase (e.g., 'H, °F, 3'P NMR spectroscopy). Hence, the encapsulation of SCN- could
also be the result of the gas phase calculation. However, the shape of the thiocyanate anion
is relatively similar to the alkyl chains, which have already been investigated towards their
encapsulation into the pillarplex pore in solution.?°328597 Therefore, it is anticipated that one
SCN- anions indeed could enter the cavity, which can be strengthened by a repeated geometry
optimisation in an explicit solvent model (e.g., DMSO, H>0).
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Figure 34: Optimised structures of (A) [AgsL"¢2](F)4in gas phase; (B) [AgsLMe;](I)4in gas phase; (C) [AgsL.Me2](SCN)4
in gas phase; (D) [AgsLMe2](NO3)4 in gas phase; (E) [AgsLMe2](BF4)4 in gas phase; (F) [AgsLM2](BF4)4 in solution
(MeCN).

The pillarplex salts baring X3 anions were analysing towards their optimised structure. For
[AgsLMe;](NQO3)s, the anions were calculated in the large pockets of the pillarplex rim, although
two were placed in closer proximity to the small pockets. Strong hydrogen bonding between
Onos and Hrim was depicted with distances of 1.84 — 2.54 A. Whereas the NOs™ anions on one
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side of the cation were determined closer to the outer surrounding of the pillarplex, the two
NOs anions one the other side of the pillarplex cation were located more towards the top of
the pore opening. This resulted in a deformation of the organic rim, where the hydrogen atoms
of the rim were bent towards the anions in the inner of the pore opening (Figure 34D).
Unfortunately, the geometry optimisation of [AgsLM®;](ClO4)4 (X3) reached no convergency and
the counter anions ClO4 were dislocated during the optimisation steps. This effect occurred
only for the perchlorate anion and no explanation for the dislocation could be provided. As the
starting geometry for the geometry optimisation of [AgsLV®,](BF4)s was obtained from the micro-
ED measurements, similar symmetric positions of the counter anions around the pillarplex
were observed. While on one side of the pillarplex cation the two BF4 anions were located in
the small pocket, on the other side of the pillarplex the anions were situated in the larger pocket
and non-classical hydrogen bonding® of the Fgrs with Him were detected in all cases. The
organic rim on the side of the counter anions interacting with the larger pocket, showed a small
structural deformation, with the hydrogen bent towards the centre of the cavity. The geometry
optimisation of [AgsLM®](BF4)s in MeCN resulted in similar locations of the BF4 anions,
however no deformation of the pillarplex cation was determined (Figure 34E+F). The geometry
optimisations for anion group X3 yielded a highly ordered arrangement of the anions towards
the pillarplex cation, where a minimal structural deformation of the rim towards an oval shape
was obtained. Through the optimisation of [AgsLM®;](BF4)s in solution, this structural
deformation was no longer observed, indicating that it may have been a result of the gas phase
calculation.

Until now, the successful synthesis of pillarplexes bearing anion of group X4 could not be
achieved and therefore, no geometry optimisation calculations were performed.

In summary, no clear correlation between the size or shape of the counter anion and the patrtial
encapsulation into the cavity could be determined. Nonetheless, for all anions (non-)covalent
interactions, especially hydrogen bonding, with the organic rim of [AgsLMe;]** were identified.
Further investigations are required to distinguish whether the effects of structural deformation
and encapsulation are due to gas phase calculations. Additionally, hydrophobic effects could
influence the positioning of the counter anions making it crucial to explore the geometry
optimisation in implicit solvent models (e.g., DMSO, H-0).

3.2.6 N2 Uptake by BET Experiments

The gas adsorption properties of the obtained salts were investigated by measurement of the
N2 isotherms at 77 K. Theoretical calculations indicated that one SCN™ anion (X2) could be
encapsulated in the cavity. Therefore, the microporosity of [AgsLMe;](SCN)s was anticipated to
be lower due to a partial occupied cavity. Halides (X1) and NOs™ anions (X3) were positioned
partially on top of the cavity, which could hinder the adsorption. Additionally, the structural
deformation of the rim of [AgsLM®](F)s, [AgsLMe:](Cl)s, [AgsLMe:](Br)s, [AgsLMe:](1)s and
[AgsLMe;](NOs)s could also decrease the accessible pore volume. Before analysing the
adsorption properties, the samples were activated to ensure solvent free micro- and / or
mesopores. This was achieved by keeping the pre-dried powders for 3 days at 100 °C in
vacuo.
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The N2 isotherm of [AgsLMe;])(F)s (Figure 35A) exhibited a type II*® curvature with a H3*
hysteresis during the desorption process. It displayed a marginal gas uptake of 6.1 cm® g™ at
low pressure, which resulted in a plateau reaching from 4 kPa to 76 kPa with a minimal
increase to 8.6 cm®g’'. At high pressure a steep uptake occurred with a maximum of
62.1 cm?® g at 93 kPa. The marginal uptake at low pressure could correspond to the filling of
microporous pillarplex cavities or the formation of a monolayer on a nonporous material. The
sharp increase at high pressure indicated the condensation of nitrogen, either within the
mesoporous space between the pillarplex particles or due to the formation of multilayers.
Notably, the isotherm showed minimal gas uptake into micropores, suggesting that a (partial)
encapsulation of fluoride anions could be feasible. Considering the findings from DFT
calculations, the micropores of the pillarplex could also be blocked by the positions of the
anions and the structural deformation.

Exhibiting a similar curvature for the N, adsorption, the isotherm of [AgsL"®,](Cl)4 (Figure 35B)
was assigned to type 1.8 An initial steep uptake with 38.3 cm® g™' at 3.6 kPa was followed by
a gradual linear increase spanning from 3.6 — 81 kPa, where a gas uptake of up to 65.9 cm? g™’
was detected. Subsequently, a steep gas uptake exhibited a maximum at 93 kPa with
90.4 cm?® g'. The steep uptake at low pressure could be attributed to the filling of micropores
or monolayer formation on nonporous material. Given the absence of a discreet turning point
of the curve, it seemed to be more likely that the adsorption occurred on a nonporous material
with no notable distinction between the monolayer and multilayer formation. During the
desorption the distinct shape of a H4*® hysteresis was determined. This could be the result of
delayed evaporation of nitrogen or due to network effects®' of the supramolecular assembly.

The N isotherm of [AgsLMe;](Br)s (Figure 35C) can be described as a mixture of type Il and
type 1Va.*® At the beginning of the measurement, a steep uptake up to 29.5 cm® g at 5 kPa
was detected followed by a continuous increase, which end in a plateau at 72.0 cm® g at
92 kPa. The initial uptake could be assigned to the filling of micropores with a following nitrogen
condensation on mesoporous material due to the continuous increase. During the course of
desorption, a large hysteresis from 94 kPa to 46 kPa was observed following the curvature of
a H5% hysteresis. This distinct shape could indicate the presence of pore structures, which
simultaneous contain open and partially blocked mesopores*. The structural deformation of
the rim of [AgsLM®,](Br)s determined by DFT calculations could explain these pore structures.

Although the N, adsorption data for [AgsLMe;](I)s (Figure 35D) exhibited limited quality, the
isotherm displayed a curvature following type 1b*® isotherm with a H44® hysteresis during the
desorption process. A steady increase in gas uptake reached a maximum of 5.5 cm? g™ at
94 kPa. This behaviour could suggest the presence of a material with a pore size distribution
ranging from micropore to small mesopores. However, no definitive conclusions could be
drawn from this N isotherm, which could be caused by factors such as application of a small
sample quantity, a measurement error or by the nature of the sample itself. As the
measurement was already repeated with similar outcomes, the compound [AgsL"e;](I)s seems
to not possess porosity.

The N. isotherm for [AusLMe;](Cl)s (F41S) followed type I1.*8 An initial small uptake of
11.4 cm?® g at 3 kPa was followed by a plateau reaching from 3 kPa to 60 kPa with a shallow
increase up to 21.8 cm® g'. At high pressure a steep gas uptake with a maximal adsorbed
volume of 122.1 cm?® g at 92 kPa was observed. The curvature indicated a micropore filling
at low pressure with following N2 condensation in mesopores or the adsorption on nonporous
material starting with a monolayer at low pressure and further formation of multilayers at higher
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pressure. A small H3* hysteresis was obtained for [AusLMe;](Cl)s suggesting that either
delayed evaporation in the mesopores or network effects® in the supramolecular arrangement
could occur.

The N2 gas uptake for [AusLMe;](Br)s (F41S) exhibited characteristics of a type IV*® isotherm,
where a modest gas uptake of 4.5 cm?® g™ at 6 kPa was obtained. Then, a plateau ranging from
6 — 53 kPa was formed. However, the N; isotherm of [AusLMe;](Br)s showed a dent in this
plateau with an adsorbed volume of 3.1 cm3 g'. Applying a higher pressure than 53 kPa
resulted in a steep gas uptake to a maximum of 12.6 cm?® g at 93 kPa. A significant hysteresis
was observed, which can be described as a mixture of H1a and H2.*® Due to the dent in the
plateau (F41S, marked with an orange box) and the overall small gas uptake, the adsorption
behaviour of [AusLM®;](Br)s was repeatedly tested yielding similar results. Consequently, no
conclusion could be drawn. Several factors may have contributed to this outcome (e.g.,
quantity of sample, error during measurements). However, the most probable explanation was
the absence of porosity in the pillarplex salt.
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Figure 35: Physisorption Isotherms of (A) [AgsLMe;](F)4; (B) [AgsLV®2](Cl)4; (C) [AgslM3](Br)s; (D) [AgsLMe2](1)4 for N2
recorded at 77 K. Lines are marked in red and blue represent the ad- and desorption branch.

Considering the N2 gas adsorption for [AgsL":](SCN)4 (Figure 36A) a type IV*® isotherm was
observed with a marginal uptake of 7.7 cm3 g™ at low pressure up to 4 kPa. The gas uptake
ceased into a plateau at 9.3 cm?® g' from 4 kPa to 82 kPa and afterwards, a steep uptake with
amaximum of 35.2 cm? g™ at 94 kPa was identified. The marginal uptake at low pressure could
correspond to the filling of micropores. In DFT calculations the pillarplex cavity was partially
occupied by one SCN- anion, which could explain the small accessible microporous space.
The following uptake at higher pressure could be attributed to the mesoporous space between
pillarplex particles or the formation of layers on the nonporous material. During the desorption
course, a H14® was determined, which could indicate the delayed evaporation of nitrogen from
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in between pillarplex particles. As the hysteresis was obtained in the mesoporous range, the
discrepancy between adsorbed and desorbed volume could also be explained by network
effects (e.g., pore blocking, network defects).®!

In contrast, [AgsLMe;](NOs)4 (Figure 36B) exhibited a completely different behaviour during the
gas adsorption experiments and followed a type la* isotherm. Initially, a high and steep gas
uptake of 37.2 cm® g at 5 kPa concluded into a plateau, which continuously increase to an
overall uptake of 44.6 cm® g at 94 kPa. This type of isotherms is expected for microporous
materials, where an initial filling of a pore is limited by the inner pore surface. The pillarplex
cavity indeed exhibits microporous character, which could explain the observed behaviour for
N2 uptake of [AgsLM®;J(NOs)s. Although DFT calculation suggested no encapsulation, the
anions were positioned partially blocking the pore opening. This pore blocking could cause the
marginal hysteresis, which was assigned to type H1.48

The N isotherm of [AgsLM®,](ClO4)4 (Figure 36C) could be best characterised as a combination
of type la*® at low pressure and type 11 at higher pressure. With a significant initial gas uptake
of 73.7 cm3® g at 10 kPa, a plateau was reached at the adsorbed volume of 76.6 cm® g™.
Another small quantity of gas was adsorbed at high pressure (> 79 kPa) resulting in a
maximum volume of 93.0 cm?® g™ at 94 kPa. It should be noted that a reversible desorption was
determined showing no hysteresis. The shape of the isotherm suggested the presence of
micropores, which were filled at low pressure. Furthermore, mesoporous space between the
pillarplex cations could be present, where nitrogen condensation could occur.

A type I1*® isotherm was depicted for the N2 adsorption of [AgsLM®;](BF4)s (Figure 36D). Initially,
a steep uptake to a volume of 32.7 cm?® g' adsorbed gas at 5 kPa levelled into a plateau at
38.2 cm® g reaching from 5 kPa to 80 kPa. The subsequent steep gas uptake led to a gas
adsorption maximum of 90.8 cm? g™ at 93 kPa. This type of isotherm suggested the presence
of a nonporous or macroporous material. Thus, the initial gas uptake could be attributed to the
formation of a monolayer, although the filling of micropores could also be feasible. The further
increase in the adsorbed gas volume might be due to either the formation of multilayer or the
uptake of nitrogen in mesoporous space. During the reversible desorption process a H3%
hysteresis was detected. This could be the result of the presence of non-rigid aggregates or a
macroporous network where no complete nitrogen condensation occurred. A crystal structure
analysis of [AgsLMe;](BF4)s revealed a highly ordered pore alignment of the pillarplex cations.
Due to the positioning of the counter anions outside of the rim, a quasi-continuous channel
was formed. Taking these findings into account, microporous space in the chain-aligned
pillarplex cavity and mesoporous space in between the pillarplex cations and anions would be
accessible. Therefore, a high N> gas uptake in the microporous range at low pressure was
anticipated. Additionally, shallow increase at higher pressure could be explained by nitrogen
condensation between the pillarplex particles. To assess the consistency of lattice parameters
the calculated PXRD pattern from SC-XRD measurements was compared to the measured
pattern of the bulk material of [AgsLMe;](BF4)s. Notably, similar patterns were observed
suggesting that similarities in the solid-state arrangement for both samples were present.
Nevertheless, no correlation could be established between the results of the single crystal
analysis and the gas adsorption experiment, due to a relatively low overall volume of adsorbed
gas compared to other pillarplex salts.
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Figure 36: Physisorption Isotherms: (A) [AgsLMe3]J(SCN)s; (B) [AgsLMe2)(NO3)s; (C) [AgslMe2](ClO4)s;
(D) [AgsLMe2](BF4)4 for N2 recorded at 77 K. Lines are marked in red and blue represent the ad- and desorption
branch.

3.2.7 Summary and Outlook

In summary, the library of pillarplex salts could be extended by the successful synthesis of
[AgsLV®2](F)a, [AgsL](Cl)a, [AgsLM](Br)s, [AgsLe2](1)s, [AusL“®2](Cl)s, [AusLMe](Br)s,
[AgsLMe;](SCN)4, [AgsLMe;](NOs)s, [AgsLMe2](ClO4)s and [AgsLM®;](BF4)s. However, some of the
compounds still require further characterisation, particularly considering the structural analysis
in order to assess the positions of the [MsLM;]** cation, the counter anions and solvent
molecules. Moreover, examination of the occurring (non-)covalent interactions between cation,
anion and solvent molecules as well as the influence on the crystal arrangement must be
concluded. Despite various crystallisation attempts, no suitable single crystals were obtained.
Nonetheless, gradual precipitation might create microcrystalline powders, which could
subsequently be analysed by electron diffraction analysis.

While the targeted pillarplex salts [AgsLM®;](I3)s and [AusLMe;](S). could not be synthesised as
decomposition occurred during the anion exchange reactions, [AusL"®;](I)s and [AgsLM®;](SO4)s
yielded white precipitates. However, the analysis of these precipitates involved several
problems. For [AusL™®;](I)s the 'H NMR spectrum showed additionally signals and for
[AgsLMe;](SO4)4 limited solubility hindered the measurement of NMR spectroscopy or mass
spectrometry. Further purification steps could be implemented for [AusLM®;](1)4 to verify the
successful formation of the pillarplex salt. In the case of [AgsL"®:](SO.)s, further common
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analysis methods (e.g., solid-state NMR spectroscopy, EA, IR, UV-vis) could be applied to
determine whether the desired pillarplex salt was indeed obtained.

Microcrystalline powder of [AgsLV®;](BF4)s could be analysed by electron diffraction and
revealed a highly ordered crystal arrangement with pore-aligned [AgsLVe;]** cations. Due the
positioning of the counter anions BFs on the exterior space of the pillarplex cations, an
unoccupied quasi-continuous pore channel was identified. This finding renders the pillarplex
salt exceptionally interesting for further studies towards its host-guest chemistry. After the
synthesis of [AgsLM®;](BF4)s a similar solubility to [AgsLM®;](PFs)s was observed, which resulted
in poor yields for the anion exchange from PF¢ to BF4. To shorten and optimise the synthetic
route, this BF4 pillarplex salt could be directly obtained from LM¢(BF4)s. During the synthesis
route to achieve [MsLM®;](PFs)s, the ligand LMe,(OTf)s is synthesised and subjected to an anion
exchange reaction with ammonium hexafluorophosphate to form LMe(PFs)s. Through switching
to ammonium tetrafluoroborate, the ligand LMé(BF4)4 could directly be synthesised and further
implemented into the [AgsLMe;](BF4)4 pillarplex.

To assess potential correlations, the geometry optimised structures obtained through DFT
calculations were compared with the gas adsorption data. In principle, microporous space
inside the pillarplex cavity and mesoporous space in between the pillarplex particles exists,
where adsorption could occur. [AgsLM;](F)s and [AusLMe;](Cl)4 followed a type 118 isotherm and
[AgsLMe;](SCN)4 followed a type 1V#8 isotherm, where in all cases a marginal amount of gas is
adsorbed in micropores and a high proportion is adsorbed in mesopores. Another explanation
for this behaviour would be the formation of a monolayer on nonporous material with the
following formation of multilayers. For [AgsLM:](F)s and [AusLMe;](Cl)s DFT calculations
revealed a pore blocking and structural deformation caused by the anions, while for
[AgsLMe;](BF4)s a partial occupation of the cavity by one SCN- anion was observed. These
findings could explain the marginal uptake in the microporous area. [AgsLMe;](Cl)s,
[AgsLMe;](Br)s and [AgsLMe;](BF4)s followed type I1*® isotherms, where gas uptake was
monitored in the range of micropores and mesopores. While the geometry optimised structures
of [AgsLMe;](Cl)s and [AgsLMe;](Br)s revealed no anion encapsulation, the pore opening was
blocked by the positions of counter anions accompanied by a structural deformation of the rim.
For [AgsLMe;](BF4). a slight deformation of the pore opening to an oval shape was obtained via
SC-XRD measurements. Nevertheless, microporous space was accessible in the pillarplex
cavity. The adsorption behaviour could therefore indicate that initial nitrogen filling of the
pillarplex cavity is followed by nitrogen condensation in the accessible space between
pillarplex particles. With a significant gas uptake into micropores and following minor uptake in
mesopores, [AgsLMe;](NOs)s and [AgsLM®;](ClO4)s featured characteristics of type la*
isotherms. This suggested nitrogen uptake primarily into micropores with a confined inner pore
surface. The DFT calculations indicated partial pore blocking by the counter anions rather than
encapsulation. Consequently, the pillarplex cavity seems to be accessible for N2, while nitrogen
condensation in the mesoporous void between pillarplex particles is at a low level. The
compounds [AgsLM;](I)s and [AusLM®;](Br)s demonstrated an overall low gas uptake,
suggesting nonporous characteristics of these materials. This hypothesis was supported by
the determined PXRD pattern of the activated samples, which showed an amorphous phase.

No clear conclusions regarding correlations could be drawn due to diverse gas adsorption
results and the lack of structural analysis data. However, the presented results suggest that
there is indeed a potential connection between the counter anions, the pore accessibility and
gas adsorption properties.
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3.3 Pillarplex Salts with Mixed Anions

3.3.1 Introduction

The pillarplex consists of the cation [MsL2]** and respective counter anions. To date, only a
limited number of counter anions has been examined and exclusively pillarplex salts bearing
a single type of counter anions were synthesised and analysed. However, the pillarplex cation
is offering a charge of 4+, which in theory enables the introduction of up to four different counter
anions (Figure 37). Moreover, the range of counter anions can be expanded to metal-
containing anions, where supplementary interaction sites are introduced into the system.
Furthermore, (non-)covalent interactions play a significant role in the crystal arrangement and
by introducing divers counter anions, the range of occurring (non-)covalent interactions (e.g.,
hydrogen bonding, coordinative bond) can be enhanced.
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Figure 37: Overview of the possibilities for partial anion exchange reactions of [MsL2](X)+ (M = Ag(l), Au(l); L = LM,
Lt X = PFe, OTf) with anions X1-X4 varying in size and shape to achieve.

3.3.2 [AusLM®;](PFé)25(AuCl2)1 5

The incorporation of metal-containing anions was accomplished through crystallisation
attempts after the transmetalation reaction from [AgsLM®;](PFs)s to the respective Au(l)-
pillarplex salt. During the transmetalation reaction to form [AusLMe;](PFs)s an excess of Au(l)-
precursor was provided to ensure that a full conversion was reached. To a solution of 8.5 eq.
Au(THT)CI (THT = tetrahydrofuran) in MeCN, a solution of [AgsLMe:](PFs)s (1 €g.) was slowly
added and the reaction mixture was stirred overnight at 40 °C under exclusion of light. The
purification was performed following the literature-known procedure?® and the obtained white
powder was analysed via '"H NMR spectroscopy towards its purity. The desired signal set for
the pillarplex cation was assigned in the '"H NMR spectrum, and the presence of the PFs anion
was reviewed and confirmed by 3'P NMR spectroscopy, where one signal at
approximately -144 ppm was detected. In order to perform crystallisation attempts, the white
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powder was re-dissolved in MeCN in a small NMR tube. This tube was placed in a Schlenk-
flask, which was partially filled with Et,O and sealed to obtain single-crystals by slow vapour
diffusion of Et20 into the saturated solution.

Colourless block-shaped crystals suitable for single-crystal X-Ray diffraction were obtained
crystalising in the triclinic space group P-1 (No. 2). The asymmetric unit contains one
[AusLMe;]** cation, 2 1/2 PFs anions, one 1/2 AuCl, anions and additionally, one 1/2 co-
crystallised acetonitrile molecules. During the transmetalation reaction of [AgsLMe;](PFe)s with
Au(THT)CI to form the corresponding [AusLM®;](PFs)s pillarplex salt, the side product
[AusLMe;](PFs)25(AuClz)1 5 emerged, where a partial exchange of the PFs counter anions by
AuCly” counter anions was discovered.
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Figure 38: Representation of the solid-state structure of [AusL¢](PFe)2.5(AuClz2)1.5: (A) Non-covalent interactions of
[AusLMes1* with metallophilic Au-Au interactions and non-classical hydrogen bonding®® of Hrim with halides of the
counter anion (Frrs- and Clauciz); (B) Hydrogen bonding interactions of Hrim with Nmecn; (C) Crystal packing along
the a-axis (zigzag chain alignment), (C) Crystal packing along the b-axis (pore alignment).

Two independent AuCl,™ anions are present (see Figure 38A) with one being located at an
inversion centre and bridged in between two [AusLMe;]** cations connecting these towards a
metallophilic chain alignment by relatively short distances of 3.207(1) A (Au(l)-Auauc2(l)). The
other isolated AuCl," anion is located in the void between three [AusLM®;]** cations forming also
metallophilic interactions with distances of 3.954(5) A. Besides the obvious metallophilic
interactions, non-classical hydrogen bonding® is observed between the counter anions and
the hydrogen atoms of the rim. The chloride of the AuCl;™ anion forms hydrogen bonding with
the methyl group of one acetonitrile molecule as well as hydrogen bonding with the H:im of the
neighbouring pillarplex cation. The acetonitrile molecules additionally form hydrogen bonding
with N-H:im (Figure 38B). Above and below the AuCly” anion connecting two pillarplex cations,
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one PF¢ anion is located forming non-classical hydrogen bonding®® with the methylene bridged
hydrogen atoms and hydrogen atoms of the imidazolylidene units. As already mentioned, the
AuCly anions connect the cations in a chain alignment, which is additionally retrieved by
examining the crystal packing along the a-axis (Figure 38C), where the pairs of two [AugLMe;]**
cations connected by one AuCl, anion are forming zigzag chains. Here, Au(l)-Au(l) distances
between the neighbouring [AusLMe;]** cations of 4.505(7) A are observed and with the second
AuCly anion a triangle of Au(l)-Auauciz(l)-Au(l) bonds is formed (3.292(6) A, 3.832(6) A,
3.954(5) A). The crystal packing along the b-axis showed a pore alignment of the [AugLMe,]**
cations (Figure 38D).

In summary, the mixed anion salt [AusL"®;](PFe)25(AuCl2)1s was obtained with metal-
containing AuCl> counter anion. Moreover, the crystal packing shows a high ordered system,
where the counter anions seem to strongly influence the arrangement. The obtained pore
alignment of pillarplex cations [AusLMe;]** in the solid-state align the isolated cavities of each
pillarplex cation into a channel-shaped cavity. Another highly interesting feature of the
[AusLMe,](PFs)25(AuClz)1 5 salt are the short Au(l)-Au(l) distances (3.954(5) A).

3.3.3 [AgsL2]2(PFe)s(OTf)s

This chapter is based on the master thesis of Tom Calmus, which was supervised by this author.

Furthermore, a [AgsL'2]*" pillarplex salt featuring a combination of PFs and OTf counter anions
was discovered. The synthesis route for the triazole pillarplex is altered to the one for the
pyrazole based pillarplex. Initially, the ligand L(OTf), is coordinated with Ag(l) ions to yield the
corresponding [AgsL%](OTf)4 pillarplex, followed by an anion exchange reaction to synthesise
[AgsL%](PFs)s. After this anion exchange, the white precipitate was purified and isolated.
Subsequently, a saturated solution of the solid was prepared in an NMR tube and sealed within
a Schlenk-flask partially filled with Et20. By slow diffusion of Et20 into the NMR tube, colourless
fragment-shaped single crystals were obtained and analysed via single crystal X-Ray
diffraction measurements. The crystal structure was solved and refined in the triclinic space
group P -1 and were determined to be a double salt including OTf and PFg anions. With unit
cell parameters a=21.296(8)A, b=23.072(9)A, ¢=23.3059)A, a=118.657(10)°,
B =90.594(12)°, y = 98.005(12)°, the asymmetric unit contains two [AgsL'2]** cations, three
OTf anions, five PFe¢ anions and three co-crystallised MeCN solvent molecules.

The occuring interactions were analysed (Figure 39A) exhibiting mainly intermolecular non-
classical hydrogen bondings®® between the organic rim and the fluorine atoms of the counter
anions. Additionally, classical hydrogen bonding of the H:im with Nmecn Of the solvent molecules
and with Oorr of the triflate anions was observed. The oxygen atoms of the triflate and the
fluorine atoms of the PFe¢ anion revealed metal coordination with the Ag(l) ion and the
hydrogen atoms of MeCN showed H-Tr-interactions with the aromatic imidazolylidene unit. In
Figure 39B the arrangement of the [AgsL'2]** cations is depicted, where two cations form a
slightly twisted chain alignment with a torsion angle of 25.48°. This pair of two pillarplex cations
exhibit argentophilic interactions of Ag(l)-Ag(l) with a distance of 3.567 A. Additionally, the
neighbouring pairs of two pillarplex cations are chain-aligned with Ag(l)-Ag(l) distances of
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4.894 A and 5.748 A. Figure 39C+D display the following described features for the crystal
arrangement of the [AgsL%:]** cations alongside the c- and b-crystallographic axes. In
c-direction a pore alignment of every second layer of cations is established (Figure 39C).
However interpenetrated layers of the chain alignment were detected, where the
interpenetration results from Tm-interactions of the organic rim of neighbouring cations —
especially the imidazolylidene units on both sides of one cation. In the next layer the pairs of
two cations always lay in the “empty” void between two of the cation pairs of the previous layer.
Along the crystallographic b-axis a block arrangement of two layers of cations is depicted,
where in between the blocks the majority of the counter anions is located (Figure 39D).
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Figure 39: Representation of the solid-state structure of [AgsLi2]2(PFe)s(OTf)s: (A) Non-covalent interactions of
[AgsLb:]*+ with classical hydrogen bonding of Hrim with Ootr and Nuecn non-classical hydrogen® of Hrim with counter
anion Fprs- and Fotr, and metal coordination Oorr and Fprs; (B) Argentophilic interactions in chain alignment of
[AgsL2}** with the cations being tilted towards each other by 25.48°; (C) Crystal packing along the c-axis exhibiting
a pore alignment of [AgsL'2]**; (D) Crystal packing along the b-axis exhibiting a chain alignment of [AgsL®2]** (in
blocks).

To conclude, a mixed triazole based pillarplex salt [AgsLM®;].(PFs)s(OTf); has been studied in
terms of cation arrangement and occurring interactions. Comparison with the crystal structures
of [AgsL:](OTf)s and [AgsLb](PFs)s revealed similarities (F42S).% In the mixed triazole based
pillarplex structure the formation of neighbouring cation pairs, tilted towards each other by
25.48°, was observed, which was also discovered for [AgsL':](OTf)s, where the neighbouring
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[AgsLb]** cations are tilted by 61.61°. While for [AgsL:](OTf)s hydrogen bonds between Oors or
Sorr with Hiim were obtained, besides the hydrogen bonds of Frre or Oortr With Hiim the formation
of Ag(l)-Ag(l) interaction was noted for [AgsL%]2(PFs)s(OTf)s. In particular, these metallophilic
interactions between two neighbouring [AgsL2]** cations with short distances (3.567 A) stand
out. This was also reported for [AusL%](PFs)s, where an Au(l)-Au(l) chain alignment with
distances of 4.517 A was identified. In this case, the shape of the [AusLY]** cation differs, as
the imidazolylidene units are bent towards each other resulting in a compressed pore opening
of 2.93 A. The distortion originates from interactions of H.m with one PFs anion, which is
located on top of the pore opening.®? In contrast, no variation of cation shape was discovered
for [AgsLtz]z(PFs)s(OTf)s.

3.3.4 Summary and Outlook

After analysing the crystal arrangement of various pillarplex salt containing one anion in
Chapter 3.2., several crystal structure analyses showed that pillarplex salts containing two
different anions can be obtained and were analysed via SC-XRD measurements. Although the
introduction of another anion leads to additional complexity of the structure solution, the
achieved mixed anion salts could feature interesting properties (e.g., solubility, host-guest
chemistry, porosity, photo chemistry).

The salt [AusLMe;](PFs)25(AuCl2)15 was obtained as a side product of the transmetalation in a
crystallisation attempt, and therefore the formation must be investigated starting with the full
characterisation of the metal precursor Au(THT)CI. This metal precursor was only analysed by
'H NMR spectroscopy, where the metal species, such as AuCl, are silent. Performing an
additional elemental analysis should help to verify the purity of the metal precursor especially
regarding the metal content. However, if no AuCly is detected in the metal precursor the
mechanism on how the AuCly™ anion is implemented as counter anion has to be investigated.
The prospect of further anion exchange reactions with the metal-containing anion can then be
explored by a titration of an Au(l) source into a solution of pure [AusLMe;](PFs)s. An intriguing
possibility is the investigation of the photophysical properties of [AusLM®;](PFs)2.5(AuClz)15 or
other pillarplex salts containing Au(l) counter anions, since it is known that the lengths of the
Au(l)-Au(l) distances influence the absorption, luminescence and lifetime properties.

An incomplete anion exchange yielded the pillarplex salt [AgsL]2(PFs)s(OTf)s, which exhibited
metallophilic chain-aligned pairs of neighbouring cations tilted towards each other, similarly to
the literature-known structures of [AgsL%](OTf)s and [AgsL](PFs)s. Achieving a selective
synthesis of [MsL%](PFe)x(OTf)sx while controlling the ratio of PFs to OTf would be of high
interest, as the influence on the crystal arrangement could be evaluated. This could be
accomplished by either adjusting the stoichiometry during the anion exchange reaction or post-
synthetic modification (e.g., titration) of a single anionic salt.
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3.4 Crystal Structure of a Hexacationic Ag(l)-Pillarplex-Dodecyl-
Diammonium Pseudorotaxane as Terephthalate Salt

This chapter is based on the publication: "Crystal structure of a hexacationic Ag(l)-pillarplex-dodecyl-
diammonium pseudo-rotaxane as terephthalate salt" Alexandra A. Heidecker*, Moritz Bohn and
Alexander Pothig*; Zeitschrift fiir Kristallographie — Crystalline Materials, 2022, 237 (4-5), 167-177.
https://doi.org/10.1515/zkri-2021-2076.

3.4.1 Introduction

In order to make predictions for the formation of an assembly based on supramolecules in the
solid-state, a profound understanding of the parameters influencing this arrangement is
required. In particular, in the solid-state the sensitivity to interactions on the surface or the
building units of the supramolecule can be exploited for applications, such as separation,
catalysis or molecular recognition.%8-108

To achieve the formation of a controlled supramolecular arrangement, various tools can be
employed to analyse the (non-)covalent interactions that occur between individual
supramolecules. This information can be used to gain further insights into how to achieve the
controlled formation of a supramolecular assembly. As the pillarplex system is a combination
of organic macrocyclic ligands linked by metal coordination to form a supramolecular
organometallic host, the applicability of tools needs to be investigated (Figure 40).

A 5 "w
.
— N AR

Full Interaction
Maps

~
N

CioHaeN,

A’F
Al =

*"‘Y“h

Anion exchange
+

[AggLM,](PFe)s Guest encapsulation [AgaLMe,1(DAZ)(X2),

Figure 40: Overview of (A) Cation [AgsLMes}** marked with the four regions for the specific (non-)covalent
interactions: (I) Cavity, (ll) Aromatic ligands, (lll) Metal ions and (IV) Rim; (B) Synthesis of the pseudorotaxane
[AgslMe2](DA)(X?-)3 and the applied analytical methods Full Interaction Maps (FIMs) and Hirshfeld surface analysis
to investigate the obtained (non-)covalent interactions.

The first step is to understand the target molecule [MsL"®,](X)s and the interactions that may
occur. Therefore, the pillarplex cation [MsLM®;]** is divided into the four regions where specific
non-covalent interactions are anticipated:

(I) Hydrophobic cavity: Mainly dispersion or electrostatic interactions can occur here. As the
tubular cavity is partially formed by the M(l) ions a minor contribution of metal coordination to
the sum of interactions may occur. The nature of the interactions involved in guest
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encapsulation in the pillarplex cavity has already been studied by quantum chemical
calculations, which indicate that van der Waals forces are the main driving force for
encapsulation with a contribution of approximately 50%, followed by orbital polarisation and
electrostatic forces (20%) and only a marginal contribution from the metal coordination.®

(I1) Aromatic ligands: These are constructed by pyrazole and imidazolylidene units, where
m-interactions are predicted. The influence of the aromatic ligands has already been observed
in "H NMR spectroscopy, where shielding of the guest protons by ring current effects led to a
shift of the proton signals for the encapsulated guest.

(1) Metal ions: The pillarplexes contain either Ag(l) or Au(l) with the potential for metal
coordination. Due to steric reasons, the metal coordination is mainly anticipated to occur on
the outside of the pillarplex cation, but in principle these interactions are feasible in the inside
of the cavity. However, smart design of the guest must be performed to achieve the physical
proximity for metal coordination inside the cavity. SAXS measurements already showed, that
M* ions can be accommodated despite strong repulsion forces. Although Au(l) complexes are
coordinatively saturated, Ag(l) complexes can offer additional coordination sites.""%-112

(IV) Rim: The organic ligand is built up by pyrazole, imidazolylidene and methylene units, which
offer a range of possibilities for interactions, mainly attributed to hydrogen bonding. In general,
the small and large pockets of the pillarplex rim contain aromatic C-H hydrogen atoms.
Additionally, the methylene bridges offer aliphatic hydrogen atoms partially directing towards
the metal ions of the pillarplex cation. The strong influence of hydrogen bonds in regard to the
rim hydrogen atoms was already reported for [MsL%](X)s (with X = PFs, OTf), where the
pyrazole unit is exchanged by a triazole unit.*? In the case of [AusL;](PFs)s non-classical
hydrogen bonding® between the counter anion and the organic rim led to a deformation of the
pore opening, due to the coordination of one PFg¢ anion to all hydrogen atoms of the four
imidazolylidene units located directly on top of the cavity (see Chapter 1.3).

3.4.2 FIMs analysis of [AgsLMe,]**

To determine the aforementioned regions of potential interaction sites, the tool Full Interaction
Maps (FIMs) was used to review the applicability towards the organometallic pillarplex system.

Implemented in the program Mercury, the tool FIMs is able to visualise regions, where specific
interactions are anticipated based on experimentally determined data (CSD database).'"®
Beforehand, the targeted molecule is divided into smaller groups by the program IsoStar'™
and arranged into so-called central groups, which contain the data of specific properties. The
program SuperStar''® combines those smaller groups into the large targeted molecule and
calculates the scattering plots for the whole molecule. The program Mercury''® has various
probes (Figure 41) implemented for which the maps of potential interactions sites can be
determined. For each probe a specific colour visualises the interaction sites, whereby the
shading indicates the probability of specific interactions. Dark regions exhibit strong and
brighter regions indicate less probability for the specific interaction. Besides the implemented
probes, individual probes can be added. However enough information on the specific
properties must be embedded in the CSD database for appropriate visualisation of the
interaction regions.
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Figure 41: Overview of the probes implemented into Mercury.?"®

As the main interest lies in the arrangement of the [MsLMe;]** cations, this fragment was
exposed to the FIMs analysis. The calculated maps of this fragment can be used to predict
interaction sites and thereby assign potential locations of the counter anions and solvent
molecules in the solid-state. The program IsoStar'™ divided the pillarplex cation into the
following seven central groups: aromatic CH, aromatic C(sp®), aromatic N, aromatic dimethyl
amino, ethylene, aliphatic methylene and substituted carbon groups (F43S). Notably, only the
organic parts of [AgsL®;]** were detected and the presence of metal ions was neglected.

For the investigation of [AgsLMe;]** by FIMs analysis oxygen (probe: carbonyl oxygen) and
nitrogen (probe: uncharged NH) were chosen, as they have the potential to perform hydrogen
bonding, TT-interactions and metal coordination. The obtained interaction maps can be seen in
Figure 42. The visualised interaction regions for probe carbonyl oxygen exhibited large areas
close to the rim, located on top of the pore opening (seen in the top view). The strong influence
of hydrogen bonding in this specific area was in accordance with the already observed
deformation of [MsL%](X)s+.3? Additionally, small regions were identified close to the aliphatic
hydrogen atoms of the CH. groups. However, the regions for interaction sites were only
determined outside of the cavity and no probability for hydrogen bonding inside the cavity was
calculated and displayed. Detailed investigation of the regions for interaction sites with probe
uncharged NH nitrogen exhibited small areas at the outside of the rim, where Tr-interactions
with the aromatic units were anticipated. Additionally, above and below the pore opening and
in close proximity on the inside of the pore opening small interaction sites were defined.
Furthermore, the calculated interaction sites were located exclusively close to the pyrazole
unit, although the imidazolylidene units exhibit aromatic character too. Hence, the formation of
m-interactions with uncharged N is feasible. As mentioned before, no central groups were
assigned to the metal ions and therefore no interaction sites were calculated close to the Ag(l)
ions. The analysis tool FIMs was developed for the use in biochemistry for drug design''® and
therefore, a limited amount of metal-containing structures was implemented. Nevertheless,
individual metal probes can be designed, but it must be considered that the database might
not contain enough data to calculated sufficient interaction regions.
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Figure 42: FIMs analysis of cation [MsLMez]** towards (A) Acceptor probe carbonyl oxygen; (B) Donor probe
uncharged NH nitrogen with the side view displayed at the top and the top view displayed at the bottom.

In summary, the FIMs tool provides suitable maps for interaction sites in the case of organic
molecules or organic components of molecules. However, its applicability is limited for metal
coordination and, in particular, for interaction regions inside a cavity.

3.4.3 Synthesis of [AgsLM®,](DA)(BDC)x and Crystal Structure Investigation

Synthesis of [AgsL";](DA)(BDC)x

A pseudorotaxane was experimentally designed, which contained all four mentioned
possibilities for (non-)covalent interactions (I, Il, Ill, IV, Figure 40A) and was used to validate
the use and applicability of FIMs analysis on the pillarplex system. Therefore, a
pseudorotaxane containing [AgsLM®;]** as ring component and initially 1,12 dodecane diamine
as a guest was synthesised. As the literature-known anions PFg and OTf only exhibit the
potential for non-classical hydrogen bonding®®, the pseudorotaxane was further subjected to
an anion exchange reaction with terephthalic acid and base DIPEA yielding the hexacationic
[AgsLMe;](DA)(BDC)x (with DA = dodecyl diammonium, BDC benzene-1,4-dicarboxylic acid)
salt (Figure 43).
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Figure 43: Synthetic reaction for [AgsL™e2](DA)(BDC)x salt. Slightly varied and taken from 37,

After combining all compounds, the reaction mixture was stirred at room temperature overnight
and the solvent was removed by evaporation. The obtained off-white solid was washed with
Et,O and dried in vacuo. The successful formation of pseudorotaxane [AgsLVe,](DA)(BDC)x
was validated by NMR spectroscopy and ESI mass spectrometry (see Chapter 5.8.1).

Crystal Structure Analysis

Colourless, octahedral-shaped crystals were suitable for SC-XRD measurement after being
obtained by slow diffusion of the solvent MeCN. The crystals were solved and refined in the
monoclinic space group P 2/c (No. 14) and the asymmetric unit cell contains one [AgsLV;]**
cation, one guest (dodecyl-diammonium), 3 1/2 terephthalate anions and twenty-two co-
crystallised water molecules. The pillarplex cation [AgsLMe:]** (Figure 44A) exhibits a similar
molecular structure to literature-known structures?®®” with geometric parameters in the range
of 3.1028 to 3.4541 A for Ag(l)-Ag(l) distances, 2.070 A for Ag(l)-C distances and 2.094 A for
Ag(l)-N distances. A chain alignment of [AgsL®;]** cations is revealed in the direction of the
crystallographic b- and c-axes, where two neighbouring cations are tilted towards each other
with an angle of 72.61° (Figure 44B). Thus, a chain of two alternating cations is observed.
Along the a-axis, these chain-aligned pillarplex cations form layers, where from one layer to
the next layer the pairs of alternating cations are shifted by one cation. As the asymmetric unit
contains only 3 1/2 terephthalate units, the location of these molecules and their protonation
state has been determined. The three terephthalates (1, 2, 3) are located at general positions
and the fourth on is located at the specific Wyckoff position 2a, where a twofold axis is ranging
through the middle of the molecule (Figure 44C). During refinement, residual electron density
close to the nitrogen atom of the guest molecule was observed. The assignment of hydrogen
atoms at these positions suggested that the initial guest 1,12-diamino dodecane was
protonated due to slightly acidic conditions, probably caused by the presence of terephthalic
acid. Thus, dodecyl diammonium was in-situ formed and encapsulated to form the respective
pseudorotaxane [AgsLMe;]**(DA). The four-times positively charged cation combined with the
two-times positively charged guest, led to the assumption, that counter anions with a total
charge of 6- are present. The state of protonation of the terephthalate units is differentiated by
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comparison of the C-O bond lengths and the residual electron density in proximity of the
oxygen atoms. In summary, three terephthalate unit show relatively similar C-O bond lengths
of 1.25 A, indicating that a delocalised negative charge is distributed over the two oxygen
atoms and hence both carboxylic acid groups are deprotonated. Meanwhile, one terephthalate
unit exhibits one longer and one shorter C-O bond (1.223 A vs. 1.313 A), which indicates that
this unit is partially deprotonated, and thus, the hydroxy hydrogen atom is calculated and
refined at the ideal position (Figure 44C). As already mentioned, twenty-two water molecules
are co-crystallised in the asymmetric unit. This network of water molecules seems to have a
crucial impact on the stability of the crystal structure and strongly influences the crystal
packing.
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Figure 44: Detailed representation of the solid-state structure of [AgsLMe2](DA)(BDC)x: (A) Molecular structure of
the cation [AgsLMe;]** with selected marked atoms; (B) Crystal packing along the a-axis of cations showing chain
alignment with a tilted angle of 72.61°; (C) Location and protonation state of the terephthalate units. Slightly varied
and taken from 3.

(Non-)Covalent Interactions

After thoroughly examination of the molecular structure accurately assigning the hydrogen
atoms, the (non-)covalent interactions were analysed based on the four defined regions
(Figure 45):

(I) Cavity: This region allowed the encapsulation of a guest molecule. The selected guest
extends the cavity on the top and the bottom. One side of the dodecyl diammonium crystallised
in an anti-periplanar conformation, while the atoms sticking out of the bottom of the cavity
adopted a bent configuration, favouring a gauche formation. This bent fashion led to a lower
energetic profile primarily due to intermolecular hydrogen bonding of the alkyl chain with the
rim. Notably, protonated amine groups were identified providing an additional hydrogen
donating group, which was stabilised by hydrogen bonding with two terephthalate units and
one water molecule.
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(II) Aromatic ligands: In this region, T-interactions were determined between imidazolylidene
units and terephthalate units. These interactions occurred either directly between two
neighbouring pillarplex cations through 1r-stacking of the respective imidazolylidene units or
between two neighbouring pillarplex cations, which were connected by one terephthalate unit
exhibiting Tr-stacking with both respective imidazolylidene units. In both cases, the
neighbouring pillarplex cations were distorted of approximately 65°.

(11 Metal ions: Within this region coordinative interactions between Ag(l) and the oxygen atom
of water molecules (On20) were detected, as well as coordinative interactions between Ag(l)
and the oxygen atoms of terephthalate units (O).

(IV) Rim: In particular intermolecular hydrogen bonding was anticipated and indeed verified by

hydrogen bonding between the organic rim and the oxygen atoms of solvent and anion
molecules (Onzo, Ote).

A

Figure 45: Representation of the occurring (non-)covalent interactions of the solid-state structure of
[AgsL™e;](DA)(BDC)x: (A) Cavity with encapsulated guest dodecy! diammonium; (B) Aromatic ligands, where either
direct m-interactions of neighbouring imidazolylidene units or indirect 1-interactions through one terephthalate unit
were observed, (C) Metal coordinative interactions of Ag(l) with the oxygen atoms of terephthalate and water
molecules; (D) Hydrogen bonding at the organic rim with the oxygen atoms of water and terephthalate units. Slightly
varied and taken from 3'.

The synthesised pseudorotaxane showed interactions in all four regions. However, the
(non-)covalent interactions are strongly influenced by the choice of solvent and especially in
this case by the presence of water, which formed a hydrate shell around the pillarplex system.

83



3.4.4 Hirshfeld Surface Analysis of Dodecyl Diammonium and [AgsLMe;]**

Calculation and visualisation of isosurfaces and a quantification of the occurring interactions
can be achieved by the program CrystalExplorer."”-"® Within the calculated surface of a
specific molecule, interactions are identified and colour-coded based on the distance from the
surface to the exterior and the interior atoms. Blue regions represent contacts with longer
distances, white regions indicate contacts at an average distance and red regions signify
contacts shorter than the van der Waals radii of the atoms.

Figure 46: Hirshfeld surface analysis of (A) Guest molecule in the solid-state showing intermolecular interactions of
the -NH3* groups with terephthalate and water units; (B) [AgsLMe3]4+ in the solid-state showing intermolecular
contacts. Slightly varied and taken from 37,

With this method, a theoretical validation of the identified interactions in the crystal structure
can be gained. Hence, the Hirshfeld surfaces of the guest dodecyl diammonium and the
pillarplex cation [AgsLMe;]** were calculated (Figure 46) and analysed towards the defined
interaction regions of the pillarplex.

() Cavity: To analyse the interactions inside the cavity, the Hirshfeld surface of the guest
molecule was illustrated, and a highly symmetrical surface was visualised. The surface of the
alky chain showed blue and white regions indicating the absence of strong interactions in the
hydrophobic cavity. At the functional groups (ammonium) three strong interactions on both
sides of the surface were displayed, where hydrogen bonding with one water oxygen atom (1)
and with two carboxylate groups (2) of respective terephthalate units were observed similarly
to the crystal structure analysis.

(II) Aromatic ligands: The interactions of the organic aromatic ligands were analysed based on
the calculated Hirshfeld surface of cation [AgsLMe;]**, where mr-stacking of the imidazolylidene
units of two neighbouring pillarplex cations (1) was identified.
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(Il Metal ions: The Ag(l) ions of the cation exhibited coordinative bonding either with the
aromatic ring or the carboxylate group of the terephthalate unit (2), as well as metal
coordination of oxygen atoms of the water molecules (3).

(IV) Rim: The predicted hydrogen bonds at the organic rim of [AgsLVe;]** were discovered
between the aromatic ring and the carboxylate group of terephthalate unit and the hydrogen
atoms at the rim (4). Additionally, strong interactions were observed between the hydrogen
atoms of the rim and several oxygen atoms of water (5).

A, .l 24%€ 247 Ag-all
2.2 2.2 2.2
2.0 2.0 2.0
1.8 1.8 1.8
1.6 1.6 1.6
1.4 1.4 1.4
1.2 1.2 e 1.2
1.0 1.0 1.0
1.8 1.8 2.8
26 26 26
di di
Vo UGB T.UT.ZTAT.OT1.62U<22°% Vo UG T.UT.ZTAT.0T1.6 24U <Z22~2% Uo U TUT.ZTATOT.0 242U <Z.22%

).8 .8 ).8

J.6) = J.6 = ).6) =
di di di
06080 .2 T4 T.61.820222% 06080 T.2 T4 1618202224 0608 .0 .2 T4 T.6 18202224

Figure 47: Fingerprint plot diagram for (A) [AgsLMe2]** highlighting all interactions, all hydrogen bonding interactions
(H-all) and all metal coordinative interactions (Ag-all); (B) Guest dodecyl diammonium highlighting all interactions,
all hydrogen to metal interactions (H-Ag) interactions and all hydrogen to oxygen interactions (H-O). Slightly varied
and taken from 3.
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For further evaluation of the calculated Hirshfeld surface, the fingerprint plots (Figure 47) were
analysed towards the contribution of specific interactions in comparison to the sum of all
interactions of the isosurface. In particular, the contribution of hydrogen bonding (He+X) and
metal coordination (Ages*X) was investigated (Table 4). Due to applying the SQUEEZE®
procedure, implemented in Platon, to remove disordered solvent molecules a hole was created
in proximity to [AgsLMe;]**. This affected the fingerprint plots as the area, where electron density
was removed no longer carries information. Hence, the surface and the fingerprint plots were
calculated based on interactions with atoms that are further apart from [AgsLMe;]**. This could
contribute to the overall interactions and was noted especially in the fingerprint plots. However,
only the interactions with distances higher than 2.5 A were affected and their influence is
chemically not reasonable. Therefore, the interest focused on the short-range interactions,
which were discussed and thus, the obtained information reflected reasonable results.

Table 4: Contribution [%] of interactions based on the fingerprint plots of the Hirshfeld surface analysis. Taken
from 37.

Dodecyl Contribution [AgsLMe;]4* Contribution  [AgsLMe;]** Contribution
diammonium [%] Hydrogen [%] Metal [%]
Heeeall 100.0 Heeeall 65.2 Ageeall 7.7
HeeeAg 10.2 HeeeAg 0.3 Agee+Ag 0.0
HeeeN 16.3 HeeeN 04 Age*N 0.0
HeeeC 25.3 HeeeC 8.3 Age--C 1.2
HeeeH 314 HeeeH 40.8 AgeeeH 5.2
HeeeO 16.8 HeeeO 15.4 Age+-O 1.2

The interactions within the cavity were solely based on hydrogen bonding, where 10.2%
originated from Age++H agnostic interactions'? and 16.8% were assigned to hydrogen bonding
of the functional ammonium groups with oxygen atoms of terephthalate units and one water
molecule. In the interactions of cation [AgsLM®;]**, the highest contribution was attributed to
hydrogen bonding (65.2%), and only a marginal contribution of 7.7% was considered as metal
coordination interactions. Overall, the dominant interactions in this system were identified as
hydrogen bonding, thus strengthening the suggestion that the formed network of water
molecules contributed a lot to the stability of the arrangement in the solid-state.

3.4.5 Conclusion and Outlook

The tool FIMs was applied to the cationic [AgsLMe;]** and proved to be suitable for organic
molecules or the organic parts of an organometallic system. However, limitations were
detected in this case for the use towards identifying interaction sites for metal coordination and
interaction regions inside a cavity, which were not displayed probably due to the relatively close
distances to other atoms. Nevertheless, FIMs analysis can be applied as a tool to predict
hydrogen bonding interactions of the pillarplex rim.

The pseudorotaxane [AgsLM®;]J(DA)(BDC)« was successfully synthesised containing all four
potential interaction regions: (1) Cavity, (II) Aromatic ligands, (lll) Metal ions and (IV) Rim.
Suitable crystals were collected and subjected to SC-XRD measurements, in particular to
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analyse the crystal structure towards occurring (non-)covalent interaction. Indeed, all
anticipated interactions were identified in the classified regions with the main contribution of
hydrogen bonding between the organic rim and anions as well as solvent molecules.

By CrystalExplorer, the isosurfaces of guest molecule dodecyl diammonium and the pillarplex
cation [AgsLMe,]** were visualised. Besides the apparent hydrogen bond interactions,
m-stacking and metal coordination were determined. Additionally, the Hirshfeld surface of
dodecyl diammonium revealed interactions inside the pillarplex cavity. Thus, the Hirshfeld
surface analysis proved to be a powerful tool for the investigation of organometallic
supramolecules. Additionally, the fingerprint plots provided the possibility to quantify occurring
interactions, whereas in this case mainly hydrogen bonding with 100% for the guest
interactions and 65% for the cation interactions were attributed. A minor contribution of 7.7%
of the overall interactions determined by the isosurface of [AgsLVe;]** were assigned to metal
coordination.
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3.5 Rim-Functionalisation of Pillarplex

This chapter is partially based on the master thesis of Julian Zuber, which was supervised by
this author.

3.5.1 Introduction

Functional groups that can act as linking units are required to incorporate the pillarplex cation
into extended structures. Therefore, functionalisation is a necessity, which can be achieved by
various approaches, such as functionalising the rim. This has already been investigated by our
group by exchanging the pyrazole unit for a triazole unit, which, due to the added lone pair of
electrons, led to a potential N-donor group (Figure 48A).32 As previously mentioned
(Chapter 1.3), the triazole-based pillarplex displayed a shape-adaptivity dependent on the
counter anion. Non-classical hydrogen bonds®® were observed between the fluorine atoms of
the PFs anion and the hydrogen atoms of the imidazolylidene units. This led to a bending of
the methylene bridge between the two imidazolylidene units thus providing a shape-adaptive
rim flexibility. However, the functionalisation is located directly at the rim rendering the steric
accessibility of the additional lone pair of electrons challenging.

Therefore, either the introduction of a good leaving group for further functionalisation or the
direct introduction of functionality at the rim by C-C bond formation would allow the pillarplexes
to be used as building blocks for network materials (Figure 48B). In order to ensure unhindered
pillarplex formation, late-stage modification of the rim was targeted. By performing the late-
stage modification directly on the pillarplex, there is no need to adapt the synthesis procedures.
However, if a functional group is introduced at an earlier stage of the ligand synthesis, changes
in solubility of intermediates or side reactions may occur or the route, described in literature,
may no longer be applicable resulting in significant amount of work to adjust the overall
synthesis. The strategy would therefore be to systematically investigate the functionalisation
starting directly at the pillarplex and working backwards step by step along the synthesis route.
Three regions can be identified in the study of the possibilities for the introduction of
functionalities (Figure 48): Pyrazole unit (marked in blue), imidazolylidene unit (marked in
green) and methylene bridges (marked in orange).

The pyrazole unit was selected as the target for the rim-functionalisation since the acidic
hydrogen atom can easily be substituted. In theory, the other regions — imidazolylidene
hydrogen atoms or methylene hydrogen atoms — could also be viable options for introducing
a functionality. Preliminary results have demonstrated, that the introduction of substituents on
the backbone of the imidazolylidene unit can lead to the assembly of novel organometallic
complexes.'! As the methylene bridges are bent towards the outside of the pillarplex cation
and carry two hydrogen atoms, the selective introduction of functional groups at these positions
is rather challenging. In addition, there are already preliminary findings regarding the
bromination of the pyrazole unit, which has prompted further investigation into the introduction
of a bromine group at this position. Furthermore, the introduction of potential linker motifs will
be examined by Suzuki-Miyaura cross-coupling reactions to substitute the bromine atom with
different substrates and under varying reaction conditions.
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Figure 48: Overview of the proposed rim-functionalisation reactions of [MsLMé;](PFs)4 with the two marked regions
(imidazolylidene units marked with green and pyrazole units marked with blue), where introduction of a functionality
could be achieved. (A) Literature-known exchange of the pyrazole unit with a triazole unit; (B) Bromination of the
pyrazole unit with suggested further conversion to large functional groups (FG, displayed in orange).

3.5.2 Synthesis and Characterisation of LB"(PFs)s and [MsLB2](PFe)4

The late-stage modification to substitute the pyrazole hydrogen atom with a bromine atom was
examined starting with [MsLM®,](PFe)s (Figure 49B). However, stirring the reaction mixture at
room temperature for several hours led to no conversion and simply the proton signal set of
[MsLMe,](PFs)s in 'TH NMR spectroscopy was obtained. To activate the N-bromo succinimide
(NBS), the reaction was exposed either to heat or UV radiation or both. For all reactions,
[AgsLMe;](PFs)s as well as [AusLM®;](PFs)4, a direct colour change from a clear whitish solution
to a dark brown or a dark purple was observed accompanied by the formation of a suspension
due to formed precipitate. The colour change and precipitate indicated the decomposition of
the pillarplex salts, nevertheless, the solvent of the reaction mixture was reduced in vacuo and
the obtained precipitate was washed with water to remove excess of N-hydroxy succinimide
(NHS). "H NMR spectroscopy supported the decomposition of the pillarplexes as only proton
signals of the macrocyclic ligand were obtained.
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LB"(PFe)s [AgsL®"21(PFg)s [AgsL®;](PFe)s

Figure 49: Attempted synthesis routes to achieve the brominated pillarplex [AgslLB2](PFe)s: (A) Starting with the
brominated macrocyclic ligand LB'(PFes)4 following the literature-known synthesis route for pillarplex formation;
(B) Starting with the direct bromination of [AgsLMe;](PFs)4 with reagent NBS.

Since the direct bromination of the previously formed pillarplex was not successful, bromination
of the macrocyclic ligand LM¢(PFs)s was examined next. Therefore, the ligand was provided in
MeCN and NBS was added (Figure 49A). After stirring the reaction at room temperature for
1 h, the solvent was removed in vacuo and the precipitate was washed with H>O. Drying in
vacuo yielded a white solid, which was analysed by 'H NMR spectroscopy. The 'H NMR
spectrum (Figure 50) revealed a similar signal set as it was observed for the ligand LM(PFg)a.
However, the signal of the hydrogen atom at the pyrazole unit (6.48 ppm, marked with a green
box) was missing indicating the successful deprotonation with following bromination of these
positions. Interestingly, a signal for the hydrogen atoms at the pyrazole moiety was detected
(11.85 ppm, marked with a dark blue circle), which was not observable in the 'H NMR
spectrum of LM(PFs)4. Such acidic hydrogen atoms can be rapidly exchanged with the protons
of the deuterated solvent and thus often no signal is detected. Since for L®(PFs)4 a signal for
the Hnn is noted, the introduction of the bromine atom may have changed the acidity to
subsequently hinder the proton exchange.

The desired brominated ligand was then fully characterised starting with *C, °F, 3'P and 2D
NMR spectroscopy (F45S). The *C NMR spectra revealed the seven signals, which are
slightly shift compared to the once identified for LM®(PFs)s. To ensure, that no additional anion
exchange had occurred, the '°F and *'P NMR spectra were evaluated for the presence of the
counter anion and indeed the anticipated signals were detected ('°F NMR
spectrum: -71.77, -78.65 ppm, 3P NMR spectrum: -144.79 ppm). Additionally, the elemental
analysis and ESI mass spectrometry (m/Z = 466.0009 for L®(PFs).?*; 1076.9653 for
L®"(PFs)3*) confirmed the successful bromination. IR spectroscopic measurements (F48S)
were performed to verify the presence of the desired C-Br band and indeed an additional band
610 cm™ was observed, which can be assigned to the stretching vibration of the C-Br bond.'%2
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Figure 50: Comparison of the "H NMR spectra of LB"(PFs)4 and LMe(PFs)4s measured in MeCN-d3 (1.94 ppm) at
298 K. The hydrogen atoms of the ligand were assigned to the signals and respectively marked with coloured
circles. The signal at 6.48 ppm of LMe(PFg),s was assigned to the pyrazole hydrogen atom and was marked with a
green box.

The brominated ligand L®(PFs)s was further examined towards the formation of the respective
[AgsLB"2](PFs)4 pillarplex. Following the literature-known synthesis?®, Ag.O as Ag(l) ion source
and the brominated ligand were provided in MeCN and stirred at room temperature overnight.
After purification by filtration, a white solid was obtained which was dried in vacuo and analysed
by 'H NMR spectroscopy (Figure 51). A signal set similar to that recorded for [AgsLM®;](PFs)4
verified the successful formation of the brominated Ag(l)-pillarplex. Obviously, the signal at the
pyrazole position (6.68 ppm, marked with a green box) was missing. Additionally, a shift of the
duplet signals of the hydrogen atoms of the imidazolylidene unit was detected from 7.54 ppm
for [AgsLMe;](PFs)s to 7.62 ppm for [AgsLB](PFs)s exhibiting a significant lower coupling
constant of 2J = 2.0 Hz. Through the introduction of the electron withdrawing bromine atom at
the pyrazole unit, the chemical surrounding of these imidazolylidene units were adapted, which
led to the observed downfield shift. Additionally, the imidazolylidene hydrogen atoms appear
to be more chemical similar as they exhibit an almost identical shift in the '"H NMR spectrum
with a low coupling constant. The slightly shifted signals of the solvent Et;O (literature values:
1.11, 3.41 ppm'?) indicate the presence of partial encapsulated diethyl ether in the cavity. The
obtained compound was further characterised with *C, '°F, 3'P and 2D NMR spectroscopy
(F46S), which strengthened the successful formation of the desired [AgsL®2](PFs)4 pillarplex
by exhibiting the two signals at -71.75 ppm and -73.63 ppm in the '°F NMR spectrum as well
as the signal at -144.59 ppm in the 3'P NMR spectrum. ESI mass spectrometry
(m / Z = 533.8227 for [AgsL®",]**; 760.0837 for [AgsLB"](PFs)**; 1212.6084 for [AgsLB"2](PFs)2?*)
and elemental analyses confirmed the chemical composition. The IR spectrum was analysed
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and indeed the additional band for the C-Br stretching vibration was detected at approximately
800 cm™', while the C-H band at 780 cm™" was missing (F49S).
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Figure 51: TH NMR spectra of [AgsLB2](PFe)a and [AgsLMe2](PFs)s in MeCN-ds (1.94 ppm) at 298 K. Solvent
impurities were marked with # for water (2.13 ppm) and * for Et20 (1.07 and 3.37 ppm). The hydrogen atoms of the
pillarplex were assigned to the signals and respectively marked with coloured circles. The signal at 6.68 ppm of
[AgsLMe;](PFe)4 was assigned to the pyrazole hydrogen atom and was marked with a green box.

By slow diffusion of Et,O into a saturated solution of [AgsLB";](PFs)s in MeCN, suitable crystals
for SC-XRD measurement were obtained. The colourless fragments of [AgsL®2](PFs)s were
solved and refined in the orthorhombic space group P n m a (No. 62) with the asymmetric unit
containing 1/2 [AgsL®";]** cation and two 1/2 PFs anions (with a total occupation corresponding
to two PF¢). No co-crystallised solvent molecules could be assigned, however residual
electron density was removed by the SQUEEZE® procedure inside the cavity indicating that
there might be a solvent molecule — most probably Et,O — partially encapsulated. This is in
accordance with the amount of residual solvent, which was already observed in the '"H NMR
spectrum (Figure 51, Et;,O marked with *). The molecular structure of [AgsL®2](PFs)s is
analysed for occurring non-covalent interactions, and mainly non-classical hydrogen bonds3®
between the organic rim and the counter anions are assumed (Figure 52A). Indeed,
interactions between Fprs with the H.im atoms are associated to non-classical hydrogen
bonding®¢. The evaluation of one [AgsL®2]*" cation and the position of the respective PFs
anions reveals that these counter anions are located close to the organic rim of the cation.
Besides the hydrogen bond, the fluorine atoms of the anions coordinate to Ag(l) ions with small
distances of 2.982 A. The crystal packing along the b-axis exhibits a chain alignment of
[AgsLB",]** cations (Figure 52C), which are always 180° tilted towards the neighbouring cation.
Additionally, the cations are shifted towards the middle of the next one, which is explained by
Ag(1)-Br coordination with distances of 3.613 to 4.131 A. In the direction of the crystallographic
c-axis a pore alignment of [AgsL®"2]*" is discovered (Figure 52B), where the counter anions are
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in all cases located on the outside of the organic rim and hence an accessible pore opening is
assumed.
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Figure 52: Representation of the solid-state structure of [Agsl52](PFe)4: (A) Non-covalent interactions of [AgslMe,]4*
cation with counter anions, non-classical hydrogen bonding®® of Him with the fluorine atoms of the PFs anion;
(B) Crystal packing along the c-axis exhibiting a pore alignment of [AgsL®"2]*; (C) Crystal packing along the b-axis
exhibiting a chain alignment of [AgsL5"2}** with Ag(l)-Br coordination.

To achieve the brominated Au(l) congener, a transmetalation reaction of [AgsL®"2](PFs)s with
Au(THT)CI was performed. In this case, the complete exclusion of light sources was crucial for
the successful synthesis, as otherwise a dark purple solution was obtained, which can be
caused by the formation of Au-nanoparticles. The purification led to a white powder, which was
analysed with '"H NMR spectroscopy to confirm the presence of the typical signal set of the
pillarplex rim (Figure 53). Again, the pillarplex signal set showed profound shifts, particularly
the signal of the methylene bridge between the imidazolylidene units and the signal of the
imidazolylidene hydrogen atoms. Both signals exhibit a downfield shift, which is resulted by
the introduction of the electron withdrawing bromine atom. Interestingly, the duplet of the
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imidazolylidene unit merged to one singlet signal indicating that these hydrogen atoms are
chemical similar. The successful formation of [AusL®](PFs)s was complimented by '*C, °F
and *'P NMR spectroscopy (F47S). Mass spectrometry (m/Z = 711.9454 for [AusLB]*;
997.5817 for [AusL®](PFs)**; 1568.8562 for [AusL®](PFs).>*) and elemental analysis
confirmed the successful synthesis. Comparison of the IR spectrum of the brominated Au(l)-
pillarplex with the spectrum of [AusLMe;](PFs)s revealed the additional band for the C-Br
stretching vibration at 790 cm™, while the band of the C-H stretching vibration at 780 cm™ is
not detectable (F50S).
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Figure 53: "H NMR spectra of [AusLB2J(PFe)s and [AusLMe:](PFs)s in MeCN-ds (1.94 ppm) at 298 K. Solvent
impurities were marked with # for water (2.13 ppm) and * for Et20 (1.11 and 3.41 ppm). The hydrogen atoms of the
pillarplex were assigned to the signals and respectively marked with coloured circles. The signal at 6.68 ppm of
[AusLMe;](PFs)4 was assigned to the pyrazole hydrogen atom and was marked with a green box.

Exposing colourless crystals to single crystal X-Ray diffraction yielded the molecular structure
of [AusLB,](PFs)s, which was solved and refined in the tetragonal space group P 41242
(No. 92). The asymmetric unit contains 1/2 [AusLM;]** cation, two PFe¢ anions and one
acetonitrile molecule. Analysing the crystal structure of [AusL?"2](PFs)s in terms of non-covalent
interactions (Figure 54A), similar interactions as discovered for [AgsL®"](PFs)s with mainly non-
classical hydrogen bonding®* are predicted. And indeed, non-classical hydrogen bonds3®
between Fprs and H:.m are reported. Due to the presence of one MeCN molecule per
asymmetric unit, additional hydrogen bonds between Nwecn Of the co-crystallised solvent
molecule and Hqm are observed. Interestingly, non-classical hydrogen bonding® of the Hiim
atoms with the bromine atom of a neighbouring pillarplex cation is detected with distances of
2.976 and 3.111 A. Investigating the arrangement of [AusL®2]** (Figure 54C), results in a chain
alignment with Au(l)-Au(l) distances of 7.112 to 7.127 A along the a-axis, where all cations
exhibit the same spatial orientation. With the H:n to bromine interactions mentioned above, a
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zigzag arrangement of two layers of pillarplex cations is encountered, where each cation of
one layer is tilted by 78.83° with respect to the cation of the next layer. Along the
crystallographic c-axis (Figure 54B), an interpenetrated pore alignment of [AusLB]** is
observed. Combined with the crystal packing of [AusL®2]** cations along the b-axis, it can be
concluded that in every fourth layer the cations have a similar orientation and are therefore
pore-aligned. Similar to [AgsL®](PFs)s, the counter anions are located around the rim of the
pillarplex cation. However, for the tilted [AusL®]** cations by 78.83°, the positions of the
counter anions are assigned directly above the pore opening of the cation in the next layer.
Thus, the pore openings of the pillarplex cation are partially blocked in the solid-state

arrangement.
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Figure 54: Representation of the solid-state structure of [AusL 5 2](PFe)4: (A) Non-covalent interactions of [AuslMe,}**
cation with counter anions, non-classical hydrogen bonding®® of H:im with the fluorine atoms of the PFs anion and
Hrim with the bromine atom of the neighbouring cation; (B) Crystal packing along the c-axis exhibiting interpenetrated
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pores; (C) Crystal packing along b-axis exhibiting chain alignment with Au(l)-Au(l) distances of 7.112(1) A and
7.127(1) A.

3.5.3 Functionalisation Attempts with LB (PFs)4

After successful bromide functionalisation, further cross coupling reactions were evaluated to
introduce units, which can act as connecting linker motifs for the formation of extended
structures. The Suzuki-Miyaura cross coupling reaction was targeted since it showed sufficient
reactivity to substitute the desired position at the pyrazole unit.'?*'26 Following literature-known
synthetic routes, a Pd(ll) catalyst in combination with phosphine ligand (e.g., SPhos, Xphos)
and a weak base (e.g., Cs2CO3) were utilised, to facilitate the coupling with the boronic acid
bearing a desired functionality (Figure 55). The addition of bulky phosphine ligands leads to
enhanced activation of the Pd(ll) catalyst.'>"-128 Additionally, the addition of a base can promote
the coordination of the Pd(ll) catalyst and the substrate as well as accelerate the reductive
elimination of the Suzuki-Miyaura coupling.'?® The big advantage of the applied synthesis route
is the air-stability of all compounds.
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Figure 55: Reaction scheme for the functionalisation attempts of L¥"(PFs)4 by a Suzuki-Miyaura cross coupling
reaction with the substrate 4-pyridylboronic acid. The Pd(ll) catalyst was in situ formed by combination of Pd(OAc)2
and bulky phosphine ligands (SPhos, Xphos).

The functionalisation attempts (for details Chapter 5.8.2) were started with L®"(PFg)s and as
reactant the 4-pyridylboronic acid was chosen. L®(PFs)s 4-pyridylboronic acid and base
Cs2CO3 were provided in a vial and non-dried solvent was added. Before adding the catalyst
to the reaction mixture, the “activated” Pd(ll) catalyst was synthesised by providing Pd(OAc)
(10 mol%) with either SPhos or XPhos (20 mol%) in a minimum of water and stirring the
mixture at room temperature for 5 min. The combined reaction mixture was either heated under
stirring or subjected to a microwave at specific temperatures. During the microwave reaction,
all volatiles were evaporated, leaving a black solid. Nevertheless, a '"H NMR spectrum was
measured, where no signals were obtained besides the residual solvent signal of DMSO-db.
The other batches were kept at a specific temperature for 24 h and filtered. The filtrate was
concentrated to dryness and both solids were subjected to 'H NMR spectroscopy. In the
"H NMR spectra, no evidence could be collected for the formation of the desired product,
although in the complex mixture of signals, the assignment of the ligand was partially possible.
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3.5.4 Summary and Outlook

The approach of a late-stage introduction of a bromide group at the pyrazole unit of the
macrocyclic ligand LM¢(PFs)s was achieved and further conversion to the Ag(l)- and Au(l)-
pillarplex was enabled. The brominated compounds LB (PFe)s, [AgsL®](PFs)s and
[AusLB",](PFs)s were synthesised, purified and characterised by common analytical methods.
No suitable single crystals for LB(PFg)s were obtained, however the structural evaluation of this
compound would be particularly interesting as the sterically demanding bromide group might
influence the conformation of the macrocyclic ligand. For instance, LM(PFs)4 crystallises in a
bowl-shape with one acetonitrile coordinated to the four imidazolium protons.™® For
[AgsLB"2])(PFs)s and [AusL®](PFs)s suitable crystals were collected and measured via SC-XRD
measurements. Both structures exhibited pore and chain alignment of the pillarplex cations.
While for [AgsLB2](PFe)s an Ag(l)-Br coordination with distances of 3.613 — 4.313 A were
observed, for [AusL®"](PFs)s mainly hydrogen bonds between the bromine atom and Hiim with
distances of 2.976 — 3.111 A were discovered. The introduction of a bromine atom with an
increased steric demand and a lone pair of electrons into the pillarplex system adds an
intriguing aspect to the study of guest encapsulation especially regarding the alky chains
known from literature (e.g., a,w-diamino alkanes, a,w-dicarboxylic acids).231-328597

The brominated ligand was examined towards a further functionalisation of the pyrazole moiety
via Suzuki-Miyaura cross coupling reactions with 4-pyridylboronic acid as reactant. However,
no attempts were successful necessitating further investigations into the functionalisation of
the brominated ligand.

One obstacle, which could occur in further modifying the brominated ligand is the formation of
a dinuclear complex with LMé(PFs)s, where the analogues for Ni(ll), Pt(ll) and Pd(ll) were
already investigated.'''32 For the literature-known synthesis of these complexes and the
Suzuki-Miyaura reaction, comparable reaction conditions were applied, involving the exposure
of the macrocyclic ligand to a metal(ll) source under basic conditions. Therefore, further
functionalisation attempts have to be conducted directly with the brominated pillarplex salts to
hinder the previously mentioned side reaction. The Ag(l)-pillarplexes are prone towards
transmetalation’?, thus the most promising approaches for the introduction of further
substituents would be the direct functionalisation of [AusL®2](PFs)s. Additionally, the use of
Pd(Il) precursors requires the presence of counter anions, which in the applied synthetic route
was acetate. With the charged nature of the ligand and the pillarplex salt, anion exchange
reactions might occur as side reactions. By selecting viable starting compounds, this side
reaction should be eliminated, choosing similar counter anions for [L®]** or [MsLB";]** and the
palladium catalyst.
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3.6 Pillarplex Pseudorotaxanes with a,w-Dicarboxylic Acids

This chapter is based on the publication: "Silver and Gold Pillarplex Pseudorotaxanes with
a,w-Dicarboxylic Acids" Alexandra A. Heidecker, Michele Stasi, Alexander Spears, Job Boekhoven and
Alexander Pothig*; ChemPlusChem, 2023, €202300234. https://doi.org/10.1002/cplu.202300234.

3.6.1 Introduction

Introducing a functionality to the pillarplex system can also be achieved by an encapsulation
of a guest molecule bearing one or more functional groups. The steric demand of the functional
groups must be considered, as shape-selective encapsulation of linear over aromatic,
branched guests?®3'-3297 into the pillarplex cavity was identified. However, starting with
functionalised groups bearing a relatively small steric demand, led to the idea of encapsulating
a guest carrying dicarboxylic acid groups on both ends of the linear alkyl chain (Figure 56).
The central alkyl chain matches with the hydrophobic cavity and in addition, these functional
groups could lead to a subsequential build-up towards further coordination polymers.

Guest encapsulation

[MgLMe ](PFy), [MgLMe,1(CH 20 204)(PFg)s

Figure 56: Overview of the guest encapsulation of a,w-dicarboxylic acids into cationic [MsLMe2]** as ring component
to yield pseudorotaxanes [Msl.Mé;](CnH2n-204)(PFeé)a.

Based on crystallographic data, the diameter of a -COOH group was calculated to be 5.34 A 3
In contrast, the pore opening of the pillarplex exhibits a diameter of 4.3 A. Assuming a static
behaviour of the host system, it becomes evident that the carboxylic acid group is sterically
already too demanding to enter the cavity. Hence, successful guest encapsulation would
require a conformational change of the pillarplex (e.g., ligand dissociation or breathing effects).
SOCs typically exhibit static behaviour due to strong organometallic bonds. Nevertheless, a
dynamic behaviour was already observed for the [MsL%](X)4 pillarplex, where the pore opening
was pressed form a circular towards an oval shape by non-classical hydrogen bonding*® of the
Hrim and fluorine atoms of the counter anions.*?

98



3.6.2 Investigation of Pillarplex Pseudorotaxanes

Synthesis

The pseudorotaxanes were synthesised by combining 1.1 eq. of the guest (CsH1404, C1oH1804,
C12H2204, C14H2604) and 1 eq. of [MsLMe;](PFs)s in MeCN, stirring at room temperature for
10 min and removing the solvent in vacuo. Beforehand the dicarboxylic acids were tested
towards their solubility in organic solvents (DMSO vs. MeCN), where limited solubility
(ca. 1 g L™ of a