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Abstract 

Systems chemistry draws profound inspira�on from the intricate and dynamic systems observed in 

nature. It examines the collec�ve behaviors and interac�ons of molecular networks striving to uncover 

the principles that govern their self-organiza�on, adapta�on, and evolu�on, unlike tradi�onal 

chemistry, which o8en focuses on individual molecules and their isolated reac�ons. By mimicking 

nature’s strategies, where complex systems such as cellular processes and other biological networks 

demonstrate remarkable resilience, efficiency, and adaptability, researchers aim to design ar�ficial 

systems that exhibit similar proper�es. This approach not only enhances our understanding of 

fundamental chemical processes but also holds poten�al for revolu�onary applica�ons in materials 

science, medicine, and nanotechnology, offering solu�ons that are both innova�ve and sustainable. 

Coordina�on cage chemistry, a sub-field of supramolecular chemistry, deals about large and hollow 

and thus enzyme-like molecular structures formed by metal ions and organic linkers or ligands. 

Coordina�on cages are ideal to contribute to systems chemistry because the reversible coordina�on 

bonds and dynamic guest binding make them flexible and adap�ve. They make excellent models for 

understanding and imita�ng the complex systems found in nature. In our group we focus on lantern-

shaped PdII
2L4 species, where L is a bent, bis-monodentate ligand so that the cavity has four apertures 

and small guests, o8en anions, can bind inside.    

The increasing complexity of ar�ficial chemical systems causes challenges in analy�cs. Mass 

spectrometry, especially in combina�on with ion mobility spectrometry, is a valuable tool for the 

detailed breakdown of complex mixtures. In the first part of this work, Trapped Ion Mobility 

Spectrometry is used in combina�on with computa�onal collisional cross sec�on calcula�on to 

inves�gate the structure of palladium(II) based coordina�on cages. The experimentally obtained ion 

mobility K is transformed into the collisional cross sec�on. For the theore�cal counterpart, an in silico 

model of the coordina�on cage is either geometry op�mized or used for a short molecular dynamics 

simula�on to obtain an ensemble of conforma�ons. The theore�cal collisional cross sec�on of the 

obtained structure(s) is calculated and compared with the experimental value to see if the model 

matches the real situa�on. Especially the in the gas phase more relevant London dispersion has a large 

influence not only on the side chain behavior but also on the whole structure of the cages. Possible 

dispersion driven compac�ons of cages in the gas phase are inves�gated using the described workflow 

as well as ab ini�o quantum mechanical calcula�ons. 

Returning to systems chemistry, in the second part of this work, complex mixtures of coordina�on 

cages containing photoswitches are inves�gated. Here, new heterolep�c cages (cages containing more 

than one type of ligand) containing photoswitchable dithienylethene (DTE) units were formed and 

characterized. Combina�ons of these heterolep�c cages and subcomponents thereof led to interes�ng, 

interconnected complex mixtures. Irradia�on experiments causing the DTE units to photoswitch 

induced changes in the whole complex mixture due to the strong interconnec�vity of the systems’ 

subcomponents. It was possible to switch between different mixtures of coordina�on cages with 

varying complexity.  

Of special interest are systems that exist outside the chemical equilibrium due to their similarity to 

biological, living systems. In the third part, the slow forma�on of interpenetrated double cages with 

three small pockets from monomeric cages with large pockets is used to temporarily encapsulate a 

large guest inside the monomeric cage that would be too large for the small pockets of the double cage. 

The transient state, being the monomeric cage that is able to encapsulate the guest, is kept up as long 

as enough fuel is available. In this system, fuel would be the palladium(II) metal ions and the free 

banana-shaped ligand and the double cage is the waste. This new concept for transient guest binding 

is inves�gated regarding its proper�es and boundaries. 



 

Zusammenfassung 

Die Systemchemie lässt sich von den komplizierten und dynamischen Systemen in der Natur 

inspirieren. Im Gegensatz zur tradi�onellen Chemie, die sich o8 auf einzelne Moleküle und ihre 

isolierten Reak�onen konzentriert, untersucht die Systemchemie das kollek�ve Verhalten und die 

Interak�onen molekularer Netzwerke und versucht, die Prinzipien aufzudecken, die ihre 

Selbstorganisa�on, Anpassung und Evolu�on bes�mmen. Indem sie die Strategien der Natur 

nachahmen, in der komplexe Systeme wie zelluläre Prozesse und andere biologische Netzwerke eine 

bemerkenswerte Widerstandsfähigkeit, Effizienz und Anpassungsfähigkeit aufweisen, wird versucht, 

künstliche Systeme zu entwerfen, die ähnliche Eigenscha8en aufweisen. Dieser Ansatz verbessert nicht 

nur unser Verständnis grundlegender chemischer Prozesse, sondern birgt auch das Potenzial für 

revolu�onäre Anwendungen in den Materialwissenscha8en, der Medizin und der Nanotechnologie. 

Die Koordina�onskäfigchemie, ein Teilgebiet der supramolekularen Chemie, befasst sich mit großen 

und hohlen und damit enzymähnlichen Molekülstrukturen, die durch Metallionen und koordinierende 

organische Linker gebildet werden. Koordina�onskäfige sind ideal, um zur Systemchemie beizutragen, 

da die reversiblen Koordina�ons- und dynamische Gastbindungen sie flexibel und anpassungsfähig 

machen. Sie sind hervorragende Modelle für Verständnis und Nachahmung natürlicher komplexer 

Systeme.  

Die zunehmende Komplexität der Systeme führt zu Herausforderungen in der Analy�k. Die 

Massenspektrometrie, insbesondere in Kombina�on mit der Ionenmobilitätsspektrometrie (IMS), ist 

ein wertvolles Instrument für die Aufschlüsselung komplexer Gemische. Im ersten Teil dieser Arbeit 

wird die IMS in Kombina�on mit der theore�schen Berechnung des Kollisionsquerschni�s (CCS) 

eingesetzt, um die Struktur von PdII-Koordina�onskäfigen zu untersuchen. Für das theore�sche 

Gegenstück wird entweder ein geometrisch op�miertes in silico Modell des Koordina�onskäfigs oder 

ein durch kurze Molekulardynamiksimula�on generiertes Konforma�onsensemble verwendet. Der 

theore�sche CCS der erhaltenen Struktur(en) wird berechnet und mit dem experimentellen Wert 

verglichen, um festzustellen, ob das Modell mit der realen Situa�on übereins�mmt. Insbesondere die 

in der Gasphase relevantere London-Dispersion hat einen großen Einfluss nicht nur auf das Verhalten 

der Seitenke�en, sondern auch auf die gesamte Struktur der Käfige. Mögliche dispersionsbedingte 

Faltungen von Käfigen in der Gasphase werden mit dem beschriebenen Arbeitsablauf sowie mit ab 

ini�o quantenmechanischen Berechnungen untersucht. 

Im zweiten Teil dieser Arbeit werden komplexe Mischungen von Koordina�onskäfigen, die 

Photoschalter enthalten, untersucht, um zur Systemchemie zurückzukehren. Hier wurden neue 

heterolep�sche Käfige mit photoschaltbaren Dithienylethen-Einheiten (DTE) gebildet und 

charakterisiert. Kombina�onen dieser heterolep�schen Käfige und ihrer Teilkomponenten führten zu 

interessanten, miteinander verbundenen komplexen Gemischen. Bestrahlungsexperimente zur 

Schaltung der DTE-Einheiten führten zu Veränderungen im gesamten komplexen Gemisch, da die 

Teilkomponenten des Systems miteinander verbunden waren. Es war möglich, zwischen verschiedenen 

Mischungen von Koordina�onskäfigen mit unterschiedlicher Komplexität zu wechseln. 

Besonders interessant sind Systeme, die aufgrund ihrer Ähnlichkeit mit biologischen, lebenden 

Systemen außerhalb des chemischen Gleichgewichts exis�eren. Im dri�en Teil wird die langsame 

Bildung von interpenetrierenden Doppelkäfigen mit drei kleinen Bindungstaschen aus monomeren 

Käfigen mit je einer großen Bindungstasche genutzt, um einen großen Gast vorübergehend im Inneren 

des monomeren Käfigs zu binden, der für die kleinen Taschen des Doppelkäfigs zu groß wäre. Der 

Übergangszustand, indem der Gast gebunden ist, wird so lange aufrechterhalten, wie genügend fuel 

vorhanden ist. In diesem System wären die PdII-Metallionen und der freie bananenförmige Ligand das 

fuel und der Doppelkäfig das waste. Dieses neue Konzept für temporäre Gastbindung wird auf seine 

Eigenscha8en und Grenzen hin untersucht. 
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1 Introduc on 

This work deals with complex systems made from coordina�on cages. For a classifica�on of the here 

inves�gated subjects into the scien�fic world and for the mo�va�on behind the research, first a brief 

overview of three very broad areas of chemistry, namely Supramolecular Chemistry and its subfield 

Coordina�on Cage Chemistry and Systems Chemistry, are given. 

1.1 Supramolecular Chemistry 

Supramolecular chemists design and study usually discrete molecular systems with emphasis on 

intermolecular interac�ons.[1,2] The importance of this gigan�c field of research is ever growing as the 

considera�on of non-covalent interac�ons allows the crea�on of more complex nanoscale 

architectures and allows out-of-the-box thinking when trying to find solu�ons to chemical problems 

and thus represents the base for the bo�om-up approach of nanotechnology.[3,4] In addi�on, 

supramolecular interac�ons between molecules are reversible and dynamic, which allows contribu�on 

to the field of transient and out-of-equilibrium chemistry.[5]  

Supramolecules can be defined as systems containing usually two or more molecules that are bound 

to each other either non-covalently or via hydrogen bonds, mechanical bonds or dynamic covalent or 

coordina�ve bonds (metallosupramolecular). They can be catalogized into different classes, for 

example host-guest complexes, macrocycles, knots, foldamers,[6] rotaxanes, catenanes,[7,8] helicates,[9] 

cages and capsules[10] to name a few. The field of molecular machines, based on as switches[11] and 

motors[12] is usually considered as a part of supramolecular chemistry as well as it usually deals with 

discrete molecules and requires the extended possibili�es enabled by considering not only covalent 

bonds but also non-covalent interac�ons.[2] 

It is important to state that for supramolecular chemistry, nature on a molecular level has been the 

paragon of efficiency regarding selec�vity, func�onality and longevity. Biochemical mechanisms have 

been perfected through evolu�onary processes for billions of years while ar�ficial systems that 

incorporate intermolecular binding interac�ons have been thoroughly developed and inves�gated 

since only a few decades.[13] Chemists try to understand and mimic nature and use its methods to 

converge to its efficiency, resilience and adaptability. 

In the following, different types of interac�ons between molecules or between groups within the same 

molecular en�ty will be elucidated in detail. 

The most obvious non-covalent interac�on would be the a�rac�ve force between a ca�on and an 

anion, o8en labeled as ion bonding, ion pairing or salt bridges. Because the net charge of the ca�on is 

posi�ve and the net charge of the anion is nega�ve, they a�ract each other following Coulomb’s law. 
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Furthermore, uncharged molecules can a�ract each other electrosta�cally depending on their dipole 

moments which result from a distribu�on of nega�vely charged electrons spa�ally not matching the 

distribu�on of the posi�vely charged nuclei. This dipole – dipole interac�on is also called Keesom 

interac�on (named a8er Willem H. Keesom), which also includes ion – dipole interac�ons in a wider 

sense. A molecule with a strong dipole can induce a dipole on a rather nonpolar molecule causing the 

electron density to shi8, leading to par�al charges that would not be there otherwise. This dipole – 

induced dipole interac�on is called Debye interac�on (named a8er Peter Debye), which also includes 

ion – induced dipole interac�ons in a wider sense.   

 

Figure 1.1. Overview of the very basic types of non-covalent interac�ons.  

Another form of non-covalent interac�ons is the induced dipole – induced dipole interac�on, which is 

also called London interac�on (named a8er Fritz London). This a�rac�ve force is caused by electron 

correla�on between two adjacent molecules. The fluctua�ons of the electron distribu�on of the 

molecules influence each other, which leads to momentary dipole moments. This long-range electron 

correla�on is especially significant when the molecules are very close to each other and the distance 

dependency is given by r6, with r being the intermolecular distance. Another relevant factor is the 

polarizability of the electron cloud. The larger and the so8er (according to the HSAB principle) the atom 

is, the be�er it can be polarized and thus the stronger the a�rac�ve force. As the varia�on of a quan�ty 

(here the par�al charges) with frequency is termed dispersion in physics, this phenomenon is usually 

called London dispersion. The term van-der-Waals interac�on means this as well, strictly speaking, but 

in a broader sense it is a general phrase for all three types of interac�ons, namely Keesom, Debye and 

London interac�on. An overview is given in Figure 1.1.  

Regarding repulsive non-covalent interac�ons, next to the obvious electrosta�c repulsion between two 

ca�ons for example, another type of repulsion is relevant: As the molecules approach each other, their 

wavefunc�ons begin to overlap more significantly, compelling the electrons to occupy higher energy 

states due to the Pauli exclusion principle, which forbids iden�cal quantum numbers. This energy 
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increase is unfavorable, consequently preven�ng the molecules from approaching too closely. This is 

called Pauli repulsion, named a8er Wolfgang Pauli. 

Many types of intermolecular interac�ons, that are based on the men�oned types are known, such as 

hydrogen bonding: When a hydrogen atom is covalently bound to a rather electronega�ve atom E, such 

as an oxygen or nitrogen atom, electron density is pulled away from the hydrogen atom, making it more 

electroposi�ve. When a molecule with a free electron pair comes close, it is likely to orient the free 

electron pair towards the hydrogen atom and it further increases the dipole moment of the E–H bond. 

Because this group has a certain Brønsted acid character and the molecule with the free electron pair 

has a certain Brønsted base character, it is o8en not clear, to which molecule the proton is allocated 

and it likely alternates between both. 

Another important non-covalent interac�on in supramolecular chemistry is the π-π interac�on 

between two aroma�c groups for example two benzene molecules. They can stack on top of each other 

with the π surfaces parallel, which is driven by London dispersion because the benzene rings have many 

delocalized electrons and can therefore be polarized well. Interes�ngly, the stacking of two benzene 

molecules directly on top of each other is not energe�cally favored; rather a ‘slip-stacked’ structure, in 

which the π-surfaces are slightly shi8ed, is favored. The reason for this is rather complicated and is 

connected to Pauli repulsion, rather than electrosta�c poten�als, which was assumed before.[14]  

 

Figure 1.2. Overview of further classes of supramolecular interac�ons and bonds. For the mechanical 

bond a catenane is shown representa�vely.[15] 
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Further notable types of interac�ons and bonds in supramolecular chemistry are C–H-π or ca�on-π 

interac�ons, halogen bonds, da�ve or coordina�ve bonds or mechanical bonds. These are shown in 

Figure 1.2. In the la�er case the molecules do not necessarily have to significantly a�ract each other 

with any of the men�oned van-der-Waals interac�ons but are topologically locked together so that 

dissocia�on usually requires covalent bond breaking. It opens the field of molecular knots, catenanes 

and rotaxanes.[2,16] 

An in supramolecular chemistry important pseudo force derives from the solvophobic effect, which is 

called hydrophobic effect in case of water being the solvent. The forma�on of a solva�on shell around 

a solute decreases the entropy of the solvent and reduces enthalpically favored solvent–solvent 

contacts which counteracts the entropy gain from breaking up the crystal structure and dispersing the 

solute molecules in solu�on and the enthalpy gain from solute–solvent interac�on. If the solute is 

rather nonpolar and the electrosta�c interac�on with the solvent is weak the solvophobic effect causes 

either low solubility or aggrega�on in solu�on, for example in form of dimeriza�on or host-guest 

complex forma�on.[16]  

Having elucidated some physical basics of supramolecular chemistry it is now important to bring up 

the core principle of self-assembly in which preprogrammed molecular building blocks aggregate from 

a disordered state to an ordered structure. Preprogramming here means that the molecules are 

designed to bind and a�ract each other and assemble in the desired way. This makes it possible to 

easily create large, complex and mul�func�onal structures that can be s�muli responsive, especially if 

the interac�ons of the building blocks are dynamic. The o8en weak interac�ons between the building 

blocks allow for reversible reac�ons which enables the system to reach the thermodynamic minimum 

and to not get stuck in kine�c traps as shown in Figure 1.3. 
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Figure 1.3. Schema�c stepwise self-assembly. Every binding reduces the free energy G and while 

there are kine�c traps there is only one assembly that has the lowest energy and is the thermo-

dynamically favored product. 

1.2 Systems Chemistry 

Interconnected mul�component chemical systems require in-depth research to uncover the 

fundamental principles of self-organiza�on and adaptability in natural and ar�ficial systems. The field 

of systems chemistry embraces the inves�ga�on not of isolated reac�ons or individual molecules but 

of interlinked chemical processes within interconnected networks and dynamic environments. The 

goals are to understand key concepts of the origin of life, self-assembly and self-replica�on of complex 

structures and behavior of dynamic systems outside the thermodynamic equilibrium.[17] 

While systems biology tries to understand and model computa�onally all pathways and their 

connec�ons with each other in a living system like a cell in its en�ty,[18] systems chemists rather pursue 

a bo�om-up approach star�ng from only a handful of different model compounds to keep the system 

analyzable, to grasp the core concepts and to develop new ideas.  

Complex systems in dissipa�ve, transient, or out-of-equilibrium states are of par�cular interest due to 

their resemblance to natural systems and their significance as a precursor to the even more intricate 

and rare class of oscilla�ng reac�ons.[19] Many model systems that show interes�ng out-of-equilibrium 

behavior have been developed and inves�gated, ranging from polymers and materials to small 

molecules.[20–23]  

As tools for crea�ng complex systems, dynamic bonds and interac�ons (dynamic cons�tu�onal 

chemistry)[24] are helpful as they keep the system flexible and thus s�muli responsive and allow 
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temporal forma�on of transient species and give control over orthogonality.[25] Systems chemistry, 

especially when dealing with discrete species, is thus strongly connected to supramolecular 

chemistry.[26,27] Lehn and coworkers showed in a recent study a beau�ful example of an ar�ficial 

complex system with mul�ple, interconnected compounds, see Figure 1.4.[28] A library of three primary 

amines (1, 3, 5), three aldehydes (2, 4, 6) and three transi�on metal ca�ons (Fe2+, Cu+, Zn2+) combined 

yield three complexes selec�vely, namely [Fe(1,2)2]2+, [Cu(3,4)2]+ and [Zn(5,6)]2+. Less precise product 

forma�on is observed when only parts of the library are combined, for example 1, 2, 5, 6, Fe2+ and Zn2+ 

together result in a [Zn(1,2)2]2+ complex as side product next to the other two, expected complexes. 

This is an example of “simplexity” as the outcome of the ini�ally more complex mixture is less complex 

than the outcomes of small frac�ons of the library. 

 

Figure 1.4. Selec�ve forma�on of three different complexes from a mixture of nine building blocks.[28] 

A non-discrete, but fuel-driven dissipa�ve system is presented by Guan and coworkers, see Figure 1.5. E-

fueled and waste-free dissipa�ve system by Guan and coworkers.[29] The general principle in this work is 

the oxida�on of a cysteine deriva�ve (by a cataly�c oxidant that is ac�vated by an anode) so that it 

dimerizes via a disulfide bridge to its according cys�ne deriva�ve. Three proper�es make this system 

very interes�ng. 1) A nega�ve fuel is used to reduce the cys�ne deriva�ve again to two monomers (by 

a cataly�c reductant that is ac�vated by a cathode). Here, the transient species, which is the cys�ne 

deriva�ve, does not slowly decay by itself but is depleted by the nega�ve fuel. 2) The transient species 

is ac�ve and can do something that the monomer in the lowest energy state cannot do, which is the 

self-assembly to fibers through polymeric π stacking. This dynamic, dissipa�ve process is reduced and 

stopped again by the reduc�on. This ac�vity of a transient state, that is kept up by constant supply of 

some sort of fuel, is especially interes�ng as it draws parallels to life itself. 3) This system is purely fueled 

by electricity and no chemical waste piles up. Other examples of complex systems in the literature are 

men�oned in Chapter 4. 
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Figure 1.5. E-fueled and waste-free dissipa�ve system by Guan and coworkers.[29] The graphic was 

taken from the ar�cle and slightly modified. Permission was obtained and is appended in Chapter 5. 

 

1.3 Coordina on Cages 

Encapsula�ng a small molecule inside a larger one is one of the key concepts of supramolecular 

chemistry and it is a big step towards increasing system complexity. As it is so o8en the case in 

supramolecular chemistry, nature is taken as archetype, namely here enzymes, which bind and process 

metabolites. This host–guest chemistry allows influence on the small molecule from all direc�ons, 

which opens up new ideas for the fields of catalysis and separa�on[30] with the aims of making industrial 

chemistry greener[31] and more efficient[32,33] and for the fields of sensing, bioimaging and 

therapeu�cs.[34] 

In general, supramolecular host molecules can be classified as one of three types: rings, cages and 

capsules, see Figure 1.6. Rings have large openings but the contact area between ring and guest is 

rather small. This causes a fast guest uptake but weak guest binding. Capsules on the other hand are 

rather sealed so that guest binding is kine�cally hindered but once the guest is inside the binding 

strength can be assumed comparably high. Cages can be seen as an intermediate as they have larger 

openings than capsules but the cavity is more defined than those of rings. Of course, this classifica�on 

only gives a brief overview; guest binding kine�cs and thermodynamics may strongly vary within each 

class of host molecules.[2] 
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Figure 1.6. Example of a molecular ring,[35] cage[36] and capsule[37] as host molecules. Hydrogen atoms 

and side chains omi�ed for clarity. 

Many purely organic cages have been reported.[38–43] Alterna�vely, one can create cages via self-

assembly of organic mul�-monodentate linkers or ligands with (transi�on) metal ions.[44–48] This way 

the cage synthesis is fast and uncomplicated and the choice of organic ligand and metal ion (pre-

programming) makes the outcome predictable. Over the past decades the infinite world of possible 

topologies has been greatly explored leading to hundreds of structures with different sizes, metal-to-

ligand ra�os, number of cavi�es and interlocking modes by methods like varying metals, ligand shapes 

and ligand den�ci�es.[44–48] 

 

Figure 1.7. Schema�c representa�on of a Palladium based self-assembled metallosupramolecular 

coordina�on cage that can take up a small guest molecule. 

One of the most basic types of coordina�on cages is of the topology M2L4, which self-assembles from 

four bis-monodentate bent (banana-shaped) ligands L and two metal ca�ons M that prefer a square-

planar coordina�on geometry like palladium(II), see Figure 1.7. This sort of cage has four openings and 

reminds a bit of a lantern. In our group we focus on palladium(II) based lantern-shaped coordina�on 

cages and develop and inves�gate new concepts for increasing both structural and func�onal 

complexity, see Figure 1.8.[45]  
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Figure 1.8. Schema�c representa�on of metallosupramolecular coordina�on cages. Clever Lab in TU 

Dortmund focusses on developing new concepts for increasing both func�onal and structural 

complexity in these model systems.[45] The graphic was taken from the ar�cle, which is open access. 

 

As Figure 1.8 makes clear, increasing func�onality and structural complexity in coordina�on cages at 

some point requires them to be built up by more than one type of ligand, meaning they are heterolep�c 

instead of homolep�c cages. Here, the big challenge is the selec�ve forma�on of the desired cage with 

the different ligands in the correct ra�o and arrangement. One big milestone was achieved by our group 

by repor�ng a cis-Pd2LA
2LB

2 cage in which the two ligands LA are oversized and have a nega�ve binding 

angle and the two ligands LB are undersized and have a posi�ve binding angle.[49] This way, the cis-

Pd2LA
2LB

2 cage forms selec�vely. It is schema�cally shown in Figure 1.8 in the lower right corner. There 

are several other methods to force selec�ve heterolep�c cage forma�on, such as templa�on effect, 

donor-site engineering, ligand – ligand interac�on or steric hindrance.[50,51] 

Assemblies based on ligand-metal combina�ons have several disadvantages. They are labile due to 

their coordina�on bond (which can also be advantageous), especially towards acids, bases, oxidizing or 

reducing agents and even dilu�on. It is o8en difficult to achieve water solubility even though most 

coordina�on cages are charged.[52] The metal is o8en expensive and toxic and the ligand is usually 

organic but not based on biological building blocks and thus the physiological and environmental 

danger has to be tested. While there are solu�ons to these problems, for example the use of cheap, 

non-toxic metals like Iron and more stable chela�ng ligands,[53] these systems are currently usually used 
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for fundamental, academic research to develop and inves�gate new supramolecular concepts that are 

applicable for other supramolecular systems as well as for nanotechnology and materials sciences.  

1.4 Mo va on 

Coordina�on cages provide two types of dynamic interac�ons already by their nature. The coordina�ve 

bond that keeps the assembly together is o8en weak and reversible. Therefore, the forma�on can be 

easily controlled via external s�muli. The other dynamic interac�on is with a guest molecule, which 

binds non-covalently and is in an equilibrium between the inside and outside state. Cage chemistry 

therefore provides interes�ng tools and features for systems chemistry. Because of this dynamic and 

complex behavior many studies on cage systems can already be seen as a part of systems chemistry. 

Much work has been done on switchable and s�muli-responsive cages and the interconnec�vity of 

cages or subcomponents thereof have been exploited for new ideas.[54,55] However, especially complex 

systems containing more than one type of cage need further inves�ga�on. To contribute to this area, 

one part of this work deals with photoswitchable complex systems of interconnected building blocks 

that can assemble to homo- or heterolep�c cages for possible guest uptake and release. 

Only very few examples exist in which the very interes�ng out-of-equilibrium aspect of systems 

chemistry is exploited in cage chemistry.[56–60] Here, many more concepts and techniques are needed 

as a base for more complex, hopefully even cyclic and thus more life-like systems. Therefore, in another 

part a new example for dissipa�ve guest uptake is inves�gated. 

Complex mixtures tend to require more sophis�cated analy�cal tools like mass spectrometry.[61] Ion 

mobility spectrometry as add-on to the la�er can yield valuable addi�onal structural informa�on, 

especially when combined with theore�cal chemistry, which is why the first part of this thesis is 

dedicated to this combina�on to yield valuable structural insights. 
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2 Structural Inves�ga�on of Coordina�on Cages via Ion 
Mobility Spectrometry and Collision Cross Sec�on 
Calcula�on 

2.1 Introduc�on and Theory 

Inves�ga�on of mixtures of coordina�on cages becomes increasingly challenging by increasing system 

size. NMR spectroscopy, usually the method of choice, has its limita�ons regarding resolu�on, which 

can be crucial for dis�nguishing different species. Mass spectrometry is a valuable addi�on as it is much 

more sensi�ve. Recently, we showed that mass spectrometry in tandem with trapped ion mobility 

spectrometry is a highly suitable and very promising technique for the analysis of complex mixtures of 

coordina�on cages.[1] 

2.1.1 Trapped Ion Mobility Spectrometry 

Ion mobility spectrometry (IMS) is one of several analy�cal methods that are frequently combined with 

mass spectrometry to increase the informa�on output. In IMS ionized species are accelerated by a 

weak electric field through a dri8 tube filled with an inert buffer gas such as He or N2 and the �me 

needed is measured. Subsequently, the ions are analyzed by the mass spectrometer. From the 

measured �me the velocity v is obtained. Division by the applied electronic field strength E yields the 

ion mobility K. Usually the reduced ion mobility K0, defined as  

�� = � ��� ��� (1) 

(K0: reduced ion mobility, K: ion mobility, T0: standard temperature, T: temperature, p: pressure, p0: standard 

pressure) 

is considered as it is less dependent on measurement seRngs but already quite substrate specific. A 

smaller and thus more mobile ion moves faster through the buffer gas than a larger one, which is why 

the ion mobility strongly correlates to the size but also the charge as this influences the impact by the 

electric field. 

A resolu�on increase could be achieved by lengthening the dri8 tube. This way, the ions collide more 

o8en with the buffer gas which increases the separa�on between smaller and larger ions. At some 

point, the technical realiza�on becomes difficult, which is why Trapped Ion Mobility Spectrometry 

(TIMS) as opposed to Dri8 Tube Ion Mobility Spectrometry (DTIMS) was developed.[2–7] Here, the inert 

gas is not sta�onary but mobile and the electric field is reversed. The now called carrier gas 
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mechanically pushes the just ionized analytes against the electric field. The ions are trapped between 

the carrier gas and the electric field, see Figure 2.1.  

 

Figure 2.1. Scheme of a trapped ion mobility spectrometer (TIMS) in combina�on with an 

electrospray ioniza�on source (ESI) and a mass spectrometer. 

More detailed, the analy�cal process is divided into three stages. First, in the accumula�on stage, the 

ions are accumulated in the TIMS tunnel. This is required to obtain a large number of ions so that they 

are detectable by the mass spectrometer. In the trapping stage, the accumulated ions are trapped in 

space between the carrier gas and the electric field. The electric field strength increases linearly 

towards the exit so that ions of a broad range of K are trapped. Ions with higher mobili�es collide less 

o8en with the carrier gas and thus require a weaker electric field to be trapped. During the trapping 

stage, the ions with high mobili�es are populated at the beginning of the ramp in electric field strength, 

while the ions with low mobili�es are populated more towards the end of the ramp, because they 

collide more o8en with the carrier gas and therefore need a higher electric field strength to be trapped 

in space. The length of this stage (milliseconds to seconds) and the carrier gas flow have a direct 

influence on the resolu�on on this measurement technique and correspond to the length of the tube 

in DTIMS. In the final, elu�ng phase the electric field is slowly reduced leading to elu�on of the trapped 

ions, which are then detected by the mass spectrometer. The speed in which the E-field is reduced and 

the length of the electronic field gradient (EFG) plateau are further important factors for the overall 

resolu�on. The resolving power of a TIMS measurement is given by:[5] 

� =  �	 ∙  �2
��� ∙ 1√��� ∙ � �e16 ln(2) k�� (2) 

(R: resolving power, vg: carrier gas velocity, Lp: EFG plateau length, �: electric field scan rate, K: ion 

mobility, z: charge, e: elementary charge, kB: Boltzmann constant, T: temperature) 

Several more alterna�ves to DTIMS and TIMS exist, such as traveling wave ion mobility spectrometry 

(TWIMS),[8]  high-field asymmetric waveform ion mobility spectrometry (FAIMS)[9] and cyclic ion 

mobility spectrometry (cIM).[10]  

To provide an even more chemically relevant physical quan�ty, the reduced ion mobility K0 is further 

transformed into the collision cross sec�on (CCS) via the low field ion mobility equa�on:[11–14] 
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CCS = 316 � 2 !k�� �e�� (3) 

(CCS: collision cross sec�on, μ: reduced mass of ion and inert gas molecule, kB: Boltzmann constant, T: 

temperature, z: ion charge, e: elementary charge, K0: reduced ion mobility) 

The CCS is not directly depending on the temperature, pressure, reduced mass and charge, although 

the mass of the analyte o8en scales with its CCS and a higher ion charge causes stronger ion-induced 

dipole interac�ons with the uncharged carrier gas.[15–17]  Interes�ngly, when N2 is chosen as carrier gas, 

even charge dependent ion-quadrupole interac�ons play a role.[15,18] Even though the CCS is very 

specific for every ion, the measurement technique is usually specified as superscript and the used 

buffer/carrier gas as subscript, for example TIMSCCSN2 means the CCS obtained via TIMS and with N2 as 

carrier gas. The CCS can be considered as a momentum transfer collision integral, so the momentum 

transfer between ion and carrier gas averaged over all ion-gas rela�ve veloci�es,[13] which becomes 

important for theore�cal CCS calcula�on methods, see Sec�on 2.1.2. In a simplified way it can be 

considered as the averaged projected two-dimensional area of an ion and is usually reported in Å2. It 

can give very valuable insights into size and shape of the inves�gated analyte. 

In recent years, studies on metallosupramolecular cages and other complexes that include structural 

inves�ga�on with IMS measurements, have been reported,[19–22] however, insights from IMS that 

significantly contribute to the understanding of the system’s structure and not just confirm 

observa�ons from 1H DOSY NMR and single-crystal X-ray analysis are s�ll rare. Li et al. used IMS to 

determine that only one isomer of the inves�gated system is present, as different isomers would have 

the same m/z value but different ion mobili�es or CCS.[23] Bowers et al. could show that two quickly 

interconver�ng conformers of a family of macrocycles exist by decreasing the temperature in the dri8 

tube to 80 K. Rissanen et al. managed to monitor the transforma�on from a highly chiral and flexible 

Pd3L6 macrocycle to a Pd3L3Cl3 species with IM-MS and could observe that several different conformers 

or even cons�tu�on isomers coexist. Our group compared the CCS of empty hosts with host-guest 

complexes in several studies.[1,24–26] In one case, with a rather flexible ca�onic cage as  host, we no�ced 

a decrease in CCS upon anionic guest binding indica�ng a contrac�on of the cage.[24] In another case, 

with a rather rigid cage, an increase in CCS occurs when an anionic guest is bound, because empty 

space in the structure is filled.[25] The group of Peris reported similar results, in which the influence of 

different guests on the structural distor�on of the host could be detected with IMS.[27] 

2.1.2 Theore�cal collision cross sec�on calcula�on 

Because IMS alone o8en only indicates that there is a difference in size or shape between different 

species and that one is “bigger” than the other, it is o8en combined with computa�onal modeling, 

geometry op�miza�on, molecular dynamics (MD) simula�on and even approxima�on of the CCS by 
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the in silico models. If the calculated theoCCS matches the experimental CCS, then the model fits the 

structure of the analyte well. Many different calcula�on techniques have been developed and used in 

the last decades.[18,28] A simple approach would be taking distance measurements from a model or 

crystal structure, assuming a spherical shape and calcula�ng the two-dimensional projected area. This 

can be especially successful if the ion is indeed rather spherical.[29] For systems that stronger deviate 

from the spherical shape the so called projected area method may be more beneficial.[30,31] This method 

is already implemented in mul�ple different CCS calcula�on programs. Here, hard spheres with radii 

equal to Van-der-Waals radii of the according elements are assigned to the atoms of the model of the 

ion. The two-dimensional area of the three-dimensional model is projected and orienta�onally 

averaged. Several effects are neglected such as the ion-induced dipole interac�on and therefore the 

influence of the ion’s charge, loca�on-dependent sca�ering as well as the momentum transfer, which 

is why correc�ng parameters are o8en used.[32] The projected area method is also not suitable for 

concave structures like cages with cavi�es or proteins with binding pockets because these cannot be 

mapped this way. Bleiholder, Bowers et al. further developed the projected area method by applying a 

shape factor to account for any concaveness and a local collision probability approxima�on which 

makes the edges of the projected area “so8er”.[33–35]  

Several CCS predic�on tools based on molecular descriptors and machine learning have been 

developed,[36–42] and can produce accurate results very fast, however, these algorithms are only suitable 

for the class of chemicals they were trained for, which are currently only metabolites and lipids. 

Coordina�on cages and other supramolecular assemblies structurally differ not only from metabolites 

and lipids, but also heavily from each other in their size, shape, cavity size, composi�on and counter 

anions which is why it is unlikely that the currently exis�ng machine learning tools for CCS calcula�on 

may be suitable for this kind of chemistry. 

High accuracy for a broad range of types of analytes is achieved by simula�ng the collisions of the ion 

with the inert gas. Here, the ion is usually fixed inside a simula�on box and single gas molecules enter, 

either collide or do not collide, and exit again. From the sca�ering angle χ the CCS can be 

approximated.[43] First a�empts were based on assigning hard spheres to the atoms in the molecule, 

just like in the projected area method, and collisions are considered specular and elas�c.[17] Here, the 

trajectories of the gas molecules are rec�linear and can be easily calculated without the use of MD 

simula�on, making the CCS calcula�on very fast, similar to the projected area approaches. This 

technique allows for mul�ple collisions, which is necessary for concave areas in the ion’s surface, and 

allows differen�a�on between collisions in which the gas molecule only slightly brushes the ion and in 

which it hits the ion more frontally. In the la�er case both the momentum transfer and the sca�ering 

angle is large causing a higher weight for this par�cular differen�al cross sec�on area, see Figure 2.2.  
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Integra�on over the three angles φ, θ and γ, which define the collision geometry, and the impact 

parameter b yields the CCS: 

CCS⬚#$%& = 14 ( ) d+(,
� ) d-sin-,

� ) d0(,
� ) d1 21(1 − cos5)6

�  (4) 

 

(theoCCS: theore�cal collision cross sec�on; for defini�on of φ, θ, γ and b see Figure 2.2) 

 

Figure 2.2. Schema�c presenta�on of two collisions between ion and gas molecule with different 

sca�ering angles. 

This method neglects the rela�ve velocity of ion and gas molecule, charge dependent ion – induced 

dipole interac�ons and diffusive and inelas�c sca�ering. To counter these shortcomings, Larriba et al. 

developed the diffusive hard sphere sca�ering method, that considers the collisions par�ally diffusive 

or inelas�c.[32] 

The current gold standard in CCS calcula�on is called the Trajectory Method.[17] Here, the ion is also 

fixed but the gas molecules experience a poten�al and the trajectories are calculated in �mesteps. The 

poten�al consists of a Lennard-Jones (LJ) part and a part for the ion – induced dipole interac�ons: 

7 = 48 9 :;<=>?@( − ;<=>?AB> − C2 DeEF( GH9 �> =I,>=>�> K( + H9 �> =M,>=>�> K( + H9 �> =N,>=>�> K(O (5) 

 

(V: poten�al energy experienced by the gas molecule, ε and σ: element-specific LJ parameters, ri: 

distance between gas molecule and atom i, α: polarizability of the gas molecule, e: elementary charge, 

n: overall charge, zi: atomic point charge of atom i, rx,i, ry,i, rz,i: vector between gas par�cle and atom i) 

The LJ parameters ε and σ are specific for each element and type of gas par�cle and require 

parameteriza�on to experimental data. The atomic point charges can be obtained from an electronic 

structure calcula�on, charge placement algorithms or an equal distribu�on of charges can be assumed. 
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With this poten�al, no hard spheres based on Van-der-Waals radii are necessary and the sca�ering is 

more realis�c. Because of the addi�onal term for the ion – induced dipole interac�ons even higher 

charged species can be calculated accurately. The rela�ve velocity g is considered as well, which is why 

the CCS in the trajectory method is calculated as 

CCS⬚#$%& =  18π( ) d+ ) d- sin-R
� ) d0 π8 ; !k��?� ) dS eTUVW/((YZ[)S\ ) d1 216

� (1 − cos5)6
�

(R
�

(R
�  

(6) 

 

The trajectory method is widely used and has been implemented in various so8ware, for example 

MOBCAL,[17] IMoS,[32] MobCal-MPI,[44] HPCCS[45] and Collidoscope.[46] Several approaches for even more 

accuracy are made, for example the addi�on of a term for the ion – quadrupole interac�on to the 

poten�al, replacing the LJ term with the more accurate MM3 force field[44,47] or incorpora�ng the two-

temperature model.[48,49] In all men�oned CCS calcula�on methods, the ion is considered fixed in space 

and thus molecular vibra�on and rota�on is neglected. The momentum transfer upon collision is 

par�ally incorporated in ε and σ during parametriza�on but also depends on the ion’s size and shape 

which may differ significantly from the ions in the training set. Several groups already calculated CCS 

values with MD simula�ons, in which the analyte is allowed to move freely.[18,50] This approach is very 

promising but requires large effort and computa�on �me. An alterna�ve that at least considers 

different conformers is the CCS calcula�on of not only of a single structure but of an ensemble of 

different possible conformers and repor�ng the (weighted) average.[51] This procedure is already widely 

used, and so8ware that performs the whole workflow is available.[52,53] Conforma�on sampling requires 

MD simula�on, which requires a theore�cal model, usually a force field, that can describe the geometry 

and mo�on of the analyte of interest accurately. For coordina�on cages MD simula�ons have been 

done[25,54–58] but usually require tedious parametriza�on for the transi�on metal atoms. The solu�on 

may be higher level, electronic structure calcula�on methods, which are more applicable for a broader 

range of compounds. 

2.1.3 Density Func�onal Theory 

To fully grasp the electronic structure of a molecular system, its wavefunc�on needs to be obtained by 

solving Schrödinger’s equa�on:[59] 

]ℏ __̀a = bc` (7) 

(ħ: reduced Planck constant, Ψ: wavefunc�on, t: �me, bc: Hamiltonian) 

This is impossible if the wavefunc�on describes more than one par�cle, which is why several 

approxima�ons are being made, such as considering only the �me-independent variant of the 

equa�on, the Born-Oppenheimer approxima�on, which allows separate treatment of nuclei and 
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electrons, and describing the wavefunc�on as a linear combina�on of atomic, hydrogenic orbitals, of 

which the wavefunc�on can be calculated using the first two approxima�ons. The calcula�on of the 

electrons’ correla�on with each other is another challenge, for which different procedures, that vary 

in their accuracy and computa�onal demand, especially regarding the scaling with the molecular 

system’s size, exist and are summarized as ab ini�o methods or wave func�on theory (WFT) 

methods.[60,61]  

In applied computa�onal chemistry, another approach for obtaining the electronic structure is more 

frequently used, which is called density func�onal theory (DFT). DFT is based on the two Hohenberg-

Kohn theorems. The first states that all molecular proper�es of a system in a ground state, such as the 

energy E, can be completely obtained if the system’s electron density ρ is known. The electron density 

is calculated from the Kohn-Sham molecular orbitals fi, which are calculated from a linear combina�on 

of atomic, hydrogenic orbitals.  

defg = d h9|j>(k)|(
> l (8) 

(E: electronic energy, ρ: electron density, fi: Kohn-Sham molecular orbital i, r: electron posi�on vector) 

The second Hohenberg-Kohn theorem states that varia�on of the electron density star�ng from the 

ground state only leads to states of higher energy. Thus, for op�mizing the electron density, the linear 

combina�on of atomic hydrogenic orbitals needs to be varied to minimize the energy.[62] 

The rela�on between E and ρ is given by 

defg = �mefg +  7mmefg + 7mnefg +  7nn + �n (9) 

(T: kine�c energy, V: poten�al energy, e: electrons, N: nuclei) 

The kine�c energy of the nuclei is zero, because the calcula�on is usually done on a model with fixed 

coordinates. The poten�al energy between the nuclei is trivial and not dependent on ρ. VeN[ρ] is 

calculated as 

7mnefg = 9 ) o>f(k)|p> − k| qk>  (10) 

(Zi: charge of nucleus i, Ri: nucleus posi�on vector) 

Vee[ρ] is divided into a classical part J[ρ] and a non-classical part K[ρ]. J[ρ] is calculated by the following 

expression: 

refg = 12 s f(k)f(k′)|k − k′| dkdk′ (11) 

Kohn and Sham proposed that the kine�c energy Te[ρ] can be divided into the kine�c energy under the 

assump�on of non-interac�ng electrons Te,KS[ρ] and a small correc�on term.[63] 
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�m,uvefg = 9 wj>x− 12 ∇(xj>z>  (12) 

The correc�on for the kine�c energy is combined with K[ρ] to the exchange-correla�on func�onal 

EXC[ρ], so that Equa�on 9 is transformed to 

defg = �m,uvefg +  refg + 7mnefg + d{|efg +  7nn (13) 

 

Finding a suitable approxima�on for EXC is the big challenge in DFT research.[60,61] Many different 

solu�ons have been developed for which EXC usually contains empirical parameters that were fit to 

energies calculated with higher level ab ini�o methods.[64] A big jump in accuracy is made when the 

exchange energy is par�ally calculated with WFT.[65] A further improvement to these so called hybrid 

DFT models are double-hybrid DFT models, in which also the correla�on energy is par�ally calculated 

with WFT, namely with Møller-Plesset perturba�on theory.[66]   

S�ll, especially regular and hybrid DFT models lack long range electron correla�on, meaning induced 

dipole-induced dipole or dispersion interac�on. The most obvious solu�on is the addi�on of a 

correc�ve force field that causes this weak a�rac�on between atoms and molecules but many more 

approaches exist. 

However, with increasing accuracy usually comes increasing computa�onal demands, which is why 

methods that are less accurate than regular DFT or WFT but therefore faster are being developed. So 

called semiempirical methods close the gap between DFT or WFT and molecular mechanics force 

fields.[67–69] These methods are o8en based on a parental higher level method but neglect several less 

important terms in the underlying equa�ons for computa�onal speedup. These terms are subs�tuted 

with other, simpler terms containing parameters that are fit to either experimental or higher level 

theore�cal data. 

The semiempirical method GFN2-xTB (Geometries, Frequencies, Non-covalent interac�ons, version 2, 

extended Tight Binding) developed by Grimme and co-workers is such a semiempirical method based 

on DFT.[70] It is parameterized for all elements in the periodic table up to Radon and fast enough that 

not only energy calcula�ons and geometry op�miza�ons but also frequency calcula�ons and MD 

simula�ons of large structures are possible. It is therefore very suitable for coordina�on cages, which 

are usually large in size and contain heavy transi�on metals.  

2.2 Mo�va�on 

Inves�ga�on of compounds via ion mobility spectrometry and theore�cal CCS calcula�on is a promising 

technique to yield valuable structural insights. For coordina�on cages it could help dis�nguishing 

isomers, determining conforma�ons and give informa�on about host-guest binding. But because these 
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kinds of systems differ quite substan�ally from compound classes, namely proteins or metabolites, for 

which ion mobility-theore�cal CCS workflows already exist, a new workflow has to be established. The 

workflow presented in Figure 2.3 is thoroughly tested in this work. 

 

Figure 2.3. General workflow for structural inves�ga�on of coordina�on cages via ion mobility 

spectrometry and theore�cal CCS calcula�on. 

On the experimental side a8er cage forma�on via self-assembly the ion mobility is measured using 

easily available N2 as inert gas and a trapped ion mobility spectrometer for sufficient resolving power. 

The ion mobility K is transformed into the TIMSCCSN2 which is more independent of measurement 

parameters. Parallel to that, on the theore�cal side, a proposed model of the cage has to be drawn in 

silico. If the system is rather rigid, geometry op�miza�on using dispersion corrected DFT should be 

sufficient. The freshly developed DFT func�onal r2SCAN-3c[71] from Grimme and co-workers promises 

both accuracy and computa�onal speed, which is important to enable high-throughput screening even 

of larger systems. For more flexible systems a conforma�on sampling technique is more useful, for 

example using meta-dynamics simula�ons or simulated annealing and subsequent mul�level geometry 

op�miza�ons. Alterna�vely, to safe computa�on �me, only a single MD simula�on on GFN2-xTB level 

of theory is done here and snapshots are taken from the trajectory without further geometry 

op�miza�on to achieve Boltzmann weigh�ng implicitly. Subsequently, the theore�cal CCS of the 

op�mized structure or the conforma�on ensemble is calculated using the trajectory method, which is 

accurate for a broad range of compound classes. Comparison of the theore�cal and experimental CCS 

values gives insights on how well the model or ensemble matches the experimental situa�on. 

In the gas phase, in which the IMS experiment takes place, non-covalent intramolecular interac�ons 

play a larger role, because of the absence of the solvent the analyte can only interact with itself. In 

early trials we found that dispersion corrected DFT, including GFN2-xTB and r2SCAN-3c, suggests that 
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the systems of our interest may conforma�onally differ in the gas phase as compared to the solved 

state. This could be a drawback because coordina�on cages are usually made for chemistry in solu�on. 

It is therefore worth inves�ga�ng how coordina�on cages behave in the gas phase and to what degree 

they differ structurally from the solved state. 

As a model system we inves�gated a series of palladium coordina�on cages based on a bis-

monodentate organic ligand L consis�ng of a carbazole backbone, two pyridine donor groups and 

alkyne spacers.[72] Upon addi�on of 0.5 eq. [Pd(CH3CN)4](BF4)2 a simple, homolep�c, lantern-shaped 

Pd2L4 cage is formed. To get an idea of the system’s size, the Pd–Pd distance in the obtained crystal 

structure was measured as 14.3 Å. In the original publica�on L was deriva�zed with a hexyl chain at 

the nitrogen atom in the carbazole backbone for increased solubility, which is very common for 

coordina�on cages. Tes�ng chains of different length could give insights on at what length dispersion 

driven backfolding occurs. Suhm and coworkers reported that linear alkanes prefer a folded 

conforma�on for chains longer than about 17 carbon atoms.[73] Here, backfolding is expected to happen 

already with shorter chains because the chains do not only interact with themselves but with the cage 

they are a�ached to. As the chains are at the very outside of the system, they have a high impact on 

the CCS, which is why studying their behavior in the gas phase is very important in this field. Because 

the side chains bring in flexibility conforma�on sampling is required and it is important to test whether 

the planned workflow leads to a good representa�on of the real gas phase behavior. 

 

Figure 2.4. Simplified scheme of the findings in Ref. 72. R =hexyl in the original publica�on. 

Small anions such as chloride and bromide induce dimeriza�on of the lantern-shaped Pd2L4 cages to 

quadruply catenated double cages via template effect, see Figure 2.4. Here it is not only interes�ng to 

see whether the behavior of the side chains differ from the monomeric cage, but also whether the 

minor size differences on the extension or compac�on by different anions in the pockets is detectable 

both with high-resolu�on TIMS and with theore�cal CCS calcula�on.  

The plane spanned by the carbazole and the two pyridine groups in L is perpendicular to the cavity of 

Pd2L4, as it is the case for many other coordina�on cages, both from others and from our group. This 

suggests that a neighboring pair of ligands could stack together due to π-π interac�ons. Especially in 
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the gas phase this phenomenon could be realis�c because as men�oned earlier non-covalent 

intramolecular interac�ons become more relevant in the absence of solvent. However, this folding 

would require distor�ons in the ligand or at the Pd center, which is why it is interes�ng, how large the  

π surface of L has to be to cause this folding.  

2.3 Results and Discussion 

2.3.1 Analysis of alkyl side chains 

Ligand LR was resynthesized but with different alkyl chains, ranging from ethyl to dodecyl in steps of 

two methylene groups, see experimental sec�on for the procedure. For each ligand LR (R = ethyl, butyl, 

hexyl, octyl, decyl, dodecyl) the addi�on of 0.5 eq. [Pd(CH3CN)4](BF4)2 led to the quan�ta�ve forma�on 

of Pd2LR
4 as can be observed by the typical downfield shi8 of 1H NMR signals of protons close to the 

nitrogen donor atom. Further, the shi8s of the aroma�c 1H NMR signals of the formed species match 

the previously reported shi8s of Pd2Lhexyl
4 showing also that the effect of the alkyl side chain length has 

negligible effects on the electronic structure of the ligand. To induce double cage forma�on, 1.0 cage 

eq. of tetrabutylammonium bromide (TBA-Br) was added. A8er hea�ng, precipita�on was observed 

and the 1H NMR spectrum shows signals of the free ligand, the monomeric Pd2LR
4  and signals assigned 

to the dimeric cage 3Br@Pd4LR
8, see Figure 2.5. Appearance of the free ligand and the precipitate 

indicates the forma�on of insoluble {trans-[(PdBr2)2LR
2]}n (n ∈ {1,2,3}) rings and catenanes. 

 

Figure 2.5. 1H NMR spectra (600 MHz top, 500 MHz center and bo�om) of free ligand LR (bo�om), 

Pd2LR
4 (middle) and mixture of free ligand, monomeric cage and double cage 3Br@Pd4LR

8 (top). 

Exemplary shown for Lhexyl. 
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The samples were filtered and injected into a Bruker �msTOF ion mobility mass spectrometer. For all 

samples the species of interest, [Pd2LR
4]4+ and [3Br@Pd4LR

8]5+, could be detected among others. To 

minimize the error, only species without freely moving counter anions were inves�gated. See 

Sec�on 2.3.4 for a detailed discussion regarding problems related to counter anions. The species of 

interest were analyzed with TIMS separately (using N2 as carrier gas), using a 450 ms ramp �me for 

op�mal resolu�on. The measured ion mobili�es were transformed to the TIMSCCSN2, which are shown 

in Figure 2.6. 

 

Figure 2.6. Ion mobility spectra, converted to TIMSCCSN2, of the monomeric cage [Pd2LR
4]4+ (top) and 

double cage [3Br@Pd4LR
8]5+ (bo�om) with different alkyl side chains. 

As can be seen, all signals are Gauss-shaped and narrow. Smaller signals were also detected, which are 

likely noise or fragments. The TIMSCCSN2 for the monomeric cages are between 580 Å2 and 680 Å2 and 

for the double cages between 760 Å2 and 900 Å2, which is only around 1.3 �mes larger than the former, 

due to the cages being interlocked.  While the system with Lethyl is for both species the smallest, 

followed by the system with Lbutyl, the trend differs quite significantly between monomeric and double 

cage, which is more demonstra�vely shown in Figure 2.7. As can be seen, for the monomeric cage the 

TIMSCCSN2 increases linearly from [Pd2Lethyl
4]4+ to [Pd2Lbutyl

4]4+ and [Pd2Lhexyl
4]4+. Apparently, no significant 

backfolding occurs un�l at least this chain length. It is assumed that for these chains the energe�cally 

lowest conforma�on is the perfectly straight all-trans form. When moving from [Pd2Lhexyl
4]4+ to 

[Pd2Loctyl
4]4+,  the TIMSCCSN2 increases only marginally. The octyl chains seem to fold back to the cage 

more likely than the hexyl chain do. The octyl chains are longer and thus both more flexible and have 

more remaining surface a8er backfolding to interact with the ligand via dispersion. That the TIMSCCSN2 
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s�ll increases shows that the octyl chains are not completely backfolded during the whole experiment 

but are in an equilibrium between backfolded and rather extended conforma�ons. For [Pd2Ldecyl
4]4+ the 

TIMSCCSN2 is between those of [Pd2Lbutyl
4]4+ and [Pd2Lhexyl

4]4+. This is a clear sign that the decyl chains are 

much more likely backfolded into the gaps of the monomeric cage. For [Pd2Ldodcyl
4]4+ the TIMSCCSN2 is 

even slightly smaller, even though the chains are by two methylene groups longer. This is an indica�on 

that the decyl chains are s�ll in a balance between extended and backfolded conforma�ons, although 

the equilibrium is here clearly on the backfolded side. For [Pd2Ldodcyl
4]4+ it seems that a plateau is 

reached leading to the assump�on that here the chains are completely backfolded during the 

experiment.  

 

Figure 2.7. Rela�ve increase of TIMSCCSN2 (le8) and solvodynamic radius rS (right) with increasing chain 

length for  [Pd2LR
4]4+ and [3Br@Pd4LR

8]5+. Error bars stem from the FWHM of the TIMS signals and 

from the standard devia�ons of the 1H DOSY NMR signals. Inserts: top view of schema�c 

representa�on of monomeric and double cage showing larger gaps for the former. 

 

For the double cage the trend starts similarly. the TIMSCCSN2 increases linearly un�l [3Br@Pd4Lhexyl
8]5+. 

This similarity to the monomeric cage shows that the interac�on of ethyl, butyl and hexyl chains with 

the rest of the complex is negligible. Interes�ngly, for all follow-up species the TIMSCCSN2 is nearly 

iden�cal to that of [3Br@Pd4Lhexyl
8]5+, which can also nicely be seen in Figure 2.6. The hypothesis here 

is that for every step the size increase by the addi�on of two methylene groups is exactly compensated 

by the stronger backfolding of the longer chain. No significant decrease in TIMSCCSN2 by increasing chain 

length is observed, which is explained by the double cage having smaller gaps than the monomeric 

cage and therefore the alkyl chains are more exposed to the collisions with the N2 gas molecules. 

Of the same samples 1H DOSY NMR was measured. The solvodynamic radii were calculated from the 

measured diffusion coefficients and the rela�ve increase with increasing chain length is plo�ed in 

Figure 2.7. Here, the trend is nearly iden�cal for monomeric and double cage. The curve shows steady 
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increase of rS with fla�ening towards longer chains. We assume here that the chains do not fold back 

as strongly as they do in the gas phase because they can interact with the solvent. Longer chains are 

more curling, which explains the fla�ening, but rather because of entropic reasons and not mainly 

because of intramolecular dispersive interac�ons. MD simula�ons of [3Br@Pd4Ldodecyl
8]5+ with GFN2-

xTB with and without implicit solvent (COSMO,[74] acetonitrile) were performed. In the star�ng 

structure for both runs the dodecyl side chains were in a perfectly straight, all trans conforma�on.  In 

the gas phase MD the chains folded back immediately while their movement in the solved state MD is 

rather random. Figure 2.8 shows snapshots from these simula�ons.  

 

Figure 2.8. Snapshots from MD simula�ons of [3Br@Pd4Ldodecyl
8]5+ on GFN2-xTB level without (le8) 

and with (right) implicit solvent (COSMO, MeCN).  

 

For the theore�cal reproduc�on of the experimental TIMS results first gas phase MD simula�ons with 

GFN2-xTB on all inves�gated systems were performed. From the resul�ng trajectories snapshots for 

every picosecond were taken. Without further geometry op�miza�on the theoCCSN2 of each snapshot 

was calculated using the trajectory method as implemented in the Collidoscope so8ware. The plots 

showing the theoCCSN2 values and their rela�ve devia�ons to the TIMSCCSN2 values over the simula�on 

�me are given in Figure 2.62, Figure 2.63 and Figure 2.64. For [Pd2Ldecyl
4]4+ and [Pd2Ldodecyl

4]4+ these plots 

are exemplary shown in Figure 2.9. Figure 2.10 shows the averaged values compared to the 

experimental ones in plots. In general, the theore�cal values are in good agreement with the 

experimental ones. for most rigid systems [Pd2Lethyl
4]4+ and [3Br@Pd4Lethyl

8]5+ the rela�ve devia�ons are 

very low (+2.9 % and +3.8 %), which shows that the in principle trajectory method is suitable for these 

kinds of systems. The experimental trend could be reproduced nicely for the monomeric cages. The 

rela�ve increase is almost iden�cal; the highest devia�on is observed for [Pd2Loctyl
4]4+. It is assumed that 

the octyl chains are in a rather balanced equilibrium between extended and backfolded conforma�ons 
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and perfectly reproducing this balance computa�onally is rather challenging. Regarding [Pd2Ldecyl
4]4+ 

and [Pd2Ldodecyl
4]4+, the hypothesis that the decyl chains are s�ll in an equilibrium between extended 

and backfolded conforma�ons, although heavily shi8ed to the la�er state, and that opposed to that 

the dodecyl chains �ghtly cling to the core, could be reproduced very nicely with the GFN2-xTB MD 

simula�ons as Figure 2.9 shows. 

 

Figure 2.9. theoCCSN2 values of snapshots from the MD simula�ons of [Pd2Ldecyl
4]4+ and [Pd2Ldodecyl

4]4+ 

and the rela�ve devia�ons to the experiments. Three snapshots each are inserted exemplarily. 

 

Figure 2.10. Rela�ve increase of theoCCSN2 values calculated from the snapshots taken every 

picosecond from the MD simula�ons averaged over �me (red) and compared with experimental 

TIMSCCSN2 (black) for monomeric cages [Pd2LR
4]4+ (le8) and double cages [3Br@Pd4LR

8]5+ (right). MD 

�me for [3Br@Pd4Loctyl
8]5+, [3Br@Pd4Ldecyl

8]5+ and [3Br@Pd4Ldodecyl
8]5+: 5 ns, all other species 1 ns. 
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For the double cages the linear trend un�l [3Br@Pd4Lhexyl
8]5+ could be reproduced nicely. For the last 

three systems high devia�ons are observed. Here it seems as if the balance between extended and 

backfolded conforma�ons are not represented well enough in the MD simula�ons. One possible 

explana�on could be that the dispersive forces between the chains and the aroma�c parts of the 

ligands are underes�mated in GFN2-xTB. An alterna�ve reason could be that the MD �me was not long 

enough which is why they were repeated, this �me for 5 nanoseconds. Slight improvements are 

observed (see Table 2.6) but the values are s�ll too high. Longer simula�on �mes or more thorough 

conforma�on sampling techniques like CREST[75] are computa�onally not feasible. 

2.3.2 Guest controlled extension of double cages 

When measuring the ion mobili�es of the [3Br@Pd4LR
8]5+ species we could also detect 

[1Cl,2Br@Pd4LR
8]5+ and [2Cl,1Br@Pd4LR

8]5+ (Figure 2.26). In order to complete the series, the double 

cage 3Cl@Pd4Lethyl
8 was formed by �tra�ng TBA-Cl to the monomeric Pd2Lethyl

4. The ion mobility spectra 

of the species [3Cl@Pd4Lethyl
8]5+, [2Cl,1Br@Pd4Lethyl

8]5+,  [1Cl,2Br@Pd4Lethyl
8]5+ and [3Br@Pd4Lethyl

8]5+ are 

shown in Figure 2.11. Interes�ngly, the species with more than one type of halide show a larger and a 

smaller signal, while the species with three chlorides and with three bromides only show single, Gauss-

shaped signals. For [2Cl,1Br@Pd4Lethyl
8]5+ the bromide could either occupy one of the outer pockets or 

the central one, which is likely the explana�on for the observa�on of two signals. Because Br– is larger 

(more accurately: the valence electrons experience a lower effec�ve nuclear charge) the cavity it 

occupies is expanded. Therefore, if one Br– is in the central cavity and one Cl– is in each outer pocket 

the cage should be maximally compacted, according to previous reports.[76] We thus assign the signal 

with the lower TIMSCCSN2 to this species and the signal with the higher TIMSCCSN2 to the other possible 

species, in which the Br– is in one of the outer cavi�es. For [1Cl,2Br@Pd4Lethyl
8]5+ it is the other way 

around; here the cage should be maximally expanded if the Cl– occupies the central pocket and the two 

Br– the outer ones, which is why we assume that the signal with the higher TIMSCCSN2 belongs to this 

species and the other belongs to the species in which the Cl– occupies one of the outer cavi�es. 

Interes�ngly, for both [2Cl,1Br@Pd4Lethyl
8]5+ and [1Cl,2Br@Pd4Lethyl

8]5+ not the sta�s�cally most likely or 

the most symmetric variant but the more contracted variant and shows the larger signal in the ion 

mobility spectrum, although no precise quan�ta�ve asser�ons can be made here.  
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Figure 2.11. Ion mobility spectra converted to TIMSCCSN2 of the double cage with ethyl side chains and 

different halides in the small pockets ([3X@Pd4Lethyl
8]5+, X = Cl, Br). 

 

For the computa�onal reproduc�on of this trend we also relied on MD simula�ons, even though the 

ethyl side chains are not very flexible. The MDs and subsequent theoCCSN2 calcula�ons for all six different 

species were conducted following the same procedure as for the analysis of the side chains. TIMSCCSN2, 

theoCCSN2 and rela�ve devia�ons are listed in Table 2.6. TIMSCCSN2, theoCCSN2 and average Pd–Pd distances 

in the central cavi�es are plo�ed in Figure 2.12. As can be seen, except for one outlier, namely 

[Br,Cl,Cl@Pd4Lethyl
8]5+ (meaning Br– in one of the outer pockets), the experimental trend can be 

reproduced. Especially for the cases in which two signals are observed experimentally the on 

assump�ons based assignments could be confirmed.  
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Figure 2.12. TIMSCCSN2 values of the six possible species of [3X@Pd4Lethyl
8]5+ (X = Cl, Br) (black), 

averaged theoCCSN2 values (red) and the average Pd–Pd distances in the central cavity (blue) from the 

snapshots of the MDs. 

 

For all species except [Br,Cl,Br@Pd4Lethyl
8]5+ the rela�ve devia�on to the experiment is between +2.2 % 

and +3.8 %, which is completely acceptable and can be traced back to inaccuracies in the trajectory 

method but for [Br,Cl,Br@Pd4Lethyl
8]5+ the error is with +6.6 % quite large. We observe in the MD 

simula�ons for the smaller species that they alternate between a helically twisted conformer (D4 

symmetry) and a more straightened conformer (D4d symmetry). For [Br,Cl,Br@Pd4Lethyl
8]5+ both 

conforma�ons are shown in Figure 2.13. In the helically twisted conformer, the ligands are in close 

contact and a�ract each other via London dispersion. In the more symmetric conformer, the ligands 

are further apart and the cage is more expanded. Driving force for the expansion is the repulsion 

between the anions and the Pd complexes. So, similar to the side chains the GFN2-xTB based MD 

simula�ons have to represent the equilibrium between both conformers accurately to obtain matching 

theoCCSN2 values, which does not seem to be the case for  [Br,Cl,Br@Pd4Lethyl
8]5+. 
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Figure 2.13. Two possible conforma�ons of [Br,Cl,Br@Pd4Lethyl

8]5+. The le8 conformer was op�mized 

with GFN2-xTB, which has a dispersion correc�on. The right conformer was op�mized with 

TPSS/def2-SVP, not using any dispersion correc�on. 

2.3.3 Compac�on through ligand-ligand π stacking in the gas phase 

The theore�cally possible folding of monomeric Pd2L4 cages by dispersion driven π stacking of the 

ligands, especially likely in absence of solvent, was inves�gated using three more carbazole based 

ligands  Lmethyl, Lphenyl and Lpyrenyl. The synthesis of Lmethyl was possible following the same procedure as 

for the other Lalkyl ligands. For Lphenyl fortunately 3,6-dibromo-N-phenylcarbazole was commercially 

available making the ligand synthesis possible with just a single Sonogashira coupling reac�on. For 

Lpyrenyl especially the Buchwald Hartwig coupling reac�on for the bond forma�on between the 

carbazole nitrogen atom and the pyrene was challenging. The coupling was only possible with electron 

dona�ng (trimethylsilyl)alkynyl groups at posi�ons 3 and 6 at the carbazole unit. Figure 2.14 shows the 

three ligands used in this study. The available π surface varies from ligand to ligand, however, there is 

notable steric hindrance between the protons in ortho posi�on in the phenyl and pyrenyl groups with 

the carbazole backbone. This causes the backbone not to be perfectly flat which could hinder π stacking 

to a certain degree. 
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Figure 2.14. Banana shaped bis-monodentate ligands Lmethyl, Lphenyl and Lpyrenyl. Intra-ligand steric 

hindrance for the la�er two is marked. 

 

Monomeric cage forma�on was conducted by adding 0.5 eq. [Pd(CH3CN)4](BF4)2 to each ligand in 

acetonitrile and cage forma�on was indicated with downfield shi8 of 1H NMR signals of protons close 

to the nitrogen donor atom. The samples were injected into the �msTOF device, the expected m/z 

values of the according monomeric cages were detected and the high resolu�on ion mobili�es were 

measured. The spectra of the 4+ species are shown in Figure 2.15. The spectra of the 3+ and, if 

available, the 2+ species are shown in Figure 2.38, Figure 2.43 and Figure 2.48. 

 

Figure 2.15. Ion mobility spectra converted to TIMSCCSN2 of [Pd2Lmethyl
4]4+ (grey), [Pd2Lphenyl

4]4+ (red) and 

[Pd2Lpyrenyl
4]4+ (blue). Inserts show the different subs�tuents at the carbazole nitrogen atom. 

 

[Pd2Lmethyl
4]4+ has a TIMSCCSN2 of 582 ± 3 Å, [Pd2Lphenyl

4]4+ has one of 642 ± 3 Å and the two signals of 

[Pd2Lphenyl
4]4+ are at 684 ± 3 Å and 697 ± 3 Å. The TIMSCCSN2 increases from [Pd2Lmethyl

4]4+ to [Pd2Lphenyl
4]4+ 

by 10.2 % and from the la�er to [Pd2Lpyrenyl
4]4+ only by 6.6 % or 8.6 % even though the increase of 
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bulkiness in these outwards poin�ng groups is larger from phenyl to pyrenyl than from methyl to 

phenyl, which is the first indica�on that [Pd2Lpyrenyl
4]4+ folds in the gas phase while the other two do not. 

While the spectra of [Pd2Lmethyl
4]4+ and [Pd2Lphenyl

4]4+ are Gauss-shaped, the spectrum of [Pd2Lpyrenyl
4]4+ 

shows two overlapping signals. A folding of this cage could explain the observa�on of two signals as 

explained in the following. A model of a folded conforma�on of [Pd2Lpyrenyl
4]4+ was op�mized using 

r2SCAN-3c. In the model for each stacked pair of ligands both the carbazole units are parallel to each 

other and the pyrenyl units are parallel to each other but are �lted by an angle of about 50° to the 

carbazole units due to the earlier men�oned steric hindrance. Therefore, the two pairs of pyrenyl 

groups in the folded cage could either point in the opposite direc�on leading to a D2 symmetry or in 

the same direc�on causing a C2 symmetry. Both possible conforma�ons are shown in Figure 2.16. 

Notable here is the short distance between the proton in ortho posi�on of the pyrenyl group of one 

ligand to one of the protons in the carbazole group in the other ligand. This steric hindrance may 

counteract the folding. 

 

Figure 2.16. Models of two possible conforma�ons of [Pd2Lpyrenyl
4]4+ in the folded state. Le8: D2 

symmetry, right: CS symmetry. 

 

The three cages in this experiment are rather rigid and no significant dynamics are expected which is 

why only geometry op�mized models are used for theoCCSN2 calcula�on. Of each cage open single folded 

and double folded conformers (for [Pd2Lphenyl
4]4+ and [Pd2Lpyrenyl

4]4+ both the D2 symmetric and the C2 

symmetric conformers were considered) were modeled and op�mized using the r2SCAN-3c func�onal. 

The models are depicted in Sec�on 2.6.10. The open conformers did not fold during op�miza�on 

meaning that they represent a local minimum in the energy landscape. The experimental TIMSCCSN2 and 

theore�cal theoCCSN2 values as well as the rela�ve devia�ons are listed in Table 2.7. 

The open conformer of [Pd2Lmethyl
4]4+ has a theoCCSN2 of 596.8 Å2 (+2.5 %), which is perfectly matching 

the experimental value and the folded conformer has one of 532.6 Å2 (–8.5 %), which is clearly too low. 

For [Pd2Lphenyl
4]4+ the results from the trajectory method are similar; here the open form has with 

667.0 Å2 an error of +4.0 %, which is quite high but s�ll acceptable, and the two folded conforma�ons 
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are at 592.7 Å2 and 592.4 Å2 (–7.6 % and –7.7 %), which are both too low. So, according to the results 

from the trajectory method, both [Pd2Lmethyl
4]4+ and [Pd2Lphenyl

4]4+ stay open in the gas phase. For 

[Pd2Lpyrenyl
4]4+ it is the other way around. Here, the open conformer has a too high theoCCSN2 value of 

807.3 Å2 (+16.9 %) and the two folded conformers match the two experimentally observed signals 

nicely with 679.6 Å2 and 686.0 Å2 (–0.7 % and –1.6 %). Because the CS conformer has a slightly higher 

theoCCSN2, it is assigned to the signal with the larger TIMSCCSN2.  

Table 2.1. Experimental and theore�cal CCSN2 values as well as rela�ve devia�ons (∆%). Energy 

differences ∆E (= Efolded – Eopen) regarding uncorrected DFT single point energies on ωB97M/def2-TZVP 

level (∆EDFT), dispersion correc�ons D4 (∆ED4) and VV10 (∆EVV10), GRRHO correc�ons (∆GRRHO) and free 

energies (∆GD4 and ∆GVV10). Inter-fragment dispersion between the ligands in the folded conforma�on 

(HFLD/cc-pVTZ/TightPNO). CCSN2 values in Å², energies in kJ/mol. 

 

Addi�onally, the systems were also inves�gated by electronic structure calcula�on. Gas phase Gibbs 

free energy differences (ΔG = Gfolded – Gopen) were calculated on DFT level following the equa�on:[77] 

Δ� = Δd��� + Δd����.�&��. + Δ����� (14) 

(G: Gibbs free energy, EDFT: DFT electronic energy, Edisp.corr.: dispersion correc�on, GRRHO: rigid rotator-

harmonic oscillator correc�on) 

Two different popular dispersion correc�ons, D4[78] and VV10,[79] were used and compared. In general, 

for all three systems the electronic energy ∆EDFT has a highly posi�ve value ranging from +135.1 kJ/mol 

for [Pd2Lmethyl
4]4+ to +172.8 kJ/mol for the C2 conformer of [Pd2Lpyrenyl

4]4+. The folding causes on the one 

hand distor�ons mainly of the N–Pd–N angles, the Pd–N–Cpara angles and the angles at the alkynes. The 

exact distribu�on of distor�on over the angles is unknown, however, in sec�on 2.6.12 models 

op�mized with different func�onals are compared. On the other hand, π stacking for non-dispersion 

corrected DFT is wrongly unfavored. The larger the π surface the larger the electrosta�c repulsion. Both 

dispersion correc�ons lead to highly nega�ve values for ∆Edisp.corr. Interes�ngly, VV10 shows by 6.9 % to 

8.3 % stronger dispersive forces than D4. The benchmarking of both correc�ons with DLPNO-CCSD(T)[80] 

system [Pd2Lmethyl
4]4+ [Pd2Lphenyl

4]4+ [Pd2Lpyrenyl
4]4+ 

conformation open folded open folded, D2 folded, CS open folded, D2 folded, CS 

TIMSCCSN2 [Å²] 582 ± 3 642 ± 3 684 ± 3, 697 ± 3 

theoCCSN2 [Å²] 596.8 532.6 667.0 592.7 592.4 807.3 679.6 686.0 

∆%   +2.5 % –8.5 %   +4.0 % –7.6 % –7.7 %   +16.9 % –0.7 % –1.6 % 

∆EDFT - +135.1 - +144.1 +147.9 - +167.1 +172.8 

∆ED4 - –127.0 - –151.3 –151.7 - –255.5 –257.7 

∆EVV10 - –135.8 - –163.8 –163.4 - –276.7 –277.8 

∆GRRHO - +13.3 - +16.3 +15.6 - +26.7 +28.5 

∆GD4 - +21.4 - +8.9 +13.7 - –61.7 –56.3 

∆GVV10 - +12.6 - –3.5 +2.0 - –82.9 –76.4 

inter-frag. disp. - –149.7 - –168.2 - - –258.2 - 
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in sec�on 2.6.13 shows in short that VV10 slightly over- and D4 slightly underes�mates the dispersion 

for these systems. ∆EDFT and ∆Edisp.corr are in general in absolute terms in the same order of magnitude. 

For [Pd2Lmethyl
4]4+ ∆EDFT is slightly larger, for [Pd2Lphenyl

4]4+ ∆Edisp.corr is slightly larger and for [Pd2Lpyrenyl
4]4+ 

∆Edisp.corr is significantly larger than ∆EDFT. ∆GRRHO is posi�ve for all systems with values ranging from 

+13.3 kJ/mol for [Pd2Lmethyl
4]4+ to +28.5 kJ/mol for the CS conformer of [Pd2Lpyrenyl

4]4+. It is assumed that 

this penalty stems mostly from the out-of-plane vibra�on of the atoms in the π surface. For all terms, 

differences between the D2 and the C2 conformer of [Pd2Lphenyl
4]4+ and [Pd2Lpyrenyl

4]4+ are rather small, 

as expected. The free energy difference for [Pd2Lmethyl
4]4+ strongly indicates with either +12.6 kJ/mol or 

+21.4 kJ/mol that this cage stays open in the gas phase. For [Pd2Lphenyl
4]4+ the results are less obvious. 

Here, ∆G was calculated as either –3.5 kJ/mol or +8.9 kJ/mol for the D2 conformer and as either 

+2.0 kJ/mol or +13.7 kJ/mol for the C2 conformer. These energies suggest that the cage likely stays open 

in the gas phase or that there is a certain balance between open and folded conformers. Alterna�vely, 

the possibility of a single-folded conforma�on, in which only one pair of ligands folds, for any of the 

systems is discussed in Sec�ons 2.6.8 and 2.6.11 including theoCCSN2 and DFT energies. For [Pd2Lpyrenyl
4]4+ 

∆G was calculated as either –82.9 kJ/mol or –61.7 kJ/mol for the D2 conformer and as either –

76.4 kJ/mol or –56.3 kJ/mol for the C2 conformer, which strongly suggests that the cage is folded. The 

inter-fragment dispersion between the ligands was calculated using HFLD[81], which is done by a local 

energy decomposi�on on DLPNO-CCSD level. For this, one pair of ligands and both palladium atoms 

were cut out from the folded models so that only one pair of ligands are inves�gated. The computed 

inter-fragment dispersion for [Pd2Lmethyl
4]4+ is –149.7 kJ/mol, for [Pd2Lphenyl

4]4+ it is –168.2 kJ/mol and for 

[Pd2Lpyrenyl
4]4+ it is –258.2 kJ/mol. This way discrete values for the required dispersive forces to cause 

such a folding in the gas phase could be provided.  

2.3.4 Counter anions in the trajectory method 

As men�oned earlier, counter anions turn out to be rather problema�c for theoCCSN2 calcula�on. We 

observed increasing posi�ve devia�on from the experiment with increasing amounts of counter anions, 

which is usually tetrafluoroborate, BF4
–. One possible explana�on could be missing Lennard Jones (LJ) 

parameters ε and σ for fluorine. Parameters are also missing for palladium and boron, but these atoms 

are usually buried deep, which is why simply the parameters from carbon were chosen for these two 

elements. Strong varia�on of the parameters led to no significant changes in the theoCCSN2. For fluorine 

we first chose the parameters from oxygen but then no�ced that slight changes in the parameters 

indeed had an effect. Thus, the LJ parameters for fluorine had to be op�mized following the procedure 

reported by Larriba et al.[82] The new parameters were obtained as εF = 500 Å, σF = 2.67 J/mol and were 

tested both for systems with counter anions and for cages with several fluorine atoms in the ligand 

backbones. An improvement could be no�ced clearly, although the error s�ll increases with increasing 

amount of counter anions. This phenomenon was also observed when other theoCCSN2 calcula�on 
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programs or different point charge schemes were used. See Sec�on 2.6.5 and Sec�on 2.6.6 for more 

details.  

In the trajectory method the molecule’s coordinates are fixed and therefore the structure is not 

influenced by collisions with the N2 gas par�cles. This error is par�ally compensated by the LJ 

parameters, because they were fit to experimental data, however, counter anions are usually very 

lightweight which is why collisions with N2 should considerably bump the counter anions away. This 

could have a significant effect on the sca�ering angle, from which the theoCCSN2 is approximated from. 

If the anion is inside the cavity, which is likely the case if only one anion is present, the cavity is less 

permeable if the anion is fixed and does not respond to collision, which also ar�ficially increases the 

theoCCSN2.  

2.3.5 Folding in the solid state and in solu�on 

The folding of lantern-shaped Pd2L4 cages by π stacking of the ligands leads to a less defined cavity, 

similar to that of a ring. Thus, a change in guest binding behavior might occur. It is therefore important 

to test whether the folding could also occur in other states, for example in the solid, crystalline state 

and especially in solu�on. First, a single-crystal X-ray structure of Pd2Lpyrenyl
4 was obtained by slow 

diffusion of isopropyl ether into a solu�on of [Pd2Lpyrenyl
4](BF4)4 in deuterated nitromethane 

(Sec�on 2.5.10 for details). The asymmetric unit contains two cages, both in the open conforma�on. 

The cages are slightly twisted helicates (one le8-handed, one right-handed) as are the DFT-op�mized 

models. In this regard they differ from the rather orthogonal posi�oned ligands in the crystal structure 

of [Pd2Lhexyl
4]4+, as reported in Ref. 72. Looking at the packing, we see that the cages show π-stacking 

with each other, probably making intramolecular folding in the solid state redundant. The crystal 

packing is shown in Figure 2.50 and Figure 2.51, the asymmetric unit is shown in Figure 2.52. Figure 

2.17 shows two intertwined cages from the crystal packing that interact via π stacking with each other. 

 

Figure 2.17. Two Pd2Lpyrenyl
4 cages from the crystal packing that interact via π stacking with each other. 

Counter anions omi�ed for clarity. 
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Interes�ngly, we observed the folding phenomenon in a crystal structure of another homolep�c cage, 

Pd2LFL
4, with LFL being a bent, bis-monodentate ligand with pyridine donor groups, phenyl linkers and a 

fluorenone backbone.[83] Figure 2.18 shows both LFL and the asymmetric unit containing two cages of 

which one is in an open and the other is in a single-folded conforma�on. More images of this crystal 

structure are shown in Figure 2.53 and Figure 2.54. 

 

Figure 2.18. LFL and the asymmetric unit of the crystal structure of Pd2LFL
4. Counter anions omi�ed for 

clarity. 

This unambiguously shows that folding is indeed possible with ligands of regular size. The DFT free 

energy difference between the open and the double-folded conformer was calculated for [Pd2LFL
4]4+ as 

ΔGD4 = –53.1 kJ/mol, a similar value as calculated for [Pd2Lpyrenyl
4]4+. LFL has a smaller aroma�c π surface 

than Lpyrenyl, which mirrors in the dispersion correc�on energy difference of only ΔED4 = –176.2 kJ/mol; 

about 100 kJ/mol weaker than for [Pd2Lpyrenyl
4]4+. But the repulsive parts of the interac�on are weaker 

as well, probably because the phenyl rings in LFL can rotate and op�mize their posi�ons to minimize 

repulsion and maximize a�rac�on, while [Pd2Lpyrenyl
4]4+ suffers from the earlier men�oned steric 

hindrance between the hydrogen atoms of the carbazole and of the pyrene moie�es. All obtained 

energy terms regarding [Pd2LFL
4]4+ are listed in Table 2.8. That the asymmetric unit of Pd2Lpyrenyl

4 contains 

two open cages and the one of Pd2LFL
4 contains an open and a single-folded cage seems to be also due 

to crystal packing effects, which are difficult to retrace. 

The obtained crystal structure for Pd2Lpyrenyl
4 already gives indica�ons for the situa�on in solu�on. In 

the crystal the cage does not fold because it has other cages to interact with. In solu�on the situa�on 

is similar because it can interact with the solvent and thus does not have to interact with itself. For the 

solvated state, 1H DOSY NMR in acetonitrile of Pd2Lmethyl
4, Pd2Lphenyl

4 and Pd2Lpyrenyl
4 was measured. The 

solvodynamic radius increases with increasing bulkiness of the subs�tuent from 10.8 Å to 11.6 Å 

(+7.3 %) and 13.1 Å (+21 %). The larger jump from  Pd2Lphenyl
4 to Pd2Lpyrenyl

4 indicates that the la�er cage 

stays open in acetonitrile as well. To be noted is that if Pd2Lpyrenyl
4 stays folded in solu�on, it deviates 

strongly from a spherical shape, making the used equa�ons to transfer the diffusion coefficient to the 
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solvodynamic radius unsuitable. Addi�onally, a balance between open and (single-)folded conformers 

cannot be ruled out. 

Interes�ngly, pyrene is known to show excimer behavior, meaning that the excited state of a pyrene 

dimer is lower in energy than the according monomer, leading to a bathochromic shi8 in 

fluorescence.[84] It would be highly interes�ng to see whether this phenomenon could be observed for 

Pd2Lpyrenyl
4 as well, as a bathochromic shi8 in fluorescence could indicate folding. If the cage stays open 

in acetonitrile, perhaps an increase of water content could induce folding by hydrophobic effect. 

To improve solubility of this cage, the ligand was resynthesized but with EG4 chains at the pyridine 

donor groups. The resul�ng LpyEG4 is shown in Figure 2.19, synthesis and characteriza�on in 

Sec�on 2.5.11.  

 

Figure 2.19. Structure of LpyEG4
. 

The fluorescence (excita�on wavelength λex = 340 nm) of the ligand LpyEG4 and the cage Pd2LpyEG4
4 was 

measured in pure acetonitrile and in samples with up to 50 % water content. The fluorescence spectra 

are shown in Figure 2.20. The highest fluorescence is observed at about 425 nm for every 

measurement, both for ligand and cage. When the water content reaches 50 %, the spectrum of the 

sample with the free ligand shows an addi�onal shoulder from around 500 nm to 600 nm. This indicates 

that the free ligands start aggrega�ng and show excimer fluorescence. 
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Figure 2.20. Fluorescence of free LPyEG4 (le8) and Pd2LPyEG4
4 (right) in acetonitrile/water with varying 

ra�os. ligand concentra�on: 0.28 mM. λex = 340 nm. 

 

For the cage a shoulder is only visible in the spectrum of the sample with pure acetonitrile and not in 

those of the samples with water content. A possible explana�on for this is that Pd2LPyEG4
4 does alternate 

between an open and a folded conforma�on in pure acetonitrile but with higher water content the 

cages aggregate and show aggrega�on induced emission. These findings are merely indica�ons for 

possible folding in solu�on and much more research needs to be done in this direc�on. More details 

are found in Sec�on 2.5.12. 

2.4 Conclusion 

To conclude, Trapped Ion Mobility Spectrometry in combina�on with Trajectory Method based collision 

cross sec�on calcula�on is a powerful method for gaining structural insights into complex large 

structures such as Pd based monomeric and double coordina�on cages. A major difficulty stems from 

solubility groups like alkyl chains which were thoroughly inves�gated via MD simula�ons on 

semiempirical level. As a rule of thumb, alkyl side chains start showing significant backfolding behavior 

from a length of C8. Although it was possible to reproduce experimental trends quite well more 

accurate results could be obtained with more precise London dispersion calcula�on methods. 

Thanks to the high resolu�on of TIMS, we were able to detect very minor differences in double cage 

expansion caused by chloride and bromide guests, which nicely complements previous data on this 

subject. The trend could be mostly reproduced and significant dispersion driven twis�ng of double 

cages in the gas phase could be shown. 

Folding or compac�ng of monomeric cages in the gas phase, driven by π-π interac�ons and causing 

distor�ons at the Pd centers, are rather unlikely, yet it was possible to synthesize a new cage with very 

large π surfaces that does indeed follow this behavior and provide values in the form of inter-fragment 
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dispersion for quan�fica�on. An example of this folding phenomenon in the solid state and indica�ons 

that this might also happen in solu�on were found. 

 

 

2.5 Experimental Details 

2.5.1 Synthesis of LR 

 

 

Scheme 2.1. Synthesis of 3,6-Diiodocarbazole. 

To a suspension of carbazole (1 eq, 5 mmol, 836 mg) and KI (1.33 eq, 6.65 mmol, 1104 mg) in 50 mL 

ace�c acid was given KIO3 (0.67 eq, 3.35 mmol, 717 mg) and the mixture was s�rred at 120 °C for 

90 min. The reac�on mixture was then first allowed to cool down and subsequently taken up in a 

water/ethyl acetate mixture. The organic phase was washed with water three �mes and then the 

solvent was removed in vacuo. The remaining solid was then purified using automated flash 

chromatography (n-pentane/EtOAc, 0 % to 25 %). 3,6-Diiodocarbazole was obtained as white solid 

(61 %, 3.03 mmol 1268 mg). 

 1H NMR (600 MHz, CDCl3) of 3,6-diiodocarbazole: δ [ppm] = 8.33 (s, 2H, a), 8.08 (br, 1H, d), 7.68 (d, J 

= 8.4 Hz, 2H, b), 7.21 (d, J = 8.5 Hz, 2H, c). 

13C{1H} NMR (151 MHz, CDCl3) of 3,6-diiodocarbazole: δ [ppm] = 138.68, 134.97, 129.59, 124.74, 

112.88, 82.60. 

ESI-MS of 3,6-diiodocarbazole (neg. mode): measured: 417.8568, calculated for [C12H7NI2–H]–: 

417.8595. 

 

Scheme 2.2. Synthesis of LH. 
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For the synthesis of LH, 3,6-diiodocarbazole (1.0 eq, 1.19 mmol, 500 mg) and 3-ethynylpyridine (3.3 eq, 

3.93 mmol, 405 mg) were dissolved in 12 mL NEt3 and degassed with three freeze-pump-thaw-cycles. 

A8er the addi�on of (PPh3)2Pd(II)Cl2 (0.05 eq, 0.119 mmol, 83.5 mg) and CuI (0.1 eq., 0.238 mmol, 

45.3 mg) three more freeze-pump-thaw-cycles were conducted. The reac�on mixture was then heated 

and s�rred at 90 °C for 3 h.  As LH is insoluble in MeCN, the mixture was filtered and the remaining solid 

was washed with MeCN yielding LH as yellow powder (85 %, 1.01 mmol, 374 mg). 

1H NMR (DMSO-d6) of LH: δ [ppm] = 11.90 (s, 1H, h), 8.90 (br, a), 8.71 (br, b), 8.55 (s, 2H, e), 8.04 (d, J 

= 7.9 Hz, 2H, d), 7.69 (d, J = 8.5, 2H, f), 7.61 (d, J = 8.4, 2H, g), 7.54 (br, c). 

13C{1H} NMR (DMSO-d6) of LH: δ [ppm] = 140.21, 138.25, 129,67, 124.43, 122.13, 112.05, 111.82, 

94.09. Of 11 expected signals only 8 were detected, likely due to poor solubility of this ligand. 

ESI-MS of LH: measured: 370.1348, calculated for [C26H15N3+H]+: 370.1339. 

 

 

 

Scheme 2.3. Synthesis of LR. 

For each of the final ligands LR (1.0 eq, 81.2 µmol, 30 mg), tertBuOK (2.0 eq, 162 µmol, 18.2 mg) and 1-

bromoalkane (1.2 eq, 97.44 µmol) was dissolved in 3 mL THF and heated and s�rred at 60 °C for 24 h. 

A8erwards, the reac�on mixture was transferred into a round bo�om flask, silica was added and the 

solvent was removed in vacuo. The resul�ng ligands were obtained a8er automated flash 

chromatography (n-pentane/ethyl acetate in varying ra�os) as yellow-white solids (41-99 %).  

1H NMR (400 MHz) of Lethyl: δ [ppm] = 8.78 (s, 2H, a), 8.55 (d, J = 4.9 Hz, 2H, b), 8.39 (s, 2H, e), 7.91 (d, 

J = 7.9 Hz, 2H, d), 7.72 (d, J = 8.5, 2H, f), 7.61 (d, J = 8.5, 2H, g), 7.39 (dd, J1 = 7.9 Hz, J2 = 4.8 Hz, 2H, c), 

4.46 (q, J = 7.2, 2H, N-CH2-), 1.41 (t, J = 7.2, 3H, -CH3). 

13C{1H} NMR (DMSO-d6) of Lethyl: δ [ppm] = 151.62, 148.66, 140.12, 138.38, 129.85, 124.62, 123.75, 

122.01, 120.09, 112.43, 110.16, 93.88, 84.65, 17.28, 14.10. 

ESI-MS of Lethyl: measured: 398.1658, calculated for [C28H19N3+H]+: 397.1573. 
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1H NMR (400 MHz) of Lbutyl: δ [ppm] = 8.77 (s, 2H, a), 8.55 (d, J = 4.9 Hz, 2H, b), 8.39 (s, 2H, e), 7.91 (d, 

J = 7.9 Hz, 2H, d), 7.70 (d, J = 8.5, 2H, f), 7.60 (d, J = 8.5, 2H, g), 7.39 (dd, J1 = 7.9 Hz, J2 = 4.8 Hz, 2H, c), 

4.41 (q, J = 7.2, 2H, N-CH2-), 1.85 (m, 2H, N-CH2-CH2-), 1.38 (m, 2H, -CH2-), 0.94 (t, J = 7.2, 3H, -CH3). 

13C{1H} NMR (DMSO-d6) of Lbutyl: δ [ppm] = 151.5, 148.7, 140.6, 138.4, 129.9, 124.6, 123.8, 121.9, 

120.0, 112.4, 110.4, 94.1, 84.7, 42.5, 30.7, 19.7, 13.8. 

ESI-MS of Lbutyl: measured: 425.1925, calculated for [C30H22N3+H]+: 425.1886. 

1H NMR of Lhexyl: δ [ppm] = 8.77 (s, 2H, a), 8.55 (d, J = 4.9 Hz, 2H, b), 8.39 (s, 2H, e), 7.91 (d, J = 7.9 Hz, 

2H, d), 7.70 (d, J = 8.5, 2H, f), 7.60 (d, J = 8.5, 2H, g), 7.39 (dd, J1 = 7.9 Hz, J2 = 4.8 Hz, 2H, c), 4.40 (q, J = 

7.2, 2H, N-CH2-), 1.87 (m, 2H, N-CH2-CH2-), 1.21-1.40 (m, 6H, -CH2-), 0.85 (t, J = 7.2, 3H, -CH3). 

13C{1H} NMR (DMSO-d6) of Lhexyl: δ [ppm] = 151.4, 148.7, 140.6, 138.3, 129.8, 124.5, 123.7, 121.8, 

120.0, 112.3, 110.3, 93.9, 84.7, 42.9, 30.9, 28.5, 26.1, 22.0, 13.8. 

ESI-MS of Lhexyl: measured: 454.2348, calculated for [C32H27N3+H]+: 454.2278. 

1H NMR (600 MHz) of Loctyl: δ [ppm] = 8.77 (s, 2H, a), 8.55 (d, J = 4.9 Hz, 2H, b), 8.39 (s, 2H, e), 7.91 (d, 

J = 7.9 Hz, 2H, d), 7.70 (d, J = 8.5, 2H, f), 7.60 (d, J = 8.5, 2H, g), 7.39 (dd, J1 = 7.9 Hz, J2 = 4.8 Hz, 2H, c), 

4.40 (q, J = 7.2, 2H, N-CH2-), 1.86 (m, 2H, N-CH2-CH2-), 1.16-1.40 (m, 10H, -CH2-), 0.85 (t, J = 7.2, 3H, -

CH3). 

13C{1H} NMR (DMSO-d6) of Loctyl: δ [ppm] = 151.4, 148.7, 140.5, 138.3, 129.8, 124.5, 123.7, 121.8, 

120.0, 112.3, 110.3, 93.9, 84.7, 42.6, 31.1, 28.7, 28.6, 28.5, 26.4, 22.0, 13.9. 

ESI-MS of Loctyl: measured: 482.2650, calculated for [C34H31N3+H]+: 482.2591. 

1H NMR (400 MHz) of Ldecyl: δ [ppm] = 8.77 (s, 2H, a), 8.55 (d, J = 4.9 Hz, 2H, b), 8.39 (s, 2H, e), 7.91 (d, 

J = 7.9 Hz, 2H, d), 7.70 (d, J = 8.5, 2H, f), 7.60 (d, J = 8.5, 2H, g), 7.39 (dd, J1 = 7.9 Hz, J2 = 4.8 Hz, 2H, c), 

4.40 (q, J = 7.2, 2H, N-CH2-), 1.86 (m, 2H, N-CH2-CH2-), 1.16-1.40 (m, 14H, -CH2-), 0.87 (t, J = 7.2, 3H, -

CH3). 

13C{1H} NMR (DMSO-d6) of Ldecyl: δ [ppm] = 151.43, 148.64, 140.47, 138.31, 129.77, 124.51, 123.73, 

121.82, 112.28, 110.31, 93.90, 84.62, 31.24, 28.90, 28.81, 28.67, 28.62, 28.46, 26.34, 22.06, 13.94. 23 

signals are expected, 21 are observed, likely due to signal overlap. 

ESI-MS of Ldecyl: measured: 510.2966, calculated for [C36H35N3+H]+: 510.2904. 

1H NMR of Ldodecyl: δ [ppm] = 8.77 (s, 2H, a), 8.55 (d, J = 4.9 Hz, 2H, b), 8.39 (s, 2H, e), 7.91 (d, J = 7.9 

Hz, 2H, d), 7.70 (d, J = 8.5, 2H, f), 7.60 (d, J = 8.5, 2H, g), 7.39 (dd, J1 = 7.9 Hz, J2 = 4.8 Hz, 2H, c), 4.40 

(q, J = 7.2, 2H, h), 1.86 (m, 2H, i), 1.16-1.38 (m, 18H, j), 0.87 (t, J = 7.2, 3H, k). 
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13C{1H} NMR (DMSO-d6) of Ldodecyl: δ [ppm] = 152.30, 148.26, 140.87, 138.41, 129.98, 124.51, 123.20, 

122.60, 113.35, 109.30, 94.14, 84.74, 43.56, 32.07, 29.73, 29.66, 29.61, 29.48, 29.46, 29.09, 22.94, 

14.26. 25 signals are expected, 22 are observed, likely due to signal overlap. 

ESI-MS of Ldodecyl: measured: 538.3271, calculated for [C38H39N3+H]+: 538.3217. 

 

Figure 2.21. 1H NMR spectra of LR. 

 

2.5.2 Forma�on and characteriza�on of cages Pd2LR
4 

294 µL of a 3 mM suspension of LR in CD3CN (1.0 eq) were combined with 29.4 µL of a 15 mM stock 

solu�on of [Pd(CH3CN)4](BF4)2 in CD3CN (0.5 eq)  and 227 µL CD3CN yielding 550 µL of a 0.4 mM solu�on 

of [Pd2LR
4](BF4)4.  

1H NMR (400 MHz) of Pd2Lethyl
4: δ [ppm] = 9.00 (s, 8H, a), 8.77 (d, J = 5.9 Hz, 8H, b), 8.49 (s, 8H, e), 

8.17 (d, J = 8.2, 8H, d), 7.73 (d, J = 8.5, 8H, f), 7.62 (dd, J1 = 8.2 Hz, J2 =  5.9 Hz, 8H, c), 7.59 (d, J = 8.6 

Hz, 8H, g), 4.40 (q, J = 7.1, 8H, h), 1.34 (t, J = 7.2, 12H, k). 

1H NMR (400 MHz) of Pd2Lbutyl
4: δ [ppm] = 9.00 (s, 8H, a), 8.77 (d, J = 5.9 Hz, 8H, b), 8.48 (s, 8H, e), 

8.17 (d, J = 8.2, 8H, d), 7.71 (d, J = 8.5, 8H, f), 7.62 (dd, J1 = 8.2 Hz, J2 =  5.9 Hz, 8H, c), 7.58 (d, J = 8.6 

Hz, 8H, g), 4.34 (t, J = 7.1, 8H, h), 1.77 (m, 8H, i),  1.30 (m, 8H, j),  0.86 (t, J = 7.5, 12H, k). 
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1H NMR of Pd2Lhexyl
4: δ [ppm] = 8.99 (s, 8H, a), 8.77 (d, J = 5.8 Hz, 8H, b), 8.45 (s, 8H, e), 8.17 (d, J = 

8.1, 8H, d), 7.71 (d, J = 8.7, 8H, f), 7.62 (dd, J1 = 8.2 Hz, J2 =  5.9 Hz, 8H, c), 7.58 (d, J = 8.3 Hz, 8H, g), 

4.34 (t, J = 7.1, 8H, h), 1.78 (m, 8H, i),  1.13-1.33 (m, 24H, j),  0.76 (t, J = 7.5, 12H, k). 

1H NMR (400 MHz) of Pd2Loctyl
4: δ [ppm] = 9.00 (s, 8H, a), 8.77 (d, J = 5.8 Hz, 8H, b), 8.45 (s, 8H, e), 

8.17 (d, J = 8.1, 8H, d), 7.71 (d, J = 8.7, 8H, f), 7.62 (dd, J1 = 8.2 Hz, J2 =  5.9 Hz, 8H, c), 7.57 (d, J = 8.3 

Hz, 8H, g), 4.34 (t, J = 7.1, 8H, h), 1.78 (m, 8H, i),  1.06-1.34 (m, 40H, j),  0.77 (t, J = 7.5, 12H, k). 

1H NMR (400 MHz) of Pd2Ldecyl
4: δ [ppm] = 8.99 (s, 8H, a), 8.77 (d, J = 5.8 Hz, 8H, b), 8.47 (s, 8H, e), 

8.17 (d, J = 8.1, 8H, d), 7.71 (d, J = 8.7, 8H, f), 7.62 (dd, J1 = 8.2 Hz, J2 =  5.9 Hz, 8H, c), 7.57 (d, J = 8.3 

Hz, 8H, g), 4.34 (t, J = 7.1, 8H, h), 1.78 (m, 8H, i),  1.06-1.34 (m, 56H, j),  0.79 (t, J = 7.5, 12H, k). 

1H NMR (400 MHz) of Pd2Ldodecyl
4: δ [ppm] = 9.00 (s, 8H, a), 8.78 (d, J = 5.8 Hz, 8H, b), 8.48 (s, 8H, e), 

8.17 (d, J = 8.1, 8H, d), 7.71 (d, J = 8.7, 8H, f), 7.62 (dd, J1 = 8.2 Hz, J2 =  5.9 Hz, 8H, c), 7.57 (d, J = 8.3 

Hz, 8H, g), 4.34 (t, J = 7.1, 8H, h), 1.78 (m, 8H, i),  1.00-1.34 (m, 72H, j),  0.80 (t, J = 7.5, 12H, k). 

 

Figure 2.22. 1H NMR spectra of Pd2LR
4. 
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Figure 2.23. ESI MS spectra of Pd2LR
4.  
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Figure S4: Overlaid TIMS mobilograms of [Pd2LR
4]4+. Inverse mobili�es were normalized and converted 

into CCS values. 

2.5.3 Forma�on and characteriza�on of 3X@Pd4LR
8 

To the 0.4 mM monomeric cage solu�on, 22 µL of a 10 mM solu�on of (Bu4N)Br in CD3CN (1.0 cage eq) 

was added. The resul�ng solu�on contained both monomeric cage Pd2LR
4 and interpenetrated double 

cage 3Br@Pd4LR
8 in the equilibrated mixture.[72] For Lethyl, alterna�vely, also a mixture with (Bu4N)Cl was 

prepared to form 3Cl@Pd4Lethyl
8. 

 

Figure 2.24. Proton labeling for 3Br@Pd4LR
8. aL: Proton a of free ligand, aM: Proton a of monomeric 

cage, aD, aD’: Protons a and a' of double cage. 

1H NMR of 3Br@Pd4Lethyl
8: δ [ppm] = 11.20 (s, 8H, aD’), 10.57 (d, J = 5.5 Hz, 8H, bD’), 10.31 (s, 8H, aD), 

9.02 (s, aM), 8.78 (m, bM, aL), 8.72 (d, J = 5.6 Hz, 8H, bD), 8.57 (s, bL), 8.49 (s, eM), 8.41 (s, eL), 8.17 (d, 

dM),  8.13 (d, J = 8.0, 8H, dD), 8.04 (d, dL), 7.53-7.76 (m, fL, cM, fM, cD, cD’, gD, fD, dD’), 7.51 (dd, cL), 6.88 

(d, J = 8.7, 8H, gD’), 6.77 (s, 8H, eD’), 6.73 (s, 8H, eD), 6.06 (d, J = 8.5, 8H, fD’), 4.47 (m, hL), 4.40 (q, hM), 

4.34 (q, J = 7.1 Hz, 8H, hD).  

1H NMR of 3Br@Pd4Lbutyl
8: δ [ppm] = 11.20 (s, 8H, aD’), 10.57 (d, J = 5.5 Hz, 8H, bD’), 10.31 (s, 8H, aD), 

9.02 (s, aM), 8.78 (m, bM, aL), 8.72 (d, J = 5.6 Hz, 8H, bD), 8.55 (s, bL), 8.48 (s, eM), 8.39 (s, eL), 8.18 (d, 

dM),  8.14 (d, J = 8.0, 8H, dD), 7.95 (d, dL), 7.51-7.76 (m, fL, cM, fM, cD, cD’, gD, fD, dD’), 7.42 (dd, cL), 6.84 
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(d, J = 8.7, 8H, gD’), 6.76 (s, 8H, eD’), 6.75 (s, 8H, eD), 6.09 (d, J = 8.5, 8H, fD’), 4.40 (m, hL), 4.34 (q, hM), 

4.27 (q, J = 7.1 Hz, 8H, hD).  

1H NMR of 3Br@Pd4Lhexyl
8: δ [ppm] = 11.20 (s, 8H, aD’), 10.57 (d, J = 5.5 Hz, 8H, bD’), 10.30 (s, 8H, aD), 

9.02 (s, aM), 8.78 (m, bM, aL), 8.71 (d, J = 5.6 Hz, 8H, bD), 8.55 (s, bL), 8.48 (s, eM), 8.39 (s, eL), 8.17 (d, 

dM),  8.13 (d, J = 8.0, 8H, dD), 7.91 (d, dL), 7.49-7.74 (m, fL, cM, fM, cD, cD’, gD, fD, dD’), 7.39 (dd, cL), 6.82 

(d, J = 8.7, 8H, gD’), 6.75 (s, 8H, eD’), 6.74 (s, 8H, eD), 6.06 (d, J = 8.5, 8H, fD’), 4.40 (m, hL), 4.34 (q, hM), 

4.26 (q, J = 7.1 Hz, 8H, hD).  

1H NMR (400 MHz) of 3Br@Pd4Loctyl
8: δ [ppm] = 11.21 (s, 8H, aD’), 10.57 (d, J = 5.5 Hz, 8H, bD’), 10.31 

(s, 8H, aD), 9.01 (s, aM), 8.78 (m, bM, aL), 8.72 (d, J = 5.6 Hz, 8H, bD), 8.55 (s, bL), 8.48 (s, eM), 8.38 (s, eL), 

8.17 (d, dM),  8.13 (d, J = 8.0, 8H, dD), 7.90 (d, dL), 7.49-7.74 (m, fL, cM, fM, cD, cD’, gD, fD, dD’), 7.39 (dd, 

cL), 6.82 (d, J = 8.7, 8H, gD’), 6.76 (s, 8H, eD’), 6.74 (s, 8H, eD), 6.07 (d, J = 8.5, 8H, fD’), 4.38 (m, hL), 4.34 

(q, hM), 4.26 (q, J = 7.1 Hz, 8H, hD).  

1H NMR of 3Br@Pd4Ldecyl
8: δ [ppm] = 11.21 (s, 8H, aD’), 10.58 (d, J = 5.5 Hz, 8H, bD’), 10.31 (s, 8H, aD), 

9.00 (s, aM), 8.78 (m, bM, aL), 8.71 (d, J = 5.6 Hz, 8H, bD), 8.57 (s, bL), 8.48 (s, eM), 8.41 (s, eL), 8.17 (d, 

dM),  8.13 (d, J = 8.0, 8H, dD), 7.49-7.76 (m, fL, cM, fM, cD, cD’, gD, fD, dD’), 6.81 (d, J = 8.7, 8H, gD’), 6.76 (s, 

8H, eD’), 6.74 (s, 8H, eD), 6.06 (d, J = 8.5, 8H, fD’), 4.40 (m, hL), 4.34 (q, hM), 4.26 (q, J = 7.1 Hz, 8H, hD).  

1H NMR of 3Br@Pd4Ldodecyl
8: δ [ppm] = 11.21 (s, 8H, aD’), 10.59 (d, J = 5.5 Hz, 8H, bD’), 10.32 (s, 8H, aD), 

9.01 (s, aM), 8.78 (m, bM, aL), 8.72 (d, J = 5.6 Hz, 8H, bD), 8.55 (s, bL), 8.48 (s, eM), 8.39 (s, eL), 8.17 (d, 

dM),  8.13 (d, J = 8.0, 8H, dD), 7.90 (d, dL), 7.48-7.74 (m, fL, cM, fM, cD, cD’, gD, fD, dD’), 7.39 (dd, cL), 6.81 

(d, J = 8.7, 8H, gD’), 6.76 (s, 8H, eD’), 6.74 (s, 8H, eD), 6.06 (d, J = 8.5, 8H, fD’), 4.34 (q, hM), 4.26 (q, J = 

7.1 Hz, 8H, hD).  
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Figure 2.25. 1H NMR of 3Br@Pd4LR
8. 

 



Chapter 2 

51 

 

Figure 2.26. ESI-MS spectra of 3Br@Pd4LR
8. 

 

 

Figure 2.27. ESI MS spectrum of 3Cl@Pd4Lethyl
8.  
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Figure 2.28. Overlaid TIMS mobilograms of [3Br@Pd4LR
8]5+. Inverse mobili�es were normalized and 

converted into CCS values. 

 

Figure 2.29. 1H DOSY NMR of a mixture of Pd2Lethyl
4 and 3Br@Pd4Lethyl

8. 
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Figure 2.30. 1H DOSY NMR of a mixture of Pd2Lbutyl
4 and 3Br@Pd4Lbutyl

8. 

 

Figure 2.31. 1H DOSY NMR of a mixture of Pd2Lhexyl
4 and 3Br@Pd4Lhexyl

8. 
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Figure 2.32. 1H DOSY NMR of a mixture of Pd2Loctyl
4 and 3Br@Pd4Loctyl

8. 

 

Figure 2.33. 1H DOSY NMR of a mixture of Pd2Ldecyl
4 and 3Br@Pd4Ldecyl

8. 
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Figure 2.34. 1H DOSY NMR of a mixture of Pd2Ldodecyl
4 and 3Br@Pd4Ldodecyl

8. 

 

2.5.4 Synthesis of Lmethyl 

Lmethyl was prepared following the procedure described in Sec�on 2.5.1 but using iodomethane instead 

of bromoalkanes. 

1H NMR of Lmethyl: δ [ppm] = 8.77 (s, 2H, a), 8.55 (d, J = 4.9 Hz, 2H, b), 8.39 (s, 2H, e), 7.91 (d, J = 7.9 

Hz, 2H, d), 7.73 (d, J = 8.5, 2H, f), 7.59 (d, J = 8.5, 2H, g), 7.39 (dd, J1 = 7.9 Hz, J2 = 4.8 Hz, 2H, c), 3.91 

(s, 3H, h). 

13C{1H} NMR (DMSO-d6) of Lmethyl: δ [ppm] = 151.43, 148.56, 141.04, 138.33, 129.82, 124.43, 123.69, 

121.71, 119.98, 118.06, 112.32, 110.20, 93.88, 84.64, 29.40. 

ESI-MS of Lmethyl: measured: 384.1477, calculated for [C27H17N3+H]+: 384.1495. 
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Figure 2.35. 1H NMR of Lmethyl. 
 

2.5.5 Forma�on and characteriza�on of Pd2Lmethyl
4 

To form Pd2Lmethyl
4, the procedure described in 2.5.2 was followed. 

1H NMR of Pd2Lmethyl
4: δ [ppm] = 8.98 (s, 8H, a), 8.76 (d, J = 5.9 Hz, 8H, b), 8.48 (s, 8H, e), 8.17 (d, J = 

8.2, 8H, d), 7.74 (d, J = 8.5, 8H, f), 7.62 (dd, J1 = 8.2 Hz, J2 =  5.9 Hz, 8H, c), 7.56 (d, J = 8.6 Hz, 8H, g), 

3.85 (s, , 12H, h). 

 

Figure 2.36. 1H NMR of Pd2Lmethyl
4. 
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Figure 2.37. ESI MS spectrum of Pd2Lmethyl
4. 

 

Figure 2.38. Overlaid TIMS mobilograms of [Pd2Lmethyl
4](BF4)4. Inverse mobili�es were normalized and 

converted into CCS values. 
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Figure 2.39. 1H DOSY NMR of Pd2Lmethyl
4. 

2.5.6 Synthesis of Lphenyl 

 

Scheme 2.4. Synthesis of Lphenyl. 

For the synthesis of Lphenyl, 3,6-dibromo-9-phenylcarbazole (1.0 eq., 0.29 mmol, 100 mg) and 3-

ethynylpyridine (3.3 eq., 0.82 mmol, 84.7 mg) were dissolved in a mixture of 5 mL THF and 2 mL NEt3 

and degassed with three freeze-pump-thaw-cycles. A8er the addi�on of (PPh3)2Pd(II)Cl2 (0.1 eq., 0.025 

mmol, 17.5 mg) and CuI (0.2 eq., 0.050 mmol, 9.48 mg) two more freeze-pump-thaw-cycles were done. 

The reac�on mixture was then heated and s�rred at 90 °C for 24 h.  A8er the reac�on the solvent was 

removed in vacuo and the solids were adsorbed to silica. The product could be obtained a8er 
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purifica�on with automated flash chromatography (100 % EtOAc) and gel permea�on chromatography 

as a white-yellow solid (81 %). 

1H NMR (500 MHz, 298 K, CD3CN) of Lphenyl: δ [ppm] = 8.78 (s, 2H, a), 8.56 (d, J = 4.9 Hz, 2H, b), 8.46 

(s, 2H, e), 7.92 (d, J = 7.9 Hz, 2H, d), 7.57-7.74 (m, 7H, f, h, i, j), 7.42 (d, J = 8.5, 2H, g) 7.39 (dd, J1 = 7.9 

Hz, J2 = 4.8 Hz, 2H, c). 

13C{1H} NMR (126 MHz, 298 K, DMSO-d6) of Lphenyl: δ [ppm] = 151.54, 148.78, 140.64, 138.40, 135.85, 

130.43, 128.50, 126.99, 124.75, 123.75, 122.66, 122.45, 119.90, 113.59, 110.57, 93.47, 85.00. 

ESI-MS of Lphenyl: measured: 445.1566, calculated for [C32H19N3+H]+: 445.1573. 

 

 

 

Figure 2.40. 1H NMR of Lphenyl. 
 

 

2.5.7 Forma�on and characteriza�on of Pd2Lphenyl
4 

To form Pd2Lphenyl
4, the procedure described in 2.5.2 was followed. 

1H NMR of Pd2Lphenyl
4: δ [ppm] = 9.02 (s, 8H, a), 8.77 (d, J = 5.9 Hz, 8H, b), 8.59 (s, 8H, e), 8.19 (d, J = 

8.2, 8H, d), 7.51-1.71 (m, 35H, c, f, h, i, j), 7.40 (d, J = 8.6 Hz, 8H, g), 3.85 (s, 12H, h). 
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Figure 2.41. 1H NMR of Pd2Lphenyl
4. 

 

 

Figure 2.42. ESI MS spectrum of [Pd2Lphenyl
4](BF4)4. 
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Figure 2.43. Overlaid TIMS mobilograms of [Pd2Lphenyl
4](BF4)4. Inverse mobili�es were normalized and 

converted into CCS values. 

 

Figure 2.44. 1H DOSY NMR of Pd2Lphenyl
4. 
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2.5.8 Synthesis of Lpyrenyl 

 

Scheme 2.5. Synthesis of 1. 

3,6-Diiodocarbazole (1.0 eq, 0.48 mmol, 200 mg) was dissolved in 10 mL NEt3. To that solu�on 

trimethylsilylacetylene (2.5 eq, 1.19 mmol, 170 µL) was added. The solu�on was degassed with three 

freeze-pump-thaw-cycles. A8er the addi�on of (PPh3)2Pd(II)Cl2 (0.05 eq., 0.024 mmol, 16.7 mg) and CuI 

(0.1 eq., 0.048 mmol, 9.08 mg) three more freeze-pump-thaw-cycles were done. The reac�on mixture 

was then heated and s�rred at 80 °C for 16 h.  A8er the reac�on the solvent was removed in vacuo and 

the solids were adsorbed on silica. Compound 1 could be obtained a8er purifica�on with automated 

flash chromatography (n-pentane/EtOAc, 0 % → 25 %) as a white-brown solid (79 %). The product 

should be stored at –20 °C under an inert atmosphere. 

1H NMR (600 MHz, DMSO-d6) of 1: δ [ppm] = 11.7 (s, 1H, e), 8.36 (s, 2H, b), 7.47 (m, 4H, c, d), 0.25 (s, 

18H, a). 

13C{1H} NMR (151 MHz, DMSO-d6) of 1: δ [ppm] = 140.04, 129.64, 124.71, 122.04, 112.65, 111.58, 

107.06, 91.62, 0.14. 

ESI-MS of 1: measured: 358.1435, calculated for [C22H24NSi2]-: 358.1453. 

 

Scheme 2.6. Synthesis of 2. 

2 (1.0 eq, 0.14 mmol, 50 mg), 2-bromopyrene (1.0 eq, 0.14 mmol, 39.1 mg) and tertBuONa (1.5 eq, 

0.21 mmol, 20.0 mg) were dissolved in 3 mL toluene and the solu�on was degassed with three freeze-
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pump-thaw-cycles. A8er the addi�on of (dba)3Pd(0)2 (0.05 eq, 7.0 µmol, 8.1 mg) and (tertBu3PH)BF4 

(0.2 eq, 27.8 µmol, 8.1 mg) three more freeze-pump-thaw-cycles were done. The reac�on mixture was 

heated at 100 °C for 3 h. The reac�on mixture was allowed to cool down and then the solvent was 

removed in vacuo and the remaining solids were adsorbed on silica. Automated flash chromatography 

(n-pentane/CHCl3, 0 % → 20 %) yielded compound 2 as a white-yellow solid (39 %). 

1H NMR (600 MHz, DMSO-d6) of 2: δ [ppm] = 8.60 (s, 2H, b), 8.58 (s, 2H, e), 8.42 (d, J = 7.7 Hz, 2H, f), 

8.31-8.37 (m, 4H, g, h), 8.18 (t, J = 7.7 Hz, i), 7.56 (d, J = 8.5 Hz, c), 7.48 (d, J = 8.4 Hz, d), 0.28 (s, 18H, 

a). 

13C{1H} NMR (151 MHz, DMSO-d6) of 2: δ [ppm] = 134.57, 132.85, 131.28, 130.58, 128.95, 127.09, 

126.63, 126.04, 124.89, 124.50, 124.14, 123.07, 122.94, 115.25, 110.01, 106.31, 92.66, 55.96, 0.29. 

No mass spectrum of compound 2 could be obtained. 

 

Scheme 2.7. Synthesis of Lpyrenyl. 

Compound 2 (1.0 eq, 54.8 µmol, 30.7 mg), 3-iodopyridine (2.5 eq, 137 µmol, 28.1 mg) and 

1,8-diazabicyclo[5.4.0]-7-undecene (10.0 eq, 548 µmol, 83.4 mg) were dissolved in 2 mL of a mixture 

of THF, NEt3 and H2O (8:1:1) and it was degassed with three freeze-pump-thaw-cycles. A8er the 

addi�on of (PPh3)2Pd(II)Cl2 (0.05 eq., 2.74 µmol mmol, 1.9 mg) and CuI (0.1 eq., 5.5 µmol, 1.0 mg) three 

more freeze-pump-thaw-cycles were done. The reac�on mixture was then heated and s�rred at 70 °C 

for 16 h. A8er extrac�on with DCM (three �mes) most of the solvent was removed and automated 

flash chromatography (liquid loading, first n-pentane/chloroform 0 % → 100 %, then 

chloroform/methanol 0 % → 10 %) and a8erwards washing with CH3CN yielded Lpyrenyl as a yellow solid 

(95 %). 

1H NMR (DMSO-d6) of Lpyrenyl: δ [ppm] = 8.81 (s, 2H, a), 8.73 (s, 2H, e), 8.64 (s, 2H, h), 8.60 (d, 

J = 5.0 Hz, 2H, b), 8.44 (d, J = 7.8 Hz, 2H, i), 8.36 (m, 4H, k, j, k), 8.19 (t, J = 7.6 Hz, 1H, l), 8.03 (d, J = 8.0 

Hz, 2H, d), 7.73 (d, J = 8.5 Hz, 2H, f), 7.59 (d, J = 8.4 Hz, 2H, g), 7.50 (dd, J1 = 7.8 Hz, J2 = 4.8 Hz, 2H, c). 
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13C{1H} NMR (151 MHz, DMSO-d6) of Lpyrenyl: δ [ppm] = 151.49, 148.74, 141.25, 138.43, 132.35, 

130.67, 130.50, 128.69, 127.18, 126.84, 125.97, 124.81, 123.77, 123.48, 123.19, 122.85, 122.61, 

119.90, 113.98, 110.66, 93.54, 85.14. 

ESI-MS of Lpyrenyl: measured: 570.1980, calculated for [C42H23N3+H]+: 570.1980. 

 

 

Figure 2.45. 1H NMR (DMSO-d6) of Lpyrenyl. 

 

2.5.9 Forma�on and characteriza�on of Pd2Lpyrenyl
4

 

To form Pd2Lpyrenyl
4, the procedure described in 2.5.2 was followed. 

1H NMR of [Pd2Lpyrenyl
4]4+: δ [ppm] = 9.06 (s, 8H, a), 8.79 (d, J = 5.5 Hz, 8H, b), 8.70 (s, 8H, e), 8.42 (s, 

8H, h), 8.39 (d, J = 7.7 Hz, 8H, i), 8.30 (d, J = 9.0 Hz, 8H, j), 8.22 (m, 16H, d, k), 8.17 (t, J = 7.6 Hz, 4H, l), 

7.74 (d, J = 8.7 Hz, 8H, f), 7.64 (dd, J1 = 7.8 Hz, J2 = 4.8 Hz, 2H, c), 7.58 (d, J = 8.6 Hz, 8H, g). 

 

Figure 2.46. 1H NMR of Pd2Lpyrenyl
4. 
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Figure 2.47. ESI MS spectrum of [Pd2Lpyrenyl
4](BF4)4. 

 

Figure 2.48. Overlaid TIMS mobilograms of [Pd2Lpyrenyl
4](BF4)4. Inverse mobili�es were normalized and 

transformed into CCS values.  
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Figure 2.49. 1H DOSY NMR of Pd2Lpyrenyl
4. 

2.5.10 Single crystal X-ray diffrac�on analysis 

For the crystallographic analysis of [Pd2Lpyrenyl
4](BF4)4 single crystals were grown by slow 

diffusion of 3 ml diisopropyl ether into 150 µl of a 0.2 mM cage solution in nitromethane over 

two weeks. The small, thin plate shaped colorless crystals were pipetted from mother liquor 

onto a glass slide containing NVH oil. To avoid cracking of the crystal, it was quickly mounted 

onto a 0.06 mm nylon loop and immediately flash cooled in liquid nitrogen. Crystals were 

stored at cryogenic temperature in dry shippers, in which they were safely transported to 

macromolecular beamline P11 at Petra III,[85] DESY, Germany. The data was collected at 

100(2) K on an Eiger 2X 16M detector using a high precision 1-axis goniostat equipped with a 

Stäubli sample changing robot. 3600 diffraction images were collected in a 360° φ sweep at a 

chosen wavelength of λ = 0.88561 Å (14KeV) using double crystal monochromator (Si-111 and 

Si-113 reflections) and a detector distance of 154 mm, 100 % filter transmission, 0.1° step 

width and 0.2 seconds exposure time per image. Data integration and reduction were 

undertaken using XDS.[86] The data was cut at 1.0 Å using a mean I/sig(I) > 1 as cutoff criterium. 
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The structure was solved by direct methods using SHELXT 2018/2[87] and refined by full-matrix 

least-squares methods against F2 by SHELXL-2014/7.[88] All non-hydrogen atoms were refined 

with anisotropic displacement parameters using 22 CPU cores for full-matrix least-squares 

routines on F2 and ShelXle[89] as a graphical user interface and the DSR program plugin was 

employed for modeling.[90,91] 

Stereochemical restraints for the ligands Lpyrenyl (residue CPP) were generated by the GRADE 

program using the GRADE Web Server (http://grade.globalphasing.org) and applied in the 

refinement. A GRADE dictionary for SHELXL contains target values and standard deviations for 

1,2-distances (DFIX) and 1,3-distances (DANG), as well as restraints for planar groups (FLAT). 

All displacements for non-hydrogen atoms were refined anisotropically. The refinement of 

ADP's for carbon, nitrogen and oxygen atoms was enabled by a combination of similarity 

restraints (SIMU) and rigid bond restraints (RIGU).14 The contribution of the electron density 

from disordered counterions and solvent molecules, which could not be modeled with 

discrete atomic positions were handled using the SQUEEZE[92] routine in PLATON.[93] The 

solvent mask file (.fab), computed by PLATON, was included in the SHELXL refinement via the 

ABIN instruction leaving the measured intensities untouched. 

The diffractometer was equipped with a low temperature device and used synchrotron. The 

hydrogen atoms were refined isotropically on calculated positions using a riding model with 

their Uiso values constrained to 1.5 times the Ueq of their pivot atoms for terminal sp3 carbon 

atoms and 1.2 times for all other carbon atoms. Crystallographic data (including structure 

factors) for the structures reported in this paper have been deposited with the Cambridge 

Crystallographic Data Centre. CCDC no. 2253145 contain the supplementary crystallographic 

data for this paper. Copies of the data can be obtained free of charge from The Cambridge 

Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures. 
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Table 2.2. Crystal data and structure refinement for [Pd2Lpyrenyl
4](BF4)4. 

Compound [Pd2Lpyrenyl
4](BF4)4 

CIF ID cd248d 

CCDC number 2253145 

Empirical formula C168H92B3.50F14N12Pd2 

Formula weight 2795.17 

Temperature [K] 100(2) 

Crystal system monoclinic 

Space group (number) �2@/c (14) 

a [Å] 25.58(3) 

b [Å] 37.13(3) 

c [Å] 38.88(4) 

α [Å] 90 

β [Å] 105.151(12) 

γ [Å] 90 

Volume [Å3] 35649(58) 

Z 8 

ρcalc [g/cm3] 1.042 

μ [mm-1] 0.461 

F(000) 11356 

Crystal size [mm3] 0.040×0.040×0.005 

Crystal color colorless 

Crystal shape plate 

Radia�on synchrotron (λ=0.88561 Å) 

2ϴ range [°] 1.92 to 43.30 (1.20 Å) 

Index ranges -21 ≤ h ≤ 21 

-30 ≤ k ≤ 30 

-32 ≤ l ≤ 32 

Reflec�ons collected 144173 

Independent reflec�ons 21294 

Rint = 0.0739 

Rsigma = 0.0412 

Completeness to θ = 21.650° 98.6 % 

Data / Restraints / Parameters 21294/8052/3592 

Goodness-of-fit on F2 1.678 

Final R indexes  

[I≥2σ(I)] 

R1 = 0.1520 

wR2 = 0.4177 

Final R indexes  

[all data] 

R1 = 0.1964 

wR2 = 0.4491 

Largest peak/hole [eÅ3] 1.46/-0.68 
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Figure 2.50. Crystal packing of the obtained X-ray structure of [Pd2Lpyrenyl
4](BF4)4. Counter anions, 

hydrogen atoms and solvent molecules omi�ed for clarity. 

 

Figure 2.51. Crystal packing of the obtained X-ray structure of [Pd2Lpyrenyl
4](BF4)4. Counter anions, 

hydrogen atoms and solvent molecules omi�ed for clarity. 
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Figure 2.52. Top and side view of asymmetric unit cell of the obtained X-ray structure of 

[Pd2Lpyrenyl
4](BF4)4. Hydrogen atoms and solvent molecules omi�ed for clarity. 

Table 2.3. Crystal data and structure refinement for [Pd2LFL
4](BF4)4. 

Empirical formula C142.50H88F7.50N8O11.50Pd2S2.50 

Formula weight 2531.65 

Temperature [K] 100(2) 

Crystal system triclinic 

Space group (number) �1 (2) 

a [Å] 23.488(4) 

b [Å] 26.176(5) 

c [Å] 28.556(5) 

α [Å] 91.789(9) 

β [Å] 93.686(14) 

γ [Å] 101.499(19) 

Volume [Å3] 17151(5) 

Z 4 

ρcalc [g/cm3] 0.980 

μ [mm-1] 0.523 

F(000) 5162 
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Crystal size [mm3] 0.120×0.030×0.010 

Crystal colour colourless 

Crystal shape plate 

Radia�on synchrotron (λ=0.88558 Å) 

2ϴ range [°] 1.78 to 53.14 (0.99 Å) 

Index ranges -23 ≤ h ≤ 23 

-25 ≤ k ≤ 26 

-28 ≤ l ≤ 28 

Reflec�ons collected 103244 

Independent reflec�ons 27719 

Rint = 0.0434 

Rsigma = 0.0362 

Completeness to θ = 26.568° 74.9 % 

Data / Restraints / Parameters 27719/6748/3133 

Goodness-of-fit on F2 1.688 

Final R indexes  

[I≥2σ(I)] 

R1 = 0.1251 

wR2 = 0.3917 

Final R indexes  

[all data] 

R1 = 0.1470 

wR2 = 0.4091 

Largest peak/hole [eÅ3] 1.08/-1.16 

 

 

Figure 2.53. Top and side view of asymmetric unit cell of the obtained X-ray structure of 

[Pd2LFL
4](BF4)4. Solvent molecules omi�ed for clarity. 
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Figure 2.54. Top and side view of asymmetric unit cell of the obtained X-ray structure of 

[Pd2LFL
4](BF4)4. Hydrogen atoms and solvent molecules omi�ed for clarity. 

2.5.11 Synthesis of LpyEG4 and characteriza�ons 

 

Scheme 2.8. Synthesis of 3. 

5-Bromopyridin-3-ol (1 eq., 1 mmol, 174 mg) and tertBuONa (1 eq., 1 mmol, 96.1 mg) were dissolved in 

10 mL THF and s�rred at 25 °C for 15 min. Triethylene glycol 2-bromoethyl methyl ether (1.1 eq., 

1.1 mmol, 231 µL) was added and the reac�on mixture was then s�rred at 70 °C for 24 h. Then, the 

reac�on mixture was taken up in ethyl acetate and filtrated over co�on wool. Silica  was added and the 

solvent was removed in vacuo. Purifica�on with automated flash chromatography (DCM/MeOH 0 % → 

10 %) yielded 3 as yellow oil (94 %). 

1H NMR of 3: δ [ppm] = 8.26 (d, J = 1.7 Hz, a), 8.25 (d, J = 2.5 Hz, b), 7.55 (m, c), 3.26 – 4.20 (PEG). 

13C{1H} NMR of 3: δ [ppm] = 156.58, 143.56, 137.90, 124.71, 120.97, 72.58, 71.36, 71.18, 71.10, 70.95, 

69.97, 69.37. Of 14 expected signals only 12 are found, likely due to signal overlap in the area of 70.9 

ppm to 71.2 ppm. 

ESI-MS of 3: measured: 364.0755, calculated for [C14H22BrNO5+H]+: 364. 0754.  
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Scheme S1. Synthesis of LpyEG4. 

Compound 2 (1 eq., 179 µmol, 100 mg), 3 (3 eq., 536 µmol, 195 mg) and 1,8-diazabicyclo[5.4.0]-7-

undecene (10.0 eq., 1.79 mmol, 267 µL) were dissolved in 3 mL of a mixture of THF, NEt3 and H2O (8:1:1) 

and it was degassed with three freeze-pump-thaw-cycles. A8er the addi�on of (PPh3)2Pd(II)Cl2 (0.05 

eq., 8.93 µmol, 6.27 mg) and CuI (0.2 eq., 35.7 µmol, 6.8 mg) three more freeze-pump-thaw-cycles 

were done. The reac�on mixture was then heated and s�rred at 80 °C for 24 h. The reac�on mixture 

was allowed to cool down and was then taken up with acetone and adsorbed on silica. Purifica�on with 

automated flash chromatography (DCM/MeOH 0 % → 10 %) yielded LpyEG4 as a yellow solid (80 %). 

1H NMR (DMSO-d6) of LpyEG4: δ [ppm] = 8.81 (s, 2H, a), 8.73 (s, 2H, e), 8.64 (s, 2H, h), 8.60 (d, J = 5.0 Hz, 

2H, b), 8.44 (d, J = 7.8 Hz, 2H, i), 8.36 (m, 4H, k, j, k), 8.19 (t, J = 7.6 Hz, 1H, l), 8.03 (d, J = 8.0 Hz, 2H, d), 

7.73 (d, J = 8.5 Hz, 2H, f), 7.59 (d, J = 8.4 Hz, 2H, g), 7.50 (dd, J1 = 7.8 Hz, J2 = 4.8 Hz, 2H, c). 

13C{1H} NMR (151 MHz, DMSO-d6) of L pyEG4: δ [ppm] = 151.49, 148.74, 141.25, 138.43, 132.35, 130.67, 

130.50, 128.69, 127.18, 126.84, 125.97, 124.81, 123.77, 123.48, 123.19, 122.85, 122.61, 119.90, 

113.98, 110.66, 93.54, 85.14. 

ESI-MS of L pyEG4: measured: 570.1980, calculated for [C42H23N3+H]+: 570.1980. 

To form Pd2L pyEG4
4, the procedure described in 2.5.2 was followed. 

1H NMR (600 MHz) of Pd2L pyEG4
4: δ [ppm] = 8.77 (s, 2H, a), 8.63 (s, 2H, d), 8.57 (s, 2H, b), 8.38 (m, 4H, 

g, h), 8.26 (d, J = 9.2 Hz, 2H, j), 8.17 (m, 3H, I, k), 7.85 (s, 2H, c), 7.71 (d, J = 8.7 Hz, 2H, e), 7.55 (d, J = 

8.4 Hz, 2H, f), 4.30 (m, PEG), 3.84 (m, PEG), 3.2 – 3.7 (m, PEG). 
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Figure 2.55. 1H NMR of Pd2Lpyrenyl
4. 

 

Figure 2.56. 1H NMR of Pd2LpyEG4
4. 

2.5.12 Fluorescence studies on Pd2LpyEG4
4 

Six samples were prepared for each the free LpyEG4 and for Pd2LpyEG4
4(BF4)4. The solvents were 

CD3CN/D2O mixtures ranging from 0 % to 50 % water content. The ligand concentra�on was kept 

constant at 0.28 mM leading to a cage concentra�on of 0.07 mM. The 1H NMR spectra were measured 

and are shown in Figure 2.57 and Figure 2.58. 

The signals of the free ligand and the once of the cage experience with increasing water content a slight 

upfield shi8, a drop in intensity and broadening, which indicate aggrega�on caused by hydrophobic 

effect. To be noted here is that no free ligand is visible at least in the spectra with low water content of 

the cage, showing that the measured fluorescence likely stems from the cage.  

LpyEG4 is highly fluorescent. The spectrometer sensi�vity was put on medium. The fluorescence got 

mostly quenched upon addi�on of palladium(II), which is why the sample of the cage in pure CD3CN 

was measured with the sensi�vity high. With water content the fluorescence became stronger again, 

likely due to aggrega�on induced emission, which is why the sensi�vity was put to medium again. 
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Figure 2.57. 1H NMR spectra of LpyEG4 with varying water content. 

 

Figure 2.58. Aroma�c region of 1H NMR spectra of Pd2LpyEG4
4 with varying water content. 
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2.6 Computa�onal details 

2.6.1 Molecular Dynamics Simula�ons with GFN2-xTB 

The MD simula�ons were done with the xtb so8ware, version 6.4.1,[94] using the default GFN2-xTB 

method.[70] We used the --omd flag, meaning that the run starts with a normal geometry op�miza�on. 

The temperature was set to 303 K for gas phase MDs. The Pd-N-Cpara angle was always constrained to 

180° using the default force constant because it was observed that this angle is too flexible according 

to GFN2-xTB, see Sec�on 2.6.12. The simula�on �me was 1000 ps for all species and for the double 

cages with octyl, decyl or dodecyl side chains addi�onal 5000 ps were simulated. Other than that, and 

if not stated otherwise, always default seRngs were used. To obtain star�ng structures in which the 

side chains are already par�ally backfolded, preliminary MDs for about 500 ps with the same seRngs 

were conducted star�ng from structures with completely stretched out side chains.  

2.6.2 Collidoscope, general seRngs 

The theore�cal collision cross sec�ons (theoCCSN2) were calculated using the Collidoscope so8ware, 

version 1.4, from Prell et al.[46] The temperature was set to 303 K, however, the exact temperature 

during the measurement cannot be determined precisely. Ion-quadrupole interac�ons were kept 

disabled. The number of energy states was increased from 4 to 16, resul�ng in about 500,000 

trajectories. The CM5 point charges were calculated with GFN1-xTB, using the xtb so8ware, version 

6.4.1, from Grimme et al.[95,96]  In Sec�on 2.6.6 Mulliken charges were used, alterna�vely. These were 

also calculated with GFN1-xTB. As Collidoscope does not have Lennard-Jones parameters for B, F and 

Pd we used the parameters from C for the B and Pd atoms (both rather buried in the structures of the 

cages and counter anions) and parameterized F (more exposed) ourselves as described in Sec�on 2.6.5.  

2.6.3 HPCCS, general seRngs 

For the calcula�on of theoCCSN2 values with the HPCCS so8ware,[45] version 1.0 was used. The same CM5 

point charges used for calcula�ons with Collidoscope were also used here. The content of the config.in 

file was 

1       500     20      50      1000    303     2 

Meaning 500,000 trajectories, 303 K and N2 as inert gas. For Pd and B the LJ-parameters from C were 

used. Other than that, default seRngs were used. 

2.6.4 IMoS, general seRngs 

For the calcula�on of theoCCSN2 values with the IMoS so8ware,[32] version 10c (“IMoS110cL64LJ”) was 

used. The same CM5 point charges used for calcula�ons with Collidoscope were also used here. The 
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Trajectory Method with the normal 12-6-4 poten�al, 500,000 trajectories, 303 K and N2 as inert gas 

was chosen. For Pd and B the LJ-parameters from C were used. Other than that, default seRngs were 

used. 

2.6.5 Op�miza�on of Fluorine Lennard-Jones parameters for Collidoscope 

 

Figure 2.59. Compounds used for the parameteriza�on of fluorine. 

Several IMS measurements of drug-sized molecules containing at least one fluorine atom were found 

in the literature: Dexamethasone,[97] Leflunomide,[98] Flufenamic Acid,[98] Celecoxib,[44] and 

Sulfentrazone.[44] All species were single protonated and would have been uncharged otherwise. The 

ions were modeled and op�mized with r2SCAN-3c. Following the procedure described by Larriba and 

coworkers,[82] we varied the parameters εF (from 0 J/mol to 1500 J/mol in 50 J/mol steps) and σF (from 

1 to 4 Å in 0.125 Å steps) and calculated Fopt each as defined by Larriba et al.[82] The according 3D plot 

is shown in Figure 2.60. As can be seen a valley of local minima is obtained. We thus chose εF = 500 

J/mol randomly and minimized σF with a 0.01 Å step size, resul�ng in 2.67 Å. 



Chapter 2 

78 

 

Figure 2.60. Le8: Plot of Fopt against εF and σF. Right: Plot of Fopt against and σF, keeping εF constant at 

500 J/mol. 

We validated the results with the training set and with a test set consis�ng of [Pd2Lsmall
4+BF4]3+ and 

[Pd2Lsmall
4+2BF4]2+ were Lsmall is a short bis-monodentate ligand shown in Figure 2.61, as well as the free, 

single-protonated ligand o-L1 and the 4+, 3+ and 2+ species of the resul�ng Pd2o-L1
4 cage. o-L1 is 

another banana-shaped bis-monodentate ligand with pyridine donor groups and alkyne spacers, that 

is presented more detailed in Chapter 3.[99] The backbone of o-L1 is a dithienyl-hexafluoropentenyl 

group and we are here only considering the open-ring form. As can be seen in Table 2.4, not only the 

theore�cal CCS values for the training set but also for the test set greatly improved showing that the 

new parameters are acceptable.  

 

Figure 2.61. Ligands Lsmall and o-LDTE used to form Pd2L4 assemblies for verifica�on of new LJ 

parameters for fluorine. 
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Table 2.4. Experimental and theore�cal CCS values and rela�ve devia�ons for various species 

containing fluorine. Values using the LJ parameters for fluorine from oxygen are compared to values 

with op�mized LJ parameters. 

 

To inves�gate whether the two counter anions are most likely inside or one inside and one outside for 

the species [Pd2Lsmall
4 +2BF4]2+, [Pd2Lmethyl

4 +2BF4]2+ and [Pd2o-LDTE
4 +2BF4]2+, single point energy 

differences between inside-inside and inside-outside bound configura�ons on ωB97M-V/def2-TZVP 

level were calculated. Addi�onally, the Pd-Pd distances from the op�mized inside-inside model were 

measured. Apparently, for the small cage the inside-outside version is favored by 10.9 kJ/mol, simply 

because the Pd-Pd distance is only 11.6 Å, causing a very small distance between the two BF4
–.  For the 

methyl carbazole cage, representa�ve for all carbazole mono cages, the inside-outside version is s�ll 

favored, even though not as much (4.4 kJ/mol difference, Pd-Pd distance: 13.3 Å). For the large open 

DTE cage, the inside-inside version is clearly favored by 14.3 kJ/mol due to the high Pd-Pd distance of 

17.0 Å. 

 

 

 

 

Species TIMSCCSN2  theoCCSN2(εF=εO, σF=σO) theoCCSN2(εF=500 kJ/mol, 

σF=2.67 Å) 

 [Å²] theoCCSN2 [Å²] ∆% theoCCSN2 [Å²] ∆% 

[Celecoxib +H]+ 186.12 198.0 +6.4% 185.1 -0.6% 

[Dexamethasone +H]+ 190.7 188.8 -1.0% 188.4 -1.2% 

[Flufenamic acid +H]+ 156.1 170.1 +9.0% 158.6 +1.6% 

[Leflunomide +H]+ 157.3 161.7 +2.8% 151.9 -3.4% 

[Sulfentrazone +H]+ 173.63 182.4 +5.1% 173.6 +0.0% 

[Pd2Lsmall
4]4+ 503 ± 3 498.6 -0.9% 498.6 -0.9% 

[Pd2Lsmall
4+BF4]3+ 452 ± 2 463.0 +2.4% 459.2 +1.6% 

[Pd2Lsmall
4+2BF4]2+ 430 ± 1 456.8 +6.1% 448.8 +4.3% 

[o-LDTE +H]+  227 ± 2 256.0 +13.0% 241.1 +6.4% 

[Pd2 o-LDTE
 4]4+  600 ± 6 638.7 +6.4% 608.0 +1.3% 

[Pd2 o-LDTE
 4+BF4]3+ 562 ± 5 610.4 +8.7% 577.8 +2.9% 

[Pd2 o-LDTE
 4+2BF4]2+  531 ± 3 591.6 +11.4% 554.7 +4.5% 
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2.6.6 
theoCCSN2 calcula�on using different Trajectory Method so8ware 

Table 2.5. TIMSCCSN2 values of [Pd2Lmethyl
4]4+, [Pd2Lmethyl

4+BF4]3+ and [Pd2Lmethyl
4+2BF4]2+ and the 

according theoCCSN2 values using either Collidoscope, Collidoscope with Mulliken instead of CM5 point 

charges, HPCCS or IMoS and the rela�ve devia�ons to the TIMSCCSN2 values. Unit is Å². 

 

2.6.7 
theoCCSN2 calcula�on of snapshots from the trajectories 

To obtain theoCCSN2 values averaged over �me, snapshots of the trajectory file for every picosecond 

(actually only every 24/25th of a picosecond, because the �me step used was 4 fs) were extracted and 

used for CCS calcula�on without further geometry op�miza�on. The plots of the resul�ng theoCCSN2 and 

rela�ve devia�ons to TIMSCCSN2 over �me are shown in Figure 2.62 toFigure 2.65 and the averaged 

values are listed in Table 2.6. 

 TIMSCCSN2 Collidoscope HPCCS IMoS 
Collidoscope, 

Mulliken 

[Pd2Lmethyl
4]4+ 582 ± 3 596.8 +2.5 % 623.8 +7.2 % 615.8 +5.8 % 600.3 +3.1 % 

[Pd2Lmethyl
4 +BF4]3+ 542 ± 2 563.8 +4.1 % 592.6 +9.4 % 588.9 +8.7 % 565.9 +4.5 % 

[Pd2Lmethyl
4 +2BF4]2+ 520 ± 2 554.4 +6.7 % 586.0 +12.8 % 581.6 +11.9 % 555.8 +7.0 % 
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Figure 2.62. theoCCSN2 values for [Pd2LR
4]4+ calculated from the snapshots taken every picosecond from 

the MD simula�ons plo�ed against �me. Right y-axis shows the rela�ve devia�on to the experimental 

CCS (TIMSCCSN2). 
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Figure 2.63. theoCCSN2 values for [3Br@Pd4LR
8]5+ calculated from the snapshots taken every picosecond 

from the MD simula�ons plo�ed against �me. Right y-axis shows the rela�ve devia�on to the 

experimental CCS (TIMSCCSN2). 
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Figure 2.64. theoCCSN2 values for [3Br@Pd4LR
8]5+ with R being either octyl, decyl or dodecyl calculated 

from the snapshots taken every picosecond from the longer MD simula�ons plo�ed against �me. 

Right y-axis shows the rela�ve devia�on to the experimental CCS (TIMSCCSN2). 
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Figure 2.65. theoCCSN2 values for [3X@Pd4Lethyl
8]5+ with X being either Cl or Br and calculated from the 

snapshots taken every picosecond from the MD simula�ons plo�ed against �me. Right y-axis shows 

the rela�ve devia�on to the experimental CCS (TIMSCCSN2). 
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Figure 2.66. Pd-Pd distance of the central cavity in [3X@Pd4Lethyl
8]5+ with X being either Cl or Br 

plo�ed against �me. 
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Table 2.6. Experimental and theore�cal CCSN2 values for [Pd2LR
4]4+ and [3X@Pd4LR

8]5+ with R = ethyl, 

butyl, hexyl, octyl, decyl, dodecyl and X = Cl, Br. Experimental errors are the HWHM (half width of half 

maxima) of the measured signals. Theore�cal errors are the standard devia�ons. 

System TIMSCCSN2 [Å²] theoCCSN2 [Å²] ∆% 
[Pd2Lethyl

4]4+ 590 ± 1 607 ± 4 +2.9 % 
[Pd2Lbutyl

4]4+ 625 ± 2 643 ± 7 +3.0 % 
[Pd2Lhexyl

4]4+ 658 ± 3 678 ± 11 +3.1 % 
[Pd2Loctyl

4]4+ 664 ± 2 695 ± 21 +4.7 % 
[Pd2Ldecyl

4]4+ 643 ± 3 666 ± 19 +3.5 % 
[Pd2Ldodecyl

4]4+ 641 ± 2 655 ± 9 +2.2 % 
[3Cl@Pd4Lethyl

8]5+ 775 ± 2 794 ± 8 +2.5 % 
[Cl,Br,Cl@Pd4Lethyl

8]5+ 774 ± 1 792 ± 8 +2.3 % 
[Cl,Cl,Br@Pd4Lethyl

8]5+ 777 ± 2 797 ± 7 +2.4 % 
[Br,Cl,Br@Pd4Lethyl

8]5+ 782 ± 3 833 ± 18 +6.6 % 
[Cl,Br,Br@Pd4Lethyl

8]5+ 779 ± 1 803 ± 15 +3.3 % 
[3Br@Pd4Lethyl

8]5+ 781 ± 1 811 ± 13 +3.8 % 
[3Br@Pd4Lbutyl

8]5+ 832 ± 3 872 ± 12 +4.8 % 
[3Br@Pd4Lhexyl

8]5+ 886 ± 3 931 ± 14 +5.0 % 
[3Br@Pd4Loctyl

8]5+ 893 ± 3 968 ± 25 +8.5 % 
[3Br@Pd4Ldecyl

8]5+ 890 ± 3 989 ± 29 +11.1 % 
[3Br@Pd4Ldodecyl

8]5+ 889 ± 3 982 ± 40 +10.5 % 
[3Br@Pd4Loctyl

8]5+ (5 ns) 893 ± 3 965 ± 24 +8.2 % 
[3Br@Pd4Ldecyl

8]5+ (5 ns) 890 ± 3 978 ± 32 +9.9 % 
[3Br@Pd4Ldodecyl

8]5+ (5 ns) 889 ± 3 974 ± 36 +9.6 % 
[3Br@Pd4Loctyl

8]5+ (BW) 893 ± 3 970 +8.6 % 
[3Br@Pd4Ldecyl

8]5+ (BW) 890 ± 3 935 +5.1 % 
[3Br@Pd4Ldodecyl

8]5+ (BW) 889 ± 3 954 +7.3 % 
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2.6.8 
theoCCSN2 of geometry op�mized cage systems and according experimental values 

Table 2.7. Experimental and theore�cal CCS values as well as rela�ve devia�ons for the cages that 

were treated with geometry op�miza�ons. 

System TIMSCCSN2 [Å²] Conformation theoCCSN2 [Å²] ∆% 

[Pd2Lmethyl
4]4+ 582 ± 3 open 596.8 +2.5 % 

single-folded 570.9 -1.9 % 
(double-)folded 532.6 -8.5 % 

[Pd2Lmethyl
4 +BF4]3+ 542 ± 2 open 563.8 +4.1 % 

single-folded 539.5 -0.4 % 
(double-)folded 502.3 -7.3 % 

[Pd2Lmethyl
4 +2BF4]2+ 520 ± 2 open 549.4 +5.7 % 

single-folded 527.5 +1.5 % 
(double-)folded 489.3 -5.8 % 

[Pd2Lphenyl
4]4+ 642 ± 3 open 667.0 +4.0 % 

single-folded 637.8 -0.6 % 
(double-)folded, D2 592.7 -7.6 % 
(double-)folded, CS 592.4 -7.7 % 

[Pd2Lphenyl
4 +BF4]3+ 600 ± 2 Open 638.9 +6.5 % 

single-folded 604.5 +0.8 % 
(double-)folded, D2 564.2 -5.9 % 
(double-)folded, CS 565.5 -5.7 % 

[Pd2Lphenyl
4 +2BF4]2+ 571 ± 1 Open 625.8 +9.6 % 

single-folded 598.5 +4.8 % 
(double-)folded, D2 550.7 -3.6 % 
(double-)folded, CS 550.0 -3.7 % 

[Pd2Lpyrenyl
4]4+ 691* 

691* 
684 ± 3 
697 ± 3 

Open 807.3 +16.9 % 
single-folded 753.9 +9.2 % 
(double-)folded, D2 679.6 -0.7 % 
(double-)folded, CS 686.0 -1.6 % 

[Pd2Lpyrenyl
4 +BF4]3+ 653* 

653* 
651 ± 1 
655 ± 2 

open 784.7 +20.2 % 
single-folded 735.9 +12.7 % 
(double-)folded, D2 657.5 +1.0 % 
(double-)folded, CS 662.7 +1.2 % 

*These values are averages of the two overlapping signals, because that would make more sense for 

open or single-folded. 
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2.6.9 Headers for ORCA calcula�ons 

All geometry op�miza�ons, frequency calcula�ons, single point energy calcula�ons and local energy 

decomposi�on calcula�ons were conducted with ORCA 5.0.2.[100] All geometry op�miza�ons in this 

work were done with the semiempirical method r2SCAN-3c, if not noted otherwise.[71] The chemically 

relevant seRngs in the header of the input files are: 

! r2SCAN-3c Opt 

%geom trust -0.1 end 

 

The numerical frequency calcula�ons were also done with r2SCAN-3c. No inharmonic frequencies were 

found. The chemically relevant seRngs in the header of the input files are: 

! r2SCAN-3c NumFreq 

 

The chemically relevant seRngs in the header of the input files for energy calcula�ons on 

ωB97M-D4/def2-TZVP or ωB97M-V/def2-TZVP level are: 

! wB97M-D4 def2-TZVP TightSCF 

 

or respec�vely 

! wB97M-V def2-TZVP TightSCF 

 

The chemically relevant seRngs in the header of the input files for calcula�ons with HFLD are: 

! HFLD cc-pVTZ cc-pVTZ/C RIJCOSX TightPNO VeryTightSCF 

For the calcula�on of inter-fragment dispersion only cutouts of the op�mized structures containing 

only one stacked pair of ligands and not palladium was used. 

The chemically relevant seRngs in the header of the input files for calcula�ons with DLPNO-

CCSD(T)/TightPNO/def2-TZVP are: 

! DLPNO-CCSD(T) def2-TZVP def2-TZVP/C RIJCOSX TightPNO VeryTightSCF 
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2.6.10 Op�mized models 

 

Figure 2.67. Geometry op�mized models of [Pd2Lmethyl
4]4+ in different conforma�ons. From le8 to 

right: open, single-folded, (double-)folded. 

 

Figure 2.68. Geometry op�mized models of [Pd2Lphenyl
4]4+ in different conforma�ons. From le8 to 

right: open, single-folded, (double-)folded. Upper le8: (double-)folded, CS-symmetric. Lower le8: 

(double-)folded, D2-symmetric. 

 

Figure 2.69. Geometry op�mized models of [Pd2Lpyrenyl
4]4+ in different conforma�ons. From le8 to 

right: open, single-folded, (double-)folded. Upper le8: (double-)folded, CS-symmetric. Lower le8: 

(double-)folded, D2-symmetric. 
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Figure 2.70. Top view of op�mized open and folded conforma�on of [Pd2LFL
4]4+.  
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2.6.11 Free energy calcula�ons also considering the single-folded conformer 

As the possibility of a single-folded conformer in the gas phase for any of the cages [Pd2Lmethyl
4]4+, 

[Pd2Lphenyl
4]4+ and [Pd2Lpyrenyl

4]4+ cannot be cancelled out by theore�cal CCS calcula�ons, further DFT 

calcula�ons were performed. Just like for the open and double-folded conformers we calculated ∆EDFT 

and ∆GRRHO for the single-folded conformer. The calculated energy differences to the open conformer 

are, together with the energy differences between double-folded and open, which were already 

men�oned in the main text, listed in Table 2.8. As can be seen, the considered energy terms for single-

folded are always between those for open and double-folded and the energy increase or decrease from 

open to single-folded to double-folded is always nearly linear showing no sign of significant posi�ve or 

nega�ve coopera�vity.  

Table 2.8. ∆Eel and ∆GRRHO values calculated for the open, single-folded and double-folded conformers 

of [Pd2Lmethyl
4]4+, [Pd2Lphenyl

4]4+, [Pd2Lpyrenyl
4]4+ and [Pd2LFL

4]4+. 

System Energy term Esingle-folded-Eopen Edouble-folded,D2-Eopen Edouble-folded,CS-Eopen 

[Pd2Lmethyl
4]4+ 

∆EDFT +66.7 +135.1 - 
∆ED4 –62.1 –127.0 - 
∆EVV10 –66.0 –135.8 - 
∆GRRHO +6.5 +13.3 - 
∆GD4 +11.1 +21.4 - 
∆GVV10 +7.2 +12.6 - 

[Pd2Lphenyl
4]4+ 

∆EDFT +71.2 +144.1 +147.9 
∆ED4 –73.1 –151.3 –151.7 
∆EVV10 –78.4 –163.8 –163.4 
∆GRRHO +6.6 +16.1 +17.5 
∆GD4 +4.7 +8.9 +13.7 
∆GVV10 –0.6 –3.5 +2.0 

[Pd2Lpyrenyl
4]4+ 

∆EDFT +81.1 +167.1 +172.8 
∆ED4 –122.8 –255.5 –257.7 
∆EVV10 –131.9 –276.7 –277.8 
∆GRRHO +10.2 +26.7 +28.5 
∆GD4 –31.5 –61.7 –56.3 
∆GVV10 –40.6 –82.9 –76.4 

[Pd2LFL
4]4+ 

∆EDFT +47.0 +107.1 - 
∆ED4 -89.2 -176.2 - 
∆EVV10 -97.1 -192.5 - 
∆GRRHO +8.0 +16.0 - 
∆GD4 -42.1 -69.4 - 
∆GVV10 -34.2 -53.1 - 
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2.6.12 Geometry op�miza�ons using different DFT methods, angle scans and CSD-searches 

As men�oned in the main text, MD simula�ons with GFN2-xTB without constraints led to heavy 

distor�ons at the Pd centers. Especially problema�c is the angle between the palladium atom, the 

dona�ng nitrogen atom and the carbon atom in para posi�on to the nitrogen atom (Pd-N-Cpara). To 

check whether these distor�ons and therefore the folding of [Pd2Lpyrenyl
4]4+ in the gas phase are realis�c 

we performed mo�f searches for this angle in the Cambridge Structural Database (CSD 5.41) using a 

single Pd-pyridine group as mo�f. The results are shown in a form of a histogram in Figure 2.71. As can 

be seen, angles up to around 157° are rare but realis�c. When specifying that “the Pd atom and the N 

atom must not be part of a circle”, to avoid chelate complexes, far less results were found. Here, only 

examples up to around 168° are found.  

 

Figure 2.71. Result of a mo�f search in the CSD 5.41 database with and without specifying that “the 

Pd atom and the N atom must not be part of a circle”. 

 

We op�mized the model of [Pd2Lmethyl
4]4+ in (double-)folded conforma�on with GFN2-xTB, r2SCAN-3c, 

and ωB97M-V/def2-TZVP. The average and smallest angles from the op�mized models are listed in 

Table 2.9. As can be seen, the situa�on greatly improves with increasing level of theory with an average 

angle of 169.3° when op�mized with ωB97M-D4/def2-TZVP. The semiempirical method r²SCAN-3c 

shows acceptable angles as well. 
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Table 2.9. Average and smallest Pd-N-Cpara angles of the double-folded model of [Pd2Lmethyl
4]4+ 

op�mized with different methods. 
 

GFN2-xTB r2SCAN-3c ωB97M-D4/def2-TZVP 

Average 157° ± 2° 166° ± 1° 169.3° ± 0.6° 

Minimum 154.0° 164.0° 168.5° 

 

Addi�onally, we performed relaxed angle scans of that angle in a smaller [Pd(pyridine)4]2+ complex 

using either GFN2-xTB or r2SCAN-3c. For higher level ωB97M-D4/def2-TZVP and DLPNO-

CCSD(T)[101]/TightPNO/def2-TZVP energies the geometries from the scan with r2SCAN-3c were taken. 

The energy increase with increasing distor�on of the Pd-N-Cpara angle is plo�ed in Figure 2.72. 

Apparently r2SCAN-3c and ωB97M-V already perform very close to the reference, while GFN2-xTB 

performs poorly in this regard. 

In GFN2-xTB MD simula�ons with BF4
- counter anions we no�ced that the Pd complexes are even more 

flexible due to a charge transfer. We repeated the angle scans, this �me with a BF4
- in close proximity 

to the complex and no�ced an increased flexibility even for the higher methods. However, the flexibility 

rise decreases with increasing level of theory. In addi�on, we note that here geometry op�mized 

structures are considered while in the experiment the BF4
- is constantly moving and not perfectly close 

to the Pd complex, which would further decrease any charge transfer.  

 

 

Figure 2.72. Relaxed angle scans for one of the Pd-N-Cpara angles in a) a [Pd2(pyridine)4]2+ complex and 

b) a [Pd2(pyridine)4]2+ complex with a BF4
– in proximity. For ωB97M-D4/def2-TZVP and DLPNO-

CCSD(T)/TightPNO/def2-TZVP energies the geometries from the relaxed scan with r2SCAN-3c were 

taken. 
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2.6.13 Benchmarking of disperion correc�on methods with coupled cluster 

Single point energy calcula�ons of gas phase cage systems with either ωB97M-D4/def2-TZVP or 

ωB97M-V/def2-TZVP led to in part large energy differences. The VV10 dispersion correc�on in general  

leads to stronger dispersive interac�ons than the D4 correc�on. Both correc�ons are widely used and 

their accuracy has been proven, repeatedly.[102] To get an idea which correc�on is be�er suitable for 

the here inves�gated systems both methods are compared to DLPNO-CCSD(T)[80]/TightPNO/cc-pVTZ. 

For this, two different fragments were cut out: Two methyl and alkynyl subs�tuted carbazole backbones 

from [Pd2Lmethyl
4]4+ and two pyrene units from [Pd2Lpyrenyl

4]4+. The compared fragments were taken both 

from the open and the double-folded conformers to avoid the need for any counterpoise correc�on.  

 

Figure 2.73. Fragments used for comparison of different dispersion correc�ons with local coupled 

cluster. The le8 fragment was taken from the model of [Pd2Lmethyl
4]4+ and the right was taken from the 

model of [Pd2Lpyrenyl
4]4+. 

 

Table 2.10 lists the according energy differences for both fragments. Not only ωB97M-D4 and ωB97M-V 

were compared with DLPNO-CCSD(T) but also GFN2-xTB, which was used for MD simula�ons, and 

r2SCAN-3c, which was used for the geometry op�miza�ons and frequency calcula�ons. Surprisingly, 

GFN2-xTB performs be�er than r2SCAN-3c in both cases. D4 is incorporated in both, which leads to the 

conclusion that the repulsive, electrosta�c contribu�ons are overes�mated in r2SCAN-3c for these 

cases. But because the error from the π stacking is s�ll rather low and this method performs well 

regarding the Pd-pyridine angle, it is s�ll regarded as suitable for the applica�ons it was used for. 

Regarding the carbazole backbone, both ωB97M-D4 and ωB97M-V perform fine. When VV10 is used, 

the folding is overes�mated by 1.8 kJ/mol, when D4 is used it is underes�mated by 1.5 kJ/mol. 

Regarding the pyrene, ωB97M-D4 matches the reference with only 0.2 kJ/mol, while  ωB97M-V 

deviates with 2.8 kJ/mol, indica�ng that D4 is slightly more suitable here. 

These computed differences appear minor but the here inves�gated systems are only fragments of 

larger systems meaning that any small error amplifies when the whole cage is considered. To be noted 



Chapter 2 

95 

also is the fact that the electronic structure may differ significantly in the cage than compared to the 

fragments which weakens the importance of these results. 

Table 2.10. Single point energy differences of fragments from double-folded and open conforma�ons 

4of either [Pd2Lmethyl
4]4+ (two carbazole backbones) or [Pd2Lpyrenyl

4]4+ (two pyrene units) using different 

theore�cal models. Unit is kJ/mol. 

Method ΔE (carbazole) ΔE (pyrene) 

GFN2-xTB –48.9 –54.4 

r2SCAN-3c –42.9 –48.0 

ωB97M/def2-TZVP +11.0 +8.1 

D4 –58.5 –61.5 

VV10 –61.8 –64.1 

ωB97M-D4/def2-TZVP –47.5 –53.4 

ωB97M-V/def2-TZVP –50.8 –56.0 

DLPNO-CCSD(T)/TightPNO/cc-pVTZ –49.0 –53.2 
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3 Heterolep c Coordina on Cages Containing 

Dithienylethene Photoswitches  

3.1 Introduc on 

Light is a waste-free, clean, easily accessible s�mulus for chemical systems and is therefore of great 

interest for crea�ng s�muli responsive systems. By now, many supramolecular systems that change 

their structure or proper�es upon light irradia�on have been developed.[1] For this, photosensi�ve 

building blocks are used that, if they are irradiated and switch (meaning a reversible change in 

cons�tu�on, conforma�on or configura�on), they change their role in the self-assembly which thus 

leads to changes in the whole supramolecular system. One of the most popular photoswitches in 

supramolecular chemistry is azobenzene (Figure 3.1).[2] 

 

Figure 3.1. trans- and cis-azobenzene. 

The thermodynamically stable trans isomer can undergo a change in configura�on to the metastable 

cis isomer by irradia�on with UV light. Cis-azobenzene slowly reacts back to the trans isomer upon 

hea�ng or via irradia�on with blue light. One of the reasons why the cis isomer is less stable than the 

trans isomer is the steric repulsion of the benzene groups. When azobenzene is used as part of a 

building block in a supramolecular assembly, its isomeriza�on from cis to trans usually has a dras�c 

influence on the topology of the whole system as it changes the form of the building block 

tremendously, as shown by Beves,[3] Nabeshima[4] and Liu[5]. 

Figure 3.2 gives a brief overview of a recent study by Beves and coworkers.[3] The bis-monodentate 

ligand has isoquinoline donor groups and an azobenzene backbone. Notably, the azobenzene is 

modified with electron pulling fluorine groups which alter the photophysical proper�es and allows 

nearly quan�ta�ve two-way isomeriza�on.[6] When the ligand L is in the trans form it can self-assemble 

with Pd2+ to a Pd2trans-L4 cage but irradia�on with green light causes isomeriza�on to the cis form 

which prefers a bu�erfly-like mononuclear Pdcis-L2 topology. Irradia�on with purple light or hea�ng 

reverses the process. 



Chapter 3  

104 

 

Figure 3.2. Light driven interconversion between a Pd2L4 cage and a PdL2 bu�erfly complex where L 

has a modified azobenzene backbone. The graphic was taken from the ar�cle and slightly modified. 

Permission was obtained and is appended in Chapter 5. 

Azobenzene can also be incorporated in molecular building blocks in a way that the whole topology of 

the system is not influenced by the switching event but only certain proper�es are altered, such as 

solubility as shown by Fujita[7] and guest binding behavior as shown by Nitschke.[8]  

 

Figure 3.3. cis- and trans-diazocene. 

An alterna�ve is provided by the diazocene class, which shows similarity to azobenzene but here, the 

cis form is the stable isomer and the metastable trans form slowly transforms back to the cis isomer 

(Figure 3.3).[9] Just like with ortho-fluoroazobenzene the required wavelengths for photoswitching differ 

from the regular azobenzene. Our group used diazocene as a backbone in a bis-monodentate ligand 

and showed reversible light-induced switching between a mixture of ring and cage Pdncis-L2n (n ϵ {1, 2}) 

and a selec�vely formed Pd2trans-L4 cage with different shape which greatly influences the guest 

binding affinity. This will be discussed in more detail in Chapter 4.[10] 

Metastable photoacids are compounds that change their pKa values upon irradia�on, as for example 

Liao’s photoacid.[11] A change in the pH of the solu�on can greatly influence the coordina�on bonds 

and may cause disassembly of any metallosupramolecular construct by protona�ng the donor 

func�onali�es of the ligands as shown by Severin.[12] 
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Figure 3.4. Liao’s photoacid. 

Another popular class of photoswitches are the diarylethenes. Here, excita�on with UV light induces a 

cyclisa�on reac�on including a loss of aroma�city as shown in Figure 3.5. Thienyl groups are o8en used 

because the energy penalty for the loss of aroma�city is compara�vely low. This makes the 

photochromic reac�on thermally irreversible and fa�gue resistant. Using a cyclopentene bridge instead 

of an ethene bridge also prohibits a compe��ve cis to trans isomeriza�on. A hexafluorinated 

cyclopentene is known to shi8 the absorp�on maxima so that the required wavelengths for reac�on 

and back reac�on are further apart making it possible to quan�ta�vely populate either one of both 

states upon irradia�on.[13]   

 

Figure 3.5. Different forms of diarylethene photoswitches. Top: s�lbene, middle: dithienylethene, 

bo�om: dithienylperfluorocyclopentene. 

 

As can be seen in Figure 3.6, the orbital flaps at the α carbons, as labeled in Figure 3.5, poin�ng against 

each other have the opposite sign for the HOMO but the same sign for the LUMO, which is why bond 

forma�on can occur upon photoexcita�on. The formed bond closes the six ring which is why this form 

is called “closed” as opposed to “open”. The closed DTE (from now on meaning 

dithienylperfluorocyclopentene) has several interes�ng differences to the open DTE. 1) Due to the ring 

closure, rota�on around the bond between the β and the γ carbon is not possible anymore so this 
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molecule is less flexible. 2) It is chiral with two stereocenters. 3) It is a strong blue chromophore while 

the open DTE is rather colorless. 

 

Figure 3.6. HOMO (le8) and LUMO (right) of the open DTE photoswitch. 

Our group reported the use of DTE as building block in metallosupramolecular chemistry by using it as 

a backbone for a bent bis-monodentate ligand.[14] The open ligand o-L1, with the DTE in the backbone 

being in its open form, can switch to the closed isomer c-L1 by irradia�on with UV light. While the 

solu�on of o-L1
 is colorless, the solu�on of c-L1 is deep blue. The closed ligand can be switched back to 

the open form by irradia�on at 617 nm. A8er the addi�on of 0.5 eq. Pd2+ to either o-L1 or c-L1 a Pd2L1
4 

lantern-shaped cages can be formed.  The open and closed cages can also interconvert between each 

other using the same wavelengths.  
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Figure 3.7. First genera�on DTE ligand o-L1 can form a cage which can by irradia�on reversibly 

interconvert to a cage with a less strong binding affinity towards an anionic guest.[14] The graphic was 

taken from the ar�cle and slightly modified. Permission was obtained and is appended in Chapter 5. 

 

The more flexible Pd2o-L1
4 cage has a higher binding affinity towards B12F12

2 guest anion than the more 

rigid Pd2c-L1
4 which is why light can here be used as a clean s�mulus for controlled guest release. 

The thermodynamics of the guest binding was further inves�gated by NMR and ITC �tra�ons showing 

that the guest binding is entropy driven.[15] In the same study a crystal structure of a Pd2o-L1
2c-L1

2 could 

be obtained giving a first idea of an intermediate cage in the switching process. In another follow up 

study a similar banana shaped DTE ligand and a chiral guest were used to determine the decrease of 

guest binding affinity by successive ligand switching.[16] It could be shown that already a8er switching 

the first of the four ligands from open to close dras�cally reduces the binding affinity. Schäfer and 

coworkers inves�gated the system computa�onally using MD simula�ons and could confirm both that 

the guest encapsula�on is entropy driven and that the first switching event has the largest effect on 

the binding affinity.[17] The group of Nuernberger exploited ultrafast spectroscopy to inves�gate the 

influence of different guests and the binding to the Pd on the switching dynamics.[18] Su et al. reported 

a cage with DTE based ligands where photoswitching can induce aggrega�on and gela�on.[19] In 2021 
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our group published a complex mul�-s�muli-responsive system based on DTE cages and even first 

reported selec�vely formed heterolep�c cages with DTE ligands.[20]  

Of special interest for this work is the study on a shorter ligand with pyridine donor groups directly at 

the DTE backbone as shown in Figure 3.8.[21] The closed form, here labeled as c-LDTE, has a computed  

binding angle of 138° and self-assembles with palladium(II) ca�ons to a Pd24 c-LDTE
48 

rhombicuboctahedral sphere, matching Fujita’s observa�ons of the rela�on between binding angle and 

Palladium ligand stoichiometry of these giant spheres.[22,23] 

 

Figure 3.8. Second genera�on DTE ligand in its open form (le8 and middle, grey) o-LDTE showing its 

rota�onal freedom and in its closed form (right, blue) c-LDTE.[21] 

The open form o-LDTE, however, forms upon addi�on of Pd2+ a mixture of a Pd3o-LDTE
6 and a Pd4o-LDTE

 8 

ring with the three-ring being the major species. Due to its flexibility, it can vary its binding angle and 

is therefore able to form smaller assemblies, which are entropically favored. As Figure 3.8 shows, 

rota�on around the σ bonds connec�ng the perfluorocyclopentene with the thienyl groups also 

changes the distance between the α carbon atoms that undergo the bond forma�on upon irradia�on. 

This means that if the ligand is in a conforma�on as shown on the far le8 side of the scheme, it is unable 

to photoswitch to the closed form, simply because the atoms are too far apart and the orbitals cannot 

overlap. Our group showed that irradia�on with light of 313 nm wavelength for several hours is 

necessary to transform the mixture of Pd3o-LDTE
6 and a Pd4o-LDTE

 8 to the Pd24o-LDTE
 48 sphere because in 

these assemblies the ligand is unable to change its conforma�on to make photoswitching possible. 

Only a8er random breaking of at least one of the dynamic pyridine–palladium bonds the ligand can 

rotate in a posi�on necessary for bond forma�on upon irradia�on.  

3.2 Mo va on 

Photoswitch moie�es make coordina�on cages structurally responsive to the clean s�mulus light, 

which can influence certain proper�es like guest binding strength. Of high interest would be the 

combina�on of this func�on with another func�on like sensing or catalysis within the same cage. If for 

a cataly�c reac�on guest binding inside the cage is required, the catalysis could be switched on or off 
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by irradia�on, which could also be a solu�on for the problem of product inhibi�on.[24]  For applying two 

or more func�ons to a coordina�on cage it is almost necessary that the cage consists of more than one 

type of ligand, meaning a heterolep�c instead of a homolep�c cage as men�oned in the main 

introduc�on. 

Shape complementarity is a valuable tool for crea�ng heterolep�c coordina�on cages selec�vely.[25] A 

well working method for crea�ng heterolep�c cis-Pd2LA
2LB

2 cages is the use of two oversized ligands LA 

with nega�ve binding angles and two undersized ligands LB with posi�ve binding angles. LA alone tends 

to form homolep�c Pd2LA
4 cages that are helically twisted and LB tends to form either Pd3LB

6 or Pd4LB
8 

rings or Pd4LB
8 tetrahedra.[25] The similarity to o-LDTE is thus given, because o-LDTE forms Pd3LB

6 and Pd4LB
8 

rings as well. It is therefore interes�ng to inves�gate whether o-LDTE and maybe even c-LDTE can form a 

heterolep�c cage with another shape-complementary ligand and how the switching behavior changes. 

A possible match for o-LDTE is shown in Figure 3.9 (LC, labeled Lhex in Chapter 2). An alterna�ve to Pd2L4 

cages could be heterolep�c Pd3L6 or Pd4L8 rings or Pd4L8 tetrahedra with other ligands that have small 

binding angles just as o-LDTE. However, here the problem could be the selec�vity, as there may be no 

driving force to form one discrete species with a specific arrangement of the ligands. Figure 3.9 also 

shows a ligand with a posi�ve binding angle (LP). LC and LP combined with Palladium form the cage 

Pd2LP
2LC

2 selec�vely and they have shown to form heterolep�c cages with other ligands as well.[26]  

 

Figure 3.9. A bis-monodentate ligand with a slightly nega�ve binding angle (le8, LC) and a bis-

monodentate ligand with a posi�ve binding angle (right, LP). Together they form the heterolep�c cis-

Pd2LC
2LP

2 selec�vely. 

Of special interest would also be a heterolep�c cage with the closed DTE ligand c-LDTE. To our 

knowledge, a heterolep�c cage from a combina�on of an oversized ligand with nega�ve binding angle 

and a ligand with large posi�ve binding angle over 120° has not been reported yet but a combina�on 

with LP could be possible because the sum of two �mes the binding angle of c-LDTE (138°) and two �mes 

the binding angle of LP (60°) is 396°, which close to the sum of angles of a quadrilateral or more specific 

a rhombus. Mukherjee and coworkers first reported a heterolep�c triangular prism formed by 
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combina�on of a bis-monodentate ligand with a small binding angle with a ligand with a large binding 

angle.[27] Severin and coworkers also reported triangular prism, a rectangular cuboid and a triangular 

an�-prism.[28,29] Hence, these examples demonstrate that achieving such a geometry with c-LDTE may 

be possible and worth studying.  

3.3 Results and Discussion 

3.3.1 Combina on of o-LDTE with LC 

A heterolep�c cage with two �mes o-LDTE and two �mes LC could be formed, although not selec�vely 

as both homolep�c species could s�ll be detected. Figure 3.10 shows the 1H NMR spectrum with 

assignments. Further analyses including 2D NMR spectra, ESI mass and ion mobility spectra are shown 

in the experimental sec�on. As an explana�on for the observed low selec�vity could be that the shapes 

of o-LDTE and LC are not matching well enough. While o-LDTE can vary its binding angle, the varia�on also 

changes the distance between the two nitrogen atoms in the pyridine donor groups. A compromise 

has to be found between the op�mal binding angle and the op�mal NN distance. Much more 

flexibility is given in the homolep�c Pd3o-LDTE
6, where all ligands can greatly vary their binding angle. 

 

Figure 3.10. Par�al 1H NMR spectrum (600 MHz) of Pd2o-LDTE
2LC

2. Homolep�c species are marked with 

asterisks in green for Pd2LC
4 and grey for Pd3o-LDTE

6. 

 

Figure 3.11 shows a model of the proposed structure as a crystal structure could not be obtained. In 

the proposed structure of Pd2o-LDTE
2LC

2 the ligands are in cis posi�on because of simple geometric 

considera�ons, past experiences with these binding angles and because it was not possible to 

realis�cally model a tenta�ve trans-Pd2o-LDTE
2LC

2 isomer. The two different ligands seem to match 

perfectly; only a slight bend at the alkyne linkers of LC is observed. As can be seen in Figure 3.11, the 

thienyl groups are twisted in a way that the two -carbon atoms, that could undergo a bond forma�on 
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upon irradia�on, are far apart, as it was proposed for the Pd3o-LDTE
3 ring, and thus the behavior upon 

irradia�on is presumed to be the same. 

 

Figure 3.11. Geometry op�mized model (r2SCAN-3c) of cis-Pd2o-LDTE
2LC

2. Hydrogen atoms omi�ed and 

hexyl chains replaced by methyl groups for clarity. 

Indeed, upon irradia�on with 313 nm under the same condi�ons (10 min irradia�on with Hg lamp, see 

Chapter 5 for details) that leads to full conversion of only the ligand o-LDTE to c-LDTE, no change in the 

1H NMR spectrum could be observed except for the appearance of very minor signals of c-LDTE and a 

slight change of the solu�on’s color to light blue (Figure 3.29). 

3.3.2 Combina on of o-LDTE with LP 

Combining o-LDTE with LP and [Pd(CH3CN)4](BF4)2 resulted in a broad 1H NMR spectrum with no 

iden�fiable species, as shown in the experimental sec�on (Figure 3.31). Analysis with mass 

spectrometry reveals that the mixture contains Pd3 species with all possible ra�os of o-LDTE and LP, 

ranging from Pd3o-LDTE
6LP

0 to Pd3o-LDTE
0LP

6, see Figure 3.12. No Pd4 species could be detected. 
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Figure 3.12. ESI mass spectrum of Pd3o-LDTE
XLP

X-6. 

More than seven different Pd3 species are possible when combining  o-LDTE and LP, because three 

different stereoisomers of Pd3o-LDTE
4LP

2, Pd3o-LDTE
3LP

3 and Pd3o-LDTE
2LP

4 could exist each. Figure 3.13 

shows all 13 possible combina�ons schema�cally. 

 

Figure 3.13. Schema�cal representa�on of all 13 possible combina�ons of LDTE and LP as Pd3 rings. 

The ion mobili�es of the mixture were measured via TIMS and converted to TIMSCCSN2 which are shown 

in Figure 3.14. As expected, the CCS increases with increasing amount of the larger LP in the ring. For 

the homolep�c rings and for the rings containing five of the one and only one of the other ligand a 

clear Gauss-shaped signal is observed, which also matches the expecta�on that only one isomer of 

each of these ra�os is present. Interes�ngly, also Pd3o-LDTE
3LP

3 and Pd3o-LDTE
2LP

4 show Gauss-shaped 

signals without shoulders, even though up to three signals could be expected, see Figure 3.13. But for 

Pd3o-LDTE
4LP

2 an overlap of two signals is observed indica�ng that two isomers out of three possible are 

present.  
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Figure 3.14. Overlaid TIMS mobilograms of Pd3o-LDTE
XLP

X-6 (X ϵ {0,…,6}). Inverse mobili�es were 

normalized and converted into CCS values. All species shown have two BF4
 counter anions and thus 

an overall posi�ve charge of 4. 

While it remains unclear which of the isomer(s) of the Pd3o-LDTE
XLP

X-6 (X ϵ {2,…,4}) are present in the 

mixture, a possible explana�on could be that the species in which two o-LDTE bridge the same two Pd2+ 

centers and are thus on the same edge of the three-ring are thermodynamically favored. o-LDTE is both 

shorter and more flexible than LP, which should cause a shorter PdPd distance, when these are bridged 

by two o-LDTE ligands. This increases the probability of a BF4
 being between both Pd2+ centers due to 

electrosta�c interac�ons causing a templa�on effect. Both, for Pd3o-LDTE
3LP

3 and Pd3o-LDTE
2LP

4, only one 

isomer with o-LDTE on the same edge is possible (see Figure 3.13, second row, fourth and fi8h column). 

For Pd3o-LDTE
4LP

2, all three possible isomers feature edges bridged by two DTE-based ligands, but only 

two species could be detected by TIMS. Here, one isomer even has two pairs of o-LDTE bridging the 

same two Pd2+ centers (first row in Figure 3.13) which may be more likely to be one of the observed 

isomers. Theore�cal CCS calcula�ons (theoCCSN2) were conducted to further inves�gate which species 

are present in solu�on and to test the accuracy of the newly developed workflow as described in 

Chapter 2, however, only sugges�ons can be made in this case due to s�ll improvable accuracy of the 

theore�cal CCS calcula�on, see Sec�on 3.5.3.  

Just as for Pd2o-LDTE
2LC

2, the photoswitching behavior of Pd3o-LDTE
XLP

X-6 was tested. Irradia�on with UV 

light under the same condi�ons was conducted also leading to no significant change in the NMR, which 

again shows the similarity to the homolep�c Pd3o-LDTE
6 in terms of abolished photoswitching ability.  

3.3.3 Combina on of c-LDTE with LP 

With the aim to form a heterolep�c Pd6 or Pd8 species, c-LDTE was combined with LP and 

[Pd(CH3CN)4](BF4)2 in acetonitrile. The resul�ng 1H NMR spectrum is similar to that of the giant Pd24c-
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LDTE
48 sphere and shows mul�ple broad signals as well. The broadening is explained by diffusion effects, 

o8en leading to NMR signal broadening of such large species, and by the large amount of 

diastereomers of Pd24c-LDTE
48 due to c-LDTE being chiral but racemic.[21] The spectrum from the 

combina�on of ligands does, however, slightly differ in regards to shape, size and number of aroma�c 

signals as Figure 3.15 shows. Sharp signals matching those of homolep�c Pd3LP
6 are observed and also 

the three broad signals of Pd24c-LDTE
48 seem to appear in this spectrum, although they have slightly 

different shape. Interes�ngly, another broad signal around 8.25 ppm is observed and it is overlapping 

with the signal belonging to proton e of LP. Signals that match proton signals in the homolep�c Pd3LP
6 

but are broadened indicate that these protons belong to assemblies of which many different 

diastereomers exist as it would be expected for Pd6c-LDTE
6LP

6 or Pd8c-LDTE
8LP

8 (26 or 28 diastereomers, 

respec�vely).  

 

Figure 3.15. Aroma�c region of 1H NMR spectra of  homolep�c Pd24c-LDTE
48 and Pd3LP

6 as well as 

combina�on of c-LDTE, LP and Pd2+ with regular (cLDTE = cLP = 0.8 mM) and high (cLDTE = cLP = 1.91 mM) 

concentra�on. 

 

With mass spectrometry indeed the existence of a Pd6c-LDTE
6LP

6 next to a Pd3LP
6 species could be proven 

(Figure 3.35). Similar to Pd2o-LDTE
2LC

2 this heterolep�c species seems to be in a thermodynamic 

equilibrium with the two homolep�c variants: 

8 Pd3LP
6 + Pd24c-LDTE

48 ⇌ 8 Pd6c-LDTE
6LP

6 ⇌ 6 Pd8c-LDTE
8LP

8 



Chapter 3 

115 

 

As the equa�on shows, if the heterolep�c Pd6c-LDTE
6LP

6 species is formed, slightly fewer overall species 

are present (eight instead of nine equivalents), meaning that the le8 side is entropically favored in this 

regard. In the case of a hypothe�cal Pd8c-LDTE
8LP

8 only 6 equivalents would be present. The forma�on 

of heterolep�c species was tried again but with slightly higher concentra�ons (cLDTE = cLP = cPd = 

1.91 mM instead of 0.8 mM). This small increase in concentra�on had a significant influence as now 

sharp signals of Pd3LP
6 are not clearly visible in the 1H NMR spectrum anymore (Figure 3.15).  

As men�oned before, two topologies with the stoichiometry Pd6c-LDTE
6LP

6 have been reported before, 

which are a triangular prism and a triangular an�-prism. Each body has two different edges which leads 

to four different possible topologies for this heterolep�c assembly. However, due to the ligand’s binding 

angles it was only possible to model one prism and one an�-prism, which are both shown in Figure 

3.16. For the prism three c-LDTE each form the upper and lower triangle and six LP are at the sides. For 

the an�-prism it is vice versa. 

 

Figure 3.16. Geometry op�mized models (r2SCAN-3c) of two possible topologies of Pd6c-LDTE
6LP

6. Le8: 

prism, right an�-prism. Hydrogen atoms omi�ed for clarity. 

 

For an indica�on on the correct topology ion mobility spectra were tried to obtain which was 

unfortunately unsuccessful, likely due to fragmenta�on, which is a common problem for large 

metallosupramolecular complexes.[21] The theoCCSN2 of prism and an�-prism of mul�ple Pd6c-LDTE
6LP

6 

species were calculated anyway and surprisingly the outcome for both topologies are almost iden�cal 

even though the shape is quite different, see Table 3.4. Simple DFT energy calcula�ons (ωB97M-

D4/def2-TZVP) without counter anions and implicit solvent were performed on the op�mized models. 

The energy for the prism is by 136 kJ/mol lower, which can either be contributed to different distances 

between the twofold posi�vely charged Pd centers or strains of the ligands. In a control experiment in 
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which only the six Pd(pyridine)2+ units are considered the prism is favored by 130 kJ/mol showing that 

the Coulomb repulsion causes this high energy difference. It remains unclear to what degree this 

repulsion is dampened by  solvent and counter anions, s�ll, these results suggests that the prism forms 

more likely than the an�-prism. 

3.3.4 Switching behavior of complex mixtures containing DTE ligands 

A solu�on to the inability of Pd3o-LDTE
6 to photoswitch in comparison to the free ligand o-LDTE could be 

the use of less than 0.5 equivalent of palladium, which leads to a mixture of three-ring (and four-ring) 

and free ligand. The experiment was conducted using only 0.33 eq [Pd(CH3CN)4](BF4)2 and the 1H NMR 

spectrum of the expected mixture containing Pd3o-LDTE
6 and free o-LDTE can be seen in Figure 3.17. 

Irradia�on of the sample with UV light and subsequent hea�ng to reach thermodynamic equilibrium 

leads to the almost full conversion of free o-LDTE to free c-LDTE. Pd3o-LDTE
6 remains unchanged and 

interes�ngly, no indica�ons for the existence of Pd24c-LDTE
48 can be seen in the spectrum. While c-LDTE 

could also bind to the palladium and would therefore be compe��ve to o-LDTE, the smaller assembly 

Pd3o-LDTE
6 is entropically favored over the large sphere. A full switch of all bound or unbound o-LDTE to 

the closed form can therefore not be achieved using only short irradia�on �mes. 

 

Figure 3.17. Irradia�on experiment of mixture of Pd3o-LDTE
6 and free ligand o-LDTE (using 0.33 eq Pd). 

Each step: 5 min irradia�on at 313 nm, then 70 °C for 1 h. 
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The experiment was repeated for heterolep�c Pd2o-LDTE
2LC

2 star�ng from a mixture of 0.5 eq. o-LDTE, 

0.5 eq. LC and 0.33 eq. [Pd(CH3CN)4](BF4)2. The resul�ng 1H NMR spectrum (Figure 3.19) shows the 

signals of Pd2o-LDTE
2LC

2, free ligands o-LDTE and LC and minor signals of homolep�c Pd3o-LDTE
6 and Pd2LC

4. 

A8er irradia�on and subsequent hea�ng, the spectrum s�ll shows Pd2o-LDTE
2LC

2 but with a lower 

intensity. Also, the signals of free LC and o-LDTE and homolep�c Pd3o-LDTE
6 drop in intensity, while the 

signals for homolep�c Pd2LC
4 increase and signals belonging to c-LDTE appear. The irradia�on converts 

the free o-LDTE to c-LDTE which changes the overall ra�o of o-LDTE and LC in solu�on. Subsequent hea�ng 

(70 °C) leads to re-equilibra�on of the system including a shi8 from Pd2o-LDTE
2LC

2 to Pd2LC
4, release of 

free o-LDTE and decrease of free LC. c-LDTE remains non-compe��ve, just like in the previous experiment. 

The freed o-LDTE can be converted by irradia�on again and the hea�ng causes a further release of free 

o-LDTE. A8er several cycles only homolep�c Pd2LC
4 and free c-LDTE can be detected by 1H NMR, showing 

that in presence of another, compe��ve ligand, here LC, full conversion can be achieved. Interes�ng 

here is also the change in concentra�ons of Pd2LC
4 and free c-LC upon irradia�on even though LC is not 

a photoswitch. This shows the interconnec�on between the different substrates of this complex 

system. 

 

Figure 3.18. Irradia�on experiment of mixture of Pd2o-LDTE
2LC

2 and free ligands o-LDTE and LC. Each 

step: 5 min irradia�on at 313 nm, then 70 °C for 1 h. 
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The experiment done with the mixture of heterolep�c Pd3o-LDTE
XLP

X-6 rings and free ligands o-LDTE and 

LP provides similar outcome. Figure 3.19 shows the according 1H spectra. The observa�on is as 

expected: Each cycle of irradia�on and hea�ng leads to lower concentra�ons of heterolep�c rings and 

free o-LDTE and LP and higher concentra�ons of homolep�c Pd3LP
6 and free c-LDTE. A8er several cycles 

the signal intensity of o-LDTE is very low and further irradia�on does not lead to further no�ceable 

changes, even though heterolep�c species are s�ll detectable by NMR. In the mass spectrum only 

Pd3LP
6, Pd3o-LDTELP

6 and Pd3o-LDTE
2LP

6 appear as significant signals, see Figure 3.32. The Pd6 species could 

not be detected in the mass spectrum, probably because of the deficiency of palladium in solu�on only 

the smaller assemblies are formed. 

 

Figure 3.19. Irradia�on experiment of mixture of Pd3o-LDTE
XLP

X-6 (X ϵ {0,…,6}) and free ligands o-LDTE 

and LP. Each step: 5 min irradia�on at 313 nm, then 70 °C for 1 h. 

 

When combining o-LDTE, LC and LP together with the Pd salt (each 1 eq; the same donor group to Pd 

ra�o as in the previous experiments) the 1H NMR spectrum shows a mixture of heterolep�c Pd2o-

LDTE
2LC

2, Pd2LP
2LC

2 and free ligands  o-LDTE, LC and LP. The comparison with reference spectra is given in 

Figure 3.36. Further analysis with mass spectrometry shows the existence of Pd3o-LDTE
XLP

X-6 (X ϵ {0,…,6}) 

species, addi�onally, but not the theore�cal possible heterolep�c cage Pd2LC
2o-LDTELP. A8er several 

cycles of irradia�on and hea�ng the mixture only contained Pd2LP
2LC

2 and free c-LDTE, as expected and 



Chapter 3 

119 

shown in Figure 3.20. It is thus possible to switch between a mixture containing at least twelve species 

to a mixture containing only two species, making the complex system an example of simplexity.  

 

Figure 3.20. Irradia�on experiment of mixture of Pd2o-LDTE
2LC

2, Pd2LP
2LC

2, Pd3o-LDTE
XLP

X-6 (X ϵ {0,…,6}) 

and free ligands  o-LDTE, LC and LP. Each step: 5 min irradia�on at 313 nm, then 70 °C for 1 h. 

3.4 Conclusion and Outlook 

Several new heterolep�c coordina�on cages containing the photoswitchable DTE moiety were found 

and inves�gated. The Pd2o-LDTE
2LC

2 cage consists of two of the open DTE ligands o-LDTE as undersized 

ligands with posi�ve binding angle and two �mes the oversized carbazole ligand LC with nega�ve 

binding angle. In the cage, the ligands are in cis posi�on and the DTE backbones of the o-LDTE ligands 

are twisted in a way that the cyclisa�on reac�on cannot occur, even if it is excited by UV light, like it is 

the case in the homolep�c Pd3o-LDTE
6. A combina�on of o-LDTE with the phenanthrene ligand LP, which 

also has a posi�ve binding angle, leads to the forma�on of a complex mixture of Pd3 rings ranging from 

homolep�c Pd3o-LDTE
6LP

0 to homolep�c Pd3o-LDTE
0LP

6. Even though 13 possible Pd3 species are 

theore�cally possible, inves�ga�on with trapped ion mobility spectrometry (TIMS) shows that only 

eight species are present in solu�on. Which of the species form and what the driving force for these 

are could not be determined but assump�ons could be made. This mixture shows the same 

photoswitching behavior as Pd3o-LDTE
6 and Pd2o-LDTE

2LC
2. The closed DTE ligand, c-LDTE, forms a 
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heterolep�c cage with LP of the stoichiometry Pd6c-LDTE
6LP

6, although not selec�vely. Whether this cage 

is a prism or an an�-prism could not be determined experimentally but energy calcula�ons on DFT level 

suggest that the prism is formed due to less strain in the ligands.  

 

Figure 3.21. Ligands and heterolep�c cages inves�gated in this study. Orange: LP, green: LC, white: o-

LDTE, blue: c-LDTE, grey: Pd2+. Heterolep�c cages from top to bo�om: Pd2LP
2LC

2, Pd2o-LDTE
2LC

2, one 

possible isomer of Pd3o-LDTE
3LP

3 representa�vely shown for Pd3o-LDTE
XLP

X-6 (X ϵ {0,…,6}), prism-isomer 

of Pd6c-LDTE
6LP

6. 

 

The flexibility given by the DTE backbone opens innumerable structural possibili�es for molecular cages 

and other self-assemblies and only a few of them were inves�gated in this study. As an outlook, an 

interes�ng alterna�ve to LC would be a ligand with an even more nega�ve binding angle that would 

also form a heterolep�c cis-Pd2LA
2LB

2 cage with o-LDTE but in a way that the backbone of the la�er is 

twisted so that photoswitching could actually occur. The photoswitching behavior of this heterolep�c 

cage may then s�ll differ from the free ligand or the lantern shaped Pd2L4 cage, with L being the first 

genera�on DTE ligand of our group, because the DTE unit may not be in a for the bond forma�on ideal 

conforma�on which would slow down to photoswitching. 
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Because photoswitching of the heterolep�c cages with o-LDTE in this study would take an extended 

amount of irradia�on �me, the amount of Pd in solu�on is reduced. This way it is possible to switch 

between a complex mixture of (mul�ple) different cages and free ligands to only one type of cage and 

free closed DTE ligand c-LDTE. The full conversion is only possible if a compe��ve alterna�ve to o-LDTE is 

present, for example another ligand such as LC or LP. Because c-LDTE is non-compe��ve for entropy 

reasons, it is possible to switch between mixtures containing several species and mixtures containing 

only one type of cage and free c-LDTE. Figure 3.22 shows the systems that were inves�gated with 

irradia�on. 

 

Figure 3.22. Irradia�on experiments on complex systems. ν1 = 313 nm, ν2 = 617 nm. Upper le8: Pd2o-

LDTE
2LC

2 and free LC and o-LDTE convert to Pd2LC
4 and c-LDTE. Upper right: Pd3o-LDTE

XLP
X-6 (X ϵ {0,…,6}) and 

free LP and o-LDTE convert to Pd3LP
6 and c-LDTE. Bo�om: Mixture of Pd2LP

2LC
2, Pd2o-LDTE

2LC
2, Pd3o-

LDTE
XLP

X-6 (X ϵ {0,…,6}) and free LC, LP and o-LDTE convert to Pd2LP
2LC

2 and c-LDTE.  

The conversion rate of these kind of systems depends on mul�ple different factors and may be 

interes�ng to further inves�gate. The amount of palladium may have a great influence because a lower 

amount leads to more free o-LDTE in solu�on, a larger amount would not only slow down the conversion 

rate but even limit the overall possible conversion.  Another influence may be the kine�c stability of 
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the heterolep�c assemblies. In the conducted experiments the samples were heated to quickly reach 

the thermodynamic minimum and release o-LDTE but the heterolep�c cages may differ in their stability 

and thus in their rate to adjust to the changed ligand ra�os.  

Switching with enough palladium and thus without free ligands or other Lewis bases could also be done 

with these heterolep�c cages, which would, among others, make a conversion from the Pd3o-LDTE
XLP

X-6 

(X ϵ {0,…,6}) mixture to the Pd6c-LDTE
6LP

6 species possible; another form of simplexity. This would be 

especially interes�ng because the cavi�es and thus likely also the guest binding behavior of the two 

systems differ significantly.  

3.5 Experimental Sec on 

3.5.1 Forma on and analysis of Pd2LP
2LC

2 

Pd2LP
2LC

2 is characterized in Ref. [26] but the 1H NMR spectrum is only given in DMSO-d6. For 

completeness Pd2LP
2LC

2 is also formed in CD3CN here. 147 µL of each 3 mM ligand stock solu�on in 

CD3CN (1 eq, 0.44 µmol) was combined with 29.3 µL of a 15 mM [Pd(CH3CN)4](BF4)2 stock solu�on in 

CD3CN (1 eq, 0.44 µmol) and 227 µL pure CD3CN. The sample was then heated at 70 °C for 1 h. Figure 

3.23 shows the aroma�c region of the 1H NMR spectrum of Pd2LP
2LC

2 in CD3CN and the labeling system 

for the assignment. 

 

Figure 3.23. Aroma�c region of 1H NMR spectrum (400 MHz) of Pd2LP
2LC

2. 

1H NMR (400 MHz) of Pd2LP
2LC

2: δ [ppm] = 9.49 (s, 4H, aC), 9.13 (s, 4H, cP), 9.09 (d, J = 6.5 Hz, 8H, aP), 

9.07 (d, J = 5.9 Hz, 4H, bC), 8.45 (s, 4H, eC), 8.26 (d, J = 8.9 Hz, 4H, eP), 8.10 (d, J = 7.8 Hz, 4H, dC), 7.83 

(d, J = 6.8 Hz, 8H, bP), 7.77 (d, J = 8.4 Hz, 4H, dP), 7.71 (d, J = 8.6 Hz, 4H, fC), 7.67 (dd, J1 = 8.13 Hz, J2 = 

5.84 Hz, 4H, cC), 7.59 (d, J = 8.8 Hz, 4H, gC), 4.05 (s, 12H, fP). 
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3.5.2 Forma on and analysis of Pd2o-LDTE
2LC

2 

147 µL of each 3 mM ligand stock solu�on in CD3CN (1 eq, 0.44 µmol) was combined with 29.3 µL of a 

15 mM [Pd(CH3CN)4](BF4)2 stock solu�on in CD3CN (1 eq, 0.44 µmol) and 227 µL pure CD3CN. The full 

1H NMR spectrum is shown in Figure 3.24; its aroma�c region in Figure 3.25 and the corresponding 1H 

1H NOESY NMR spectrum in Figure 3.26. 

 

Figure 3.24. Full  1H NMR spectrum (600 MHz) of Pd2o-LDTE
2LC

2. 

 

Figure 3.25. Aroma�c region of 1H NMR spectrum of Pd2o-LDTE
2LC

2. 

1H NMR (600 MHz) of Pd2o-LDTE
2LC

2: δ [ppm] = 9.53 (s, 4H, aC), 8.99 (d, J = 5.2 Hz, 4H, bC), 8.94 (d, J = 

6.7 Hz, 8H, aDTE), 8.61 (s, 4H, eC), 8.04 (d, J = 8.0 Hz, 4H, dC), 7.49 – 7.23 (m, cC, fC, gC, bDTE), 7.32 (s, 4H, 

cDTE), 4.36 (t, J = 7.2 Hz, 4H, N-CH2-), 2.30 (s, 12H, dDTE), 1.80 (m, 8H, N-CH2-CH2-),  1.15-1.33 (m, 24H, -

CH2-),  0.77 (t, J = 7.2 Hz, 12H, -CH3). Not listed are the signals for homolep�c Pd2LC
4 and Pd3o-LDTE

6; they 

are marked with asterisks in the spectrum. 
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Figure 3.26. Par�al 1H 1H NOESY NMR (600 MHz) of Pd2o-LDTE

2LC
2. Nega�ve cross peaks are colored 

green. 

 
Figure 3.27. Mass spectrum of Pd2o-LDTE

2LC
2. 
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Figure 3.28. Overlaid TIMS mobilograms of Pd2o-LDTE

2LC
2. Inverse mobili�es were normalized and 

converted into CCS values. 

Table 3.1. Measured TIMSCCSN2 and calculated CCSN2, both from geometry op�mized structures (opt) 

and MD simula�ons (MD), and rela�ve devia�ons (Δ%) of Pd2o-LDTE
2LC

2. 

Species TIMSCCSN2 
[Å2] 

TheoCCSN2 
[Å2] (opt) 

opt, Δ% TheoCCSN2 
[Å2] (MD) 

MD, Δ% 

[Pd2o-LDTE
2LC

2]4+ 617 ± 6 647.414 +4.9% 630 ± 9 +2% ± 1% 
[Pd2o-LDTE

2LC
2+BF4]3+ 579 ± 4 619.554 +7.0% 605 ± 10 +4% ± 2% 

[Pd2o-LDTE
2LC

2+2BF4]2+ 539 ± 2 607.903 +12.7% 588 ± 10 +9% ± 2% 
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Figure 3.29. 1H NMR spectra (500 MHz top, 600 MHz middle, 500 MHz bo�om) of Pd2o-LDTE

2LC
2 before 

and a8er irradia�on for 10 min with UV light (313 nm) under the usual condi�ons and a spectrum of 

c-LDTE for reference. 

 

 

3.5.3 Forma on and analysis of Pd3o-LDTE
XLP

X-6 

147 µL of each 3 mM ligand stock solu�on in CD3CN (1 eq, 0.44 µmol) was combined with 29.3 µL of a 

15 mM [Pd(CH3CN)4](BF4)2 stock solu�on in CD3CN (1 eq, 0.44 µmol) and 227 µL pure CD3CN. 

 
Figure 3.30. Aroma�c region of 1H NMR spectrum (600 MHz) of Pd3o-LDTE

XLP
X-6.  
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For the TheoCCSN2 calcula�on the 4+ species (containing two BF4
–) of all possible forms of Pd3o-LDTE

XLP
X-6 

(X ϵ {0,…,6}) were modeled and op�mized with r2SCAN-3c. It was made sure that the ini�al 

conforma�on of o-LDTE was iden�cal in all models. The TheoCCSN2 values were calculated following the 

procedure explained in Chapter 2. The labeling system for the isomers of Pd3o-LDTE
XLP

X-6 (X ϵ {2,…,4}) is 

given in Figure 3.31. The experimental and theore�cal CCSN2 values and rela�ve devia�ons are given in 

Table 3.2.  

 
Figure 3.31. Labeling system for the isomers of Pd3o-LDTE

XLP
X-6 (X ϵ {2,…,4}). Example: B-Pd3o-LDTE

3 LP is 

the ring in the second row and middle column.  

Table 3.2. Experimental and theore�cal CCSN2 values and rela�ve devia�ons of the Pd3o-LDTE
XLP

X-6 (X ϵ 

{0,…,6}) species. For Pd3o-LDTE
4LP

2 only the major signal is considered here. 

Species TIMSCCSN2 [Å2] TheoCCSN2 [Å2] Δ% 

[Pd3o-LDTE
6+2BF4]4+ 737 ± 7 751.272 1.9% 

[Pd3o-LDTE
5LP+2BF4]4+ 757 ± 8 769.829 1.7% 

[A-Pd3o-LDTE
4LP

2+2BF4]4+ 780 ± 8 793.892 1.8% 

[B-Pd3o-LDTE
4LP

2+2BF4]4+ 780 ± 8 802.567 2.9% 

[C-Pd3o-LDTE
4LP

2+2BF4]4+ 780 ± 8 796.291 2.1% 

[A-Pd3o-LDTE
3LP

3+2BF4]4+ 796 ± 7 827.914 4.0% 

[B-Pd3o-LDTE
3LP

3+2BF4]4+ 796 ± 7 817.247 2.6% 

[C-Pd3o-LDTE
3LP

3+2BF4]4+ 796 ± 7 825.755 3.7% 

[A-Pd3o-LDTE
2LP

4+2BF4]4+ 814 ± 8 855.280 5.1% 

[B-Pd3o-LDTE
2LP

4+2BF4]4+ 814 ± 8 861.532 5.9% 

[C-Pd3o-LDTE
2LP

4+2BF4]4+ 814 ± 8 846.177 4.0% 

[Pd3o-LDTELP
5+2BF4]4+ 831 ± 7 887.328 6.8% 

[Pd3LP
6+2BF4]4+ 853 ± 7 917.564 7.5% 
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As can be seen in Table 3.2, the rela�ve devia�on to the experiment (Δ%) is increasing with increasing 

amount of LP in the system. LP is longer and less flexible and makes the shape of the ring further deviate 

from a perfect sphere causing this systema�c error. Because of this, the different isomers of Pd3o-

LDTE
XLP

X-6 (X ϵ {2,…,4}) cannot be judged by Δ% alone but by the coefficient of determina�on R2 of the 

linear fit of Δ%. Linear fits were thus carried out for all 27 possible combina�ons of isomers and the 

resul�ng R2 values are listed in Table 3.3. Three different combina�ons lead to very good fits, with R2 ϵ 

[0.95;0.96], but none of them matches the hypothesis postulated in Sec�on 3.3.2. o-LDTE is very flexible 

and with increasing amounts of o-LDTE in the system the number of possible conformers increases 

exponen�ally. More accurate TheoCCSN2 results may be obtained by MD simula�ons of according length 

instead of geometry op�miza�ons prior to CCS calcula�on.  

Table 3.3. Coefficient of determina�on R2 of the linear fits of Δ% from Pd3o-LDTE
XLP

X-6 (X ϵ {0,…,6}) using 

different combina�ons of isomers of Pd3o-LDTE
XLP

X-6 (X ϵ {2,…,4}). 

LDTE
4LP

2 LDTE
3LP

3 LDTE
2LP

4 R2 LDTE
4LP

2 LDTE
3LP

3 LDTE
2LP

4 R2 

A A A 0.910 B B C 0.849 

A A B 0.915 B C A 0.921 

A A C 0.877 B C B 0.927 

A B A 0.859 B C C 0.888 

A B B 0.868 C A A 0.955 

A B C 0.840 C A B 0.958 

A C A 0.905 C A C 0.909 

A C B 0.911 C B A 0.885 

A C C 0.876 C B B 0.891 

B A A 0.926 C B C 0.856 

B A B 0.931 C C A 0.947 

B A C 0.891 C C B 0.951 

B B A 0.870 C C C 0.905 

B B B 0.879     

 

 

 

Figure 3.32. Mass spectrum of the last state from the irradia�on experiment of the mixture of Pd3o-

LDTE
XLP

X-6 (X ϵ {0,…,6}) and free o-LDTE and LP. 
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3.5.4 Forma on and analysis of Pd6c-LDTE
6LP

6 

350 µL of each a 3 mM stock solu�on of o-LDTE in CD3CN (1 eq, 1.05 µmol) was transferred to a quartz 

NMR tube and irradiated using 313 nm for 10 minutes. 350 µL of a 3 mM stock solu�on of LP in CD3CN 

(1 eq, 1.05 µmol) and 70 µL of a 15 mM [Pd(CH3CN)4](BF4)2 stock solu�on in CD3CN (1 eq, 1.05 µmol) 

was added.  

 

Scheme 3.1. Labeling system for o-LDTE and LP. An asterisk indicates that the proton belongs to a 

homolep�c assembly. 

1H NMR (500 MHz, 298 K, CD3CN) of Pd6o-LDTE
6LP

6: δ [ppm] = 8.81-9.18 (br, aDTE, aDTE*, aP, cP, aP*, cP*), 

8.23-8.34 (br, eP, eP*), 7.55-7.93 (br, bDTE, bDTE*, bP, dP, bP*, dP*), 6.99-7.20 (br, cDTE, cDTE*), 4.02-4.14 (fP, 

fP*). Signals dDTE and dDTE* could not be detected as they are broad and overlapping with solvent signals. 

 

Figure 3.33. 1H NMR spectrum of Pd6c-LDTE
6LP

6. cLDTE = cLP = 0.8 mM. 
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Figure 3.34. 1H NMR spectrum of Pd6o-LDTE
6LP

6. cLDTE = cLP = 1.91 mM. 

 

Figure 3.35. ESI mass spectrum of a combina�on of c-LDTE, LP and [Pd(CH3CN)4](BF4)2 in acetonitrile 

cLDTE = cLP = 0.8 mM. 

 

Table 3.4. TheoCCSN2 of different Pd6LP
6c-LDTE

6 species. 

Species TheoCCSN2 (prism) [Å²] TheoCCSN2 (anti-prism) [Å²] 

[Pd6LP
6c-LDTE

6+4BF4]8+ 1516.31 1510.16 
[Pd6LP

6c-LDTE
6+5BF4]7+ 1500.40 1489.96 

[Pd6LP
6c-LDTE

6+6BF4]6+ 1478.24 1464.55 
[Pd6LP

6c-LDTE
6+7BF4]5+ 1469.38 1445.62 
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Figure 3.36. 1H NMR spectrum of the combina�on of  o-LDTE, LC, LP and [Pd(CH3CN)4](BF4)2 and 

according reference spectra. 
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4 A New Concept for Dissipa ve Guest Uptake based on 

Slow Double Cage Forma on 

4.1 Introduc on 

Mimicking nature to achieve its efficiency and beauty is one of the main goals of supramolecular 

chemistry, in par�cular the subfield of host-guest chemistry, as the idea of crea�ng a cavity for smaller 

molecules to bind is inspired by enzymes. Most of the many developed cage systems are inves�gated 

in the thermodynamic ground state, however, living systems like cells exist outside this equilibrium. 

The chemical and supramolecular reac�ons inside cells are highly interconnected, s�muli responsive, 

and periodic. Keeping this dissipa�ve state alive requires con�nuous supply of energy, usually chemical 

energy stored in molecules but also light. If this supply dries up, all reac�ons will slowly reach the 

thermodynamic ground state and lose their periodic and direc�onal proper�es and the cell dies.  

Of special interest are complex systems that exist in a dissipa�ve state because of the closeness to 

natural systems and they are a step towards the even more complex class of oscilla�ng reac�ons. Many 

such systems have been developed based on different compound classes, ranging from polymers and 

materials to drug-sized molecules.[1–4] Also, a few discrete cage systems with dissipa�ve proper�es have 

been reported. An o8en-used approach is the combina�on of coordina�on cages or assemblies with 

either trichloroace�c acid or tribromoace�c acid (TBA). These rela�vely strong acids have the unique 

property that the conjugated base slowly disassembles to carbon dioxide and to a trichlorocarbanion 

or tribromocarbanion, respec�vely. These carbanions are strong Brønsted bases and are quickly 

protonated to chloroform or tribromomethane, hence reversing the ini�al ac�on of the acid.  

 

Figure 4.1. Deprotona�on of TBA and subsequent decarboxyla�on and protona�on to 

tribromomethane. 

The group of Badjić used TBA to influence a system of three supramolecular building blocks A, B and C 

that can form different organic cages when combined with each other.[5] A is func�onalized with 

aldehyde groups, B with alipha�c amines and C with aroma�c amines. Because B is the stronger base 

than C, it is more likely to undergo dynamic imine bond forma�on with A to the cage AB but is also 

easier protonated when TBA is added. This leads to the temporary forma�on of cage A4C4, which is 

reversed by slow decarboxyla�on of tribromoacetate. Following the common nomenclature in systems 

chemistry, cage AB plus free building block C (AB + C) is the ground state, TBA is the fuel, A4C4 + B is the 

transient state and tribromomethane is the waste. The transient state can be kept if a constant supply 

of fuel is provided. 
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Figure 4.2. Dissipa�ve supramolecular fuel waste cycle of Badjić and coworkers.[5] The graphic was 

taken from the ar�cle, which is open access, and slightly modified. 

 

Many more applica�ons of these kind of acids to create dissipa�ve systems have been reported.[6]  

Hartley et al. uses a ring closing reac�on to temporarily transform tetraethylene and pentaethylene 

glycol diace�c acids to hydroly�cally unstable anhydrides. The so formed crown ethers as transient 

species can encapsulate alkali ions, which are then released again by the slow back reac�on of the 

anhydrides with water.[7,8]  

Nitschke et al. uses PPh3 as strong binding ligand to temporarily disassemble a Cu(I) templated 

pseudorotaxane. Slow oxida�on of PPh3 by a catalyst and a pyridine-N-oxide as terminal oxidant leads 

to the reforma�on of the pseudorotaxane. While PPh3 serves as fuel that keeps the transient state, 

which is the absence of the pseudorotaxane, alive, pyridine-N-oxide could be labeled as nega�ve fuel 

that slowly breaks down the transient state.  

Our group recently reported a waste free light fueled system in which the cage in the transient state 

can encapsulate a guest but the mixture of ring and cage in the ground state is not. The underlying 

ligand has a photoswitch (diazocine)[9] as backbone which significantly alters the shape of the ligand 

upon photoswitching. In the ground state the ligand cis-L self-assembles with Pd2+ to a mixture of 

Pd2cis-L4, Pd3cis-L6 and larger oligomers. Irradia�on with UV light switches the ligand to the trans form, 

which then forms the Pd2trans-L4 selec�vely. Irradia�on with green light or simply leRng the system 

stand at room temperature slowly reverses the process meaning that con�nuous irradia�on with UV 

light is required to keep the transient state up. Interes�ng here is that the transient cage can bind a 

guest anion (2,6-naphthalene bissulfonate) meaning that the system can “do” something and is ac�ve 

in the dissipa�ve state, which is not the case in the ground state.  
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Figure 4.3. Schema�c example of light fueled waste free dissipa�ve guest binding.[10] The graphic was 

taken from the ar�cle, which is open access, and slightly modified. 

4.2 Mo va on 

Transient species are found in almost every field of chemistry but of special interest are those, which 

1) are detectable and exist in a humanly tangible �mespan of seconds to days 2) differ from the ground 

state not only structurally or electronically but also in their interac�on with other compounds X. This 

interac�on should be orthogonal to the forma�on and decay of the transient species T as shown in 

Figure 4.4 and thus not be influenced by either the fuel or waste but only by the presence of T. This 

interac�on or reac�on with X must be reversible, otherwise it prevents the decay of T. Here, A can be 

the ground state that is transformed to T by a fuel, which is not shown here. T then slowly converts to 

B, which would then together with what the fuel converted to be the waste. Alterna�vely, B could be 

equal to A; in this case the transient state slowly returns to the ground state and the waste only consists 

of reacted fuel. A could also react to T without any addi�onal fuel, in which case A may even be 

considered as fuel itself. 

 

Figure 4.4. General scheme for a dissipa�ve system with an ac�ve transient species T. 

When trying to develop such a complex system with coordina�on cages an obvious func�on of T would 

be the ability to bind a guest as it is the case in the recently reported work of our group.[10] In this case, 

X would be the free guest, Z the host-guest complex and T the empty host. 

Interpenetrated double cages as a subfield of supramolecular coordina�on cages may be a suitable 

pla�orm as explained in the following. As men�oned in the main introduc�on of this work, double 

cages consist of two catenated lantern shaped, monomeric Pd2L4 cages (with L being a banana shaped 
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bis-monodentate ligand with for example pyridine donor groups) resul�ng in one large structure with 

three small cavi�es. This forma�on is o8en templated by small anions like halogens,[11] nitrates[12] or 

tetrafluoroborates.[13]  Therefore, even though the Pd4L8 double cage is larger than its subcomponent 

Pd2L4, it has smaller cavi�es and thus may not be able to bind large guests that would fit into the 

monomeric cage. This phenomenon has been thoroughly inves�gated by the group of Kuroda et al., 

who showed not only the size limit for the anionic guest in their double cage but also that the 

equilibrium between monomeric and double cage can be shi8ed to the former by adding a large excess 

of guest that fits the monomeric cage but is too large for the cavi�es in the double cage.[14]  

Kuroda also first showed that while the double cage, without the larger guest, is thermodynamically 

favored, the monomeric cage forms faster.[12] The Pd2L4 assembly only consists of six building blocks 

and the double cage being a 3X@Pd4L8 assembly consists of 15 building blocks. Thus, the 

supramolecular self-assembly to the monomeric cage happens faster. It is furthermore obvious that it 

is an intermediate step in the self-assembly of the double cage. Transforma�on from monomeric to 

double cage is ini�ated by random encapsula�on of a free banana-shaped ligand L by the monomeric 

cage as our own, s�ll unpublished data suggests (ion mobility MS based study of former postdoc Dr. 

Ananya Baksi). The binding affinity of the uncharged L to the monomeric cage is likely rather low, which, 

in addi�on to the low concentra�on of free L, causes this slow double cage forma�on process. The 

group of Hiraoka inves�gated the kine�c mechanism of the forma�on of the double cage reported by 

Kuroda.[15] 

It should therefore be possible to temporarily encapsulate a large guest inside a quickly forming 

monomeric Pd2L4 cage which slowly self-assembles to an interpenetrated double cage with is unable 

to bind the guest in its small cavi�es. Using the nomenclature defined in Figure 4.4, the ground state A 

would then be the free guest. The fuels added are the ligand L and the Pd2+ ca�ons, which form a 

monomeric cage as transient species T, which can dynamically form a host-guest complex Z with the 

guest X. The slowly formed double cage is the waste and cons�tutes together with the now not 

anymore encapsulated guest state B. 

Even though Kuroda at al. already conducted in-depth research in this area,[14] tes�ng this established 

hypothesis will be of great value for the field of systems chemistry as it provides a new, and s�ll rare 

way of dissipa�ve guest binding. 
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4.3 Results and Discussion 

4.3.1 Double cage forma on and characteriza on 

The already in Chapter 2 and 3 inves�gated bis-monodentate ligand Lhex (or LC) with a carbazole 

backbone, hexyl chain, pyridinyl donor groups and alkynyl spacers forms with [Pd(CH3CN)4](BF4)2 a 

monomeric cage Pd2Lhex
4. When either chloride or bromide, for example as TBA salt, is added, a mixture 

of monomeric and  3X@Pd4Lhex
8 (X being either Cl or Br) double cage is formed. The more halide is 

added, the more the equilibrium shi8s towards double cage, however, at some point rings and 

catenanes {trans-[(PdX2)2Lhex
2]}n (n ϵ {1,…,3}), which precipitate leaving free ligand in solu�on, form 

because the halides compete with the pyridinyl groups for the palladium.[11]  

 

Figure 4.5. Schema�c overview of monomeric cage forma�on and subsequent halide triggered 

forma�on of higher aggregates. 

We found that nitrate behaves similar to the halides. When 0.5 eq. Pd(NO3)2 is added to a solu�on of 

Lhex in CD3CN, the directly measured 1H NMR mainly shows a set of signals very similar to that of Pd2Lhex
4 

with BF4
 counter anions, indica�ng that the monomeric cage is formed. But also detectable are minor 

signals matching free Lhex and also strongly upfield and downfield shi8ed signals similar to the halide 

templated double cages. Addi�onally, precipitate was no�ced, indica�ng that rings and maybe 

catenanes with nitrate binding to Pd form. The sample was briefly heated resul�ng in an intensity 

increase of signals assigned to double cage and free ligands and decrease of signals assigned to 

monomeric cage. The amount of precipitate also increased. These observa�ons suggest that first the 

monomeric cage Pd2Lhex
4 with nitrate counter anions forms which then slowly transforms to the double 

cage 3(NO3)@Pd4Lhex
8 and the insoluble rings and catenanes as indicated by the precipitate and the 1H 

signals of the free ligand. To check whether the NO3
 molecules fit inside the rather small cavi�es of 

this double cage, a model was drawn and op�mized using r2SCAN-3c, see Figure 4.44. Compared to the 

model from Ref. 11 the symmetry is broken in a way that the Pd(pyridine)4 units are shi8ed so that the 

four palladium atoms are not on the same axis and the NO3
– anions are �lted so that the free electron 

pairs of the oxygen atoms point towards the palladium centers. The model suggests that a 

3(NO3)@Pd4Lhex
8 could indeed exist, although the same double cage but with either chloride or 

bromide in the pockets would likely be thermodynamically more favorable. An according ESI mass 
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spectrum proving the existence of the double cage with only nitrate anions was obtained, see Figure 

4.19.  

 

Figure 4.6. Excerpt of 1H NMR (500 MHz bo�om, 600 MHz top) of bo�om: quickly formed Pd2Lhex
4 

(orange) from combina�on of Lhex and 0.5 eq. Pd(NO3)2 and minor signals assigned to 3(NO3)@Pd4Lhex
8 

(green) and free Lhex (purple); top: same solu�on a8er hea�ng for 1 h at 70 °C now showing mainly 

double cage and free ligand. 

 

Lhex and its metallosupramolecular assemblies show limited solubility in acetonitrile making studies 

with varying concentra�ons and host guest experiments difficult. Therefore, LEG4 with a tetraethylene 

glycolyl chain instead of a hexyl chain was synthesized, see Figure 4.7. LEG4 is well soluble in almost any 

solvent and allows working at high concentra�ons. Concentra�on dependency is a highly relevant 

factor for both kine�cs and thermodynamics of self-assembly, especially for larger systems like 

3(NO3)@Pd4LEG4
8, which consists of 15 reversibly bound building blocks. Therefore, the fast monomeric 

cage and the subsequent slow double cage forma�on was monitored with 1H NMR spectroscopy at 

room temperature for 24 h for different overall LEG4 concentra�ons, cL, namely 0.8, 1.6, 3.2 and 6.4 mM. 

To reach the thermodynamic minimum, the samples were heated at 70 °C for 24 h a8erwards. The �me 

dependent 1H NMR spectra and the final spectrum showing the equilibrated state for each ligand 

concentra�on are shown in Figure 4.24 to Figure 4.27.  
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Figure 4.7. Organic bis-monodentate ligand LEG4 and mono- or disulfonated guests G1 and G2. 

In general, it was observed that the Pd2LEG4
4 signals first increase, then decrease. The signals belonging 

to 3(NO3)@Pd4LEG4
8 increase delayed as expected, but then either plateau, only slowly increase further 

or even decrease. Interes�ngly, in the spectrum of each sample a8er hea�ng all monomeric and double 

cage signals disappeared and a new set of signals is observed. The new signals are par�ally broad, 

overlapping and of varying intensity but very similar for all concentra�ons. Of the sample with 

cL = 3.2 mM a 1H DOSY NMR spectrum and a mass spectrum was measured, which are shown in Figure 

4.22 and Figure 4.23. The 1H DOSY NMR spectrum is rather inconclusive due to overlapping of signals 

of different species. The solu�on likely contains a mixture of PdxLEG4
y(NO3)z oligomers with different 

size. In the mass spectrum no monomeric or double cage could be detected; instead, the spectrum 

shows species with about 5000 to 6500 u. For comparison for the double cage species 

[3(NO3)@Pd4LEG4
8]5+ a mass of around 5089 u was measured, see Figure 4.19. As NO3

 can also bind to 

Pd, it is assumed that these higher aggregates are either catenanes similar to those reported in Ref. 11 

or polymers in which LEG4 ligands are connected via Pd(NO3)2 complexes. Both would cause a release of 

free LEG4, for which the 1H NMR signal at 7.2 ppm could be an indica�on. Apparently both the 

monomeric and the double cage are only kine�c products and the actual thermodynamic products are 

the not further inves�gated higher aggregates. 

The concentra�ons of monomeric and double cage were obtained by comparing the integrals of 1H 

NMR signals of the according species with an internal standard and are shown in Figure 4.8. In general, 

it was observed for all samples that the measured concentra�ons of Pd2LEG4
4 and 3(NO3)@Pd4LEG4

8 are 

much lower than theore�cally possible. For example, with cL = 3.2 mM the theore�cally possible 

Pd2LEG4
4 concentra�on is 800 µM and the one for 3(NO3)@Pd4LEG4

8 is 400 µM, but the observed 

concentra�ons are much lower, see Figure 4.8. This is because the systems are monitored while being 

out of chemical equilibrium and many different subspecies are present simultaneously, but in too low 

concentra�ons or as oligomeric mixtures, and thus not detectable by NMR. 
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Figure 4.8. Monomeric and double cage concentra�on over �me a8er the addi�on of the according 

amount of Pd(NO3)2 to LEG4 solu�ons with varying concentra�ons. 

 

It was observed for all samples that the signals belonging to the monomeric cage first quickly increase 

and then slowly decrease. The maximum of cM (monomeric cage Pd2LEG4
4 concentra�on) is reached 

within the first hour for all concentra�ons but faster for the higher concentra�ons. The maximal cM 

concentra�on cM,max is only slightly dependent on the overall LEG4 concentra�on cL: cL = 0.8 mM ⇒ cM,max 

= 46 µM; cL = 1.6 mM ⇒ cM,max = 71 µM; cL = 3.2 mM ⇒ cM,max = 88 µM; cL = 6.4 mM ⇒ cM,max = 60 µM. 

Lower cL obviously leads to lower cM, however, very high cL lead to a faster forma�on of higher 

aggregates like the double cage and therefore also causes lower cM. Of these four inves�gated 

concentra�ons cL = 3.2 mM leads to the highest cM,max.  The deple�on of monomeric cage is different 

for each cL. While the half-life �me (the �me at which cM = cM,max/2 is reached) is reached a8er 13 h for 

the lower three concentra�ons and only with cL = 6.4 mM it is reached a8er about 1.5 h. The remaining 

cM rela�ve to cM,max a8er 24 h differs for all concentra�ons: cL = 0.8 mM ⇒ 33 %; cL = 1.6 mM ⇒ 25 %; 

cL = 3.2 mM ⇒ 16 %; cL = 6.4 mM ⇒ 0 %. At higher concentra�ons the probability to form assemblies 

with more building blocks is increased. The double cage signals also raise fast at first but then either 

reach a plateau for cL = 0.8 mM and cL = 1.6 mM or increase slowly for the next 23 h and then reach a 

plateau for cL = 3.2 mM or in the case of cL = 6.4 mM even quickly decrease. For cL = 6.4 mM signal 
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integra�on a8er 12 h was not possible because here already higher aggregates start to form at room 

temperature. Using low ligand concentra�on leads to a prolonga�on of the transient state, and a high 

concentra�on leads to a shor�ng of the same, which may both be unwanted. 

Using the ligand concentra�on of 3.2 mM the experiment was also conducted at a higher temperature 

of 55 °C. Concentra�ons are plo�ed in Figure 4.9 and 1H NMR spectra are shown in Figure 4.28. The 

ini�al Pd2LEG4
4 concentra�on is much higher as compared to at room temperature reaching 222 µM. 

This is because the self-assembly is accelerated by the higher temperature. However, the monomeric 

cage concentra�on drops quickly again and reaches 25 µM a8er one hour, which is only 11.2 % of the 

highest measured concentra�on. The 3(NO3)@Pd4LEG4
8 concentra�on increases fast at first at first, then 

slower but s�ll faster and reaches higher concentra�ons than at room temperature. This shows that 

the higher the temperature the shorter the life�me of the transient state. 

 

Figure 4.9. Monomeric and double cage concentra�on over �me a8er the addi�on of the according 

amount of Pd(NO3)2 to a 3.2 mM LEG4 solu�on at 55 °C. 

4.3.2 Guest binding studies 

For the aim of achieving dissipa�ve guest binding, a guest molecule that binds inside Pd2LEG4
4 but not 

the according double cage and does not interact with the higher aggregates is required. Alipha�c and 

aroma�c sulfonate anions have proven to be suitable guests for these kind of coordina�on cages as 

they are nega�vely charged and non-coordina�ve and thus do not compete with the pyridine donor 

groups. This study focusses on 4-fluorobenzenesulfonate, here labeled as G1, which is only 

monosulfonated and contains a fluorine atom, which allows tracking via 19F NMR spectroscopy. 

Benzene-1,4-disulfonate (G2), which is twofold nega�vely charged and should therefore bind stronger 

to the cage, was also inves�gated for comparison. Skeletal formulae of both guests are shown in Figure 

4.7. 
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1H NMR �tra�on experiments were conducted to determine the binding affini�es of each guest to the 

Pd2LEG4
4 monomeric cage with BF4

 counter anions. The �tra�on experiment regarding G1 is shown in 

Figure 4.29. The 1H NMR signal of proton a experiences a downfield shi8 upon guest addi�on. Likely 

the sulfonate group of G1 is close to the Pd complex inducing a slight decrease in electron density in 

that area. The downfield shi8ing of the signal assigned to proton b could either also be explained by 

this or could indicate outside binding, alterna�vely. The signal of proton e shi8s upfield, indica�ng a 

close contact with G1 as well. he 1H NMR signals of G1 at lower equivalents are broadened and strongly 

downfield shi8ed as compared to the ones of free G1 indica�ng that a high percentage of G1 in solu�on 

is bound to the cage. Upon further addi�on of G1 the signals become sharper and are more upfield, 

geRng closer to their ini�al posi�ons. With higher amount of guest more and more guest is not bound 

to the cage. No precipita�on during the �tra�on was observed owing to the good solubility of LEG4.  To 

find out whether G1 can also bind outside the cage the interac�on of G1 with the double cage 

3(NO3)@Pd4LEG4
8 was inves�gated, see Figure 4.32. Here, the addi�on of G1 only caused a shi8 of the 

signal of outside poin�ng proton b, indica�ng that G1 can also bind outside. As G1 binds in fast 

exchange to Pd2LEG4
4 and 1:2 guest binding can be considered, Bindfit was used to determine the 

binding constants of KG1
11 = 9594 L · mol-1 (4.1 % error) and KG1

12 = 889 L · mol-1 (1.3 % error).[16]  

The mass spectrum measured from the sample a8er addi�on of six eq. G1 shows signals of both 

[Pd2LEG4
4+G1]3+ and [Pd2LEG4

4+2G1]2+, see Figure 4.31. The results of an NMR based job plot experiment, 

see Figure 4.36, indicate a 1:1 binding, but, if the second guest binds rather weakly, as the NMR �tra�on 

suggests, the effect of it may not influence the job plot. From theore�cal inves�ga�ons it can be 

assumed that if a second guest binds the monomeric cage, it will likely bind outside, see Sec�on 4.6 for 

further discussion. 

G2 binds Pd2LEG4
4 in slow exchange as expected.[17] The high binding constant is explained by G2 being 

twofold nega�vely charged and the sulfonate groups are in para posi�on to each other and thus close 

to the Pd2+ centers. A8er a few steps of �tra�ng G2 to Pd2LEG4
4 precipita�on is observed. The stacked 

1H NMR spectra are shown in Figure 4.33.  

4.3.3 Dissipa ve Guest Binding 

 

To test whether dissipa�ve guest binding is possible in the temporarily formed monomeric cage Pd2LEG4
4 

G1 was chosen because it is fluorinated which makes it possible to trace the experiment by 19F NMR 

spectroscopy. Both LEG4 and Pd2+ are considered as fuel in system, however, for prac�cal reasons LEG4 

was provided in excess. 1H and 19F NMR spectra of a CD3CN solu�on (0.55 mL) containing G1 (1 eq., 

0.8 mM), excess LEG4 (12 eq., 9.6 mM) and 1,3,5-trimethoxybenzene (2 eq., 1.6 mM) as reference 

standard were measured. The 1H NMR spectrum shows sharp signals of G1, as expected. The 19F NMR 
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spectrum shows one sharp signal at –115.5 ppm. 58.7 µL of a 15 mM Pd(NO3)2 stock solu�on in CD3CN 

(2 eq.) was added and the 1H and 19F NMR spectra were directly recorded. The system was monitored 

by measuring further 1H and 19F NMR spectra a8er 1, 3, 7 and 24 hours. The addi�on of Pd(NO3)2 and 

subsequent monitoring was repeated two �mes. The chemical shi8 of the 19F NMR signal of G1 is 

plo�ed against �me in Figure 4.10. The concentra�ons of LEG4, Pd2LEG4
4 and 3NO3@Pd4LEG4

8 over �me 

are shown in Figure 4.11. The according NMR spectra are shown in Figure 4.37 and Figure 4.38.  

 

Figure 4.10. Chemical shi8 of the 19F NMR signal of G1 over �me. 

 

A8er the ini�al addi�on, the 19F NMR spectrum exhibits broadening and a downfield shi8 to 

approximately –114.6 ppm, sugges�ng a significant propor�on of G1 is bound in HG complexes. It is 

important to note that immediately following the addi�on of Pd(NO3)2, numerous intermediate 

subspecies like Pd2LEG4
2 that could poten�ally bind G1 exist, albeit undetectable by NMR spectroscopy. 

However, an hour later, a sharper signal at –115.0 ppm, which is a bit more upfield shi8ed (but s�ll 

significantly different than the signal of the free guest), is observed, indica�ng consolida�on of the 

host-guest species with Pd2LEG4
4. The from the 1H spectrum obtained concentra�on of Pd2LEG4

4 is 43 µM, 

which is much lower and decreases faster than observed in the experiment without G1 and without 

excess of LEG4, see Figure 4.8. The according concentra�on of 3NO3@Pd4LEG4
8 is right a8er Pd(NO3)2 

addi�on at 42 µM and reaches its preliminary maximum of 85 µM a8er three hours, which is 

significantly higher than observed in the previous experiment. Another difference is that here the 

concentra�on decreases quickly again. In this experiment the excess of LEG4 accelerates the forma�on 

of higher aggregates, which explains the aforemen�oned observa�ons. 

The 19F NMR signal was measured at –115.3 ppm a8er 24 h, which is close to its ini�al posi�on of –

115.5 ppm showing that most G1 molecules are unbound again. In the 1H NMR spectrum a8er 24 h 

almost no signs of Pd2LEG4
4 and 3NO3@Pd4LEG4

8 are detectable; the spectrum only shows the signals 

belonging to free LEG4 and G1 and the signals of the la�er are close to their ini�al posi�ons but s�ll 
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broadened. It is assumed that higher oligomers form but remain colloidal. As can be seen in Figure 

4.10, a8er the addi�on of Pd(NO3)2 the concentra�on of free LEG4 immediately drops but then slightly 

increases again over the next 24 h, which supports this hypothesis. 

 

Figure 4.11. Concentra�on of free ligand LEG4, monomeric cage Pd2LEG4
4 and double cage 

3NO3@Pd4LEG4
8 over �me. LEG4 was provided in excess and 2 guest eq. Pd(NO3)2 was added every 24 h. 

 

To test whether the transient state could be renewed by further providing fuel to the system the same 

amount of Pd(NO3)2 (2 eq.) was added two more �mes and a8er each �me the system was monitored 

for 24 h. Each �me the system was fueled the 19F signal of the guest broadened and shi8ed downfield 

and then slowly sharpened and shi8ed back upfield again. The most downfield shi8ed 19F signal was 

observed in the second cycle right a8er Pd(NO3)2 addi�on, which could be caused by measurement 

inaccuracies as the system changes quickly within the first seconds. In general, the 19F signal is with 

each cycle more downfield shi8ed as more free LEG4 is consumed and the solu�on is diluted and 

therefore the forma�on of higher aggregates is slowed down and more monomeric cage remains 

longer in solu�on. This can also be seen in Figure 4.11, which shows that both the Pd2LEG4
4 and 

3NO3@Pd4LEG4
8 concentra�on is higher and decreases slower in each cycle.  

For comparison the same experiment was repeated with the stronger binding G2. The according 1H 

NMR spectra are shown in Figure 4.39. Interes�ngly, a8er the first addi�on of Pd(NO3)2 a large amount 

of precipitate, which is likely G2@Pd2LEG4
4 was no�ced. The 1H NMR spectrum shows only minor signs 

of the presence of G2@Pd2LEG4
4 and 3NO3@Pd4LEG4

8 in solu�on and no signals belonging to empty 

Pd2LEG4
4. A8er 24 h no free G2 could be detected. Further cycles of adding Pd(NO3)2 led to the 

observa�on of 3NO3@Pd4LEG4
8 in a similar amount as compared to the previous experiment with G1, 

see Figure 4.12, and even empty Pd2LEG4
4 could be detected in the second and third cycle. The free 

binding enthalpy together with the laRce energy of [G2@Pd2LEG4
4](NO3)2 must be so high that it is 

thermodynamically favored over the double cage and over the PdnLEG4
n(NO3)2n species. This shows 
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another boundary of this method for dissipa�ve guest binding: If the guest binds too strongly, 

aggrega�on to larger, interlocked assemblies is inhibited.   

 

Figure 4.12. 3(NO3)@Pd4LEG4
8 concentra�on in the dissipa�ve system using either G1 or G2. 

 

Next, it was tested whether the transient state could be held up by constant supply of fuel. For this LEG4 

was again provided in excess but this �me a8er the first addi�on of 2 eq. Pd(NO3)2 every 15 minutes 

0.24 eq. of it was further added. An NMR spectrum was recorded directly a8er addi�on and a8er seven 

minutes. The experiment was conducted twice to record both the 1H and the 19F NMR spectrum. The 

according NMR spectra are shown in Figure 4.40 and Figure 4.41, the concentra�ons of free LEG4, 

Pd2LEG4
4 and 3NO3@Pd4LEG4

8 are plo�ed over �me in Figure 4.13 and Figure 4.14 shows the chemical 

shi8 of the 19F NMR signal of G1. A8er the first addi�on of the fuel Pd2LEG4
4 increases to 100 µM and 

would then slowly decrease again over �me but the regular addi�on of Pd(NO3)2 leads to new 

monomeric cage forma�on and it was possible to keep the Pd2LEG4
4 concentra�on nearly constant for 

two hours.  
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Figure 4.13. Upholding of the transient state by frequent addi�on of small amounts of Pd(NO3)2. 

Shown are the concentra�ons of free ligand LEG4, monomeric cage Pd2LEG4
4 and dimeric cage 

3NO3@Pd4LEG4
8 over �me.  

 

The amount of 3NO3@Pd4LEG4
8 increases quickly at first, similar to Pd2LEG4

4, and then slowly further 

accumulates and reaches about 250 µM a8er 2 h. The 19F NMR signal of G1 behaves as expected. A8er 

addi�on of the first 2 eq. Pd(NO3)2 a downfield shi8 to –114.45 ppm and signal broadening is observed. 

The signal shi8s back to about –114.81 ppm within the first 30 min and could be held constant from 

there on showing that the transient state can be kept up by constant fuel supply. The system was le8 

at room temperature for 22 h causing the Pd2LEG4
4 concentra�on to drop to 33 µM and that of 

3NO3@Pd4LEG4
8 to 203 µM. The 19F NMR signal shi8ed back to –115.03 ppm. Subsequently, the sample 

was heated at 70 °C for another 24 h to reach thermal equilibrium. A8erwards, only traces of the 

monomeric and double cage were detectable and the 19F NMR signal was detected at –115.24 ppm 

showing nearly complete relaxa�on to the ground state of the system. Interes�ngly, no signs of the 

oligomers are observed which may be due to the s�ll large excess of free LEG4. 
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Figure 4.14. Upholding of the transient state by frequent addi�on of small amounts of Pd(NO3)2. 

Shown is the chemical shi8 of the 19F NMR signal of G1.  

 

Whether the system can fully relax back to its ground state meaning that the guest does not interact 

with any other species as it is the case before the addi�on of fuel, the experiment was repeated with 

a stochiometric amount of LEG4. Now the observed ini�al Pd2LEG4
4 concentra�on is much higher, up to 

275 µM, than compared to the experiments where LEG4 is used in excess, because here less donor 

groups compete for the Pd2+. A8er 24 h the monomeric cage concentra�on has decreased to 

approximately 14 % of the highest measured concentra�on but s�ll at 38 µM.  At first the 19F NMR 

signal jumped from its ini�al posi�on at –115.50 ppm to –113.97 ppm and then slowly shi8ed upfield 

again. A8er 24 h it is found at –114.85 ppm and the signal got sharper again, see Figure 4.43. With the 

aim to fully relax the system so that the guest shows no more interac�on with any other species the 

sample was heated for 24 h at 70 °C. However, while no more monomeric or double cage was observed 

and the familiar pa�ern of 1H NMR signals assigned to the oligomers appeared the 19F NMR signal of 

G1 was at –115.05 ppm, s�ll 0.45 ppm away from the ini�al posi�on. This shows that the guest weakly 

interacts with the waste, which are the oligomers.  
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Figure 4.15. Concentra�on of Pd2LEG4
4 and 3NO3@Pd4LEG4

8 (le8) and chemical shi8 of the 19F NMR 

signal of G1 when only 4 eq. LEG4 and 2 eq. Pd(NO3)2 is added to 1 eq. G1 (cG1 = 0.8 mM). For the last 

24 h the sample was heated at 70 °C. 

4.4 Conclusion and Outlook 

The arc shaped bis-monodentate ligand LEG4 self-assembles upon addi�on of Pd(NO3)2 quickly to a 

Pd2LEG4
4 monomeric cage with a large cavity. This cage can take up a suitable guest, such as a sulfonated 

aroma�c anion. But the monomeric cage slowly dimerizes to a quadruply catenated double cage with 

three smaller pockets, in which the guest cannot bind. The double cage even further converts to a so 

far unknown assembly, likely colloidal oligomers. The system can therefore be labeled as dissipa�ve 

with the host guest complex G1@Pd2LEG4
4 being the transient species and LEG4 and Pd2+ being the 

posi�ve fuel meaning that they keep up the transient state. NO3
– can be labeled as nega�ve fuel as it 

templates the double cage forma�on or probably par�ally binds the palladium covalently in the 

unknown assembly and therefore contributes to the diminishing of the transient state. The double cage 

and the unknown assembly are the waste that slowly accumulate in the system. Figure 4.16 shows this 

new concept schema�cally. 

It was shown that the fuel could either be provided in large batches, so that each batch of fuel causes 

first a high amount of guest to be bound and then a slow release of the guest over �me or fuel could 

be added constantly to keep the amount of bound guest constant.  
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Figure 4.16. Concluding simplified scheme of the here inves�gated dissipa�ve host-guest binding 

system. 

The parameters and boundaries of the system’s func�oning were tested. The lower the overall 

concentra�on the longer the transient state could be kept up, yet even at a ligand concentra�on of 

0.8 mM the unknown assembly is s�ll the thermodynamic product. At higher concentra�ons the 

transient state is rather short-lived. A similar behavior is observed at a higher temperature: At 55 °C 

the life�me of the transient state is not only dras�cally reduced but also the measured concentra�on 

of discrete species is higher because the self-assembly processes are accelerated.  If the chosen guest 

binds the monomeric cage too strongly, dimeriza�on is inhibited, as was shown with G2. 

To conclude, a new method for dissipa�ve guest binding based on known metallosupramolecular 

concepts was found and inves�gated. It greatly supplements the small but rapidly growing pool of 

dissipa�ve systems, which could be the basis for even more complex systems, slowly approxima�ng 

the complexity of nature. 

Further things to try would be the use of a less soluble ligand than LEG4, perhaps even the tradi�onal 

Lhex with hexyl side chains. Here the thermodynamic product is rather insoluble in acetonitrile and 

therefore it can precipitate so that the system’s waste can be removed physically. Here it could be the 
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problem that the guest may precipitate together with the waste, which is problema�c as it would not 

allow the reac�va�on of the transient state when new fuel is applied.   

The here conducted experiments are rather proofs of concept and show the very basic proper�es and 

variables of this system. For an in-depth understanding further kine�c studies to determine rate 

constants could be tried, although the system is already highly complicated and the self-assemblies to 

the different species are mul�-step processes. Varia�on of ligand and guest may lead to a cleaner 

outcome, for instance the avoidance of oligomer forma�on. 

4.5 Experimental Details 

4.5.1 Syntheses and characteriza ons 

 

Scheme 4.1. Synthesis of 3,6-dibromo-9-EG4-carbazole. 

3,6-Dibromocarbazole (1 eq, 6 mmol, 1950 mg) and tertBuONa (1.2 eq, 7.2 mmol, 808 mg) were 

dissolved in 30 mL THF. While the solu�on was s�rring at 70 °C, triethylene glycol 2-bromoethyl methyl 

ether (1.2 eq, 7.2 mmol, 1.51 mL) was slowly added. A8er 16 h the reac�on mixture was cooled down 

to room temperature. The solvent was removed in vacuo and the product was purified with automated 

flash chromatography (DCM/MeOH, 0 % to 5 %). The product is a yellow oil (4.5 mmol, 2301 mg, 74 %). 

1H NMR (600 MHz, 298 K, CD3CN) of 3,6-dibromo-9-EG4-carbazole: δ [ppm] = 8.25, (s, 2H, a), 7.58 (d, 

J = 8. 7 Hz, 2H, b), 7.50 (d, J = 9.0 Hz, 2H, c), 4.48 (t, J = 5.3 Hz, 2H, d), 3.82 (t, J = 5.2 Hz, 2H, e), 3.23 – 

3.62 (m, f-l). 

13C{1H} NMR (126 MHz, 298 K, DMSO-d6) of 3,6-dibromo-9-EG4-carbazole: δ [ppm] = 140.86, 129.86, 

124.36, 124.10, 112.83, 112.51, 72.561, 71.569, 71.14, 71.04, 70.91, 70.09, 58.87, 44.52, 32.34. 

APCI-MS of 3,6-dibromo-9-EG4-carbazole: measured: 538.00, calculated for [C21H25Br2NO4+Na]+: 

538.0016. 
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Scheme 4.2. Synthesis of LEG4. 

3,6-dibromo-9-EG4-carbazole (1 eq, 4.5 mmol, 2301 mg) and 3-ethynylpyridine (3.3 eq, 14.7 mmol, 

1520 mg) were dissolved in 20 mL Et3N and degassed with three freeze-pump-thaw-cycles. Then, 

(PPh3)2PdCl2 (0.05 eq, 223 µmol, 157 mg) and CuI (0.1 eq, 447 µmol, 85.1 mg) were added and three 

more freeze-pump-thaw-cycles were performed. The reac�on mixture was then s�rred at 70 °C for 

16 h. The reac�on mixture was taken up with EtOAc and filtrated over celite. The solvent was removed 

in vacuo and solids were purified with automated flash chromatography (EtOAc/MeOH, 0% to 10%). 

The product was finally purified via gel permea�on chromatography and was obtained as yellow oil 

(3.85 mmol, 2156 mg, 85 %).  

 

Figure 4.17. Aroma�c region of 1H NMR spectrum of LEG4 and proton labeling. 

1H NMR (500 MHz, 298 K, CD3CN) of LEG4: δ [ppm] = 8.79 (s, 2H, a), 8.57 (d, J = 4.9 Hz, 2H, b), 8.40 (s, 

2H, e), 7.93 (d, J = 8.1 Hz, 2H, d), 7.716 (d, J = 8.4 Hz, 2H, f), 7.65 (d, J = 8.5 Hz, 2H, g), 7.41 (dd, J1 = 8.1 

Hz, J2 = 4.8 Hz, 2H, c), 4.56 (t, J = 5.2 Hz, 2H, h), 3.88 (t, J = 5.3 Hz, 2H, i), 3.23 – 3.48 (m, j-p). 

13C{1H} NMR (126 MHz, 298 K, CD3CN) of LEG4: δ [ppm] = 152.87, 149.50, 142.28, 139.08, 130.71, 

125.13, 124.39, 123.25, 121.52, 113.97, 111.51, 94.45, 85.43, 72.52, 71.56, 71.11, 71.02, 70.98, 70.86, 
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70.06, 58.81, 44.45, 29.68. Of 22 expected signals 23 were counted, which could be explained by an 

impurity. 

ESI-MS of LEG4: measured: 560.2526, calculated for [C35H33N3O4+H]+: 560.2544. 

 

Figure 4.18. Aroma�c region of 1H NMR spectrum of [Pd2LEG4
4]4+ with nitrate counter anions. 

1H NMR (500 MHz, 298 K, CD3CN) of Pd2LEG4
4: δ [ppm] = 9.27 (s, 2H, a), 8.98 (d, J = 4.9 Hz, 2H, b), 8.51 

(s, 2H, e), 8.15 (d, J = 8.1 Hz, 2H, d), 7.71 (d, J = 8.4 Hz, 2H, f), 7.60 (m, 4H, g,c), 4.51 (t, J = 5.2 Hz, 2H, 

h), 3.88 (t, J = 5.3 Hz, 2H, i), 3.23 – 3.48 (m, j-p). 

 

1H NMR (500 MHz, 298 K, CD3CN) of [3NO3@Pd2LEG4
4]: δ [ppm] = 10.51 (s, 2H, a’), 10.15 (d, J = 4.6 Hz, 

2H, b’), 9,61 (s, 2H, a), 9.06 (d, J = 6.0 Hz, 2H, b), 8.20 (d, J = 8.2 Hz, 2H, d or d’)  7.54-7.78 (m, b,b’), 

7.14 (s, 2H, e or e’), 7.05 (d, J = 8.6 Hz, 2H, f’ or f), 6.80 (s, 2H, e’ or e), 6.43 (d, J = 8.5 Hz, 2H, g’ or g), 

4.52 (t, J = 5.2 Hz, 2H, h), 3.88 (t, J = 5.3 Hz, 2H, i), 3.23 – 3.48 (m, j-p). 
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Figure 4.19. ESI mass spectrum of 3NO3@Pd4LEG4
8. 

                       

Figure 4.20. 1H DOSY NMR of a mixture of Pd2LEG4
4 and 3Br@Pd4LEG4

8. 
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Figure 4.21. 1H DOSY NMR of a mixture of Pd2LEG4
4 and 3NO3@Pd4LEG4

8. 

 

Figure 4.22. 1H DOSY NMR of the product of LEG4 and Pd(NO3)2 a8er hea�ng at 70 °C over night. 
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Figure 4.23. Excerpt of the ESI mass spectrum of a mixture of a sample containing LEG4 and Pd(NO3)2 

a8er hea�ng at 70 °C over night. The species’ charges are given for each cluster of signals.  

 

 

 

Scheme 4.3. Prepara�on of G1 and G2. 

G1 and G2 were bought as sulfonic acids and were neutralized with tetrabutylammonium hydroxide 

(TBA-OH) in water. Removal of the solvent yielded the tetrabutylammonium sulfonate salts as white 

solids. 

4.5.2 Forma on of 3NO3@Pd4Lhex
8 

To a solu�on of Lhex in CD3CN (0.88 µmol, 521 µL, 1.69 mM) a solu�on of Pd(NO3)2 in CD3CN was added. 

(0.44 µmol, 29.3 µL, 15 mM) immediately yielding a monomeric Pd2Lhex
4 cage solu�on (0.22 µmol, 

550 µL, 0.4 mM). 1H NMR spectrum was directly recorded. The sample was heated at 70 °C for 1 h and 

measured again. Spectra are shown in Figure 4.6. 

4.5.3 Forma on of 3NO3@Pd4LEG4
8 at different concentra ons 

Four CD3CN solu�ons with the volumes 535, 521, 491 and 433 µL containing 0.44, 0.88, 1.76 and 

3.62 µmol LEG4 were prepared. Each sample also contained 0.44 µmol 1,3,5-trimethylbenzene as 

standard. To these samples 14.7, 29.3, 58.7 and 117 µL of a 15 mM Pd(NO3)2 stock solu�on was added 

and the 1H NMR spectra were directly recorded. A8er that, the samples were measured again every 

30 min for the following 24 h. The temperature during the experiment was 25 °C constantly. Finally, the 

samples were heated over night at 70 °C. The according spectra are shown in Figure 4.24 toFigure 4.27. 
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Figure 4.24. 1H NMR spectra showing the transforma�on of Pd2LEG4
4 to 3NO3@Pd4LEG4

8 and higher 

aggregates. Overall ligand concentra�on: 0.8 mM. 

 

Figure 4.25. 1H NMR spectra showing the transforma�on of Pd2LEG4
4 to 3NO3@Pd4LEG4

8 and higher 

aggregates. Overall ligand concentra�on: 1.6 mM. 
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Figure 4.26. 1H NMR spectra showing the transforma�on of Pd2LEG4
4 to 3NO3@Pd4LEG4

8 and higher 

aggregates. Overall ligand concentra�on: 3.2 mM. 
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Figure 4.27. 1H NMR spectra showing the transforma�on of Pd2LEG4
4 to 3NO3@Pd4LEG4

8 and higher 

aggregates. Overall ligand concentra�on: 6.4 mM. 

4.5.4 Forma on of 3NO3@Pd4LEG4
8 at 55 °C 

A sample with the volume 491 µL containing 1.76 µmol LEG4 and 0.44 µmol 1,3,5-trimethylbenzene was 

prepared and heated to 55 °C. To this sample 58.7 µL of a 15 mM Pd(NO3)2 stock solu�on was added 

and the 1H NMR spectrum was directly recorded. A8er that, the sample was measured again every 

30 min for the following 24 h. The temperature during the experiment was 55 °C constantly. The 

according spectra are shown in Figure 4.28. 



Chapter 4 

161 

 

Figure 4.28. 1H NMR spectra showing the transforma�on of Pd2LEG4
4 to 3NO3@Pd4LEG4

8 and higher 

aggregates at 55 °C (328 K). Overall ligand concentra�on: 3.2 mM. 

4.5.5 Host guest binding studies 

In order to determine the binding affinity of G1 to Pd2LEG4
4 a host guest �tra�on was conducted. 

0.55 mL of a CD3CN solu�on containing LEG4 (0.88 µmol, 1.6 mM) and Pd(BF4)2 (0.44 µmol, 0.8 mM) and 

thus 0.4 mM Pd2LEG4
4 cage with BF4

̶  counter anions was prepared. To that sample G1 was �trated in 

steps of 0.2 eq un�l 2.0 eq was reached; then in steps of 0.5 eq un�l 6.0 eq (15 mM G1 stock solu�on, 

0.2 eq: 2.93 µL, 0.5 eq: 7.33 µL). 1H and 19F NMR spectra were measured a8er each �tra�on step, see 

Figure 4.29 and Figure 4.30. 1H NMR shi8s of protons a, b and e were considered for the analysis with 

Bindfit. A8er the �tra�on an ESI mass spectrum of the sample was recorded, see Figure 4.31.  
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Figure 4.29. 1H NMR spectra of host-guest �tra�on of G1 to Pd2LEG4
4 with BF4

– counter anions. 
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Figure 4.30. 19F NMR spectra of host-guest �tra�on of G1 to Pd2LEG4
4 with BF4

– counter anions. 

 

Figure 4.31. ESI mass spectrum (pos. mode) of a mixture containing [Pd2LEG4
4](BF4)4 (0.4 mM) and 

6 equivalents G1. 

To inves�gate the interac�on of G1 with 3NO3@Pd4LEG4
8 a sample of the la�er was prepared following 

the procedure described in Sec�on 4.5.3 with overall LEG4 concentra�on of 3.2 mM. To that sample one 

double cage equivalent of G1 was added (14.7 µL of 15 mM G1 stock solu�on) and the sample was 

directly measured again. The 1H NMR spectra with and without G1 are shown in Figure 4.32. 
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Figure 4.32. 1H NMR spectra (bo�om: 500 MHz, top: 400 MHz) of 3NO3@Pd4LEG4
8 in CD3CN (bo�om) 

and the addi�on of 1 eq G1 (top). The shi8ing of the NMR signal of outside poin�ng proton b upon 

guest addi�on is marked with a red arrow. 

For the host guest �tra�on experiment with G2 the same procedure as with G1 was used except for 

different guest equivalents for each �tra�on steps. The according 1H NMR spectra and the �tra�on 

steps are given in Figure 4.33. 

 

Figure 4.33. 1H NMR spectra of host guest �tra�on of G2 to Pd2LEG4
4 with BF4

– counter anions. 
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Figure 4.34. 1H NMR spectra (400 MHz) of a solu�on of [Pd2LEG4
4](BF4)4 and G1 in CD3CN with varying 

ra�os. Mole frac�on χ = ccage/(ccage+cG1). 
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Figure 4.35. 19F NMR spectra (377 MHz) of a solu�on of [Pd2LEG4
4](BF4)4 and G1 in CD3CN with varying 

ra�os. Mole frac�on χ = ccage/(ccage+cG1). 
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Figure 4.36. Job plots of the [Pd2LEG4
4](BF4)4-G1-host-guest-system considering 1H NMR shi8s of 

signals of either proton a, b, e, x or y or the 19F NMR shi8 of G1. Red curves are Gauss fits and 

inserted numbers are maxima of the curves. 

4.5.6  Dissipa ve guest binding studies 

For the first experiment regarding dissipa�ve guest binding as laid out in Sec�on 4.3.3 and Figure 4.10 

and Figure 4.11 first 491.3 µL of a CD3CN solu�on containing LEG4 (12 eq, 5.28 µmol), G1 (1 eq, 0.44 
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µmol) and 1,3,5-trimethoxybenzene (1 eq, 0.44 µmol) was prepared. To that solu�on a Pd(NO3)2 

solu�on (2 eq, 0.88 µmol, 15 mM, 58.7 µL) was added and the 1H and 19F NMR spectra were directly 

recorded. It was then measured again every few hours over the next 24 h. Then the same amount of 

Pd(NO3)2 solu�on was added again two more �mes and each �me the sample was again observed by 

NMR for 24 h. The according NMR spectra are shown in Figure 4.37 andFigure 4.38. 

The same experiment was repeated with G2 using the exact same condi�ons. Figure 4.39 shows the 

1H NMR spectra. 

 

Figure 4.37. 1H NMR spectra of G1 (0.8 mM) and LEG4 (12 eq., 9.6 mM). Three �mes addi�on of 

Pd(NO3)2 (2 eq., 1.6 mM) and measurement over �me. 
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Figure 4.38. 19F NMR spectra of G1 (0.8 mM) and LEG4 (12 eq., 9.6 mM). Three �mes addi�on of 

Pd(NO3)2 (2 eq., 1.6 mM) and measurement over �me. 
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Figure 4.39. 1H NMR spectra of G2 (0.8 mM) and LEG4 (12 eq., 9.6 mM). Three �mes addi�on of 

Pd(NO3)2 (2 eq., 1.6 mM) and measurement over �me. 

For trying to keep the dissipa�ve state up by constant addi�on of fuel (Figure 4.13 and Figure 4.14) first 

the same sample as described before was prepared. As before, 2 eq. of Pd(NO3)2 (0.88 µmol, 15 mM, 

58.7 µL) was added and 1H and 19F was directly measured. 10 min a8er the first addi�on of Pd(NO3)2 

the sample was measured again. 15 min a8er the first addi�on of Pd(NO3)2 another 0.24 eq. of Pd(NO3)2 

(0.1056 µmol, 15 mM, 7.05 µL) was added and the sample was measured directly and a8er 10 min 

again. This was repeated for every 15 min for eight rounds (approximately 2 h). A8erwards, the sample 

was le8 stand for 24 h and room temperature and measured again. The spectra are shown in Figure 

4.40 and Figure 4.41. 
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Figure 4.40. 1H NMR spectra of G1 (1 eq., 0.8 mM) and LEG4 (12 eq.). A single addi�on of Pd(NO3)2 

(2 eq.), then addi�on of small amounts of Pd(NO3)2 every 15 min for 2h. 
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Figure 4.41. 19F NMR spectra of G1 (1 eq., 0.8 mM) and LEG4 (12 eq.). A single addi�on of Pd(NO3)2 

(2 eq.), then addi�on of small amounts of Pd(NO3)2 every 15 min for 2h. 

For determining whether the system can fully relax back to the thermodynamic ground state, 

meaning that G1 is completely unbound again,  
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Figure 4.42. 1H NMR spectra of dissipa�ve guest binding study. cG1 = 0.8 mM; stochiometric amount 

of LEG4 was used. 

 

Figure 4.43. 19F NMR spectra of dissipa�ve guest binding study. cG1 = 0.8 mM; stochiometric amount 

of LEG4 was used. 
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4.6 Computa onal Studies 

The general calcula�on procedures and methods listed Sec�on 2.6.9 in were used here as well. The 

EG4 chains were omi�ed for the DFT calcula�ons for computa�onal speed up. No implicit solvent was 

used for the op�miza�ons and frequency calcula�ons but for the single point energies on 

ωB97M-D4/def2-TZVP level (CPCM(acetonitrile)). 

 

Figure 4.44. Geometry op�mized model of 3(NO3)@Pd4LEG4
8. Hydrogen atoms omi�ed for clarity. 

Chains omi�ed for clarity and computa�onal speed up. 
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Figure 4.45. Geometry op�mized models of HG complexes in this study. The upper right model shows 

2G1@Pd2LEG4
4 with one guest binding inside and the other binding outside. The lower le8 model 

shows the same complex but with both guests binding inside. 

From the op�mized models (Figure 4.45) it can be seen that a single G1 molecule fits perfectly inside 

Pd2LEG4
4 and also G2 seems to fit. The PdPd distance of G1@Pd2LEG4

4 is 13.4 Å and that of G2@Pd2LEG4
4 

is with 13.2 Å a bit shorter, which is likely caused by the twofold nega�ve charge of G2 contrac�ng the 

cage. Of the models of 2G1@Pd2LEG4
4 with either inside-inside or inside-outside binding, as shown in 

Figure 4.45, the inside-outside variant appears much more realis�c as in the other model the cage is 

quite distorted and the two anions are very close to each other. DFT energies (ωB97M-D4/def2-TZVP , 

implicit solva�on: CPCM, acetonitrile) actually suggest the inside-inside variant by 30 kJ/mol. However, 

it is believed that this result is biased as this is driven solely by the dispersion correc�on 

(ED4
ii – ED4

io = -63 kJ/mol) but the dispersive interac�on with the solvent is neglected with this solvent 

model (inside-outside variant has a higher solvent accessible surface).  
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5 Methods and Materials 

5.1 Chemicals 

Chemicals and standard solvents were purchased from Sigma Aldrich, Acros Organics, Carl Roth, TCI 

Europe, VWR, abcr or other suppliers and used as received, if not men�oned otherwise. Deuterated 

solvents were purchased from Eurisotop. For synthesis, HPLC grade solvents and for purifica�on 

technical solvents were used if not men�oned otherwise. 

5.2 Devices 

Automated flash chromatography was conducted using a Biotage® Isolera One™ and Biotage® Sfär 

Silica D Duo 60 μm cartridges. 

Recycling gel permea�on chromatography was performed on Japan Analy�cal Industry NEXT and 

LaboACE instruments using JAIGEL 1-HH and 2-HH columns, 20 mm x 600 mm, with HPLC grade 

chloroform and an average flowrate of 7 mL/min. 

NMR spectroscopic data was measured, if not denoted otherwise, at 298 K with CD3CN as solvent and 

following frequencies: 500 MHz for 1H, 565 MHz for 19F and 126 MHz for 13C. Spectrometers used in 

this study are Bruker AV 400 Avance III HD NanoBay (400 MHz),  Bruker AV 500 Avance NEO (500 MHz), 

Agilent Technologies DD2 (500 MHz), Bruker AV 500 Avance III HD (500 MHz), AV 500 Avance III HD 

(500 MHz), Bruker AV 600 Avance III HD (600 MHz), Bruker Avance NEO 600 (600 MHz) and Bruker AV 

700 Avance III HD (700 MHz). For 1H NMR and 13C NMR spectra signals were referenced to the residual 

solvent peak (1H: acetonitrile: 1.94 ppm, DMSO: 2.54 ppm, chloroform: 7.26 ppm; 13C: acetonitrile: 

118.26 ppm DMSO: 39.52 ppm, chloroform: 77.16 ppm). 1H DOSY NMR spectra were recorded with a 

dstebpgp3s pulse sequence with diffusion delays D20 of 0.08 s and gradient powers P30 of 2500 to 

3000 µs.[1,2] T1 analyses of the corresponding signals in the 1D spectra were performed to obtain the 

diffusion coefficients D using the Stejskal-Tanner-Equa�on.[3,4] Hydrodynamic radii rH were calculated 

using the Stokes-Einstein-Equa�on.[5] The 1H DOSY NMR spectra were recorded and processed by 

coworkers André Platzek, Elie Benchimol and Laura Neukirch. 

UV-vis spectra were recorded on a DAD HP-8453 UV-Vis spectrometer. Fluorescence measurements 

were performed on a JASCO FP-8300 with a 150 W Xe lamp as light source.  

Irradia�ons at 313 nm were performed by placing a quartz NMR tube in a distance of 5 cm in front of 

a 300 W Hg arc lamp from LOT-Oriel equipped with a dichroic mirror and 313 nm bandpass filter. 

Irradia�ons at 617 nm were performed by placing a quartz NMR tube 2.5 cm in front of a LED irradia�on 

apparatus (3x 1.4 W 617 nm Power LED, 25 nm FWHM) from Sahlmann Photonics, Kiel.  
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Mass spectra were recorded using either a Bruker compact spectrometer or a Bruker �msTOF 

spectrometer. As ioniza�on method electrospray ioniza�on (ESI) was used if not denoted otherwise. 

For the calibra�on the Agilent ESI-Low Concentra�on Tuning Mix was used. 

Trapped ion mobility spectra were measured with the Bruker �msTOF spectrometer. About 25 µL of 

each sample in CD3CN was diluted 1:10 with CH3CN and electrosprayed at 3 µL/min flow rate. Minimum 

electrical poten�als were op�mized for each sample to avoid fragmenta�on. Typically, the following 

instrumental parameters were used:  Capillary voltage: 2500 V, End plate offset: 200 V, Dry 

temperature: 75 °C, Funnel 1 RF: 200V, Funnel 2 RF: 200 V, Mul�ple RF: 200 V, Deflec�on delta: 60 V, 

Quadrupole ion energy: 3 V, Collision energy: 3 V, Transfer �me: 70 µs, Prepulse storage: 15 µs. 

Calibra�on was achieved using the Agilent tuning mix with DTCCSN2-values published by Stow et. al.[6] 

Each sample was measured in low (survey) and high (custom) resolu�on mode. A pressure difference 

of 1.7 mbar between the entrance and the exit of the TIMS tunnel was used. For high resolu�on 

measurements a 0.06 Vs/cm2 difference and 450 ms ramp �me was used and the achieved resolu�on 

was >200.  All ion mobility measurements in this work were carried out by Dr. Ananya Baksi. 

5.3 Computa onal studies 

For all computa�onal studies the high-performance cluster of TU Dortmund University called LiDO3 

was used.  For geometry op�miza�ons, single point energy calcula�ons, frequency calcula�ons and 

local energy decomposi�on calcula�ons ORCA 5.0.2[7] was used if not denoted otherwise. For MD 

simula�ons xtb 6.4.1 was used.[8] For further details regarding computa�onal calcula�ons see 

Sec�on 2.6.9. 
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5.4 Figure licenses 

 

Figure 5.1. License for Figure 1.5. 
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Figure 5.2. License for Figure 3.2. 
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Figure 5.3. License for Figure 3.7. 
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