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Summary in German  

Diese Doktorarbeit befasst sich mit dem Design und der Synthese von redox-aktiven 

mechanisch verzahnten Molekülen. Hierbei kombiniert die Arbeit den Designansatz der Form 

und Struktur von mechanisch verzahnten Molekülen mit wissenschaftlichen Methoden zur 

Herstellung von genannten Molekülen. 

Die Arbeit ist dem Themengebiet der supramolekularen Chemie zuzuordnen, welche sich mit 

der Thematik, wie einzelne molekulare Einheiten miteinander interagieren und ein größeres 

Bild erzeugen, befasst. 

Die Doktorarbeit könnte für Wissenschaftler von Interesse sein, welche sich mit mechanisch 

verzahnten Molekülen, System Chemie oder System Biologie auseinander setzen. Da die 

Arbeit sich im relativ breitem Feld der organischen Chemie befindet, könnte auch aus diesem 

Bereich ein Interesse bestehen. 

Zusammenfassend, erforscht die Arbeit mechanisch verzahnte Moleküle, mit besonderem 

Fokus auf den Interaktionen der Untereinheiten, Bewegungen und Umlagerungen. Außerdem 

wurden ausgiebig Strategien für die Synthese von solchen Molekülen erforscht und über 5 

Kapitel präsentiert. 
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Summary in English  

This thesis is about the design and synthesis of redox-active mechanically interlocked 

molecules. The work combines a designer approach towards the form and structure of these 

molecules with scientific method in endeavours of preparing these molecules.  

The general field of the work is in supramolecular chemistry and concerns thinking on how 

parts of a molecule work together in the whole structure.  

The work may be interesting for scientists working with mechanically interlocked molecules, 

systems chemistry, systems biology as well as researchers in organic chemistry, as this is the 

chemistry that was used in the synthetic procedures.  

To summarise, the work explores how parts of mechanically interlocked molecules relate with 

each other, how they move and rearrange. Synthetic strategies toward making these 

molecules are explored and presented in five project-based chapters. 
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ñStudy hard what interests you the most in the most undisciplined, irreverent and original 

manner possibleò  

 

-Richard Feynman- 
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Introduction  

This thesis is about the mechanically interlocked molecules (MIMs). These are structures 

where molecular units are interlocked and form a coherent whole, without being linked by a 

chemical bond. Many different chemistries have been used as materials for the preparation of 

interlocked molecules. Thereby, as for any designed object, MIMs can be approached from 

top-down (1) ï starting from the desired structure and thinking about the chemistries to use to 

gain this structure. Or MIMs can be approached bottom-up (2), starting with a known chemistry 

and investigating how else this known chemistry can be used to make a novel MIM.  

The first way is most often used by lighting designers. When in architecture, they concern 

themselves with the final effect of the lighting as an abstract idea and then select appropriate 

concrete luminaires to fit the concept afterwards. In cooking this might be the idea of using all 

the different ingredients available and transform them into a desert. On the contrary, itôs 

possible to begin with strawberries (a given material) and explore the space of possible 

transformations to use them for different creations. This thesis approaches MIMs in both the 

top-down and bottom-up ways.  

In a top-down way, after being introduced in the general theory, MIMs are explored for their 

potential motion, without a regard for the particular material chemistry that would make it up. 

For the more complex and singular examples in literature, the materials that made possible 

such structures are also displayed. Itôs important to understand the motions of MIMs in a 

systematic way and develop a way to think about them creatively, as this will lead in progress 

of both understanding out-of-equilibrium processes in natural systems and prepare the basis 

for intriquite synthetic chemical systems.  

In a bottom-up way, this thesis explores the chemistry of crown ether ï ammonium based 

motif in conjugation with a redox-active tetrathiafulvalene (TTF) unit. This is a continuation of 

the research at the Schalley group previously, continuing to use this familiar chemistry as the 

material for moulding novel MIMs. See below in Figure i for a  mechanically interlocked 

molecule containing these units ï the crown ether macrocycle, with a tetrathiafulvalene unit 

appended to it and the ammonium unit, as part of a linear unit that is locked to the macrocycle. 

The purpose of integrating a tetrathiafulvalene unit into the macrocycle is to be able to use it 

as a switch to cause a different arrangement of these interlocked units. The rearrangement of 

units like this is called a large-amplitude motion, that is interesting to control.  

The thesis is structured by chapters introducing different bottom-up approach projects related 

to the topic of exploring the crown-ether / ammonium / tetrathiafulvalene chemistry to create 

novel MIM structures.  
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Figure i : A switchable [2]rotaxane, as prepared by Schröder et al., containing the crown ether macrocycle with 

an appended tetrathiafulvalene unit. This macrocycle is around an ammonium unit, when tetrathiafulvalene is 

neutral and moves away from it when tetrathiafulvalene unit is oxidised.1 

The first chapter is about the preparation of the redox-active tetrathiafulvalene unit.  

The second chapter is about incorporating both a crown-ether motif and a calix[4]pyrrole motif 

as part of a bis-macrocycle. The research, concept, planning of synthetic steps, building of the 

macrocycle are described and conceptual MIMs related to this bis-macrocycle are introduced.  

The third chapter is on clipping a TTF crown ether macrocycle around an ammonium axle, 

and how the ammonium axle in fact prevents any TTF crown ether macrocycles to be clipped.  

The fourth chapter describes multithreaded rotaxanes and the research, concept 

development, preparation of a larger TTF crown ether macrocycle. It also delves into the 

stoppers required for a multithreaded rotaxane and the structure of axle, as well synthetic 

attempts to prepare an axle. The chapter also describes the unsuccessful attempt to obtain a 

TTF-based multithreaded rotaxane.  

The fifth chapter describes a catenane in which there could be two distinct crown-ether binding 

sites for an ammonium-based axle, going over research, planning, synthetic attempts and 

finishing with some concepts based on the idea explored.  

Each chapter leaves behind many concepts which were not attempted to be realised, but are 

supplementary to the practical work described. The concepts are additional thoughts to the 

top-down exploration of the MIM concept that was explored during this thesis.  

These chapters are preceded by a general theory chapter that lays the foundation of the lens 

through which to think about MIMs and the specific theory chapter that explores the 

rearrangements/motions possible in MIM structures with a top-down approach. 
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Together, the thesis work aims to present some new ways of thinking and describing MIMs, 

their structure and motion, describing synthetic work towards component units of MIMs, 

preparation of MIMs and further conceptual work that was synthetically not attempted, 

however provided as supplementary. In particular, MIMs containing a redox-unit TTF, for 

switching, were the key focus and target molecules to prepare and investigate.    
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Theory Chapter 1 : General theory 

1.1 Supramolecular chemistry  

Supramolecular chemistry is said to be the study of interactions between molecules ï in other 

words what happens beyond an individual molecule. It might be more precise to describe 

supramolecular chemistry as the study of noncovalent interactions at the nanoscale. These 

interactions may also occur between moieties of the same single molecule ï such as in 

proteins (Figure 1.1).  

 

Figure 1.1 : In case of proteins, we think of multiple molecular units interacting only when considering quaternary 

structure. The secondary and tertiary structure also forms due to noncovalent interactions.2 

Intermolecular interactions are also what holds two strands of the DNA together, with the 

hydrogen bonds dictating the base pairing.  

Noncovalent interactions are, in general, weaker than covalent bonds, and this property allows 

for error-correction and formation of most thermodynamically stable structures. Nature has 

developed to use the noncovalent interaction based dynamic structures in forming and 

breaking apart microtubules, for example.  

To this day, there are still new types of noncovalent interactions that are discovered in nature 

or laboratory. Noncovalent interactions are often described in terms of their electrostatic 

character ï interactions between ions, dipoles, quadrupoles, induced dipoles. One of the most 

important classes of noncovalent interactions ï hydrogen bonds ï arise from a combination of 

electrostatics, covalency (charge transfer by orbital overlap) and dispersion forces. At the end 
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of the day we can detect that molecules interact and different models attempt to explain 

interaction in different ways. The degree of electrostatic/covalent character of a hydrogen bond 

depends upon the specific interaction in question. Other types of interactions as ion-ion 

repulsion are more clearly electrostatic in nature.  

Noncovalent binding plays a big role in the functioning of cellular processes, not least of which  

information transfer. A receptor (call it GPCR) on the cell membrane is able to bind certain 

target molecules, which in turn changes its shape not only at the binding site, but in the other 

parts of the receptor molecule (Figure 1.2). This change of shape (rearrangement) in effect 

acts as an information transfer mechanism, whereby units inside the cell are able to detect 

and respond to this changed shape of the receptor embedded in the cellular membrane. 

 

Figure 1.2 : A G protein-coupled receptor (GPCR) embedded in the cell membrane changes its shape once a 

signal molecule is bound in its extracellular binding pocket. This in turns activates the part of the receptor inside 

the cell to rearrange/shape it for further downstream events. Figure from Scitable.3 

In addition to transferring information across membranes, intermolecular interactions are also 

found in the transfer of bound ions across membranes. A good example is valinomycin  
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(Figure 1.3) ï a cyclic peptide prepared through mRNA-independent assembly termed 

nonribosomal peptide synthases. This cyclic peptide has a hydrophilic pocket inside itôs cavity 

that is size-selective for K+ against other metal ions such as Na+ or Li+. This makes valinomycin 

a potassium-specific ionophore. Due to hydrophobic surface of valinomycin, the complex of 

valinomycin-K+ can be integrated into the bilayer membranes and  in turn transport K+ across 

these membranes.  

 

Figure 1.3 : The cyclic peptide K+-specific ionophore valinomycin.  

In case of valinomycin molecule and potassium cation, they are described to be in a so-called 

host-guest relationship. The large valinomycin molecule as a host has a number of binding 

groups divergent towards a pocket, where potassium cation, called a guest, is bound.  

Supramolecular chemists are likewise interested in this type of noncovalent interaction and 

have been preparing host molecules to bind variety of targets ï cations, anions, molecules, 

ion pairs. To bind metal and organic cations, crown ether-based molecules are often used 

(Figure 1.4) ï first prepared serendipitously by Pedersen et al.4 

 

Figure 1.4 : a) 18-crown-6 with a potassium cation, b) 18-crown-6 with an ammonium cation, c) DB24C8 with an 

ammonium cation, d) TTFC8 with a DBA-based axle and a BArF24
- counteranion.  
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Bigger crown ethers ï such as the 24-membered dibenzo-24-crown-8 (DB24C8) - are able fit 

organic cations through their cavities. Dibenzyl ammonium-based units bind inside the cavity 

and not above it (as b in Figure 1.4), because in this case C-H----O hydrogen bonds are also 

able to form, contributing to the stability of the complex. On the other hand, a larger macrocycle 

as the bis-paraphenylene-34-crown-10 (BPP34C10) is also able to bind axles inside of its 

cavity, without the formation of the additional C-H----O hydrogen bonds.  

To bind anions, molecules with hydrogen-bond donor groups such as katapinates or 

calix[4]pyrroles are often used (Figure 1.5).5 

 

Figure 1.5 : examples of hosts for anions ï a katapinate A-1 and a calix[4]pyrrole A-2. 

Host molecules can be functionalised while still keeping the ability to thread through a guest. 

An example of a functionalised crown ether host molecule is the TTFC8 (d in Figure 1.4). The 

function of the added TTF unit is to alter the binding interaction between the host molecule 

and the guest ammonium cation when a stimulus is applied ï in this case redox. This effect is 

particularly important in mechanically interlocked molecules ï discussed in the next section. 

Some MIMs are formed by no longer allowing a guest molecule to thread out of the cavity of 

a host molecule. The noncovalent interactions of the host-guest binding site often remain in 

MIMs to define a binding station.   
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1.2 Mechanically interlocked molecules  

A mechanical bond can be defined as an entanglement in space between two or more 

molecular entities (component parts) such that they cannot be separated without breaking or 

distorting chemical bonds between atoms in one of the units that the mechanically interlocked 

molecule is made out of.6 The components of the mechanically interlocked molecule are said 

to be held together by this mechanical bond and we consider these components as a single 

molecular unit.  

 

Figure 1.6 : Five classes of mechanically interlocked molecules : suitane, rotaxane, catenane, clippane and knot. 

Many illustrations were drawn as sketches for this thesis to save computing power of 3d rendering and to be 

greener, as well as to illustrate that anyone can do quick sketches relating to the properties of MIMs. Please look 

up the structures on the internet in case any are unclear (intention was made to be clear). 

While not often mentioned, suitanes and clippanes can be considered as a class of MIMs in 

their own right. Both of these structures rely on the components being very rigid and 

interlocked because due to this rigidity, where units are not able to move past each other to 

unlock and separate. In suitanes, the axle unit (in green in Figure 1.6) is rigid, while 

macrocycles are sometimes more flexible. The linkers that link the two macrocycles in a 

suitane have to be rigid as well. In clippane example, two of the tweezers are identical and 

both rigid.  

Catenanes consist of at least two interlocked macrocycles, while in rotaxanes, there is a non-

macrocyclic ï therefore we say linear ï unit, which is threading through the cavity of the 

macrocycle(s). The units are kept interlocked due to large groups at the ends of the linear 

axles, which are not able to thread through the cavity of the macrocycle. This idea is essentially 

the same as the macrocycles of suitanes unable to thread through the central rigid part of the 

axle to escape. We describe suitanes, clippanes and rotaxanes as mechanically interlocked 

molecules at room temperature in which we often work with them, however when heated, the 

interlocked units may dissociate from each other.  

Since the components of a MIM are not bound to each other by chemical bonds, they can 

experience a large degree of conformational freedom. If they are able to move into distinct 
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arrangements with respect to each other, we term the most stable ones as co-conformations. 

The distribution of co-conformers is dictated by thermodynamics, there may be certain 

arrangements of the interlocked components in which there are favourable enthalpic 

interactions between the functional groups on the interlocked components. Itôs then possible 

to apply change to a given functional moiety on one of the units of a MIM. This may cause the 

mechanically interlocked units to rearrange into another co-conformation.  

This large amplitude controlled motion (= rearrangement between interlocked units) has 

fascinated many workers over the years and is one of the core themes of this thesis. For this 

motion to occur, there has to be enough structural freedom for the components to rearrange 

in a given way. Clippanes and suitanes have not been explored so much in their structural 

rearrangements yet ï however this may be investigated in the future. For the moment, the 

focus of researchers who make molecules move in a controlled large-amplitude motion  is on 

the rotaxanes and catenanes (Figure 1.7).  

 

Figure 1.7 : shuttling of a macrocycle along a track on the linear axle in a rotaxane or  

around a cyclical axle in a catenane.  

As more and more complex mechanically interlocked structures are prepared, new terms are 

beginning to be used to describe these structures.  

The n in [n]rotaxanes or [n]catenanes indicates n interlocked components for these structures. 

The m in [n](m)rotaxanes indicate m threadings between the n interlocked components of the 

MIM. This became important to denote when there are a number of axle and macrocycle 

components linked via spacers. An example in drawn in Figure 1.8.  

Structurally, we can also describe rotaxanes according to how many axles and macrocycles 

are part of the structure. A linear axle containing many macrocycles threaded on it is a 1.y 

rotaxane with y indicating the number of macrocycles. Likewise, a multithreaded macrocycle 

containing a number of axles is indicated as type x.1 with x being the number of axles 
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threading through a macrocycle cavity (see Figure 1.9). This notation is not used for rotaxanes 

with a number of separate macrocycle units connected. Rotaxanes with macrocycles that 

encircle multiple axles are called multithreaded rotaxanes.  

 

Figure 1.8 : A sketch of a [2](3)rotaxane containing 2 molecular components that are interlocked and 3 threadings 

between these components.  

 

Figure 1.9 : Notation of x.y indicates x axles and y macrocycles.  

The catenane structures are given names according to how the macrocycles are connected. 

Often seen are the linear catenanes, the circular catenanes and the radial catenanes. Linear 

catenanes are many Hopf links put together in sequence. Circular catenanes are the linear 

catenane chains being closed with the first macrocycle being connected to the last one. In 

radial catenanes, there is a larger macrocycle, fulfilling the function of an axle/track and 

smaller macrocycles threaded on it (Figure 1.10).  

 

Figure 1.10 : Types of catenane structures.  
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For rotaxanes, if a structure contains two different macrocycles in a 1.2 [3]rotaxane, it is called 

a heterorotaxane. If a structure contains two different axles in a 2.1 [3]rotaxane it is likewise 

called a heterorotaxane.  

If the axle of a 1.2 [3]heterorotaxanes is not symmetrical, sequence isomers are formed. 

Likewise, if there are two distinct macrocyclic sites and two different axles bound, there will 

also be a possibility of sequence isomers. Sequence isomers can be formed for linear, circular, 

radial catenanes, depending upon how the macrocycles are connected.  

I would also like to briefly touch on a ócombinedô MIM that contains elements of a rotaxane and 

catenane. There have not been to many examples as of yet,7ï11 but rotacatenanes seem 

promising structurally for large amplitude motions. By definition, if you combine a rotaxane 

and a catenane, two macrocycles and an axle will be required, thus the simplest rotacatenanes 

are [3]rotacatenanes. It helps to attempt to find comparisons between related mechanically 

interlocked structures. In Figure, I have made connections between the known [3]catenanes 

(indicated with their Alexander-Braggs notation) and [3]rotacatenanes.12 

 

Figure 1.11 : The four possible [3]rotacatenanes and their relation to [3]catenanes. The relation is illustrated in 

this way : what happens if the green macrocycle of a [3]catenane is cut (chemical bond broken) and it is treated 

as a linear axle instead. There is also a [3]rotacatenane (ñin seriesò) that does not correspond to any of the 

[3]catenanes. In three of the [3]rotacatenanes, once the blue macrocycle is likewise cut and converted into a 

linear axle, a multithreaded [3]rotaxane is obtained.  

 Discussing each of the [3]rotacatenane structures in turn, by far the most used one is the 

[3](2)rotacatenane, which structurally resembles a multithreaded [3]rotaxane, except that one 
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of the axles is closed at its end to form a macrocycle, and thus overall structure becoming a 

[3]rotacatenane (Figure 1.12). Due to it being the most commonly used structure and the first 

one synthetically prepared, I will call this type of [3]rotacatenane type 1. The [3]rotacatenanes 

of the type 1 have two possible sequence isomers.11 

 

Figure 1.12 : A multithreaded [3]rotaxane and a [3]rotacatenane type 1. 

Another [3]rotacatenane that has already been synthetically prepared is the ñin seriesò type, 

in which a macrocycle is attached to an axle and to both units a macrocycle is then added. 

Due to clearly being two units in series and the second [3]rotacatenane being prepared,10  

I would call this [3]rotacatenane type 2 (Figure 1.13). 

  

Figure 1.13 : A [3]rotacatenane type 2. 

The other two [3]rotacatenanes have not been yet synthetically prepared. I would denote them 

as type 3 and type 4 (Figure 1.14).  

The [3]rotacatenane type 4 is structurally reminds of a [2](2) rotaxane in which the two 

macrocycles on an axle are linked via a spacer. In a [3]rotaxane type 4, they are linked in a 

way that is literally described as a link in knot theory, thus forming the catenane part of the 

rotacatenane. At first thought, I would presume that apart of this difference in linkage, the two 

macrocycles would behave rather similarly with respect to the axle in either structure.  

However, it is also possible to think of the [3]rotacatenane type 4 as considering all three of 

binding sites in such a triangle. Perhaps a stimulus such as addition of a cation can trigger 

one of the macrocycles to pirouette and swap which part of the macrocycle is next to the axle, 
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and which is next to the other macrocycle. In this way, the motion for either of the macrocycles 

in the [3]rotacatenane type 4  might be likened to the pirouetting motion of a macrocycle in a 

multithreaded rotaxane. 

The [3]rotacatenane type 3, based on the structure of cyclic [3]catenane 63
3 is almost the 

opposite case from the above-mentioned triangle concept.  

In this structure, there are three units that form the single binding interaction, instead of an 

expected amount of two interlocked units for a binding interaction as is usually the case in 

rotaxane/catenane structures. The added complexity may give rise to novel types of MIM 

motion ï all three of the units may move to rearrange under applied stimulus. If the 

macrocycles are assumed to be the same (easier synthetically), the situation may be 

compared to a multithreaded rotaxane, in which two axles are also interacting with each other 

inside the pocket of a macrocycle. However, the difference is that in a multithreaded rotaxane, 

there are separate interactions between each axle and a macrocyclic binding site, while in a 

[3]rotacatenane type 3, both of the interlocked macrocycles would interact with the same 

moiety of the axle.  

 

Figure 1.14 : Some similarity may be seen between a multithreaded [3]rotaxane and a [3]rotacatenane type 3 : an 

inverse situation, but not quite. A [3]rotacatenane type 4 however resembles a [2](2)rotaxane structurally very 

much and would behave in a similar way.  

I hope that this exercise of looking at similar structures and applying the same transformation 

(Figure 1.11) has shown a possible way to reveal new structures. The other way to go about 

it would be to ask ï in what ways can a rotaxane and a catenane be connected? This type of 

thinking is demonstrated in the specific theory on motions chapter.  

The interlocked components of a MIM can possess chiral elements, leading to so-called point 

chirality, axial chirality, planar chirality, making the MIM overall chiral as well. In other words, 

asymmetry of a non-interlocked unit often remains when that unit becomes a part of an 

interlocked structure. However, there are also ways in which asymmetry is created through 

the formation of the interlocked structure. Two examples of this are the mechanically 
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topologically chiral catenanes and mechanically planar chiral rotaxanes (Figure 1.15), both of 

which essentially emerge out of the same idea. Further examples, such as mechanically 

axially chiral catenanes are described in great detail in the review by Jamieson et al.13  

 

Figure 1.15 : Mechanically topologically chiral catenanes composed of two achiral directional macrocycles (top) 

and mechanically planar chiral rotaxanes composed of an achiral directional axle and an achiral directional 

macrocycle.  

The implications of these ideas when considering multithreaded rotaxanes will be considered 

in the discussion chapter.  

The work of Radha Kishan et al. on so-called molecular handcuffs (simplest ones being the 

[2](2)rotaxanes) ï considers the effect of two linked directional rotaxanes.14 Just as in the 

parent [3]rotaxane, since the axle is non-directional, the chirality is only expressed by the 

relative orientation of the two macrocycles (Figure 1.16).  

 

Figure 1.16 : An example of a [2](2)rotaxane ï molecular handcuff ï containing two directional macrocycles by 

Radha Kishan et al.14 The relative orientation of these two macrocycles describes the two diastereomers 

obtained, one which is chiral. Figure by Pearce et al.15 



12 
 

When more complex linkers are employed, such as the calix-arene in the work of  

Tsukamoto et al. (Figure 1.17), chirality may be obtained using non-directional macrocycles.16 

It has to be pointed out, however, that each of the macrocycles in the Tsukamoto et al. 

molecular handcuff are different (meaning the attachment point to the respective calix[4]arene 

benzene unit are either meta to the linkage or ortho to the linkage of the calix[4]arene). This 

leads to call it a hetero- molecular handcuff, which is not clearly indicated in the illustration by 

Pearce et al. (Figure 1.17). Nonetheless, even if the macrocycles were identical, the axle 

structure probably prohibits the other diastereomer of forming, as does happen in the work of  

Radka Kishan et al. (Figure 1.16).  

This is described here to keep in mind, when approaching the discussion on a new type of a 

linkage isomer found in exploring similar [2](2) rotaxanes. In that case, the macrocycles 

themselves are non-directional, however the twisting of the linker joining the macrocycles 

describes possible diastereomers. The linker is based on a calix[4]pyrrole unit ï more flexible 

than Tsukamoto et al., yet more complex than Radka Kishan et al., while the macrocycles of 

the [2](2)rotaxane are identical. That the designed structure could lead to diastereomers was 

discovered serendipitously through considering molecular models. This is described in detail 

in the discussion chapter.  

 

Figure 1.17 : The chiral [2](2)rotaxane by Tsukamoto et al.,16 illustration by Pearce et al.15 

With the brief consideration of various structures of mechanically interlocked molecules, next 

to be described is how they are prepared.  
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1.3 Formation of mechanically interlocked molecules  

The discussion here will focus on the preparation methods towards rotaxanes and catenanes. 

A number of techniques have been developed, the aim of all of them is to prevent dissociation 

of the components that are interlocked in one way or another.  

A rotaxane can be separated into the macrocycle unit, stoppering part of the axle unit that 

prevents dissociation and the central part of the axle unit. So to prevent dissociation of units 

we think of it either as the stoppering part of the axle unit being too large to thread through the 

cavity of the macrocycle, or as the macrocycle being too small to thread over the stoppering 

part of the axle. All of the rotaxane preparation ways have this as the end goal and there are 

limited number of ways to achieve this.  

The simplest one may be to have the macrocycle and the axle unit fully preformed, heating 

both components, so that at higher temperatures the macrocycle would be able to expand and 

thread over the stoppering unit of the axle at elevated temperature (a in Figure 1.18).  

 

Figure 1.18 : Five ways of forming a rotaxane. A ï slippage of the preformed macrocycle onto the preformed axle 

(by heating) ï the macrocycle is unable to dethread at room temperature. B ï formation of the macrocycle in the 

rotaxane formation step. C ï threading through the unstoppered axle through the cavity of the macrocycle and 

then adding big bulky groups to the ends of the axle. D ï the same approach of preforming a pseudorotaxane, 

except in this case you reduce the size of the macrocycle. E ï The stoppers of suitable size are preformed onto 

two parts of the axle, which are joined in the cavity of the macrocycle to form the central part of the axle unit.  
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Other ways include altering one of the components to form the rotaxane. This includes forming 

the macrocycle (clipping), central axle part (active template method) or the stoppers 

(stoppering). This also includes threading followed by shrinking approach, where the goal is 

to reduce the size of the macrocycle cavity, so that the axle stopper unit in effect is no longer 

able to thread through it. An example of this approach (d in Figure 1.18) was demonstrated 

by Fujino et al. preforming multithreaded [3]pseudorotaxanes and then splitting the 

macrocycle cavity into two to prevent each of the threaded axles from dissociating  

(Figure 1.19).17 

 

Figure 1.19 : The macrocycle used by Fujino et al. to thread through two axles and then bridge two ends of the 

macrocycle to split the single macrocycle cavity into two ï in effect reducing the size of the cavity ï shrinking the 

macrocycle, and thereby preventing the axles from dissociating.17  

The formation of the [3]rotaxane occurs because the initially bound axles do not contain 

stoppers which would be large enough to prevent dethreading from the large macrocycle. 

Bridging two ends of the macrocycle reduces the effective size of each cavity, as depicted in 

Figure 1.20.  

 

Figure 1.20 : Sketch of the [3]pseudorotaxane being turned into a [3]rotaxane by bridging two ends of the larger 

macrocycle.  

The active template approach (e in Figure 1.18) may be by the macrocycle binding a metal 

ion that helps to form the central active unit or by macrocycle templating the parts of the axle 

itself.18,19 

One more way of forming a rotaxane is by beginning with a single molecule in which the 

macrocycle unit is connected to the axle unit. The (moving) mechanically interlocked molecule 
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is formed by severing the bond between the axle and macrocycle (Figure 1.21). I would call 

this method of forming a rotaxane ñsplittingò.  

 

Figure 1.21 : A sixth way of forming rotaxanes is by breaking a chemical bond to separate the molecule into 

distinct components, which are now connected not by a chemical bond, but a by a mechanical bond. Break a 

bond to make a bond. Itôs also possible to argue that the this was a MIM all along.  

In forming the simplest of the catenanes ï [2]catenanes ï one or two macrocycles are formed 

in the reaction to prepare the mechanically interlocked molecule. Shrinking of a given 

macrocycle approach of rotaxanes (d in Figure 1.18) is no longer relevant since in a catenane 

the two or more macrocycles are topologically interlocked. Itôs also not possible to use slippage 

approach to slip one macrocycle onto another.  

 

 

Figure 1.22 : Three ways to form a catenane. A ï one of the macrocycles is preformed in prior reactions. At the 

catenane formation step, the other macrocycle is threading binding and then is formed to prepare the catenane. 

B ï two macrocycles are both formed during the course of the reaction, stepwise, towards a catenane. C ï active 

template approach where a macrocycle is closed inside the cavity of another macrocycle.  

The approaches can therefore be broadly placed in two categories. First ï formation of a 

complex between parts, followed by formation of macrocycle(s) away from the binding site  

(a and b in Figure 1.22). According to the actual functional groups and the size of each 

component, the approach a (Figure 1.22) may be compared to (be used instead of) either 

stoppering (c in Figure 1.18) or clipping (b in Figure 1.18) approaches to form rotaxanes.  
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It might be important to note explicitly that in the approach b towards catenanes (Figure 1.22), 

where neither macrocycle is formed prior to the reaction, the formation of the macrocycles 

occurs in a stepwise manner.  

Another way to form catenanes is through active template approach, where the formation of a 

macrocycle is completed inside the cavity of another preformed macrocycle (c in Figure 1.22). 

Then the ñsplittingò approach analogous to the one for rotaxanes described in Figure 1.21 can 

also be considered.  

In forming higher order MIMs, further interesting templating effects arise ï such as using 

bound macrocycles to bind other macrocycles through noncovalent interactions ï this is called 

cooperative capture.20 While MIMs can be bound by noncovalent interactions leading to 

thermodynamic minima, the ideas and the effect of equilibrium can also be used to control 

states of a formed MIM, as explored in the next section.  
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1.4 Equilibrium  

Thinking about equilibrium plays a very big role of thinking about mechanically interlocked 

molecules and their rearrangements. To begin, itôs important to be clear that each state of the 

equilibrium describes the overall system ï this includes solvent-solvent interactions, 

interactions between a vacant binding site and solvent, or a vacant macrocycle and solvent. 

To simplify descriptions, it is often spoken of a macrocycle occupying this or that station ï 

holding the interactions of the other station with solvent molecules assumed or insignificant.  

The idea of self-sorting (Figure 1.23) lends itself very well to explain the significance of this.  

 

Figure 1.23 : A simplified energy sketch containing a single representative molecule for a 1:1:1:1 mixture of black 

macrocycle, purple macrocycle, green axle, orange axle. The binding steps are not in any fixed order for this 

scenario and this diagram aims to portray that it is important to account for all the individual possible binding 

interactions in the system (implications described in the main text below).  

In this scenario of the energy profile, the black macrocycle prefers to bind an orange axle  

(energy at d is lower compared to energy at a). However this is not compensated enough by 

the binding energy of the purple macrocycle with the green axle (energy at c). Overall, itôs 

more favourable for the black macrocycle to bind a green axle and the purple macrocycle to 

bind an orange axle. The overall distribution will be determined by the energy difference of the 

two system states (collections of arrangements). In other words, for such a system, there 

would still be some back macrocycles encircling orange axles, in the equilibrium steady state. 

The energy minima here have been chosen to make the point on the importance of the overall 

energy of the system ï for self-sorting it could also be the case that a black macrocycle prefers 
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to bind a green axle and the purple macrocycle prefers to bind an orange axle, both being the 

preferred pairings.  

The next point to make is that any applied change (for example redox) to the system affects 

all of the states, although usually the aim is to affect one of the states of the system more than 

others. Below is an example of a system containing two states, that is switched twice  

(Figure 1.24) - this is a scenario based on a TTF crown ether around an ammonium axle as 

part of a [2]rotaxane. Initially, the components of the system might then be distributed in a way 

that is not most favourable (system out of equilibrium), leading to a redistribution, a 

rearrangement, return to equilibrium.  

 

Figure 1.24 : Under a stimulus ï when a change to the system is applied by adding/taking away a proton, an ion, 

a molecule, an electron ï the system becomes a different system, since the components are different. Each of 

the states (a and b in this case) are affected, but one of the states might be more affected by the applied change. 

Initially the system may find itself out of equilibrium following the applied change.  

The energy diagrams from Figure 1.24 for each system can be stacked on top of each other 

to visualise them (Figure 1.25).  

 

Figure 1.25 : the energy diagram for two states in three systems (changes from system to system occur by 

something added/removed). The energy states, redrawn in this way can allow to easier visualise the change that 

happens to each well and hill of the energetic landscape as stimulus is applied. A and B in this case are any two 

states of a given system (for instance macrocycle on different positions along the axle in a rotaxane, forming 

different co-conformations).  
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An good concrete example structure to describe this is the rotaxane in Figure 1.26.21,22 While 

a macrocycle could be located anywhere along the axle, two major positions are described for 

the deprotonated state, with the macrocycle preferring to recide about the amide station further 

away from the stopper. In this case, for each state, the free carbonyl group interaction with 

solvent molecules as well as the amine interaction with solvent molecules is also included in 

the consideration. Once the amine group is protonated, it becomes the most favourable state 

(a third arrangement). Usually for rearrangements of rotaxanes, only the observed states are 

displayed in figures. When the amine is protonated, turning the system 1 into system 2, the 

change to the interactions between the macrocycle and the amide stations are minimal if that. 

Because the change affected mainly one axle station, this is where the focus lies. However, 

state a/b (Figure 1.27) are still affected with the change, since the energy for those states 

includes the consideration of the ammonium instead of an amine interacting with the 

surrounding molecules (as compared to being encircled by a macrocycle).  

 

 

Figure 1.26 : an example of a molecular shuttle in which the macrocycle and the axle components rearrange 

under a stimulus of acid/base.21,22 The two different rearrangements are called co-conformations. 
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Figure 1.27 : The energies of the state a and b also shift (perhaps much less than the state c) ï because the 

state is for the overall system ï taking into account the difference in how an ammonium/amine part of the axle 

might be interacting with the surrounding molecules ï solvent and other rotaxanes after the change is applied. 

State where the macrocycle is around the ester carbonyl is omitted for clarity.  

When drawing the changes in the system caused by a stimulus, chemists often describe what 

becomes the major state of the system with the lowest energy, drawing a rearranged molecule 

in the preferred state.  

If the macrocycle were affected by a stimulus, the interactions with multiple binding stations 

along the axle might be affected in a significant way, since the changed macrocycle is 

interacting with each station in each of the states described.  

Just like the difference between two amide stations for the macrocycle in the rotaxane in 

Figure 1.26, a crown ether macrocycle may distribute between two different ammonium 

groups, as demonstrated by Waelès et al. (2017).23 One of the ammonium stations allows 

additional -́  ́interactions to occur, while at the other ammonium station this is hindered by 

the di-tertbutyl groups (Figure 1.28). There is also a difference between one binding station 

containing an ammonium group with two adjacent CH2 groups to bind the crown-8, whereas 

the other binding station containing only an anilinium with a single adjacent CH2 group, so the 

difference in affinity to the stations cannot be concluded to be solely from the difference in -́ 

 ́interactions. Nonetheless, this demonstrates that many noncovalent interactions might be 

important to determine the energy of the states of a system.  
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Figure 1.28 : An illustration by Waelès et al. to show the importance of -́  ́interactions contributing to the major 

co-conformer of a rotaxane.23 

An interesting comparison to the rotaxane-based molecular shuttles is a ómolecular syringeô 

prepared by Ikeda et al. in 1997 (Figure 1.29).24 When the ammonium is protonated, gaining 

a positive charge, the repulsive interactions cause the bound cation to move inside the 

complex and bind at the binding site, which was previously less preferred. This mode of 

rearrangement inside a complex reminds of the mode of action for motion in redox-active 

rotaxanes, which will be described in a later part of this general theory section.  

 

Figure 1.29 : The molecular syringe prepared by Ikeda et al. in 1997, whereby the bound cation moves position 

after the amine has been protonated.24 This reminds of the ñrearrangementò motions in rotaxanes.  

In the next part, coupling two equilibria inside a system is explored.   
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1.5 Coupled equilibria and information transfer  

A couple different stimuli may be combined to invoke the idea of cyclical switching of system 

states. The [2]rotaxane in Figure 1.30 will be used to describe the idea of information transfer.  

 

Figure 1.30 : The [2]rotaxane prepared by Ragazzon et al. The information transfer property of this [2]rotaxane is 

described in the main text.25 
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If a molecule is stable at a number of redox states and tolerates acid/base, both of these 

stimuli (addition and removal of protons/electrons) can be combined in an orthogonal way to 

switch states in a cycle of the possible states (Figure 1.31).  

In this example switching is uncoupled from each other and what happens at one station does 

not affect what happens at the other station. Energy is added to change (raise or lower) the 

energy minima of each of the binding sites.  

 

 

Figure 1.31 : cyclical system state switching of adding strong acid/strong base and additional and removal of 

electrons in cyclic voltammetry experiments by Ragazzon et al.25 A ï the macrocycle recides around the 

ammonium/amine binding site. B ï the macrocycles recides around the viologen binding site.  

 

 

 

 

 

 



24 
 

Ragazzon et al. also used a weak base, in which case there was an equilibrium created of the 

ammonium station being either protonated or deprotonated.25 What this means is that instead 

of considering the acid/base to switch the state of the system, we consider all of the states 

from either of these system states as states in a single system state. This idea is illustrated in 

Figure 1.32. Consider that the acid/base equilibrium is created by adding a weak base 

tetrabutylamine (TBA).  

 

Figure 1.32 : The figure depicts that initially, with a hard acid/base, there would be two distinct system states and 

their energy levels can be controlled by adding acid base, thereby moving the position of the macrocycle on the 

axle. When there are two equilibria of note in the system (macrocycle shuttling and proton addition to one of the 

binding sites), there will be four states found in the system (as if system 1 and system 2 are combined).  

For system 3 : a = macrocycle around ammonium + TBA base; b = macrocycle around viologen + TBA; c = 

macrocycle around amine + TBAH+; d = macrocycle around viologen + TBAH+.  

The amount of base added will affect the acid-base equilibrium and therefore the distribution 

of co-conformers.  

Ragazzon et al. found that using this idea results in transfer of information between distal sites 

on the axle, by the shuttling of the macrocycle. Allosteric control is one of Natureôs ways to 

regulate function in biomolecular machinery ï meaning there is a transfer of information 

between distal sites. In the rotaxane prepared by Ragazzon et al., there was found to be 
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coupling between electron and proton transfer reactions, reminiscent of the operation of the 

protein complex I of the respiratory chain.25 

Upon oxidation of the viologen unit, it was found that the macrocycle moves towards the amine 

station, which also become protonated (Figure 1.33). In essence the system is a redox-

activated molecular switch, but containing information transfer properties due to coupled 

equilibria as part of the system leading to many different system states available. 

 

Figure 1.33 : Once 12+ is reduced, this transfer of an electron is accompanied by a transfer of a proton in the 

equilibria, as well as the motion of the macrocycle towards an ammonium binding site.25 Numbering not that of 

this thesis. 

In the axle of this rotaxane, two binding sites do not communicate ï the transfer of information 

between them is made by shuttling of the macrocycle ï this is described as a dynamic 

intramolecular process.  

Rotaxane structures have been developed for several decades and advanced methodology is 

available to prepare them. The next steps will involve using rotaxanes as parts in more 

complex systems. Attempting to replicate properties of systems found in Nature is an 

interesting challenge.  
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1.6 Energy driven cellular processes  

There has been a lot of talk about molecular motors and molecular machines in the 

mechanically interlocked molecules community. A machine means a structure that is able to 

perform work or motion under input of energy. A well-studied biomolecular machine is the 

ATP-synthase (Figure 1.34).  

 

Figure 1.34 : ATP-synthase. Composed of two motors, each powered by a different fuel ï ATP driven chemical 

motor F1 and electric motor F0, embedded in the membrane and powered by the flow of protons across the 

membrane.26 

The two key parts (the two motors) ï F1 and F0 ï are thought to have been separate structures 

with different functions that have eventually evolved into an ATP synthase.27 The F0 is a unit 
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that is able to rotate, driven by the proton flow across a membrane in mitochondria. The 

protons are moved to the other side of the membrane by other units as part of the process in 

the system to generate ATP (Figure 1.35).  

 

Figure 1.35 : Mitochondrial electron transfer chain involving a number of complexes. Electron transfer is coupled 

to proton translocation into the matrix to create an electrochemical gradient on two different sides of the 

membrane. This osmotic potential is used to power ATP synthesis when protons re-enter the mitochondrial 

matrix through ATP synthase.28 

During ATP synthesis, the central rotor turns in the direction shown about 150 times every second. In 

order to provide energy to sustain our lives, every day, each one of us produces a quantity of ATP by 

this mechanism that is approximately equal to our body weight. 

As the electric motor F0 rotates in the membrane, the connected F1 motor rotates together with it in an 

essentially information transfer process. The F1 motor goes through a number of conformational states 

for each binding sites inside the structure - in a cyclical, repeating way. The repeating change is 

described by three ósnapshotô states (Figure 1.36). When the motor F1 is driven by the electric motor 

F0 attached to it, it acts as a generator of ATP.  
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Figure 1.36 : Three of the ɓ units of the F1 motor with their binding sites are depicted. ADP is converted into ATP 

through conformational changes induced by rotation.28 

The key idea is that a continuous flow of a fuel powers a system to move through a number of 

system states in repeating cycles. We take this idea to understand some of the synthetic fuel-

driven systems, building on the ideas described in sections 1.4 and 1.5 of this chapter.   
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1.7 Assembly out of equilibrium  

There are many structures that self-assemble in an energetically favourable process at an 

energy minimum. There are also some structures which are built by using fuel. A good 

example (however, poorly understood, especially in vivo) are the microtubules,29 which are 

built from the GTP-activated tubulin proteins. GTP acts as a fuel molecule, giving energy to 

the tubulin molecules. The assembly of GTP-activated tubulin molecules is favourable ï itôs 

an example of a thermodynamic self-assembly process (Figure 1.37).  

 

Figure 1.37 : A self-assembly process whereby an assembly of units is energetically favourable compared to 

unassembled units. This is what happens to tubulin proteins bound with GTP.  

In the assembly, the breakdown of the fuel molecule GTP to GDP is a lot more favourable. 

This is one of the key properties of this type of system, important to keep in mind for further 

discussion. Once itôs broken down, itôs a less favourable for the GDP-tubulin molecules to be 

bound to each other (while they still are to an extent). This is sometimes depicted as a downhill 

energy slope with no minimum of any kind for the assembled state (Figure 1.38).  

 

Figure 1.38 : an assembly that is no longer stable disassembles into the individual components, once the fuel has 

been consumed.  
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Whether there is an energetic minimum or not for the higher energy state ï depends upon the 

particular system in question. For instance, a driven assembly of a pseudorotaxane finds a 

structure which is out-of-equilibrium ï while there might be a small local energy minima, the 

pseudorotaxane ultimately disassembles.30 

More clearly, out-of-equilibrium means is that the amounts (in terms of concentrations) of 

structures at each energetic minima do not correspond to those defined by equilibrium (Figure 

1.39).  

 

Figure 1.39 : The system when it is out-of-equilibrium, from a review by Sangchai et al.30 

External intervention is required to switch a system between system states (as seen in 

previous sections of this chapter). If the system is not at equilibrium, a net flux between species 

takes place as the system relaxes towards equilibrium. Once equilibrium is reached, the 

system will remain at equilibrium steady state (ESS) until the next stimulus is applied.31 

This process of the net flux between species is a non equilibrium process, where energy is 

dissipated as the system relaxes towards equilibrium. Once the system reaches equilibrium, 

it can sustain its equilibrium state without the supply of any external energy and the system is 

stable over time.  

The concentrations of species in the network/system may be perturbed from the values 

predicted by corresponding equilibrium constants.29 An endergonic reaction absorbs energy 

shifting the distribution of species away from equilibrium (Figure 1.39).30 

How can a system absorb energy to shift the distribution of species away from equilibrium? 

The idea is that a reaction network (a system that may contain an equilibrium or species only 

at the single stable state) is coupled to a second spontaneous process.  

If a spontaneous process is taking place, the system is clearly not at equilibrium for this 

process. This spontaneous process can be coupled to a reaction network. This coupling 

between the network and a spontaneous process requires the former to mediate the latter. 

This often happens through a ratchet mechanism ï an ability of the system to absorb energy 

from the environment.30 In a sense ï two distinct reactions are coupled ï a driving one, by 
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proceeding towards equilibrium and a driven one ï which absorbs part of the energy to 

proceed against the thermodynamic potential. We can then say that the energy is stored in 

the distributions, rather than high-energy bonds. 

These concepts are explored broadly in reviews by Kariyawasam et al. (2021), Benny et al. 

(2022), Aprahamian and Goldup (2023) and Sangchai et al. (2023).29ï32 While the ideas are 

retold in this work briefly, the reader is encouraged to refer to these excellent works.  

Letôs consider two chemical reactions being coupled. Energy ratchets depend upon the 

sequence of stimuli applied.30 In essence, the reaction network may ócatalyseô the 

spontaneous reaction moving towards an equilibrium. It must be regenerated after each cycle 

of a ófuelô use. Thus the core idea is to identify a suitable fuel chemistry, where a transient 

bond forms and decomposes spontaneously and continuously in the same pot.32  

To repeat ï covalent bonds of finite lifetime are being formed, which in turn leads to structures 

of transient stability. The net reaction of a fuel should have a strong thermodynamic driving 

force, but ideally be kinetically trapped in absence of the ñcatalyticò reaction network,32 which 

would catalyse the spontaneous reaction, but itself be moved out of equilibrium. This ñcatalyticò 

reaction network for the fuel is the system that operates through a  ratchet mechanism, 

absorbing energy from the environment ï in this case the fuel molecules.  

In certain cases, it is not useful to describe the whole system as being out-of-equilibrium. 

Transient assemblies might be off-cycle with respect the driving (spontaneous) and the driven 

(reaction network) reactions. An activated monomer that is out of equilibrium may be formed 

through this process, which is then in equilibrium with an assembly that is formed out of this 

monomer.  

It's not accurate to say that the reaction between the ñcatalystò and the ñfuelò leads system to 

a higher energy. Itôs a thermodynamically favourable process to bind a fuel molecule.29 For 

ATP to ADP hydrolysis, the increased system energy is associated with the concentrations of 

ATP and ADP in the relevant location, and not the energy of the bond being broken in the 

hydrolysis reaction. In other words, energy is available because the concentration of ATP is 

higher than its equilibrium value.30 Information ratchets appear widespread in biological 

setting, while remaining rare in artificial systems.  

Returning to  the microtubules and tubulin monomers, we can draw this increase in energy for 

the ñfuelò added (increase in concentration of GTP). The reaction to bind the GTP by the 

monomers results in a decrease in energy, the assembly of GTP-monomers results in further 

decrease in energy (again a thermodynamically favourable process). Part of the process is 
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represented in Figure 1.40 below, omitting other important factors as GDP binding/unbinding 

from the monomers.  

 

Figure 1.40 : The simplified diagram for the energy levels of an assembly of tubulin monomers into microtubules. 

Binding/unbinding GDP is omitted for clarity. Itôs important to be clear that binding a fuel molecule is a 

thermodynamically favourable event, as is the fuel breakdown ï this is the spontaneous process, the energy of 

which is coupled towards the reaction network ï in this case tubulin monomers assembling. The x-axis acts as a 

reaction coordinate, not delving into the spatial location of these different structures. 

Essentially, the idea is that the assembly is ñchemicallyò-driven by a concentration gradient. 

As long as there is ñfuelò, the assembly at the relatively higher energy state will be formed. In 

other words, the fuel is harnessed to form an assembly out of the ñfuel-breakdown-catalystò 

molecules. Once the amounts of GTP/GDP equilibrate in a given system, the assembly breaks 

down, as there is no more ñfuelò to sustain it.  

Critically, the ñchemicallyò-driven system is under kinetic control. There is kinetic asymmetry 

between several reactions to obtain a ñdirectionalò motion through the states. While not 

claiming for certain, microtubules appear to include an information ratchet mechanism.30  

The diagram in Figure 1.40 can be simplified to indicate only ñtwoò system states and their 

thermodynamic states for either GDP-tubulin or GTP-tubulin (energy activated) molecules.  

When considering the change in terms of only ñtwoò systems, in a simplified way, we can 

describe that the circularity of the process comes from two related processes of fuel-driven 

assembly and assembly-driven fuel consumption (Figure 1.41). This gives a directionality.  
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Figure 1.41 : fuel-driven assembly in which the switching between the systems is driven by two different 

processes. This makes the switching non-reversible or cyclical.  

The process of assembly is energetically driven by the consumption of ñfuelò. The fuel is 

consumed as part of the processes of the system, giving the changed system a transient 

property. An energy ratchet approach (two opposite stimuli as acid/base added in sequence) 

is not required, as is done in the case of adding and removing electrons in the work by 

Ragazzon et al. (Figure 1.33). As such, the cycling between system states is continuous and 

autonomous, as long as there is an input of fuel (concentration gradient) to act to drive the 

endergonic reaction, to allow the system to harness the energy of the spontaneous process 

of ñfuelò breakdown.  

In the next part of this literature and theory overview, a few examples of fuel-driven MIM-based 

systems will be discussed, building on what has been described so far.  
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1.8 Driven processes in MIMs  

Many biomolecular machines operate by the principle of information ratchet. This means that 

the behaviour of the machine is dependent on the information about its current state.33 To 

harvest the free energy necessary for out-of-equilibrium functioning into directional motion, 

kinetic asymmetry is required to provide a kinetic preference to move directionally, while 

progressing around the chemomechanical cycle.  

A [2]catenane where a ómovingô macrocycle is driven directionally around the ótrackô 

macrocycle (Figure 1.42) was prepared by Wilson et al. (2016).34 

 

Figure 1.42 : The [2]catenane molecular motor operating as an information ratchet, with directional motion around 

the track as long as fuel is present. Work by Wilson et al.34 
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Kinetic stoppers on the track act as parts of the network that interact with the fuel molecule, in 

effect catalysing the breakdown of it. Removal of the stopper is as effective next to the 

macrocycle as far away from it, so this step does not affect the kinetics. This is because the 

breakdown is mediated by triethylamine molecule and is triggered at fluorenyl methine group, 

which is five bonds away from the attachment point. In this way, the presence or absence of 

the macrocycle does not affect the kinetics at either attachment point.  

On the other hand, addition of the stopper is around fivefold faster at the attachment point far 

away from the macrocycle. This kinetic asymmetry leads to the macrocycle shuttling around 

the track in a directional manner.  

This results in one attachment point with a stopper and one without. Thus ï different energy 

barriers for the macrocycle to move between two identical stations. The macrocycle continues 

to shuttle around in a directional manner as long as there is fuel present (a coupled chemical 

potential gradient). It can be said that the system operates autonomously.  

The calculated rate is around 12 h for each full rotation.  

A large amount of fuel is consumed without generating motion, because the cleavage pathway 

is not selective. Nonetheless, the system provides a fundamental contribution to 

understanding how information ratchets can be implemented in chemically fueled molecular 

machines.35 

This type of the information ratchet is comparable to a driven assembly (class 4 in the review 

by Das et al.).35 Alternatively to chemically-driven continuous autonomous motion, a catenane 

or a rotaxane can be coupled to a driven reaction to keep a certain state transient. In other 

words, the state will be kept, as long as there is fuel available (under dissipative conditions). 

Unlike in the case of the autonomous motor in Figure 1.42, there is no continuous motion and 

in fact the system can be said to be in transient stability, as long as there is fuel in the system. 

This is akin to the assembly under dissipative conditions (class 2 in the review by Das et al.).35 

The spontaneous switching of environmental conditions (no fuel ï fuel ï no fuel) leads to a 

temporary alteration of the energy landscape and this can lead to a population of a high energy 

state. This mechanism of energy transfer is referred to as an energy ratchet.35 

An example of the energy ratchet [2]catenane is the work by Erbas-Cakmak et al. (2017).36 

The system contains base triethylamine which breaks down the acid-based fuel in time. The 

system operates essentially the same as the analogous energy ratchet where the two stimuli 

(acid and base) are added subsequently one after another. Both energy minima and the height 

of kinetic barriers are affected by the acid-base switching (Figure 1.43). The macrocycle is 

able to complete a full rotation with each batch addition of fuel to the system.  



36 
 

 

Figure 1.43 : Fuel-driven energy ratchet [2]catenane by Erbas-Cakmak et al.36 The preferred station in the acidic 

environment is the dibenzyl ammonium, while when it is deprotonated, triazolium binding site is preferred. The 

kinetic asymmetry is introduced through two different stoppers along the track ï one is acid-labile and one is 

base-labile.  

The duration of the transient system state can be controlled by the amount of fuel added.35 

The periodic non autonomous driving process of adding fuel will lead to periodic variations of 

species concentrations. However, to be clear, the motion is directly not coupled to the 

conversion of fuel (Aprahamian and Goldup would express this as off-cycle at-equilibrium 

process).29 

While the information ratchet [2]catenane (Figure 1.42) reminds more of a biomolecular 

machine as ATP-synthase (Figure 1.34), all of the different systems are useful in their own 

right and are found both in biology environments and prepared synthetically.35 It will remain 

up to the function envisaged by workers to decide which type of system is preferred to be built. 

Aprahamian and Goldup suggest to focus on the coupled reaction (the spontaneous driving 

reaction) and how it interacts with the reaction network to shift the attention onto this key 

feature of the system.29 Likewise, I might add that continuous development in understanding 

of mechanical properties of MIMs also deserves attention.  

Although MIMs have been extensively prepared for a few decades now, workers continue to 

unravel new properties and ways of using them. Combining interesting mechanical properties 

of MIMs (motions between co-conformers) and conversion of fuel to drive this appears 

prosperous to explore and understand.  

While the role of conformational dynamics is discussed widely in biological enzymes, itós role 

is also gaining more attention in synthetic systems.30 The binding of ATP triggers a 
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conformational change in the kinesin proteins structure, which allows for the release of the 

trailing head.37 There are many rotaxane structures where the addition of a target ions causes 

a co-conformation shift ï a motion in the mechanically interlocked molecule.  

The most simple additive is the proton, as explored in the work by Ragazzon et al.  

(Figure 1.31), which may make the macrocycle to move towards the environment where the 

axle bound a proton. Itós not only the axle that may bind a target, but a binding site of a 

macrocycle. In particular, larger (asymmetric) macrocycles are of interest, which may bind two 

axles inside their cavities or an axle and a target molecule. Instead of binding an ion for 

detection purposes, a cavity of a rotaxane can be in theory used to bind a fuel molecule, which 

then breaks down over time inside that cavity. 

Further interesting is the situation in which the bound fuel molecule at the same time affects 

the binding ability of the particular binding site of an axle inside the cavity of the macrocycle, 

thereby causing the axle inside the cavity to also move. This idea (with the bound molecule 

being an anion, not a fuel molecule) is demonstrated in the [3]rotaxane by Barendt et al. 

(Figure 1.44)38 

 

Figure 1.44 : Example of motion of the macrocycles along the axle to bind an anion.38 The same motion can be 

imagined inversely, to see an axle move to a different position when a target fuel molecule is bound.  

If this motion of an axle after a fuel molecule is bound is used to alter the mechanical situation 

at the neighbouring point of interlocking (POI), the information transfer could be recorded in 
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some way. This fuel-driven information transfer could be used for either autonomous 

continuous motion or to keep a given state under dissipative conditions (as discussed for the 

two [2]catenanes above).  

To the ends of developing more capable molecular machinery, both fuel-sources and 

mechanics of interlocked molecules need to be developed. In the course of my study, an 

redox-active tetrathiafulvalene units were a central part of the designs for novel mechanically 

interlocked molecules. My work continued and built upon the work on redox-active rotaxanes 

prepared at the Schalley research group before me. This work prior to me beginning is 

described in the last bit of this general theory section, before the continuing onto the 

exploration of motions in mechanically interlocked molecules.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



39 
 

1.9 Redox -active MIMs  

Redox-active molecular moieties can be incorporated into the structure of mechanically 

interlocked molecules ï into axles and into macrocycles. The idea is that by changing the 

redox-state of the moiety, the interactions between components of a MIM are altered, leading 

to a rearrangement of the MIM through a motion into a different co-conformation.  

Two commonly used redox-active motifs are the viologens (which can be reversibly reduced) 

and the tetrathiafulvalenes (which can be reversibly oxidised). Naphthalenetetracarboxylic 

diimides (NDIs) are another class of moieties that can be reduced, that have been 

incorporated into MIMs.  

An example of a MIM with viologen units is the structure described as electric molecular motor 

(Figure 1.45) by Zhang et al. (2023).39 The authors have found that two macrocycles are 

required for kinetic asymmetry to drive the macrocycles unidirectionally around the track in a 

[3]catenane. The system operates as an energy ratchet with alternate reduction and oxidation 

of the six viologen units in the system (two viologen units as part of the axle track and four 

viologen units as part of the two macrocycles). The chemical structure of this molecular motor 

is provided below in Figure 1.46.  

 

Figure 1.45 : An example of redox-switchable energy ratchet molecular motor prepared by Zhang et al.39 A and B 

indicate the two macrocycles, to help follow along the figure as the motion is illustrated. The illustration here is 

provided to illustrate that macrocycles move around the track directionally. For more detail of how this operates, 

please refer to the publication.  
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Figure 1.46 : The chemical structure of the redox-active molecular motor by Zhang et al.39  

While the authors noted that in an analogous [2]catenane, there was not enough kinetic 

asymmetry for directional rotation through an energy ratchet mechanism, the [3]catenane 

example with two macrocycles nonetheless shows that redox can also be used to drive 

molecular motors.  

Tetrathiafulvalenes as components of axles were introduced by Stoddart group and used in 

many different projects. The idea is that when oxidised, the TTF station becomes positively 

charged and thus repels the positively-charged macrocycle (Figure 1.47). The most stable 

state of the system is then for the macrocycle to recide around the alternate station. Initially, 

TTF is more favourable, because of the electron-rich nature of the unit, which attracts the 

electron-poor viologen based macrocycle for donor-acceptor interactions.  
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Figure 1.47 : an example of a rotaxane with a TTF moiety incorporated as a station of the axle.  

Figure from work of Liu et al.40 

The tetrathiafulvalene unit can also be incorporated into the macrocycle structure of a crown 

ether. The first work regarding this was a crown ether that was used as a receptor for Ag+ 

cations (Figure 1.48).41  

 

Figure 1.48 : A crown ether acting as the binding site integrated with a tetrathiafulvalene unit acting as a signal 

transducer ï work by Larsen et al. The authors found significant shifts in redox potentials when silver cation was 

bound to the macrocycle on the right (specifically, without any effect from other cations) and slight shifts when 

potassium cation was bound to the macrocycle on the left (specifically, without any effect from other cations). 41 

While there is the example of a electromotor prepared in 2023 (Figure 1.45), the initial work 

on many mechanically interlocked molecules is to explore their properties in the different 

states they are stable in and the requirements to switch between these states.  

In 2017, Schröder et al. have prepared a rotaxane that is stable in five different system states. 

The pentastable [2](2)rotaxane structure includes a tetrathiafulvalene (TTF) unit ï reversibly 

oxidisable into two states and a naphthalenetetracarboxylic diimide (NDI) unit ï reversibly 

reducible into two further states (Figure 1.49).42 
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Figure 1.49 : A pentastable redox-active rotaxane by Schröder et al.42 

A [2]rotaxane containing only the TTF unit was also prepared (Figure 1.50).1 The redox 

properties were often studied for the free macrocycle, comparing it to the rotaxane. It is harder 

to oxidise the TTF (= to switch between system states) when the macrocycle is part of a 

rotaxane due to the additional repulsions with the ammonium group. It was also found in the 

system state in which the TTF unit is doubly oxidised, around half the macrocycles still encircle 

the ammonium station (= study of the system properties at a given system state).  

 

Figure 1.50 : A [2]rotaxane containing a crown-ether based macrocycle with an integrated TTF unit threaded onto 

an ammonium binding site. Work by Schröder et al.1 

Larger rotaxanes containing multiple TTF-crown ether (TTFC8) macrocycles were also 

prepared and investigated (Figure 1.51).43 Switching between different states was studied and 

explained using properties of the system at each given system state. As the TTF units were 

oxidised and reduced, it caused the macrocycles to shuttle closer to and further away from 

each other, as the system relaxed to distributions according the thermodynamic minimum at 

each system state. 
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Figure 1.51 : A series of rotaxanes with multiple amount of TTFC8 were prepared to study the relationship 

between the macrocycles on the axle. The structures take into account both the macrocycle-axle and the 

macrocycle-macrocycle interactions. Work by Schröder et al.43 

 

Figure 1.52 : A correlation diagram of half-wave potentials determined by CV/DPV in ACN (0.1 M n-Bu4NPF6).
43 

The values are for the structures in Figure 1.51.  

The correlation diagram (Figure 1.52) containing the redox values for the structures in  

Figure 1.51. The higher the value of the voltage required to oxidise a TTF, the more difficult it 

is to oxidise it. For instance, it can be seen that itôs more difficult to oxidise the rotaxane R1 as 

compared to the macrocycle TTFC8.  

Another observation was that the first oxidation for the [3]rotaxane R2 comes at a lower 

voltage compared to the [2]rotaxane R1 with a single macrocycle. This is due to the TTF-TTF 
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favourable TTF-TTF interactions. After a single electron was removed from the system, a 

mixed valence dimer (Figure 1.53) would form between the TTF units integrated on the 

adjacent macrocycles.  

The macrocycles in the [3]rotaxane R2 would move closer to each other to form the mixed-

valence dimer between the TTF-units, but would move away from each other when each TTF 

unit was doubly oxidised to TTF2+.  

 

Figure 1.53 : The depiction of the mixed-valence dimer and radical-cation dimer, both which could form in 

rotaxanes containing multiple TTF units as part of the structure. Figure from review by Schröder and Schalley.44 
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Theory Chapter 2 : Specific theory - motions of MIMs 

2.1 Kinetics and motion : a brief overview  

Usually, when thinking of motion, we imagine something moving. For this chapter the word 

ómotionô is used as a reference to the change in co-conformation of the MIM, the change in 

state between the different arrangements in space available for the components of a 

mechanically interlocked molecule.  

Motion is a commonly used word in mechanically interlocked molecules terminology with many 

groups investigating the final outcomes of a stimulus towards a molecule without delving into 

the kinetic timeframes of these changes. In case of most prepared rotaxanes, the changes in 

states happen within reasonable macro time for investigation purposes.  

There are studies on the kinetics of shuttling or pirouetting of macrocycles on axles and the 

reader is directed to the studies by Andersen et al., Leanza et al. and Farras et al. as a starting 

point.45ï47 There are further studies on threading and unthreading ï or how any kinetic barrier 

hinders motions and the effect of axle folding or forming a knot.48ï50 This is not the focus for 

this chapter.  

Likewise, when considering motion in the macroscopic realm, we think of some input of 

energy. An increasing amount of fuel-driven MIMs are prepared every year, however this is 

also outside the scope for this chapter. A molecule could be kept out of equilibrium in a 

particular co-conformation due to fuel supply, however this will not be further explicitly 

discussed.  

For convenience, the motions of MIMs are discussed here as if the MIM is used as a switch 

with reversible stimuli, however the same kinds of motions could also be coupled to fuel-based 

reaction networks. The chapter concerns the structural ñpartsò of the mechanically interlocked 

molecule and how the motion in MIMs comes about from the detailed consideration of these 

structural parts.  

Original and unique MIM structures and motions will also be introduced upon building on the 

insights collected from the presently available systems.  
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2.2 Higher order rotaxanes  

To begin the discussion on rotaxanes composed of 3 or more components, I invite the reader 

towards a question. How can two [2]rotaxane molecules be connected to each other giving 

higher order structures? The immediate thought that might arise is to connect two synthetically 

prepared [2]rotaxanes at the stoppers, for example through a disulphide linkage. To note, this 

is a conceptual/theoretic exploration with the aim to explore possible structures to envisage, 

not focused upon synthetic details.  

To begin, perhaps the most common higher order rotaxane structure prepared is the 

[3]rotaxane type 1.2 (Figure 2.1). For higher order rotaxanes, the nomenclature m.n indicates 

m axle components and n macrocycle components. In this case, we can imagine axles of two 

[2]rotaxanes linked to prepare such a structure.  

 

Figure  2.1 : Connecting ends of the axles of molecules B-1 (indicated here by the yellow line) creates a structure 

[3]rotaxane type 1.2 (this is not meant to illustrate a chemical transformation).  

If instead of connecting the two axles, two macrocycles of [2]rotaxanes are connected, a 

[3]rotaxane type 3 is obtained. While axles can be abstracted to lines and thus connected at 

óa single pointô, the macrocycles can be connected more than once. The key idea is that the 

macrocycles can be fixed in space with their orientations (Figure 2.3) or there can be a single 

bond around which the macrocycles can rotate (Figure 2.2).  
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Figure  2.2 : Connecting macrocycles of [2]rotaxanes B-1 once at each macrocycle creates a [3]rotaxane type 3, 

where the macrocycles are free to rotate around the single bond with respect to each other (this is not meant to 

illustrate a chemical transformation). Yellow line indicates what is connected from the two [2]rotaxanes, in this 

case it is the two macrocycles that are connected.  

 

 

Figure  2.3 : Connecting macrocycles of [2]rotaxanes B-1 twice at each macrocycle creates a [3]rotaxane type 3, 

where the macrocycles are locked with respect to each other (this is not meant to illustrate a chemical 

transformation).  

In the [3]rotaxane B-4, the macrocycles appear to be linked in a more rigid way compared to 

the [3]rotaxane B-3. This suggests that the axles threadeding through each of the macrocycles 

are in a more rigid, if not entirely parallel arrangement. In case of a linker in [3]rotaxane B-3, 

the macrocycles may rotate with respect to each other and so do the axles threaded through 

these macrocycles. This may be due to a single bond as part of the linker that links the two 

macrocycles of the structure.  

A very important note here, especially regarding crown ether macrocycles, is that they are 

highly flexible. The planar structure and rigidity of the linker does not mean that the axles 

threading through the cavities of the bis-macrocycle will necessary be mathematically parallel.  

Examples (Figure 2.4) to envisage are anthracene in B-5 and tetrathiafulvalene (TTF) as part 

of B-6 as macrocycles for a structure as the [3]rotaxane B-4. On the other hand, the molecule 

B-7 contains a linker with a rotatable single bond leading to less restrictions and thus 

controlling over which way each of the macrocycles is facing. This would be an example of a 

bis-macrocycle in a [3]rotaxane B-3.  
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Figure  2.4 : Examples of linkers for bis-macrocycles. B-5 and B-6 contain and anthracene and a 

tetrathiafulvalene respectively. Both of these are planar linkers, leading to higher rigidity with regards to where 

the macrocycles cavities are facing with respect to each other.  

Now, for another way to connect two [2]rotaxanes. If an end of each axle is connected to the 

macrocycle it is not threaded through, a so-called [c2] daisy chain is obtained (Figure 2.5). 

Here, four interlocked units are turned into two, through the two ómolecularô links.  

 

Figure  2.5 : Connecting axles to the macrocycles they were not threaded through leads to a [c2]daisy chain 

structure (this is not meant to illustrate a chemical transformation).  

If the stoppers of the above [c2]daisy chain B-8 are connected, a [c2] daisy chain catenane 

B-8b (Figure 2.6) is obtained.  

 

Figure 2.6 : When the ends of a cyclic daisy chain are connected, a macrocycle containing a daisy chain motif is 

obtained. 
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In general, whenever two stoppers are somehow connected, or a macrocycle replaces an 

open ended axle, for the whole structure, a catenane motif replaces a rotaxane motif.   

So, if the  [3]rotaxane type 1.2 B-2 (Figure 2.1) has its stoppers connected to one another, 

two macrocycles and an axle turn into 3 macrocycles in an interlocked structure, a 

[3]catenane.  

Similarly to connecting units into a daisy chain, if you take two of the [2]rotaxanes and connect 

one stopper (end of the unit) to the macrocycle of the other, a so-called hetero[3]rotaxane is 

obtained (Figure 2.7). This is the same ñoperationò of connecting structures as done to form 

the [c2]daisy chain in Figure 2.5, except done only once and not twice. I suggest that B-8c 

could be referred to as a stoppaxane ï alluding to the idea that there is another axle threading 

through a macrocycle-shaped stopper.  

 

Figure  2.7 : Connecting stopper of one [2]rotaxane to a macrocycle of another [2]rotaxane leads to the simplest  

hetero-rotaxane variant.  

So far, the A-A, M-M, M=M, 2 x A-M links connecting two [2]rotaxanes were considered. The 

A-A and M=M links can be combined for a [2](2) cage rotaxane structure B-9 (Figure 2.8). In 

this case, the macrocycles could also be loosely connected via a single linker, still leading to 

a [2](2)rotaxane. The rigidity and number of linkers can play an important role.  

 

Figure  2.8 : Connecting to ends of the axles of molecules B-1 and connecting the macrocycles of molecules B-1 

creates a [2](2) rotaxane ï sometimes also referred to as a cage rotaxane (connections are not meant to illustrate 

a chemical transformation).  
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Here, I pause and point out that in this way of thinking it can make a difference to whether it 

is two axles that are being connected or two stoppers. Taking the above situation and 

rephrasing it as stopper-stopper (S-S) connection as well as M=M connection with two rigid 

linkers, a [2]suitane structure B-9b (Figure 2.9) is obtained. Technically, two stoppers would 

then also need to be removed to form B-9c, for the central stopper to play the important 

ñcentral stopperò role as happens in suitane structures. Naturally, one can also imagine a 

[2]catenane based on a [2]suitane structure.  

 

Figure 2.9 : Connecting stoppers of [2]rotaxanes as well as their macrocycles leads to a structure known as a 

[2]suitane.  

Another way to óconnectô [2]rotaxane motifs is by fusing the two macrocycles of the 

[2]rotaxane, instead of linking them via a spacer, leading to the [3]rotaxane type 2.1 B-10 

(Figure 2.10). 

 

Figure 2.10 : Fusing the macrocycles of the [2]rotaxanes leads to a [3]rotaxane 2.1 structure (this is not meant to 

illustrate a chemical transformation).  

A key difference of B-10 compared to the [3]rotaxanes type 3 B-3 and B-4 is that the axles of 

this [3]rotaxane are in close contact inside the cavity of the macrocycle and attractive/repulsive 
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forces between these have to be taken into account for the motions in this type of mechanically 

interlocked molecule.  

Another important thing to note for B-10 ï when the macrocycle pirouettes, the axles can 

exchange their positions. An attempt clarity this point is depicted in Figure 2.11. The 

multithreaded [3]rotaxane B-2 can be similarly compared to a radial [3]catenane B-11, where 

in a [3]catenane, the components can in theory move into each otherôs binding site, assuming 

similar binding components and compatability and that there are no hindering kinetic 

components as part of the axle track of the [3]catenane. For the rotaxanes that appear as B-

2, the macrocycles typically do not interchange their positions, unless a ring-through-ring 

motion is possible when one of the macrocycles is much larger than the other.51 

             

Figure 2.11 : Similarities found for the components positions in a radial [3]catenane B-11 and ómultithreadedô 

rotaxane B-10.  

The somewhat trivial idea of exchange becomes more significant for a multithreaded 

[3]rotaxane type 2.1 when the sites of the macrocycle are distinct ï for example if there is a 

single tetrathiafulvalene unit incorporated into the macrocycle, which then happens to be 

located next to one of the axles, but not next to the other. The pirouetting motion may then be 

an important factor to describe the co-conformations arising as a result of redox switching the 

TTF unit. This will be further explored in the next sections of this chapter.  
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2.3 Motions in rotaxanes  

In [2]rotaxanes, if the axle offers several binding sites for a macrocycle, the macrocycle will 

shuttle and recide around each binding station for some time. The amount of time macrocycle 

recides around each binding station is dictated by thermodynamics. For this thesis, the motion 

of a macrocycle along the direction of the axle will be described as the motion along x axis 

(Figure 2.12).  

 

Figure  2.12 : Shuttling of a macrocycle along the axle in a [2]rotaxane. The axle is represented as rigid linear rod 

for simplicity, which is not the case for many synthetically prepared structures. 

To begin, the motions in a [2]rotaxane were described in terms of the macrocycle moving. This 

appears to be the conventional way to describe the change in co-conformations, the relative 

arrangement of mechanically interlocked components. However, there is nothing inherently 

incorrect about describing the motions in terms of the (parts of the) axle moving and seeing 

the (linked) macrocycle(s) as stationary. In the end, intuition is followed for each structure and 

the choice to describe the motions in terms of macrocycles or axles depends upon the number 

of axles, number of macrocycles, flexibility of both the axle(s) and the macrocycle(s) and their 

linkers, arrangement of binding sites on the axle and ratio of macrocycles to axle components, 

amongst other factors. It appears that the intuitive choices cannot be systematised and this 

will not be the goal here. Instead, the motions will be described in terms of macrocycles or 

axles as feels natural. In reality, the case is often that multiple components of the mechanically 

interlocked molecule are moving to arrive at the respected co-conformational minima.  

The motions will be drawn as molecules being in equilibrium between possible co-

conformations, noting that at any one state the conditions may strongly favour one station 

before a stimulus shifts the equilibrium by changing the binding conditions at a selected site.  

One of the most commonly explored motions for rotaxanes is the movement of the 

macrocycles in a [3]rotaxane type 1.2 closer and further away from each other (Figure 2.13).  
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Figure  2.13 : Shuttling of macrocycles along the axle in a [3]rotaxane. While the motion is not necessary 

concerted, interactions between the macrocycles may cause a state where they are together to be energetically 

preferred co-conformation.   

Depending upon the binding sites and macrocycles, the initial situation might be where the 

macrocycles are closer together or further away from each other and are brought together by 

applying a stimulus.  

In either case, the binding site arrangement can be described as ABBA. By connecting an 

extra AB axle fragment, a (AB)3 parallel arrangement is obtained as used for the molecular 

elevator B-14 (Figure 2.14).52 

 

Figure  2.14 : A representation of a molecular elevator structure, where macrocycles are connected and ends of 

the axles are connected.    

In case of the molecular elevator, the macrocycles are connected. The motion of each of the 

macrocycles along each oneôs respective track brings the linker of the macrocycles closer or 

further away to the linking point of the tracks. This is reminiscent to an elevator moving 

between floors.  

The alternative binding station arrangement for structures containing two macrocycles is 

ABAB ï which is used for in-series motions such as molecular pulley B-15 (Figure 2.15). The 
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molecular pulley has the macrocycles linked together just as in the case of a molecular 

elevator, however due to the different arrangement of the stations and connections of the axle 

units, the perceived/imagined motion is different.53 This could be due to it being easier to 

imagine a translational motion of linked axle units compared to a rotational motion of the linked 

macrocycles unit ï thus the axle is described as moving through the framework.  

 

Figure  2.15 : A representation of a molecular pulley structure. 

In effect, the motion is of the same kind as in the [2]rotaxane B-12, but performed for each of 

the three macrocycles ï with the stations arranged in series as ABABAB. You can imagine 

this structure as being composed of three [2]rotaxane each linked via axle and at macrocycle. 

The deeper implication is that even though the structure is more complex, there are no novel 

motions/interactions arising as a result of complexity. However, repetition of an operation and 

structural motifs (whether in series or in parallel) allows for more interesting looking motions 

to occur.  

Neither in the [3]rotaxane B-13, nor in the molecular elevator B-14 or molecular pulley B-15 

does the motion focus on how far away or close together the stoppers are. In case of the 

molecular elevator B-14, when the macrocycles move closer to the stoppers, the stoppers are 

also in effect brought closer together in space, as a bundle . The extent of this depends upon 

the rigidity of the macrocycles and rigidity of the unit linking the macrocycles.  

In case of the [c2]daisy chain (example structure B-16 in Figure 2.16), which aims to imitate 

structures found in muscles, the focus is specifically on the stoppers being brought closer 

together in space.  
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Figure  2.16 : A representation of a [c2] daisy chain structure 

If one binding station is much more favourable than the alternative, the ómolecular muscleô can 

be imagined to be statically contracted or expanded until the stimulus is applied to switch the 

state.  

The binding station arrangement in the [c2]daisy chain B-16 is AB/BA similarly to the ABBA of 

[3]rotaxane B-13 (Figure 2.13), which arranges the stations of the axles in an óanti-parallelô 

form (Figure 2.17). The arrangement of axles in a molecular elevator B-14, while not 

necessary parallel, can be considered in the óparallelô form with respect to the direction of the 

motion of the moving unit (Figure 2.14).  

 

Figure  2.17 : A representation of possible binding station arrangements on parallel axle fragments 

The motions of the macrocycles in the [c2]daisy chain B-16 are the same as in the [3]rotaxane 

B-13, except that the macrocycles in the [c2]daisy chain are linked to the ends of the axles. 

The macrocycles in both cases do move closer and further away from each other. This 

happens through the macrocycle-axle interactions and shuttling motion.   

Another similar structure with this type of arrangement is when you modify the [3]rotaxane  

B-13 to link the macrocycles together, forming a [2](2) cage rotaxane B-17 ï in this case, if 

the linker and the macrocycles are rigid enough, you can also envisage the stoppers moving 

closer towards the cage and thus closer towards each other (Figure 2.18). The axle is drawn 

as a rigid rod, but assuming flexibility at the molecular level, it is often the axle that is drawn 

as the moving component ï as it is easier to imagine ófoldingô a linear component. Often, when 

the cage structure is very rigid, it is indeed the case that the axle component is moving through 

the framework.  
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Figure  2.18 : A representation of a [2](2) cage rotaxane structure with the stations arranged as ABBA.  

The axle is drawn as a linear rigid unit for simplicity.  

The station arrangement for the [2](2)cage rotaxane B-17 is ABBA as for the [3]rotaxane  

B-13 (Figure 2.13) 

When the two distinct binding stations are arranged as ABAB , as for the [2](2)rotaxane B-18 

(Figure 2.19) with both of the macrocycles shuttling the same direction, we could think of the 

cylinder / linked rotaxanes as the part of the molecule undergoing motion.  

 

Figure  2.19 : A representation of a [2](2) cage rotaxane structure with the stations arranged as ABAB.  

The axle is drawn as a linear rigid unit for simplicity. 

For the rotaxane B-17, the overall motions bring the two stoppers closer to the ócageô and thus, 

just like for the [c2]daisy chain B-16, the two stoppers move closer to each other.  

The next mechanically interlocked molecules to be described are the [3]rotaxane type 3 

structures.  

For the case in which the axles are threaded through in a parallel sense (Figure 2.17) and no 

interchange is possible, it can be easy to imagine the axle as stationary - and the bis-

macrocycle as the moving component (B-19 in Figure 2.20).  
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Figure  2.20 : A representation of a [3]rotaxane type 3 structure with the axles threaded in a parallel sense 

directionally. The axle is drawn as a linear rigid unit for simplicity. 

In case when the axles are threaded through in an anti-parallel sense directionally (B-20 in 

Figure 2.21), we are naturally thinking of axles as being in motion. It is more accurate to 

describe motions as happening step-wise and not in a concerted way. One binding site can 

be affected by a stimulus initiating a motion before the other conditions at the other binding 

site are likewise altered. The same is true for the [2](2) rotaxane B-18 described above. The 

motions are not concerted, even when they are imagined and sometimes described as being 

so. In case of the rotaxane B-18, the axle fragment will likely move first at one binding site, 

especially if the macrocycle framework is rigid.  

 

Figure  2.21 : A representation of a [3]rotaxane type 3 structure with the axles threaded in a anti-parallel sense 

directionally. The axle is drawn as a linear rigid unit for simplicity. 

All of the motions thus far concerned the interactions between macrocycles and axles, by 

affecting the shape, charge of the components or otherwise influence the binding affinities. 

When more than two components are incorporated into the structure of the MIM, the 
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interactions between two macrocycles on an axle, or between two axles inside a macrocycle 

can also be considered.  

In 2018, work on switchable synchronisation of pirouetting motions of macrocycles was 

presented by Schröder et al. from the Schalley research group (Figure 2.22).54 This is a good 

example of considering macrocycle-macrocycle interactions in a MIM.  

 

Figure  2.22 : A representation of a [3]rotaxane where macrocycle-axle interaction is not altered and instead the 

macrocycle-macrocycle interaction is investigated by changing the states of the components appended onto the 

macrocycles. The diagram aims to indicate that when appended units are oxidised (orange colour), the extra 

attractive interaction increases the preference of the macrocycles to pirouette together.  

To clarify, in this case, the interaction is between TTF units appended onto the macrocycles. 

This is a convenient way to lock the macrocycles together for their motions around an axle in 

the YZ plane. While the macrocycle atoms are used for the binding with the axle, the 

appendages can be used to alter states while not shuttling away from the binding stations.  

In case of this study, one or both of the TTF units are oxidised to radical cation TTF·+. When 

this happens, the TTF units appended on the interlocked macrocycles experience an attractive 

interaction. When this happens, it becomes more favourable for the macrocycles to pirouette 

(rotate around the axle in the YZ plane) as a coupled unit. While synchronous rotation was the 

preferred way to move around the axle prior to the oxidation of the TTF units, the binding 

interaction between the oxidised TTF units brings up barrier for counter-rotation (macrocycles 

pirouetting to the opposite directions)  by an extra 100 kJ mol-1 to a ca. 200 kJ mol-1.54  

The movements of the macrocycles around the axle are dynamic and fast. As with any 

situation concerning binding, there are always some counter rotation happening and some 
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rotaxanes with the macrocycles not pirouetting together and the TTF units unbound (in a 

neutral, mixed valence or radical dimer states).  

A rotaxane system can combine shuttling and pirouetting lock motions, if a binding target such 

as an anion is incorporated between the macrocycles at a specific binding site, as in the 

example by Beer et al. (Figure 2.23).38 

 

Figure  2.23 : Example with the nitrate anion holding two macrocycles together, instead of the direct M-M 

interaction. In this case, when bound to the nitrate, the macrocycles can be expected to pirouette in sync, when 

they do this together with part of the axle. When the macrocycles are at the NDI binding sites (further away from 

each other), they pirouette freely between the conformational minima.38 The numbering does not correspond to 

that of this thesis. 

 


























































































































































































































































































































































































































































































































































































































































































































































