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Summary 

Rotaxanes are members of the class of mechanically interlocked molecules. A rotaxane 

consists of at least two components: a dumbbell-shaped molecule (referred to as thread or 

axle) encircled by a large macrocyclic ring. The ring (macrocycle) is not covalently bound to the 

thread, but it remains on the thread because bulky groups (stoppers) on both ends of the 

thread prevent it from sliding off. In contrast with conventional molecules, rotaxanes are 

thus held together by a mechanical bond. Because of this mechanical connection of two 

separate components, rotaxanes possess interesting properties, which are not present in 

conventional molecules. These properties are derived from the fact that the macrocycle can 

undergo different movements with respect to the thread. One of the most important ones 

(besides rotation around the thread) is reversible translation of the ring along the thread (so-

called shuttling). This shuttling can occur spontaneously, but it can also be induced and 

controlled by applying an external stimulus (e.g. photons, electrons or reagents). The ring 

then shuttles between two or more binding sites (stations) on the thread. Typical non-

covalent interactions that play a role here are hydrogen bonding, π-π interactions, and 

hydrophobic effects. A rotaxane in which reversible ring translocation is possible, is referred 

to as a molecular shuttle. The two structures of the rotaxane in which the ring is bound to 

either one of the stations are called co-conformers. 

The research on rotaxanes has gained great interest during the last two decades. Not only 

because of the challenge to synthesize these complex structures, but also because the 

interlocked structure and the possibility to control the movements of the components, can 

be used for interesting applications. One example is the application in materials whose 

properties can be changed by moving the ring. The motion of the macrocycle also allows the 

application of rotaxanes as molecular motors able to deliver useful work. Because of the 

existence of interconvertable co-conformers, rotaxanes can be used for data storage with 

one single molecule as the smallest unit. In order to realize these potential applications, 

research on the functioning of these molecular shuttles is required. Important issues to be 

addressed are: how is the movement of the components influenced by internal factors (e.g. 

intercomponent interactions and the distance between the stations) and external factors (e.g. 

viscosity and polarity of the environment)? The research described in this thesis aims to 

provide answers to these questions. The shuttling motion is studied in rotaxanes in which 

hydrogen bonding is the main interaction between macrocycle and thread. The effect of 

external factors (polarity and viscosity) on the macrocycle translation is examined. A large 

part of the research is also devoted to internal factors: the effect of hydrogen-bond 

interactions between the components (macrocycle and thread) on the translation process. 

The translation of the macrocycles is induced by photons, electrons or solvent effects. 

In Chapter 2, the effect of the viscosity on the rate of photoinduced shuttling in a 

hydrogen-bonded naphthalimide rotaxane is investigated. The background of this research is 

that in potential applications of the shuttling motion, the shuttle has to function in an 

environment which is characterized by high viscosity. The rotaxane studied contains a 
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tetraamide macrocycle that can shuttle between a succinamide (succ) and a naphthalimide (ni) 

station in the thread. Upon reduction of the naphthalimide station to its radical anion, by 

means of photoinduced electron transfer, the macrocycle moves away from the succinamide 

station to bind with the ni radical anion formed, because the hydrogen bonding with the ni 

radical anion is stronger than that with the succ station. The kinetics of this shuttling process 

were studied in viscous polymer solutions in acetonitrile (MeCN) and butyronitrile (PrCN). 

The viscosity of these media was tuned by varying the concentration of dissolved polymer. 

As expected, the shuttling is slowed down in the polymer solutions due to friction. The 

retardation of the shuttling can be correlated to the polymer concentration through the 

hydrodynamic scaling model of Phillies. The rate-viscosity correlation can be described with 

a power-law relationship with a small exponent. The viscosity effect on the shuttling rate 

was found to be remarkably weak in all cases. This is favorable for potential applications of 

rotaxanes as molecular shuttles: the system retains its activity, even at very high viscosity.  

Chapters 3 – 5 describe the intercomponent hydrogen-bond interactions in imide 

rotaxanes in solution. The hydrogen bonds between the macrocycle and the different 

binding sites in the thread are studied by means of infrared (IR) spectroscopy. Also, the 

effect of the structure and electron density of the imide station on the binding strength with 

the macrocycle was investigated. Three types of imide-rotaxanes were studied, containing a 

naphthalimide (ni, Chapter 3), a pyromellitimide (pmi, Chapter 4) or a perylene diimide (pdi, 

Chapter 5) binding station. The ni rotaxane is the same as in Chapter 2; it contains a 

succinamide (succ) station which is connected with the ni station through a C12 alkyl chain. 

The thread in the pmi and pdi rotaxanes is symmetric and contains two succinamide stations; 

one at each side of the imide station and connected with the imide via a C12 alkyl spacer. 

Due to the presence of two succinamide stations that can each bind a macrocycle, the 

synthesis of [3]rotaxanes (one thread with two rings) was possible.  

In all cases, in the neutral state the macrocycle was bound to the succ station. Upon 

electrochemical reduction of the imide station (with one or two electrons), the macrocycle 

moves away from the succ station to bind with the formed imide anion. This conformational 

change could be detected through shifts of the characteristic IR bands of the imide anion. 

The relative strengths of the hydrogen bonds between the macrocycle and the different 

imide mono and dianions (ni, pmi and pdi) could be estimated from the hydrogen-bond 

induced red-shift of the C=O stretching frequency of the amide groups in the macrocycle. 

These results show that by varying the structure of the binding stations, it is possible to tune 

the strength of the hydrogen bonds, and consequently the driving force for macrocycle 

translocation. 

The shuttling behavior in the pmi [3]rotaxane is remarkable. The two rings can be moved 

selectively: one-electron reduction leads to translation of only one ring from the succ to the 

pmi station (the other one remains at the succ station), while activation with two electrons 

results in the shifting of both rings. The controlled switching of the position of two rings is 

demonstrated here for the first time in a hydrogen-bond based rotaxane. 
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In Chapter 6, the mechanism of the photoinduced shuttling dynamics in naphthalimide-

based molecular shuttles is investigated. This was done on the basis of the temperature 

dependence of the shuttling process in structurally similar naphthalimide rotaxanes. The 

differences between these rotaxanes are the distance between the two stations (succinamide 

and naphthalimide) and the binding strength of the naphthalimide station. Based on the 

activation parameters of the shuttling process in these structurally similar rotaxanes, a 

mechanism for this process is proposed. In this model, the macrocycle translocation occurs 

via an intermediate co-conformer in which the macrocycle is hydrogen-bonded with both 

stations, i.e. the translocation is assisted by the “station of arrival”. The temperature 

dependence of the shuttling rates reveals that the entropy of activation (extent of ordering in 

the transition state) is an important determining factor for the shuttling rate. The results also 

suggest the existence of entropy-enthalpy compensation in the transition state; the 

consequence is that prediction of the shuttling rate is not straightforward.  

Chapter 7 describes the macrocycle shuttling in a hydrogen-bonded rotaxane containing a 

thread that consists of a succinamide binding station, an alkyl chain and a functionalized C60 

fullerene chromophore as stopper. NMR and electrochemical studies in dimethylsulfoxide 

(DMSO) revealed an unexpected shuttling behavior: the tetraamide macrocycle was found to 

move to the C60 stopper. The driving force for this remarkable reverse shuttling behavior is 

provided by solvophobic interactions. The system minimizes its energy by reducing the 

unfavorable DMSO-C60 contacts. This is achieved by translocation of the macrocycle to the 

C60 stopper. In the thus formed co-conformer, the hydrophobic fulleropyrrolidine is partly 

shielded from the polar solvent. 

The work described in Chapter 8 is to some extent a continuation of that in Chapter 2. 

The ultimate goal of this work is to use hydrostatic pressure to tune the viscosity of a 

medium suitable for the operation of imide-based molecular shuttles. In contrast with the 

approach used in Chapter 2, this alternative approach guarantees a microscopically 

homogeneous increase of the viscosity. A possible complication associated with this 

approach is that the pressure also influences the polarity of liquids. Therefore the polarity 

changes of MeCN and PrCN associated with the increase of pressure (1 – 4000 bar) were 

studied by monitoring the solvatochromic shifts of the absorption maximum of the polarity 

sensitive molecule ET30. The same was done for the excitation and fluorescence maxima of 

a fluorescence probe (5PI). These experiments were performed using a home-built high-

pressure setup. The results show an increase of the polarity of both MeCN and PrCN upon 

increase of the pressure. The changes are small, but might be sufficiently large to influence 

the polarity-sensitive shuttling process in the imide-based rotaxanes. On the other hand, the 

effect of the increased viscosity (based on the results of Chapter 2) at high pressure might be 

similarly strong but opposite to that of the increased polarity. It is therefore possible that the 

polarity and viscosity effects will compensate each other.  In order to resolve this issue, in 

future research the shuttling process will have to be studied under high pressure. 




