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Summary 
 

 

 

The fabrication and operation of molecular multicomponent systems capable of 
performing specific, directional mechanical movements under the action of a defined 
energy input, that is, “molecular machines”, offers a fascinating challenge in the field of 
nanoscience. Mechanically interlocked molecules, such as rotaxanes, are one of the most 
suitable candidates for molecular machinary since (i) the mechanical bond allows a 
variety of mutual arrangements of the molecular components, while conferring stability 
on the system; (ii) the interlocked architecture confines the amplitude of the 
intercomponent motion in the three dimensions; (iii) the stability of a specific 
arrangement is determined by the strengths of the intercomponent interactions; and (iv) 
such interactions can be modulated by external stimuli. Moreover, rotaxanes have 
potential for the construction of organized, functioning molecular-scale devices, which 
can interpret, store, process, and dispatch information similar to the sophisticated 
machines found in natural systems. Control over the relative position and motion of the 
components in interlocked molecules is the key to realization of such machine-like 
properties at the molecular level. The induced switching in rotaxanes is often monitored 
by techniques such as NMR spectroscopy, cyclic voltammetry, UV/Vis absorption, 
circular dichroism, or fluorescence. Using fluorescence change as an output signal 
deserves particular attention since it allows the detection of the state of the system with 
high time resolution and high sensitivity.  

The introductory Chapter 1 gives a short overview of the design and synthesis of rotaxane 
systems. Furthermore, an introduction to the field of fluorescent rotaxanes is given, and 
some examples of rotaxanes containing fluorophores are discussed.  

Chapter 2 deals with the synthesis and characterization of a [2]rotaxane consisting of a 
benzylic amide macrocycle mechanically interlocked onto a thread molecule containing 
naphthalimide and succinamide units as hydrogen-bonding accepting sites. A glycine 
unit incorporated next to the naphthalimide chromophore leads to the formation of two 
possible translational isomers of the rotaxane (succ and ni) whose ratios vary significantly 
with temperature. Variable temperature 1H NMR experiments reveal significant enthalpy-
entropy compensation, and a non-negligible heat capacity difference between the two 
forms. At low temperatures, enthalpy dominates, whereas at high temperatures entropy 
takes over. The ring spends more of its time on the succinamide station (succ co-
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conformer) at low temperatures, but as the temperature is increased, the ring resides less 
on the succinamide station and spends more of its time next to the naphthalimide unit.  

  
In Chapter 3, dynamic degenerate rotaxane molecular shuttles are described in which the 
benzylic amide macrocycle moves back and forth between two naphthalimide-glycine 
units by making the passage along either a rigid diphenylethyne unit or flexible alkane 
spacers (C9, C12, C26). These degenerate molecular shuttles can serve as models to study 
the barriers to ring movements in nondegenerate bistable [2]rotaxanes used in molecular 
devices. Dynamic NMR spectroscopy was employed to obtain the kinetic and 
thermodynamic parameters of the shuttling process. In the rotaxanes containing C9 or C12 
aliphatic spacers, the shuttling process was too fast to be detected on the NMR time scale 
within the temperature range studied (328-253 K). However, for the C26 rotaxane, the 
shuttling energy barrier was found to be ~12 kcal mol-1 (at ~ 260 K) by means of the 
coalescence method. Line broadening measurements revealed that the macrocyclic ring 
shuttles back and forth between the two ni-gly stations at a rate of ~ 104 s-1 at room 
temperature. The kinetic parameters of the shuttling process were determined from an 
Eyring plot, which led to ΔH‡ = 10 ± 1 kcal mol-1 and ΔS‡ = -6.5 ± 2.0 cal mol-1 K-1.  

The translocation of the macrocycle between the two ni-gly stations in the rigid molecular 
shuttle is fast on the NMR time scale at ambient temperature. This implies that the 
diphenylethyne unit does not lead to a much higher energy barrier for shuttling than in a 
rotaxane with a flexible alkyl chain of similar length.  

 
Figure 1. The structural formulas of the degenerate [2]rotaxanes containing flexible rigid spacers (For details 
see Chapter 3). 

In Chapter 4, a molecular shuttle is reported consisting of naphthalimide and perylene 
imide chromophores as stoppers and fluorescent units, and glycine units positioned next 
to the chromophores as hydrogen-bonding sites. The solvent dependency of the structure 
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of the rotaxane was investigated by 1H NMR spectroscopy: the rotaxane exists in different 
co-conformations in different solvents. In nonpolar solvents the macrocycle is primarily 
hydrogen-bonded to the perylene imide chromophore, whereas it exists in different co-
conformations in moderately polar solvents (CD2Cl2, acetone-d6). In solvents of high 
polarity and high hydrogen bond accepting abilities such as DMF-d7 and DMSO-d6 the 
intercomponent hydrogen bonds are weakened, thereby forcing the macrocycle to locate 
mostly (DMF-d7) or fully (DMSO-d6) over the aliphatic spacer. On the other hand, in 
CD3CN or THF-d8, the benzylic amide macrocycle is positioned next to the naphthalimide 
or perylene imide unit, but with weaker hydrogen-bonding interactions.  

                                    
Figure 2. Molecular structure of a rotaxane containing naphthalimide and perylene imide chromophores (For 
details see Chapter 4 and 5).  

Chapter 5 provides details on the electronic spectroscopic properties of the molecular 
shuttle described in Chapter 4. The relative position of the macrocycle with respect to the 
solvatochromic perylene imide chromophore gives a strong response in the spectral 
domain. The absorption and emission spectra exhibit a red shift due to the hydrogen-
bonding interactions between the macrocycle and the imide. The largest spectral shifts 
were observed in nonpolar solvents such as toluene in which the intercomponent 
hydrogen-bonding interactions are the strongest. In contrast, in solvents of high polarity 
and high hydrogen bond accepting ability no spectral differences between the rotaxane 
and the thread were observed, which was attributed to the diminishing of the 
intercomponent hydrogen-bonding between the perylene imide unit and the macrocycle. 
The influence of the different types of solute/solvent interactions on the absorption and 
fluorescence spectra is analyzed with the Kamlet-Taft expression. The results point to 
significant effects of the hydrogen bond donating and accepting abilities of the solvents, 
but the dipolarity-polarizability is the most important factor in determining the optical 
spectroscopic properties of the rotaxane and the thread. The observed fluorescence 
lifetimes of the rotaxane are consistently shorter than those of the thread. Rotaxanes 
containing a highly fluorescent perylene imide unit provide a starting point for the 
utilization of time-resolved fluorescence spectroscopy for monitoring shuttling processes. 
The co-conformers might be detectable by their different fluorescence emission and 
excitation spectra particularly in solvents of low polarity due to the fact that the 
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interaction between the ring and the perylene imide has a large effect on the electronic 
absorption and emission spectra.  

The work described in Chapter 6 is a continuation and extension of the work described in 
Chapter 5. In order to address the question whether it is possible to use fluorescence 
spectroscopy to detect the shuttling process, a molecular shuttle featuring naphthalimide 
and perylene imide chromophores as both stoppers and fluorescent units adjacent to 
glycine hydrogen bond accepting moieties is presented. When the macrocycle is 
hydrogen-bonded to the naphthalimide chromophore (ni co-conformer), spectroscopic 
properties of the rotaxane resemble those of the thread, whilst the localization of the 
macrocyclic ring in contact with the perylene imide chromophore (pery co-conformer) 
gives rise to a significant change in both absorption and emission spectra. The rotaxane 
displayed appreciable excitation and emission wavelength dependent shifts in the 
fluorescence emission and fluorescence excitation spectra, respectively. The wavelength 
dependent fluorescence emission and excitation behavior of the rotaxane is presumably 
arising from the different isomeric distributions of the two translational isomers of the 
rotaxane that are generated in the excited state upon excitation at different wavelenghts.  

A complete picture of the shuttling process taking place after selective excitation of the ni 
co-conformer was obtained by means of time-resolved fluorescence spectroscopy. 
Detection at the blue side of the emission band reveals a faster component (~ 1 ns) along 
with a long-lived component (~ 3 ns), whereas detection at the red side of the emission 
band gives only the longer decay time component. The short lifetime can be ascribed to 
the fast translocation of the macrocycle from the naphthalimide to the perylene side in the 
excited state. The decay time of the shorter-lived species increased upon lowering the 
temperature, while the values for the longer-lived species changed only slightly as the 
temperature decreased. In a solid matrix, the faster decay component is suppressed 
completely and only the long decay time component was found, irrespective of the 
emission wavelength. These results show that the dynamical process is slowed down or 
completely suppressed at low temperature or in a solid matrix, respectively.  

                            
Figure 3. Chemical structure of perylene imide/naphthalimide rotaxane (For details see Chapter 6). 




