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SUMMARY 

 
Nanoscience and nanotechnology are new fields of science and technology that 

deal with the study and control of matter on the nanometre range. One of their 
main challenges is the manipulation of single atoms and molecules to build up 
devices and machines of nanometre size that could accomplish tasks with effects 
visible in a macroscopic scale. Devices and machines of nanometre size are, in 
principle, defined by analogy with their macroscopic counterparts. A ‘molecular 
device’ is an assembly of a discrete number of molecular components designed to 
achieve a specific function and a ‘molecular machine’ is a particular type of 
molecular device, in which the component parts can display changes in their 
relative positions as result of some external stimuli to perform a net task. 

In this thesis we studied some examples of synthetic molecules that seem 
suitable candidates for developing molecular devices, specifically rotaxanes and a 
dithienylethene-based switch. Rotaxanes are molecular shuttles composed of one 
or more macrocyclic structures locked onto a linear thread by bulky stoppers 
placed at both ends. The macrocyclic structure can shuttle along the thread, 
allowing a translational or positional isomerism, which infers the switching of 
macroscopic material properties through controlled motion (shuttling) at the 
molecular level. On the other hand, dithienylethene-based molecules can exist in 
two stable configurations, the so-called open and closed forms that have very 
different electronic properties, and it is possible to switch between them by 
irradiation with light of a particular wavelength. These examples have been 
extensively studied in solution. However, for most foreseeable nanotechnological 
applications they have to be integrated in the solid state, to be used as building 
blocks for the preparation of functional and addressable materials. The approach 
followed in this thesis is to immobilize them on a surface and study them in the 
form of monolayers or thin films.  

Several methods are available for preparing layer samples of rotaxanes or 
switches on metal substrates. Three of them were used in this work, namely 
sublimation in ultra high vacuum, grafting of molecules on alkanethiol self-
assembled monolayers in solution, and placement of molecules on the substrate 
from a solution made with a volatile solvent that can evaporate leading to the 
molecular film of interest. The first method produces multilayer or monolayer 
films, the second method produces a monolayer or sub-monolayer of molecules on 
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the substrate and the last one gives an amorphous film of variable thickness. Gold 
and silver were the employed metal substrates. In particular, gold supported on 
different materials (mica, glass or silicon) was chosen according to the needs 
arising from the experimental technique required in every study. Samples made as 
described were mainly investigated by X-ray photoemission spectroscopy (XPS), 
scanning tunnelling microscopy (STM) and contact angle measurements. (For a 
description of the techniques see Appendixes A and B). 

There are very few surface studies on molecular photochromic switches, such 
as the dithienylethene-based ones, and their switching behaviour on metal 
substrates is not well known. In Chapter 3, we demonstrated that one can utilize 
XPS to detect the open and the closed forms of a dithienylethene switch processed 
as thin films on Au(111). By means of XPS we showed that dithienylethene can 
switch from open to closed and closed to open forms. It was also demonstrated that 
switching of the closed form induces not only the open form in molecules isolated 
from metal surface, but also chemisorption of dithienylethene molecules that are in 
contact with Au(111). The chemisorption was verified by investigating if this 
molecule self-assembles on Au(111). In addition, stability tests revealed that X-ray 
irradiation, which is in fact used to perform XPS, does not induce the switching of 
dithienylethene. 

One of the rotaxanes with the most simple chemical structure is probably 
fumaramide [2]rotaxane. The characterization of this molecule on the surface is 
crucial to understand spectral data of more complex rotaxanes that present useful 
functionalities for the design of advanced materials. Nevertheless, studies in the 
solid state are still in an early stage. We investigated the nucleation and growth of 
fumaramide[2]rotaxane thin films on Ag(111) and Au(111) substrates. Chapter 4 
provides experimental evidence that relatively well ordered thin films of 
fumaramide rotaxane can be grown by sublimation in ultra high vacuum on 
Au(111) and Ag(111) and that rotaxanes of the first monolayer are chemisorbed on 
the Au(111) and Ag(111) via some of their carbonyl groups. In addition, the 
experimental results suggest a deformation of rotaxanes in the first monolayer, 
which agrees with molecular mechanics calculations. 

The synthesis of rotaxanes is very versatile and modifications of the chemical 
structure of fumaramide [2]rotaxane give rise to a variety of rotaxanes with special 
properties. An example is tetrafluorosuccinamide [2]rotaxane, which is a light 
responsive shuttle that can modify its polarity to give a more hydrophilic or more 
hydrophobic isomer. This is possible thanks to the photoisomerization of a 
fumaramide station in the thread to maleamide, which induces the motion of the 
macrocycle to expose or conceal fluoroalkane residues of the thread. The original 
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idea of this project was to verify whether this rotaxane when placed on a substrate, 
can switch the wettability properties of the surface in a controlled way. A sub-
monolayer of tetrafluorosuccinamide [2]rotaxane can be made by grafting the 
molecules onto an acid-terminated alkanethiol self-assembled monolayer. Before 
undertaking this task, a detailed study of acid-terminated alkanethiol self-
assembled monolayers on Au(111) was carried out as explained in Chapter 5. 

Acid-terminated alkanethiols are interesting due to their capability to react 
and/or strongly interact with many other chemical groups, such as the pyridine 
groups present in tetrafluorosuccinamide [2]rotaxane. Nevertheless, the results 
reported in the literature concerning the detailed morphology of self-assembled 
monolayers of these molecules are not in full agreement. We obtained 
experimental evidence that 11-MUA and 16-MHDA form ordered monolayers on 
Au(111) with a similar structure than methyl-terminated alkanethiols of similar 
length. Combining results of scanning tunnelling microscopy, X-ray photoemission 
spectroscopy, and contact angle measurements, a very consistent picture emerged 
furthering the conclusion that acid-terminated alkanethiols on Au(111) form a 
compact monolayer in which the alkyl chains are fully extended and the acid 
groups point away from the surface. 

In Chapter 6 we demonstrated that one can utilize the collective operation of a 
sub-monolayer of molecular shuttles (tetrafluorosuccinamide [2]rotaxane) to power 
the movement of microlitre droplets, even up a 12o incline. The millimetre-scale 
directional transport of a liquid on this non-structured surface is achieved by using 
the photo-isomerisation of the rotaxane, as mentioned above. In addition, the light-
induced changes in surface wettability allow chemical reactions to be performed on 
the microlitre scale by bringing together individual drops which contain different 
reactants. The transport of microlitre droplets on a surface may prove useful for 
delivering reagents in lab-on-a-chip environments, potentially minimizing 
problems associated with diffusion and surface absorption compared to structured 
micro-reactors and lab-on-a-chip devices. 

Therefore, the aim of this thesis was successfully achieved. Firstly, 
fundamental characterization of the studied molecular switch and rotaxane systems 
lead to a better understanding of their behaviour on the surface and their 
characteristics such as processability into monolayer or multilayer films, 
arrangement of molecules on surfaces, molecule-molecule and molecule-substrate 
interactions, nucleation, growth, orientation, switching and shuttling. Finally, we 
designed a system composed of rotaxanes, where collective shuttling changes the 
macroscopic properties of the surface to induce the transport of liquid. Thus, the 
system can be classified as a molecular machine. 






