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Chapter 1 

INTRODUCTION 

 

A biological system can be exceedingly small. Many of the cells are very tiny, 
but they are very active; they manufacture various substances; they walk around; 
they wiggle; and they do all kinds of marvellous things – all on a very small scale. 
Also, they store information. Consider the possibility that we too can make a thing 
very small which does what we want – that we can manufacture an object that 
manoeuvres at that level!1 

 
(From the talk ‘There’s Plenty of Room at the Bottom’, by Richard P. Feynman at the 

annual meeting of the American Physical Society at the California Institute of Technology, 
Pasaderna, CA, on December 29, 1959). 
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1.1   Nanoscience and Nanotechnology 

Nanoscience and Nanotechnology are emerging disciplines of science and 
technology that integrate a broad range of topics related to chemistry, physics, 
biology and medicine. Nanoscience is the study of matter in the nanometre range. 
Nanotechnology comprises the set of techniques developed for the study, 
manipulation and control of matter in the same range with applications in the real 
world.2 – 5 Nanoscience is particularly distinct from other sciences because, at the 
nanometre scale, many properties of the matter that are not relevant in the 
macroscopic world appear to be important and cannot be treated by classical lows 
but by quantum mechanics.6 Let us notice that one nanometre is one-billionth (10-9) 
of a meter. But, what does it represent? Its meaning can be illustrated by 
comparing objects in this range with other ones of different dimensions, as shown 
in Figure 1.1. 
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Figure 1.1. What does nanometre mean? 
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The manipulation of single atoms and molecules for the construction of 
nanoscale devices is a fascinating challenge in nanotechnology. The visionary 
ideas of Feynman1 and Drexler7 inspired many scientists to orient their research in 
the direction of a bottom-up atom-by-atom or molecule-by-molecule approach for 
the development of new functional materials.8 In particular, Drexler introduced the 
idea of developing a ‘molecular assembler’ that would be able to build atom by 
atom any kind of system. However, some scientists such as the Nobel Prize 
Smalley, believe that the concept of molecular assembler as envisioned by Drexler 
is not physically possible.9, 10 Nevertheless, unlimited imagination of scientists 
made possible huge progresses in the field. Although nanotechnological 
applications seem to be in their infancy, they already have a great impact in areas 
such as electronics, material science, medicine, biotechnology, and information 
storage.2 

 

1.2   Molecular device and molecular machine 

As mentioned above, nanotechnology is an emerging field and it is not strange 
to find out that in a new scientific area there is no clear consensus while trying to 
define new concepts, for example that of ‘molecular device’ and of ‘molecular 
machine’. As a general approach, Balzani et al.8, 11 define molecular device as ‘an 
assembly of a discrete number of molecular components designed to achieve a 
specific function. Each molecular component performs a single act, while the entire 
supramolecular assembly performs a more complex function, which results from 
the cooperation of the various components’. In addition, they say that molecular 
machine ‘is a particular type of molecular device in which the component parts can 
display changes in their relative positions as a result of some external stimuli’. Key 
et al.12 add that the change in relative position of the component parts results in 
performing a net task. 

Synthetic molecular devices are inspired by nature and by macroscopic objects 
that we know from every day life. Nature uses molecular machines to transport 
components within cells for many functions such as DNA replication and ATP 
synthesis;13 the proteins kinesin and dynein move along microtubules to induce 
directional motility of membranous vesicles, organelles, chromosomes, and 
RNA;14 the F1F0-ATP synthase is a rotary biological motor located in the 
mitochondrial, bacterial and chloroplast membranes, which is responsible for ATP 
generation.15 Scientists have developed an interesting ‘nano-tool box’ full of 
nanoscale objects such us tubes,16 wires,17 shuttles,18, 19 switches,20 and motors,21, 22 
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which are meant to accomplish – maybe, one day – various tasks for different 
applications. 

The following sections present two examples of synthetic molecules studied in 
this thesis that seem suitable candidates for developing molecular devices. 

 

1.3   Example 1: Dithienylethene switches 

One of the most interesting molecular systems investigated in the last few 
years are switches.20,  23 Molecular switches are special because they can exist in at 
least two stable configurations and it is possible to ‘switch’ between them by 
excitation with a proper external trigger, for example light of particular 
wavelength. One of the main representatives of these kinds of molecules is the 
group of dithienylethene switches. It was found that, in solution as well as in the 
solid state, they present excellent photochromic properties: fatigue resistance (they 
can be cycled many times without significant loss of performance), short response 
time, high quantum yields, absence of thermal isomerization, and large changes of 
the absorption wavelength between the two isomers.24 

The chemical structure of the molecule investigated in this thesis (Chapter 3) is 
depicted in Figure 1.2. It can be switched from open to closed and vice versa with 
irradiation of ultraviolet and visible light, respectively. The open form presents 
little electronic interaction of the central double bond with the thiophene groups 
because the structure is non-planar and cross-conjugated. However, the closed 
form presents considerable electronic interactions between the central double bond 
and the thiophenes because the cyclisation of the open form leads to a closed 
structure that is planar and conjugated. In fact, a dichloromethane solution of the 
open form is transparent while the closed form is violet. 
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Figure 1.2. Chemical structure of the two forms (open and closed) of the 1,2-dithienylethene 
switch investigated in this thesis. 
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1.4   Example 2: Rotaxanes 

Performing macroscopic mechanical tasks with the rudimentary early 
generations of synthetic molecular machines has proved to be quite elusive. 
However, molecules with mechanically interlocked architectures are particularly 
suited for these types of applications because they permit the controlled, large 
amplitude movement and positioning of one mechanically interlocked component 
with respect to another. Rotaxanes (Figure 1.3) are molecular shuttles composed of 
one or more macrocyclic structures locked onto a linear thread by bulky stoppers 
placed at both ends. Through the pioneering work of Stoddart, Sauvage and 
Vögtle,25 – 28 it has become clear that rotaxanes have the ability to change the 
relative positions of their interlocked components – macrocycle and thread – 
through an external trigger (e.g. light, electrons, temperature, pH, nature of the 
environment, reversible covalent bond formation etc.). Thus, according to the 
definitions given in 1.2, rotaxanes seem to have appropriated structures to build 
molecular machines. 

The chemical structures of the rotaxanes investigated in this thesis are 
presented in Figure 1.4. More details about each molecule are discussed in 
Chapters 4 and 6. 

 
Figure 1.3. Schematic representation of a rotaxane molecule composed of a macrocycle locked 

onto a linear thread by bulky stoppers at both ends. The macrocycle displaces along 
the thread from station 1 (white) to station 2 (black). 
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Figure 1.4. Chemical structure of (a) fumaramide [2]rotaxane and (b) tetrafluorosuccinamide 

[2]rotaxane studied in Chapters 4 and 6, respectively. 
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1.5   Aim of the present research 

Most studies have focused on the behaviour of rotaxanes and dithienylethene 
switches in solution,20,  25,  27 – 30 while it is by controlling their properties in the 
solid state that they could offer the greatest potential as versatile building blocks 
for the design of nanodevices.8, 31 In particular, immobilization on a substrate is a 
key step in nanoengineering.32, 33 Indeed, placing the molecules on a surface (i) 
would allow to have them in a desire position, (ii) gives the possibility of keeping 
them far apart form each other to avoid intermolecular interactions if needed, (iii) 
can prevent the collisions with undesired surrounding molecules, and (iv) will limit 
the Brownian motion and the freedom of movement to which every nanoscale 
structure is subject. Thus, this thesis is devoted to the experimental study of 
molecular system – specifically a 1,2-dithienylethene switch and rotaxanes – on 
surfaces. The work aims not only fundamental characterization, but also research 
on functional systems with prospective applications. This research represents a 
small step in the understanding of novel synthetic molecular devices for the 
development of advance materials. 

 

1.6   Outline of the thesis 

The research work described in this thesis is organized in five separate 
chapters and three appendixes as follows: 

Chapter 2 is devoted to experimental details corresponding to the techniques 
used for the data acquisition and to explain the methods used to prepare samples. It 
reports all the steps involved in the sample preparation necessary to obtain 
switches or rotaxanes on a surface. This chapter in complemented by Appendixes 
A and B, which offer a brief explanation of the main experimental techniques used 
for the present research work: X-ray photoemission spectroscopy (XPS) and 
scanning tunnelling microscopy (STM). 

There are several studies of the switching behaviour of dithienylethene 
switches in solution.20, 34, 35  However, as a first stage in understanding how these 
molecules behave on a surface, we need to comprehend the results obtained by 
surfaces techniques. Up to now, XPS has not been applied to this system, although 
XPS is one of the most powerful techniques for surface characterization. The first 
XPS study of a 1,2-dithienylethene switch is given in Chapter 3. We show that it is 
possible to identify the open and closed forms of the switch by this technique and 
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to characterize the switching behaviour when the molecules are on a surface in the 
form of thin films. 

In a similar way, Chapter 4 presents fundamental characterization of one of the 
most simple rotaxane structures: the fumaramide [2]rotaxane. It summarizes results 
on monolayer and multilayer films of the molecule and describes how the rotaxane 
arranges on the surface. Spectral data of this rather simple rotaxane help us to 
understand and interpret more complex rotaxane structures. 

A method to graft rotaxanes on surfaces is the functionalization of an ordered 
alkanethiol self-assembled monolayer (SAM) with the proper end-group, such as 
carboxylic acid. However, there is not clear consensus in the literature on how to 
prepare these SAMs.36 – 38 Furthermore, some authors believe that acid-terminated 
SAMs are not ordered.39 For this reason, Chapter 5 is dedicated to the detailed 
characterization of acid-terminated SAMs to determine whether they form ordered 
arrays. 

Following, Chapter 6 presents a study on a light-switchable rotaxane grafted 
on an acid-terminated SAM. The system characterized here represents an example 
of molecular machine, where the collective nanoscale shuttling of individual 
rotaxanes powered by light is able to move a macroscopic droplet, even up an 
incline. The system promises well for applications such as lab-on-a chip for 
performing chemical reactions on a tiny scale without reaction vessels by using the 
drop transport as carrier of different reagents. 

Finally, Appendix C summarizes the binding energies found for several 
rotaxanes and component parts by XPS. 
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