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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). 



Chapter 1 
 

2

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. 

 

S S

N N

S S

N N

λ = 313 nm

λ > 420 nm

 
 

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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Chapter 2 

EXPERIMENTAL DETAILS 

 

This chapter is devoted to the description of the experimental parameters and 
procedures used for obtaining the data discussed in the thesis. Firstly, it 
summarizes the instrumental conditions employed in X-ray photoelectron 
spectroscopy (XPS), scanning tunnelling microscopy (STM) and contact angle 
measurements.* Then, there is a full description of the procedures developed or 
adopted to prepare the various studied samples. They comprise the preparation of 
several kinds of gold substrates, alkanethiol self-assembled monolayers, rotaxane 
layers and switches films. 

                                                      
* A brief description of XPS and STM is given in Appendixes A and B, respectively. These 
Appendixes meant to provide a short and very basic overview of the techniques to non-expert 
readers. 
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2.1   X-ray photoelectron spectroscopy (XPS) 

The XPS measurements were performed using an X-PROBE Surface Science 
Laboratories photoelectron spectrometer with the monochromatic Al Kα X-ray 
source (hν=1486.6 eV). The energy resolution (FWHM – full with at half 
maximum – measured on the substrate Au 4f7/2 core level) was set to 1.0; 1.2 or 1.5 
eV to minimize data acquisition time and maximize the signal-to-noise ratio. The 
photoelectron take-off angle was 37°. The binding energies were referenced to the 
Au 4f7/2 core level if available.1 The base pressure in the spectrometer was 1x10-10 
Torr. A minimum number of scans were accumulated to avoid any X-ray 
damage.2 – 5 Spectral analysis included a background subtraction and peak 
separation using mixed Gaussian-Lorentzian functions in a least squares curve-
fitting program (Winspec) developed in the LISE laboratory of the Facultés 
Universitaires Notre-Dame de la Paix, Namur, Belgium. Since in practice XPS 
may not distinguish between the various types of atoms of the same element 
present in a molecule, the fitting procedure consists of reconstructing the XPS 
spectrum with a minimum number of peaks consistent with the raw data, the 
experimental resolution and the molecular structure, in which atoms of the same 
element under very similar chemical environments, i.e. very close in binding 
energy, are considered equivalent and represented by one peak. When more than 
one component was needed to reproduce the raw data, the error in peak position 
was ± 0.1 eV. All the measurements were accomplished on freshly prepared 
samples in order to guarantee the reproducibility of the results. See Appendix A for 
a brief description of the XPS technique. 

 

2.2   Contact angle 

The contact angle measurements were carried out at room temperature by the 
sessile drop method6 using a custom built microscope-goniometer system. A 
1.25 µl drop of the liquid was placed on a freshly prepared sample using a 
Hamilton micro-syringe. The measurements involve the fitting of a drop picture 
with a home-built software, which can determine the right and left contact angles 
(α), as indicated in Figure 2.1. The figure presents two examples of pictures (top) 
and their fits (bottom) that correspond to water drops deposited onto a hydrophobic 
surface (left) – decanethiol on gold – and a hydrophilic surface (right) – 
mercaptohexadecanoic acid on gold –. The hydrophobic sample displays a very 
high water contact angle (109°), while the hydrophilic surface has a extremely low 
water contact angle (< 10°) that can hardly be measured. 



Experimental Details 
 
 

13

α ααα α
 

Figure 2.1. Photographs of water drops onto a hydrophobic surface (left) and a hydrophilic 
surface (right). Arrows highlight the drop edges. Fittings of the images (bottom) 
provide measurements of the contact angles. 

 

2.3   Scanning tunnelling microscopy (STM) 

The STM measurements were performed using a Molecular Imaging STM 
with Pt/Ir mechanically cut tips (80/20, diameter = 0.25 mm). Images were 
recorded in the constant current mode with positive or negative bias voltage 
typically between 0.5 and 0.9 V and set point currents lower than 25 pA for organic 
films. Images were recorded at room temperature in air or tetradecane. Data 
treatment included plane subtraction, smoothing and adjustment of colour scale and 
brightness to enhance the contrast. See Appendix B for a brief description of the 
STM technique. 

 

2.4   Sample preparation 

2.4.1   Gold substrates 

2.4.1.1   Gold on glass 

The gold on glass substrates were purchased form ArrandeeTM. The nominal 
thickness of the gold film was 200 nm and the substrates contained an adhesive 
chromium layer of 1 nm. Substrates were annealed with a hydrogen flame,7 
cleaned in an ozone discharge for 15 minutes (UV-ozone photoreactor TM, 
PR-100, UVP) and sonicated in ethanol (p.a.) for 20 minutes immediately before 
use. The result of this treatment was a polycrystalline gold surface mainly (111) 
oriented, with a roughness lower than 2 nm, as determined by STM.  The effect  of  
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Figure 2.2. STM images of gold on glass substrates, 390 x 390 nm2, obtained at 0.5 nA 

tunnelling current and 500 mV bias voltage. Left: before flame annealing the 
surface is composed of small gold grains. Right: after flame annealing the gold 
grains coalesce to form terraces with triangular shape – typical of Au(111) – 
separated by rough boundaries. 

 

            
Figure 2.3. Left: STM image of a freshly prepared gold on mica substrate. 472 x 472 nm2 area 

scanned in air at 0.2 nA tunneling current and -200 mV bias voltage. The gold 
substrate have terraces with triangular shape, as expected for Au(111). Right: STM 
image of gold on mica after annealing in UHV. 140 x 140 nm2 area scanned in 
tetradecane at 20 pA tunneling current and 700 mV bias voltage. The picture shows 
the herringbone structure, characteristic of the Au(111) surface reconstruction. 

 
the flame annealing ca be seen in Figure 2.2, which shows topographic images 
obtained before (left) and after (right) the flaming process. Before flame annealing, 
the substrate presents small grains. But after the hydrogen flame, the grains 
coalesce giving rise to small terraces with triangular shape, typical of Au(111). 
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For the study of organic molecules on gold by STM, it is desirable to have 
substrates with larger atomically flat triangular terraces than the ones observed in 
the case of gold on glass, which would allow to reach more stable scanning 
conditions and better resolution. Gold deposited on mica substrates was found to be 
a good alternative. 
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Figure 2.4. X-ray photoelectron spectrum of gold on mica obtained after annealing the substrate 

in UHV. The survey scan shows peaks at characteristic binding energies that 
correspond to the gold electronic configuration. Contamination, such as oxygen or 
carbon, is below the detection limit. 

 

2.4.1.2   Gold on mica 

The substrates were prepared by sublimation of 99.99% gold (Umicore 
materials AG) on mica. The sublimations were carried out in a custom build 
vacuum chamber with base pressure of 10-7 Torr. Freshly cleaved mica sheets (Ted 
Paella, Inc.) were pre-heated at 640 K for 12 hours in order to degas environmental 
impurities. Then, 150 nm of gold were deposited with the mica substrate kept at 
640 K.  Finally, the substrate was cooled down to room temperature over a period 
of 8 hours. By this method, atomically flat Au(111) substrates as the one presented 
in figure 2.3 could be obtained. Figure 2.3 (left) shows an STM image were the 
triangular  shape  of  the  Au(111)  surface  can be  clearly seen,  even before flame 
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annealing. The roughness was always lower than 1 nm. Atomically flat terraces are 
already bigger than in the case of gold on glass substrates after flame annealing. 

Eventually, substrates were not used immediately after removal from the 
evaporation chamber, but after a few days. In that case, the gold on mica substrates 
were annealed by hydrogen flame to remove impurities and reconstruct the 
Au(111) surface. It is possible to find atomically flat terraces bigger than 150 x 150 
nm2, as the one presented in Figure 2.3 (right), which displays the herringbone 
structure arising from the (√3 x 23) surface reconstruction, characteristic of 
Au(111).8, 9 Another efficient method to remove environmental contamination and 
reconstruct the surface was heating at ~ 600 K, more than three hours in UHV (10-9 
Torr). Figure 2.4 presents a survey XPS spectrum obtained after heating the 
substrate under these conditions. Environmental contamination such as oxygen or 
carbon was below the detection limit of the technique, therefore the surface is 
considered ‘clean’. 

 

2.4.1.3   Gold on silicon oxide 

The substrates consist of a 200 nm gold film on silicon oxide with a titanium 
adhesion layer of 1 nm thickness. They were prepared as follows: 

The silicon wafers were Si(100), p-type, with boron dopant, resistivity 1 to 10 
Ω cm-1, purchased from Silicon Quest International, USA. First, they were cut into 
small pieces (usually 6 x 20 mm2) and cleaned by sonication in deionised water 
(Milli-Q, 18.0 MΩ) and acetone (analytical reagent A.R. Labscan Ltd., Ireland) for 
15 minutes to remove contaminants from the surface. Then, the sample was placed 
for 60 seconds in 1% HF solution and rinsed with abundant deionised water. By 
this treatment, the surface comes out dry from the water because it is no longer 
oxidised but the oxide is removed and all dangling bonds are saturated with 
hydrogen. Afterwards, the sample was immersed in water solution of 1/6 volume 
H2O2 and 1/6 HCl, at 80 °C for 10 minutes. The last step is intended to reoxidize 
the topmost Si layer in a controlled way to obtain uniform substrates.10, 11 

The silicon oxide substrate was introduced in a custom-built vacuum chamber 
with base pressure of 10-7 Torr to deposit the titanium adhesion layer and the gold 
film (99.99% gold, Umicore Materials AG), at room temperature. The gold 
substrates were flame annealed just before use, The result ca be seen in Figure 2.5, 
which presents an STM image that shows a gold substrate consisting of small 
grains with average size of ~ 50 nm and roughness of the order of 3 nm. 
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Figure 2.5. STM image of a freshly prepared gold on silicon substrate after flame annealing. 

600 x 600 nm2 area scanned in air at 0.4 nA tunnelling current and -500 mV bias 
voltage. The gold substrate consists of grains with average size of ~ 50 nm. 
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Figure 2.6. X-ray photoelectron spectrum of silver on mica obtained after cleaning the substrate. 

The survey scan shows peaks at characteristic binding energies that correspond to the 
silver electronic configuration. Contamination, such as oxygen or carbon, is below 
the detection limit. 
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2.4.2   Silver substrates 

Silver substrates were prepared by sublimation of > 99.9% silver (Umicore 
materials AG) onto freshly cleaved mica at room temperature. The depositions 
were carried out in a vacuum chamber with base pressure of 10-7 Torr. The final 
layer thickness was 400 nm as determined by a quartz microbalance mounted next 
to the growing film. The first 20 nm were deposited at 0.05 nm/s and then the rate 
was increased until 1 nm/s. The substrates were used for the study discussed in 
Chapter 4, which implies the deposition of rotaxanes on it (see 2.4.4.1). Prior to 
rotaxane deposition, the Ag surface was cleaned in UHV (10-9 Torr) by cycles of 
argon sputtering (beam energy = 0.5 keV and emission current = 5 mA) and 
annealing at ~ 500 K. The photoemission spectrum of a cleaned substrate is shown 
in Figure 2.6, where oxygen or carbon contamination is below the detection limit. 

 

2.4.3   Alkanethiol self-assembled monolayers (SAMs) 

Alkanethiol self-assembled monolayers were prepared by immersing gold 
substrates in 1 mM alkanethiol solution for 1 day in a dark place at room 
temperature (see scheme in Figure 2.7). Ethanol was used as a solvent for the 
preparation of methyl- or fluorine-terminated alkanethiols, while chloroform was 
preferred for carboxylic acid-terminated ones.12, 13 The samples were rinsed three 
times with the solvent and dried under argon flow before measurements. The 
detailed characterization of alkanethiol SAMs is reported in Chapter 5 of this 
thesis. 

t
(hours)

OrganizationAlkanethiol solution

Au(111) t
(hours)

OrganizationAlkanethiol solution

Au(111)

 
Figure 2.7. Schematic representation of the SAM preparation. The gold substrate is immersed in 

the alkanethiol solution. After some hours (typically 1 day) the molecules organize in 
an ordered monolayer. 

 

The following reagents were used for the preparation of SAMs: 10-Carboxy-1-
decanethiol (11-MUA) [CAS 71310-21-9] of HPLC purity better than 97%, 
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purchased from Dojindo, Japan; chloroform [CAS 67-66-3] of HPLC purity better 
than 99.9%, purchased from Aldrich; diiodomethane [CAS 75-11-6] of purity 
better than 99%, purchased from Acros Organics, Belgium; formamide [CAS 75-
12-7] and ethanol [CAS 64-17-5] of purity better than 99%, purchased from 
Merck, Germany. All chemicals were employed without further purification. 

 

2.4.4   Rotaxane films 

2.4.4.1   Rotaxanes on metal substrates 

Some rotaxane molecules can be sublimed in vacuum without being damaged. 
This advantage was used to prepare films of fumaramide [2]rotaxane for the study 
presented in Chapter 4. Fumaramide [2]rotaxane was deposited onto Ag or Au 
substrates kept at room temperature using a custom built cell which consisted of a 
Pyrex crucible topped with a 2 mm stainless steel collimator. The crucible was 
heated resistively to 470 K with the temperature being measured by a chromel-
alumel junction fixed at the tube exit. Exposures were monitored using an 
uncalibrated Bayard-Alpert ionization gauge. The organic film thickness was such 
that any interfacial interaction with the substrate is obscured in the XPS spectra, to 
the extent that the Ag 3d or Au 4f photoemission signal was totally attenuated. 
Then, it is consider that the photoemission features observed in further XPS studies 
are representative of bulk-like solid-state samples. 

To prepare a monolayer film, a bulk-like film is first deposited and then 
annealed in situ in order to induce desorption of multilayers leaving a chemisorbed 
monolayer (see Figure 2.8). This method has been used elsewhere for similar 
molecules.14, 15 

Au or Ag substrate Rotaxane multilayer Rotaxane monolayerAu or Ag substrate Rotaxane multilayer Rotaxane monolayer

 
Figure 2.8. Schematic representation of the rotaxane multilayer and monolayer preparation. A 

multilayer film of rotaxanes is deposited on the substrate and heated to sublime the 
multilayer leaving a monolayer on the surface. 
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2.4.4.2   Rotaxanes anchored on self-assembled monolayers 

Rotaxanes containing a pyridine function in the macrocyclic component can be 
grafted on carboxylic acid-terminated SAMs, giving rise to monolayers or 
submonolayers of rotaxanes. They are attached to the carboxylic acid-terminated 
surface by hydrogen bonding between the pyridine group of the macrocycle and 
the carboxylic acid group of the SAM. This method has been described in earlier 
publications.13 

The sample preparation consists of immersing an acid-terminated SAM 
(typically 11-MUA on gold) in the rotaxane solution for 5 days, as shown 
schematically in Figure 2.9. The rotaxane solution was prepared with 
dichloromethane ([CAS 75-09-2] of purity better than 99.8%, purchased from 
Acros Organics). The concentration of the solution varies for every rotaxane 
molecule, depending on its availability and nature, in a range of 0.05 to 0.1 mM. 

Rotaxanes anchored on SAMs were used for the study described in Chapter 6 
of this thesis. 

 

SAM

t
(days)rinse

SAM in Rotaxane solution Rotaxane layerSAM

t
(days)rinse

SAM in Rotaxane solution Rotaxane layer

 

Figure 2.9. Schematic representation of the rotaxane layer preparation. 
 

2.4.5   Films of 1,2-dithienylethene switch 

An XPS study of open and closed forms of a 1,2-dithienylethene switch is 
reported in Chapter 3 of this thesis. For this investigation, the two forms of the 
switch were deposited on the gold substrate from a dichloromethane solution: few 
drops of the solution containing dithienylethene switch were placed on the 
substrate; then the solvent evaporated within a few seconds resulting in a thin film 
of molecules. The samples were immediately introduced in the spectrometer to be 
analyzed. No chlorine was detected by XPS indicating that no traces of solvent 
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were left on the sample. The thickness of the film was such that the photoemission 
signal of the Au 4f core level was not fully attenuated (~ 70% of attenuation) and 
there was no evidence of charging of the surface. Samples for UV/vis 
spectroscopic measurements were prepared in the same way than described before 
on semitransparent gold on mica substrates. 

In addition, monolayers of 1,2-dithienylethene on Au(111) on mica were 
prepared. Gold substrates were immersed in 1 mM 1,2-dithienylethene solution in 
freshly distilled toluene and kept in the darkness for 1 day at room temperature. 
The sample was removed from solution, copiously rinsed with pure solvent and 
dried under a stream of argon prior to analysis by XPS. 
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Chapter 3 

A DITHIENYLETHENE SWITCH IN THIN FILMS 

 

Dithienylethene-based molecular switches have been extensively studied in 
solution and are considered excellent candidates in the design of molecular based 
electronic devices. However, for most foreseeable applications they have to be 
integrated in the solid state, namely as building blocks in bottom-up approaches to 
prepare functional and addressable surfaces. This chapter presents a study of the 
electronic structure and chemical nature of dithienylethene switch films on 
Au(111) by X-ray photoemission spectroscopy, which proves to be a powerful 
technique to distinguish between the ‘open’ and ‘closed’ forms of the switch and 
gives information on the interactions between molecules and substrate. The 
switching behaviour of the films is explored when irradiated with UV and visible 
light. Despite the quenching effect that can be induced by the metal substrate, 
dithienylethenes can reversibly switch from open to closed form in thin solid films 
deposited on metal surfaces. Illumination of the dithienylethene closed form with 
visible light induces not only the switching process in molecules isolated from the 
metal surface but also chemisorption of dithienylethene molecules in contact with 
Au(111). These results provide rationalization of the phenomena that take place 
while switching dithienylethenes at metal surfaces. 
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3.1   Introduction 

As mentioned in Chapter 1.3, 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.1 – 5 This chapter presents a study on the photochemical switching 
behaviour of dithienylethene in the form of thin films. We have chosen to focus our 
investigation on thin films (nanometre range) of the switch molecules on Au(111) 
using XPS as the main analytical technique. The switching process of the 
molecular layer directly in contact with gold could eventually be quenched by the 
gold substrate6 but molecules further away form the metal substrate in the thin film 
should not be affected. In addition, to understand some of the XPS results obtained 
during the switching on the thin film, it was investigated whether dithienylethene 
molecules assemble spontaneously on Au(111). In fact, it is very well known that 
sulphur containing functional group can chemisorb on gold when a Au(111) 
substrate is immersed in an appropriated solution of organosulphur molecules such 
as alkanethiols,7, 8 disulfides, thiophene,9 and thiophene derivatives,10 – 13 forming 
organic monolayers with well-defined composition and thickness – the so-called 
self-assembled monolayers (SAM) . 

XPS study on the thin films provides information on the interactions that take 
place at the organic-metallic interface, which could not be obtained by previously 
employed experimental techniques such as ultra-violet spectroscopy,14 scanning 
tunneling microscopy,15 infrared spectroscopy,16 Raman spectroscopy,17 or break 
junction measurements.6 

 

3.2   Identification of the open and the closed forms 

3.2.1    UV/vis spectroscopy results 

Figure 3.1a shows the absorption spectra of dithienylethene switch in 
dichloromethane solution before and after irradiation with 313 nm UV light. The 
UV/vis measurements were carried out in a Hewlet-Packard HP 8453 FT diode 
array spectrophotometer. The photochemical experiments were performed by 
irradiating the samples with a high-pressure Hg/Xe lamp (300 W, Oriel). While the 
initial spectrum can be assigned to the open form, the spectrum after irradiation 
shows the characteristic maximum of the absorption band at ~ 550 nm indicative of 
the closed form.16 Figure 3.1b shows the absorption spectra of dithienylethene 



A Dithienylethene Switch in Thin Films 
 
 

25

switch thin films on Au(111). Although the signals are very weak, mainly due to 
the limited amount of molecules probed, the characteristic bands of the two forms 
can be identified. Upon irradiation with 313 nm UV light, a decrease in absorbance 
is observed at λ = 329 nm, the position of the absorption maximum of the open 
form, and the absorbance increases at λ = 380 nm and 560 nm indicating the 
presence of the closed form. The changes in absorbance are highlighted by the 
difference of the two surface spectra in Fig. 3.1b (gray dotted line). These 
observations are in good agreement with the spectra obtained in solution (Fig. 3.1a) 
and confirm the presence of the two forms on the surface. 

To obtain elemental specific information and therefore perform a more detailed 
surface characterization, we choose to investigate the system by XPS. 
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Figure 3.1. UV/vis absorption spectra of closed (---) and open (⎯) forms of dithienylethene 

switch (a) in dichloromethane solution and (b) on Au(111) substrate. The position 
of the bands is highlighted by arrows and by the difference of the two spectra (…...) 
(× 10). 
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3.2.2   X-ray photoemission spectroscopy results 

3.2.2.1   S 2p core level dependence on the isomer chemical structure 

Figure 3.2 presents the S 2p core levels and fits to the raw data for the open 
switch thin film on Au(111) (a), the closed switch thin film on Au(111) (b), and a 
mixed thin film on Au(111) composed by the mixture of open and closed forms, 
which was prepared from a solution of the open form previously irradiated with 
UV-light for 210 seconds (c). The S 2p spectrum of the open switch (a), arising 
from thiophene moieties, is characterized by a doublet with maximum intensity at 
164.2 eV binding energy, intensity ratio 2:1, spin-orbit splitting of 1.18 eV and 
FWHM of 1.2 eV. The S 2p spectrum of the closed form (b) presents the same 
characteristics  as  the previous one  but  it is shifted  to lower  binding energies  by  
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Figure 3.2. Left: X-ray photoemission spectra of the S 2p core levels for (a) open 

dithienylethene switch thin film on Au(111), (b) closed dithienylethene switch thin 
film on Au(111), and (c) mixed thin film on Au(111) composed of both open and 
closed forms. Experimental data (■) and fit (⎯). Right: chemical structure of the 
switch for case (a) and (b). 
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0.8 eV, having its maximum intensity at 163.4 eV. The peak positions appear to be 
characteristic of each molecular isomer and represent a unique signature to 
differentiate between open and closed forms of the switch on the surface. Indeed, 
the S 2p core level of the mixed film (c) cannot be fitted with only one doublet 
peak but two components are required to reproduce the raw data. The components 
appear at 164.2 eV and 163.4 eV, in agreement with the spectra shown in Figures 
3.2a and 3.2b. 

The differences in binding energies of S 2p core level in the closed and the 
open forms can be easily understood based on the chemical structures. The 
thiophenes in the open form are aromatic, while in the closed form they lose their 
aromatic character in favour of the more extended conjugation through the whole 
molecule. This rearrangement in the electron cloud of the sulphur atoms 
determines the final peak position and lineshape of the photoemission signal. 

396398400402

Binding energy (eV)

 

 

In
te

ns
ity

 (A
rb

. u
ni

ts
)

 

 

c

b 398.5 eV

 

 

398.9 eVa

 
Figure 3.3. Left: X-ray photoemission spectra of the N 1s core levels for (a) open 

dithienylethene switch thin film on Au(111), (b) closed dithienylethene switch thin 
film on Au(111), and (c) mixed thin film on Au(111) composed of both open and 
closed forms. Experimental data (■) and fit (⎯). Right: chemical structure of the 
switch for case (a) and (b). 
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3.2.2.2   N 1s  core level dependence on the isomer chemical structure 

Similarly to the case of the S 2p core level, the two forms of the switch 
manifest differences in the N 1s photoemission line. Figure 3.3 shows the N 1s 
core levels and fits to the raw data of the open (a) and the closed (b) switch thin 
film on Au(111), as well as those of the mixed thin film on Au(111) (c). The open 
form spectrum presents a maximum at 398.9 eV, while the closed form spectrum 
shows a peak at 398.5 eV binding energy.18, 19 The mixed film contains two 
contributions that are found at 399.0 eV and 398.5 eV and attributed to open and 
closed forms, respectively. Since the conjugation of dithienylethene closed form is 
extended over the pyridine groups, the same argument mentioned above for S 2p 
justifies also the small chemical shift observed in the N 1s core levels. 
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Figure 3.4. X-ray photoemission spectra of the C 1s core levels for (a) open dithienylethene 

switch thin film on Au(111), (b) closed dithienylethene switch thin film on Au(111), 
and (c) thin film on Au(111) composed of both open and closed forms. 
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3.2.2.3   C 1s core level dependence on the isomer chemical structure. 

Figure 3.4 displays the C 1s core levels and fits to the raw data of the open 
switch film (a), the closed switch film (b) and the mixed film (c). The C 1s signal 
of the open form has a maximum intensity at 285.0 eV binding energy.20 In 
contrast, the C 1s peak of the closed form is characterized by a maximum intensity 
at 284.4 eV. This shift is in good agreement with the values reported for similar 
chemical structures, in which carbon atoms of conjugated chemical groups 
typically appear below 285.0 eV binding energies.21 Finally, it is not surprising to 
find the C 1s signal of the mixed film at 284.6 eV binding energy, just in between 
the values found for open and closed forms. Fits were not attempted in any of the 
carbon spectra because they may contain a contribution of environmental 
contamination. However, we could see that this contamination does not obscure the 
general tendency in peak position originating from the particular configuration of 
the molecules under study. 

 

3.3   Switching between the open and the closed forms with 
UV/vis light irradiation 

After having well characterized the open and closed forms of the switch, both 
in solution and in thin films on gold, we investigated the switching behaviour of 
dithienylethene in the solid state. The experimental procedure consisted in 
irradiating the thin films of both open and closed forms with either UV (313 nm) or 
visible (> 420 nm) light and characterizing them by XPS. 

 

3.3.1   From open to closed form 

Figure 3.5 presents the S 2p (a, b) and N 1s (c, d) core levels of the open form 
before (a, c) and after (b, d) UV-irradiation. After irradiation, both S 2p and N 1s 
raw data cannot be fitted with only one component, but two components are 
needed to reconstruct the experimental lineshapes. The individual peaks appear at 
the binding energies that are consistent with open and closed forms, indicating that 
part of the dithienylethene molecules have switched. In Figures 3.5b and 3.5d, 
about 75% of the spectral area corresponds to the closed form, i.e., 75% of 
dithienylethene molecules are present as a closed form in the photostationary state 
(PSS) reached under those conditions.  
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Figure 3.5. X-ray photoemission spectra of the S 2p (a, b) and N 1s (c, d) core levels for the 

open form thin film on Au(111) before (a, c) and after (b, d) UV-irradiation. 
Experimental data (■) and fit (⎯). 

 

3.3.2   From closed to open form 

Similarly to what was presented above, Figure 3.6 shows the X-ray 
photoemission spectra of S 2p and N 1s core levels collected from the closed 
switch thin film before (a, c) and after (b, d) irradiation with visible light to cause 
the opening of dithienylethene. After irradiation, it is found that the S 2p core level 
is composed of several signals. The peaks at 163.4 and 164.3 eV binding energies 
are attributed to closed and open forms of dithienylethene, respectively. The closed 
form represents about 40% of the total signal. In addition, there is a third 
component at 161.7 eV, which we assign to a chemisorbed species. In fact, this 
same component was reported for thiophene and dimethylthiophene SAMs 
prepared from ethanol solutions on Au/mica and it was attributed to chemisorption 
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on gold and changes in the molecular adsorption geometry.12 In contrast, Sako et 
al.9 studied thiophene SAMs on Au/mica and observed only one peak at 162.0 eV, 
which was assigned to thiol species formed during the chemisorption of thiophene 
on gold. Ishida and Choi11 found that bisthiophene on gold shows a peak at 161 eV 
and correlated this with TDS measurements [see ref. 38 in that publication], which 
demonstrate that molecular decomposition is very unlikely. Thus, from our 
observation and from the data found in the literature we can conclude that the S 2p 
core level is revealing chemisorbed dithienylethene on the gold substrate (see 
section 3.4). The bond is most probably coordination with gold that involves the 
lone pair electrons of sulphur, similarly to what happens to the nitrogen atom of 
pyridine on gold.22 

As previously described, the N 1s photoemission data of the pristine closed 
switch film can be reconstructed by one component centered at 398.5 eV binding 
energy (Figure 3.6c). However, after illumination with visible light, at least two 
components must be included to fit the signal. The fist component, at 398.5 eV, 
corresponds to the closed form. The second component is centered at 399.5 eV and 
has a FWHM of 1.4 eV that is larger than the experimental resolution, indicating 
that it arises from several contributions. It represents about 60% of the 
photoemission line and, by analogy with the S 2p core level, it is probably due to 
the contribution of both the open form and the chemisorbed species. 

Therefore, from these measurements we observe that two processes take place 
after irradiation of the closed form thin film: (i) the switching to the open form and 
(ii) chemisorption of dithienylethene on gold via sulphur atoms. Indeed, 
dithienylethene can chemisorb on Au(111) and this possibility is confirmed by the 
detection of self-assembled molecules as described in the following section. Thus, 
molecules close to the gold substrate are subject to two possible processes and, 
from the high intensity of the photoemission signals of chemisorbed species, we 
can see that the chemisoption is not a minor event, at least for the particular 
dithienylethene molecule presented in this report. 

Previous UV measurements of dithienylethene on gold nanoparticles14 show a 
lower efficiency of the opening process compared to molecules in solution. Our 
results indicate that chemisorption is probably the main factor that contributes to 
this phenomenon. 

The spectral features observed during the switching experiments are not due to 
the X-ray irradiation, as proven by the stability test reported in section 3.5. The 
dithienylethene thin films are not affected by X-rays within at least 40 min of 
irradiation. 
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Figure 3.6. X-ray photoemission spectra of the S 2p (a, b) and N 1s (c, d) core levels for the 

closed form thin film on Au(111) before (a, c) and after (b, d) visible-light 
irradiation. Experimental data (■) and fit (⎯). 

 

3.4   Dithienylethene switch self-assembled on Au(111) 

As mentioned above, we investigated if dithienylethene chemisorbs on the 
gold substrate in order to clarify the origin of the XPS signals observed while 
irradiating the closed switch. For that, we prepared samples following classical 
methods to create self-assembled alkanethiol monolayers,8 i.e., Au(111) substrates 
were immersed in 1 mM solution of open dithienylethene in toluene for 5 minutes, 
2 hours and 1 day, then rinsed with the solvent, dried with an argon stream and 
analyzed by XPS. 

Figure 3.7 displays the results collected for the S 2p core level from these 
samples. After 5 minutes of immersion, the photoemission signal is characterized 
by a doublet of spin-orbit splitting of 1.18 eV, with a maximum at 164.0 eV that 
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corresponds to the open form of dithienylethene switch on the surface. Since this 
spectrum is very similar to the one presented in Fig. 3.2a, there is no evidence for 
strong surface interactions such as chemisorption. The spectrum is slightly shifted 
to lower binding energies compared with Fig. 3.2a (0.2 eV), as expected in 
photoemission  for a thinner molecular film.  In fact, the image charge  in  the  gold  

Figure 3.7. X-ray photoemission spectra of the S 2p core levels for a Au(111) substrate 
immersed in 1 mM open dithienylethene switch solution for 5 minutes, 2 hours, and 
1 day. Experimental data (■) and fit (⎯). 

 

substrate partially screens the core hole created in the photoemission process; 
hence the photoelectron escapes with higher kinetic energy giving rise to a lower 
binding energy peak. After 2 hours of immersion, new components can be 
distinguished in the photoemission line. The peak centered at 161.7 eV is 
unambiguously attributed to chemisorbed sulphur species on gold 9, 11, 12, 23 and 
explains the origin of the new peak found in Fig. 3.6b. The component at 167.3 eV 
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corresponds to oxidized sulphur, probably due to degraded species.20, 23 Indeed, 
after chemisorption the aromaticity of the thiophene ring is disturbed and sulphur 
becomes much more reactive After 1 day of immersion, this component is shifted 
to 161.4 eV binding energy and there is a new peak at 162.7 eV. They both might 
be due to chemisorbed species, and the difference in binding energy can be 
explained by variations in molecular adsorption geometry.12 However, the peak at 
162.7 eV could be also due to dimerization of the sulfur species, a well-known 
phenomenon for long immersion times of Au(111) in alkanethiol solutions.23 
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Figure 3.8. X-ray photoemission spectra of the N 1s core levels for a Au(111) substrate 

immersed in 1 mM open dithienylethene switch solution for 5 minutes, 2 hours, and 
1 day. Experimental data (■) and fit (⎯). 

 

Figure 3.8 presents the N 1s core level for the same samples. After 5 min of 
immersion, the photoemission line can be reconstructed by only one component 
centered at 398.7 eV binding energy, which is characteristic of the open form of 
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the switch. In agreement with the S 2p core level of Figure 3.7., the spectrum is 
shifted by 0.2 eV with respect to the photoemission signal shown in Fig. 3.3a. 
After 2 hours of immersion, we can observe a new component at 400.5 eV binding 
energy; and after 1 day there are new components at 400.1 eV and 401.6 eV 
binding energies. They clearly arise from the new species formed during the 
chemisorption process, either associated with chemisorbed species or with 
damaged ones. However, from the present experimental data is not possible to 
determine the exact chemical groups in which the nitrogen atoms are involved. 
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Figure 3.9. Evolution of the S 2p core level photoemission signal collected after 10, 40 and 70 

minutes of X-ray irradiation of the closed dithienylethene switch thin film on 
Au(111). Experimental data (■) and fit (⎯) .  

 

3.5   Stability of dithienylethene under X-ray irradiation 

It is very well known that X-ray irradiation can induce damage in organic 
compounds.24, 25 To test the stability of the dithienylethene switch under 
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irradiation, the thin film was exposed to the X-rays and the evolution of the 
photoemission signals was followed while irradiating. Figure 3.9 presents the 
evolution of S 2p core level obtained after 10, 40 and 70 minutes of continuous X-
ray irradiation of the closed form of the switch. Initially, the photoemission peak 
shows only one component with maximum intensity at 163.4 eV as mentioned in 
section 3.2.2.1. The photoemission signal remains unchanged after 40 minutes of 
the irradiation. After 70 minutes of X-ray irradiation a new component appeared at 
164.5 eV binding energy, accompanied by broadening of the C 1s core level (not 
shown here), that indicates the decomposition of the dithienylethene switch. Since 
the observed changes do not correspond to the appearance of S 2p and C 1s 
components typical of a closed form (compare Figures 3.1 and 3.3), we can 
exclude switching induced by X-rays. The component at 164.5 eV is usually due to 
free sulphur or C-S species.23 
 

3.6   Conclusions 

In this chapter we demonstrate that X-ray photoemission spectroscopy is a 
suitable analytical technique to identify open and closed forms in a dithienylethene 
switch thin film. The two forms can be identified by the peak positions and 
lineshapes of  the S 2p, N 1s and C 1s  core level photoemission signals, which 
reflect the electronic structure of the switch. 

Dithienylethene switch thin films are stable under X-ray irradiation periods of 
~ 40 minutes in the present experimental conditions, but prolonged exposure 
induces partial decomposition of the molecules.  

Dithienylethene can be reversibly switched in thin films by UV/vis-irradiation. 
UV-illumination of the open form produces the closed form. However, 
illumination of the closed form with visible light induces not only the open form 
but also chemisorption on the Au(111) substrate. The chemisorbed species interacts 
with gold via sulphur atoms. 
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Chapter 4 

STUDY OF THE ADSORPTION OF FUMARAMIDE 
[2]ROTAXANE ON Au(111) AND Ag(111)   

 

Thin films of fumaramide [2]rotaxane were prepared by vapour deposition on 
both Ag(111) and Au(111) substrates. XPS and high-resolution electron energy 
loss spectroscopy (HREELS) were used to characterize a monolayer and bulk-like 
multilayer films. XPS determination of the relative amounts of carbon, nitrogen 
and oxygen indicates that the molecule adsorbs intact. On both metal surfaces, 
molecules in the first adsorbed layer show an additional component in the C 1s 
XPS line attributed to chemisorption via amide groups. Molecular dynamic 
simulation indicates that the molecule orients two of its eight phenyl rings, one 
from the macrocycle and one from the thread, in a parallel bonding geometry with 
respect to the metal surfaces, leaving three amide groups very close to the 
substrate. In the case of fumaramide [2]rotaxane adsorption on Au(111), the 
presence of certain out-of-plane phenyl ring and gold-oxygen vibrational modes 
points to gold-oxygen bonding and a preferential molecular orientation. The 
theoretical and experimental results imply that the three-dimensional 
intermolecular configuration permits chemisorption at low coverage to be driven 
by interactions between the three amide functions of fumaramide [2]rotaxane and 
the Ag(111) or Au(111) surface. In addition, low coverage films of the rotaxane 
and its macrocycle on Au(111) were investigated by STM and it was found that 
only the macrocycle – but not the rotaxane – can be observed. 



Chapter 4 
 
 

40

4.1   Introduction 

In the present work, the nucleation and growth of fumaramide [2]rotaxane thin 
films on Ag(111) and Au(111) surfaces is investigated. The fumaramide 
[2]rotaxane comprises a benzylic amide macrocycle mechanically interlocked on a 
fumaramide thread.1 The chemical structure was presented in Figure 1.4 (Chapter 
1). Ag(111) and Au(111) substrates were chosen because for noble metals one 
expects that molecule-substrate interactions and molecule-molecule interactions are 
similarly strong so that one does not dominate the other. 

This chapter focuses on the characterization of fumaramide [2]rotaxane films 
with monolayer and bulk-like coverages, prepared by sublimation in ultra high 
vacuum onto Ag(111) and Au(111) substrates, as described in 2.4.4.1. The 
experimental study was carried out by XPS, HREELS and STM. Molecular 
mechanics simulations where used to visualize the behaviour and three-
dimensional configuration of adsorbed fumaramide [2]rotaxane. 

Since fumaramide [2]rotaxane has one of the most simple chemical structures, 
its characterization sets the basis to interpret and understand spectral data of more 
complex rotaxanes as the one presented in the last chapter of this thesis. 

 

4.2   Results and discussion 

4.2.1   X-ray photoelectron spectroscopy 

Although fumaramide [2]rotaxane is stable at room temperature in air,1 it is 
important to verify that the molecule remains intact when sublimed in vacuum. 
Photoemission spectra of the C 1s, O 1s, N 1s, Au 4f and Ag 3d regions were 
measured for both monolayer and multilayer rotaxane films. In the case of C 1s, O 
1s and N 1s core levels, we observed binding energies and lineshapes consistent 
with the chemical structure and the stoichiometry expected if fumaramide 
[2]rotaxane adsorbs intact. Quantitative analysis of the fumaramide [2]rotaxane 
XPS spectra allows us to determine the amount of C, N, and O on the surface from 
the photoemission peak area of each element. The error on the photoemission peak 
areas was estimated depending on the signal/noise ratio in the spectrum for each 
element. The carbon signal is better defined thus, the error was found to be 2 %. 
The nitrogen and oxygen signals are weaker, producing noisier spectra, and 
therefore a more substantial error of 10% was estimated in the peak area. The 
experimental data presented in Table 4.1 show good agreements with theoretically 
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calculated values. Hence, we conclude that fumaramide [2]rotaxane remains intact 
following sublimation in vacuum. 

 

Atomic % Theoretical 
stoichiometry 

Multilayer Monolayer on 
Au 

Monolayer on 
Ag 

Carbon  84.2 84.8 ± 1.7 84.3 ± 1.7 83.1 ± 1.7 
Oxygen  7.9 7.5 ± 0.8 7.2 ± 0.8 8.2 ± 0.8 
Nitrogen  7.9 7.7 ± 0.8 8.5 ± 0.8 8.7 ± 0.8 

Table 4.1. Comparison between the experimental atomic percentages derived from the 
photoemission peak areas of fumaramide [2]rotaxane and the theoretical values 
calculated from the stoichiometry of the rotaxane. 

 
Figure 4.1 shows the C 1s photoemission lines and their mathematical 

reconstruction for a fumaramide [2]rotaxane multilayer on Ag(111), a monolayer 
on Ag(111) and a monolayer on Au(111). While rigorously there are sixteen 
chemically distinct carbon environments in the fumaramide [2]rotaxane, in practice 
XPS may not distinguish between the various types of phenyl ring carbon. Hence, 
the mathematical decomposition procedure consists of fitting a minimum number 
of peaks consistent with the raw data and the molecular structure of the adsorbate 
with the simplification of assuming equivalent aromatic carbon atoms. In Figure 
4.1a, the fit was carried out assuming a molecule with three distinct chemically 
shifted C 1s core level emissions occurring at 285.4, 286.3 and 288.8 eV attributed 
to the aromatic, aliphatic, and carbonyl components. The shake-up structure 
associated with π-π* transitions of the phenyl rings can be observed at 292.3 eV 
and it represent around 5% of the C 1s signal originated by the phenyl rings, in 
agreement with the data found for compounds with similar chemical structure.2 
The area ratio for the three distinct components is ~ 2:3:15, which is in agreement 
with the stoichiometry of the molecule. The 1.1 eV binding energy shift relative to 
benzene (284.3 eV)3 is understandable given that 17% of the phenyl ring carbon 
are bound to CH2NH or NHCO moieties which themselves display C 1s binding 
energies well within the range reported in the literature.2, 4 

Comparing the multilayer spectrum with the monolayer spectra in Figures 4.1 
(a) and (b), an additional feature can be distinguished at 286.9 eV. Taking into 
account the area ratio of the C 1s components (~ 1:1:3:15), the stoichiometry of 
fumaramide [2]rotaxane and previous studies,5 we conclude that the carbonyl 
contribution splits into two peaks at 288.8 and 286.9 eV, suggesting that three 
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amide groups interact with the substrate. Thus, the additional component is 
reasonably assigned to the carbonyl group involved in Ag-O or Au-O bonding in 
agreement with the molecular rearrangement found by the molecular dynamic 
simulations (see 4.2.2). Chemisorption of the oxygen atom to the substrate surface 
gives rise to charge redistribution in the amide function, and in particular, alters the 
amount of electronic charge contributed to the C=O bond. The presence of the π-π* 
shake-up transition at 292.3 eV indicates that the interfacial bonding does not 
disrupt the electron conjugation of the phenyl rings, hence, any interactions 
between the surface and the aromatic groups is weak.  There is no difference 
between the C 1s core level of the monolayer deposited on Au(111) and the one 
deposited on Ag(111). 
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Figure 4.1. X-ray photoemission spectra of the C 1s core levels for: fumaramide [2]rotaxane (a) 

multilayer on Ag(111), (b) monolayer on Ag(111), and (c) monolayer on Au(111). 
Raw data (■) and fit to the experimental data (─). 
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Figure 4.2. X-ray photoemission spectra of the N 1s core levels for: fumaramide [2]rotaxane (a) 

multilayer on Ag(111), (b) monolayer on Ag(111), and (c) monolayer on Au(111). 
Raw data (■) and fit to the experimental data (─). 

 
The N 1s photoemission line for a multilayer film of fumaramide [2]rotaxane on 
Ag is presented in Figure 4.2a. The symmetric peak is centred at 400.3 eV and 
therefore shifted by 0.5 eV to higher binding energy relative to the reference 
moiety -CH2CONH- (399.8 eV).2, 3 Presumably, this is a consequence of additional 
bonding to CH2 and aromatic groups and perhaps, to a lesser extent, involvement in 
intermolecular hydrogen bonding interactions. Again XPS can not distinguish 
between all the different types of nitrogen present in the N 1s spectra, however 
their existence is reflected in the full width at half maximum (FWHM) of 1.6 eV, 
which is larger than the experimental resolution (1.2 eV). Figures 4.2 (b) and (c) 
show the N 1s core level region for the fumaramide [2]rotaxane monolayer on 
Ag(111) and on Au(111), respectively. Closer inspection reveals an asymmetry in 
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the N 1s region associated with the amide function. Decomposition of the raw data 
suggests that two peaks occurring at 400.3 and 401.4 eV (not shown) are enough to 
fit the N 1s signal of the monolayer films. However, the peak at 400.3 eV obtained 
in this way is very broad (~ 1.4 – 1.3 eV). Thus, based on the mechanical 
simulation results (see below), we tried to fit the N 1s with three components, as 
shown in the figure. The maxima appear at 400.2, 400.6, and 401.4 eV and the area 
ratio of the three components in both monolayers is 3:2:1. This is in agreement 
with the three-dimensional molecular configuration that arises from the simulations 
of fumaramide [2]rotaxane adsorbed on the substrate and allows us to assign the 
three components with confidence. The peak at 400.2 eV has almost the same 
binding energy found for the multilayer film and corresponds to unperturbed amide 
functions. Indeed, fumaramide [2]rotaxane presents three amide groups located far 
from the substrate, two from the macrocycle and one from the thread. The other 
two N 1s components correspond to amide groups in close proximity with the 
substrate and their difference in chemical shift originates from hydrogen bonds that 
produce shifts to higher binding energies:6 the spectral feature at 400.6 eV can be 
attributed to amide groups close to the substrate, one from the macrocycle and one 
from the thread, which are not involved in hydrogen bonds and the component at 
higher binding energy (401.4 eV) corresponds to an amide group from the 
macrocycle which does form a hydrogen bond.  

The O 1s core level spectra of monolayer and multilayer fumaramide 
[2]rotaxane coverages on Au(111) and Ag(111) are presented in Figure 4.3. The 
multilayer spectrum (Figure 4.3a) presents a maximun at 532.0 eV and its FWHM 
of 1.6 eV, larger than the experimental resolution, reflects the presence of oxygen 
atoms in different chemical environments. The symmetrical shape of the peak does 
not allow to decompose the O 1s lineshape with confidence. The results for a 
monolayer on Ag (Figure 4.3a) and on Au (Figure 4.3b) are very similar: both 
monolayer spectra are centered at 531.9 eV and their FWHM are about 10% larger 
than that for the multilayer spectrum collected with the same experimental 
resolution. The latter indicates greater differences in chemical environment for 
oxygen in the monolayer compared to the multilayer. However, from XPS analysis 
and in contrast with HREELS data discussed below, there is no clear evidence for 
oxygen interaction with the substrate. Since the entire amide group would feel the 
loss of charge, it is not possible to discriminate between the situation where only 
the carbonyl group is bound to Ag or Au and the situation where both oxygen and 
nitrogen interact with the substrate via their lone pairs.7 In fact, in the first case the 
bonding involves probably the lone pairs of the oxygen and the empty orbital of the 
metallic surface as seen for the adsorption of acetone on Pt(111).8 
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Figure 4.3. X-ray photoemission spectra of the O 1s core levels for: fumaramide [2]rotaxane (a) 

multilayer on Ag(111), (b) monolayer on Ag(111), and (c) monolayer on Au(111). 
Raw data (■) and fit to the experimental data (─). 

 

4.2.2   Molecular dynamic simulations 

The molecular dynamic simulations were carried out by Dr. Jukka-Pekka 
Jalkanen† at the University of Bologna (Prof. Dr. Francesco Zerbetto’s research 
group).9 The calculations were performed for a single molecule of rotaxane 
deposited on Au(111) and Ag(111) surfaces. Its structure was minimized using a 
TINKER molecular mechanics/dynamics software package.10 – 12 The Embedded 
Atom Model was used in describing the metal-metal interactions, a MM3 force 
                                                      
† J.-P. Jalkanen: Dipartimento di Chimica “G. Ciamician”, Università degli Studi di Bologna, 
V.F. Selmi 2, 40126 Bologna (Italy). Current address: Finnish Meteorological Institute, Erik 
Palmen's square 1, FIN-00101 Helsinki (Finland). 
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field for the organic-organic part and a modified Morse potential in the description 
of metal-organic interactions. In addition, the charge equilibration scheme of 
Rappe and Goddard10 was applied through the whole system. This method can be 
used to study the evolution of partial charges when the chemical environment or 
molecular geometry changes. The metal-organic interaction model was calibrated 
to produce experimental desorption geometries and energies of small organic 
fragments consisting of similar chemical groups that can be found in fumaramide 
[2]rotaxane. A (111) metal surface model consisting of five layers of 20 by 20 
atoms was used and the lowest layer of metal atoms was kept fixed during the 
calculations. The top four layers of the surface model were allowed to relax or 
reconstruct to achieve lowest energy. The model does not require a priori 
definitions of bonds between the atoms of the molecules and those of the metal. 
The molecules are therefore free to drift on the surface, which can, in turn, 
reconstruct. 

 

(b)

(a)

(b)

(a)

 
Figure 4.4. The average structure of fumaramide [2]rotaxane on (a) Ag(111) and (b) Au(111). 

The structures were obtained by averaging atom locations of a 5 picosecond 
molecular dynamics run at 298K. The average structure from the MD runs 
resembles a collapsed letter X. Color code: carbon = green/black, nitrogen = blue, 
oxygen = red, hydrogen = gray. 

a

b
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The fumaramide [2]rotaxane orients itself in such a way that there are two or 
three benzene rings parallel to the surface. The simulations reveal that on Ag(111), 
one of the benzene rings of the macrocycle and one on the thread are parallel to the 
surface as shown in Figure 4.4a. This can also be observed on Au(111), where in 
addition to the aromatic ring on the thread there are two benzene rings on the 
macrocycle that are almost parallel to the surface (Figure 4.4b). The macrocycle 
prefers to lie close to the surface, collapsing the X-like orientation of the molecule 
that is observed during the geometry optimization. The orientation of the rings is in 
accordance with the HREELS measurements (discussed below) suggesting that 
some of the rings are parallel to the surface. These figures also show that there are 
three amide groups close to the (111) surface. Metal surface reconstruction at 
298 K was not observed when averaging the movement of atoms undergoing 
thermal motion. 

 

4.2.3   High-resolution electron energy loss spectroscopy 

The HREELS were carried out by Dr. Caroline M. Whelan‡ at Facultés 
Universitaires Notre-Dame de la Paix (Prof. Dr. Petra Rudolf’ research group). The 
data were collected with a Riber Sedra spectrometer equipped with sample 
preparation and main analyser chambers operated at base pressures in the low 10-9 

and 10-10 Torr range, respectively. The analysis chamber consisted of 180° 
hemispherical monochromator and analyzer ensemble described in more detail 
elsewhere.13 HREELS spectra were recorded with an incident beam energy of 6.0 
eV (Ep) and collected in specular (θi = θr = 45°) scattering geometry. The spectra 
presented here are normalized to the specular elastic peak intensity. The 
instrumental resolution, defined by the FWHM of the elastic peak, was 13 meV for 
these measurements. 

Since the results obtained by XPS and molecular mechanic simulations are 
very similar for both systems, fumaramide [2]rotaxane deposited on Au(111) and 
on Ag(111), we have chosen to study only one of them by HREELS. Figure 4.5 
shows the HREELS data from monolayer (a) and multilayer (b) fumaramide 
[2]rotaxane films adsorbed on Au(111). The solid-state infrared data is presented 
as an inset for comparison. Previous HREELS studies of benzylic amide 
macrocycle14 and benzylic amide [2]catenane adsorbed on Au(111)15 and infrared 

                                                      
‡ C. M. Whelan: Laboratoire Interdisciplinaire de Spectroscopie Electronique, Facultés 
Universitaires Notre-Dame de la Paix, 61 Rue de Bruxelles, B-5000 Namur (Belgium). Current 
address: IMEC, Kapeldreef 75, B-3001 Leuven (Belgium). 
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reflection absorption spectroscopy data for benzylic amide [2]catenane adsorbed on 
Au(111)16 are also taken into account for the assignment of the energy losses. 
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Figure 4.5. HREELS spectra collected in specular scattering geometry (θi = θr = 45°) at a 

primary beam energy of 6.0 eV from furmaramide [2]rotaxane monolayer (a) and 
multilayer (b) adsorbed on Au(111) at 300 K. FWHM = 13 meV. Inset: solid state 
infrared spectrum of furmaramide [2]rotaxane. 

 

The expected main vibrational bands can be recognized in the monolayer 
spectrum. Bands at 730 cm-1 and 3050 cm-1 signal the presence of aliphatic and 
aromatic groups. The first band is unambiguously assigned to out-of-plane C-H 
deformations (γCH) of the phenyl rings, while the second one corresponds to C-H 
in-plane stretching (νCH). Additionally, there is a complex group of unresolved low 
intensity bands extending from 800 to 1600 cm-1 that originate from C-H in-plane 
bending, ring breathing and stretching vibrations. Of particular interest in the 
assignment of adsorbate-substrate bonding is the clearly resolved peak 
superimposed on the tailing elastic peak at 480 cm-1. This band is attributed to an 
Au-O stretching mode (νAuO) and can be only explained by the chemisorption of 
the rotaxane on the Au surface via amide functions, as already inferred from XPS 
results. A frustrated z-transition, i.e., vibration of the entire molecule against the 
surface, would also appear in this region. However, such an energy loss is usually 
observed with low intensity and hence the band at 480 cm-1 is assigned 
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predominantly to Au-O stretching in agreement with previous studies.17, 18 The 
relative intensity of the γCH and νAuO bands (compared with the νCH band) decrease 
at higher coverage, consistent with increased disorder and the absence of Au-O 
bonding in the multilayer film. The N-H stretching mode (~3330 cm-1)19, 20 is not 
detected in monolayer and multilayer spectra. The absence of this band is expected 
given that its predicted intensity is very low and occurs close to the νCH 
region.16,21, 22 

Information concerning the molecular orientation of the rotaxane with respect 
to the substrate surface can be achieved by applying the metal surface selection 
rule (MSSR) in specular scattering geometry. This selection rule specifies that only 
those vibrations with a component of the dipole moment change normal to the 
surface may be detected.23 In a detailed HREELS study of fumaramide [2]rotaxane 
adsorption on Au(111) from sub-monolayer to multilayer coverage,24 the γCH, νCH, 
and νAuO bands were identified as having strong normal dipole components, 
evidenced by a significant decrease in intensity in measuring in off-specular 
scattering geometry. For the monolayer coverage, the γCH and νAuO bands disappear 
in the off-specular measuring mode implying a preferred molecular orientation of 
phenyl rings and Au-O bonding via the carbonyl moieties of the amide 
functionalities. The fact that the out-of-pane γCH band, which has its dipole moment 
perpendicular to the phenyl ring and hence should be maximum for phenyl rings 
parallel to the surface, is observed indicates that at least some of the phenyl rings 
are oriented parallel to the Au(111) surface in agreement with the molecular 
mechanic simulation results. In such adsorption geometry, it is understandable that 
the carbonyl moieties can bond to the substrate thus explaining the observation of 
the νAuO band in the monolayer spectrum. 

 

4.2.4   Scanning tunnelling microscopy 

HREELS results and molecular dynamic simulations indicate that fumaramide 
[2]rotaxane ‘sits’ on the substrate with a preferential orientation. But we do not 
know whether there is a particular two-dimensional arrangement of molecules. In 
order to investigate if fumaramide [2]rotaxane forms ordered arrays, we performed 
STM of the rotaxane monolayers on Au(111). 

In first place, we carried out measurements at room temperature, both in air 
and in UHV. We found that fumaramide[2] rotaxane is not stable on Au(111) while 
scanning with the STM and it was not possible to image the system because the 
molecules move on the substrate giving rise to unstable scanning conditions. In a 
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second step, we repeat the measurements at low temperature (100 K), but still the 
same problem was present. As a third possibility, the surface was investigated 
under tetradecane, hoping that the liquid environment could give to the molecules 
the chance to re-adsorb on the substrate under certain scanning conditions (e.g. 
particular bias voltage and tunnelling current). However, only clean gold was 
observed. 

Indeed, later simulation studies24 confirm our observations showing that the 
thread in fumaramide [2]rotaxane induces substantially larger surface mobility if 
compared with the macrocycle alone. In fact, it is possible to image a sub-layer of 
benzylic amide macrocycle on Au(111) by STM. The result is shown in Figure 4.6. 
It was found that benzylic amide macrocycle adsorbs on Au(111) in small clusters 
of ~ 4 nm diameter that follow the herringbone reconstruction of the substrate. 

 

 
Figure 4.6. STM image of benzylic amide macrocycle on Au(111). 150 x 150 nm2 scanned area 

in air at 530 mV bias voltage and 20 pA tunnelling current. 
 

4.3   Conclusions 

The present study shows that it is possible to sublime fumaramide [2]rotaxane 
without decomposition. The C 1s photoemission line of monolayer films reveals 
that fumaramide [2]rotaxane chemisorbs via three amide functions on Ag(111) and 
Au(111). XPS results are consistent with the picture proposed by theoretical 
simulations showing that, on both Au(111) and Ag(111) surfaces, 
fumaramide[2]rotaxane prefers to orient the macrocyclic part of the molecule as 
close to the surface as possible, leading to a ‘collapsed X-like’ structure. According 
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to the molecular dynamics simulations, fumaramide [2]rotaxane adopts a three-
dimensional conformation where two phenyl rings are parallel to the substrate and 
three amide groups are within bonding distance of it. From HREELS 
characterization of fumaramide [2]rotaxane adsorption on Au(111),  monolayer 
chemisorption via carbonyl groups of the amide moieties is confirmed by the 
presence of the Au-O stretching vibration. Further, by comparison of specular and 
off-specular intensities for out-of-plane C-H deformations, an orientation of the 
rotaxane with some of the phenyl rings lying parallel to the substrate is revealed. 
The high mobility of fumaramide [2]rotaxane does not allow stable scanning 
condition while studying the system by STM. It was found that only the benzylic 
amide macrocycle can be observed, in agreement with theoretical studies. 
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Chapter 5 

ACID-TERMINATED ALKANETHIOL SELF-
ASSEMBLED MONOLAYERS ON Au(111) 

 

This chapter reports on a study of acid-terminated self-assembled monolayers 
of alkanethiols of different length, 11-mercaptoundecanoic acid (11-MUA) and 16-
mercaptohexadecanoic acid (16-MHDA), on Au(111). STM, XPS and contact angle 
techniques were used for characterization and the results were compared with 
those obtained from n-alkanethiols of similar chain length, providing a detailed 
description of the two-dimensional crystalline structure. Molecular resolution STM 
images show that 11-MUA forms a dense-packed monolayer arranged in a 
(√3x√3)R30° structure with a c(2x4) superlattice, where the simple hexagonal 
phase, the c(2x4) superlattice and non-ordered areas coexist. 16-MHDA assembles 
in a uniform monolayer with similar morphology than 11-MUA but molecular 
resolution could not be reached by STM due to both the hydrophilicity of the acid 
groups and the poor conductivity of the thick monolayer. Nevertheless, the 
monolayer thicknesses estimated by XPS and the low water contact angle are 
consistent with 16-MHDA molecules forming a compact monolayer on the Au(111) 
substrate with fully extended alkyl chains and acid groups pointing away from the 
surface. The results obtained for 16-MHDA were reproducible under different 
preparation conditions such as the addition or omission of acetic acid to the 
ethanolic solution. Contrary to other reports, we demonstrate that ordered acid-
terminated self-assembled monolayers are obtained with the same preparation 
conditions than methyl-terminated ones, without any additional treatment. 
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5.1   Introduction 

In the last years, self-assembled monolayers (SAMs) of alkanethiols on metal 
substrates have attracted the attention of many scientists in physics and chemistry 
due to their ability to form ordered organic films with well-defined composition 
and thickness.1−3 They are potentially versatile building blocks for the development 
of advanced materials:4 a proper selection of head groups allows the chemical 
derivatization of a surface and for this reason SAMs have been employed as a link 
path to graft molecules onto metal substrates, with the aim of modifying the 
surface properties.5, 6 In particular, acid-terminated alkanethiols are interesting due 
to their capability to react and/or strongly interact with many other chemical 
groups, leading to the functionalization of a surface with different molecules. 

 

          
 
Figure 5.1. Left: schematic representation of the (√3 × √3)R30° lattice of alkanethiols on the 

Au(111) surface. The small gray circles represent Au atoms, the black and dark-
gray circles represent the thiol molecules. Black circles indicate a (3x2√3) primitive 
unit mesh (---), which ca also be described as a c(4x2) supperlattice in terms of the 
(√3 × √3)R30° lattice (—). The sulfur atoms are assumed to interact exclusively 
with fcc 3-fold hollow sites on the Au(111) surface. Right: scheme of the lateral 
view of decanethiol on Au(111); alkyl chains are tilted by 30°. 

 

Several analytical techniques such as spectroscopies,1, 2, 7 contact angle,8, 9 
ellipsometry and electrochemistry10 have been used to study SAMs. As a result, 
there was a general agreement that long (n > 6) methyl-terminated alkanethiols on 
Au(111) form densely packed monolayers, with a chain tilt of ~ 30o respect to the 
surface normal that maximizes the van der Waals interactions between alkyl 
chains, and a structure with a (√3x√3)R30° lattice. Later helium diffraction11 and 
STM12 studies demonstrated the presence of a c(4x2) superlattice of the basic 
(√3x√3)R30° structure (see schematic representation in Figure 5.1). However, 
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other authors claimed that replacing the methyl-termination by other functions does 
not always lead to the same organization and crystalline patterns and variations in 
head groups, chain length and preparation conditions can give rise to different 
favoured packing structures.13 − 17 

The two-dimensional characteristics of acid-terminated alkanethiol SAMs have 
not yet been accurately described through STM studies. Furthermore, there is no 
clear agreement in the literature about what are the proper preparation conditions to 
obtain highly ordered acid-terminated monolayers. Nuzzo et al.18 observed well-
packed mercaptohexadecanoic acid monolayers by infrared spectroscopy when 
using ethanol as a solvent for the SAM preparation. This was confirmed by the 
STM data of Ito et al.19 and Gorman et al.20 for the case of mercaptoundecanoic 
acid. However, other studies21, 22 demonstrated a high degree of disorder in 
mercaptohexadecanoic acid samples prepared only with ethanolic solutions and 
suggested that the quality of the surfaces can be improved with the addition of 
acetic acid to the solvent. In addition, Willey et al.23 also claimed that well-ordered 
carboxylic-terminated SAMs of mercaptohexadecanoic acid can be formed by 
adding acetic acid and they showed that rinsing in KOH causes the carboxylic 
group to be oriented much more upright. Finally, Wang et al.24 argued that 
carboxylic-terminated SAMs are harder to control than methyl-terminated ones and 
they proposed that addition of CF3COOH to the ethanol followed by a rinse with 
NH4OH improves the sample quality. 

 

HS CH3

HS CH3

Decanethiol (C10)

Hexadecanethiol (C16)

HS
COOH

Mercaptoundecanoic acid (11-MUA)

HS COOH

Mercaptohexadecanoic acid (16-MHDA)

 
 

Figure 5.2. Chemical structure of the four alkanethiols investigated in this chapter. 



Chapter 5 
 
 

56

This chapter focuses on the crystalline structure of acid-terminated SAMs and 
compares them with methyl-terminated SAMs of similar length. For this purpose, 
four molecules have been selected: decanethiol (C10), hexadecanethiol (C16), 
mercaptoundecanoic acid (11-MUA) and mercaptohexadecanoic acid (16-MHDA). 
Their chemical structures are shown in Figure 5.2. SAMs were characterized by 
XPS, cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), 
contact angle and STM techniques. Since methyl-terminated SAMs on Au(111) 
have been extensively studied,10, 15, 25 − 27 they have been chosen as the bench mark 
for comparison with carboxylic acid-terminated ones in our discussion. 

By combining the above-mentioned experimental techniques, we are able to 
determine if carboxylic acid-terminated SAMs have equivalent chemical 
composition, thickness and roughness than their methyl-terminated counterparts. 

 

5.2   The crystalline structure of SAMs as seen by STM 

Figure 5.3 presents high resolution STM images of a C10 monolayer. Figure 
5.3a shows a molecularly resolved area where the molecules arrange in a 
hexagonal structure corresponding to the (√3x√3)R30° lattice. A c(4x2) 
superlattice with respect to the fundamental hexagonal pattern is also visible due to 
variations in spot brightness and the unit mesh is outlined to guide the eye. The 
cross section plot of the line superimposed in the image (Figure 5.3b) indicates that 
the brighter spots appear ~ 0.1 Å higher than the rest.12, 15 Figure 5.3c presents a 
20 x 20 nm2 image showing domains of molecules in which every domain has one 
of the three possible symmetry-equivalent orientations arising from the c(4x2) 
superlattice.11, 17 The darker areas are single-atom-deep etch pits in the gold terrace. 
These pits are vacancy islands of monoatomic depth on the gold substrate and are 
induced by the dynamic self-assembly process that takes place during the 
formation of the monolayer in solution.4 

Figure 5.4 shows STM images of 11-MUA, where molecular resolution was 
also achieved. Figure 5.4a displays a 27 x 27 nm2 image with different 
morphologies. We can clearly recognize simple hexagonal domains like “A”. 
There are also ordered arrays of molecules forming domains “B” similar to the 
ones found on C10 (Figure 5.3c), which are a fingerprint of the c(4x2) superlattice. 
Other regions of type “C” are less defined and probably not ordered. Single-atom-
deep etch pits in the gold terrace4 are visible as well. Previous STM measurements 
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Figure 5.3. STM images of C10: a) 3.8 x 3.8 nm2 image showing the (√3x√3)R30° and c(4x2) 
lattices (Vbias= 650 mV v, Iset = 5 pA). The c(4x2) unit mesh is outlined to guide the 
eye; b) cross section plot of the line superimposed in the image; c) 20 x 20 nm2 image 
depicting domains of C10 and single-atom-deep etch pits (Vbias= 500 mV, Iset = 20 
pA). 

 

 

 
 
Figure 5.4. STM images of 11-MUA: a) 27 x 27 nm2 image showing domains of molecules: A- 

simple hexagonal packing, B- c(4x2) arrangement, C- non-ordered region (Vbias= 800 
mV, Iset = 5 pA); b) 4.1 x 4.1 nm2 image showing the (√3x√3)R30° structure (Vbias= 
800 mV, Iset = 5 pA); inset: 1.5x1.5 nm2 section of the same image filtered by Fourier 
transformation showing the hexagonal lattice. 
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carried out under nitrogen revealed a double-row structure in the 11-MUA SAM20 
that was not observed in the present study. We believe that this double row 
arrangement corresponds to a non-resolved c(4x2) structure. A higher 
magnification image (Figure 5.4b) reveals that 11-MUA orders in a (√3x√3)R30° 
packing with an average molecular distance of 5 Å. The hexagonal packing is 
clearly seen in the FFT-filtered image included as inset. 11-MUA has a crystalline 
structure very similar to C10. However, while C10 presents large uniform areas 
with the same arrangement, 11-MUA forms a compact monolayer with a mixture 
of diverse morphologies and smaller ordered domains, which is a clear difference 
between acid and methyl-terminated alkanethiols. Note that a poorer image 
resolution is achieved for 11-MUA than for C10 measurements, probably due to 
the presence of environmental contamination – such as water – adsorbed by the 
acid groups that interfere with the tip, changing its shape and perturbing the 
scanning process. 

 

 
 
Figure 5.5. STM images of C16: a) 30 x 30 nm2 image showing domains of molecules (Vbias= 

700, Iset = 5 pA); b) 4 x 4 nm2 image showing the (√3x√3)R30° structure (Vbias= 550 
mV, Iset = 10 pA). Inset: part of the same image filtered by Fourier transformation 
showing the hexagonal lattice. 

 

Figure 5.5 presents STM images of C16. Figure 5.5a shows a 30 x 30 nm2 
surface where ordered arrays of C16 and single-atom-deep etch pits in the Au 
terrace are seen. The distance between brighter spots of the ordered arrays suggests 
the presence of the c(4x2) reconstruction.12, 15 A higher resolution image (4 x 4 
nm2) shown in Figure 5.5b displays a highly ordered (√3x√3)R30° arrangement 
with an average molecular separation of 5 Å, as for C10. The inset is part of the 



Acid-terminated Alkanethiol SAMs on Au(111) 
 
 

59

same image filtered by Fourier transformation, which emphasizes the hexagonal 
lattice. These are the first STM images of C16 acquired with molecular resolution. 
To reach such a resolution it was necessary to work with a set point current not 
higher than 10 pA and bias voltage higher than 500 mV. Notice that SAMs with 
long alkyl-chain (n > 14) present a very poor conductivity. Bumm et al.28 reported 
that a tunneling current lower than 1 pA should be used to obtain molecular 
resolution STM images of C16, which is not possible with current standard STMs. 
We observed that higher tunneling currents can be used to successfully observe the 
molecular structure of C16 if working with the proper bias voltage and tip shape. A 
few scans over the same area under the above mentioned conditions were 
reproducible but the quality of the image gradually decreased, probably due to 
damage of the monolayer and/or changes in the tip shape. A consequence of the 
low set current is a rather high noise level, which does not allow to observe a 
c(4x2) superlattice in clear detail. 

 

 
 
Figure 5.6. 190 x 190 nm2 STM image of 16-MHDA showing gold terraces covered by the 

SAM. Single-atom-deep etch pits are clearly seen. (Vbias= 600 mV, Iset = 10 pA). 
 

Finally, STM results on 16-MHDA are shown in Figure 5.6. A 190 x 190 nm2 
scanned area reveals gold terraces covered by a uniform alkanethiol monolayer 
with single-atom-deep etch pits. Contrarily to the systems described above, it was 
impossible to achieve molecular resolution in this case. The difficulty to image the 
16-MHDA SAM arises from the poor conductivity of the thick organic film28 and 
the hydrophilic nature of the acid groups that favour environmental contamination 
of the surface. Many samples were investigated and they always presented the 
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same characteristics everywhere, suggesting therefore that the monolayers are 
compact and uniform. As mentioned in the introduction, previous studies reported 
that the addition of acetic acid to the preparation of 16-MHDA and a final rinse 
with KOH improve the monolayer order.23 Samples prepared by this method were 
checked by STM (not shown) and the results were similar to those described in 
Figure 5.6 but some regions presented evidence of contamination, probably due to 
difficulties in removing acetic acid molecules adsorbed on the surface. Thus, our 
observations do not support the conclusions of reference 23. 

 

5.3   Qualitative analysis and thickness estimation  

Figure 5.7 presents the C 1s core level region of the photoemission spectra of 
C10, 11-MUA, C16 and 16-MHDA as well as the fit of the experimental lines. In 
the case of C10 and C16, at least two components are needed to mathematically 
reconstruct the experimental data. They occur at binding energies of 284.7 and 
285.6 eV and are unambiguously attributed to aliphatic carbon and carbon bound to 
sulphur, respectively.29, 30 The same features are found for 11-MUA and 16-MHA, 
where the peak at 285.6 eV is not only due to carbon bound to sulphur, but also to 
aliphatic carbon atom next to the carboxylic group. There is a third peak at 289.2 
eV arising from carboxylic carbons. Peak positions, area ratios and FWHM of the 
components are compatible with the stoichiometry of the alkanethiol molecules. 

Samples of 16-MHDA prepared with solution of acetic acid/ethanol and rinsed 
in KOH were investigated by XPS and the C 1s region is also included in Figure 
5.7 (16-MHDA acid+KOH). Peak positions and FWHM of the C 1s aliphatic 
components (at 284.7 eV and 285.6 eV binding energy, respectively) are identical 
to the previously discussed cases and there is no evidence of different chemical 
environment in aliphatic chains of 16-MHDA samples prepared with or without 
acetic acid, in contrast with the results obtained by Willey et al.23 Hence, there is 
no indication of disorder in the monolayer produced without the addition of acetic 
acid. Carboxylate carbons appear at 288.4 eV, i.e. shifted to lower binding energy 
with respect to carboxylic groups due to charge transfer and screening effects 
induced by the interaction between carboxylate groups and K+ ions. The peaks at 
288.4 and 285.6 eV binding energy are slightly more intense than expected when 
taking into account the stoichiometry of the molecule, suggesting the presence of 
residual acetic acid or acetate species. The potassium signal (not shown) appears as 
a doublet with the 2p3/2 maximum at 293.1 eV binding energy and its area is in 
stoichiometric ratio with the C 1s area of the carboxylate group. 
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Figure 5.7. X-ray photoemission spectra of C 1s core level region and mathematical 

reconstruction of the experimental lines of C10, 11-MUA, C16 and 16-MHDA 
prepared with and without acetic acid and KOH. 

 

The S 2p core level region of the photoemission spectra of the four SAMs is 
presented in Figure 5.8. In particular, for the case of 16-MHDA we present the 
S 2p core levels of both the sample prepared only with ethanol and the sample 
prepared with ethanol + acetic acid and rinsed with KOH. The three S 2p spectra of 
carboxylic-terminated SAMs are identical to their methyl-terminated counterparts: 
all spectra are characterized by a doublet with maximum at 162.0 eV binding 
energy, an intensity ratio 1:2 and a FWHM of 1.2 eV. There was no evidence of 
free (163.5 eV) or oxidized sulphur (168 eV)30 in any sample, contrarily to what 
was reported by Wang et al.24 who has observed unbound thiols in carboxylic acid-
terminated SAMs prepared only with ethanol. 

The observations suggest no difference between SAMs prepared with or 
without acetic acid plus KOH rinsing and we conclude that 16-MHDA SAM 
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prepared only with ethanol presents the same chemical characteristics than C16 or 
11-MUA so the special preparation treatment with acetic acid plus KOH rinsing is 
not necessary to achieve an improvement. 
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Figure 5.8. X-ray photoemission spectra of S 2p core level region and mathematical 

reconstruction of the experimental lines of C10, 11-MUA, C16 and 16-
MHDA prepared with and without acetic acid and KOH. 

 

The intensity of the signal produced by gold photoelectrons is attenuated by 
the alkanethiol monolayer and this attenuation depends mainly on the SAM 
thickness: the thicker the film, the larger the substrate signal attenuation. Thus, 
XPS measurements are a good alternative to estimate the thickness of an 
alkanethiol monolayer. In the present work, we estimate the SAM thicknesses via 
the Au 4f core level assuming that the gold peak intensities follow the equation31, 32 

Au1 = Au0e-d / (λ sin ϕ) 
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where Au1 is the intensity of gold photoelectrons attenuated by the SAM, Au0 is 
the intensity of clean gold, d is the SAM thickness, λ is the attenuation length 
(reported as 42 ± 1.4 Å for alkanethiols on gold31) and ϕ is the take-off angle. 
Thicknesses calculated by this method are presented in Table 5.1. The results are in 
good agreement with previous ellipsometry studies on methyl-terminated 
alkanethiols 11, 27, 33 and with the calculated values taking into account the C-C 
distance of fully extended alkyl-chains with 30o tilt respect to the substrate normal. 
Additionally, 11-MUA and 16-MHDA were investigated by electrochemistry and 
the thicknesses that were obtained are in accordance with the results of Table 5.1.34 

The attenuation of the S 2p signal indicates that the sulphur atoms are not 
exposed to the surface but are at the bottom of the SAM. The relative attenuation 
of the sulphur signal was similar for C16 and 16-MHDA and larger than for C10 or 
11-MUA. This observation can be only explained if we consider that the 
alkanethiols form a compact film in all four cases. 

 

Monolayers C10 11-MUA C16 16-MHDA 
Thickness (Å) 13 ± 2 15 ± 3 19 ± 3 19 ± 3 

Table 5.1. SAM thicknesses estimated by the attenuation of the Au 4f signal. 
 

Recently, Sushko and Shluger investigated the influence of dipole-dipole 
interactions on the structure of COOH-terminated monolayers using atomistic 
calculations.35 They found that the alkyl-chains and the head-groups of long 
molecules (> 11 carbons) present independent crytalline structures. They 
concluded that these molecules ‘can simultaneously have a crystalline-like order 
with respect to the chain backbones and a high degree of disorder with respect to 
the COOH-groups’. Their calculations help to explain the apparent dissagrement 
between experimental data acquired by different techniques such as infrared 
spectroscopy 18 and NEXAFS. 36 

 

5.4   Wettability properties 

The wettability of both acid- and methyl-terminated alkanethiols was 
investigated by measuring the contact angle of water on freshly prepared samples. 
The values, determined as the average of three identically prepared samples, where 
at least three points on each one were measured, are presented in Table 5.2. The 
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high contact angle of 109o and 111o for C10 and C16, respectively, testifies the 
hydrophobic nature of methyl-terminated monolayers. In contrast, both 16-MHDA 
(prepared with or without acetic acid + KOH rinse) and 11-MUA present very low 
contact angles, lower than 12o or 10o respectively, when measured immediately 
after deposition. Water droplets deposited on acid-terminated SAMs spread very 
fast, making it difficult to determine an accurate contact angle value. Such 
behaviour is in agreement with strongly hydrophilic surfaces and suggests that both 
11-MUA and 16-MHDA self-assemble on the substrate with their acid groups 
oriented towards the air-side.8 The water contact angle of the 16-MHDA SAMs 
prepared with acetic acid and KOH is also very low, consistent with the ionic 
nature of the surface. Contact angles measurements of 16-MHDA prepared only 
with ethanol or with ethanol + acetic acid and rinsed with KOH do not manifest 
any difference in terms of wettability. 

The results of Table 5.2 are in good agreement with previously reported 
values,8 but they differ from the results of other authors,24, 37 who found the contact 
angles of carboxylic-terminated SAMs prepared only with ethanol to be higher. We 
observed that contact angles of carboxylic-terminated SAMs can be a few degrees 
higher than those presented in Table 5.2 if freshly prepared samples are measured 
too soon, i.e. before they are completely dry. Additionally, we noticed that the 
roughness of the gold substrate influences the quality of the monolayer. Thus, 
solvent contamination or differences in substrate roughness can explain 
discrepancies in contact angle data reported in other publications.  

 

Monolayers C10 C16 11-MUA 16-MHDA 16-MHDA 
(acid+KOH) 

Contact angle 109 ± 2o 111 ± 2o < 10o < 12o < 12o 

Table 5.2. Water contact angle of the four studied SAMs: C10, C16, 11-MUA and 16-MHDA. 

 

5.5   Conclusions 

We have investigated acid- and methyl-terminated self-assembled monolayers 
of alkanethiols with different alkyl chain length. C10, C16, 11-MUA and 
16-MHDA on Au(111) were characterized by STM, XPS and contact angle 
measurements. Molecular resolution STM images of C16 were achieved for the 
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first time and both C10 and C16 show ordered domains with (√3x√3)R30° lattice 
and a c(4x2) superstructure. In contrast, 11-MUA monolayers form smaller ordered 
domains than n-alkanethiols and regions with a simple (√3x√3)R30° lattice, a 
c(4x2) superlattice and non-ordered arrangements coexist on the surface. Finally, 
16-MHDA presents the morphology of a uniform alkanethiol monolayer with the 
characteristic single-atom-deep etch pits. In this case, both the thickness of the 
monolayer and the hydrophilic properties of the surface make it impossible to 
reach molecular resolution in air. XPS spectra showed peak positions and line-
shapes in agreement with the chemical structure of the molecules. The film 
thicknesses, estimated by XPS, are in good agreement with the values expected 
taking into account the C-C distance in the alkyl chain and fully extended 
alkanethiols tilted by 30o with respect to the substrate normal. The water contact 
angles of methyl-terminated monolayers were very high (~ 110o) because methyl 
groups create extremely hydrophobic surfaces. In contrast, acid-terminated 
monolayers presented very low water contact angles (< 12o) as expected for highly 
hydrophilic surfaces formed when most of the acid groups of 11-MUA and 16-
MHDA point upright. 16-MHDA monolayers prepared only with ethanolic 
solution are as good and uniform as the ones prepared with acetic acid/ethanol and 
additionally rinsed in KOH. Furthermore, the acetic acid was difficult to remove 
and appears as contamination on the surface. Hence, we have demonstrated that 
ordered acid-terminated alkanethiol self-assembled monolayer can be obtained 
with the same preparation conditions used for methyl-terminated ones, without any 
other particular treatment. 
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Chapter 6 

MACROSCOPIC TRANSPORT BY SYNTHETIC 
MOLECULAR MACHINES 

 

This chapter describes a synthetic system composed of molecular machines 
that converts external energy (light) into motion to transport a macroscopic cargo 
and do measurable work. The system is composed of rotaxanes grafted on a self-
assembled alkanethiol monolayer on Au(111) and was studied by X-ray 
photoelectron spectroscopy, scanning tunnelling microscopy and contact angle 
techniques. The light-switchable rotaxane components can expose or conceal 
fluoroalkane residues and thereby modify the surface tension. This principle proves 
to be useful for the directional macroscopic transport of a liquid droplet on the 
surface, thanks to the collective operation of the rotaxane sub-layer. The system 
could have applications such as lab-on-a-chip for performing chemical reactions 
without reaction vessels on a tiny scale where the transported drop acts as carrier 
of different reagents. 
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6.1   Introduction 

As already mentioned in Chapter 1, rotaxanes can present reversible linear 
motion of the macrocycle respect to the thread in response to external stimuli when 
they are in solution. For example, the change in position of the rotaxane subunits 
has been used as a nanoscale mechanical switch to vary physical properties such as 
conductivity,1 induced circular dichroism2 and fluorescence.3 –  5 However, their use 
as building blocks for the development of advanced materials seems to be possible 
by controlling their properties on surfaces. For this purpose, we have studied a 
light-switchable rotaxane that can isomerize a fumaramide station (E-1, which has 
a high binding affinity for the macrocycle) to maleamide (Z-1, which has a low 
binding affinity for the macrocycle) under the influence of UV-light irradiation, 
causing the shuttling of the macrocycle respect to the thread. The two isomers are 
special because they expose or conceal fluoroalkane residues present in the 
rotaxane thread, leading to a more polarophobic or polarophilic molecule, 
respectively (Figure 6.1). The shuttling process was observed in solution by 
Nuclear Magnetic Resonance (NMR).6 
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Figure 6.1. Chemical structure of the light-switchable rotaxane.  Photo-isomerization of the 

fumaramide group (green) generates the maleamide station (gray). The 
tetrafluorosuccinamide station (red) is exposed (E-1) or concealed (Z-1) by the 
macrocycle. 

 

The selected rotaxane was used to produce a photo-responsive surface by 
grafting it on a 11-MUA SAM on Au(111) via interactions between carboxylic and 
pyridine groups, following the methods described in Chapter 2 (see scheme in 
Figure 6.2). The system will be called E-1.11-MUA.Au(111) or Z-1.11-
MUA.Au(111) for simplicity. Since the contact angles of both polar and apolar 
liquids are highly sensitive to small variations in the concentrations of fluoroalkane 
groups on the surface, it seemed possible that the mechanical shuttling associated 
with an E-1 to Z-1 transformation could be used to create a rotaxane-terminated 
surface with switchable wettability characteristics.7 
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This chapter summarizes the surface characterization by XPS, STM and 
contact angle, the working principle of the synthetic molecular system and 
prospective applications. 
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Figure 6.2. A photo-responsive surface based on switchable fluorinated molecular machines. 

Light-switchable rotaxanes with the fluoroalkane region (red) exposed (E-1) were 
physisorbed onto a SAM of 11-MUA on Au(111) to create a polarophobic surface 
(left), E-1.11-MUA.Au(111). (Right) Illumination with 240-400 nm light 
isomerizes some of the E olefins to Z, causing a nanometer displacement of the 
rotaxane threads in the Z-shuttles which encapsulates the fluoroalkane units leaving 
a more polarophilic surface, E/Z-1.11-MUA.Au(111). The rotaxanes are not 
directionally aligned or necessarily linear as depicted in this cartoon for clarity. 

 

6.2   Characterization of the E-1.11-MUA.Au(111) surface 

6.2.1   Are the rotaxanes on the 11-MUA surface? 

After careful preparation of the E-1.11-MUA.Au surface, it was checked by 
XPS in order to verify that the rotaxane was successfully grafted on the 11-MUA 
SAM. 

The clearest evidence for successful grafting comes from the detection of the 
nitrogen 1s and fluorine 1s core levels in the photoemission spectrum of E-1.11-
MUA.Au, since these elements are obviously not present in 11-MUA. Figure 6.3 
(left) shows the N 1s photoemission line and its fit, where the single peak at 400.4 
eV corresponds to amide and pyridine groups.8 – 10 Although nitrogen atoms are 
located in several distinct chemical environments in the rotaxane, in practice XPS 
can not distinguish between all of them, therefore the symmetric peak is fitted with 
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only one single component. However, it is worth noting that the FWHM of 2.2 eV 
is larger than the experimental resolution (1.5 eV) reflecting the presence of 
nitrogen atoms in non-equivalent chemical environments. Likewise, Figure 6.3 
(right) presents the F 1s photoemission spectrum, where the symmetric 
photoemission line was reconstructed by one peak centered at 688.6 eV 11 with a 
FWHM of 2.2 eV. The broadening of this signal can be attributed again to the 
different chemical surroundings of the fluorine atoms. 
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Figure 6.3. X-ray photoemission spectra of the N 1s and F 1s core levels of E-1.11-MUA.Au. 

Row data (■) and fits to the experimental lines (⎯). 
 

To facilitate the analysis of the carbon 1s core level, samples of E-1 directly 
deposited on Au(111) and of 11-MUA.Au were studied separately and used as 
references, since the overlap of signals arising from both rotaxane and 11-MUA 
molecules would make the direct interpretation of the E-1.11-MUA.Au(111) 
spectrum rather complex.§ As already discussed in Chapter 5, the C 1s core level 
lineshape of 11-MUA (Figure 6.4, top panel) can be fitted by a minimum of three 
components, one at 284.7 eV binding energy, corresponding to aliphatic carbon, a 
second one at 285.6 eV originating from carbon atoms next to sulfur and 
carboxylic groups, and one at 289.2 eV, deriving from carboxylic carbon. The C 1s 
spectrum of E-1 on Au (Figure 6.4, middle panel), is reconstructed by a minimum 
of six components. The peak at 284.4 eV binding energy, accompanied by the 
shake-up feature due to π-π* transitions (290.5 eV) is assigned to aromatic carbons.  

                                                      
§ The experimental resolution in the C 1s spectrum of E-1.11-MUA.Au is 1.5 eV, which is 
different from the C 1s spectra of E-1 on Au and 11-MUA.Au (1.2 eV). It was chosen in this way 
to maximize the signal intensity and minimize data acquisition time. 
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Figure 6.4. X-ray photoemission spectra of C 1s core level of a 11-MUA.Au (top panel), E-1 on 

Au(111) (middle panel), and  E-1.11-MUA.Au (bottom panel). Row data (■) and fits 
to the experimental lines (⎯). 

 

The peak at 285.4 eV arises from carbon atoms of the aliphatic chains and from 
aromatic carbon atoms bound to electronegative groups. The component at 
286.5 eV is due to aliphatic carbon atoms bound to both electronegative moieties 
and amide groups. The peak at 287.9 eV is a sign of the presence of amide groups. 
8–10 Carbon atoms bound to fluorine show the highest chemical shift and give rise 
to the component at 293.1 eV. The relative areas of the various components in C 1s 
photoemission line are in good agreement with the stoichiometry of the rotaxane. 
With these references in mind, we can now focus on the C 1s spectrum of E-1.11-
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MUA.Au(111) (Figure 6.4, bottom panel): the presence of the rotaxane is 
confirmed by the peak at 284.5 eV, accompanied by the shake-up feature at 
290.5 eV, and by the amide signal at 287.9 eV. The peak at 285.4 eV originates 
from different contributions, namely, from carbon atoms of the aliphatic chains of 
both rotaxane and 11-MUA, and from aromatic carbon atoms bound to 
electronegative groups. This explains why its intensity is so important after 
functionalization with rotaxanes. A similar explanation can be given for the 
component at 286.3 eV, which derives from both 11-MUA and E-1 molecules. The 
characteristic peak of carboxyl groups of 11-MUA is always observed at 289.2 eV. 
The signal of carbon bound to fluorine, expected at 293.1 eV, is too weak to be 
identified in this spectrum. 

 

6.2.2   Estimation of the rotaxane coverage 

 Coverage of E-1 on 11-MUA SAM  

 1% 2% 3% 5% Experimental 

N 0.7 1.2 1.8 2.6 1.0 ± 0.2 

F 0.3 0.5 0.7 1.1 0.4 ± 0.1 

C 78.5 78.5 78.5 78.4 77.8 ± 1.6 

S 6.7 6.2 5.9 5.3 6.1 ± 0.6 

O 13.9 13.5 13.2 12.6 14.7 ± 0.7 

F/S 0.04 0.08 0.12 0.2 0.07 ± 0.01 

N/S 0.1 0.2 0.3 0.5 0.16 ± 0.03 

F/N 0.4 0.4 0.4 0.4 0.40 ± 0.05 
 
Table 6.1. Comparison between experimental atomic percentages derived from the 

photoemission peak areas of an 11-MUA SAM film functionalized with E-1 and 
theoretical values calculated for different functionalization yields. 

 

The coverage is defined here as the amount of 11-MUA acid groups that are 
functionalized with rotaxanes. It can be estimated by comparing the experimentally 
determined atomic percentages as derived from the photoemission line area with 
those values calculated taking into account the stoichiometry of the molecules. In 
the calculation, we considered a model in which the surface is composed of 100 
11-MUA with one, two, three or five adsorbed E-1. This corresponds to 1, 2, 3 or 
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5% of functionalization yield of the acid groups. Table 6.1 summarizes the 
experimental and theoretical results obtained by this method. The error in the 
measurements was estimated to be 2% for C, 5% for O and 12% for S, N, and F. 
The photoelectrons coming from atoms that are closer to the Au substrate are more 
attenuated than the photoelectrons from the top-most layer. For this reason, the 
intensity of the S 2p signal was corrected in the quantification taking into account 
the attenuation length that the electrons experience when travelling though 15 Å 
layer thickness (Chapter 5, Table 5.1). We assume that the attenuation is only due 
to the presence of 11-MUA and consider that the inelastic mean free path of S 2p 
electrons is 38 Å.12, 13 The experimental values are in reasonably good agreement 
with a coverage of about 2%. The C and especially the O signals always contain a 
contribution of atmospheric contaminants, which affects all percentages. 

 

6.2.3   E-1.11-MUA.Au investigated by STM 

STM was employed to investigate the distribution of rotaxane molecules on 
the 11-MUA SAM in the nanometer range. Figure  6.5 shows images of 11-
MUA.Au and E-1.11-MUA.Au surfaces. The detailed structure of the 11-MUA 
monolayer has been described in Chapter 5. Briefly, 11-MUA molecules self-
assemble on the Au(111) substrate leading to a compact monolayer ordered in a 
(√3x√3)R30o structure with acid-groups pointing towards the air side. Figure 6.5a 
presents a large area image where ordered domains of 11-MUA molecules 
arranged in striped-like structures are clearly seen. The darker areas are single-
atom-deep etch pits in the gold terrace, i.e. vacancy islands of monoatomic depth 
formed during the self-assembly process.14 Figure 6.5b shows a higher 
magnification image where both ordered and non-ordered regions are present. The 
striped-like domains are due to the formation of a c(4x2) superlattice with respect 
to the fundamental (√3x√3)R30o structure.15, 16 

The images of rotaxane-functionalized SAMs are shown in Figures. 6.5c and 
6.5d. The surface is decorated by bright features of uniform size (diameter ~ 2 nm) 
that do not form ordered structures and do not change position after several scans. 
Since their dimensions are comparable to the size of the rotaxane, most probably 
each feature corresponds to an individual molecule. Although it is hard to 
distinguish the ordered arrays of the 11-MUA monolayer below the rotaxanes, etch 
pits – characteristic of alkanethiol adsorption on Au(111) – are clearly visible as 
dark regions in the higher magnification image (Figure 6.5d) demonstrating that we 
are indeed in presence of a functionalized 11-MUA monolayer. The 
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functionalization yield, estimated statistically from several STM measurements, is 
in agreement with the values obtained by XPS. 

 

 

 
Figure 6.5. (a) Large area STM image of 11-MUA SAM on Au(111) on mica showing gold 

terraces uniformly covered with ordered domains of alkanethiols (87x87 nm2, V = 
800 mV, I = 10 pA), (b) higher resolution image of 11-MUA striped-like ordered 
domains (32x32 nm2, V = -515 mV , I = 20 pA), (c) large area STM image of E-
1.11-MUA.Au(111) (70x70 nm2, V = 560 mV, I = 20 pA ), (d) higher 
magnification image of E-1.11-MUA.Au(111) (45x45 nm2, V = 560 mV, I = 20 
pA) with the etch-pits in the alkanethiol monolayer visible below the rotaxane 
molecules. 
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6.2.4   Stability under UV irradiation  

Since the rotaxane configuration can be switched by UV-light, a stability test 
was performed to determine whether UV irradiation caused any damage to the E-
1.11-MUA.Au(111) surfaces. The photo-irradiation experiments on the E-1.11-
MUA.Au surfaces were carried out in air using 240–400 nm light emitted by a 300 
W Xe lamp (Thermo Oriel, Model 66902) using a combination of Thermo Oriel 
glass filters, 57396 and 51650. The beam was focused on the sample using Thermo 
Oriel 77376 fibres positioned 1 cm above the substrate. Light intensity was 
measured using a 2 W broadband power/energy meter, 13 PEM 001/J Mellers 
Griot. The intensity of the ultraviolet light measured 1 cm from the optical fibres 
was 2.9 mW.  
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Figure 6.6. Evolution of the S 2p core level of E-1.11-MUA.Au after UV-light irradiation. 
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Figure 6.6 presents the evolution of sulphur 2p signal of a freshly prepared E-
1.11-MUA.Au surface and the same sample after 5, 10 and 15 min of UV-light 
irradiation. Every experimental line was mathematically reconstructed by a 
combination of doublets with a splitting of 1.18 eV.11 The signal of the non-
irradiated E-1.11-MUA.Au surface can be fitted by two components. The main 
component peak at 162.0 eV corresponds to S bound to Au.11, 13, 17 The second 
component at 163.9 eV could be due to a small amount of alkanethiols not bound 
to the Au substrate but only intercalated between the chemisorbed 11-MUA 
molecules or physisorbed as a double layer.18 Alternatively, the second component 
might derive from disulfides formed under the influence of the X-ray during 
spectra acquisition.19, 20 When 11-MUA.Au was measured, the peak at 163.9 eV 
does not appear (see Chapter 5). From this observation and taking into account that 
the acquisition time was very short, we can conclude that the second component in 
the rotaxane spectrum is not due to X-ray damage but to physisorbed alkanethiols. 
Indeed, during the sample preparation, 11-MUA.Au was immersed in a rotaxane 
solution for several days and during this procedure some alkanethiol chains can 
desorb and re-adsorb no longer as chemisorbed but as physisorbed molecules.21, 22 
However, the presence of weakly bound alkanethiols did not affect the 
reproducibility of the results in terms of stability. 

After 5 min of UV irradiation, the S 2p core level presents the same features as 
for the fresh surface and there is no evidence of damage induced by the UV light. 
After 10 min of irradiation, the main peak at 162.0 eV remains very intense but a 
new peak starts to appear at 167.9 eV. This signal originates from the oxidation of 
sulphur (RSO3

-) and is a clear indication of degradation induced by the UV light.23 
From these data, we can conclude that after 10 minutes less than 1/5 of the 
alkanethiol chains are damaged. 

After 15 min of irradiation, the N 1s and F 1s core levels look like the spectra 
presented in Figure 6.3. Thus, there are no evidences of changes in the rotaxane 
itself. The C 1s core level can not give useful information for this particular test 
because the sample can get traces of environmental contamination after every 
removal from the UHV chamber that influence the C 1s core level signal. 

In addition, the samples can be used several times for the transport 
experiments that will be described later in this Chapter, even after storage in air for 
weeks. 

 



Macroscopic Transport by Synthetic Molecular Machines 
 
 

79

6.2.5   The photo-responsive E-1.11-MUA.Au surface 

Contact angle measurements with several liquids were performed to 
investigate the surface properties before and after 5 min of UV-light irradiation. 
The results are summarized in Table 6.2. Irradiation for longer periods had no 
further effect on the contact angles. The results show that the rotaxane 
functionalized substrate is indeed a photo-responsive surface. The significant 
change in contact angles after irradiation provides evidence that positional 
switching of the macrocycle relative to the thread of the rotaxane was occurring on 
the surface. As a control experiment, 11-MUA.Au surfaces without rotaxane 
functionalization and samples prepared with a similar non-fluorinated rotaxane 
were tested (i.e. a rotaxane in which fluorine atoms were replaced by hydrogen 
atoms and should not produce strong polarity changes after shuttling; see Figure 
6.7). None of the control samples manifested changes in contact angles after UV-
light irradiation, suggesting that the lowering in contact angles in the case of the 
fluorinated rotaxane surface is caused by a reduction in the number of exposed 
fluoroalkane residues. 
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Figure 6.7. The non-fluorinated rotaxane used to prepare control samples for determining the 

photo-responsive properties of E-1.11-MUAAu. 

 

6.3   Macroscopic transport 

Surface energy heterogeneity24 – 28 brought about by photoinduced wetting/de-
wetting has previously29, 30 been used to move droplets of liquids across surfaces. 
In a two-stage process, an azobenzene-terminated surface was photoisomerized to 
cis (wetting the surface) and then asymmetrically irradiated at the rear of the 
droplet at a second wavelength (cis-to-trans isomerization), selectively de-wetting 
the back edge of the droplet and pushing it forward. 
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   Contact angles (°) * 
Liquids Before UV-irradiation After UV-irradiation 
Diiodomethane 35 13 
Water 55 45 
Formamide 40 31 
Ethylene glycol 48 40 
Bromoform 18 12 

Table 6.2. Contact angles of various low-volatility liquids deposited on the E-1.11-MUAAu 
surface. The liquid droplets were deposited before and after irradiation of the surface 
with UV-light for 5 min. * Experimental error was ± 2°. 

 
Similarly, the photoresponsive properties of E-1.11-MUA.Au due to the 

nanometer molecular shuttling might be useful for the transport of a macroscopic 
object. In order to test this possibility, the following experiment was carried out: a 
1.25 µl drop of diiodomethane, the liquid that produces the greatest contrast in 
contact angle between the pristine and the irradiated surface (Table 6.2), was 
deposited on a freshly prepared E-1.11-MUA.Au on glass and the sample was 
irradiated with a perpendicular beam of 240-400 nm light focused on one side of 
the drop and the adjacent area to produce a gradient in the surface free energy 
across the length of the drop. The results are summarized in Figure 6.8. After 
irradiation for 80 s the front of the drop started to advance at a dynamic contact 
angle of 30 ± 2°, which continued to decrease during the wetting of the surface. 
The advancing contact angle remained at least 1° lower than the receding contact 
angle during this initial extension period, the inequality of contact angles 
illustrating the difference in surface properties caused by the irradiation. If 
irradiation was stopped at any point, no further changes to the droplet were 
observed until irradiation was re-started. After a total of 900 s irradiation time 
(Figure 6.8b), the droplet had elongated by 0.8 mm and the advancing dynamic 
contact angle decreased to 13 ± 2°. From 900 to 1010 s transport of the entire 
droplet occurred at a mean speed of ~1 µm s-1, during which time the contact 
angles on the illuminated and the non-illuminated side of the drop were essentially 
equivalent (Figure 6.8c). By 1110 s (Figure 6.8d), the contact angle had reduced to 
its minimum value of 12 ± 2° and irradiation produced no further changes until 
evaporation became significant. 

At a simple level, the mechanism of drop transport seems straightforward: as 
the right-hand side (as shown in Fig. 6.8a) of the drop and adjacent section of the 
surface  is irradiated  with ultraviolet light,  the E/Z ratio  of shuttles  on that part of  



Macroscopic Transport by Synthetic Molecular Machines 
 
 

81

1 mm

1 mm

1 mm

1 mm

Ultraviolet light

θ

a

b

c

d

1 mm

1 mm

1 mm

1 mm

Ultraviolet light

θ

1 mm

1 mm

1 mm

1 mm

Ultraviolet light

θ

a

b

c

d

 
Figure 6.8. Lateral photographs of light-driven transport of a 1.25 µl diiodomethane drop along 

the surface of a E-1.11-MUA.Au(111) substrate on glass. The direction of 
transportation was controlled by irradiation with a perpendicular beam of 240-400 
nm light focused on one side of the drop and the adjacent surface. (a) Before 
irradiation (pristine E-1.11-MUA.Au(111)), contact angle 35 ± 2°. (b) After 900 s 
irradiation, contact angle 13 ± 2° (illuminated side) 15 ± 2° (non-illuminated side). 
The diiodomethane drop has spread from the high E/Z-1 ratio area in the direction of 
the low E/Z-1 ratio region, increasing the total wetted area, and is about to be 
transported. (c) After 1010 s irradiation (just after transport), contact angle 13 ± 2°. 
(d) After 1110 s irradiation (at the photostationary state), contact angle 12 ± 2°. 

 

the surface starts to decrease and that part of the surface becomes less 
polarophobic. The contact angle at the right-hand side of the drop decreases, 
causing a Laplace pressure gradient inside the droplet,31, 32 and the forward edge 
creeps along the surface, elongating the droplet and wetting the surface. As the E/Z 
ratio on the irradiated region of the surface progressively decreases, the droplet 
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spreads further along the surface. A necessary consequence of the forward 
movement of the front edge of the droplet is that the back edge of the droplet is 
forced to make a thermodynamic contact angle with the unchanged polarophobic 
surface that is shallower than the original preferred angle. Consequently, at a 
critical point the original position of the rear end of the droplet becomes so 
energetically unfavourable that the progressive driving force for increasing wetting 
at the front end of the drop causes contraction of the droplet from the rear to occur, 
leading to sudden and reasonably rapid transport of the droplet towards the low E/Z 
ratio region of the surface. Further irradiation only slightly reduces the contact 
angle until a photostationary state is reached. 

The E-1.11-MUA.Au(111) surfaces are stable and the same sample can be 
used repeatedly for transport experiments with reproducible results over the course 
of several weeks. In contrast, diiodomethane droplets on SAMs made from the 
control non-fluorinated shuttle or other shuttles8 or heptadecafluorodecanethiol did 
not undergo contact angle change or transportation even after 20 min ultraviolet 
irradiation. Nevertheless, it was investigated whether other (photo)chemistry of E- 
or Z-1 and CH2I2, rather than just photoisomerization and shuttling of the 
fluorinated rotaxane, might be contributing to the observed effects.** (i) Neither E- 
or Z-1 showed any trace of alkylation of the pyridine groups when dissolved in a 
1:1 mixture of CH2I2/CH2Cl2 (the rotaxanes are not soluble in neat CH2I2) at room 
temperature for 24 h. (ii) The iodine atoms of CH2I2 do not act as a ‘heavy atom’ 
triplet sensitizer for the olefin in E-1; the rate of isomerization and the E/Z ratio in 
the photostationary state is the same in CH2I2/CH2Cl2 solution as it is in CH2Cl2. 
(iii) X-ray photoemission spectroscopy (XPS) reveals no damage or change in 
elemental composition after 5 min ultraviolet irradiation of the E-1.11-MUA.Au 
and after 10 min less than 1/5 of the molecules might be damaged (111) surface 
(see section 6.2.4) and also shows that the shuttle is intact on the surface after the 
droplet transport (the spectra look like those of Figures 6.3 and 6.4). (iv) Although 
the photo-induced cyclopropanation of electron-rich olefins with CH2I2 is known to 
occur over 2–60 h using strong ultraviolet sources,33 – 35 the olefin in E-1 is electron 
poor and no degradation, side product or reaction of E-1 besides isomerization was 
observed when the solution photo-isomerization experiment (254 or 312 nm) was 
carried out for 20 min (4× longer than normal) in CH2I2/CH2Cl2. No discolouration 
of CH2I2 was observed (indicative of the formation of I2) either in solution or in the 
liquid droplet experiments. (v) Finally, we note that the contact angle of the droplet 

                                                      
** Measurements of the rotaxane in solution were carried out by José Berná and Emilio M. Perez 
(Prof. Dr. David A. Leigh’s research group). School of Chemistry, University of Edinburgh, The 
King’s Buildings, West Mains Road, Edinburgh EH9 3JJ, United Kingdom. 
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in Fig. 6.8b–d (that is, just before and after transport) is similar to that of a non-
irradiated CH2I2 droplet deposited on the irradiated surface (see Table 6.2), 
suggesting that any photochemistry of CH2I2 36 during the experiment does not 
significantly effect the fluorophobicity of the droplet. However, we cannot rule out 
that it may play some role in altering the viscosity, surface tension or interaction 
with the monolayer. 
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Figure 6.9. Lateral photographs of light-driven directional transport of a 1.25 µl diiodomethane 

drop across the surface of a E-1.11-MUA.Au(111) substrate on mica. a) Before 
irradiation (pristine E-1). b) After 215 s of irradiation (20 s before transport). c) 
After 370 s of irradiation (just after transport). d) After 580 s of irradiation (at the 
photostationary state). 

 

Mica provides a flatter and more regular surface than glass (Chapter 2.4.1) and 
consequently SAMs are generally more ordered using Au(111) deposited on mica. 
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Although the contact angles were found to be the same for the SAMs on the 
different substrates, the transport of CH2I2 was significantly more facile using mica 
(Figure 6.9) Indeed, the rear end of the droplet could be transported more than 
1.5 mm (compared with 0.8 mm using Au(111) on glass, Figure 6.8) on the new 
photo-responsive surface (Figure 6.9d). 
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Figure 6.10. Lateral photographs of light-driven transport of a 1.25 µl diiodomethane drop on a 

E-1.11-MUA.Au(111) substrate on mica up a 12° incline. For clarity, on 
photographs b-d a white line is used to indicate the surface of the substrate. a) 
Before irradiation. b) after 160 s of irradiation (just before transport). c) After 245 s 
of irradiation (just after transport). d) After 640 s irradiation (at the photostationary 
state). Note how the drop moves slightly back downhill under the effect of gravity 
from c to d as the E/Z ratio of the lower part of the incline decreases and the droplet 
progressively wets more of the surface down to slope. The experimental set-up does 
not permit accurate contact-angle measurements on an incline. 
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Finally, the ability of the monolayer of molecular shuttles to do macroscopic 
work against gravity by driving a droplet up a 12° incline using E-1.11-
MUA.Au(111) on mica was investigated (Figure 6.10).37 

The capillary length, κ-1 = (γ/ρg)½ (where γ is the surface tension of the liquid, 
ρ is its density, and g is gravity), above which gravity effects should appear is 1.25 
mm for CH2I2 and the influence of gravity is clearly seen in the Figure 6.10 
photographs (for example, the directional wetting of the surface and downhill 
movement of the droplet between Fig. 6.10c and d). However, even moving uphill, 
photo-induced wetting and subsequent transport using E-1.11-MUA.Au(111) on 
mica proved much more rapid than on glass. Between 160 and 245 s, the 1.25 µl of 
CH2I2 (ρ = 3.325 g/ml) moves 1.38 mm (at ~ 16 µm/s) up the 12° incline. The work 
done against gravity by the collective action of the monolayer of molecular 
machines is thus (1.25 × 10-3 ml × 3.325 10-3 kg/ml) × (1.38 10-3 m × sin 12°) × 
(9.8 m/s2) = 1.2×10-8 J. The molecular shuttles each occupy an area of ~ 3 nm2, so 
~ 2×1012 molecules are under the elongated drop just before transport. Therefore, if 
around 40% of the shuttles have been isomerized by the time the droplet is 
transported uphill, each molecular machine’s contribution to the collective work 
against gravity – energy stored as potential energy by their action – is ~ 1.5 × 10-20 
J, that is ~ 9 kJ/mol. Extra work, lost as heat, also has to be done to overcome the 
viscous forces that resist transport of the droplet. NMR experiments6 and studies on 
related rotaxanes38 indicate that the energy available to do work through the 
macrocycle in E-1 hydrogen bonding to the fumaramide station rather than the 
fluoroalkane group is of the order 15−18 kJ/mol. So even if the 12° slope would be 
the maximum they can overcome, the efficiency of the molecular machines in 
elevating a droplet by biased Brownian motion to store potential energy is at least 
50% of the total free energy made available by the nanometre movements of the 
individual machine parts. 

The extrapolation across the length scales from mechanical motion at the 
molecular level to macroscopic transport is considerable. However, the mechanism 
by which it occurs is not a continuous mechanical process. Light fuels 
isomerization, which causes nanometre positional changes in individual molecules 
by biased Brownian motion, which collectively cause a change in the physical 
properties of the surface, ultimately leading to transport of an object on a length 
scale a million times larger than the initial change in molecular co-conformation. In 
doing so, the rotaxane molecules are not individually well described as ‘motors’. In 
both olefin diastereomers E/Z-1 the macrocycle is in equilibrium between the 
binding sites at either end of the thread, the light-fuelled chemical reaction simply 
changes the position of this equilibrium. If the thread is converted back to its 
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original structure (Figure 6.1) the net change in position of the macrocycle is 
undone, that is the rotaxane acts a mechanical switch not a motor. A key difference 
between a ‘switch’ and a ‘motor’ is in fact, that the former is simply a function of 
state. The property of the system it is influencing does not depend on the trajectory 
of how the system evolved, merely on what the current state of the switch is. 
However, the collective action of the monolayer of molecular mechanical switches 
does act as a motor, transporting the diiodomethane droplet to a position that it did 
not sample previously through Brownian motion. 

 

6.4   Reactions-without-vessels performed on the E-1.11-
MUA.Au(111) surface 

Although methods for the injection and pumping of fluids inside 
microchannels and the connecting and interfacing of microreactors with other 
system components have significantly improved over recent years, the preparation 
of new systems for performing analysis or chemical reactions on the micro- and 
nano-litre scale is still a very active area of research..39 – 44 Nearly all of the 
microreactors reported to date rely on the flow of streams of reagents through 
capillaries or microchannels, which effectively sets a lower limit on the volumes 
utilized due to the contaminating effects of diffusion and surface adsorption.45 The 
use of two46 – 48 or three phase49 flows in which aqueous plugs of the reagents are 
submerged in an immiscible carrier fluid have been demonstrated to minimize 
these problems. In order to continue decreasing the size of microreactors, sensors 
and lab-on-a-chip devices, the use of discrete droplets of reagents might be 
advantageous, but the intrinsic difficulties in the manipulation and directional 
transport of single droplets complicates their use.50 In this respect, the utilization of 
molecular motors or switches for analyte and reactant transport may be a suitable 
alternative. The rotaxane-based system presented in this Chapter permits the light-
directed transport of discrete microlitre droplets of reagents over non-structured 
surfaces, thus eliminating the need for previously carved micro-channels or 
capillaries. Its simplicity and versatility might prove useful in the design of a new 
generation of lab-on-a-chip devices. Since the changes in wettability properties 
upon UV-light irradiation of this photo-responsive surface can be used to transport 
a macroscopic cargo, the switching behaviour of the surface to perform chemical 
reactions on a microlitre scale is tested. For easier visualization of the process, we 
chose a chemical reaction which results in a colour change: the reaction between 
bromothymol blue51 (see Figure 6.11) and an aqueous solution of sodium 
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hydroxide (NaOHaq). We used diiodomethane as a carrier liquid, which does not 
take part (react) or influence (catalyze) the chemical reaction. Both reagents are 
insoluble in diiodomethane, in which only bromothymol blue forms a stable 
dispersion, so we deposited a tiny droplet (~ 0.2 µl) of NaOHaq on top of the 
second diiodomethane drop. Figure 6.11 shows the lateral photographs of light-
driven directional transport of two microliter-size diiodomethane droplets (2.5 µl 
each) each carrying a reactant, across the surfaces of E-1.11-MUA.Au(111) at 
different stages of the experiment. Both drops, Drop1, a diiodomethane drop with 
a droplet (~ 0.2 µl) of NaOHaq deposited on top, and Drop2, a suspension of 
bromothymol blue in diiodomethane,  were deposited  onto  E-1.11-MUA.Au(111) 
(Fig. 6.11a). The area between the drops was then irradiated with a perpendicular 
beam of 240-400 nm light, focused on one side of each drop and the adjacent area 
in between the two drops. After 20 seconds of irradiation, the drops start to 
elongate towards each other (Fig. 6.11b). We observed that Drop2 moves slower 
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Figure 6.11. Lateral photographs of the colour reaction driven by the collective work of 

rotaxanes on the surface. Two drops with reagents (1 and 2) are placed on E-1.11-
MUA.Au(111). (a) Before UV-light irradiation, (b) 25 seconds after irradiation 
(drops start to elongate), (c) 52 seconds after irradiation (drops are in intimate 
contact), (d) final state (aqueous droplet coloured blue). The chemical structure of 
bromothymol blue before (top) and after (bottom) the reaction is also shown. 
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than Drop 1. This can be explained by the change in surface tension of the 
diiodomethane droplet caused by addition of bromothymol blue. While it is 
difficult to predict or measure the exact surface properties of a dispersed system 
like Drop 2, addition of bromothymol blue does not seem to have altered them 
dramatically since we were still able to observe the directional motion of the 
droplet on the photo-responsive surface. Similarly, the presence of the small 
droplet of NaOHaq onto the diiodomethane drop, Drop 1, does not appear to 
influence the properties of the carrier liquid at all. After 52 seconds of irradiation 
the two drops reach each other and mix, leading to the diffusion of bromothymol 
blue from Drop 2 to Drop 1 (Fig. 6.11c). At this point, the ultraviolet light 
irradiation was switched off. Although the NaOHaq droplet remained in the same 
place after the irradiation, 80 seconds after Drop 1 and Drop 2 mixed, 
bromothymol blue molecules reached the aqueous medium and gave a clearly 
detectable blue coloration (Fig. 6.11d). 

 

6.5   Conclusions 

In this Chapter it was shown that one layer of synthetic molecular machines 
driven by light is enough to move a macroscopic object: the collective operation of 
the rotaxanes power the movement of microlitre droplets. The millimetre-scale 
directional transport of diiodomethane on the E-1.11-MUA.Au(111) surface is 
achieved by using the biased Brownian motion of stimuli-responsive rotaxanes to 
expose or conceal fluoroalkane residues and thereby modify surface tension. 

The light-induced changes in surface wettability allow chemical reactions to be 
performed on the microlitre scale by bringing individual drops containing different 
reactants together. Both dissolved and suspended reagents in a diiodomethane 
droplet can be used to carry out chemical reactions. 

The transport of microlitre droplets on a non-structured photo-responsive 
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. 
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Appendix A 

X-RAY PHOTOEMISSION SPECTROSCOPY 

 

A.1   History 

The development of XPS is linked to the early days of atomic physics and 
wave particle duality. It emerged from the discovery of the photoelectric effect by 
Henrich Hertz in 1887, in which X-rays were used as exciting photon source.1 
Twenty years later, in 1907, P. D. Innes was able to record broad bands of emitted 
electrons as a function of velocity, by means of a Rontgen tube, Helmholz coils, a 
magnetic field hemisphere and photographic plates. Indeed, it was the first XPS 
spectrum ever recorded. However, he erroneously concluded that the “most 
probable theory (of the photoelectric effect) is atomic disintegration” and he did 
not refer to the Einstein’s explanation of the photoelectric effect.2 Other 
researchers, such as Moseley, Rawlinson and Robinson, independently performed 
various experiments trying to sort out the details in those broad bands. Due to the 
wars, the progress on XPS research diminished dramatically. After the Second 
World War, Kai Siegbahn and his group in Upsala (Sweden) reached several 
significant instrumental improvements and in 1954 recorded the first high-energy 
resolution XPS spectrum of cleaved sodium chloride (NaCl), which revealed the 
potential of XPS. A few years later, in 1967, Siegbahn published an ample study on 
XPS resulting in the immediate recognition of the values of XPS.3 In cooperation 
with Siegbahn, Hewlett-Packard in the USA produced the first commercial 
monochromatic XPS instrument in 1969. Siegbahn received the Nobel Prize in 
1981 for his wide efforts to develop XPS into a useful analytical tool. Since then, 
XPS is one of the most important techniques for surface analysis. 

 

A.2   General description 

X-ray Photoelectron Spectroscopy is a spectroscopic technique that measures 
the elemental composition, chemical state and electronic state of the elements that 
exist within a material.4  In XPS, a beam of X-rays (usually a monochromatic X-
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ray beam) irradiates the sample surface inducing the ejection of electrons due to the 
photoelectric effect. The kinetic energy of the ejected photoelectrons is measured 
with an electron energy analyzer, then the signal is amplified in a channeltron and 
the data are processed to be finally displayed as a spectrum. Only those 
photoelectrons originated within tens of angstroms below the solid surface are able 
to leave it without energy loss. This is why XPS is an analytical technique sensitive 
to the top-most layers of a surface. 

A typical XPS spectrum – as the one presented in Figure A.2 – is a plot of the 
number of electrons detected as a function of their binding energy (Eb), deduced 
from the measured kinetic energy (Ek): 

hν = Eb + Ek + Φ 

where hν represents the incident X-ray beam and Φ is the spectrometer work 
function. 

 
Figure A.1. A photoelectron spectrum superimposed on a scheme of the electronic structure of 

an atom. The illustration represents how each orbital gives rise to photoelectron 
lines. 

 

Each element produces a characteristic set of XPS peaks at characteristic 
binding energies, corresponding to the electronic configuration of the electrons 
within the atoms (for example: 1s, 2s, 2p, 3s, etc). This is illustrated in Figure A.1, 
where there is an XPS spectrum superimposed on a representation of electron 
orbitals. Those electrons which are exited and escape without energy loss 
contribute to the characteristic peaks; while those that undergo inelastic energy loss 
contribute to the background of the spectrum.5 Because each element has a unique 
set of binding energies, XPS is used to identify them in the irradiated surface. 
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Figure A.2 presents a survey spectrum showing several core levels of silver, 
carbon, nitrogen and oxygen. The background ‘step’ to higher binding energy of 
the core level peaks is due to inelastic photoemissions. The relative intensity of a 
core level peak is mainly governed by the atomic photoemission cross-section. In 
particular, since the cross-section of H and He is too small,6  these elements cannot 
be detected by XPS. 
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Figure A.2. A typical XPS spectrum, in which core levels of silver, carbon, nitrogen and oxygen 

can be identified. 
 

The elemental composition of the surface is derived from the area under the 
core level peaks. The atomic concentration (CA) of the element A is usually 
calculated as: 

∑
=

i
ii

AA
A SI

SIC
/

/
 

where Ii is the area under the peak of the element i, which is proportional to the 
amount of i, and Si is the relative sensitivity factor, a corrective factor that takes 
into account the excitation energy, the electron mean free path, the cross section 
and the instrumental efficiency. 
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A.3   Ultra-high vacuum (UHV) requirements 

In XPS it is a requirement that the analyzed electrons should have a mean free 
path much greater than the dimensions of the spectrometer in order to avoid 
scattering and their lost. This prerequisite is satisfied by working with vacuum 
conditions in the range of 10-6 Torr. However, this pressure level is not low enough 
to work due to a second important requirement. As mentioned above, XPS is a 
surface-specific technique that probes the first atomic layers of the sample and it is 
necessary to start with an atomically clean surface. Thus, we need vacua where the 
rate of contaminant accumulation is negligible compared to the experimental time. 
Gas kinetic theory indicates that a monolayer of gas will accumulate in ~1.5 s at 
10-6 Torr and room temperature. If we impose the condition that no more than 0.05 
atom layers should accumulate in 30 min, a residual gas pressure of 4x10-11 Torr is 
needed. In practice, the majority of surface experiments are carried out with a base 
pressure of 10-10 Torr, which is in the UHV regime. 

 

A.4   The chemical shift 

The exact binding energy of an electron in a given element depends on the 
chemical environment that surrounds it. If we consider a core level, the energy of 
an electron in this core state is determined by the Columbian interaction with the 
other electrons and the attractive potential of the nuclei. Any change in the 
chemical environment of the element will involve a spatial redistribution of the 
valence electron charges of this atom and the creation of a different potential as 
seen by a core electron. This redistribution affects the potential of the core 
electrons and results in a change in their binding energies. As a consequence, 
variations in the elemental binding energies – the chemical shifts – can be used to 
identify the chemical state or the chemical groups of the material being analyzed.7 
The particular sensitivity of XPS to the chemical environment of an atom has given 
its alternative name ESCA (electron spectroscopy for chemical analysis). However, 
identification of chemical groups though the chemical shift, especially in organic 
compounds, is not always straightforward because there is a lack of specificity in 
core level binding energies since many functional groups give rise to similar 
shifts.1 

Figure A.3 presents an example of chemical shift in the spectrum of C 1s core 
level obtained from a self-assembled monolayer of heptadecafluorodecanethiol 
[CF3(CF2)7(CH2)SH] on gold  (see section 2.4.3  for details of sample preparation). 
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Figure A.3. XPS spectrum of C 1s core level obtained from heptadecafluorodecanethiol. 

Different binding energies are found for the core level according to the chemical 
surrounding of the carbon atoms in the molecule. The area ratio of the three peaks 
(1:7:2) is in agreement with the stoichiometry of the molecule. 

 

Three peaks can be distinguished in the spectrum. Peak a, at 293.4 eV, corresponds 
to carbons bounded to three fluorine atoms (CF3-), which induce the higher 
chemical shift respect to graphite – observed at 285.0 eV and usually used as 
reference –.8 Peak b corresponds to carbon involved in -CF2- groups and is the 
most intense signal due to the larger amount of carbon atoms implicated. Finally, 
peak c arises from carbon atoms in -CH2- groups, which produce the smaller 
chemical shift. Notice that peak c is broader than a or b. It is because some -CH2- 
are closer to -SH groups and other are closer to -CF2- moieties, which influence the 
valence electron charges of carbon differently,8 -CH2- carbons close to -CF2- or 
-SH give rise to at least two different peaks but since they appear very close to 
each other in binding energy the experimental resolution does not let us distinguish 
them; hence the result is one symmetric broader peak. The area ratio of peaks a, b 
and c is 1:7:2, in agreement with the number of carbon atoms or, in other words, 
with the stoichiometry of the molecule. 
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Figure A.4. X-ray photoemission spectrometer mounted in an assembly of UHV chambers. 
Laboratory of Surfaces and Thin Films group (Zernike Institute for Advanced 
Materials, University of Groningen). 
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Appendix B 

SCANNING TUNNELLING MICROSCOPY 

 

B.1   History 

In simple words, a microscope is an instrument for viewing objects that are too 
small to be seen easily by the naked eye.1 Microscopy appears to have begun 
several centuries ago and the scanning tunnelling microscope is the product of 
considerable evolution. The writings of Seneca and Pliny the Elder, Roman 
philosophers of the first century A.D., already mentioned ‘magnifying glasses’. But 
the first vision aid was probably invented circa 1000 A.D. and consisted of a glass 
sphere that magnified when laid on top of reading materials.2 The earliest optical 
microscope appeared in the 15th century and was developed by Zaccharias Janssen 
and his son Hans, two Dutch eye glass makers. The instrument was composed of 
multiple lenses placed in a tube and allowed to enlarge a small object several times. 
Many improvements and technical innovations were made in the following 
centuries. However, the resolution of optical microscopes is limited by the 
wavelength of visible light; hence, they cannot detect objects smaller than 
~ 0.2 µm. In order to probe atomic structures, a new light source with a shorter 
wavelength was needed. The key was given by a basic discovery of quantum 
mechanics: light exhibits characteristics of both waves and particles. In 1927 C. J. 
Davison and L. H. Germer confirmed experimentally the wave nature of electron 
and also found that a high-energy electron has a shorter wavelength than a low-
energy one. This achievement led to the invention of the electron microscope by E. 
Ruska and M. Knoll in 1931.3 In this kind of microscope, electrons are accelerated 
under vacuum and the resulting beam is focused on a sample and absorbed or 
scattered to form an image on an electron-sensitive photographic plate. Electron 
microscopy has proved to be extremely successful in observing projections of 
atomic rows, but it cannot resolve surface structures except under very special 
circumstances. A high-energy electron penetrates deep into the specimen and so 
reveals little of the surface structure. These difficulties were finally overcame in 
1981 by Gerd Binnig and Heinrich Rohrer,4 who invented the scanning tunnelling 
microscope that gives three-dimensional images of a solid surface with atomic 
resolution. Binnig, Rohrer and Ruska won the Nobel Prize in Physics in 1986 due 
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to their extraordinary contributions to science and microscopy. The scanning 
tunnelling microscope is the most powerful microscope to date. 

 

B.2   Principle of operation and instrumentation5 

If a small bias voltage is applied between the surface to be investigated and the 
probing metal tip (in the best case, an atomically sharp tip), a tunnelling current (I) 
will flow between the tip and sample when the gap between them is reduced to a 
few atomic diameters. I is originated from the wavelike properties of particles 
(electrons) in quantum mechanics. STM is based on the control of I through the 
surface-tip potential barrier. The tunnelling current, at low bias voltage (V) and low 
temperature, behaves as6 

kd
eff eA

d
kVI 2

410
18 −

Ω
≈  

where 2k = 1.025Φ, Φ½ is the average work function assumed equal to the mean 
barrier height between the two electrodes. Aeff = π × (½Leff)2 is the effective area 
determining the lateral resolution Leff ≈ 2 × [(Rt + d)/k]½ which applies when the 
separation d becomes smaller than the radius Rt of the tip. For typical metals (Φ ≈ 
5 eV) it was verified that ∆d = 1 Å produces a change of one order of magnitude in 
I, giving an excellent vertical distance sensitivity. 

A real space image of a surface is obtained by moving the tip across the 
sample surface and recording the electron tunnelling current between tip and 
sample as a function of position. The design of an STM requires tip-to-sample 
position control with picometer precision, a rough and fine positioning capability 
in three dimensions and a scanning speed as high as possible, to ensure stable 
operation conditions and reliable results. The control of lateral and vertical 
positions is achieved by mounting the tip on a piezoelectric tube (see Figure B.1) 
because the narrow tolerance requirements for controlling the tip cannot be 
satisfied by using mechanical devices. A piezoelectric actuator is an 
electromechanical device that undergoes a dimensional change when applying an 
electric voltage, allowing scanning across the sample surface with a precision of 
0.1 Å for d and lateral resolution within 1-2 Å. This part is equipped with 
electronic connections for scanner operation. The STM can be operated in either 
constant-current mode or constant-height mode. In the first case, the tunnelling 
current is maintained constant by continuously adjusting the vertical tip position 
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though a feedback voltage. In the case of an electronically homogeneous surface, 
constant current basically means constant d, consequently topographic information 
can be obtained by an x-y raster scanning of the tip over the surface, which is 
processed by a computer and displayed on a screen. In the second case, the tip is 
scanned across the surface at constant height and constant voltage while 
monitoring the tunnelling current. The variations in tunnelling current are recorded 
and plotted as a function of scan position. Each mode has its own advantages. In 
particular, the constant-current mode can be used to track surfaces, which are not 
atomically flat, and this is the reason why it was preferred to study the samples 
discussed in this thesis. 
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Figure B.1. Schematic representation showing the main components of a classic STM. 
 

Some of the major experimental difficulties to overcome are the suppression of 
mechanical vibration and the preparation of atomically sharp tips. The vibrations 
can be suppressed by suspending the instrument on springs and by the use of 
magnets (see the photograph presented in Figure B.2). Tips can be prepared by 
several methods. The simplest and fastest one – used to obtain all the images 
presented here – consists of mechanically cutting a Pt-Ir wire (80:20, diameter = 
0.25 mm). Tips prepared in this way allow obtaining atomically resolved images of 
surfaces as the one of Highly-Oriented Pyrolitic Graphite (HOPG) presented in 
Figure B.3, where carbon atoms, which appear as white spots, arranged in a 
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hexagonal lattice are clearly recognized. Notice that STM does not probe the 
nuclear position directly, but rather it is a probe of the electron density. 

 

 
Figure B.2. Scanning tunnelling microscope that operates in ambient conditions. Surfaces and 

Thin Films group (Zernike Institute for Advanced Materials, University of 
Groningen). The instrument is suspended by springs inside a special box that 
isolates it from vibrations. 

 

 
Figure B.3. STM image of HOPG surface covering a 4.0 x 4.0 nm2 region scanned with 0.2 nA 

tunnelling current and 500 mV tip to sample bias, at room temperature in air. 
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B.3   Data treatment 

The information obtained by STM is not directly presented as a visually 
understandable image. The data treatment consists of image processing to optimize 
their visual appearance making easier their interpretation. Most of the available 
commercial softwares provide a list of tools easy to operate based on algorithms 
for systematic data correction. The data presented in this thesis were processed 
with the software package WSxM 4.0,7 by means of the following tools when 
appropriated: 

Flatten or plane subtraction. In general, the surface is not perfectly perpendicular 
to the tip and the features of interest are in an inclined plane. It is difficult to see 
details looking at such pictures in a top-view presentation (e.g. in a computer 
screen). The flatten tool fits and subtracts a plane from the image in order to 
correct the sample tilt, enhancing the z scale in the range of interest. 

Equalizer. Used to adjust the colour contrast. 

Filters. Since images typically contain noise, several convolution filters are 
available for smoothing, sharpening and edge detection. 

Profile. This tool displays the cross-sectional height values in terms of topography 
for analyzing features that cannot be easily visualized in a top-view image. 

 

B.4   Considerations for imaging non-conductive thin films 

STM is based on the flow of an electrical current and thus cannot be used to 
directly image insulating materials. Nevertheless, the tunnelling effect enables us 
imaging non-conductive thin films as monolayers of organic molecules deposited 
on conductive substrates under particular instrumental conditions. In this situation, 
the tunnelling current will be set only between the tip and the metal substrate, and 
the tip can penetrate in the organic film inducing damage. Thus, the key point to 
image non-conductive surfaces lies in the use of very low tunnelling current (few 
picoampers).8 A lower tunnelling current means a larger distance between the tip 
and the surface sample, which keeps away the tip from the non-conductive film. 
This consideration is taken into account for the study of alkanethiol self-assembled 
monolayers and organic molecules discussed in Chapters 4; 5 and 6. 
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Appendix C 

BINDING ENERGIES FOUND IN ROTAXANES 

 

During the realization of my PhD, I had the chance to measure by XPS not 
only the rotaxanes described in this thesis, but also other rotaxanes and some of 
their component parts (macrocycles and threads) as a result of the collaboration 
with several research groups. The chemical structures of the molecules are 
presented below. A brief explanation on why they are interesting is included as 
well. 

a) Naphthalimide and perylene bisimide-based shuttles. These rotaxanes are 
interesting for fluorescence measurements. They were used to prepare surface 
samples and investigate the shuttling motion by looking at the quenching of 
fluorescence that take place (in solution) when the macrocycle changes position 
along the thread. 
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b) Naphthalene diimide-based rotaxane. It was grafted on a 11-MUA SAM 
surface to be studied by electrochemistry techniques. The results are currently 
being prepared for publication. 
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c) C60-based rotaxane and thread. They were used to determine if XPS can 
detect the shuttling of the rotaxane in multilayer films. It was expected that the 
fullerene electronic cloud would ‘feel’ the proximity (or remoteness) of the 
macrocycle, hence that will give a chemical shift in the C 1s photoemission signal. 
However, the chemical shift appeared to be very small to continue with this 
research line. 
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d) Benzylic amide macrocycle. It is one of the most simple macrocyclic 
components of several rotaxanes. It was used to carry out STM and second 
harmonic generation measurements to investigate the arrangement of molecules in 
monolayer films. 
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e) Other macrocycles. The molecules shown below present either pyridine or 
alcohol functional groups that provide two different paths to be fixed on 11-MUA 
SAM. 
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The chemical shift of the elements present in these molecules depends mainly 
on the functional groups in which they are involved. The XPS data grouped in 
binding energy ranges for every element are summarized in Tables C.1 and C.2. 
The core levels appear in narrow ranges of energy. In particular, there is no 
overlapping in binding energy for carbon atoms of different chemical groups. Thus, 
the various functionalities in every molecule can be very well identified. Of course, 
the same information can be found in the literature, but the expected ranges of 
energy for every functional group are larger because they refer to a larger variety 
of molecules than just rotaxanes. 

 

Core level Chemical group Binding Energy (eV) 
N 1s -CONH-; Pyridine 399.8 – 401.4 
O 1s >CO; C-O-C 531.2 – 532.4 
F 1s -CF2- 688.6 

Table C.1. Binding energy ranges found for N 1s, O 1s, and F 1s in rotaxane molecules. 
 

Carbon 1s core level 
Chemical group Binding Energy (eV) 

-Ph 
Shake-up 

284.4 – 284.9 
290.5 – 292.3  

-CH2-; -CH3 284.9 – 285.4 
C-O-C; C-N; etc. 285.7 – 286.9 

-CONH-  287.9 – 288.8 
-CF2- 293.1 

Table C.2. Binding energy ranges found for C 1s in rotaxanes for several chemical groups. 





 

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. 





 

SAMENVATTING 

 
Nanowetenschap en -technologie zijn nieuwe vakgebieden die zich richten op 

het bestuderen en beheersen van materie op nanometerschaal. Een van de 
belangrijkste uitdagingen is daarbij het manipuleren van individuele atomen of 
moleculen om zo instrumentjes of machientjes met afmetingen van slechts enkele 
nanometers in elkaar te zetten die taken uit kunnen voeren waarvan de resultaten 
op macroscopische schaal waarneembaar zijn. Instrumenten of machines die enkele 
nanometers groot zijn kunnen net zo gedefinieerd worden als hun macroscopische 
tegenhangers. Een “moleculair instrument” is opgebouwd uit een beperkt aantal 
moleculaire componenten en is ontworpen om een bepaalde functie te hebben. Een 
“moleculaire machine” is een bijzonder soort moleculair instrument met 
bewegende delen die hun onderlinge posities aan kunnen passen in reactie op 
stimuli van buitenaf en daarmee een taak kunnen uitvoeren. 

In dit proefschrift beschrijven we een aantal synthetische moleculen dat 
geschikt lijkt voor de ontwikkeling van moleculaire instrumenten, namelijk 
rotaxanen en van dithienyletheen afgeleide schakelaars. Rotaxanen zijn 
moleculaire “rammelaars” of pendelmoleculen die bestaan uit een of meer 
macrocyclische structuren die om een streng heen zitten en daar niet af kunnen 
doordat er aan beide uiteinden een grote stopper zit. De macrocyclische structuur 
kan langs de streng heen en weer pendelen. Dit leidt tot translatie- of positie-
isomerie, die het mogelijk maakt om macroscopische eigenschappen te veranderen 
door de ringen op moleculair niveau gecontroleerd heen en weer te laten bewegen. 
Van dithienyletheen afgeleide moleculen daarentegen zijn stabiel in twee 
verschillende configuraties, die bekend staan als de open en gesloten vorm. Het is 
mogelijk om tussen deze twee vormen, die zeer verschillende electronische 
eigenschappen hebben, te schakelen door ze met licht van een bepaalde golflengte 
te bestralen. Zowel rotaxanen als dithienylethenen zijn uitgebreid onderzocht in 
oplossing. De verwachting is echter dat ze voor de meeste nanotechnologische 
toepassingen geïntegreerd moeten worden in vaste stoffen om als bouwstenen voor 
functionele materialen te kunnen dienen die selectief aanspreekbaar zijn. In dit 
proefschrift is een aanpak gevolgd waarbij deze moleculen op een oppervlak 
geïmmobiliseerd worden, om ze te kunnen bestuderen in de vorm van monolagen 
of als dunne films. 
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Preparaten met een laag rotaxanen of dithienylethenen op een metaal-
ondergrond kunnen met verschillende methoden gemaakt worden. Drie daarvan 
zijn bij dit project gebruikt, te weten: sublimatie in ultrahoog vacuüm, hechting van 
moleculen in oplossing aan een uit zichzelf gevormde monolaag van alkaanthiolen 
en depositie van een dunne film van de moleculen uit een oplossing in een 
verdampend vluchtig oplosmiddel. De eerstgenoemde methode leverde multi- of 
monolagen op, de tweede een volledige of gedeeltelijke monolaag en de laatste een 
amorfe film met variable dikte. Als metaal-ondergrond werd goud of zilver 
gebruikt. Verschillende materialen werden daarbij gebruikt als drager voor de 
goudondergrond. De keuze van het dragermateriaal (mica, glas of silicium) hing af 
van de eisen die de in dit onderzoek gebruikte experimentele technieken aan een 
drager stellen. De aldus gemaakte preparaten werden voornamelijk onderzocht met 
Röntgen-fotoëmissiespectroscopie (in het Engels: X-ray photoelectron 
spectroscopy, XPS), rastertunnelmicroscopie (scanning tunneling microscopy, 
STM) en contacthoekmetingen. (Zie Appendices A en B voor een beschrijving van 
deze technieken.) 

Er is nog niet veel onderzoek verricht naar fotochrome moleculaire schakelaars 
zoals dithienyletheen-derivaten op oppervlakken. Er is dan ook weinig bekend over 
hun schakelgedrag op metaal-substraten. Hoofdstuk 3 beschrijft hoe XPS gebruikt 
kan worden om de open en gesloten vormen van een dithienyletheen-schakelaar 
van elkaar te onderscheiden als dit materiaal in de vorm van een dunne laag op een 
goud-substraat is aangebracht. Ook is aangetoond dat het omschakelen van 
dithienyletheen in contact met een Au(111)-oppervlak niet alleen de open vorm 
oplevert (zoals bij moleculen die zich niet op een oppervlak bevinden) maar ook 
leidt tot chemisorptie van deze moleculen. Door te onderzoeken of deze moleculen 
ook uit zichzelf een monolaag vormen op een Au(111) oppervlak werd vastgesteld 
dat er daadwerkelijk sprake is van chemisorptie. Stabiliteitstests met 
Röntgenbestraling, zoals die gebruikt wordt bij XPS, toonden bovendien aan dat dit 
soort bestraling niet leidt tot het omschakelen van het dithienyletheen. 

Fumaramide-[2]rotaxaan heeft voor een rotaxaan zo ongeveer de eenvoudigst 
denkbare chemische structuur. Karakterisatie van deze eenvoudige verbinding op 
een oppervlak is essentieel voor een goed begrip van spectroscopische informatie 
in het geval van complexere rotaxanen voorzien van functionele groepen die nuttig 
zijn bij de ontwikkeling geavanceerde materialen. Het onderzoek naar dit materiaal 
in vaste toestand bevindt zich echter nog in een pril stadium. Wij hebben daarom 
de kiemvorming en groei van dunne lagen van fumaramide-[2]rotaxaan op 
Ag(111) en Au(111)-oppervlakken onderzocht. Hoofdstuk 4 biedt experimenteel 
bewijs dat betrekkelijk goed geordende dunne lagen van fumaramide-[2]rotaxaan 
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gevormd kunnen worden op dit soort oppervlakken door middel van sublimatie in 
een ultrahoog vacuüm. De eerste laag rotaxanen bindt daarbij aan het goud- of 
zilveroppervlak door chemisorptie met een aantal van hun carbonylgroepen. Onze 
experimentele gegevens doen bovendien vermoeden dat er in deze eerste laag 
sprake is van deformatie van de rotaxanen, in overeenstemming met moleculaire-
mechanicaberekeningen. 

Rotaxanen zijn chemisch zeer veelzijdig. Daardoor is het mogelijk de synthese 
van rotaxanen te modificeren en zo een heel scala aan rotaxanen met bijzondere 
eigenschappen te vormen. Tetrafluorosuccinamide-[2]rotaxane is daarvan een 
voorbeeld. Deze lichtgevoelige verbinding kan schakelen tussen twee pendel-
isomeren, één meer hydrofobe en één meer hydrofiele. Dit is mogelijk door de 
foto-isomerisatie van een fumaramide bindingsplaats in de centrale streng tot een 
maleamide. Dit zet de macrocyclische ring aan om te bewegen en zo een 
fluoroalkaan-segment in de streng bloot te leggen of juist af te schermen. De 
uiteindelijke bedoeling van dit project is om te onderzoeken of dit rotaxaan 
gebruikt kan worden om, gehecht aan een substraat, de 
bevochtigingseigenschappen van een oppervlak gecontroleerd te veranderen. Een 
partiële monolaag van tetrafluorosuccinamide-[2]rotaxaan kon worden gemaakt 
door deze verbinding te laten hechten aan een uit zichzelf gevormde monolaag van 
alkaanthiolen met een zure eindgroep. Alvorens het oppervlakte-gedrag van de 
rotaxanen te bestuderen, werden eerst deze zelfvormende monolagen (van zuur-
getermineerde alkaanthiolen) in detail onderzocht. Dit is beschreven in hoofdstuk 
5. 

Alkaanthiolen met een carbonzuur als eindgroep zijn ook meer in het algemeen 
interessant, omdat ze met veel functionele groepen sterke interacties vertonen of 
kunnen reageren, zoals met the pyridinegroepen in tetrafluorosuccinamide-
[2]rotaxane. In de literatuur worden er echter uiteenlopende resultaten gemeld met 
betrekking tot de preciese morfologie van zelfvormende monolagen van dit soort 
moleculen. Onze experimenten tonen dat 11-mercaptoundecaanzuur en 16-
mercaptohexadecaanzuur op een Au(111) oppervlak geordende monolagen vormen 
met een vergelijkbare structuuur als methylgetermineerde alkaanthiolen van 
overeenkomstige lengte. Uit de combinatie van resultaten van 
rastertunnelmicroscopie, Röntgen-fotoëmissie spectroscopie en 
contacthoekmetingen ontstaat een zeer consistent beeld dat de opvatting 
ondersteunt dat zuurgetermineerde alkaanthiolen op Au(111) een dichtgepakte 
monolaag vormen waarin de alkylketens volledig gestrekt zijn en de zuurgroepen 
weg van het oppervlak wijzen. 
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In hoofdstuk 6 wordt aangetoond dat de collectieve werking van een partiële 
monolaag van pendelmoleculen (tetrafluorosuccinamide-[2]rotaxanen) gebruikt 
kan worden om de beweging van druppeltjes van enige microliters aan te drijven, 
zelfs tegen een helling van 12° op. Het gericht verplaatsen van vloeistoffen over 
millimeters afstand op zo’n oppervlak zonder verdere structuren kon worden 
bewerkstelligd door gebruik te maken van de hierboven beschreven foto-
isomerisatie van de rotaxanen. Dit soort lichtgeïnduceerde veranderingen in de 
bevochtigbaarheid van oppervlakken zou het mogelijk moeten maken om 
chemische reacties uit te voeren op microliterschaal, door losse druppeltjes met 
verschillende reactanten bij elkaar te brengen. Transport van vloeistofdruppeltjes 
op microliterschaal op oppervlakken is waarschijnlijk ook bruikbaar om reagentia 
te manipuleren in “lab-op-een-chip”-achtige toepassingen, omdat het in 
vergelijking met voorgevormde microreactoren en reeds beschikbare “lab-op-een-
chip”-instrumenten minder problemen op zou moeten leveren met betrekking to 
diffusie en oppervlakte-adsorptie. 

Ten besluit mag worden vastgesteld dat het in dit proefschrift gestelde doel 
bereikt is. Om te beginnen heeft de fundamentele karakterisatie van de onderzochte 
schakelmolecuul- en rotaxaansystemen geleid tot een beter begrip van hun gedrag 
op oppervlakken, hun verwerkbaarheid in mono- en multilagen en films en de 
bijbehorende kiemvormings- en groei-eigenschappen, hun ordening en oriëntatie 
op oppervlakken, hun interacties als moleculen onderling en met oppervlakken en 
hun pendel- en schakelgedrag. Tenslotte hebben we een systeem ontworpen waarin 
op basis van collectief pendelende rotaxanen de macroscopische eigenschappen 
van een oppervlak aangepast kunnen worden om daarmee vloeistoftransport te 
bewerkstelligen. Zo’n systeem mag worden beschouwd als een moleculaire 
machine. 



 

RESUMEN 

 
Nanociencia y nanotecnología son campos emergentes de la ciencia y la 

tecnología que se ocupan del estudio y control de la materia a escala nanométrica. 
Uno de sus principales desafíos es lograr manipular átomos y moléculas para crear 
aparatos y máquinas de tamaño nanométrico, que sean capaces de cumplir una 
función cuyo resultado sea visibles a escala macroscópica. Aparatos y máquinas de 
tamaño nanométrico se definen, en principio, por analogía con sus pares 
macroscópicos. Un ‘aparato molecular’ es un ensamblaje de un número discreto de 
moléculas, diseñado para cumplir una función específica. Por otra parte, una 
‘máquina molecular’ es una clase especial de aparato molecular que, ante la 
influencia de un factor externo (por ejemplo luz, campo eléctrico o magnético, 
calor), puede mover las partes que la componen para realizar una labor. 

En esta tesis se estudian algunos ejemplos de moléculas sintéticas que parecen 
ser candidatos adecuados para desarrollar aparatos moleculares. Específicamente, 
nos estamos refiriendo a rotaxanos y a conmutadores basados en ditieniletenos. Los 
rotaxanos son ‘trasladadores moleculares’ compuestos de una o más estructuras 
cíclicas (macrociclos) enlazadas a una hebra lineal que posee tapones voluminosos 
a cada lado, de tal manera que las estructuras cíclicas no puedan escapar de la 
hebra (ver Figura R.1). El macrociclo se puede trasladar a lo largo de la hebra para 
ubicarse sobre la estación 1 ó 2, dando lugar a un isomerismo traslacional o 
posicional. Este cambio de posición se puede usar para modificar las propiedades 
macroscópicas de un material de manera controlada, siempre y cuando se logre 
dirigir el movimiento nanométrico que experimenta el rotaxano. De manera 
similar, los conmutadores moleculares basados en ditieniletenos pueden existir en 
dos configuraciones estables, comúnmente llamadas forma cerrada y forma abierta, 
que tienen propiedades electrónicas muy diferentes. Es posible pasar de una forma 
a otra si se irradia la molécula con luz de longitud de onda adecuada. Estos 
ejemplos se han estudiado muchísimo en solución. Sin embargo, para la mayoría 
de las aplicaciones que esperamos ver en un futuro no muy lejano, estas moléculas 
se tienen que integrar en un medio sólido. Por eso, el enfoque abordado en esta 
tesis fue inmovilizarlas en una superficie sólida y estudiarlas en forma de 
monocapa o película delgada. 

Existen varios métodos para preparar películas delgadas de rotaxanos o 
conmutadores sobre substratos metálicos. En este trabajo se usaron tres técnicas, a 
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saber: (i) sublimación en ultra alto vacío; (ii) unión de moléculas a monocapas 
autoensambladas de alcanotioles y (iii) sedimentación de moléculas a partir de un 
solvente volátil. El primer método sirve para preparar monocapas o multicapas, el 
segundo da como resultado muestras en forma de monocapa o sub-monocapa y el 
tercero produce una película amorfa de espesor variable. Como sustratos se 
emplearon oro y plata. De acuerdo a las necesidades y dependiendo de la técnica 
experimental que se necesite en cada análisis, los substratos de oro se prepararondo 
sobre diferentes soportes (mica, vidrio o silicio) se eligió. Las muestras así 
preparadas se investigaron principalmente con espectroscopia de rayos X (XPS, 
según su sigla en inglés), microscopio de barrido túnel (STM, según su sigla en 
inglés) y medidas del ángulo de contacto. 

Macrociclo

Hebra

Estación 1

Estación 2

Tapón

 
Figura R.1. Representación esquemática de un rotaxano y sus partes constituyentes: macrociclo, 

hebra lineal y tapones voluminosos. El macrociclo puede trasladarse a lo largo de la 
hebra y ubicarse sobre alguna de las dos estaciones. 

 

Contamos con muy pocos estudios sobre conmutadores moleculares de tipo 
fotocrómico en superficies (como por ejemplo los basados en ditienietenos), y no 
se sabe muy bien si se comportan como un conmutador al estar incorporados a un 
sustrato metálico. En el Capítulo 3 se demuestra que podemos utilizar XPS para 
detectar las formas abierta y cerrada de un conmutador molecular de ditienileteno 
preparado en forma de película delgada sobre Au(111). Por medio de XPS, se 
deduce que el ditienileteno puede alternar de la forma abierta a la cerrada y 
viceversa. También se argumenta que al tratar de pasar de la forma cerrada a la 
abierta, no sólo se induce la forma abierta en el caso de moléculas alejadas del 
sustrato, sino que también ocurre un proceso paralelo: la reacción de ditieniletenos 
con Au(111), en el caso de moléculas en contacto con el sustrato. La reacción se 
pudo verificar investigando si estas moléculas se autoensamblan a Au(111). 
Además, los tests de estabilidad revelaron que la irradiación con rayos X, que de 
hecho se emplean en XPS, no induce la isomerización del ditienileteno. 

Probablemente uno de los rotaxanos con la estructura química más simple es 
fumaramida [2]rotaxano. La caracterización de esta molécula sobre superficies es 
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crucial para entender los datos espectrales de rotaxanos más complejos que 
presentan funcionalidades útiles a la hora de diseñar materiales de avanzada. No 
obstante, los estudios en el estado sólidos continúan en su infancia. Por eso 
investigamos la nucleación y crecimiento de películas delgadas de fumaramida 
[2]rotaxano sobre Ag(111) y Au(111). El Capítulo 4 provee evidencia experimental 
de que se pueden crecer películas delgadas relativamente bien ordenadas de este 
rotaxano sobre Au(111) y Ag(111), usando el método de sublimación en ultra alto 
vacío. Los rotaxanos de la primer monocapa se encuentran quemisorbidos, tanto en 
Au(111) como en Ag(111), a través de sus grupos carbonilos. Además, los 
resultados experimentales sugieren que los rotaxanos de la primer monocapa sufren 
una deformación, hecho que coincide con los cálculos de mecánica molecular. 

La síntesis de los rotaxanos es muy versátil y modificaciones en la estructura 
química de fumaramida [2]rotaxano da como resultado una variedad de rotaxanos 
con propiedades muy peculiares. Un ejemplo es tetrafluorosuccinamida 
[2]rotaxano. Este espécimen responde al efecto de la luz, lo que le hace modificar 
su polaridad para dar ya sea un isómero más hidrofílico o más hidrofóbico. Esto es 
posible gracias a la fotoisomerización del grupo fumaramida (por ejemplo estación 
1 en la Figura R.1), a maleamida (estación 2), lo que induce el desplazamiento del 
macrociclo, quien luego irá a cubrir o exponer residuos de fluoroalcano que están 
en la hebra. La idea inicial de este proyecto fue investigar si el rotaxano es capaz 
de alterar la tensión superficial de un sustrato en el que se encuentre depositado, de 
manera controlada. Es posible preparar una sub-monocapa de 
tetrafluorosuccinamida [2]rotaxano adhiriéndolo a una monocapa autoensamblada 
de alcanotioles terminados en ácidos carboxílicos. Antes de llevar a cabo esta tarea, 
se efectuó un estudio detallado de monocapas autoensambladas de alkanotioles 
terminados en ácidos carboxílicos, tal como se explica en el Capítulo 5. 

Los alcanotioles terminados en ácidos carboxílicos son moléculas muy 
interesantes debido a su capacidad para reaccionar y/o interaccionar fuertemente 
con muchos otros grupos funcionales, tales como las piridinas que contiene 
tetrafluorosccinamida [2]rotaxano. Sin embargo, los resultados reportados en la 
literatura, referidos a la morfología que poseen las monocapas autoensambladas de 
estos tioles, no son muy claros y muchas veces se contradicen. En este trabajo se 
obtuvo evidencia experimental de que 11-MUA y 16-MHDA (dos ejemplos de 
alcanotioles terminados en ácidos carboxílicos) forman monocapas ordenadas 
sobre Au(111), con una estructura similar a aquellos alcanotioles de longitud 
semejante pero terminados en metilo. Al combinar los resultados de XPS, STM y 
medidas de ángulo de contacto, vemos emerger un cuadro muy consistente que 
refuerza las conclusiones acerca de que las cadenas alquílicas de estos compuestos 
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se encuentran completamente extendidas y que los grupos carboxílicos se ubican 
hacia la parte más externa de la superficie. 

En el Capítulo 6 se demuestra que podemos utilizar el trabajo colectivo de una 
sub-monocapa de rotaxanos para inducir el movimiento de gotas de líquido 
milimétricas, incluso cuando la muestra se ubica en un plano inclinado a 12 grados 
(ver Figura R.2). El transporte direccional de un líquido a escala milimétrica sobre 
una superficie no estructurada se logra utilizando la fotoisomerización de 
tetrafluorosccinamida [2]rotaxano, de acuerdo a lo que se explicó antes. Y más 
aún, los cambios en la tensión superficial inducidos por la luz permiten llevar a 
cabo reacciones químicas al hacer que las gotas portadoras de reactivos se 
acerquen unas a otras. El transporte controlado de gotas milimétricas sobre una 
superficie podría utilizarse para transferir reactivos en los comúnmente llamados 
lab-on-a-chip (cuya traducción literal del inglés sería laboratorios en una pastilla), 
minimizando eventualmente algunos posibles problemas asociados a la difusión y 
absorción superficial, que suelen aparecer en microrreactores estructurados y 
dispositivos lab-on-a-chip. 

 

1 mm

Luz ultravioleta0 s 160 s 245 sLuz ultravioleta Luz ultravioleta

12° 1 mm

Luz ultravioleta0 s 160 s 245 sLuz ultravioleta Luz ultravioleta

12°  
Figura R.2. Fotografías laterales que muestran el transporte de una gota sobre la superficie que 

contiene rotaxanos. La muestra está ubicada en una plataforma inclinada 12 grados. 
 

Por lo tanto, el objetivo principal de esta tesis se logró satisfactoriamente. En 
primer lugar, la caracterización de los conmutadores moleculares y los sistemas de 
rotaxanos nos permite comprender mucho mejor el comportamiento que presentan 
al estar en una superficie sólida, así como también sus propiedades a la hora de 
procesarlos en forma de monocapa o multicapa, la disposición que adoptan las 
moléculas en la superficie, las interacciones entre moléculas o entre molécula y 
sustrato, nucleación, crecimiento, orientación, isomerismo y movimiento de 
traslación. En último lugar, se diseñó un sistema compuesto de rotaxanos sobre un 
sustrato metálico, en donde los movimientos de traslación a escala molecular 
cambian las propiedades macroscópicas de la superficie, induciendo el transporte 
de líquidos de manera controlada. Eso significa que hemos creado una máquina 
molecular. 
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