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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. 
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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. 



Experimental Details 
 
 

17

 

 
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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