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Abstract 

 

 

Self-assembled monolayers have been proven to be well-ordered and to give stable 

ultrathin films. They show a remarkably high diversity with respect to their 

functionalisation giving rise to many possible applications. This thesis is focused on 

the potential use of these molecular thin films in life sciences. The reproduction of a 

membrane-like environment with these tightly packed and organized unimolecular 

layers has led to important breakthroughs in their nanotechnological application as 

biomaterials. Their straightforward modification allows the chemical and physical 

properties of biological interfaces to be altered. In particular, Oligo(ethylene glycol) 

based alkanethiol self-assembled monolayers were intensively studied as biointerfaces 

for their ability to resist the non specific adsorption of proteins. The electrostatic 

repulsion which originates from these monolayers was seen as one of the possible 

factors causing this protein repulsion. On the other hand proteins adsorb on 

alkanethiol self-assembled monolayers. This can be partially attributed to an attractive 

hydrophobic interaction between the biomolecules and the surface.  

 

As a result of the understanding of these two driving forces which are relevant for 

non-specific protein adsorption/repulsion, novel self-assembling molecules were 

tailored in an attempt to adjust the adsorption of proteins at the SAM-liquid interface. 

This was conceivable with these newly designed SAMs since they allow a 

combination of these forces. We have chosen the ionic strength of the liquid 

environment as the external parameter which could act on the amount of adsorbed 

proteins because the electrostatic force created by oligo(ethylene glycol) groups 

depends on it.  

In addition to the synthesis of six new molecules, the preparation and characterisation 

of the novel self-assembled monolayers are reported in this thesis. The density of the 

monolayers was estimated by X-ray photoelectron spectroscopy and ellipsometry, and 

the wettability properties were studied by measuring the contact angle. The total force 



acting on proteins from the SAMs was studied with an atomic force microscope, 

equipped with a tip mimicking proteins, by measuring force-distance curves. An in-

situ technique was investigated in order to study the influence of the variation of this 

total force on the quantity of adsorbed proteins by varying the ionic strength.  
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Chapter 1 

 

Brief Review on Self-Assembled Monolayers 

and Their Applications 

 

 

As a consequence of the strong tendency towards miniaturisation, considerable attention is 

being paid to the development of ultrathin films, of which the most promising candidates are 

self-assembled monolayers (SAMs). The ease of their preparation, in combination with the 

great flexibility with respect to functionalisation, has prompted an increasing level of interest 

in SAMs within various fields. Applications of SAMs are wide-ranging from electronics to 

biosensors in life sciences. 

 

I) Self-Assembled Monolayers 

 

Self-Assembled Monolayers (Figure I-1) are nanometer thick organic films comprised of a 

single layer of molecules that adsorb spontaneously by chemisorption on a substrate.1, 2  

 

Figure I-1: Scheme of a self-assembled monolayer  
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The first preparation of a monomolecular layer by self-assembly of a surfactant onto a clean 

metal surface was published in 1946 by Zisman. 3 However, the level of interest increased 

exponentially after the pioneering work of Nuzzo and Allara 4 who showed that SAMs can be 

prepared from dilute solutions of disulfides.  

Figure I-2 shows that SAMs can be prepared relatively easily by immersing a substrate 

into a millimolar solution of a self-assembling molecule.  

 

 

 
Figure I-2: Self-assembled monolayers are formed by simply immersing a substrate into 

a solution of the surface-active material. The driving force for the spontaneous 
formation of the 2D assembly includes chemical bond formation of molecules with the 

surface and intermolecular interactions. Reproduced from 1 
 

Each end of the surfactant hydrocarbon chain has its own function. A strong tendency for 

preferential adsorption onto the substrate is attributed to one group, while the tail group 

pointing outwards from the surface defines the chemical characteristics of the film (Figure I-

3). 
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Head group: chemisorption to the substrate
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Figure I-3: Function of each part of the self-assembling molecule 

 

The head group of the self-assembling molecule enables coordination to the substrate surface 

by a strong, exothermic chemisorption process, on the order of 100 kJ.mol-1. 22 SAMs are 

known to be highly ordered as a consequence of interchain Van der Waals interactions 

between neighbouring alkyl chains when all available binding sites are occupied. SAMs 

represent ideal systems for the fabrication of well-defined organic coatings as they display 

high, crystal-like, two dimensional order. 2 The air-monolayer interface group, as called by A. 

Ulman (Figure I-2), gives SAMs the characteristics of functional organic coatings. Moreover, 

the chemical properties of a film can be controlled in a relatively straightforward manner by 

simply changing the terminal group functionality. The surface properties can also be modified 

by chemical transformation of the terminal group once the SAM film is formed. 5  

The large number of potential substrate/head group combinations gives rise to diverse 

array of SAM systems. For example, organosilane, 6 alkylsiloxane, 7 and alkyltrichlorosilane 

head groups 8, 9 are ideal for the formation of SAMs on hydroxylated surfaces such as silica 

and glass.  
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O Si O Si O
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Figure I-4: Schematic of self-assembled monolayer on hydroxylated substrate 

 

Other viable head group/substrate pairs include alcohols and amines on platinium, 10 siloxane 

on titanium, 11 carboxylic acids on aluminium oxide 12 and thiols bonding on copper, 13-15 

silver, 15-17 and palladium. 18, 19  

Of all the SAM systems described to date, the best characterised and most studied is 

that of alkanethiols on gold and this will be discussed further in the following sections. 

 

II)  Alkanethiol based Self-Assembled 

Monolayers on Gold 

 

Subsequent to the discovery of Nuzzo and Allara that monolayers of dialkyldisulfide can be 

formed on gold, organosulfur molecules were found to bond to a range of other metals. 

However, gold remains the most commonly employed substrate for monolayer creation 

because its deposition by thermal evaporation, giving a Au(111) surface (Figure I-5), is easy 

and importantly Au does not have a stable surface oxide  
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Figure I-5: Surface of gold (111). Reproduced from 20  

 

The removal of the physically and chemically bound contaminants from gold is a facile 

process as a consequence of its inert nature, a characteristic that also permits manipulations 

under aerobic conditions. 21 

The best described SAM system derived from the spontaneous adsorption of 

alkanethiols onto a Au(111) surface is shown in Figure I-6. 

 

 

 

Figure I-6: Alkanethiol-based SAM on gold. Reproduced from 21 

 

The thiol (SH) head group and gold substrates have been shown to work excellently for SAM 

formation because of their strong affinity for one another. 2 Chemisorption of the surfactant 

molecules on the Au substrate gives rise to thermodynamically stable monolayers 2, 4 that can 

be inert towards contact with air, water, or ethanol for periods of several months depending 

on the nature of the SAM. 22 
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Figure I-7: Schematic mechanism diagram for the self-assembly of alkanethiol on 
Au(111). (a) Initial adsorption, (b) lying-down phase. (c) Two-dimensional phase 
transition from a lying-down to a standing-up configuration. (d) Formation of a 

complete SAM. Reproduced from 23 
 

It is generally accepted that alkanethiol SAMs form in two main steps comprising a rapid 

adsorption of an imperfect monolayer following by a slow ordering process (Figure I-7). Bain 

et al. studied the kinetics of these steps by dipping a gold substrate in an ethanolic solution of 

octadecanethiol and measuring the contact angle on the substrate and the thickness of the 

organic layer over time. 24 The two phases of SAM formation were observed by an increasing 

contact angle that is relatively rapid in the early stages of immersion but reaches a plateau 

only after longer periods. The influence of the surfactant concentration was also studied 

(Figure I-8) and revealed that the time taken for the SAM to be fully ordered, as determined 

by the onset of the plateau, is inversely proportional to surfactant concentration. However, a 

concentration of 1 mM is sufficient to obtain an ordered film in a reasonable time (for 

instance, by letting the substrate immersed in the solution overnight).  
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Figure I-8: Kinetics of adsorption of octadecanethiol from ethanol as a function of 

concentration: (a) ellipsometric thickness, (b) advancing contact angles. Reproduced 
from 24 

 

Bain et al. also studied the influence of chain length and contaminants on the kinetics of 

formation of alkanethiol monolayers. Comparing the kinetics for octadecanethiol and 

decanethiol, it was found that assembly is more rapid for the longer chain, as shown in Figure 

I-9, and this was attributed to a stronger van der Waal’s interaction. 

  



 8 

a

b

C18

C10
Th

ic
kn

es
s

(Å
)

θ
a

H2O

HD

30

20

10

0

120

100

80

60

40

20

0
0 10-1 100 101 102 103 104

a

b

C18

C10
Th

ic
kn

es
s

(Å
)

θ
a

H2O

HD

30

20

10

0

120

100

80

60

40

20

0
0 10-1 100 101 102 103 104

Time (min)

a

b

C18

C10
Th

ic
kn

es
s

(Å
)

θ
a

H2O

HD

30

20

10

0

120

100

80

60

40

20

0
0 10-1 100 101 102 103 104

a

b

C18

C10
Th

ic
kn

es
s

(Å
)

θ
a

H2O

HD

30

20

10

0

120

100

80

60

40

20

0
0 10-1 100 101 102 103 104

Time (min)  

Figure I-9: Kinetics of adsorption of octadecanethiol (solid symbols) and decanethiol 
(open symbols) from ethanol onto gold. (a) Ellipsometric thickness. (b) Advancing 

contact angles (○,●) water, (□,■) hexadecane. Reproduced from 24 
 

Ellipsometry measurements of the thickness of a film formed on a contaminated gold 

substrate showed slower kinetics, compared to the clean surface, during the initial phase but 

an identical limiting thickness at the end of the process (Figure I-10).   
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Figure I-10: Effect of contamination on kinetics of adsorption of octadecanethiol: (●) 

“clean” gold, (◊) gold with a preformed monolayer of propanethiol. Reproduced from 24 
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This ‘slowing down’ is linked to a more difficult adsorption of the surfactant molecules on the 

gold surface, which must first displace the contaminant molecules before organising in the 

ordered SAM. 

 

Figure I-11: Displacement of contaminant molecule by a self-assembling molecule. 
Reproduced from 25 

 

The monolayer made of organosulfur compounds is obtained through chemisorption, in other 

words the surfactant adheres to the surface through the formation of a chemical bond. The sp3 

binding mode of the surfactant molecules to Au (111) hollow sites induces a surface-S-C 

angle of 104° 1 which causes the chain to be tilted with respect to the surface. For alkane thiol 

molecules on gold, the extended alkyl chains orient around 30° from the normal. 4, 26, 27 

  

 

Figure I-12: Hexagonal coverage scheme for alkanethiols on Au(111). Reproduced  
from 1 

 

The sulfur atoms of the alkanethiol in an ordered film bind to the hollow sites on a Au(111) 

surface, shown as shaded circles in Figure I-12. The hollow sites are arranged in a hexagonal 

shape leading to an area per molecule of 21.4 Å2, which corresponds to a packing density of 

4.67 molecules/nm2. 28 

Although the structure and configuration of the monolayer 29 is thermodynamically 

stable and has a low defect density, self-assembled monomolecular layers are still not perfect. 

 

Au Au Au Au 
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Figure I-13: Schematic illustration of some of the intrinsic and extrinsic defects found in 
SAMs formed on polycrystalline substrates. The dark line at the metal-sulfur interface 
is a visual guide for the reader and indicates the changing topography of the substrate 

itself. Reproduced from 29 
 

A SAM essentially duplicates the relief of its substrate and as such any defects are also 

reproduced by the self-assembling molecules (Figure I-13). Impurities on the substrate and in 

the surfactant solution can cause further defects by preventing adsorption of molecules at sites 

they occupy. When binding sites remain unoccupied it is also possible to obtain ‘pinhole’ 

vacancies. Nevertheless, the defect density can be considered as insignificantly low after 

cleaning by immersion for at least 24h. 23 Despite the presence of defects, which are smaller 

than a few molecular diameters, SAMs are considered highly organised from a surface-

science perspective. 2 

As a consequence of their monomolecular thickness, high degree of order, stability, 

simplicity and flexibility with respect to functionalisation, SAMs are being widely exploited 

in the ever expanding field of nanotechnology and this will be described in the following 

section. 

 

III) Self-Assembled Monolayer Applications 

 

The diverse range of potential surface-groups, which impart chemical functionality to a SAM, 

offers appealing technological applications that cover many fields.  
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SAMs are ubiquitous in chemical applications with their use in heterogeneous catalysis 30 

being of particular note. When immobilised at the surface of a SAM, catalytically active 

species can be oriented in such a way that a particular surface is presented to the reactants for 

example. A second example of immobilisation was demonstrated by Wang et al. who 

employed SAMs to organise carbon nanotubes into well-ordered patterns. 31 SAMs have also 

been employed extensively for the production of electronic components based on a 

monomolecular thick assembly where they act as a junction between two electrodes. 32 In an 

industry where miniaturisation is at the forefront of technological advancement, SAMs are 

also being studied as potential transistors. 33, 34 These highly versatile systems not only pass 

electric current but can be designed to create it when photoactive functional groups are 

introduced at the surface as demonstrated by Kondo and Uosaki. 35 SAMs have also proven to 

be suitable model surfaces for the study of wetting and the surface tension of liquids. Bain 

and Whitesides 36 used mixed SAMs obtained from decanethiol-based self-assembling 

molecules with both carboxylic acid and methyl surface groups to study wettability. They 

demonstrated that wettability is dependent on the composition of the surfactant solution (i.e. 

the ration of acid to methyl group functionality) as well as the pH of the aqueous solution 

used for measuring the contact angle. SAMs have also had an impact in lubrication 

applications where they provide a low friction surface for sliding parts 37 and as a means to 

provide a protective layer against corrosion.38-40 It is clear, from the relatively few examples 

given, that SAMs have a diverse range of applications and this is exemplified more so in life 

sciences. 

These highly packed and organized unimolecular layers provide a membrane-like 

environment, which has led to important breakthroughs in nanotechnological applications as 

biocompatible materials and supports that enable manipulation of cells and proteins. By 

modifying the surface group of the self-assembling molecule, the chemical and physical 

properties of biological interfaces can be easily adapted. Today, SAMs are used to provide 

biocompatibile layers on implant surfaces 41 which significantly improves tolerance by the 

body. They are also useful as an immobilising surface that enables the study of the function of 

individual components within complex biological systems. 42 For instance, this approach has 

attracted interest in genomics, by providing a platform for the study of protein sequences, and 

similarly in proteomics, which differentiates the proteins of a biological system. 43 In Life 

Sciences a challenging and important target is the selective immobilisation of proteins for 

their detection. This can be realised by employing immunosensors that are covered by SAMs 

for transducing antigen-antibody interactions directly into physical signals.44 Prominent 
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examples of this technology include the immunosensor elaborated by Scheller and co-workers 

for the detection of cocaine 45 and the system developed by Ryan and co-workers for 

identification of the common nosocomial pathogen Staphylococcus aureus. 46 Selective 

immobilisation can be achieved by the inclusion of well-known receptor molecules in the 

organic packed layer which encourage coupling between complementary reactive groups 47 as 

illustrated by Mrksich and co-workers (reproduced in Figure 14 below). 

 

 

Figure I-14: Strategy for protein immobilization. The protein of interest is fused to a 
capture protein, which specifically binds a capture ligand of the substrate to give 

covalent immobilisation of proteins while maintaining activity and orientation. The 
density of immobilized proteins can be controlled by adjusting the density of the ligand. . 

Reproduced from 48 
 

The necessity for such “inclusion”, to facilitate selective adsorption, means that the 

monolayer is not composed of a unique self-assembling molecule and is therefore a mixed 

SAM. 49 The receptor molecules regulate selective adsorption of the protein whilst the layer 

formed by the major surfactant must possess protein repelling properties.  

This non-specific repulsion of proteins is required in other fields, such as biomedicine 

where applications include the prevention of protein folding (on the door handles in 

hospitals), and the limitation of interaction between a modern medicine tool and blood 

components. SAMs based on phosphorylcholine-terminated thiol (Figure I-15) and 

oligo(phosphorylcholine)-terminated thiol, 50, 51  or alkanethiolates with mannitol groups 52  

are examples of monolayers that exhibit a strong protein-phobic surface. 
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Figure I-15: Phosphorylcholine-terminated thiol used as SAM constituent by Rao and 
co-workers 
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Although not unique in their ability to resist the adsorption of proteins (eg 53), oligo(ethylene 

glycol) based SAMs have attracted the most attention and this will be described in more detail 

in the following section.  

 

IV) Oligoethylene Glycol Self-Assembled 

Monolayers and Proteins 

  

Recognition of foreign materials by a living body can be suppressed by preventing the 

adsorption of proteins at its surface, which in turn will negate a biochemical response that 

would otherwise lead to rejection. A major step forward in the search for increased 

biocompatibility of medical devices, such as implants, was the modification of their surfaces 

by an ultrathin, polymeric film of poly(ethylene)glycol. Poly(ethylene glycol) (PEG) has been 

of great interest in the preparation of protein-resistant surfaces because of its ability to 

effectively reduce or prevent non-specific protein adsorption. 54, 55 

In an attempt to understand the physical mechanisms of the protein resistance 

displayed by PEG polymer surfaces, Harder and co-workers studied the interaction of proteins 

with oligo(ethylene glycol) terminated alkanethiol SAMs on gold. These short chain PEG-

type systems were used as models because of the relative ease with which they can be 

characterised. 56 Oligo(ethylene glycol) SAMs were found to be very efficient for repelling 

proteins. 15, 57 As SAMs have a reproducible structure, the addition of oligo(ethylene glycol) 

(OEG) alkanethiol based monolayers to a surface became one of the most attractive means to 

render a biomaterial more resistant to the non-specific adsorption of proteins. The crucial step 

in elucidating the mechanism of protein resistance from the OEG based alkanethiol SAM lies 

in understanding the interaction of the surface with water. 6  

Dahint and co-workers compared the protein-resistance of methoxy-tri(ethylene 

glycol)-terminated (EG3-OMe) undecanethiol self-assembled monolayers prepared on gold 

and silver. While the treated gold surface expresses a strong repulsion towards proteins, the 

silver surface was found to adsorb variable amounts of biomacromolecules. The distinctly 

different behaviour of the two systems can be attributed to the observed conformation of OEG 

on gold and silver as illustrated below. 56 
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Figure I-16: Molecular cross-sections for the helical EGx-OMe on gold with a ~30º tilt of 
the alkyl chain and a perpendicular orientation of “zig-zag” EGx-OMe on silver. 

Reproduced from 56    
 

The OEG tails adopt a helical conformation on gold as opposed to an “all trans” orientation 

that occurs on silver. Dahint and co-workers speculated that the helical monolayer prevents 

protein adsorption through its ability to bind water strongly. A stable interfacial water layer 

develops, as represented on the left of Figure I-17, that was believed to be responsible for 

preventing biomolecule adsorption.  

 

: Water molecule: Water molecule

 

Figure I-17: Illustration of a water layer present only on a helical monolayer   

 

This water layer does not form on silver because the more densely packed SAM resists the 

penetration of water molecules (as shown on the right of Figure I-17). This assumption was 

confirmed by the calculations conducted by Grunze and co-workers. 37 More precise 

calculations conducted by Whitesides and co-workers predicted the OEG conformers where 

water molecules can bind. 58 
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Grunze and co-workers discovered that the interaction between proteins and surfaces can be 

easily explored using scanning force microscopy (SFM) with a fibrinogen-functionalised 

probe (Figure I-18). 60   

+

+

+
+

+
+

+

+
—

—
———

—
+

+

+
+

+
+

+

+
—

—
———

—

Fib

PBS

pH~7.4
+

+

+
+

+
+

+

+
—

—
———

—
+

+

+
+

+
+

+

+
—

—
———

—

Fib

PBS

pH~7.4

 

Figure I-18: Fibrinogen functionalised probe used for the SFM study of the resistance of 
OEG-terminated SAM. Reproduced from 60 

 

This technique was adapted to the study of protein mimics, i.e. the surface-protein interaction 

of methoxy-tri(ethylene glycol)-terminated undecanethiol self-assembled monolayers 

prepared on gold and silver, by utilizing a charged and hydrophobic probe. The forces 

measured with a hydrophobic probe (attraction or repulsion) were found to correlate with the 

protein adsorption properties of the films (adsorption or resistance to adsorption). 60, 61 The 

force experienced by the probe from the modified gold surface was thus repulsive whilst it 

was attractive from the treated silver interface.  

Further measurements were performed with the helical OEG terminated SAM to 

elucidate the forces which intervene between the functionalised probe and the monolayer. 

Hähner et al. modulated the environment in which the force spectroscopy measurements were 

performed by changing the ionic strength of the liquid media. 62 The observed correlation 

between repulsive force and salt concentration provided evidence for the existence of 

electrostatic interactions. This electrostatic repulsion is seen as a key factor responsible for the 

repulsion of negatively charged proteins in aqueous media. However, the gold based SAMs 

described by Whitesides are non-ionic in nature but still display efficient protein repulsion. 

This raises the question as to the origin of this surface charge that must be present in the gold 

system but not when SAMs are formed on silver as previously discussed. Grunze et al. 

postulated that the negative charge arises from the adsorption of hydroxide ions from solution 

as an extension to the theory concerning water binding. 62, 63 
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Figure I-19: Hydroxide ion formation conferring the negative charge to the SAM. 
Reproduced from 62 

 

The hydrophobicity of the substrate represents another important parameter that influences 

the interaction of proteins from a surface. A terminal alkyl moiety can be introduced 

additionally on top of the OEG units of the surfactant molecules to enhance hydrophobicity. 

Whitesides and co-workers studied mixed SAMs of varying composition prepared from a 

mixture of dodecanethiol and oligo(ethylene glycol)-terminated alkanethiol. The 

hydrophilicity of the mixed SAMs was measured by water contact angle and it was shown 

that the protein adsorption increases with the hydrophobicity of the substrate. 57, 64 The extent 

of protein adsorption will therefore be dictated by the balance between opposing electrostatic 

repulsions and hydrophobic attractions.  

Grunze et al. 63 measured the electrical potential of SAMs prepared from 

methoxy(triethylene glycol) and poly(ethylene glycol) with 44 ethylene glycol units. The 

electrical potential was found to be negative for all surfaces leading to an electrostatic 

repulsion of negatively charged proteins. In spite of this repulsion, protein adsorption was still 

observed on certain surfaces providing further evidence that additional factors can play an 

important role in the protein resistance of some SAMs. This can be used to design 

biointerfaces, in particular those with switching properties and this will be described in the 

following section.  

 

V) Dynamic Self-Assembled Monolayers  

 
 
Langer et al. generated a (16-Mercapto)hexadecanoic acid (MHA) self-assembled monolayer 

with a low density and measured the water contact angle as a function of potential difference 

at constant temperature. 65 A striking difference was noticed in the wettability of the surface 
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with a change in the cosine of the contact angle when applying a positive and a negative 

potential. The cosine of the receding contact angle was ~0.7 while applying 80 mV and ~0.9 

while applying -300 mV.  Moreover, this switch occurs without changing the chemical 

identity of the monolayer. Langer et al. had predicted that these reversibly switchable surfaces 

could be applied in the field of interfacial engineering. Subsequently, Kong et al. explored 

these results by studying a low density SAM using the substrate as a biointerface. 66 

 The low density SAM was prepared in two steps. First a gold substrate was immersed 

into a solution of a cyclodextrin-wrapped alkanethiolate leading to a SAM as presented in  

Figure I-20 (top left). Subsequently the desired SAM was obtained by removing the space-

filling groups (cyclodextrin) with ethanol. Measurements were carried out in aqueous solution 

at pH=7.4, therefore the top of the self-assembling molecule was a negatively charged 

carboxylated group. Depending on the applied electric potential this top group experienced 

either an attraction or a repulsion by the charged substrate. Thus, each chain either pointed 

outwards from the surface (as shown on top of the middle of Figure I-20) or was bended (as 

shown at the bottom of the middle of Figure I-20). As the negatively charged head group 

exposure could be tailored by the sign of the applied electric potential, the adsorption of 

positively charged proteins like streptavidin was controlled as well (as shown on the right of 

the following figure).   

 

n-CD MHA Avidin

(-)

(+)

-- - --

- - -

- - - - - - - ----------- - - -

- - - - -
-
-

- - - - -
-
-

++ + + + +
+ + + + + + +

+

+
+
+

+
+

++
+

+

+
+
+

+
+

++
+

+

+
+
+

+
+

++
+

+
+
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+

+
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+

--
-

-
-

- -
+
+
+

+
+

++
+

+

- - -
-
-

-

n-CD MHA Avidin

(-)

(+)

---- -- ---

-- -- --

-- -- -- -- -- -- -- ---------------------- -- -- --

-- -- -- -- --
--
--

-- -- -- -- --
--
--

++++ ++ ++ ++ ++
++ ++ ++ ++ ++ ++ ++

++

+
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+

+
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+

+
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+
+
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+

+
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+

----
--

--
--

-- --
+
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+

-- -- --
--
--

-

n-CD MHA Avidin

(-)

(+)

---- -- ---

-- -- --

-- -- -- -- -- -- -- ---------------------- -- -- --

-- -- -- -- --
--
--

-- -- -- -- --
--
--

++++ ++ ++ ++ ++
++ ++ ++ ++ ++ ++ ++

++

+
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+

+
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+

+
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+
+
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+

+
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+

----
--

--
--

-- --
+
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+

-- -- --
--
--

-

n-CD MHA Avidin

(-)

(+)

---- -- ---

-- -- --

-- -- -- -- -- -- -- ---------------------- -- -- --

-- -- -- -- --
--
--

-- -- -- -- --
--
--

++++ ++ ++ ++ ++
++ ++ ++ ++ ++ ++ ++

++

+
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+

+
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+

+
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+
+
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+

+
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+

----
--

--
--

-- --
+
+
+

+
+

++
+

+ +
+
+

+
+

++
+

+

-- -- --
--
--

-

 

Figure I-20: The idealized illustration of the SAM used by Kong and co-workers, the 
transition at applied potentials and the subsequent protein assembly. Reproduced  

from 66 
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This protein assembly control can be used for life-science devices to study proteins or 

biofouling but its extension to the study of systems in vivo is not so straightforward. 

Grunze et al. 67 studied mixed SAMs created from a mixture of two surfactants: hexa(ethylene 

glycol)-terminated undecanethiol and dodecanethiol in a ratio of 95:5. 
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Figure I-21: Adsorption of two proteins on the mixed SAM as a function of temperature, 
as measured by ellipsometry of dry samples. Inset: Number of bacterial cells attached to 
an alkanethiol SAM, the mixed SAM, and an hexa(ethylene glycol) based SAM after 2h 

attachment at 37° and rinsing either 37 or 4 °C. Reproduced from 67 
 

The quantity of bioadhesion was a function of temperature (RT – 37°C) and this was 

correlated to corresponding changes in SAM structure that in turn influence its interaction 

with proteins. 

This project was focused on the possibility to control the amount of proteins which adsorb on 

a self-assembled monolayer in a liquid environment. New surface-active molecules were 

designed and synthesized based on previous force studies performed with AFM and published 

in the literature. 62 AFM measurements carried out with certain SAMs showed that the 

strength of the interaction occurring between a partially negatively charged surface and a 

hydrophobic tip depends on the ionic strength of the liquid environment. When the SAM was 

an alkanethiol film the force showed a pure hydrophobic attraction while the interaction 

between an OEG-terminated SAM and a hydrophobic tip was repulsive and of electrostatic 

origin. It was moreover observed that the latter interaction can be modified by an external 

parameter: the range of the interaction could be changed by changing the ionic strength of the 

liquid environment. The idea of this project was to prepare a SAM that combines hydrophobic 

attraction and electrostatic repulsion. Functionalizing an alkanethiol with an OEG group 
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should allow the resulting SAM to exert both a hydrophobic attraction and an electrostatic 

repulsion. As the electrostatic force depends on the ion concentration, the resulting overall 

force can be modified by the external parameter allowing a switch from repulsion to 

attraction. The force experienced by the hydrophobic tip was studied in liquids of varying ion 

concentration to check if the switch can be observed. As some proteins are partially 

negatively charged and have hydrophobic moiety, the interaction of such proteins with the 

surface are expected to be similar to the one with the tip leading to a possible reversible 

adsorption of proteins on the surface.  
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Chapter 2 

 

Experimental Techniques used for Surface 

Characterisation and Surface Property 

Study 

 

 

This thesis describes the work carried out with newly synthesized ultrathin films. It is 

consequently essential to initially have a complete characterization of these surfaces. The 

principle of each employed surface analysis technique is described in this chapter. These 

techniques include X-ray Photoelectron Spectroscopy (XPS), ellipsometry, and contact angle 

measurements. In addition to surface characterization, this work aims to determine one 

particular surface property concerning the interactions between the synthetic organic surfaces 

and hydrophobic particles. This study involves an Atomic Force Microscope (AFM) 

performing so-called force-distance curves which will also be explained in this section. 

      

I) X-ray Photoelectron Spectroscopy  

 

X-Ray Photoelectron Spectroscopy (XPS) is an important experimental approach for defining 

the nature of solid surfaces. It is a powerful analytical tool for determining the surface 

compositions of flat samples within approximately the first 20 Å of the surface. 1 This non 

destructive technique enables the presence of all the expected elements, except hydrogen and 

helium, to be checked and a possible contamination by unforeseen atoms to be detected. 2 

Information about the chemical and electronic states of the elements can also be determined, 
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which explains why ESCA (Electron Spectroscopy for Chemical Analysis) is another 

designation for this analysis. 3 In addition to the qualitative study, the relative amounts of the 

chemical elements of the sample, and thus the empirical formula of the sample are provided, 4 

as well as surface coverage quantification. 5, 6 

 

1) Basic Principles 

 

This technique exploits the photoelectric effect represented in Figure II-1. The photoelectric 

effect is the generation of electrons, called photoelectrons, after irradiating the target sample 

with X-rays. 

The photoelectrons are collected and their kinetic energy is measured with a 

spectrometer.   

 

Figure II-1: Representation of the photoelectric effect. Inspired from 7 

 

The sample is irradiated with X-rays whose energy is known. The incident photon energy is 

then transmitted to the photoelectron in the form of kinetic energy. If the X-ray energy, or 

frequency, is high enough, an electron is emitted from the material. The emission of an 

electron, bonded to the atom with certain energy, leads to the ionization of this atom. This 

process can be represented by the equation: 

 

Equation II-1: eAEA Photon

−+ +→+  
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where A is the atom and A+ the ion resulting from the electron ejection, EPhoton is the energy 

of a photon which is equal to hν (h is Planck constant, 6.62×10-34J.s, and ν is the frequency in 

Hertz, Hz, of the radiation) according to the Einstein relation. 

The energy conservation principle gives:  

 

Equation II-2: KEAEhAE +=+ +)()( ν  

 

where E(A) and E(A+) are the energies of the neutral atom and of the ion respectively, and KE 

is the emitted electron energy which is only kinetic energy. The difference in energy between 

the neutral and the ionized state of the atom equals the binding energy of the emitted electron, 

BE. The kinetic energy of photoelectrons is thus given by: 4 

 

Equation II-3: BEhKE −= ν  

 

Knowing the photon energy and measuring the kinetic energy of the photoelectrons allows the 

binding energies of the electron orbitals in atoms to be measured. The atomic core levels of 

each element have a defined binding energy BE whose measurements were performed and 

gathered to give a binding energy database. The XPS analysis gives a spectrum of peaks 

which are assigned to an element using the database. The energy distinction in the 

photoelectron peaks providing from atoms with different electronic state allows the chemical 

analysis.  

Quantitative analysis is achieved by measuring and comparing the photoelectron peak 

intensity (height or, preferably, the area).  

 

2) Instrumentation 

 

Any XPS instrument, schematised in Figure II-2, has three essential components: an X-ray 

source, an energy analyser, and an electron detector. A vacuum chamber is also necessary as 

measurements are performed under ultrahigh vacuum. 
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Figure II-2: Representation of the main components of a XPS experiment 

 

i). X-ray Source 

 

X-ray production starts with the creation of electron vacancies in the inner shells of a metal by 

bombarding the metallic anode with accelerated electrons. As shown in Figure II-3, charged 

particles, called thermions, are produced by heating a metal filament (known as the Edison or 

Richardson effect). Using a tungsten filament for instance, electrons are formed and then 

accelerated by a high voltage (10-100 kV). The electron bombardment leads to the ejection of 

inner electrons of the target metal which is commonly magnesium or aluminium.   

 

RX

∆V

RX

∆V

 

Figure II-3: Schematic of the X-ray source 
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Vacancies are filled by electrons from higher energy levels falling to occupy it producing X-

rays whose frequency depends on the energy difference of the levels between which the 

transition takes place (∆E=hν). 

The most common X-ray lines are the AlKα and MgKα whose photon energy is 

1486.6 eV and 1253.6 eV respectively.  

Some XPS machines use monochromatized radiation to reduce the line width, to 

remove unwanted peaks, and to improve the resolution of spectra. 4 This can be achieved 

using a quartz crystal as shown in Figure II-4. 

 
Figure II-4: Representation of diffraction of X-rays at a quartz crystal used to obtain 

monochromated X-rays. Reproduced from 8 
 

The thickness of the quartz layer d is determined by Bragg’s equation:  

nλ=2dsinθ 

Where n is the diffraction order, λ the wavelength and θ the Bragg angle. θ is the angle 

between the surface and the incident beam. X-rays can be reflected on the two planes of the 

crystal, producing a difference in the path length 2dsinθ. To have constructive interference, 

this distance must be a whole number multiple of the wavelength.  

The X-rays are now focused on the sample leading to photoelectrons whose energy is 

analyzed. 

The photoelectric electrons escape from the sample with too high a speed to allow a 

high resolution analysis. 8 It is thus necessary to retard them before they enter the analyzer 

using transfer lenses, either electrostatic or magnetic. Retarded electrons enter the analyzer 

which selects electrons according to their kinetic energy. The main analyzer for XPS is the 

hemispherical sector analyzer, HSA.  
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ii). Energy Analyser 
 

 
Figure II-5: Electrostatic deflection analyser: Hemispherical Analyzer. Reproduced 

from 4 
 

A potential is applied between two concentric hemispherical electrodes, so that the outer one 

is more negative than the inner one. Retarded electrons enter the HSA tangentially between 

the two hemispheres and they will be able to reach the detector without striking the walls of 

the electrodes if their energy E obeys: 

 

Equation II-4: VkeE ∆=   

 

with E, the electron kinetic energy, e the charge of an electron, ∆V the potential difference  

between the hemispheres, and k, the spectrometer constant   

Electrons with a higher or lower kinetic energy than ke∆V will strike the outer or inner 

hemisphere respectively.  

Thanks to the HSA only electrons with a kinetic energy in a certain range will arrive at 

the detector. To obtain a measurable current in order to count the electrons for each kinetic 

energy, an electron multiplier is used. The arriving electrons are first accelerated to enter a 

funnel-shaped collector. This tube is curved so that the electrons can strike the internal walls 

and emit secondary electrons through a phenomenon that resembles the photoelectric effect, 

but with electrons as incident particles.  



 29

 

Figure II-6: Electron multiplier 
 

Secondary electrons are accelerated and then this event repeats itself many times and thus, the 

amplification can reach 108.  

The number of electrons reaching the detector with a certain kinetic energy is then 

measured. The counts-kinetic energy or counts-binding energy graph can therefore be plotted 

allowing a qualitative analysis by comparing the peak energies with database values and a 

quantitative study by comparing the area under the peaks corresponding to each element after 

subtracting the background. 

 

3) Experimental 

 

X-ray Photoelectron spectra were obtained using a VG Escalab II (VG Scientific Ltd., UK) 

and Al Kα radiation (1486.6 eV). During the analysis, the pressure in the test chamber was 

kept around 2×10-10 mbar. The detector had a takeoff angle of 90° to the surface. CasaXPS 

(Casa Software Ltd., UK) was the software used for the analysis. 

  

II)  Ellipsometry  

 

Ellipsometry is a surface analytical technique allowing the measurement of optical constants 

(refraction and extinction coefficients) and thickness of thin layers. 9, 10 
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In addition, information about roughness, alloy ratio, crystallinity of films or depth profile of 

material properties can also be provided by this technique. 

 

1) Basic Principles 

 

The physical phenomenon used in ellipsometry, illustrated in Figure II-7, is the reflection of 

polarised light on the sample surface leading to a change in the polarization state of the light 

which is linked to the physical properties of the material.  
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Fig II-7: Schematic of the geometry of an ellipsometry experiment 

 

This polarisation state change, gives the fundamental equation of ellipsometry: 

 

Equation II-5: ∆Ψ== j
s

p

e
r

r
tanρ  

 

where ∆ is the phase difference between the p and s waves before and after the reflection. The 

p-s coordinate system consists of the s-direction, taken perpendicular to the direction of 

propagation and parallel to the sample surface, and the p-direction perpendicular to the 

direction of propagation and contained in the plane of incidence.  

Ψ is linked to reflection coefficients with:   
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Equation II-6: 
s

p

r

r
=Ψtan  

 

where rp and rs are the reflection coefficients which will be explained through an example. 

Both ∆ and Ψ are measured by an analyser.   

Considering the reflection of the light on a large sample, like in Figure II-7, two states 

of the light, before and after reflection, can be represented. In the most general case, the 

polarisations are elliptic.  

 

Figure II-8: Elliptic polarisation state of the incident and reflected light 

 

rs
1 and rp

1 are the components of the incident light parallel and perpendicular to the plane of 

incidence, in media 1(air) and rs
2 and rp

2 are the components of the light after reflection on 

media 2(the material of the sample). Φ1 and Φ2 are called the azimuth angles of the ellipses. 

The incident light state is known and the reflected wave is decomposed by an analyser 

allowing the calculation of reflection coefficients defined by: 

 

Equation II-7: 
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where n1 and n2 are the refraction indices of the air and the material constituting the substrate, 

respectively. 

i

p-plane

s-plane s-plane

p-plane

θi

p-plane

s-plane s-plane

p-plane

i

p-plane

s-plane s-plane

p-plane

θi

p-plane

s-plane s-plane

p-plane

i

p-plane

s-plane s-plane

p-plane

θi

p-plane

s-plane s-plane

p-plane

i

p-plane

s-plane s-plane

p-plane

θi

p-plane

s-plane s-plane

p-planeE
E

Ep Ep

Es
Es

2

3

i

p-plane

s-plane s-plane

p-plane

θi

p-plane

s-plane s-plane

p-plane

i

p-plane

s-plane s-plane

p-plane

θi

p-plane

s-plane s-plane

p-plane

i

p-plane

s-plane s-plane

p-plane

θi

p-plane

s-plane s-plane

p-plane

i

p-plane

s-plane s-plane

p-plane

θi

p-plane

s-plane s-plane

p-planeE
E

Ep Ep

Es
Es

2

3

 

Fig II-9: Schematic of the geometry of an ellipsometry experiment on a 
sample with a thin layer 

 

With a thin layer of thickness d of a material 2 on top of a thick layer of 3, represented in 

Figure II-9, the dephasing β between parallel or perpendicular component before and after the 

reflection is:  

 

Equation II-9: 22 cos2 φ
λ

πβ n
d







=  

 

and  

 

Equation II-10: 
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where rs23 and rp23 are the reflection coefficients for the 2-3 interface. 

Measuring Ψ and ∆ and solving the fundamental equation of ellipsometry allows the 

calculation of two parameters, namely the refraction index n2 and the thickness d of the thin 
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layer.  Ellipsometry measurements were performed to determine the thickness of our self-

assembled monolayers. The optical measurement gives the polarization states Ψ and ∆ but not 

the desired parameter directly. An “inverse modelling problem” had to be solved to obtain 

this thickness. Thus, a model was built representing the sample with its different layers. Ψ and 

∆ were evaluated from the model giving a fit which was compared to the measured data. This 

estimation was performed changing the model itself, modifying the thickness until 

experimental curves and fit were overlaid. The thickness of the layer was the one giving the 

best fit. 

 

 

 

Figure II-10: Ellipsometry analysis principle 

 

Unfortunately, this analysis would only be this simple if the SAM thickness were the only 

unknown parameter influencing the estimation of Ψ and ∆. The SAMs were on a substrate 

made of silica covered with titanium and gold. If each layer of the substrate were perfectly 

defined, it would be possible to estimate its contribution on Ψ and ∆ and obtain the SAM 

thickness easily. To perfectly define the substrate layers, the thickness as well as the optical 

constants had to be measured. Some data banks exist containing optical parameters for 

materials and the thickness given by the supplier could be used. However, the titanium and 

gold optical values in the data banks were obtained for thick samples while the layers on the 

silica wafers were thin and obtained by evaporation. As the density of the layers could have 

been different from the nominal bulk values their optical parameters could be different as well 

leading to a poor estimate of Ψ and ∆. Moreover, the thickness value is probably different 

from one wafer to another but also from one point to another on the same wafer, due to the 

thermal evaporation deposition process. This technique consists of evaporating the material to 
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be deposited by heating it under vacuum. The solid material is put in a crucible at the centre 

of the vacuum chamber. Its vapour flow, from the crucible to the target (the wafer) is conical; 

this could explain why the condensed layer could be thicker in the middle of the wafer than 

close to the edges.  

The first step consisted of perfectly defining the substrate layer by layer. It was 

necessary to fully characterize titanium and gold and to define the substrate with the two 

layers before adding and characterising the SAM.  

A titanium layer was evaporated on a piece of silica and on a quartz disc, whose 

optical parameters and thickness were already known. Measurements were repeated on 

several substrates in order to enhance the precision of the characterisation data. 

 

Silicon Quartz

Titanium Titanium

Silicon Quartz

Titanium Titanium

 

Figure II-11: Samples used for the titanium layer characterisation 

 

Ellipsometry measurements were performed to determine the optical constants of the material 

and the thickness of this layer. These measurements were made at several angles of incidence 

(45°, 50°, 55°, 60°, 65°, 70°, and 75°) to acquire the large amount of data necessary for 

complete characterization. As quartz is transparent, a transmission measurement was carried 

out to give supplementary data.  

As a result, the refractive index, the extinction coefficient, transmission (Figure 12) 

and the thickness were found. As curves and fit were similar for the two samples (on silica 

and quartz), only the results on quartz will be presented here. 
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Figure II-12: Refractive index, extinction coefficient and transmission of titanium on a 
quartz disc 

 

The model of a titanium layer, with the properties found on silica or quartz gave a fit of Ψ and 

∆ (Figure 13) similar to the experimental values. Therefore, the material could be considered 

to be fully characterized. 
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Figure II-13: psi and delta for titanium on a quartz disc 

  

The same measurements were performed for a gold layer. 
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Figure II-14: Samples used for the gold layer characterisation 

 

 Hence, the refractive index, extinction coefficient and transmission (Figure 15), and the 

thickness were all known. The material is fully characterized allowing the thickness to be 

determined. 
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Figure II-15: Refractive index, extinction coefficient, and transmission for gold on a 
quartz disc 

 

As for titanium, the fit found for Ψ and ∆ (Figure 16) confirmed that the material was well 

characterized.  
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Figure II-16: Psi and delta for gold on a quartz disc 

 

A gold layer was deposited on the sample with the titanium layer in order to characterize the 

adhesion promoter. 
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Figure II-17: Samples used for the substrate (titanium and gold layers) characterisation 

 

 As the titanium layer thickness and the optical parameters were known for both materials, 

only the thickness of the gold layer was missing. As shown by the fit for Ψ and ∆ (Figure 18) 

the whole substrate was then fully characterized. 
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Figure IIV-18: Psi and delta for the substrate (titanium and gold) on a quartz disc 

  

 

2) Instrumentation 
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An ellipsometer, represented in Figure II-19, has a light source, polariser(s), and a detector. 

 

Figure II-19: Common optical components of an ellipsometer 

 

The light source can be a laser if the ellipsometer is for single-wavelength measurements, or 

several sources (for instance a deuterium, xenon, and silicon lamp) can be utilized to match 

the desired range of wavelengths.  

A polarizer is placed after the light source to set the polarization state of the incident 

light. The elliptic reflected light goes through the detector where the polarisation state 

difference from the incident light is determined. The M-2000 ellipsometer uses a silicon CCD 

detector.    

 

3) Experimental 

 

Ellipsometry measurements were performed with an M-2000DITM spectroscopic ellipsometer 

(J. A. Woollman Co., Inc., USA). The integrated data acquisition software is WASE32®. 

                                                                                                                                                

III) Contact Angle  

 

The contact angle measurement is a straightforward way to estimate properties of a surface, to 

determine the nature of the solid, or to detect a coating or contamination of the surface, by 

observing the shape of a solvent droplet resting on the solid surface. 



 38

 

1) Basic Principles 

 

The interaction between the substrate and a solvent is evaluated via the contact angle formed 

by a droplet of this solvent on the surface.  The contact angle θ is the angle between the 

tangent of a liquid droplet measured at the three phase boundary and the surface of the solid 

on which the droplet is deposited. Its measurement is important in surface characterization but 

the practical use is limited to macroscopic dimensions, linked to the droplet size. 
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Figure II-20: Contact angle representation 

 

The shape of the droplet depends on the Young-Laplace equation:  

 

Equation II-12: 0cos =−+ GSLGLS γθγγ  

 

where γLS, γLG, and γGS are the interfacial energies of the liquid/vapour, solid/vapour, and 

solid/liquid phases respectively. It defines the wetting phenomenon. A low value of θ shows 

that the liquid wets or spreads on the surface while the wetting is poor for a high value of θ.  

If the liquid is water, contact angle measurement allows the hydrophilic or hydrophobic 

properties of the surface to be determined. It is also possible to calculate the surface free 

energy when several liquids with known surface tensions are used.  

 

2) Instrumentation 
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A light source illuminates the sample surface placed on the sample holder, as well as the 

droplet applied by a microsyringe. Magnifying lenses allow the observation of the liquid 

droplet and a line drawn on a rotating part of the goniometer is positioned at the tangent line 

of the droplet at the three phase boundary. The inclination angle is then measured with a fixed 

scale inscribed on another piece of the goniometer. 

  

3) Experimental 

 

In this work, advancing deionised water contact angles were measured with a G10 goniometer 

microscope (KRÜSS GmbH, Hamburg, Germany). Droplets were dispensed from a 

microburette and measurements were taken under ambient conditions.  

                                                                                                                   

IV) Atomic Force Microscopy  

 

To give some background about Scanning Probe Microscopy’s (SPM), its history started with 

the first Scanning Tunnelling Microscope (STM) constructed by Gerd Binnig and Heinrich 

Rohrer (Nobel Prize in physics in 1986) in the IBM laboratories in Zurich. 11 The STM 

concept, based on the tunnelling effect, allows the study of a material surface at an atomic 

scale, opening the possibility of imaging conductive sample surfaces.  

In order to image insulating surfaces, several Scanning Probe Microscopes were 

subsequently developed 12 among them, the Atomic Force Microscope (AFM). Atomic Force 

Microscopy was introduced by Binnig et al in 1986. 13, 14 AFM, in contrast to STM, can study 

and image both conductors and insulating materials with atomic resolution.  

 

1) Instrumentation 
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The sample holder depends on the environment in which measurements are performed. The 

sample is either maintained with clips for experiments in air, or put in a liquid cell and 

covered with a solution for manipulations in liquid.  

The tip, typically composed of silicon (Si) or silicon nitride (Si3N4), is mounted at the 

end of a cantilever. 

 

 

 

Figure II-21: Scanning electron microscopy image of a gold-coated cantilever with 
attached probe. The inset shows a high magnification view of the area near the end of 

the tip. Reproduced from 15 
 

As shown in Figure II-22, several techniques to measure the cantilever deflection exist: 16 

They comprise a capacity measurement, 17 an STM which detects the cantilever position, or a 

fiber interferometer. 18 

 

Figure II-22: Different ways to detect the cantilever deflection 
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The most common method uses the optical reflection of a laser beam off the back of the 

cantilever, made reflective beforehand by being coated with a gold layer for instance. 

Deflections of the cantilever cause the reflected laser beam to change its angle. The motion of 

the reflected laser beam is detected by a four quadrant photodiode hit by the reflected laser 

beam. When the laser spot moves from the central position, a voltage difference is created, 

which reports the cantilever deflection. 

 

 

Figure II-23: Schematic of an atomic force microscopy and direct surface 

measurements. Reproduced from 19 

 

The photodiode is linked to a piezoelectric positioner in order to maintain the cantilever 

deflection constant when the surface is imaged or to control the distance between the sample 

and the tip during force measurements by controlling the voltage on the photodiode. 

2) Basic Principles 

 

i). Imaging 

 

Instead of the tunnelling current, AFM uses the interaction forces between the probing tip 

mounted on a cantilever and the sample surface via the measurement of the cantilever 

deflection, resulting from the interaction between the surface and the tip. While the tunnelling 

current was kept constant during the STM surface scanning, it is the AFM cantilever 
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deflection, which is maintained constant with the feedback loop recording the vertical tip 

displacements.  

 

a. Forces 

 

If measurements were performed in ambient conditions, ambient humidity could give rise to a 

thin water layer on the sample surface. When the tip would be close to the surface, water 

molecules would attract it. 16, 20, 21 In our project, as all AFM measurements were performed 

in aqueous solution, the capillary force does not act on the tip. Operation in liquid has other 

advantages: the total force exerted on the tip is reduced, avoiding damage of sensitive 

samples, and biological environments can be reproduced. Chemical, repulsive, and van der 

Waals interactions can also be sensed by the AFM probe, 16 but focus is particularly directed 

on electrostatic double-layer and hydrophobic forces because they are the main interactions 

acting between our SAMs and the tip. 

 

b. Electrostatic Force 

 

As explained in the previous chapter, OEG-terminated alkanethiol SAMs adsorb hydroxide 

ions from solution leading to a negative charge of the surface. When the sample is put into an 

electrolyte solution, compensating counterions are attracted by the surface. Counterions 

attracted by the sample to re-establish the electroneutrality close to it can be divided into two 

layers. One layer is composed of fixed counterions linked to the surface forming the Stern 

layer. The other layer, the diffuse layer, is made of mobile counterions close to the surface. 

The limit between the Stern layer and the diffuse layer is called the Helmholtz plane. These 

two layers constitute the electric double layer. Thus, the counterion concentration is high 

close to the surface and decreases progressively further from the surface until reaching the 

bulk concentration. Moreover, near the surface, there is a co-ion deficit as well; they are 

repelled from the surface by electrostatic forces. The density of both counterions and co-ions 

decays or increases, respectively, exponentially with distance from the surface, described by 

the Boltzman distribution: 22 
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Equation II-13: 






−=
kT

zeψρ ρ exp
0

 

 

where ρ is the number density of ions of valence z, ρ0 is the ionic concentration in the bulk 

and ψ is the electrostatic potential.  
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Figure II-24: Near a charged surface there is an accumulation of counterions (ions of 
opposite charge to the surface charge) and a depletion of co-ions, shown graphically for 
a 1:1 electrolyte, where ρ∞ is the electrolyte concentration in the bulk or ‘reservoir’ at  

x = ∞. Reproduced from 22 
 

The concentration difference between anions and cations creates an electric potential which 

equals Ψ0 at the sample surface and linearly decreases to ζ at the Helmoltz plane as 

represented in Figure II-25. Beyond this plane, the electric potential decreases exponentially 

according to the Gouy-Chapman theory: 22 

 

Equation II-14: [ ]xx κζ −=Ψ exp  
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where Ψx is the electric potential at a distance x from the surface, ζ is the electric potential on 

the Helmoltz plane and κ-1 is the exponential decay length or the so-called Debye length (this 

is the distance from the surface where electroneutrality is reached in the solution). The electric 

double layer thickness is influenced by the ionic strength C of the solution which was 

considered to be equal to the ion concentration in this study, and the nature of the electrolyte. 

The higher the ionic strength, the more compressed the electrical double layer will be. The 

relation between the Debye length and the ion concentration can be obtained from the 

Grahame equation and is given by: 23 

 

Equation II-15: C/304.0
1 =−κ  nm 

 

for 1:1 electrolytes, e.g. NaCl 

 

Equation II-16: C/176.0
1 =−κ  nm 

 

for 2:1 electrolytes, e.g. K2CO3 
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Figure II-25: Schematic representation of the electric double layer and of the evolution 
of the electric potential as a function of the distance from the surface 

 

The potential difference gives rise to the electrostatic double-layer force. The intensity of this 

interaction appearing in an aqueous salt solution between a charged sphere, with radius R, and 

a flat surface in case of constant charge densities is described by the expression:   
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Equation II-17: ( )[ ]xx
el ee

R
F κκ σσσσ

κεε
π −− ++= 21

22
2

2
1

0

22
2

 

 

 where ε0 is the permittivity of free space, ε is the dielectric constant of the electrolyte 

solution, σ1 and σ2 are the surface charge densities of the sphere and the surface, and x is the 

distance between the two bodies. 

 

c. Hydrophobic Force 

 

The stable network of water molecules held together by hydrogen bonds is disrupted by the 

intrusion of hydrophobic solutes. A special type of hydration, the hydrophobic hydration takes 

place when such molecules are added to water.  

The molecular mechanism of this hydration is an arrangement of molecules that 

maximizes the number of hydrogen bonds. By introducing a hydrophobic particle in water, 

some hydrogen bonds are destroyed which is energetically unfavourable. 22 Water forms a 

clathrate around the hydrophobic material. A clathrate is a cage where the network of 

hydrogen bonds between water molecules is optimized. The arrangement of water molecules 

surrounding the solute is more orderly than the water environment and therefore induces a 

decrease in entropy. Quasi-crystalline structure with 4 hydrogen bonds per water molecule 

compared to ~3.5 in water environment explains the large decrease in entropy which 

dominates the hydrophobic hydration. 23 Despite the high degree of structuring observed in 

the clathrates, the introduction of a hydrophobic material disrupts the initial structure of the 

solvent. Water is excluded from the equilibrium and naturally tends to minimize the 

disruption until a new state of equilibrium is reached. When two clathrates meet, they quickly 

merge and combine their content in a hydrophobic cluster. This phenomenon is called 

coalescence. As the surface of this cluster is smaller than the surface of the two initial 

structures, a significant number of water molecules are released into the solvent. The new 

cluster can capture other clathrates and thus become increasingly large. Each merging reduces 

the total area of clathrate and hence the number of water molecules trapped in these 

structures. This allows water to reach a new equilibrium where the surface in contact with the 

hydrophobic material is as small as possible. This clustering increases with increasing 

temperature, showing that this phenomenon is entropy-driven. The decrease in entropy when 
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two hydrophobic molecules are inserted into water is lower when hydrophobic solute 

molecules are close together compared to when they are separated. The interaction between 

hydrophobic molecules or surfaces comes from the preferential orientation of water molecules 

in the hydration layer and the polarization propagates step by step over a large range through 

layers of water increasingly remote. Once brought together into clusters, the hydrophobic 

molecules are held together by van der Waals interactions. 24  

 

  

ii). Force Spectroscopy 

 

While the forces acting on the cantilever deflection allow topographic measurements, the 

actual study of those interactions is possible with force-versus-distance curves. Those curves 

represent the force felt by the tip as a function of the distance from the surface when the probe 

is brought close to a sample surface and then pulled away. However, what is actually 

measured with the AFM is the cantilever deflection-versus-piezo displacement.  

 

 

Figure II-26: Cantilever deflection versus z-piezo displacement curve 

 

At the beginning of the force spectroscopy measurement, the tip is too far from the surface to 

feel any interaction with it. The cantilever is not deflected and is in its rest position (A on the 
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figure). A piezo movement over the direction normal to the surface reduces the distance 

between the probe tip and the substrate. When this distance equals the range of an interaction 

exerted by the surface, (B on the figure) the tip will experience this force and the cantilever 

will bend either toward or away from the surface, depending on whether the interaction is 

attractive or repulsive. The cantilever deflection δ is therefore either negative or positive 

respectively. Consequently, two forces act on the tip: the force produced by the surface and 

the elastic force of the cantilever given by Hooke’s law  

 

Equation II-18: δkF −=  

 

where k is the cantilever spring constant. When the tip is in equilibrium, these two forces are 

equal. The force felt by the tip is simply obtained by multiplying the deflection by the spring 

constant. It is now possible to plot force-versus-piezo displacement curves. When the force 

gradient overcomes k, there is a “jump-to-contact” (as shown in C in Figure II-26). While the 

tip and the surface are in contact, in D on the figure, the piezo is still moving. This contact 

gives the zero distance between the tip and the surface. Force-versus-distance curves can now 

be plotted. The cantilever deflection is linear because the tip and the surface are in contact. In 

E, the sample is now withdrawn. The deflection will follow the line from E to D where the tip 

“jumps-out-of-contact”. The “jump-to-contact” and the “jump-out-of-contact” points are 

different, due to adhesion between the probe tip and the surface. Finally the tip is back in its 

rest position. 

 

3) Experimental 

 

The Atomic Force Microscope used in this study was a PicoSPM II (Molecular Imaging, 

Phoenix, AZ, USA) with an interchangeable nose scanner. It was equipped with a video 

system and a liquid cell. The AFM probes were provided by Veeco and made of silicon 

nitride. The model which was used was DNP whose nominal radius and spring constant 

values were  20-40 nm and 0.06 and 0.12 N.m-1. These values were not calibrated as only 

relative measurements were carried out. These tips were made hydrophobic by covering them 

with 5nm of titanium and 50 nm of gold. A dodecanethiol SAM was then added by immersion 

in solution. For measurements under different ionic conditions several aqueous solutions were 
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prepared. The most concentrated was first obtained dissolving KNO3 in deionised water with 

resistivity ~18MΩ/cm. Dilutions by a factor of ten gave the other solutions. The tip, along 

with the surface, was dried between each measurement. Measurements were started from the 

least concentrated solution and then progressed toward the most concentrated one. A 

customised MATLAB routine was employed to convert measured cantilever deflection versus 

piezo displacement curves into force-distance curves according to a procedure described in 

the literature with ‘zero distance’ corresponding to a hard-wall potential.25  These curves were 

fitted with exponentials and the decay length was determined. 
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Chapter 3 

 

Synthesis of Trifluoro Alkyl Oligo(Ethylene 

Glycol)-terminated Alkanethiols and  Self-

Assembled Monolayer Preparation 

 

 

Monolayers have been used to observe a reversible adsorption of proteins by playing on 

external parameters which were not easily modified in a living media 1 or with mixed self-

assembled monolayers. 2 It can be difficult to precisely know the proportion of molecules 

adsorbed on the surface from a solution whose ratio is known because each self-assembling 

molecule has its own adsorption kinetics. In addition, the film may not be homogeneous and 

have regions with only one molecule. This thesis describes work carried out with the 

objective to obtain the same dynamic property with a self-assembled monolayer made from a 

single surfactant molecule. The switch is envisaged by modifying the forces acting between 

the surface and proteins thanks to a modification of an external parameter which is easy to set 

up.    

 

I) Self-Assembling Molecule Design  

 

The design of the new self-assembling molecule was based on previous force studies. Force-

distance curves were determined for an hexadecanethiol film as well as for a tri(ethylene 

glycol)-terminated hexadecanethiol film employing a functionalised tip. The tip was made 

hydrophobic by covering the silicon nitride tip with a thin gold layer and adding an 
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alkanethiol SAM. Measurements were performed in a liquid environment. They were 

performed in aqueous KNO3 solutions with concentration ranging from 0.1 mM to 0.1 M. The 

most concentrated solution was obtained by diluting salt into deionised water. The other 

solutions were obtained by iterative tenfold dilutions. The solution order followed for force-

distance measurements is the opposite of the solution preparation order: SFM experiments 

were first carried out in the most diluted solution before moving to solutions with 

progressively higher salt concentrations. As shown in Figure III-1, the interaction between the 

hydrophobized tip and the hexadecanethiol SAM was attractive under any KNO3 

concentration.  

 

 

Figure III-1: Force-distance curves observed with hexadecane thiol SAM under KNO3 
aqueous solutions (◊, 0.1 M; ○, 0.01 M;▼, 1mM; □, 0.1 mM) . Reproduced from 3 

     

Moreover, the range of this attractive force was constant when changing the ionic strength of 

the liquid used in the liquid cell. The nature of this interaction was hydrophobic.  

The same process was followed for the study with the tri(ethylene glycol) 

functionalised hexadecanethiol SAM. 
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Figure III-2: Force-distance curves observed with tri (ethylene glycol) functionalised 
hexadecanethiol terminated with a methyl group SAM under KNO3 aqueous solutions 

(◊, 0.1 M; ○, 0.01 M;▼, 1mM; □, 0.1 mM) . Reproduced from 3 

 

 The profile of the curves is significantly different. The force is now repulsive. The 

hydrophobic tip approaching the surface is repelled. Contrary to the hydrophobic interaction, 

this repulsive force strongly depends on the ionic strength. The main difference is the range of 

the force; it decreases while the ionic strength increases. It was shown that the interaction is 

of electrostatic nature. 3 This electrostatic repulsion suggests that the surface is charged. The 

charge on both the tip and the SAM was proved to come from the adsorption of hydroxyl ions 

from the solution. 4 

The designed molecule was a combination of the two previous ones. The new 

molecule consists of three parts: an alkane thiol chain ensuring assembly of stable films on 

gold substrate, an oligo(ethylene glycol) block and a short hydrophobic terminus. Rather than 

an alkyl end, a trifluoroalkane moiety was chosen for the terminus. The aim of this 

combination was that the force felt by the tip during force-distance measurements with the 

SAMs would be the sum of the interactions separately measured with the two previous 

surfaces for each ionic strength. It is possible to represent graphically the sum of the force-

versus-distance curves measured with the hexadecanethiol and the tri(ethylene glycol) 

functionalised hexadecanethiol SAMs according to the range and intensity of measured 

forces.     
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Figure III-3: Sum of the force-distance curves observed with tri (ethylene glycol) 
functionalised hexadecanethiol terminated with a methyl group and hexadecanethiol 

SAMs under KNO3 aqueous solutions (◊, 0.1 M; ○, 0.01 M; ▼, 1mM; □, 0.1 mM) 
 

The sum of the force-distance curves obtained by the two films separately represents what can 

be expected as force-distance curves measured with the combination molecule. Figure III-3 

shows that the tip approaching the surface would be first repelled at lower ionic strength 

whereas it would be directly attracted under the highest ionic strength. Modifying the ionic 

strength, it would be possible to observe a switch between repulsion and attraction of the 

probe by the same surface. 

The basic molecule chosen is (1-mercaptoundec-11-yl)tri(ethylene glycol) 3,3,3-

trifluoropropyl ether:   

 

 

Figure III-4: (1-mercaptoundec-11-yl)tri(ethylene glycol) 3,3,3-trifluoropropyl ether 

 

Two interactions were brought into play. The presence of oligo-ethylene glycol (OEG) groups 

provided the electrostatic repulsion and the hydrophobic top created an attraction. It was 

expected that the number of OEG groups influenced the intensity and range of the repulsive 

force. In the same way, the length of the hydrophobic moiety could have some influence on 

the hydrophobic attraction. 

The influence of the number of ethylene glycol groups and the length of the 

hydrophobic end were studied. To this end, six molecules were synthesised: 
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(1-mercaptoundec-11-yl)tri(ethylene glycol) 3,3,3-trifluoropropyl ether: molecule 1 

 

(1-mercaptoundec-11-yl)tri(ethylene glycol) 3,3,3-trifluorobutyl ether: molecule 2  

 

(1-mercaptoundec-11-yl)tetra(ethylene glycol) 3,3,3-trifluoropropyl ether: molecule 3  

 

(1-mercaptoundec-11-yl)tetra(ethylene glycol) 2,2,2-trifluoroethyl ether: molecule 4  

 

(1-mercaptoundec-11-yl)hexa(ethylene glycol) 3,3,3-trifluoropropyl ether: molecule 5 

 

(1-mercaptoundec-11-yl)hexa(ethylene glycol) 2,2,2-trifluoroethyl ether: molecule 6  

 

Figure III-5: Six synthesized (1-mercaptoundec-11-yl)poly(ethylene glycol) 3,3,3-
trifluoroalkyl ether molecules 

 

II) Self-Assembling Molecule synthetic 

pathway  

 

These molecules were not commercially available. Therefore, their preparation was attempted 

according to the method illustrated in Scheme 1.  
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Scheme 1: Synthetic pathway for the synthesis of (1-mercaptoundec-1-11-
yl)poly(ethylene glycol) trifluoroalkyl ether 
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Scheme 2: First step of the synthesis of (1-mercaptoundec-1-11-yl)poly(ethylene glycol) 
trifluoroalkyl ether 

 

First, tri (tetra or hexa) (ethylene glycol) was monoprotected as the benzyl ether 5. This 

nucleophilic substitution of bromine by the alcohol was very sluggish. The reaction was tried 

in other solvents and adding crown-ether but no improvement was observed. 
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Scheme 3: Second step of the synthesis of (1-mercaptoundec-1-11-yl)poly(ethylene 
glycol) trifluoroalkyl ether 
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The mesylation 6 of the alcohol is followed by a nucleophilic substitution of mesylate by 

trifluoro propanol (or ethanol or butanol). 7  
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Scheme 4: Third step of the synthesis of (1-mercaptoundec-1-11-yl)poly(ethylene glycol) 
trifluoroalkyl ether 

 

Next, the benzyl ether was hydrogenolysed 8 in order to obtain the trifluoro alcohol 11. In an 

attempt to improve the rate of reaction, other solvents (eg. THF rather than methanol) and 

catalysts (eg. Pd(OH)2 rather than Pd/C) were employed. However under modified conditions 

the reaction rate was unchanged.  
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Scheme 5: Fourth step of the synthesis of (1-mercaptoundec-1-11-yl)poly(ethylene 
glycol) trifluoroalkyl ether 

 

The next step was a nucleophilic substitution reaction with bromo-undecene.9 However the 

yield was quite low. An improvement was achieved using 2.5 equivalents of bromo-undecene 

rather than 2 but the yield remained low. 
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Scheme 6: Fifth step of the synthesis of (1-mercaptoundec-1-11-yl)poly(ethylene glycol) 
trifluoroalkyl ether 

 

Whitesides et al. 9 have synthesised molecules similar to our target molecules. Their 

methodology was follown for the last three steps. 
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Scheme 7: Sixth step of the synthesis of (1-mercaptoundec-1-11-yl)poly(ethylene glycol) 
trifluoroalkyl ether 

 

The addition of thiolacetic acid 9 was carried out as described by Whitesides and coworkers, 

using a UV lamp and a UV-transparent reaction vessel (made of quartz). Subsequently, the 

reaction was found to be just as successful using ordinary borosilicate glassware. This 

prompted speculation that the radical initiation was being caused by heat rather than 

photoionisation. Indeed, the lamp emitted considerable heat. Consequently, the radical 

addition was performed in borosilicate glass flask plunged into a hot oil bath. 
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Scheme 8: Seventh step of the synthesis of (1-mercaptoundec-1-11-yl)poly(ethylene 
glycol) trifluoroalkyl ether 

 

Methanolysis of the thioacetate gave the desired target molecule. This reaction was 

operationally simple because the reactant was merely dissolved and refluxed, then HCl as 

well as methanol were evaporated under vacuum.     

 

III) Surface Preparation  

 

SAMs were prepared from the synthesised thiols as well as from commercially available 

dodecanethiol (Aldrich, +98%) and octadecanethiol (Fluka, ≥95%). These alkanethiol SAMs 
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were mainly used as reference for some measurements (XPS and ellipsometry). 1 mM 

solutions were prepared.  The in-house synthesised thiols were dissolved in 

dimethylformamide (Aldrich, 99.8%), while the commercial alkanethiols are dissolved in 

ethanol (VWR BDH Prolabo, ethyl alcohol absolute). A gold coated Si wafer (5 nm 

evaporated titanium as adhesion promoter, and 100 nm evaporated gold layer, Georg Albert 

PVD, Heideberg, Germany), which was stored under vacuum in a dessicator, was cut into 

pieces immediately before being immersed into the solution for 12-16 hours. The substrates 

were then rinsed with ethanol and dried with nitrogen. 

 

IV) Experimental Part: Synthesis of Self-

Assembling Molecules  

 

1) General Methods 

 

All reagents of synthetic grade were used as supplied. If further purification or drying were 

required the procedures used are detailed in Armarego and Perrin, "Purification of laboratory 

chemicals” 4th ED. 

Room temperature refers to 20–25ºC. Reaction progress was monitored by thin layer 

chromatography (TLC) performed using Merck, Kieselgel 60 plates. Column chromatography 

was performed using Merck Kieselgel 60 silica gel (230 – 400 nm mesh).  

Nuclear magnetic resonance (NMR) spectra were measured using a Bruker Av-300 or 

a Varian Unity Plus 300 operating at 300 MHz for 1H NMR, 75 MHz for 13C NMR, 282 MHz 

for 19F NMR. All chemical shifts (δ) are reported in parts per million (ppm) and are quoted 

relative to the residual proton peak of CDCl3. Coupling constants (J) are given in Hertz (Hz) 

and represent 3JH,H  unless otherwise stated. Spectral coupling patterns are designated as 

follows; s: singlet; d: doublet; t: triplet; q: quartet; m: multiplet and br: broad signal.      
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2) Synthesis of (1-mercaptoundec-11-
yl)tri(ethylene glycol) 3,3,3-trifluoropropyl ether 
(1) 

 

i). Triethylene glycol monobenzyl ether (8a) 5 

 

 

Figure III-6: Triethylene glycol monobenzyl ether 

 

Anhydrous potassium carbonate (0.36 mol, 50 g), potassium iodide (6 mmol, 1 g) and benzyl 

bromide (0.1 mol, 17.1 g) were added to a solution of triethylene glycol (7a) (0.2 mol, 30 g) 

in dry acetone (200 mL). The solution was refluxed for 71 h. The mixture was cooled down to 

room temperature and filtered through sintered glass. After acetone removal under reduced 

pressure the residue was dissolved in diethyl ether (30 mL). The organic layer was washed 

with water (30 mL), brine (30 mL) and dried over magnesium sulfate. Diethyl ether was 

removed under vacuum. The product was purified over silica (eluent: cyclohexane:ethyl 

acetate, 4:6) and was obtained as a yellow oil (14.73g, 61% yield). δH 2.59 (1H, br, 11-OH), 

3.58–3.76 (12H, m, 6-H, 7-H, 8-H, 9-H, 10-H, and 11-H ), 4.58 (2H, s, 5-H), 7.28–7.38 (5H, 

m, 1-H, 2-H, and 3-H); δC 61.5 (1C, 11), 69.2, 70.2, 70.4, 70.5, 72.4, 73.1 (6C, 5, 6, 7, 8, 9, 

and 10), 127.5, 127.6, 128.2 (5C, 1, 2, and 3), 138.0 (1C, 4); νMAX(film)/cm-1 699.39, 740.41 

(Ar); 1099.55, 1351.10, 1454.44  (C-O-C); 2867.94 (C-H); 3030.54, 3062.98, 3087.76 (Ar); 

3446.43 (O-H); HRMS m/z (ES+): [MNa]+ 263.1262, calculated 263.1259.    
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ii). 2-(2-(2-benzyloxyethoxy)ethoxy)ethyl methanesulfonate (9a) 6  

 

 

Figure III-7: 2-(2-(2-(benzyloxy)ethoxy)ethoxy)ethyl methanesulfonate (9a) 

 

Triethylamine (0.067 mol, 6.93 g) and mesyl chloride (0.061 mol, 2.69 g) were added to a 

solution of (8a) (0.030 mol, 7.26 g) in dichloromethane (300 mL). Then, the mixture was 

stirred at 0 ºC under nitrogen for 2 h.  

The reaction was quenched with 30 mL of water. The phases were separated. The aqueous 

layer was extracted with dichloromethane and the combined organic layers were washed with 

water and brine, and dried over MgSO4. 

Dichloromethane was evaporated under vacuum. The product was purified over silica (eluent: 

hexane:ethyl acetate, 5:5) and isolated as a pale yellow oil (7.12 g, 72% yield).  

The methanesulfonic acid 2-[2-(2-benzyloxy-ethoxy)-ethoxy]-ethyl ester was stored under 

nitrogen. δH  3.04 (3H, s, 12-H), 3.60–3.71, 3.75–3.81 (4H, m, 10-H, and 11-H), 4.57 (2H, s, 

5-H), 7.28–7.39 (5H, m, 1-H, 2-H, and 3-H); δC 37.3 (1C, 12), 60.0, 68.6, 69.1, 69.2, 70.2, 

70.3, and 72.8 (7C, 5, 6, 7, 8, 9, 10, and 11), 127.3, 127.4, 128.1 (5C, 1, 2, and 3), 137.9 (1C, 

4); νMAX(film)/cm-1 701.12, 737.70 (Ar); 810.77 (-SO2-); 1101.72 (C-O-C); 1175.83 (-SO2-); 

1352.91, 1454.73 (C-O-C); 2870.86 (C-H); 3029.05, 3062.76 (Ar); HRMS m/z (ES+): 

[MNa]+ 341.1031, calculated 341.1035. 

 

iii). Triethylene glycol benzyl 3,3,3-trifluoropropyl ether (10a)7  
 

 

Figure III-8: Triethylene glycol benzyl 3,3,3-trifl uoropropyl ether  
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Sodium hydride (0.048 mol, 1.16 g) was added to a solution of 3,3,3-trifluoropropan-1-ol 

(0.0438 mol, 5 g) in dry tetrahydrofuran (400 mL). The mixture was stirred for 30 min under 

nitrogen at room temperature. (9a)  (0.021 mol, 6.97 g) was then added and the solution was 

refluxed for 26 h. After cooling, a few drops of isopropanol and water were added to 

hydrolyse the excess sodium hydride. Tetrahydrofuran was removed in vacuo and, the residue 

was dissolved in diethyl ether (40mL). The organic layer was washed with brine (3 times 30 

mL) and dried over magnesium sulfate. The product was recovered as light brown oil (5.39 g, 

74% yield). δH 2.84 (2H, tq, 3JH,F: 10.8, 3JH,H: 6.8, 13-H) 3.57–3.72 (14H, m, 6-H, 7-H, 8-H, 

9-H, 10-H, 11-H and 12-H), 4.55 (2H, 5-H), 7.28–7.37 (5H, m, 1-H, 2-H and 3-H); δC 34.4 

(1C, q, 2JC,F: 28.6, 13), 64.1 (1C, q, 3JC,F: 3.3, 12), 69.4, 70.4, 70.5, 70.6, 70.7, 72.5, 73.2 (7C, 

5, 6, 7, 8, 9, 10, and 11), 127.6, 127. 6, 127.7, 127.8, 128.4 (5H, 1, 2, and 3), 138.3 (1C, 4); δF 

-65.17 (t, 1JC,F: 10.8, 14-F); νMAX(film)/cm-1 699.15, 739.26 (Ar); 844.84, 1004.91, 1145.02, 

1256.22 (CF3); 1351.47, 1454.58 (C-O-C); 2869.11 (C-H); 3031.19, 3064.20, 3088.41 (Ar); 

HRMS m/z (ES+): [MNa]+ 359.1454, calculated 359.1446. 

 

iv). Triethylene glycol mono(3,3,3-trifluoropropyl) ether (11a) 8  

 

 

Figure III-9: Triethylene glycol mono(3,3,3-trifluoropropyl) ether  

 

(10a) (0.016 mol, 5.39 g) was added to a suspension of palladium on charcoal (10% weight) 

(0.675 mmol, 71.8 mg of palladium) in ethanol (200 mL). The reaction mixture was left to stir 

for 36 hours under hydrogen pressure of 20 bar at room temperature. The solution was filtered 

through celite. Ethanol was evaporated under vacuum and the product was purified over silica 

(eluent: hexane: ethyl acetate: 60/40) to give the product as pale orange oil (3.86 g, 85% 

yield). δH 2.33 (2H, tq, 3JH,F: 10.8, 3JH,H: 6.8, 8-H), 3.09 (1H, br, 1-OH), 3.48–3.65 (14H, m, 

1-H, 2-H, 3-H, 4-H, 5-H, 6-H, and 7-H); δC 34.0 (1C, q, 2JC,F: 28.2, 8), 61.3 (1C, 1), 63.8 (1C, 

q, 3JH,H: 3.5, 7), 70.0, 70.2, 70.4, 72.3 (5C, m, 2, 3, 4, 5, and 6), 125.9 (1C, q, J: 276.8, 9); δF -

65.4 (s, decoupling); νMAX(film)/cm-1 837.35, 1005.63, 1150.87, 1256.83 (CF3); 1351.65, 
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1443.39 (C-O-C); 2879.18 (C-H); 3447.88 (O-H); HRMS m/z (ES+): [MNa]+ 269.0970, 

calculated 269.0977. 

 

v). Triethylene glycol 3,3,3-trifluoropropyl undec-10-enyl ether 

(12a)9 

 

 

Figure III-10: Triethylene glycol 3,3,3-trifluoropr opyl undec-10-enyl ether  

 

Sodium hydroxide (20.4 mmol, 490 mg) was added to a solution of the (11a) (3.86 g, 15.7 

mmol) in tetrahydrofuran (350 mL) and the mixture was stirred 30 minutes. Then 11-

bromoundec-1-ene (39.2 mmol, 9.14 g) was added to the solution. The mixture was refluxed 

for 26 hours. Then the solution was cooled and quenched with isopropanol and water. THF 

was removed and the organic layer was washed with water (30 mL), and brine (twice 30 mL), 

and dried over magnesium sulfate. The product is purified over silica (eluent: hexane: ethyl 

acetate: 80/20) and isolated as colourless oil (4.45 mmol, 2.11 g, 34% yield). δH 1.18–1.41 

(12H, m, 4-H, 5-H, 6-H, 7-H, 8-H and 9-H), 1.51 (2H, t, 3JH,H: 6.8, 10-H), 1.97 (2H, q, 3JH,H: 

7.0, 3-H), 2.35  (2H, tq, 4JH,F: 10.8, 3JH,H: 6.8, 18-H), 3.38 (2H, t, 3JH,H: 6.8, 11-H), 3.48–3.68 

(14H, m, 12-H, 13-H, 14-H, 15-H, 16-H, 17-H, and 18-H), 4.86 (1H, d, 3JH,H: 10.2, 1-Ha), 

4.92 (1H, d, 3JH,H: 17.1, 1-Hb), 5.72–5.88 (1H, m, 2-H); δC 25.9, 28.7, 28.9, 29.2, 29.2, 29.3, 

29.4 (7C, 4, 5, 6, 7, 8, 9, and 10), 33. 6 (1C, 3), 34.1 (1C, q, 2JC,F: 28.2, 19), 63. 9 (1C, q, 3JC,F: 

3.3, 18), 66.4, 69.6, 69.8, 70.3, 70.4, 70.4, 71.2 (7C, 11, 12, 13, 14, 15, 16, and 17), 113.9 

(1C, 1), 125.9 (1C, q, 1JC,F: 276.5, 20), 138.9 (1C, 2); δF -65.4 (t, 3JF,H: 10.8); νMAX(film)/cm-1 

994.14, 1122.50, 1255.35 (CF3); 1351.06, 1440.56 (C-O-C); 1640.76 (CH=CH2); 2855.77, 

2927.02 (C-H); 3077.05 (=CH2); HRMS m/z (ES+): [MNa]+ 399.2720, calculated 399.2722. 
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vi). Triethylene glycol 10-acetylthiodecyl 3,3,3-trifluoropropyl 

ether (13a)9 

 

 

Figure III-11: Triethylene glycol 10-acetylthiodecyl 3,3,3-trifluoropropyl ether  

 
Thioacetic acid (17.8 mmol, 1.35 g) and AIBN (25 mg) were added to a solution of (12a) 

(4.45 mmol, 2.11 g ) in methanol (50 mL). The reaction solution was plunged into a preheated 

oil bath and refluxed for 2 hours under nitrogen atmosphere. The mixture was concentrated 

under vacuum and purified by chromatography over silica giving colourless and malodorous 

oil (1.69 g, 79 % yield). δH 1.19 (1H, t, 3JH,H: 7.1, 3-H), 1.22–1.36 (14H, m, 6-H, 7-H, 8-H, 9-

H, 10-H, 11-H, and 12-H), 1.48–1.60 (4H, m, 4-H, and 12-H), 2.30 (3H, s, 1), 2.40 (2H, tq, 
3JH,F: 10.8, 3JH,H : 6.9, 21-H), 2.84 (2H, t,  3JH,H: 7.4, 13-H), 3.42 (2H, t, 3JH,H:6.8, 20-H), 3.54–

3.65 (12H, m, 14-H, 15-H, 16-H, 17-H, 18-H, and 19-H); δC 26.0, 28.7, 29.0, 29.0, 29.4, 29.4, 

29.5, 29.5 (10C, 3, 4, 5, 6, 7, 8, 9, 10, 11, and 12), 30.5 (1C, 1), 34.3 (1C, q, 2JC,F: 28.1, 21), 

64.0 (1C, q, 3JC,F: 3.6, 20), 66.5, 69.2, 69.9, 70.4, 70.5, 70.6, 71.4  (7C, 13, 14, 15, 16, 17, 18, 

and 19); δF -65.3 (3F, t, 3JF,H:10.8, 22-F); νMAX(film)/cm-1 627.49 (-S-); 840.71, 1005.10, 

1135.13, 1255.84 (CF3); 1352.92, 1442.05 (C-O-C); 1693.72 (C=O); 2856.62, 2927.34 (C-H); 

HRMS m/z (ES+): [MNa]+ 497.2526, calculated 497.2525. 

 

vii). (1- mercaptoundec-11-yl)tri(ethylene glycol) 3,3,3-

trifluoropropyl ether (1)9 

 

 

Figure III-12: (1-mercaptoundec-11-yl)tri(ethylene glycol) 3,3,3-trifluoropropyl ether 

 

(13a) was dissolved in HCl/methanol solution (60 mL, 1.25 mol.L-1). The mixture was 

refluxed overnight, concentrated and purified over silica (eluent: hexane, ethylacetate: 80/20) 
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to give the thiol as colourless oil (2.82 mmol, 1.22 g, 79% yield). δH 1.24–1.39 (14H, m, 3-H, 

4-H, 5-H, 6-H, 7-H, 8-H, and 9-H), 1.43 (1H, s, S-H), 1.53–1.67 (4H, m, 2-H, and 10-H), 2.43 

(2H, tq, 3JH,F: 10.8, and 3JH,H: 6.8, 19-H), 2.53 (2H, dt, 3JH,H: 7.10, 3JH,H : 7.49, 1-H) , 3.45 

(2H, t, 3JH,H: 6.9, 11-H), 3.56–3.68 (12H, m, 12-H, 13-H, 14-H, 15-H, 16-H, and 17-H), 3.71 

(2H, t, 3JH,H: 6.8, 18-H); δC 24.5, 25.9, 26.8, 28.2, 28.9, 29.4, 29.4, 29.5, 33.9 (10C, 1, 2, 3, 4, 

5, 6, 7, 8, 9, and 10), 34.2 (1C, q, 2JC,F: 28.2, 19), 64.0 (1C, q, 3JC,F: 3.5, 18), 69.9, 70.4, 70.5, 

70.5, 71.4, (7C, 11, 12, 13, 14, 15, 16, and 17), 126.0 (1C, q, 1JC,F: 126.2, 20); δF -65.3 (3F, t, 
3JF,H:10.8, 20-F); νMAX(film)/cm-1 636.19, 657.91 (S-C); 839.33, 1005.05, 1150.29, 1255.62 

(CF3); 1350.77, 1442.24 (C-O-C); 2855.94, 2926.77 (C-H); HRMS m/z (ES+): [MNa]+ 

455.2420, calculated 455.2419. 

 

3) Synthesis of (1-mercaptoundec-11-
yl)tri(ethylene glycol) 4,4,4-trifluorobutyl ether 
(2) 

 

i). Triethylene glycol benzyl 4,4,4-trifluorobutyl ether (10b)7 
 

 

Figure III-13: Triethylene glycol benzyl 4,4,4,-trifluorobutyl ether 

 

δH 1.74–1.89 (2H, m, 13-H), 2.1–2.29 (2H, m, 14-H), 3.46–3.72 (14H, m, 6-H, 7-H, 8-H, 9-H, 

10-H, 11-H and 12-H), 4.57 (2H, 5-H), 7.27–7.38 (5H, m, 1-H, 2-H and 3-H); δC 22.2 (1C, q, 
2JC,F: 2.8, 13), 30.5 (1C, q, 3JC,F: 29.1, 14), 69.2, 69.3, 70.0, 70.4, 70.5, 73.0 (8C, 5, 6, 7, 8, 9, 

10, 11 and 12), 127.2 (1C, q, 1JC,F: 276.1, 15), 127.4, 127. 6, 128.2, 129.9, 132.8 (5H, 1, 2, 

and 3), 138.1 (1C, 4); δF -66.8 (t, 1JC,F: 11.1, 14-F); νMAX(film)/cm-1 699.13, 738.55 (Ar); 

833.92, 1029.40, 1112.71, 1254.26 (CF3); 1388.88, 1454.31 (C-O-C); 2867.81 (C-H); 

3031.44, 3064.50, 3088.49 (Ar); HRMS m/z (ES+): [MNa]+ 373.1598, calculated 373.1603. 
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ii). Triethylene glycol mono(4,4,4-trifluorobutyl)ether (11b)8 

 

 

Figure III-14: Triethylene glycol mono(4,4,4-trifluorobutyl)ether 

 

δH 1.72–1.84 (2H, m, 8-H), 2.06–2.24 (2H, m, 9-H), 2.91 (1H, br, 1-OH), 3.43–3.73 (14H, m, 

1-H, 2-H, 3-H, 4-H, 5-H, 6-H, and 7-H); δC 22.2 (1C, q, 2JC,F: 2.9, 8), 30.5 (1C, q, 2JC,F: 28.9, 

9), 61.5, 69.2, 70.0, 70.2, 70.3, 70.5, 72.4 (7C, 2, 3, 4, 5, 6, and 7), 125.2 (1C, q, J: 274.6, 10); 

δF -66.9 (t, 1JC,F: 11); νMAX(film)/cm-1 833.68, 935.36, 1157.96, 1256.07 (CF3); 1454.83 (C-O-

C); 2865.78 (C-H); 3449.62 (O-H); HRMS m/z (ES+): [MNa]+ 283.1128, calculated 

283.1133. 

 

iii). Triethylene glycol 4,4,4-trifluorobutyl undec-10-enyl ether 
(12b)9 

 

 

Figure III-15: Undec-11-enyl trifluoropropyl trieth ylene glycol 

 

δH 1.22–1.40 (12H, m, 4-H, 5-H, 6-H, 7-H, 8-H and 9-H), 1.51–1.62 (2H, m, 10-H), 1.76–

1.88 (2H, m, 19-H), 1.97–2.08 (2H, m, 3-H), 2.10–2.27 (2H, m, 20-H), 3.39–3.70 (16H, m, 

11-H, 12-H, 13-H, 14-H, 15-H, 16-H, 17-H, and 18-H), 4.89–5.03 (2H, m, 1-Ha, and 1-Hb), 

5.81 (1H, tdd, 3JH,Hb : 16.9, 3JH,Ha : 10.2, 3JH,H : 6.7, 2-H); δC 22.2 (1C, q, 3JC,F: 2.7, 19), 25.9, 

28.7, 28.9, 29.3, 29.3, and 33.6 (8C, 3, 4, 5, 6, 7, 8, 9, and 10), 30.5 (1C, q, 2JC,F: 28.9, 20), 

66.4, 69.2, 69.7, 69.9, 70.0, 70.4, 70.5, and 71.3 (8C, 11, 12, 13, 14, 15, 16, 17 and 18), 113.9 

(1C, 1), 127.1 (1C, q, 1JC,F: 276.4, 21),  139.0 (1C, 2); δF -66.9 (t, 3JF,H: 11.0); νMAX(film)/cm-1 

1031.41, 1121.92, 1254.19 (CF3); 1351.28, 1454.61 (C-O-C); 1640.92 (CH=CH2); 2857.53, 

2927.67 (C-H); 3077.30 (=CH2); HRMS m/z (ES+): [MNa]+ 413.2879, calculated 413.2879. 
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iv). Triethylene glycol 10-acetylthiodecyl 4,4,4-trifluorobutyl 
ether (13b)9    

 

 

Figure III-16: Triethylene glycol 10-acetylthiodecyl 4,4,4-trifluorobutyl ether  

 

δH 1.21–1.31 (14 H, m, 5-H, 6-H, 7-H, 8-H, 9-H, 10-H, and 11-H), 1.49–1.59 (4 H, m, 4-H, 

and 12-H), 1.75–1.86 (2H, m, 21-H), 2.07–2.26 (2H, m, 22-H), 2.29 (3H, s, 1-H), 2.83 (2H, t, 
3JH,H: 7.3, 3-H), 3.42 (2H, t, 3JH,H: 6.8, 13-H), 3.46–3.66 (14H, m, 14-H, 15-H, 16-H, 17-H, 

18-H, 19-H, and 20-H); δC 22.2, 26.0, 28.7, 29.0, 29.0, 29.4, 29.4, 29.5, 29.5 (10C, 3, 4, 5, 6, 

7, 8, 9, 10, 11, and 12), 30.6 (1C, q, 23), 34.3 (1C, q, 2JC,F: 28.9, 21), 66.5 (1C, 22), 69.2, 69.7, 

69.9, 70.1, 70.4, 70.5, and 71.4 (9C, 13, 14, 15, 16, 17, 18, 19, 20, and 21), 127.2 (1C, q, 1JC,F: 

276.4, 24), 196.0 (1C, 2); δF -66.8 (3F, t, 3JF,H:11.0, 24-F);  νMAX(film)/cm-1 634.28 (-S-); 

834.47, 994.76, 1120.09, 1254.00 (CF3); 1351.20, 1454.90 (C-O-C); 1640.84 (C=O); 

2859.49, 2935.18 (C-H); HRMS m/z (ES+): [MNa]+ 511.2679, calculated 511.2681. 

 

v). (1-mercaptoundec-11-yl)tri(ethylene glycol) 3,3,3-
trifluorobutyl ether (2)9    

 

 

Figure III-17: (1-mercaptoundec-11-yl)tri(ethylene glycol) 3,3,3-trifluorobutyl ether 

 

δH 1.15–1.37 (15H, m, 4-H, 5-H, 6-H, 7-H, 8-H, 9-H, and 10-H, a triplet with 3JH,H: 7.7 in the 

multiplet for S-H), 1.50–1.65 (4H, m, 3-H, and 11-H), 1.76–1.89 (2H, m, 20-H), 2.06–2.28 

(2H, m, 21-H), 2.50 (2H, td, 3JH,H ≈ 3JH,H (through S atom): 7.7, 1-H), 3.43 (2H, t, 3JH,H: 6.7, 

12-H), 3.50 (2H, t, 3JH,H: 6.2, 19-H), 3.54–3.69 (12 H, m, 13-H, 14-H, 15-H, 16-H, 17-H, and 

18-H); δC 22.3 (1C, q, 3JC,F: 2.8), 24.6, 26.0, 28.3, 29.0, 29.4, 29.5, 29.5, 34.0 (10 C, 1, 2, 3, 4, 

5, 6, 7, 8, 9, and 10), 30.6 (1C, q, 2JC,F: 28.8, 20), 69.3, 69.8, 70.0, 70.1, 70.5, 70.6, and 71.5 

(8C, 11, 12, 13, 14, 15, 16, 17, and 18), 127.2 (1C, q, 1JC,F: 276.4, 21) δF -66.8 (3F, t, 
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3JF,H:11.0, 21-F); νMAX(film)/cm-1 660.04 (S-C); 868.31, 1029.83, 1121.97, 1253.88 (CF3); 

1351.18, 1452.55 (C-O-C); 2859.94, 2936.20 (C-H); HRMS m/z (ES+): [MNa]+ 447.2750, 

calculated 447.2756. 

 

4) Synthesis of (1-mercaptoundec-11-
yl)tetra(ethylene glycol) 3,3,3-trifluoropropyl 
ether (3) 

 

i). Tetra ethylene glycol monobenzyl ether (8b)5 

 

 

Figure III-18: Tetra ethylene glycol monobenzyl ether 

 

δH 3.03 (1H, s br, O-H), 3.56–3.73 (16H, m, 6-H, 7-H, 8-H, 9-H, 10-H, 11-H, 12-H, and 13-

H), 4.58 (2H, s, 5-H), 7.28–7.37 (5H, m, 1-H, 2-H, and 3-H); δC 61.4, 69.2, 70.1, 70.4, 70.4, 

70.6, 72.4, 73.0, and 73.3 (9C, 5, 6, 7, 8, 9, 10, 11, 12, and 13), 127.4, 127.6, and 128.2 (5C, 

1, 2, and 3), 138.0 (1C, 4);  νMAX(film)/cm-1 699.21, 738.66 (Ar); 1102.20, 1357.65, 1454.22  

(C-O-C); 2868.85 (C-H); 3030.15, 3063.44, 3087.58 (Ar); 3439.71 (O-H); HRMS m/z (ES+): 

[MNa]+ 307.1512, calculated 307.1521.    

 

ii). 2-(2-(2-(2-benzyloxyethoxy)ethoxy)ethoxy)ethyl 
methanesulfonate (9b)6 

 

 

Figure III-19: 2-(2-(2-(2-benzyloxyethoxy)ethoxy)ethoxy)ethyl methanesulfonate 
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δH  3.02 (3H, s, 14-H), 3.59–3.68 (12H, m, 6-H, 7-H, 8-H, 9-H, 10-H, and 11-H), 3.69–3.74, 

and 4.29–4.36 (4H, m, 12-H, and 13-H), 4.54 (2H, s, 5-H), 7.27–7.35 (4H, m, 1-H, 2-H, and 

3-H); δC 37.2 (1C, 14), 68.6, 69.1, 70.1, 70.2, 72.7 (9C, 5, 6, 7, 8, 9, 10, 11, 12, and 13), 

128.0, 128.1, 128.7 (5C, 1, 2, and 3), 137.9 (1C, 4); νMAX(film)/cm-1 700.56, 740.92 (Ar); 

806.54 (-SO2-); 1105.91 (C-O-C); 1175.21 (-SO2-); 1352.52, 1454.84 (C-O-C); 2869.48 (C-

H); 3028.98, 3062.70 (Ar); HRMS m/z (ES+): [MNa]+ 385.1304, calculated 385.1297. 

 

iii). Tetraethylene glycol  benzyl 3,3,3-trifluoropropyl ether (10c) 
7 

 

 

Figure III-20: Tetraethylene glycol benzyl 3,3,3-trifluoropropyl ether  

 

δH 1.79 (1H, s br, O-H), 2.42 (tq, 3JH,F: 10.9, 3JH,H: 6.8, 15-H), 3.59–3.73 (18H, m, 6-H, 7-H, 

8-H, 9-H, 10-H, 11-H, 12-H, 13-H, and 14-H), 4.57 (2H, s, 5-H), 7.26–7.38 (5H, m, 1-H, 2-H, 

and 3-H); δC 34.0 (1C, q, 2JC,F: 28.2, 15), 63.7 (1C, q, 3JC,F: 3.6, 14), 69.1, 70.1, 70.2, 70.3, 

70.3, and 72.8 (9C, 5, 6, 7, 8, 9, 10, 11, 12, and 13), 125.9 (1C, 1JC,F: 276.7, 16), 127.2, 127.3, 

128.0 (5C, 1, 2, and 3), 138.0 (1C, 4); δF -65.24 (t, 1JC,F: 10.8, 16-F); νMAX(film)/cm-1 699.20, 

738.88 (Ar); 848.03, 1004.69, 1144.58, 1256.00 (CF3); 1351.56, 1454.55 (C-O-C); 2868.64 

(C-H); 3031.09, 3063.91, 3088.27 (Ar); HRMS m/z (ES+): [MNa]+ 403.1706, calculated 

403.1708. 

 

iv). Tetraethylene glycol  mono(3,3,3-trifluoropropyl)ether (11c)8 

 

 

Figure III-21: Tetraethylene glycol mono(3,3,3-trifluoropropyl)ether  
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δH 2.43 (2H, tq, 3JH,F: 10.8, 3JH,H: 6.8, 11-H), 3.59–3.76 (18H, m, 1-H, 2-H, 3-H, 4-H, 5-H, 6-

H, 7-H, 8-H, 9-H, and 10-H); δC 34.0 (1C, q, 2JC,F: 28.3, 11), 61.3 (1C, 1), 63.8 (1C, q, 3JH,H: 

3.5, 7), 70.0, 70.2, 70.3, 72.3, 70.3 (7C, m, 2, 3, 4, 5, 6, 7, and 8), 125.9 (1C, q, J: 276.5, 12); 

δF -65.3 (3F, t, 1JC,F: 10.8); νMAX(film)/cm-1 838.34, 1005.46 1146.22, 1256.74 (CF3); 

1351.14, 1443.49 (C-O-C); 2879.89 (C-H); 3458.17 (O-H); HRMS m/z (ES+): [MNa]+ 

313.1237, calculated 313.1239. 

 

v). Tetraethylene glycol  3,3,3-trifluoropropyl undec-10-unyl 
ether (12c)9 

 

 

Figure III-22: Tetrathylene glycol 3,3,3-trifluorop ropyl undec-10-wnyl ether  

 

δH 1.21–1.41 (12H, m, 4-H, 5-H, 6-H, 7-H, 8-H and 9-H), 1.51–1.64 (2H, m, 10-H), 1.95–

2.14 (2H, m, 3-H), 2.43  (2H, tq, 4JH,F: 10.8, 3JH,H: 6.8, 23-H), 3.45 (2H, t, 3JH,H: 6.8, 11-H), 

3.55–3.71 (18H, m, 12-H, 13-H, 14-H, 15-H, 16-H, 17-H, 18-H, 19-H, and 20-H), 4.90–5.04 

(2H, m, 1-H), 5.81 (1H, tdd, 3JH,Hb: 17, 3JH,Ha: 10.2, 3JH,H: 6.7); δC 26.0, 28.8, 29.0, 29.3, 29.4, 

29.4, 29.5, 33.7 (8C, 3, 4, 5, 6, 7, 8, 9, and 10), 34.3 (1C, q, 2JC,F: 28.3, 21), 64.0 (1C, q, 3JC,F: 

3.6, 20), 70.0, 70.4, 70.5, 70.6, 71.4 (9C, 11, 12, 13, 14, 15, 16, 17, 18, and 19), 114.0 (1C, 1), 

126.0 (1C, q, 1JC,F: 276.0, 22), 139.1 (1C, 2); δF -65.3 (t, 3JF,H: 10.8); νMAX(film)/cm-1 993.09, 

1121.72, 1257.73 (CF3); 1351.03, 14250.35 (C-O-C); 1640.71 (CH=CH2); 2855.94, 2926.77 

(C-H); 3076.90 (=CH2); HRMS m/z (ES+): [MNa]+ 465.2801, calculated 465.2804. 

    

vi). Tetraethylene glycol  10-acetylthiodecyl 3,3,3-trifluoropropyl 
ether (13c)9 

 

 

Figure III-23: Tetraethylene glycol 10-acetylthiodecyl 3,3,3-trifluoropropyl ether  
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δH 1.23–1.30 (12H, m, 6-H, 7-H, 8-H, 9-H, 10-H, and 11-H), 1.52–1.61 (6H, m, 4-H, 5-H, 

and 12-H), 2.32 (3H, s, 1-H), 2.42 (2H, tq, 3JH,F: 10.8, 3JH,H : 6.8, 23-H), 2.86 (2H, t, 3JH,H:6.8, 

3-H), 3.44 (2H, t, 3JH,H:6.8, 13-H), 3.54–3.73 (18, m, 14-H, 15-H, 16-H, 17-H, 18-H, 19-H, 

20-H, 21-H, and 22-H); δC 26.0, 28.7, 29.0, 29.0, 29.4, 29.4, 29.4, and 29.5 (10C, 3, 4, 5, 6, 7, 

8, 9, and 10), 34.3 (1C, q, 3JC,F: 28.2, 23), 64.0 (1C, q, 3JC,F: 3.5, 22), 69.9, 70.4, 70.5, 70.6, 

and 71.4 (9C, 13, 14, 15, 16, 17, 18, 19, 20, and 21), 126.0 (1C, q, 3JC,F:276.9, 24), 196.0 (1C, 

2); δF -65.3 (3F, t, 3JF,H:10.8, 22-F); νMAX(film)/cm-1 627.84 (-S-); 841.58, 1005.04, 1135.93, 

1255.78 (CF3); 1352.96, 1441.76 (C-O-C); 1693.70 (C=O); 2856.59, 2926.82 (C-H); HRMS 

m/z (ES+): [MNa]+ 541.2787, calculated 541.2787. 

 

vii). (1-mercaptoundec-11-yl)tetra(ethylene glycol) 3,3,3-
trifluoropropyl ether (3)9 

 

 

Figure III-24: (1-mercaptoundec-11-yl)tetra(ethylene glycol) 3,3,3-trifluoropropyl ether 

 

δH 1.15–1.39 (15H, m, 3-H, 4-H, 5-H, 6-H, 7-H, 8-H, 9-H, and S-H), 1.47–1.62 (4H, m, 2-H, 

and 10-H), 2.26–2.52 (4H, m, 1-H, and 21-H), 3.40 (2H, t, 3JH,H: 3.40, 11-H), 3.50–3.70 (18H, 

m, 12-H, 13-H, 14-H, 15-H, 16-H, 17-H, 18-H, 19-H, and 20-H); δC 24.5, 25.9, 28.2, 28.9, 

29.3, 29.4, 29.5, 32.8, 33.9, and 34.0 (10C, 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10), 34.2 (1C, q, 2JC,F: 

28.1, 21), 63.9 (1C, q, 3JC,F: 3.6, 20), 69.9, 70.4, 70.4, 70.5, 71.3 (8C, 11, 12, 13, 14, 15, 16, 

17, and 18), 126.0 (1C, q, 1JC,F: 277.0, 22); δF -65.3 (3F, t, 3JF,H:10.8, 22-F); νMAX(film)/cm-1 

657.73 (S-C); 842.51, 1004.91, 1148.59, 1255.80 (CF3); 1351.01, 1439.67 (C-O-C); 2856.45, 

2927.02 (C-H); HRMS m/z (ES+): [MNa]+ 499.2685, calculated 499.2681. 
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5) Synthesis of (1-mercaptoundec-11-
yl)tetra(ethylene glycol) 2,2,2-trifluoroethyl ether 
(4) 

 

i). Tetraethylene glycol benzyl 2,2,2-trifluoroethyl ether (10d)7 
 

 

Figure III-25: Tetraethylene glycol benzyl 2,2,2-trifluoroethyl ether  

 

δH 3.81–3.82 (16H, m, 6-H, 7-H, 8-H, 9-H, 10-H, 11-H, 12-H, and 13-H), 3.91 (2H, q, 3JH,F: 

8.8, 14-H), 4.58 (2H, s, 5-H), 7.28–7.39 (5H, m, 1-H, 2-H, and 3-H); δC 68.5 (1C, q, 2JC,F: 

33.8, 14), 69.3, 70.4, 70.5, 70.5, 71.7, and 73.0 (9C, 5, 6, 7, 8, 9, 10, 11, 12, and 13), 123.9 

(1C, 1JC,F: 279.9, 15), 127.4, 127.6, 128.2 (5C, 1, 2, and 3), 138.1 (1C, 4); δF -74.71 (t, 1JC,F: 

8.8, 15-F); νMAX(film)/cm-1 699.14, 739.35 (Ar); 965.47, 1152.07, 1279.34 (CF3); 1351.05, 

1454.58 (C-O-C); 2869.87 (C-H); 3031.67, 3064.85, 3089.06 (Ar); HRMS m/z (ES+): 

[MNa]+ 389.1552, calculated 389.1553. 

 

ii). Tetraethylene glycol mono (2,2,2-trifluoroethyl) ether (11d)8 

 

 

Figure III-26: Tetraethylene glycol mono(2,2,2-trifluoroethyl) ether  

 

δH 2.10 (1H, s br, ), 3.58–3.84 (16H, 1-H, 2-H, 3-H, 4-H, 5-H, 6-H, 7-H, and 8-H), 3.92 (2H, 

q, 3JH,F: 8.8, 9-H); δC  61.4 (1C, 1), 68.5 (1C, q, 3JH,H: 33.8, 9), 70.1, 70.3, 70.4, 70.4, 71.7, 

72.4 (7C, m, 2, 3, 4, 5, 6, 7, and 8), 123.9 (1C, q, J: 279.7, 10); δF -74.7 (t, 3JH,F: 8.8); 

νMAX(film)/cm-1 886.48, 965.69, 1156.36, 1279.92 (CF3); 1350.79, 1457.32 (C-O-C); 2877.33 

(C-H); 3446.23 (O-H); HRMS m/z (ES+): [MNa]+ 299.1082, calculated 299.1078. 
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iii). Tetraethylene glycol 2,2,2-trifluoroethyl undec-10-enyl ether 
(12d)9 

 

 

Figure III-27: Tetraethylene glycol 2,2,2-trifluoroethyl undec-10-enyl ether  

 

δH 1.14–1.63 (16H, m, 3-H, 4-H, 5-H, 6-H, 7-H, 8-H, 9-H and 10-H), 1.94–2.06 (2H, m, 10-

H), 3.41 (2H, t, 3JH,H: 6.8, 11-H), 3.51–3.78 (16H, m, 12-H, 13-H, 14-H, 15-H, 16-H, 17-H, 

18-H and 19-H), 3.88 (2H, q, 3JH,F: 8.9, 20-H), 4.86–4.99 (2H, m, 1-Ha, and 1-Hb), 5.77 (1H, 

tdd, 3JH, Hb: 17.0, 3JH, Hb: 10.3, 3JH, H: 6.6, 2-H); δC 25.9, 28.8, 29.0, 29.3, 29.3, 29.4, 29.5 (7C, 

4, 5, 6, 7, 8, 9, and 10), 33. 7 (1C, 3), 69.1 (1C, q, 2JC,F: 33.9, 20), 69.9, 70.4, 70.5, 70.5, 70.6, 

71.4, 71.8 (9C, 11, 12, 13, 14, 15, 16, 17, 18, and 19), 114.0 (1C, 1), 123.9 (1C, q, 1JC,F: 

279.2, 20), 139.0 (1C, 2); δF -74.8 (t, 3JF,H: 8.8); νMAX(film)/cm-1 966.08, 1120.17, 1280.04 

(CF3); 1351.27, 1459.54 (C-O-C); 1640.87 (CH=CH2); 2857.42, 2927.59 (C-H); 3077.06 

(=CH2); HRMS m/z (ES+): [MNa]+ 451.2659, calculated 451.2647. 

    

iv). Tetraethylene glycol 10-acetylthiodecyl 2,2,2-trifluoroethyl 
ether (13d)9 

 

 

Figure III-28: Tetraethylene glycol 10-acetylthiodecyl 2,2,2-trifluoroethyl ether  

 

δH 1.20–1.66 (18H, m, 4-H, 5-H, 6-H, 7-H, 8-H, 9-H, 10-H, 11-H, and 12-H), 2.36 (3H, s, 1-

H), 2.87 (2H, t, 3JH,H: 7.4, 3-H), 3.45 (2H, t, 3JH,H: 6.8, 13-H), 3.52–3.83 (16H, m, 14-H, 15-H, 

16-H, 17-H, 18-H, 19-H, 20-H and 21-H), 3.90 (2H, q, 3JH,F: 8.8, 22-H); δC 25.9, 28.7, 28.9, 

29.0, 29.3, 29.3, 29.4, 29.5, 30.5 (10C, 1, 3, 4, 5, 6, 7, 8, 9, 10, and 11), 68.6 (1C, q, 2JC,F: 

33.8, 21), 69.9, 70.5, 70.6, 71.4, 71.8 (9C, 12, 13, 14, 15, 16, 17, 18, 19, and 20), 123.9 (1C, 
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22), 195.8 (1C, 2); δF -74.7 (3F, t, 3JF,H: 8.8, 22-F); νMAX(film)/cm-1 627.51 (-S-); 827.76, 

964.91, 1154.86, 1279.86 (CF3); 1354.17, 1460.23 (C-O-C); 1693.27 (C=O); 2856.75, 

2927.76 (C-H); HRMS m/z (ES+): [MNa]+ 527.2637, calculated 527.2630. 

 

v). (1-mercaptoundec-11-yl)tetra(ethylene glycol) 2,2,2-
trifluoroethyl ether (4)9 

 

 

 

Figure III-29: (1-mercaptoundec-11-yl)tetra(ethylene glycol) 2,2,2-trifluoroethyl ether 

 

δH 1.25–1.64 (19H, m, S-H, 2-H, 3-H, 4-H, 5-H, 6-H, 7-H, 8-H, 9-H, and 10-H), 2.51 (2H, td, 
3JH,F: 7.19, 3JH,H: 7.46, 1-H), 3.45 (2H, t, 3JH,H: 6.79, 11-H), 3.56–3.70 (16H, m, 12-H, 13-H, 

14-H, 15-H, 16-H, 17-H, 18-H, and 19-H), 3.92 (2H, q, 3JH,F: 8.9, 20-H); δC 24.6, 26.0, 28.3, 

28.5, 29.0, 29.2, 29.5, 29.6, 34.0 (10C, 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10), 70.0, 70.5, 70.6, 70.7, 

71.5, 71.9 (9C, 11, 12, 13, 14, 15, 16, 17, 18, and 19), 68.7 (1C, q, 2JC,F: 35.9, 20), 124.0 (1C, 

q, 1JC,F: 279.8, 21); δF -74.7 (3F, t, 3JF,H: 8.8, 21-F); νMAX(film)/cm-1 667.69 (S-C); 827.40, 

965.80, 1154.13, 1279.49 (CF3); 1350.50, 1457.68 (C-O-C); 2360.10, 2925.98 (C-H); HRMS 

m/z (ES+): [MNa]+ 485.2540, calculated 485.2525. 

 

6) Synthesis of (1-mercaptoundec-11-
yl)haxa(ethylene glycol) 2,2,2-trifluoropropyl 
ether (5) 
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i). Hexaethylene glycol monobenzyl ether (8c)7 

 

 

 

Figure III-30: Hexaethylene glycol monobenzyl ether 

 

δH 2.59 (1H, s br, 17-OH), 3.58–3.76 (24H, m, 6-H, 7-H, 8-H, 9-H, 10-H, 11-H, 12-H, 13-H, 

14-H, 15-H, 16-H, and 17-H ), 4.57 (2H, s, 5-H), 7.27–7.38 (5H, m, 1-H, 2-H, and 3-H); δC 

61.6 (1C, 17), 69.3, 70.2, 70.5, 72.4, 73.1 (12C, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, and 16), 

127.5, 127.6, 128.3 (5C, 1, 2, and 3), 138.2 (1C, 4); νMAX(film)/cm-1 699.46, 740.69 (Ar); 

1104.59, 1350.41, 1453.92  (C-O-C); 2868.04 (C-H); 3030.26, 3062.60 (Ar); 3470.61 (O-H); 

HRMS m/z (ES+): [MNa]+ 395.2042, calculated 395.2046.    

 

ii). 2-(2-(2-(2-(2-(2- 
benzyloxyethoxy)ethoxy)ethoxy)ethoxy)ethoxy)ethyl 
methanesulfonate (9c)8 

 

 

Figure III-31: 2-(2-(2-(2-(2-(2-benzyloxyethoxy)ethoxy)ethoxy)ethoxy)ethoxy)ethyl 
methanesulfonate  

 

δH  3.08 (3H, s, 18-H), 3.60–3.72 (20H, m, 6-H, 7-H, 8-H, 9-H, 10-H, 11-H, 12-H, 13-H, 14-

H, 15-H, and 16-H), 3.74–4.41 (4H, m, 16-H, and 17-H), 4.57 (2H, s, 5-H), 7.28–7.37 (5H, m, 

1-H, 2-H, and 3-H); δC 37.6 (1C, 18), 68.8, 69.2, 69.3, 70.4, 70.4, 70.5 (12C, 6, 7, 8, 9, 10, 11, 

12, 13, 14, 15, 16, and 17), 73.1 (1C, 5), 127.4, 127.6, 128.2 (5C, 1, 2, and 3), 138.1 (1C, 4); 

νMAX(film)/cm-1 700.89, 750.84 (Ar); 799.37, 921.35 (-SO2-); 1101.86 (C-O-C); 1367.41, 
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1454.30 (C-O-C); 2873.99 (C-H); 3031.56 (Ar); HRMS m/z (ES+): [MNa]+ 473.1829, 

calculated 473.1821. 

 

iii). Hexaethylene glycol benzyl 3,3,3-trifluoropropyl ether (10e)7 
 

 

Figure III-32: Hexaethylene glycol benzyl 3,3,3-trifluoropropyl ether  

 

δH 2.42 (2H, tq, 3JH,F : 10.8, 3JH,F : 6.8, 19-H), 3.36–3.96 (28H, m, 5-H, 6-H, 7-H, 8-H, 9-H, 

10-H, 11-H, 12-H, 13-H, 14-H, 15-H, 16-H, 17-H, and 18-H), 4.57 (2H, s, 4-H), 7.28–7.38 

(5H, m, 1-H, 2-H and 3-H); δC 34.3 (1C, q, 2JC,F: 28.0, 19), 64.0 (1C, q, 3JC,F: 3.6, 18), 69.4, 

70.5, 70.6, 73.2 (13C, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, and 17), 127.5, 127.7, 128.3 (5C, 

1, 2, and 3), 138.2 (1C, 4); δF -65.22 (t, 3JH,F: 10.8, 20-F); νMAX(film)/cm-1 699.27, 739.75 

(Ar); 947.30, 1113.42, 1256.17 (CF3); 1350.64, 1454.10 (C-O-C); 2870.08 (C-H); 3031.24, 

3064.12 (Ar); HRMS m/z (ES+): [MNa]+ 491.2226, calculated 491.2233. 

 

iv). Hexaethylene glycol mono(3,3,3-trifluoropropyl) ether(11e)9 

 

 

Figure III-33: Hexaethylene glycol mono(3,3,3-trifluoropropyl) ether  

 

δH 2.42 (2H, tq, 3JH,F: 10.8, 3JH,H: 6.8, 14-H), 2.55 (1H, s br, OH), 3.39–3.91 (26H, m, 1-H, 2-

H, 3-H, 4-H, 5-H, 6-H, 7-H, 8-H, 9-H, 10-H, 11-H, 12-H, and 13-H); δC 34.1 (1C, q, 2JC,F: 

28.3, 14), 57.9, 61.4, 70.1, 70.3, 70.4, 72.4 (12C, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11 and 12), 63.9 

(1C, q, 3JC,F: 3.6, 13), 126.0 (1C, q, 1JC,F: 276.0, 15); δF -65.23 (3F, t, 3JH,F : 10.8, 15-F); 

νMAX(film)/cm-1 840.88, 946.78, 1139.04, 1256.73 (CF3); 1350.66, 1443.59 (C-O-C); 2873.92 

(C-H); 3471.16 (O-H); HRMS m/z (ES+): [MNa]+ 379.1939, calculated 379.1944. 
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v). Hexaethylene glycol 3,3,3-trifluoropropyl undec-10-enyl 
ether (12e)9 

 

 

Figure III-34: Hexaethylene glycol 3,3,3-trifluoropropyl undec-10-enyl ether  

 

δH 1.25–1.61 (14H, m, 4-H, 5-H, 6-H, 7-H, 8-H, 9-H, and 10-H), 1.96–2.09 (2H, m, 3-H), 

2.41  (2H, tq, 3JH,F: 10.8, 3JH,H: 6.8, 25-H), 3.44 (2H, t, 3JH,H: 6.8, 24-H), 3.55–3.66 (24H, m, 

12-H, 13-H, 14-H, 15-H, 16-H, 17-H, 18-H, 19-H, 20-H, 21-H, 22-H, and 23-H), 3.69 (2H, t, 
3JH,H: 6.8, 11-H), 4.79–5.08 (2H, m, 1-H), 5.80 (1H, tdd, 3JH,H: 17.1, 3JH,Ha: 10.3, 3JH,Hb: 6.7, 2-

H); δC 26.0, 28.8, 29.0, 29.4, 29.4, 29.5, 29.6, 33.7 (8C, 3, 4, 5, 6, 7, 8, 9, and 10), 34.3 (1C, 

q, 2JC,F: 28.2, 25), 64.0 (1C, q, 2JC,F: 3.6, 24), 70.0, 70.5, 70.6, 71.5 (13C, 11, 12, 13, 14, 15, 

16, 17, 18, 19, 20, 21, 22 and 23), 114.0 (1C, 1), 126.0 (1C, q, 1JC,F: 277.6, 26), 139.1 (1C, 2); 

δF -65.23 (t, 3JF,H: 10.8); νMAX(film)/cm-1 911.84, 1121.31, 1255.94 (CF3); 1350.14, 1458.26 

(C-O-C); 1640.93 (CH=CH2); 2857.63, 2926.79 (C-H); 3076.89 (=CH2); HRMS m/z (ES+): 

[MNa]+ 553.3312, calculated 553.3328. 

 

vi). Hexaethylene glycol 10-acetylthiodecyl 3,3,3-trifluoropropyl 
ether (13e)9 

 

 

Figure III-35: Hexaethylene glycol 10-acetylthiodecyl 3,3,3-trifluoropropyl ether  

 

δH 1.26–1.61 (18H, m, 4-H, 5-H, 6-H, 7-H, 8-H, 9-H, 10-H, 11-H, and 12-H), 2.33 (3H, s, 1-

H), 2.43 (2H, qt, 3JH,F: 10.8, 3JH,H: 6.8, 27-H), 2.87 (2H, t, 3JH,H: 7.4, 26-H), 3.45 (2H, t, 3JH,H: 

6.8, 13-H), 3.55–3.68 (24H, m, 14-H, 15-H, 16-H, 17-H, 18-H, 19-H, 20-H, 21-H, 22-H, 23-

H, 24-H, 25-H, 26-H, 27-H, and 28-H), 3.71 (2H, t, 3JH,H: 6.8, 3-H); δC 26.0, 28.7, 29.0, 29.1, 

29.4, 29.5, 29.5, 30.5 (11C, 1, 3, 4, 5, 6, 7, 8, 9, 10, 11 and 12), 33.9 (1C, q, 2JC,F: 28.1, 27), 

64.0 (1C, q, 3JC,F: 3.6, 26),  70.0, 70.4, 70.5, 70.6, 71.5 (13C, 13, 14, 15, 16, 17, 18, 19, 20, 

21, 22, 23, 24, and 25), 126.5 (1C, q, 1JC,F: 276.6, 28), 196.3 (1C, 2); δF -65.27 (3F, t, 3JF,H: 
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10.4, 28-F); νMAX(film)/cm-1 628.42 (-S-); 849.52, 952.76, 1135.09, 1256.02 (CF3); 1354.00, 

1457.18 (C-O-C); 1692.34 (C=O); 2857.10, 2927.44 (C-H); HRMS m/z (ES+): [MNa]+ 

629.3311, calculated 629.3311. 

 

vii). (1-mercaptoundec-11-yl)hexa(ethylene glycol) 3,3,3-
trifluoropropyl ether (5)  

 

 

Figure III-36: (1-mercaptoundec-11-yl)hexa(ethylene glycol) 3,3,3-trifluoropropyl ether 

 

δH 1.26–1.66 (18H, m, 2-H, 3-H, 4-H, 5-H, 6-H, 7-H, 8-H, 9-H, and 10-H), 2.42 (2H, tq, 3JH,F: 

10.8, 3JH,H: 6.8, 25-H), 2.49–2.56 (1H, m, S-H), 3.45 (2H, t, 3JH,H: 6.8, 1-H), 3.49–3.68 (24H, 

m, 11-H, 12-H, 13-H, 14-H, 15-H, 16-H, 17-H, 18-H, 19-H, 20-H, 21-H, 22-H, and 23-H), 

3.70 (2H, t, 3JH,H: 6.8, 24-H); δC 23.8, 25.3, 27.5, 28.2, 28.7, 28.7, 33.2 (10C, 1, 2, 3, 4, 5, 6, 

7, 8, 9, and 10), 33.6 (1C, q, 2JC,F: 28.2, 25), 57.5 (1C, 24), 63.4, 69.2, 69.7, 70.7 (13C, 11, 12, 

13, 14, 15, 16, 17, 18, 19, 20, 21, 22, and 23), 125.4 (1C, q, 1JC,F: 276.8, 26); δF -65.21 (3F, t, 
3JF,H: 10.6, 26-F); νMAX(film)/cm-1 657.66 (S-C); 843.95, 950.09, 1144.60, 1256.25 (CF3); 

1350.34, 1456.74 (C-O-C); 2856.34, 2930.18 (C-H); HRMS m/z (ES+): [MNa]+ 587.3201, 

calculated 587.3205. 
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7) Synthesis of (1-mercaptoundec-11-
yl)hexa(ethylene glycol) 2,2,2-trifluoroethyl ether 
(6) 

 

i). Hexaethylene glycol benzyl ether 2,2,2-trifluoroethyl ether 
(10f)7 

 
 

 

 

Figure III-37: Hexaethylene glycol benzyl ether 2,2,2-trifluoroethyl ether  

 

δH 3.61–3.82 (24H, m, 6-H, 7-H, 8-H, 9-H, 10-H, 11-H, 12-H, 13-H, 14-H, 15-H, 16-H, and 

17-H), 3.92 (2H, q, 3JH,F: 8.8, 18-H), 4.58 (2H, s, 5-H), 7.28–7.39 (5H, m, 1-H, 2-H and 3-H); 

δC 68.7 (1C, q, 2JC,F: 33.8, 18), 69.4, 70.5, 70.6, 70.6, 71.9, 73.1 (13C, 5, 6, 7, 8, 9, 10, 11, 12, 

13, 14, 15, 16, and 17), 124.0 (1C, q, 1JC,F: 277.67, 19 ), 127.5, 127.7, 128.3 (5C, 1, 2, and 3), 

138.3 (1C, 4); δF -74.77 (t, 1JC,F: 8.8, 19-F); νMAX(film)/cm-1 699.27, 740.07 (Ar); 965.14, 

1109.11, 1151.38, 1279.57 (CF3); 1351.09, 1454.69 (C-O-C); 2869.75 (C-H); 3031.07, (Ar); 

HRMS m/z (ES+): [MNa]+ 477.2068, calculated 477.2076. 

 

ii). Hexaethylene glycol mono(2,2,2-trifluoroethyl) ether (11f)9 

 

 

Figure III-38: Hexaethylene glycol 2,2,2-trifluoroethyl undec-10-enyl ether  

 

δH 2.50 (2H, s br, 1-H), 3.57–3.83 (23H, m, OH, 2-H, 3-H, 4-H, 5-H, 6-H, 7-H, 8-H, 9-H, 10-

H, 11-H and 12-H), 3.92 (2H, q, 3JH,F: 8.7, 13-H) ; δC 61.7 (1C, s, 1), 68.7 (1C, q, 2JC,F: 33.9, 

13),70.3, 70.5, 70.6, 71.9, 72.5 (11C, m, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11 and 12), 124.0 (1C, q, J: 
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208.0, 14); δF -74.72 (3F, t, 3JH,F : 8.7, 14-F); νMAX(film)/cm-1 846.03, 965.35, 1152.24, 

1279.86 (CF3); 1351.39, 1455.93 (C-O-C); 2873.22 (C-H); 3466.28 (O-H); HRMS m/z 

(ES+): [MNa]+ 365.1789, calculated 365.1787. 

 

iii). Hexaethylene glycol 2,2,2-trifluoroethyl undec-10-enyl ether 
(11f)9 

 

 

Figure III-39:   Hexaethylene glycol 2,2,2-trifluoroethyl undec-10-enyl ether  

 

δH 1.25–1.32 (14H, m, 4-H, 5-H, 6-H, 7-H, 8-H, 9-H, and 10-H), 1.98–2.12 (2H, m, 3-H), 

3.45  (2H, t, 3JH,H: 6.8, 18-H), 3.63–3.70 (24H, m, 12-H, 13-H, 14-H, 15-H, 16-H, 17-H, 18-

H, 19-H, 20-H, 21-H, 22-H, and 23-H), 3.92 (2H, q, 3JH,F: 8.8, 24-H), 4.85–5.05 (2H, m, 1-H), 

5.80 (1H, tdd, 3JH,H: 17.1, 3JH,Ha: 10.2, 3JH,Hb: 6.7, 2-H); δC 25.7, 26.0, 28.9, 29.1, 29.4, 29.4, 

29.5, 29.6, 33.8, 35.7 (8C, 3, 4, 5, 6, 7, 8, 9, and 10), 68.7 (1C, q, 2JC,F: 33.8, 24), 70.0, 70.6, 

70.7, 71.5, 71.9 (13C, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22 and 23), 114.1 (1C, 1), 

139.2 (1C, s, 2); δF -74.72 (t, 3JF,H: 8.8); νMAX(film)/cm-1 965.77, 1153.10, 1251.57 (CF3); 

1350.30, 1461.72 (C-O-C); 1640.86 (CH=CH2); 2857.37, 2926.44 (C-H); 3076.36 (=CH2); 

HRMS m/z (ES+): [MNa]+ 539.3176, calculated 539.3172. 

 

iv). Hexaethylene glycol 10-acetylthiodecyl 2,2,2-trifluoroethyl 
ether (13f)9 

 

 

 

Figure III-40:   Hexaethylene glycol 10-acetylthiodecyl 2,2,2-trifluoroethyl ether  

 

δH 1.23–1.59 (18H, m, 4-H, 5-H, 6-H, 7-H, 8-H, 9-H, 10-H, 11-H, and 12-H), 2.31 (3H, s, 1-

H), 2.85 (2H, t, 3JH,H: 7.4, 3-H), 3.43 (2H, t, 3JH,H: 6.8, 13-H), 3.53–3.82 (16H, m, 14-H, 15-H, 
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16-H, 17-H, 18-H, 19-H, 20-H and 21-H), 3.90 (2H, q, 3JH,F: 8.8, 22-H); δC 26.0, 28.7, 29.0, 

29.1, 29.4, 29.5, 29.6 (10C, 3, 4, 5, 6, 7, 8, 9, 10, 11, and 12), 30.6 (1C, 1), 68.6 (1C, q, 2JC,F: 

33.9, 26), 70.0, 70.5, 70.6, 71.5, 71.9 (12C, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, and 25), 

124.0 (1C, q, 1JC,F: 279.6, 27), 196.0 (1C, 2); δF -74.71 (3F, t, 3JF,H: 8.8, 27-F); νMAX(film)/cm-

1 627.37 (-S-); 847.17, 964.58, 1118.47, 1279.45 (CF3); 1353.39, 1461.98 (C-O-C); 1692.97 

(C=O); 2856.47, 2926.44 (C-H); HRMS m/z (ES+): [MNa]+ 615.3146, calculated 615.3154. 

 

v). (1-mercaptoundec-11-yl)hexa(ethylene glycol) 2,2,2-
trifluoroethyl ether (6)9 

 

 

 

Figure III-41:   (1-mercaptoundec-11-yl)hexa(ethylene glycol) 2,2,2-trifluoroethyl ether 

 

δH 1.10–1.48 (18H, m, 2-H, 3-H, 4-H, 5-H, 6-H, 7-H, 8-H, 9-H, and 10-H), 2.51 (2H, td, 3JH,H: 

7.47, 3JH,(S)H: 7.25, 1-H), 3.44 (2H, t, 3JH,H: 6.8, 11-H), 3.52–3.82 (24H, m, 12-H, 13-H, 14-H, 

15-H, 16-H, 17-H, 18-H, 19-H, 20-H, 21-H, 22-H, and 23-H), 3.91 (2H, q, 3JH,F: 8.8, 24-H); 

δC 24.6, 26.0, 28.3, 28.5, 29.0, 29.2, 29.4, 29.5, 29.6, 34.0 (10C, 1, 2, 3, 4, 5, 6, 7, 8, 9, and 

10), 68.7 (1C, q, 2JC,F: 34.0, 24), 70.0, 70.5, 70.7, 1.5, 71.9 (13C, 11, 12, 13, 14, 15, 16, 17, 

18, 19, 20, 21, 22, and 23), 124.0 (1C, q, 1JC,F: 279.8, 25); δF -74.8 (3F, t, 3JF,H: 8.8, 23-F); 

νMAX(film)/cm-1 667.56 (S-C); 827.39, 965.82, 1153.81, 1279.59 (CF3); 1350.37, 1460.88 (C-

O-C); 2355.79, 2925.62 (C-H); HRMS m/z (ES+): [MNa]+ 573.3043, calculated 573.3049. 
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Chapter 4 

 

Trifluoro Alkyl Oligo(Ethylene Glycol)-

Terminated Alkanethiol Self-Assembeld 

Monolayer Characterization 

 

 

No matter what the ultimate application, it is essential to have as complete characterisation of 

new surfaces as possible. After characterising each surfactant molecule with the common 

procedures used in organic chemistry: 1H NMR, 1 13C NMR, 2  19F NMR, IR, 3 HRMS, 4 the 

novel trifluoroalkyl oligo(ethylene glycol)-terminated alkanethiol self-assembled monolayers 

which have been prepared were characterised according to some surface characterisation 

methods. Among the numerous characterisation techniques, 5 there is Infrared Spectroscopy 

(IR), 6 which allows certifying that the chemisorption have taken place on the substrate by 

detecting the chemical functions of the molecules on the surface. Quartz Crystal Microbalance 
7 detects a mass per unit area giving the density of the monolayer as the self-assembling 

molecular weight is known. Raman Spectroscopy (RS) 8 is complementary to infrared 

spectroscopy as it also gives the vibrational motion of chemical bonds of the molecules on the 

substrate. Scanning Tunnelling Spectroscopy (STM), 9 or Atomic Force Microscopy (AFM) 10 

are imaging techniques which allow the structure of the atoms on the substrate to be 

represented. Although, each procedure provides invaluable information about SAMs, only 

few techniques are commonly used, mainly contact angle measurement, X-ray Photoelectron 

Spectroscopy (XPS), and/or ellipsometry. 11-15  

Contact angle reflects the hydrophobicity of the termination, 16 it gives information 

concerning the hydrophobicity of the functional groups which are in direct contact with the 

liquid. 17   
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XPS reveals the presence of atoms on the substrate, 18 it is possible to know if the 

assembly process has occurred, in other words if surfactant molecules have adsorbed on the 

noble metal substrate. In addition to the chemical composition, XPS also allows verification 

that the film is free of contamination. 19 The surface coverage of a monolayer can be inspected 

through its morphology with an atomic force microscope, 20 but XPS is more routinely used to 

determine the SAM density. 11  

Although the thickness of self-assembled monolayers can be determined by Plasmon 

surface polarization, 21 X-ray reflectivity, 22 X-ray standing waves, 23 or XPS with angular 

dependent measurements, 24 it is generally determined by ellipsometry measurements. 

For ease of reference, the six self-assembling molecules and their compound numbers are 

reproduced here: 

 

 
(1-mercaptoundec-11-yl)tri(ethylene glycol) 3,3,3-trifluoropropyl ether: 1 

 
(1-mercaptoundec-11-yl)tri(ethylene glycol) 3,3,3-trifluorobutyl ether: 2  

 
(1-mercaptoundec-11-yl)tetra(ethylene glycol) 3,3,3-trifluoropropyl ether: 3  

 
(1-mercaptoundec-11-yl)tetra(ethylene glycol) 2,2,2-trifluoroethyl ether: 4  

 
(1-mercaptoundec-11-yl)hexa(ethylene glycol) 3,3,3-trifluoropropyl ether: 5 

 
(1-mercaptoundec-11-yl)hexa(ethylene glycol) 2,2,2-trifluoroethyl ether: 6  

 

Figure IV-1: Six synthesized (1-mercaptoundec-11-yl)poly(ethylene glycol) 3,3,3-

trifluoroalkyl ether molecules 
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I) Ellipsometry  

 

1) Results 
 

As described in chapter 2, the substrate was fully characterized. Next, the synthetic organic 

layer was added and fitted using a Cauchy model with two coefficients. The refractive index n 

is a function of the wave length according to the equation IV-1: 

 

Equation IV-1: 
2λ

B
An += . 

 

According to literature, 25 1.45 was the value given to A which is the refractive index for high 

wavelengths.  The thickness values measured for each SAM are presented in Table IV-1. 

Ellipsometry provided a way to estimate the density of our SAMs referring to the 

packing density of alkanethiol films. In the alkanethiol monolayer, molecules are tilted by 30º 

from the surface normal. 11 These monolayers are densely packed and defect free. The density 

is such that the thickness of the layer equals the product of the length of the self assembling 

molecule by the cosine of the tilt angle. In films as dense as alkanethiol films, the thickness 

value measured by ellipsometry would equal this multiplication. Therefore the “height of 

single molecule” was calculated from the length of a self-assembling molecule (estimated 

with the software Gaussview) times the cosine of 30°.   

The lower thickness value obtained from ellipsometry indicates a lower density 

compared to an alkanethiol film. The relative coverage was evaluated taking a densely packed 

alkanethiol film as 100% reference. 
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Table IV-1: SAMs thicknesses, expected thicknesses, and relative coverage 

2) Discussion 
 

Herrwerth and co-workers 19 measured the density of similar methyl terminated films. They 

found a relative coverage of 77% for a methyl-tri(ethylene glycol)-terminated SAM. Apart 

from molecule 4, our values were in agreement with their results.  

Even increasing the solution concentration, the value was much lower for molecule 4. 

The assumption of a lower density might be possible but not any suitable explanation was 

found up to now as NMR and IR spectroscopies showed that the synthesised surfactant 

molecule was pure and the solvent used for the solutions was the same for the six self-

assembling molecules.  

 

II)  X-ray Electron Spectroscopy 
 

The XPS survey spectra showed the presence of carbon, oxygen, fluorine, and gold as 

expected. The F1s gave one single peak around 688.7 eV. Another single peak was fitted for 

the O1s emission; this peak was around 532.9 eV. It was possible to distinguish the alkyl 

chain carbon atoms from those in the oligo(ethyleneglycol) groups. The first type of carbon 

atoms gave a peak which is used as reference and fixed at 284.6eV while the ether carbon 

peak was around 286.5 eV.     

Self assembling molecule 
SAM 

Thickness 

Expected 

height of a 

single molecule 

Relative 

coverage 

1 1.79 ±0.02 nm 1.92 nm 81% 

2 1.90 ±0.01 nm 2.10nm 82% 

3 2.02 ±0.02 nm 1.97nm 82% 

4 1.57 ±0.03 nm 2.96 nm 54% 

5 2.51 ±0.04 nm 3.55 nm 70% 

6 2.47 ±0.02  nm 3.26 nm 77% 
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Figure IV-11: Typical XPS fullscan for a self assembled monolayer of (1-
mercaptoundec-11-yl)oligo(ethylene glycol) 3,3,3-trifluoroalkyl ether  

 

The XPS spectra were corrected for charging by referencing the aliphatic C(1s) peak of the 

hydrocarbons to 284.6 eV. Elemental compositions of the various surfaces were determined 

from the area under individual elemental peaks using sensitivity factors provided with the 

software as well as taking the transmission function of the analyser into account. The data 

base for the sensitivity factors is given in literature and is integrated in CasaXPS. 26 The 

spectra were fitted using a Gaussian peak shape. A Shirley background was subtracted for the 

quantitative analysis. Figure IV-12 is an example of the fit of a single region scan for the 

carbon in an EG3O(CH2)2CF3 SAM film.   
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Figure IV-12: XPS carbon peaks for the EG3O(CH2)2CF3 film 

 

The software generated the background and the peak as a Gaussian function form, a 

systematic error could be due to the estimation of the peak areas. 

The measured area was multiplied by the relative sensitivities (RSF) and the 

transmission factors for each atom giving the atomic ratio for the molecules. Atomic ratios 

were measured and compared to theoretical values to ensure that there was no contamination.      

The density of the films was determined following the method described by Herrwerth 

and co-workers. 19 The C/Au4f ratio was measured for a dodecanethiol (C12) SAM and for an 

octadecanethiol (C18) SAM. These two values were used to determine a straight line for 

alkanethiol films according to  

 

Equation IV-2: bainlengtholecularcheffectivema
fAu

C += )(*)
4

ln( . 

 

This equation was then used to determine the effective molecular length values for the 

molecules as described by Herrwerth and co-workers. 

 

1) Results 
 

Atomic ratios are shown in Table IV-4. 
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 1 2 3 

 Exp. Theor. Exp. Theor. Exp. Theor. 

C/O 4.2 5 3.9 5.25 3.7 4.4 

C/F 4.9 6.6 4.9 7 5.2 7.3 

O/F 1.2 1.3 1.3 1.3 1.4 1.6 

Cether/O 1.9 2 1.8 2 1.8 2 

Cether/F 2.2 2.67 2.3 2.67 2.6 3.33 

Caliph/Cether 1.3 1.5 1.1 1.63 1.0 1.2 

C/Au4f 0.57 0.61 0.58 

 
 
 4 5 6 

 Exp. Theor. Exp. Theor. Exp. Theor. 

C/O 4.6 4.2 2.6 3.57 3.2 3.71 

C/F 6.3 7 6.7 8.33 5.8 8.66 

O/F 1.4 1.67 2.3 2.33 1.8 2.33 

Cether/O 2.1 2 1.5 2 1.7 2 

Cether/F 2.8 3.33 3.8 4.66 3.1 4.66 

Caliph/Cether 1.2 1.1 0.8 0.79 0.9 0.86 

C/Au4f 0.43 0.76 0.68 

 

Table IV-4: XPS atomic ratios (experimental and theoretical) for the three synthesized 
molecules 

 

The densities of molecules on the surface were extracted from the measured C/Au signal 

ratios. The C/Au4f ratio measured for the dodecanethiol and octadecanethiol SAMs was 

found to be 0.42 and 0.54 respectively. The equation of the straight line was established:  

 

Equation IV-3: 395.1)(*043.0)
4

ln( −= ainlengtholecularcheffectivem
fAu

C
. 

 

The effective molecular length for the molecule was deduced from this equation and Table 

IV-5 summarizes the results: 
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 1 2 3 4 5 6 

Effective 

molecular 

length 

(nm) 

1.9 2.1 2.0 1.3 2.6 2.3 

 

Table IV-5: Experimentally determined molecular lengths of the synthesized molecules 

 

Comparing the experimentally-determined molecular lengths with the theoretical lengths 

allowed the packing density of the films relative to an alkanethiol film to be quantified. 

 

 1 2 3 4 5 6 

Relative 

coverage 
77% 81% 73%. 43% 73% 71% 

Density 

(molecules/nm2) 
3.58 3.77 3.40 2.00 3.40 3.31 

 

Table IV-6: Relative coverage compared to an alkanethiol SAM and density of the films 

 

2) Discussion 

 

All elemental ratios were close to the expected values with no indication of the presence of 

significant amount of contamination. The theoretical values are ideal values not taking into 

account the attenuation of the signal from atoms closer to the surface. Lower experimental 

values were therefore expected. The values were compared with those published for similar 

molecules in the literature. 19 As shown in Table IV-7, results compared well with the ones 

obtained by Herrwerth et al. They used XPS measurements to characterise SAMs made with 

similar molecules except for a CH3 terminal group rather than a CF3.  
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Surfactant 
C1s ether/O1s 

ether 
Surfactant 

C1s ether/O1s 

ether 

EG3OPr 2.09/1 EG3O(CH2)2CF3 (1) 1.9/1 

EG3OBu 1.99/1 EG3O(CH2)3CF3 (2) 1.8/1 

EG6OPr 2.12/1 EG6O(CH2)2CF3 (5) 1.5/1 

EG6OEt 2.07/1 EG6OCH2CF3 (6) 1.7/1 

 

Table IV-7: C1s ether/O1s ether ratios for molecules 1,2, 5, and 6 and their counterparts 

 

The values of the coverage were consistent with those obtained from ellipsometry. The 

density of the films was around 75% except for the monolayer composed of molecule 4. As 

the molecule was shown to be pure (according to NMR spectra and high-resolution mass 

spectroscopy) and the solvent used for the solution preparation was the same than for all the 

other surfaces, we did not find any explanation to date. This lower density made this film not 

comparable to the other five as this parameter has certainly a significant influence. 

 

III) Contact Angle 

 

The values were the average of three measurements taken at different locations on the surface. 

The water contact angle values obtained were 93, 96, 94, 67, 62, and 62° for molecules 1, 2, 

3, 4, 5, and 6 respectively. 

In general, the lowest contact angles (62°) were found for the longest molecules, ie. 

the hexa(ethylene glycol) based SAMs. Decreasing the length of the hydrophilic oligoether 

end correlated with an increase in the contact angle for the tri(ethylene glycol) based 

molecules whose values were the highest. Individual pairs of molecules are compared in more 

detail below. 

Self assembling molecules 1 and 2 differed by an additional CH2 for molecule 2. The 

close results indicated similarly densely packed films with a significant fraction of 
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hydrophobic groups exposed. The addition of one CH2 group appeared to have a small effect 

on the hydrophobicity.   

Self assembling molecules 1 and 3 differed by an additional oligoethylene glycol unit 

for molecule 3. The results were similar and indicated once more similarly densely packed 

films with a significant fraction of hydrophobic groups exposed. However, the hydrophobicity 

of the surface 3 was expected to be lower than for surface 1 as the number of ethylene glycol 

groups was higher. This can be explained by the fact that the group exposed to the surface and 

therefore in contact with water was the trifluoroalkyl moiety and that the oligo(ethylene 

glycol) groups were “hidden” and had no influence on the shape of the droplet. 

The value obtained with the surface 4 was much lower than for the previous SAMs. As 

XPS and ellipsometry measurements suggested a lower density than for the five other films, 

the comparison with them was not relevant and this surface should be treated as a special 

case. We might however suppose that a lower density would lead to a higher hydrophilicity of 

the surface as self-assembling molecules would have more space and therefore could be fold 

and may more expose the OEG groups to the surface.  

A noteworthy effect of the number of oligoethylene glycol groups was observed 

between 3 and 5, giving a 22° lower contact angle for the hexa(ethylene glycol) based 

surfactant compared to the tetra(ethylene glycol) based one. Since surface 5 was composed of 

molecules with two additional oligo(ethylene glycol) units, these molecules could be seen as 

chains which become entangled and exposed more OEG groups to the surface. This idea was 

also highlighted by a similar contact angle for surfaces 5 and 6 where the influence of the 

length of the hydrophobic part was insignificant. A possible explanation may be due to the 

back-folding of some self-assembling molecules which leaded to the trifluoroalkyl group to 

be buried deeper into the monolayer.   

Water contact angle measurements were previously performed for CH3-counterparts 19 

Herrwerth and co-workers measured the contact angles to estimate the surface hydrophobicity 

of oligoether SAMs. They wanted to observe the influence of this parameter on the protein 

resistance of surfaces. To study the influence of the hydrophobicity, among other parameters, 

they synthesised several monolayer constituents. The alkyl chain of their molecules was as 

long as ours: eleven methyl units separated the thiol group and the end of the surfactants. 

Their molecules comprised 1, 2, 3, or 6 oligo(ethylene glycol)units. This was why only 

molecules 1, 2, 5, and 6 can be compared to their CH3-terminated counterparts. Values for 1, 

2, 5, and 6 and their homologous surfactants are presented in Table IV-8.  
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Surfactant19 Contact angle19 Surfactant Contact angle 

EG3OPr 94° EG3O(CH2)2CF3 (1) 93° 

EG3OBu 107° EG3O(CH2)3CF3 (2) 96° 

EG6OPr 97° EG6O(CH2)2CF3 (5) 62° 

EG6OEt 87° EG6OCH2CF3 (6) 62° 

 

Table IV-8: Contact angle comparison between CH3 and CF3 terminated surfactants 

 

Comparing with the corresponding CH3-terminated surfactant films, the addition of one CH2 

group appeared to have a smaller effect on the hydrophobicity in the case of the CF3-

terminated surfactants, where only a moderate increase from 93 to 96° was found. On the 

other hand, the OEG unit addition effect was more pronounced between 2 and 5 than between 

EG3OBu and EG3OPr. Furthermore, the influence of the hydrophobic end length was not 

detectable for molecules 5 and 6 compared to EG6OPr and EG6OEt. The CF3-terminated 

constituent monolayers showed generally slightly lower water contact angle values than their 

methyl terminated counterparts. As explained by Barriet et al., stronger dipole moments with 

CF3 groups interacted with the dipole moments of water molecules, decreasing the contact 

angle. 27 The imperceptible influence of the CH2 addition for hexa(ethylene glycol) based 

molecules suggested a higher degree of disorder at the top of the molecules, such that the 

molecules exposed the OEG units to the surface more than the trifluoroalkyl end. 

 

IV) Conclusions 

 

The novel oligo(ethylene glycol), CF3-terminated molecules were synthesised with the 

intention of preparing new self-assembled monolayers. XPS showed that self-assembling 

molecules chemisorbed well on the gold substrate and that there is no contamination of the 

surfaces. The aim was therefore achieved. The thickness measurements as well as the density 

determination demonstrated that these new SAMs were fully characterized. 
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Chapter 5 

 

Force-Distance Measurements on 

Trifluoroalkyl Oligo(Ethylene Glycol)-

Terminated Alkanethiol Self-Assembled 

Monolayers 

 

 

Like membranes, cells and viruses, SAMs are self-assembled systems 1 and are therefore 

good candidates as stable biointerfaces. 2, 3 The study of biointeraction, i.e. the adsorption of 

biomolecules on surfaces, is of great interest in the field of biomaterials as it is important for 

many medical 4 and biological applications. 5, 6 The investigation of protein adsorption is 

often complicated by surface heterogeneity and as a consequence SAMs, with their highly 

ordered structure, 7, 8 are often employed for studying biointeraction mechanisms. 9 This 

project aims to explore the interaction between biomolecules and surfactant films based on 

oligo(ethylene glycol) modified alkanethiols.  

The objective is to control the protein-surface interaction by modulation of the surface 

environment. For potential biological applications, the surface of interest is often surrounded 

by a biological fluid, 10 which can be an aqueous salt solution whose ionic strength could 

potentially affect protein adsorption.  

It is possible to observe a surface, following its exposure to a protein solution, and 

quantify biomolecule adsorption for the study of film-protein interactions. 11 We have used an 

alternate, simplified approach using AFM to measure force-distance curves of model systems. 

This chapter describes our investigations in this field. 

Force-distance curve measurements are used in a number of applications. For instance, 

they allow the study of polymers, 12-14 for determination of the glass transition temperature of 
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polymer films, by measuring the adhesion between the AFM tip and the sample. 13, 15 The 

viscosity of a liquid in the vicinity of a surface can also be estimated by this technique. For 

example, Frangos and co-workers measured changes in the viscosity of a medium at the 

surface of titanium implants and were able to postulate that viscosity has a positive influence 

on biotolerance. 16 Another elegant application was described by Yang and co-workers, 17 

who used force measurements to observe damage to the structure of bacterial cell walls after 

contact with an antibacterial surface. Humidity, through the presence of a thin water layer on 

a surface, is also detectable by measuring force-distance curves due to capillary force. 18 

Applications of force-distance curves can be extended to the measurement of interactions 

between distinct entities by functionalisation of the AFM tip with one of the species of 

interest. Hierold and co-workers investigated the interactions between carbon nanotubes by 

attaching a nanotube to a conventional AFM tip and measuring the forces experienced when 

the surface of a second nanotube is approached. 19 For life-science applications, the tip can be 

modified to measure molecular recognition events. 20 One or more probe molecules are 

attached to the AFM tip in order to evaluate forces between single molecules. 14, 21 This 

methodology was pioneered by Pashley and co-workers. 22 For instance, specific biological 

recognition forces were estimated for receptor–ligand pairs 23, 24 Alternatively, the tip can be 

functionalized with proteins 25 in order to understand their interaction with a surface. With the 

advent of AFM probes, one can also directly measure the forces that govern interactions 

between proteins themselves. 26, 27 Thus, Gaub and co-workers functionalized an AFM tip 

with bovine serum albumin (BSA) 23, 28, 29 while Grunze and co-workers performed force-

distance curve measurements with a fibrinogen functionalised tip. 30 As proteins are 

composed of hydrophobic and charged patches, Hähner and co-workers studied the 

protein/surface interaction by mimicking protein structure with a charged tip and tip made 

hydrophobic by covering it with gold and an alkanethiol self-assembled monolayer. 31         
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I) Hydrophobic Tip Preparation 

 

Hähner and co-workers 30, 32 observed a correlation between the force experienced by a 

hydrophobic probe and the protein adsorption properties of a film with tip attraction being 

representative of protein adsorption. A similar approach was therefore adopted for the study 

of biointeraction using the same tip functionalisation. 

  This study was performed with standard Si3N4 V-shaped AFM cantilevers (spring 

constant 0.06 and 0.12 N/m). Cantilevers were first placed under an optical microscope to 

check that no arm was broken or cracked and that the tip was at the extremity of the 

cantilever. It was also checked that the probes were not bent due to mechanical strain after 

their coverage on the tip side with 10 nm titanium and 50 nm gold layers via thermal 

evaporation. Hydrophobic probes were prepared by immersing the gold covered cantilevers in 

a millimolar ethanolic dodecanethiol (C12) solution. Care was taken when putting the tips in 

the solution as surface tension could be high enough to break the cantilever if it was 

introduced parallel to the liquid surface. The cantilevers were smoothly laid down at the 

bottom of the beaker. Precaution was again required while rinsing the tips. The probes had to 

be taken out from the dodecanethiol solution, immersed in pure ethanol and dried with a 

gentle nitrogen flow.  

To confirm that the tips were properly functionalized, force-distance curves were 

measured with a dodecanethiol film under liquid with different ionic strengths. A typical 

result is shown in Figure V-1 (ten curves are averaged each time).  
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Figure V-1: Force-distance curves between a dodecanethiol SAM and a hydrophobic tip 

 

The interaction was attractive and did not depend on the ionic strength of the environment, 

indicating a well functionalized tip (Figure V-2).  

 

 

Figure V-2: Functionalised tip: Made hydrophobic by addition of a C12 SAM 

 

II) Force Study 

 

The samples were placed in the liquid cell of the AFM and covered with the aqueous media. 

Each force-distance curve was an average of ten approach and retraction cycles. During the 

acquisition, the scanner was immobilised in the x and y directions while cycles were produced 
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in the z direction at a frequency of 1 Hz. 2000 data points were recorded for each cycle. All 

curves were fitted according to the equation V-15. 

 

1) Force-distance analysis of (1-mercaptoundec-
11-yl)tri(ethylene glycol) 3,3,3-trifluoropropyl 
ether SAM 

 

The study was initially performed with the basic self-assembling molecule, (1-

mercaptoundec-11-yl)tri(ethylene glycol) 3,3,3-trifluoropropyl ether (1). 

 

 

Figure V-3: (1-mercaptoundec-11-yl)tri(ethylene glycol) 3,3,3-trifluoropropyl ether (1) 

  

A quantitative force analysis was not possible because the spring constant of the cantilever 

probably changed from the value given by the supplier following deposition of titanium, gold 

and the dodecanethiol SAM. 

Figure V-4 displays force-distance curves for the surface obtained with this surfactant. 

    

 

Figure V-4: Advancing force-versus-distance curves (averaged) measured with a 
hydrophobic C12-probe on a (1-mercaptoundec-11-yl)tri(ethylene glycol) 3,3,3-

trifluoropropyl ether SAM on gold in aqueous solution of different salt concentration 
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The force experienced by the hydrophobic tip approaching the synthetic organic film was a 

superposition of a hydrophobic attraction and an electrostatic repulsion described previously 

in chapter 2.  

At low KNO3 concentration, up 10-3 M, the force experienced by the hydrophobic tip 

was repulsive demonstrating that the dominant contribution was an electrostatic repulsion. 

From a single exponential fit according to 

 

Equation V-1: )exp( xAy κ−=  

 

where A is a constant, a Debye length (κ
-1) of 12.2 nm was determined in a concentration of 

10-3 M. 33 Theoretically the decay length is related to concentration by the expression:  

 

Equation V-2: C/304.0
1 =−κ , 

 

which predicted a value of 9.6 nm.  

When the ionic strength was increased from 10-3 to 10-2 M, a switch from repulsion to 

attraction was observed. Under ionic strength equal to and above 1 mM, the dominant force 

was the hydrophobic attraction.  

The competing forces of hydrophobic attraction and electrostatic repulsion were 

responsible for the overall AFM force-distance curve shape. The intensity and the range of the 

two forces were the two parameters prevailing in the interpretation of the dominance of one 

interaction over the other during AFM force-distance curve measurements. This interpretation 

could be made by considering the force-distance curves measured by Hähner and co-workers 

while the tip experienced separately the electrostatic force (Figure V-5) or the hydrophobic 

attraction (Figure V-6).  
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Figure V-5: Advancing force-versus-distance curves (averaged) measured with a 
hydrophobic C12-probe on a (1-mercaptoundec-11-yl)tri(ethylene glycol) methyl ether 

SAM on gold in aqueous solution of different salt concentration (◊ 0.1 M, ���� 0.01 M, ���� 1 
mM, ���� 0.1 mM). Reproduced from 32. 

 

 

 

Figure V-6: Advancing force-versus-distance curves (averaged) measured with a 
hydrophobic C12-probe on a hexadecanethiol SAM on gold in aqueous solution of 

different salt concentration (◊ 0.1 M, ���� 0.01 M, ���� 1 mM, ���� 0.1 mM). Reproduced from 
32. 

 

Despite the fact that a quantitative force analysis was not possible, comparison of the 

strengthof the interactions could be made because the curves were measured with the same 

tip. The hydrophobic attraction was revealed to be stronger than the electrostatic repulsion. 



 102

The range of the electrostatic repulsion was found to be dependent on the ionic strength 

whereas the range of hydrophobic attraction remained unaffected. The interaction felt by the 

approaching tip was governed by the longest range force except when the ranges were similar 

in which case the most intense force dictated probe displacement. The range of the repulsion 

generated by SAM 1 on gold was therefore higher than the attraction range at low ionic 

strength up to 10-3 M and lower in more concentrated salt solution.  

Each force generated by the self-assembled monolayer could be attributed to a distinct 

part of the surfactant molecule. While the electrostatic repulsion originated from the 

oligo(ethylene glycol) groups, the attractive force was generated by the trifluoroalkyl moiety.  

In addition to the study of SAM-tip interactions as a function of salt concentration, the 

influence of each part of the surfactant was also examined. Firstly, structure-force 

relationships of the hydrophobic moiety of the self-assembling molecule were explored, as 

this moiety was known to be solely responsible for the attractive contribution.    

A survey of the literature allowed a first comparison of the results and the study of one 

parameter i.e. the composition of the hydrophobic end. Dicke et al. used a SAM composed of 

(1-mercaptoundec-11-yl)tri(ethylene glycol) methyl ether on polycrystalline gold to carry out 

identical force-distance curve measurements under different ionic strengths. 32 The interaction 

remained repulsive under all ionic strengths studied. It was known that the hydrophobic head 

group was solely responsible for the attractive contribution and as such any observed 

differences between the in-house system and that reported by Dicke et al. reflected structure-

force relationships. The methyl group attraction was insignificant compared to the 

electrostatic repulsion under ionic strengths ranging from 0.1 mM to 0.1 M. For the (1-

mercaptoundec-11-yl)tri(ethylene glycol) 3,3,3-trifluoropropyl ether,  the  trifluoro alkyl end 

exerted a noticeable attraction in at concentrations of 10-3 M and higher. 

Thus, using a more hydrophobic end enhanced the attractive force and gave rise to a 

switchable system in highly concentrated ionic solutions where this force was dominant.     
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2) Force-distance analysis of (1-mercaptoundec-
11-yl)tri(ethylene glycol) 4,4,4-trifluorobutyl 
ether SAM 

 

In addition to the composition of the hydrophobic part of the surfactant, how chain length 

affected force-distance relationships was also examined. To this end the behaviour of a SAM 

identical in nature to that described previously was studied with the exception that an 

additional methylene unit was introduced at the hydrophobic top.    

 

 

 

Figure V-7: Advancing force-versus-distance curves (averaged) measured with a 
hydrophobic C12-probe on a (1-mercaptoundec-11-yl)tri(ethylene glycol) 4,4,4-

trifluorobutyl ether SAM on gold in aqueous solution of different salt concentration 
 

At low KNO3 concentrations the force experienced by the hydrophobic tip was repulsive, 

behaviour identical to that observed previously for SAM 1. However, the switch occurred at a 

significantly lower ionic concentration (below 10-5 M). At such low concentrations, the 

experimental determined Debye length has been reported to show some deviation from the 

theoretical Debye 33 and was attributed to dissolved CO2. The cause of this dramatic shift in 

the switch concentration was related to relative changes to the intensity and range of the 

electrostatic and hydrophobic interactions. Increasing the strengthof the hydrophobic 

attraction enhanced its contribution to the net force over an extended range. This was 

manifested as an earlier onset for the switch from repulsion to attraction. To compare the 
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strengthof the two counteracting forces, force-distance curves had to be measured with the 

same tip.  

Considering the force measured by Dicke et al.  for (1-mercaptoundec-11-

yl)tri(ethylene glycol) methyl ether SAM as being representative of the pure electrostatic 

repulsion and the force measured with alkanethiol monolayer as being representative of the 

pure hydrophobic attraction, a comparison of the intensity of the two forces could be made. 

The strengthof the attraction was found to be much higher than the repulsion.  

The range of the electrostatic repulsion decreased when the salt concentration 

increased while the attraction range did not change. In low ionic concentrations, the repulsion 

is long range and the attraction is short range but the inequality changed direction at high 

ionic strength as the range of the electrostatic interaction is shorter than for low ionic strength 

while the hydrophobic range is constant. The part of the molecule creating the repulsion was 

identical in the two surfactants so that the range of the electrostatic repulsion could be 

considered similar for the two SAMs. As a consequence, the change in the switch 

concentration was linked to an increase in the attraction range for SAM 2. The range of both 

the repulsion and the attraction were similar under lower ionic strength compared to molecule 

1. In other words, extending the hydrophobic head made the attraction range longer and 

decreased the switch concentration. 

 

3) Force-distance analysis of (1-mercaptoundec-
11-yl)tetra(ethylene glycol) 3,3,3-trifluoropropyl 
ether SAM 

 

Finally, the affect of the number of the oligoethylene glycol groups on the nature of observed 

force-distance curves was also investigated. SAM 3 was prepared with an additional 

oligoetheylene glycol unit and results compared to SAM 1. 
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Figure V-8: Advancing force-versus-distance curves (averaged) measured with a 
hydrophobic C12-probe on a (1-mercaptoundec-11-yl)tetra(ethylene glycol) 3,3,3-

trifluoropropyl ether SAM on gold in aqueous solution of different salt concentration 
 

At low KNO3 concentrations the force experienced by the hydrophobic tip was still repulsive. 

An exponential fit to the force distance curve gave a Debye length of 9.4 nm and 5.7 nm in 

concentrations of 10-3 and 10-2 M, respectively.  The Equation V-2 gave theoretical values of 

3.1 and 9.6 nm for 10-2 M and 10-3 M KNO3 solutions respectively. Thus, the measured decay 

lengths are in reasonable agreement with the theoretical values.  The switch occurred at a 

higher concentration than with molecule 1. Since the hydrophobic head groups were the same 

for surfactants 1 and 3, the attraction they produce was also identical. Consequently, the 

higher switch concentration was linked to an increase in the repulsion range for molecule 3. 

Repulsion remained the dominant force under more concentrated solutions than observed for 

the first surfactant.  

 

4) Force-distance analysis of (1-mercaptoundec-
11-yl)tetra(ethylene glycol) 2,2,2-trifluoroethyl 
ether SAM 

 

Firstly, one methylene hydrophobic unit was removed from SAM 3, giving rise to SAM, and 

as expected the switch concentration moved to higher values. 
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Figure V-9: Advancing force-versus-distance curves (averaged) measured with a 
hydrophobic C12-probe on a (1-mercaptoundec-11-yl)tetra(ethylene glycol) 3,3,3-

trifluoroethyl ether SAM on gold in aqueous solution of different salt concentration 
 

Here, the crossover from repulsion to attraction occured between 10-1 and 1 M. This switch 

concentration seemed perfect as it encompassed the required 0.15 M needed for fibrinogen to 

survive. Thus, suppression of the extra methylene unit permited reversible immobilization at 

ionic strengths suitable for fibrinogen. 

 

5) Force-distance analysis of (1-mercaptoundec-
11-yl)hexa(ethylene glycol) 3,3,3-trifluoropropyl 
ether SAM 

 

A second possibility to increase the switch concentration was also examined. The number of 

oligoethylene glycol groups was increased by two units using hexaethylene glycol as a 

starting material to give molecule 5.   

 



 107

 

Figure V-10: Advancing force-versus-distance curves (averaged) measured with a 
hydrophobic C12-probe on a (1-mercaptoundec-11-yl)hexa(ethylene glycol) 3,3,3-

trifluoropropyl ether SAM on gold in aqueous solution of different salt concentration 
 

The switch was again observed between 10-1 and 1 M, making the surface compatible with 

fibrinogen. 

 

6) Force-distance analysis of (1-mercaptoundec-
11-yl)hexa(ethylene glycol) 2,2,2-trifluoroethyl 
ether SAM 

 

Both the length of the top trifluoro alkyl chain and the number of oligoethylene glycol groups 

were separately customized to increase the switch concentration. The two parameters were 

modified to give molecule 6 whose hydrophobic end was shorter and had more oligoethylene 

glycol units.  
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Figure V-11: Advancing force-versus-distance curves (averaged) measured with a 
hydrophobic C12-probe on a (1-mercaptoundec-11-yl)hexa(ethylene glycol) 3,3,3-

trifluoroethylether SAM on gold in aqueous solution of different salt concentration 
 

With the two parameters modified simultaneously, the switch concentration was expected to 

be higher than for molecules 4 and 5, but this double modification again brought the switch 

concentration to between 0.1 and 1 M. 

The identical switch concentration for surfaces 5 and 6 showed that the influence of 

the length of the hydrophobic moiety was insignificant for these two hexa(ethylene glycol) 

based SAMs, probably because the trifluoroalkyl groups were not at the surface possibly as a 

consequence of the self-assembling molecules becoming tangled.    

   

III) Conclusions 
 

The combination of oligoethylene groups and a trifluoro alkyl part in the self-assembling 

molecule underlined the competition between the hydrophobic attraction and the electrostatic 

repulsion. The ionic strength dependence of the electrostatic repulsion resulted in the 

observation of a switch in the total force. Therefore, the self-assembled monolayers built from 

all the six synthesized surfactants presented a dynamic property. They could reversibly attract 

hydrophobic molecules by changing the ionic strength of the environment. The switch 

concentration depended on the length of the trifluoroalkyl top and the number of the 

oligoethylene glycol units. While adding one hydrophobic methylene group shifted the switch 
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to lower ionic strength, an additional oligoethylene glycol unit moved the switch to higher 

concentrations. The switch behaviour of these films offered potential for their application for 

reversible immobilisation of hydrophobic particles. These surfactant films could also be 

important in bio-related fields and as biosensors since they had the potential to 

adsorb/immobilise proteins reversibly if the switch could be tailored to occur at an ionic 

strength that was compatible with proteins. One of the common test proteins is fibrinogen 34, 

35 whose natural environment has an ionic strength of approximately 0.15 M. 36 The switch 

concentration was therefore attempted to be tailored and materials designed with a switch at 

an ionic strength representative of fibrinogen’s natural environment (i.e. 0.15 M). For SAMs 

4, 5, and 6, it was possible to bring this switch concentration in the range of the ionic strength 

of fibrinogen’s natural environment. This made the three last surfaces eligible for the study of 

reversible adsorption of proteins.  
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Chapter 6 

 

Protein Adsoption on Trifluoro Alkyl 

Oligo(Ethylene Glycol)-Terminated 

Alkanethiol Self-Assembled Monolayers 

 

 

The ability to control protein adsorption has attracted a high level of interest because it has 

diverse applications in chromatography, 1 drug delivery, 2, 3 cell study 4 (to maintain cells 

when they are growing and then to release them), and biofouling 5 (to understand biological 

adhesion mechanisms). 

Mrksich et al. 6 studied the reversible immobilization of proteins on mixed SAMs 

containing a majority of alkanethiols with tetra(ethylene glycol) groups. By modulating an 

applied electric potential, the minor self-assembling component can either allow protein 

immobilization, 6 stop the binding after the release of a ligand of the self-assembling 

molecule, 7 or enable successive release and immobilization of a ligand giving rise to the 

release or migration and growth of cells. 8 Electric potential modulation was also employed 

by Langer et al. 9 to change the conformation of the self-assembling molecules leading to a 

quantitative control of the non specific adsorption of proteins as observed by Liu et al. 10 

Nevertheless, more interest has been directed towards the design of thermally responsive 

surfaces. Schwendel and co-workers 11 and Valiokas co-workers 12 have shown the influence 

of temperature on the conformation of molecules constituting the layers of poly- and 

oligo(ethylene glycol) (PEG and OEG) terminated alkanethiolate self-assembled monolayers 

(SAMs) on Au and Ag. However, temperature switching typically does not represent an 

experimentally convenient method for studying the reversible adsorption of proteins because 

the conformation transition was observed around 60 °C by Valiokas et al. whereas this was 
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detected by lowering the temperature by Schwendel et al.; nonetheless, this came with an ice 

layer formation. However, using a different system Grunze and co-workers achieved variation 

of the amount of biomolecules adsorbed on a surface between room temperature and 37 °C. 13 

Several techniques can be employed to study protein adsorption at a solid-liquid 

interface. A qualitative detection of proteins is possible with atomic force microscope 

imaging, 14 by fluorescence spectroscopy 15 or with optical micrographs 8 each giving a 

picture of the surface covered with proteins. Nevertheless, a relative quantification of the 

amount of adsorbed proteins is often necessary to evaluate the surface’s resistance. 

Quantitative interpretation can be achieved by radiolabeling, 14 (whereby the radioactivity of a 

surface covered by  labeled proteins is measured) or with infrared spectroscopy by measuring 

the intensity of amide groups of the protein present at the surface. 16 Nonetheless, the two 

most frequently employed techniques are surface plasmon resonance (SPR) spectroscopy, 17-19 

an optical technique that is sensitive to changes in the refractive index of an interface, and 

ellipsometry. 20 For example, Grunze and co-workers compared the thickness of the layer of 

adsorbed proteins on their SAM with the amount adsorbed on an alkanethiol monolayer using 

ellipsometry. 21   

The force-distance curves measured with an Atomic Force Microscope, discussed in 

the last chapter, suggested that our hydrophobized tip was repelled from surfactant films 

based on oligo(ethylene glycol) modified alkanethiols by an electrostatic force  22 that was 

attributed to the charging effect of the surface after adsorption of hydroxide ions from water. 
23 This force is balanced by a hydrophobic interaction, 24 which originates at the trifluoro 

alkyl end. Our surfaces were revealed to be dynamic because they present a switch between 

attractive and repulsive forces on approach with the hydrophobic probe depending on the 

ionic conditions of the environment. 

The etymological origin of the word « protein » conveys the importance of these 

molecules in biology as it is derived from the Greek word proteios which means “of the first 

rank”. 25 Proteins represent more than 50% of the dry mass of cells and they intervene in 

almost all cellular functions. They store and transport substances, pass on messages from one 

part of the body to another, produce movement, defend against foreign substances and 

catalyse biochemical reactions, among many other functions. The human genome expresses 

tens of thousands of different proteins, each having a specific structure and function. The 

function of a protein is very specifically related to its structure, which is complex and varied. 

Every protein possesses a unique three-dimensional shape. Nevertheless, however diversified 

they are, proteins are all polymers made from the same set of amino acids. There are twenty 
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different amino acids that share fundamental structural characteristics. All of the amino acids 

posses an alpha carbon, which is the central point of attachment of several functional groups: 

an amino group, a carboxylic acid, and a side chain (group R). The various side chains 

determine the unique structure of the constituent amino acids. The structures of the R groups 

are diverse ranging from a simple hydrogen atom to complex arrangement of carbon chains 

and ring structures, also containing heteroatoms such as O, N and S.  
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Figure VI-6: Covalent Structure and Abbreviations of amino acids. Reproduced from 25  
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To form proteins, the linear chains of amino acids are linked together by amide bonds termed 

peptide bonds in this context, between the free amine and the carboxylic acid of the next 

amino acid. When amino acids are linked in such a chain, the chain folds in a way that 

accommodates hydrogen bonding interactions between the peptide bonds (a-helices and b-

sheets) as well as interactions between the R. This combination of interactions defines the 

overall three-dimensional structure and chemical properties of the protein. 26 As a 

consequence, the function of a protein follows a precise molecular organization. Three levels 

of structural organization can be distinguished in the complex architecture of a protein: 

primary, secondary and tertiary. A fourth level appears when a protein consists of two or 

more polypeptide chains and these then associate with each other in a higher order structure. 

The primary structure of a protein is defined by the particular amino acid sequence. Any 

change in the primary structure (mutation) can have an enormous effect on the structure and 

conformation of the protein and therefore its capacity to function properly. In most proteins, 

segments of the polypeptide chain will coil (α-helices), due to hydrogen bonding interactions 

between the main chain peptide bonds, or they will be folded repeatedly (β-sheets).  Such 

motifs contribute the secondary structure of the macromolecule. Only the hydrogen and 

oxygen atoms attached to the repetitive structure of the polypeptide are involved in these 

bonds.  

 

 

Figure VI-2: Condensation of two amino acids. Reproduced from 25 

 

The carbonyl oxygens of the peptide are ideally polarised to associate with the N-H hydrogen 

of another peptide bond. Such hydrogen bonds are weak when they are taken individually; 

however, when they are repeated and multiple in a relatively long section of the polypeptide 

chain, they give shape and stability to this section of the protein. The alpha helix is key 

example of secondary structure found in many proteins; it is a coil held in place by hydrogen 

bonds of all four amino acids. The beta pleated sheet is another type of secondary structure: 
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two or more regions of the polypeptide chain are parallel through hydrogen bonds. Beta 

pleated sheets form the dense part of numerous proteins. The tertiary structure of a protein is a 

higher level of folding beyond these motifs of secondary structure. It corresponds to all 

irregular contortions resulting from interactions between the different amino acid side chains. 

As mentioned above, some proteins are composed of two or more polypeptide chains 

assembled to form a functional macromolecule. Each polypeptide chain is a subunit. 

Quaternary structure is the overall structure of the protein resulting from the interaction 

between subunits 25 which can be illustrated with fibrinogen as example. Fibrinogen is a large 

protein produced by the liver which helps to stop bleeding by promoting blood clot formation. 

This protein strongly adsorbs onto hydrophobic surfaces 27 and therefore represents an ideal 

model for “sticky” proteins. 17, 28, 29 The different moieties which compose a fibrinogen 

molecule are represented in Figure VI-3. 

 

E Domain

D Domain

αC Domain

E Domain

D Domain

αC Domain

 

Figure VI-3: Schematic representation of fibrinogen molecule. Reproduced  
from 28 

 

Two identical moieties are bounded to the central E domain. Each moiety is made of a D 

domain, a α helix, and a αC domain. The adsorption mechanism was demonstrated to be 

different on hydrophobic and hydrophilic surfaces. 30  

 

Hydrophobic surface Hydrophilic surfaceHydrophobic surface Hydrophilic surface
 

Figure VI-4: Schematic representation of the mechanism of fibrinogen adsorption to 
hydrophobic and hydrophilic surfaces. Represented from 30 

 

McDermott and co-workers have shown that fibrinogen molecules loosely bound to 

hydrophilic surfaces with their αC domains whereas their D domains allow a strong 

adsorption on hydrophobic surfaces.  

While the previous chapter described how the salt concentration leads to a switch in 

the nature of the total force felt by a hydrophobic probe, this section is concerned with the 
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study of the influence of ionic strength of the liquid medium on the amount of protein 

adsorbed on a surface.  

 

I) Description of the Method 

 

Protein adsorption experiments were performed with fibrinogen following the same method 

described by Grunze et al. 21  

Each freshly prepared self-assembled monolayer was placed at the bottom of a 50 cm3 

beaker and covered with 5 cm3 of deionised water. A 1 mg.cm-3 fibrinogen solution was 

prepared by dissolving the protein in a diluted Phosphate Buffer Solution (PBS) whose ionic 

strength was controlled. 10 cm3 of the biomolecule solution was added to each beaker 

containing a SAM, and allowed to stand for 15 minutes. 500 cm3 of distilled water was 

poured into each beaker to remove the fibrinogen film which can form at the liquid surface. 

Surfaces were rinsed with distilled water and dried with nitrogen. The relative quantification 

of protein adsorption was evaluated with ellipsometry measurements, described in chapter 4,  

by comparing the thickness of the adsorbed fibrinogen layer on our synthetic organic films 

based on trifluoroalkyl oligo(ethylene glycol) modified alkanethiols and on dodecanethiol 

SAM. Therefore the 100% reference was attributed to the thickness of the protein layer 

adsorbed on the alkanethiol monolayer. 

The values presented in this chapter are the averages of values obtained from several 

independent samples (between 4 and 7 samples for each SAM under each ionic strength). The 

length of the error bar indicates the standard error of the measurements.    

 

II) Protein Adsorption Study 
 

1) Protein Adsorption Study on (1-mercaptoundec-
11-yl)tri(ethylene glycol) 3,3,3-trifluoropropyl 
ether SAM 
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The amount of protein adsorption in a solution with different ionic strength was initially 

studied with the SAM based on (1-mercaptoundec-11-yl)tri(ethylene glycol) 3,3,3-

trifluoropropyl ether (1). 

 

 

Figure VI-5: (1-mercaptoundec-11-yl)tri(ethylene glycol) 3,3,3-trifluoropropyl ether (1) 

 

The fibrinogen adsorption was evaluated in PBS solution with the ionic concentration varied 

from 10-4 to 1 M.  

Figure VI-6 displays relative fibrinogen adsorption on SAM 1 under different ionic 

strengths. 

    

 

Figure VI-6: Dodecanethiol SAM relative fibrinogen adsorption on (1-mercaptoundec-
11-yl)tri(ethylene glycol) 3,3,3-trifluoropropyl ether SAM on gold in aqueous solution of 

different salt concentration 
 

After being immersed in a fibrinogen solution in PBS with a concentration of 10-4 M, the 

thickness of the adsorbed protein layer on SAM 1 was around 75% of the thickness of the 

same layer adsorbed on a dodecanethiol SAM. Immersing the substrate in a PBS solution ten 

times more concentrated (10-3 M) gave a slight increase of the protein layer thickness (75% to 

79%). A larger change occured when the ionic strength was increased from 10-3 M to 10-2 M, 

where the percentage rised to 94%. The relative adsorption of fibrinogen reached a plateau at 
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a value of around 94% that was maintained when the substrate was exposed to more 

concentrated solutions. Consequently, there was a noticeable difference, which has been 

called “jump”, between the quantities of proteins adsorbed in solutions with ionic strengths 

ranging from 10-3 M to 10-2 M giving rise to variations in the relative amount of absorption 

from 75% to 94%. 

These results were compared to the force-versus distance curves measured with a 

hydrophobic tip. According to these curves, the functionalised tip was repelled in aqueous 

solutions with a salt concentration up to 10-3 M while it was attracted at higher ionic 

strengths. A switch from repulsion to attraction was therefore observed between 10-3 and 10-2 

M. Proteins could  be mimicked by  hydrophobic and charged tips leading to an expected 

correlation between the force experienced by the probe and the extent of fibrinogen 

adsorption.  

The protein adsorption change occured at similar concentration values where the force 

experienced on approach with a hydrophobic probe changed from repulsive to attractive.  

 

2) Protein Adsorption Study on (1-mercaptoundec-
11-yl)tri(ethylene glycol) 4,4,4-trifluorobutyl 
ether SAM 

 

The influence of the length of the hydrophobic moiety was studied by investigating (1-

mercaptoundec-11-yl)tri(ethylene glycol) 4,4,4-trifluorobutyl ether (2). 

 

 

Figure VI-7: (1-mercaptoundec-11-yl)tri(ethylene glycol) 4,4,4-trifluorobutyl ether (2) 

 

This surfactant molecule differed from 1 by one additional methylene (CH2) group in the 

hydrophobic top end. As the length of the trifluoroalkyl group was greater compared to (1), 

the hydrophobic attraction was stronger while the repulsion was similar for SAMs composed 

of 1 and 2.  Since the density and contact angle of SAMs 1 and 2 were comparable this 

allowed it to study the influence of the hydrophobic part on fibrinogen adsorption.  

Figure VI-8 displays the relative amount of fibrinogen adsorption as a function of the 

ionic strength of the solution. 
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Figure VI-8: Dodecanethiol SAM relative fibrinogen adsorption on (1-mercaptoundec-
11-yl)tri(ethylene glycol) 4,4,4-trifluorobutyl ether SAM on gold in aqueous solution of 

different salt concentration 
 

The relative fibrinogen adsorption on a (1-mercaptoundec-11-yl)tri(ethylene glycol) 4,4,4-

trifluorobutyl ether SAM observed following immersion in solution with a PBS concentration 

of 10-4 M was 72%. This percentage reached 92% when the ionic strength was 10-3 M or 

higher. The large change in protein adsorption with this synthetic, organic surface occured 

between salt concentrations of 10-4 and 10-3 M (cf 10-3 to 10-2 M for 1).  

These results were compared with the force-versus distance curves measured with a 

hydrophobic tip. Although the protein adsorption change occured at higher concentration 

values (between 10-4 and 10-3 M) than the switch concentration observed by AFM (between 

10-4 and 10-5 M), the change in concentration moved in the same direction. When the length 

of the hydrophobic end of the self-assembling molecule was increased the AFM switch 

concentration and the “step” between the lowest and the highest amount of adsorbed 

fibrinogen was lower. 

A comparison of the marked change in protein adsorption as a function of ionic 

strength obtained for 1 and 2 enabled an evaluation of the influence of the hydrophobic 

moiety; an additional methylene unit caused adsorption change to occur in solutions an order 

of magnitude weaker. 

Another comparison was possible at fixed concentrations: 
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Figure VI-9: Comparison of the Dodecanethiol SAM relative fibrinogen adsorption on 
(1-mercaptoundec-11-yl)tri(ethylene glycol) 3,3,3-trifluoroproyl ether and (1-

mercaptoundec-11-yl)tri(ethylene glycol) 4,4,4-trifluorobutyl ether SAM on gold in 
aqueous solution of different salt concentration 

 

A comparison of the relative adsorption on this second SAM with the results from the organic 

film made of 1 revealed that the amount of adsorbed fibrinogen at low and high ionic 

strengths (regardless of the results obtained at ionic strength under which the “jumps” 

occurred) was rather similar within the error bar. Thus, an additional methylene unit shifted 

the “jump” to lower ionic strength.  

 

3) Protein Adsorption Study on (1-mercaptoundec-
11-yl)tetra(ethylene glycol) 3,3,3-trifluoropropyl 
ether SAM 

 

The influence of the number of oligo(ethylene glycol) groups was also considered. The 

behaviour of (1-mercaptoundec-11-yl)tetra(ethylene glycol) 3,3,3-trifluoropropyl ether (3) 

was therefore studied. 
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Figure VI-10: (1-mercaptoundec-11-yl)tetra(ethylene glycol) 3,3,3-trifluoropropyl ether 
(3)   

 

The electrostatic repulsion was stronger while the hydrophobic attraction was similar for 

SAMs made of 1 and 3. Since the density as well as the contact angle were similar for SAMs 

1 and 3, the study of the influence of the number of oligo(ethylene glycol) units on fibrinogen 

adsorption was possible.  

Figure VI-11 displays the relative fibrinogen adsorption as a function of the ionic 

strength. 

 

 
 

Figure VI-11: Dodecanethiol SAM relative fibrinogen adsorption on (1-mercaptoundec-
11-yl)tetra(ethylene glycol) 3,3,3-trifluoropropyl ether SAM on gold in aqueous solution 

of different salt concentration 
 

The relative fibrinogen adsorption on SAM 3 observed following immersion in 10-4 M PBS 

solution is 50%. The relative adsorption increased stepwise to 57 % and 60% at ionic 

strengths of 10-3 and 10-2 M, respectively. The relative adsorption reached 85% at ionic 

strengths of 10-1 M and higher. Appreciable changes in protein adsorption for this synthetic 

surface occured between salt concentrations of 10-2 and 10-1 M.  

A comparison with the force-distance curves measured with a hydrophobic tip showed 

an obvious correlation between the protein adsorption and the number of oligo(ethylene 
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glycol) groups. The protein adsorption change occured at the same concentration values under 

which the force on approach with a hydrophobic probe changes from repulsive to attractive, 

between 10-2 and 10-1 M. An additional oligo(ethylene glycol) unit increased the 

concentration at which  the force experienced by the hydrophobic tip changed from repulsive 

to attractive and the rate of adsorption amount by a factor of 10 (between 10-2 and 10-1 M for 

3 and between 10-3 and 10-2 M for 1).     

The results in fibrinogen adsorption at fixed concentrations were also compared: 
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Figure VI-12: Comparison of the Dodecanethiol SAM relative fibrinogen adsorption on 
(1-mercaptoundec-11-yl)tri(ethylene glycol) 3,3,3-trifluoroproyl ether and (1-

mercaptoundec-11-yl)tetra(ethylene glycol) 3,3,3-trifluoropropyl ether SAM on gold in 
aqueous solution of different salt concentration 

 

It was shown that the addition of an OEG group reduced the amount of fibrinogen adsorbed 

on the surface, i.e. SAM 3 was more resistant to the protein adsorption than the first organic 

film. This reduction was moreover higher where a repulsive force was observed which 

indicated that this repulsive interaction was stronger from a SAM with an additional OEG 

unit.  
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4) Protein Adsorption Study on (1-mercaptoundec-
11-yl)hexa(ethylene glycol) 3,3,3-trifluoropropyl 
ether and (1-mercaptoundec-11-yl)hexa(ethylene 
glycol) 2,2,2-trifluoroethyl ether SAMs 

 
In the previous sections the effect of an additional methylene or oligo(ethylene glycol) unit  

was discussed. This study has been extended to the addition of two extra OEG groups and the 

omission of a methylene unit. The behaviour of (1-mercaptoundec-11-yl)hexa(ethylene 

glycol) 3,3,3-trifluoropropyl ether (5) and (1-mercaptoundec-11-yl)hexa(ethylene glycol) 

2,2,2-trifluoroethyl ether (6) was therefore studied. 

 

 
 (5)   

 
(6)   

Figure VI-11: (1-mercaptoundec-11-yl)hexa(ethylene glycol) 3,3,3-trifluoropropyl ether 
(5) and (1-mercaptoundec-11-yl)hexa(ethylene glycol) 2,2,2-trifluoroethyl ether (6)    

 

These self-assembling molecules exhibited two additional OEG groups and a hydrophobic 

end identical to 3 (5) and with one less CH2 unit (6). The contact angle measured on these two 

SAMs was around 30° lower than that of the SAMs 1-3. 

Figure VI-14 displays the relative fibrinogen adsorptions for 5 and 6 as a function of 

the ionic strength of the protein solution. 
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Figure VI-14: Dodecanethiol SAM relative fibrinogen adsorption on (1-mercaptoundec-
11-yl)hexa(ethylene glycol) 3,3,3-trifluoropropyl ether and a (1-mercaptoundec-11-

yl)hexa(ethylene glycol) 2,2,2-trifluoroethyl ether SAMs on gold in aqueous solution of 
different salt concentration  

 

The relative fibrinogen adsorption on 5 and 6 after immersion in solution with a PBS 

concentration of 10-4 M was 62% and 56% of the fibrinogen adsorption on a dodecanethiol 

SAM under the same aqueous media. The relative adsorption on both films increased stepwise 

with increasing PBS concentration and reached 96 % and 84% in 1 M solution for 5 and 6, 

respectively. The amount of adsorbed fibrinogen was always slightly lower on 6 compared to 

5.  
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Figure VI-15: Dodecanethiol SAM relative fibrinogen adsorption on (1-mercaptoundec-

11-yl)hexa(ethylene glycol) 3,3,3-trifluoropropyl ether, on (1-mercaptoundec-11-
yl)hexa(ethylene glycol) 2,2,2-trifluoroethyl ether, and on (1-mercaptoundec-11-

yl)tetra(ethylene glycol) 3,3,3-trifluoropropyl ether SAMs on gold in aqueous solution of 
different salt concentration  

 

The influence of the force originating from the surface seemed weaker as a switch from 

repulsion to attraction of a hydrophobic tip, observed between 10-1 and 1 M, did not 

correspond to such a continuous change of the amount of fibrinogen at the surface.  However, 

the amount of proteins adsorbed was relatively high even at low concentrations. This could be 

a reason why there was no clear “jump” visible here. 

The slight increase with increasing ionic strength was similar to compounds 1, 2, and 

3. A final explanation for this was not found.  

These results can be discussed in view of the work of Grunze and co-workers. 21 They 

studied SAMs with different structures in order to understand the parameters involved in the 

protein resistance of oligoether SAMs. Four of their surfactant molecules were similar to 1, 2, 

5 and 6 except that they had a final CH2 rather than a CF3 group; they were called EG3OPr, 

EG3OBu, EG6OPr, and EG6OEt, respectively. Grunze and co-workers studied the impact of 

the surface wettability on the protein adsorption property by plotting the amount of protein 

adsorption as a function of the contact angle. This graph is reproduced below with additional 

symbols representing the results obtained with the synthetised surfaces under the same PBS 

concentration, under 10-1 M. 
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Figure VI-16: Amount of protein adsorption on a given oligoether SAM on gold 

normalized to the amount of protein adsorbed on a monolayer of hexadecanethiol on 
gold (100%) versus advancing aqueous contact angle of the SAM in 10-1 M PBS solution. 
Symbols: red ▲, EG2OH; orange │, EG3OH; green +, EG6OH; blue ♦, TRI 3OH; blue ■, 

EG1OMe; green ▼, EG2OMe; light blue ●, EG3OMe; red ×, EG6OMe; blue , 
TRI 3OMe; red ●, PRO2OMe; blue ◊, PRO3OMe; orange +, PRO4OMe; purple ■, 

EG3OEt; green ○, EG6OEt; blue ����, EG3OPr; green ����, EG6OPr; blue ●, EG3OBu;  
Light blue ▼, 1; light blue ●, 2; black ♦, 3; black ●, 4; green ▲, 5; purple , 6. 

Reproduced from 21.   
 

 Grunze and co-workers defined two regions and deduced from their results that water contact 

angles higher than 70° reduced full protein resistance. Contact angle and amount of protein 

adsorption values obtained for 1 and 2 were close to those for EG3OPr and EG3OBu and their 

symbols were in the same area of the graph. The symbols for 5 and 6 compared to EG6OPr, 

and EG6OEt were on both sides of the “70° limit” because the contact angle on 5 and 6 was 

much lower (around 30° lower). This could show that the influence of the wettability on the 

amount of protein adsorption was different with the synthesised fluorinated surfactant 

molecules. Although the amount of adsorption on 3 and 6 follew the same trend as seen by 

Grunze: a lower adsorption on surfaces with a lower contact angle, the adsorption amount was 

similar on 3 and 5. A dramatic decrease was not noticed in the adsorption amount when the 

contact angle was lower than 70°.      
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5) Protein Adsorption Study on (1-mercaptoundec-
11-yl)tetra(ethylene glycol) 2,2,2-trifluoropropyl 
ether SAM 

 
In order to extend the study of the influence of the length of the hydrophobic and hydrophilic 

moieties, the behaviour of (1-mercaptoundec-11-yl)tetra(ethylene glycol) 2,2,2-trifluoroethyl 

ether (4) was also investigated. 

 

 

Figure VI-17: (1-mercaptoundec-11-yl)tetra(ethylene glycol) 2,2,2-trifluoroethyl ether 
(4) 

 

This surfactant differed from 3 by one methylene group less in the hydrophobic top end. 

Similar to 5 and 6, the contact angle was around 30° lower than those observed for SAMs 1-3. 

Ellipsometry and XPS analyses revealed that the coverage of the monolayer was 

(inexplicably) 30 % lower than all the other synthesised monolayers.  

Figure VI-18 displays the relative fibrinogen adsorption as a function of the ionic 

strength. 
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Figure VI-18: Dodecanethiol SAM relative fibrinogen adsorption on (1-mercaptoundec-
11-yl)tetra(ethylene glycol) 2,2,2-trifluoroethyl ether SAM on gold in aqueous solution of 

different salt concentration  
 

The relative fibrinogen adsorption on SAM 4 observed by immersion in solutions with a PBS 

concentration ranging from 10-4 M to 1 M was almost constant at 52%. This value was the 

lowest observed so far and suggested that the reduced density made the SAM more resistant 

to protein adsorption. The influence of the density was not studied systematically. A layer 

which was surprisingly discovered to be less tightly packed than the others was the reason 

why it was possible to observe the influence of this parameter. A relaxed lateral packing 

density might yield a system of lower order and higher exposure of the repulsive 

oligo(ethylene glycol) groups to the surface.  

It could be noticed that the force did not affect the adsorption of proteins on a low 

dense film because the amount of adsorption was constant under an increasing ionic strength 

of the liquid environment while a switch from repulsion to attraction was observed between 

10-1 and 1M.  

 

III) Conclusions 
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With the experiments carried out with the three first mollecules, it has been shown that the 

combination of three or four oligo(ethylene glycol) groups and a trifluoro propyl or butyl part 

in the self-assembling molecule highlighted a possible modulation of the relative amount of 

adsorbed protein by changing the ionic strength of the liquid medium. The three SAMs 

exhibited similar densities and wettabilities and as such it was possible to link this modulation 

to the influence of the forces originating from the surface.  

The impact of the composition of the surfactant molecule was illustrated by the 

dependence of the marked change in adsorption as a function of ionic strength on the length 

of the trifluoroalkyl top and the number of the oligoethylene glycol units. Adding one 

hydrophobic methylene group shifted the “jump” to 10 times weaker ionic strengths whilst 

the addition of one oligo(ethylene glycol) unit moved the “step” in the opposite direction by 

an order of magnitude. It was also observed that an increase in the length of the hydrophobic 

moiety leaded to a slight increase in the amount of adsorbed fibrinogen under any liquid 

medium condition whereas an additional OEG unit generally decreased the adsorption.  

For all films studied a slight increase in the amount of proteins was observable with 

increasing ionic strength and below the “jump” concentration. No further investigation was 

performed to study this phenomenon. Nevertheless, one possible explanation was that the 

ionic strength affected the conformation of the fibrinogen or the self-assembling molecules on 

the surface. 

It could be notice that the amount of fibrinogen adsorbed on the synthesised SAMs 

was never zero. Even under the ionic strength where the force which originated from the 

organic layer was repulsive, the surface was not totally inert to fibrinogen adsorption. This 

suggested that it was not the only parameter governing this phenomenon.     

With the experiments carried out with all the mollecules, it has been shown that for 

dense films, the amount of adsorbed fibrinogen on an alkanethiol SAM based on 

oligo(ethylene glycol) groups and a trifluoroalkyl head could be influenced by changing the 

concentration of the salt of the liquid environment. When the number of oligo(ethylene 

glycol) units  was six  giving rise to  a higher wettability of the surface, the amount of proteins 

adsorbed on the surface was observed to be progressively adjustable with the salt 

concentration. 

A stronger influence of the adsorption amount was observed for SAMs with lower 

wettability, based on three or four oligo(ethylene glycol) units, because the impact of the 

force which originated from the surface was more relevant. The stronger impact of this 

parameter was reflected by a considerable jump in the amount of fibrinogen on the surface, 
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which was visible when immersing the substrates in two solutions whose concentrations 

differed by a factor 10. The amount of fibrinogen adsorbed at the solid-liquid interface could 

be increased or reduced by extending the length of the hydrophobic head or by adding one 

oligo(ethylene glycol) groups, respectively. Moreover, these two modifications shifted the 

“jump” of the amount of adsorbed fibrinogen to lower and higher salt concentration 

respectively.  
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Chapter 7 

 

Conclusions and Outlook 

 

 

This thesis involves ultrathin films of self-assembled monolayers. SAMs are easily prepared 

and have a great flexibility with respect to functionalisation leading to their use for various 

applications such as biointerfaces. According to their order, stability, and membrane 

appearance, SAMs are good candidates for the study of protein/surface interactions.  

In this project, extensive effort has led to the synthesis of six novel trifluoro alkyl 

polyethylene glycol alkanethiols. The seven step synthetic pathway has been followed 

similarly for the six molecules. One starting molecule was either trifluoroethanol, 

trifluoropropanol or trifluorobutanol and molecules were composed of three, four, or six 

oligo(ethylene) groups. Each intermediate was characterised by nuclear magnetic resonance, 

infrared, and high-resolution mass spectroscopies. The six pure liquid compounds were 

dissolved in dimethylformamide and gold substrates were immersed in these solutions to give 

self-assembled monolayers. The properties and the quality of these organic layers were 

characterised by X-ray photoelectron spectroscopy, contact angle goniometry, and 

ellipsometry measurements. The surface coverage relative to an alkanethiol SAM was around 

75 % except for one monolayer which has a much lower density for an unexplained reason. 

The contact angle was 94° on tri and tetra(ethylene glycol) based SAMs and droped to 62° 

when this number reached six and for the less dense film.   

The forces acting on proteins which originated from the surface were studied via AFM 

force-distance curve measurements with a hydrophobic probe in aqueous solution. Varying 

the ionic strength of the liquid environment revealed that an electrostatic repulsion and a 

hydrophobic attraction acted on the probe with a swing of dominant force. The concentration 

of the switch from repulsion to attraction was shown to be adjustable by changing the number 

of oligo(ethylene glycol) or methylene units in the surfactant molecule. This concentration 
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increased with a higher number of oligo(ethylene glycol) groups and decreased with a longer 

hydrophobic end. Therefore, it was possible to tailor self-assembling molecules to observe a 

switch between 10-1 and 1 M which surrounded the concentration of the natural environment 

of fibrinogen.  

The study of the influence of this total force acting on proteins, as well as the 

wettability and the density of the films, was performed by measuring the relative amount of 

fibrinogen adsorbed on our films by ellpisometry. These measurements revealed an impact of 

these three factors on the adsorption rate. When films were not tightly packed, the amount of 

fibrinogen adsorbed on the solid-liquid interface did not depend on the ionic strength. 

Therefore, it was suggested that a low density might have a stronger influence than the total 

force making impossible a variation of the amount of adsorbed fibrinogen with the chosen 

external parameter. For tightly packed films, both the wettability and the force had an impact 

on the protein adsorption. When the contact angle was 60°, the effect of the force was not 

dominant since an increasing ionic strength gave rise to a progressively higher adsorption. It 

was prevailing when the contact angle was 92° which enabled a 15 % or 20 % change of the 

relative adsorption by increasing or decreasing the salt concentration by a factor of ten.  

Thus, the amount of adsorbed proteins on the surface could be altered by changing the 

salt concentration of the liquid medium with a highest influence for tightly packed films 

having a 92° contact angle. 

I hope that someone will be sincerely interested in the few ideas described throughout 

this thesis and use it for future projects. Below, I try to point some research directions.  

Higher wettability and lower and constant fibrinogen adsorption seemed linked to a 

lower density. It was suggested that the self-assembling molecules, having more space, could 

get tangled and present more oligo(ethylene glycol) groups than the trifluoro alkyl/OEG 

combination at the surface. Therefore, it would be interesting to check the conformation of the 

molecules of the least dense film. 

An additional assumption was made concerning the influence of the ionic strength on 

the conformation of the molecules of the films. Consequently, observing their conformation in 

solution with different salt concentration would be particularly appealing. 

Another extension would be the study of positively charged surfaces with surfactant 

molecules containing nitrogen atoms rather than oxygen on the adsorption of positively 

charged proteins. 


