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Abstract

The Atomic Force Microscope is a powerful tool for probing the surface of
a sample at the nanoscopic scale. Indeed it can give information about
the sample topography and map various physical or chemical surface
properties. But in parallel to these “classical” applications, there exist
other very interesting techniques. They include sensing applications in
which the adsorption of molecules on the cantilever is quantitatively
monitored and surface engineering applications in which the tip is used

as a pen to write chemical features on a substrate.

The aim of this thesis was to develop innovative ways to go further
in these two series of applications and to improve their performances.
The main strategy was to increase the number of reactive sites on the
cantilevers in order to interact faster and with more sensitivity. To reach
this objective, AFM cantilevers were functionalized with polymer bru-
shes which provide stable surfaces that can contain a large amount of

reactive side groups per unit area.

First, the study of the kinetics of (physico)chemical reactions at the
submicrometric scale was undertaken with cantilevers bearing reactive
brushes. Two different methods were investigated: the frequency shift
method and the deflection method. The first method was based on the

fact that the resonance frequency of a lever is inversely proportional to
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its mass which was increased upon adsorption of analytes by the reactive
brushes while the second one was based on the variation of the surface
stress of the cantilever upon adsorption of molecules by the reactive

brushes.

Second, a surface-confined “click” reaction was catalyzed at the nano-
scopic scale with functionalized polymer brushes bearing ligands for met-
als that were grafted from an AFM tip. The scan speed was a deter-
mining parameter and in every case, the patterns were thicker than a
monolayer of the grafted molecules. The proposed mechanism of the
lithography involves two steps: the formation of crystal seeds by the
catalysis of the reaction and the subsequent pi stacking of aggregates
that were absorbed in the brush.
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Chapter 1

General Introduction






Since the famous lecture that Richard Feynman gave on Decem-
ber 29th 1959 at the annual meeting of the American Physical Society
(“There’s plenty of room at the bottom”), the scientific community en-
tered the “Nanoworld”: nanotechnology was born [1]. This breakthrough
completely changed the way of making science. One of the most thrilling
perspectives about nanotechnology is the design of nanofactories in which
swarms of nanorobots would assemble atoms or molecules to form prod-
ucts ranging from new molecules to macroscopic objects with an atomic
precision. Whereas the ethical and economical implications are still un-
der debate, lots of applications could benefit from that. For instance,
one could think of nanodevices that would be implanted in a human
body to track any source of disease such as cancer and synthesize the
appropriate drug in situ. This is still a dream nowadays but according to

some theories, this dream could come true in the not-too-distant future

12].

K. Eric Drexler spent a lot of effort in developing the concepts of
nanotechnology from the theoretical point of view, giving a detailed
analysis of molecular machinery and the way to design, analyze and
build it [3, 4]. His main conclusion is that there seems to be no in-
surmountable problem to translate these theories into practice. Other
authors agree with his visions [5-7] but the debate is still open. Anyway,
while it is clear that his dream nanofactory will not be realized anytime
soon, more pragmatic examples of physicochemical devices working at
the nanoscale can be found in the literature such as nanomachines or
molecular motors based for instance on catenanes and rotaxanes [8-10],
carbon nanotubes [11, 12|, Nano Electro-Mechanical Systems (NEMS)

[13] or stimuli-responsive materials such as polymer brushes [14].

As it will be further described in the following paragraphs, this thesis

aimed to develop new tools for these future nanofactories.



4 General Introduction

1.1 Objectives and Strategies

This thesis was embedded in a larger project called DYnanoMOVe whose
purpose was to develop the constitutive elements of a nanometric chem-
ical factory such as nanochemical reactors or nanoconveyor belts and
to increase the understanding of the behavior of such elements at the
nanoscopic scale (Figure 1.1(1)). In that respect, two series of tools were
fabricated. The first one was developed in order to precisely monitor
the kinetics of the chemical reactions arising in each of the nanoreactors
and to measure the efficiency of the molecular transport between them
(Figure 1.1(2)). The second tool was built to locally modify the kinetics
of a reaction taking place inside a particular reactor or between mole-
cules on the substrate and molecules in solution (Figure 1.1(3)). The

development of these tools is the purpose of this thesis.

Atomic Force Microscopy (AFM) cantilevers were chosen as the pro-
bes because, on the one hand, these micro-levers are commercially avail-
able, relatively cheap and equipped with sharp tips and, on the other
hand, the piezoresistive tube of the microscope nose on which the can-
tilever is mounted allows its precise positioning on the substrate under
study. These cantilevers have widely been used in the literature for sens-
ing applications and as lithographic tools. However, their sensitivity is

generally well below the one of dedicated probes.

The aim of this thesis was thus to improve the performances of these
AFM cantilevers for such applications. The main strategy was to increase
the number of reactive sites on the cantilevers in order to interact faster
and with more sensitivity. To reach this objective, AFM cantilevers
were functionalized with polymer brushes. Indeed, polymer brushes, as
assemblies of macromolecules densely grafted on a substrate, provide
stable surfaces that can contain a large amount of reactive side groups

per unit area.
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1.2 Methodology

The present work is divided into three main parts. The first part (Chap-
ter 2) is dedicated to polymer brushes and their synthesis as they will
be used as the basic material for all the subsequent applications. The
preparation of polymerization-initiator-SAMs either on gold or on silicon

will also be discussed as well as the study of the kinetics of their growth.

The second part (Chapters 3 and 4) deals with the analysis of the
kinetics of (physico)chemical reactions at the submicrometric scale using
modified AFM cantilevers as the sensing probes. Two different meth-
ods will be examined: the frequency shift method (Chapter 3) and the
deflection method (Chapter 4). The first method is based on the fact
that the resonance frequency of a cantilever is inversely proportional to
its mass while the second one is based on the variation of the surface
stress of the cantilever upon selective adsorption of target molecules on
one of its faces. The kinetics of the activation reaction of weak polyacid
brushes and the collapse transition temperature of thermo-responsive
brushes will be measured by the first method while the pH-responsive
behavior of polyelectrolyte brushes and the kinetics of a “click” reaction
will be studied with the second method.

The third part (Chapter 5) concerns the catalysis of surface-confined
“click” reactions at the nanoscopic scale with functionalized polymer bru-
shes grafted from an AFM tip. Before determining the mechanism of this
lithographic technique, the grafted catalytic complexes as well as the re-

active surfaces will be fully characterized.

Finally, the experimental details related to every undertaken experi-
ment will be given in a dedicated chapter for the sake of clarity (Chapter
6) and this will be followed by some concluding remarks and some sug-

gestions for a future work (Chapter 7).



6 General Introduction

(1) A nanofactory contains nanoreactors and nano-
conveyor belts among other things

(2) Probes can be used to monitor the kinetics of
the reactions

(3) Probes can be used to locally catalyze a reaction

Figure 1.1: A nanofactory is composed, among other things, of nanore-
actors and nanoconveyor belts. Then, to characterize the progress of
the reactions arising on the nanoreactors or to increase the kinetics of a
specific reaction, nanoprobes are needed.
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2.1 Introduction

As mentioned in the general introduction, the two main objectives of
this thesis were first, the measurement of the kinetics of local reactions
and second, the local catalysis of surface reactions. For both objectives,
AFM cantilevers and tips were used. Then, in order to increase the sen-
sitivity and the reactivity of these probes, polymer brushes were grafted
from their surface. Indeed, polymer brushes offer a good coverage of the
substrate and provide a high density of desired functional groups per

unit surface area.

This chapter will thus focus on polymer brushes since they were used
as the basic material throughout this whole thesis. Prior to the polymer-
ization step, it is necessary to coat the substrate with a polymerization
initiator. The most common route is to use a self-assembled monolayer
(SAM) of the desired initiator.

Depending on the nature of the substrate, different monolayers can
be used. The two most frequent systems are, on the one hand, silane
monolayers on silicon and, on the other hand, thiol monolayers on gold.
In this work, two different types of cantilevers were needed depending
on the considered application. Indeed, the measurement of the kinetics
of a local reaction with the resonance frequency shift method necessi-
tated stiff cantilevers to increase the fundamental resonance frequency
and thus the sensitivity whereas the measurement of the kinetics of a
local reaction with the deflection method as well as the local catalysis of
a reaction necessitated flexible cantilevers to increase the sensitivity of
the detection in the first case and to not damage the surface during the
lithography in the second case. Commercially-available stiff cantilevers
usually have a rectangular cross-section and are made of silicon while
commercially-available flexible cantilevers are usually V-shaped, made
of silicon nitride and coated with a thin layer of gold. Both kinds of

cantilevers can be functionalized with silanes since these molecules can
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self-assemble on silicon and silicon nitride. However, to get rid of the
thermal drift in the deflection curves of the V-shaped cantilevers (as they
are made of Au/Si;N, bilayers), the idea was to coat the Au-side of the
cantilevers with an inert thiol monolayer, to evaporate a thin layer of
gold on the SizN,-side and to coat it with a thiol-initiator monolayer. In
that case, the system would have been symmetrical and should not have
suffered from thermal drift. So, the formation of both types of monolay-
ers will be investigated.

Since the thiol molecules form weak covalent bonds with the sub-
strate, thiol SAMs are less stable and exchange with other thiols in solu-
tion can occur. The kinetics of place-exchange reactions of thiols on gold
was thus investigated since it would not be desirable that the inert thiol
molecules exchanged with thiol-initiator molecules. To measure this ki-
netics, the strategy was to self-assemble an inert thiol monolayer on a
gold-coated silicon substrate, then to immerse it in a solution containing
the thiol-initiator for various amounts of time, to grow a polymer brush
on the resulting samples and to measure the thickness of these brushes.
It will be shown that this particular exchange between inert and initiator
thiols is very fast so that the above mentioned strategy could not be fol-
lowed. Then, whenever the thermal drift was limiting, the temperature
had to be controlled.

Regarding silane-initiator-SAMs, they were characterized in terms of

thickness, grafting density, chemical composition and activity.

Throughout this work, four different monomers were used: the mono-
2-(methacryloyloxy) ethyl succinate (MES) (5), the di(ethylene glycol)-
methyl ether methacrylate (MEO,MA) (6), the methacrylic acid (MAA)
(7) and the 2-hydroxyethyl methacrylate (HEMA) (8) (Figure 6.2 on
page 193 in the Experimental Part). A full study of the growth kinetics
of poly(MEO,MA) and poly(MAA) brushes will be presented for dif-
ferent experimental conditions and the parameters that influence this

kinetics will be described. The purpose of this part will be to deter-
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mine the optimal conditions in order to get rapidly growing brushes in
a controlled fashion. The parameters that will be varied are mainly the
monomer concentration, the amounts of catalyst and of deactivator and
the water content of the solution. We will see that the optimal conditions
for growing poly(MEO,MA) and poly(MAA) brushes are quite different
from each other. Then, intermediate conditions will be selected for the
copolymerization of these two monomers and the composition of the re-
sulting copolymer brushes will be determined depending on the relative
concentration of each comonomer in the feed solution. This will allow the
calculation of the reactivity ratios of these two monomers. With these
ratios, the a priori determination of the composition and of the struc-
ture of the copolymer as well as of the average block length inside the

copolymer will be possible for any comonomer ratios in the feed solution.

Prior to the presentation and the discussion of these results, some
theoretical aspects concerning the functionalization of AFM probes, the
self-assembly of monolayers on gold and silicon and the synthesis of poly-
mer brushes will be presented. Finally, a conclusion will be drawn in the

last section.

2.2 Theoretical Aspects

2.2.1 Functionalization of AFM Probes

When AFM probes are used for sensing applications, their functionaliza-
tion is often necessary to allow the selective adsorption of target mole-
cules. There exist various ways to functionalize AFM cantilevers or tips
and different kinds of materials can be deposited/grafted such as metals,

semiconductors, polymers, biomolecules, SAMs, etc [1, 2].
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When only one probe is to be functionalized (or multiple probes but
with the same coating), standard methods can be used. For instance,
thermal or electron beam-assisted evaporation of metals |3, 4] was used
to coat AFM probes. The metal layers can be used as such, e.g. for gas
or ion detection [5-7], or as substrates to anchor successive layers such
as polymers and SAMs (8, 9]. Similarly, sputtering can also be used to
coat the cantilevers with metals [6] for aforementioned applications or
with other kinds of materials such as ZnO [10]. In this precise case, ZnO
was not used as a sensing layer but as a piezoelectric material to detect
the bending of the cantilever. Sputtering and evaporation allow the for-
mation of controlled thickness of the deposited layers.

Monolayer functionalization through the self-assembly of molecules
(typically thiols on gold and silanes on silicon) is a widely used tech-
nique for obtaining dense, ordered and stable monolayers of molecules
with specific chemical properties. The formation of these self-assembled
monolayers (SAMs) will be described in the next section. To summarize,
these molecules can be deposited either from the liquid phase or from
the vapor phase and due to specific interactions between the endgroups
of these molecules and the substrate, the formation of dense monolayers
is promoted. These SAMs were used for instance to anchor biomolecules
for the fabrication of biosensors [11-14], or as initiating layers for the
polymerization of various monomers [8, 15-18] in order to measure the
behavior of these polymers under different experimental conditions or to
create efficient sensing layers.

Polymers can also be deposited via other methods such as spray
coating [3, 19| or spin coating [20] while layers of organic and biological
molecules can be created without the intermediary of SAMs, by layer-by-
layer nanoassembly (LBL) [21] or by Langmuir-Blodgett (LB) deposition

for instance.

When cantilever arrays have to be functionalized with different sens-

ing layers, two different approaches can be developed. Either the previ-
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ous standard methods can be applied but with some modifications such
as the use of shadow masks [3] or the focused ion beam milling of the
undesired material [20], or specific techniques can be used. In that case,
simple methods can be employed such as the manual placement of par-
ticles [22-24] or direct pipetting of solutions onto the cantilevers [7] but
these techniques are rather time consuming and have a limited repro-
ducibility. More advanced techniques are thus often preferred. These in-
clude the use of microfluidic networks [25], arrays of dimension-matched
capillaries |26, 27| and inkjet spotting [28, 29].

In this thesis, the AFM cantilevers were functionalized with polymer
brushes. This necessitated the coating of the cantilevers with initiator-
SAMs prior to the polymerization step. In the next two sections, the

theory of SAMs and of polymer brushes will thus be presented.

2.2.2 Self-Assembled Monolayers on Gold and Silicon

Self-assembled monolayers (SAMs) are monolayers of molecules that
form specific interactions between one of their ends and the substrate
on which they are deposited. It induces the formation of a stable layer

even after the removal from the reactive medium.

It is often written that the concept of self-assembled monolayers was
first described by Zisman et al. in 1946 [30]. They first showed that some
organic molecules can be adsorbed from solutions to form well-oriented
monolayers on solid surfaces. They concluded from their experiments
that the studied films were made of close-packed molecules that were
almost vertically oriented. But it is only in the early 1980s that this
concept definitively entered the scientific consciousness thanks to the
works of Nuzzo & Allara [31] and Maoz & Sagiv [32]. Nuzzo & Allara

dealt with thiols on gold while Maoz & Sagiv were interested in silanes
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on silicon. Interest in these two systems has been continuously growing
since that time. These are now by far the two most popular families of

SAMs and are used in many different applications.

The formation of SAMs was reviewed in 1996 by Ulman [33] and
more recently by Schwartz [34]. Basically, the formation of a monolayer
is a stepwise phenomenon. Generally and to simplify, there are at least
three steps that can be compared to an isothermal path through a quasi-
equilibrium 2D-phase diagram. During the first step there is only one
phase considered as the “vapor” phase and made of single mobile mo-
lecules adsorbed on the substrate in a disordered and random fashion.
For intermediate concentrations at the interface, there is a coexistence
between randomly-oriented, low density domains and higher-density con-
densed domains. Finally, there is the “solid” phase for high concentra-

tions where the molecules are well ordered and closely packed.

There exist two methods to self assemble monolayers on a substrate:
one can either deposit these layers from the vapor phase or from the
liquid phase. In this study, the liquid phase method was mainly used
as it was easier to handle when dealing with AFM probes. Moreover
the monolayers obtained from these two methods gave similar results.
The substrates of interest were, on the one hand, silicon as it is the
main material used for AFM cantilevers production and, on the other
hand, gold as it is easily evaporated to form controlled layers of desired
thicknesses. The liquid phase deposition technique for thiols on gold
and silanes on silicon will thus be described into more details. These
two families of monolayers are quite different from each other because
thiols form reversible bonds with gold which enables them to move on
the surface and to rearrange themselves whereas silanes form irreversible
covalent links on silicon which makes them immobile. So the monolayer

formation responds to rather different mechanisms.
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Thiols on gold

There are multiple processes at play during the growth of a thiol-based
SAMs. Indeed, contact angle measurements and ellipsometry by Bain et
al. [35] on quenched thiols monolayers on gold indicated that the contact
angle and the thickness of these films reached around 90% of their final
values in only 1 minute for typical conditions. However, the last 10%
were attained only after a few hours meaning that a second phenomenon
with a much longer time scale intervened. Lots of studies drew the same
conclusions and showed that there were at least two main kinetic steps

involved in the growth process for regular conditions [36-38].

The solvent and the chain length were shown to influence the kinetics
of the film growth in a great fashion. Schneider and Buttry [39] estab-
lished that the better the solvent is, the faster is the kinetics but the
lower is the final quality of the monolayer. Interestingly, it was shown
by Peterlinz et al. that the kinetics of the first step increases with de-
creasing chain lengths while this is the opposite for the second step [40].
In their model, the first step consists in the transport of molecules to
the substrate through a physisorbed film on top of the chemisorbed mo-
lecules (Figure 2.1(1)) while in the second, islands growth happens via
molecular motion within the chemisorbed film (Figure 2.1(2)). So in the
first step, as the length of the chain increases, the transport is slowed
down due to higher interchain interactions. Then during the second
step, islands growth is favored for higher interchain interactions thus for
longer thiols. They also showed that for strong solvents such as heptane,
the formation of the physisorbed film is inhibited and only one fast ki-
netic step is observed while for weaker solvents such as ethanol, a third
kinetic step can be observed for longer thiols (C,4-C,g) and multilayer
formation is promoted as also mentioned by other studies [41]. Finally,
they noticed a decrease of the overall film growth as the concentration

decreases.
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Figure 2.1: Main kinetic steps during the growth of thiol-SAMs. Left :
Step 1: Transport of molecules through a physisorbed film on top of the
chemisorbed molecules. Right : Step 2: Molecular motion inside the
chemisorbed film.

All these observations are coherent with the mechanism involving
patches of lying and disordered molecules and islands of vertically ori-
ented molecules that grow to cover the surface. This has been supported
by spectroscopic studies [42, 43| and by more recent scanning probe mi-
croscopy studies [44-46]. These also showed that the thiol molecules
follow the hexagonal pattern of the gold surface in their final arrange-
ment. So at the end of the SAM formation, thiol molecules are densely
packed and well oriented in a crystalline fashion as schematized in Figure
2.2.

Due to the nature of the chemical Au—S bond, there can be various
stability issues such as place-exchange reactions between thiols adsorbed
on a gold surface and thiols in solution. Thiols-based SAMs can be
stabilized by increasing the length of the thiols or by introducing specific
groups in order to enhance lateral interactions between shorter chains.
Anyway it is often reported that the exchange process is a matter of

hours [47-50]. However, depending on the quality of the gold surface,
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Figure 2.2: Scheme of a thiol-SAM on gold.

this process can be sped up. Indeed, it is well known that the defects,
such as grain boundaries, are sites where the exchange is faster [51-53].
So for systems where gold surfaces are produced by thermal evaporation

for example, this phenomenon can have dramatic consequences.

Silanes on silicon

Silane-based SAMS are very interesting in the field of monolayers because
of the irreversible covalent bonds that these molecules form with the
substrate as underlined in Figure 2.3. It is even truer for trichlorosilanes
(or trimethoxy- and triethoxysilanes) because they can cross-link on the
surface to form a siloxane network as depicted on Figure 2.4. It leads to
layers that have good mechanical and chemical tenues. In parallel, this
prevents the layer from having long-range molecular order as opposed to
thiol SAMs where the Au lattice dictates the arrangement.

During the self-arrangement of the monolayer on the surface, there
is a competition between the immobilization of the molecules and their
hydrolysis. The relative kinetics of these two phenomena depends on the
experimental conditions such as the pH, the temperature and the water
content. Of course, this is a critical point for the kinetics of the monolayer

formation itself. It can have a dramatic influence on the morphology and
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Figure 2.3: Scheme of a covalently-bound monochlorosilane-SAM on sil-
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Figure 2.4: Scheme of a crosslinked trichlorosilane-SAM on silicon.

the final properties of the monolayer [34].

The Hoffmann group spent lots of efforts in investigating the growth
mechanisms of silane-SAMs for various experimental conditions [54-56].
In situ AFM measurements of octadecyltrichlorosilane (OTS) SAMs [57]
showed that quite large islands are observed during the first few moments
of the silanization meaning that the growth is first initiated by the ad-
sorption of polysiloxane oligomers formed in solution in the presence of
traces of water (Figure 2.5(1)). So oligomers adsorb much faster on the
active sites than the monomeric units. These islands were 2.5 nm-thick
which is comparable to the molecular length of OTS molecules. This
suggests that molecules are perpendicularly oriented on the surface. In

a second and much slower step, the islands grow by the adsorption of
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monomers from the solution (Figure 2.5(2)). However, in previous AFM
studies on quenched OTS films, they simultaneously observed both is-
lands and a continuous phase. But, although a lot of authors proposed to
quench the reaction at early stages to study the mechanisms of the silane-
based monolayer formation, it has been proved by Richter and cowork-
ers |58, 59| that there exist systematic differences between monolayers
studied by in situ experiments and quenched partial monolayers. They
observed by X-Ray Reflectivity (XRR) studies that quenching OT'S films
leads to an irreversible decrease of their density and thickness even after
reimmersion in the solvent. Since the density was more affected than
the thickness, they suggested that molecules closely packed inside the
growing islands were not much affected while molecules on the perimeter
were removed or allowed to tilt. In conclusion, while quenching experi-
ments provide an interesting overview of the growing mechanisms of the
silane-SAMs, they should be looked at carefully.

N Si
RN
Si
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"X Ginnsivesi ~~
(1) Step 1 (2) Step 2

Figure 2.5: Main kinetic steps during the growth of trichlorosilane-SAMs.
Left : Step 1: Oligomers form in solution in the presence of traces of wa-
ter and adsorb on the surface. Right : Step 2: Islands grow by adsorption
of monomers from the solution.

Hoffmann and coworkers also showed that the water content in the

solution is a crucial parameter for the kinetics and the mechanisms of
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the growth as well as for the final properties of the films. Indeed, for
higher water contents, the islands grow faster because water speeds up
the oligomer formation in solution (called “solution polymerization”) and
induces the adsorption of longer oligomers. These oligomers were found
by Zhao et al. to form only a few chemical bonds with the surface [60].
Moreover, even higher water contents results in polysiloxane gel deposi-
tion on the surface. A more recent review from Sander et al. [61] showed
that water can also interact with the silane in another way: when wa-
ter is adsorbed on the surface instead of being mixed with the solution,
the silane molecules polymerize directly on the surface (“surface poly-
merization”) providing a higher final grafting density than for solution
polymerization. Finally, in the absence of water, the trifunctional silanes
react similarly to monofunctional ones and “monomeric synthesis” is fa-
vored. This kind of synthesis also arise for low silane concentrations. In
this case, the units adsorb one at a time on the surface and the final

density is decreased.

2.2.3 Polymer Brushes

Generalities

When polymer chains are grafted on a substrate, different regimes can
be observed depending on the grafting density. For low grafting densi-
ties, the chains do not influence one another. They thus roughly occupy
the volume of a half-sphere whose radius in comparable to the radius of
gyration, Ry, of the chain in solution. This regime is called the “Mush-
room” regime (Figure 2.6(1)). For higher grafting densities, i.e. when the
interchain distance is much smaller than twice the radius of gyration, the
chains tend to extend from the substrate due to the high sterical hin-
drance and are in the “Brush” regime (Figure 2.6(2)). Polymer brushes

are thus defined as dense layers of macromolecules densely grafted on a
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substrate [62, 63].

zizs SR

) “Mushroom” regime ) “Brush” regime

Figure 2.6: There exist two limiting regimes for the conformation of
polymer chains grafted on a surface in function of the grafting density:
(1) the “Mushroom” regime for low grafting densities and (2) the “Brush”
regime for high grafting densities.

This latter conformation leads to many very interesting properties.
For example, surfaces with a high density of given chemical function-
alities can be obtained [64]. This can enhance the reactivity of the
substrate. Alternatively, this dense layer can be used as a protective
coating against fouling or corrosion [65-67]. But their most used set of
properties lies in their ability to respond to external stimuli [68]. Brushes
possessing this property are called “stimuli-responsive polymer brushes”
[69]. It is well known since the work of Flory and Huggins in the early
1940’s [70, 71] that macromolecular chains adapt their conformation due
to environmental changes. They developed a thermodynamic model to
calculate the Gibbs free energy change AG,, accompanying the mixing
of a polymer and a solvent. Generally, the Gibbs free energy change
upon mixing is the difference between the enthalpy change AH,, and

the product of the temperature and the entropy change TAS,,:

AGy, = AH,, - TASy, (2.1)
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When the relative sizes of the mixed components do not match, which

is the case when dissolving a polymer in a solvent, this equation becomes:

AGm = RT (n1 In ¢1 + N9 In ¢2 + n1¢2X12) (22)

So the free energy change depends on the number of moles n; and
volume fraction ¢ of the solvent, the number of moles ns and the volume
fraction ¢9 of the polymer and the polymer-solvent interaction parameter
x12. This parameter depends on the nature of the solvent and of the

polymer.

By extension, one finds that the end-to-end distance of a free polymer
chain (7"2)1/ 2 depends on the balance between monomer-solvent inter-
action, monomer-monomer interaction and solvent-solvent interaction,
notions embedded in the definition of x12. This equilibrium can be dis-
placed by modifying the environment (e.g. the pH, the temperature,. . .)
and the chain can swell or shrink accordingly. Since polymer brushes are
macromolecules densely grafted by one end to a substrate, the chains
can expand or collapse but the movement is restricted to the dimension
perpendicular to the substrate and the amplitude of this movement is

hence increased.

Thus, literally speaking, every polymer is responsive to external stim-
uli. But when we talk about stimuli-responsive polymers (or here stimuli-
responsive polymer brushes), we refer more to the applications of these
polymers. A polymer will be considered responsive if a change in its
environment modifies its properties in a noticeable way regarding the
considered application. Talking of stimuli-responsive polymer brushes,
these can then be considered as smart coatings with applications in ac-
tuation [16, 72|, motion control [73|, tuning of biointeractions [74, 75],
stimuli-gated filtration [76] and sensing [15].
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Ideally, a good polymer brush is highly monodisperse, its thickness
is finely controllable and is constituted of linear chains. There exist two
strategies of polymer brush grafting, the “grafting to” approach and the

“grafting from” approach:

1. “Grafting to”

In this approach, fully grown polymer chains are grafted to the sub-
strate (Figure 2.7). In order to do so, the chain ends [77] and /or the
substrate [78] are functionalized. Depending on these endgroups,
the polymers are subsequently grafted onto the surface by chem-
ical bond formation or physisorption [63]. In the latter case, the
anchor points can move on the substrate. This is not suitable for
some applications e.g. when the brushes have to withstand high
shear rates. Aside from that, some functional groups can not be
used in this approach due to parasitic chemical or physical ad-
sorption. Moreover, this method limits the maximum achievable
grafting density. Indeed, at a certain point of the grafting, the
surface becomes unreachable for the chains still in solution due to
steric hindrance. Finally, the thickness of the brush is limited by
the degree of polymerization in solution. This induces thicknesses
usually much lower than 100 nm. While these two last facts can be
drawbacks for some applications, low grafting densities and thick-
nesses are not necessarily detrimental for sensing applications as it

will be seen in the following.

2. “Grafting from”

To circumvent some of these limitations and to obtain a more ver-
satile system, the “grafting from” method was selected. This tech-
nique, also called surface-initiated polymerization (SIP) requires
the self assembly of a polymerization initiator. The most used
substrates are gold and silicon but other substrates, such as alu-

minum and stainless steel, can be used as well [79]. Here, the
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Figure 2.7: In the “grafting to” approach, functionalized, fully grown
polymer chains are immersed in solution in the presence of the sub-
strate (top-left). The chains are progressively chemi- or physisorbed
(top-right). This method leads to quite low grafting densities (bottom).

monomers are added one at a time on the growing chains which
allows high grafting densities (Figure 2.8) although lower densities
are also reachable by decreasing the surface concentration of initia-
tors. This method is compatible with a huge collection of different

monomers either in aqueous or organic solvents [63].

Living Polymerizations

Living polymerization is the common choice for the grafting from of
polymer brushes. Indeed, it allows the fine control of their polydispersity,
their thickness and their composition. In this kind of polymerizations,
the initiation step is fast in comparison with the propagation step, all
chains grow simultaneously and there is ideally no termination or transfer

reactions. The reaction steps are described by:
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(1) Initial step (2) Intermediate step
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Figure 2.8: In the “grafting from” approach, a substrate covered with
polymerization initiators is immersed in the solution containing the mo-
nomers (top-left). The monomers add one at a time on the growing
chains (top-right). This method can lead to high grafting densities (bot-
tom).

Activation : ~M, - R ~ M*+R® (2.3)
Propagation : ~ M)+ M AN M. (2.4)
Deactivation : ~ M, +R® ke, M, -R (2.5)
Termination : ~M?+ ~M% 5 ~ Myem (2.6)

Equation (2.6) suggests that it is better to work with low radical
concentrations to avoid termination reactions. To achieve this, it is nec-
essary to form dormant species. The conversion rate of the monomer is

given by:
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d[M] .
i kp[ M7 ][M] (2.7)

This is a first order polymerization rate regarding the monomer con-
centration. If the amount of radicals remains constant, we can integrate

equation (2.7):

m( [M] ) — k(M (2.8)

We can see that there exists a linear dependence between the loga-
rithm of the monomer concentration and the time. Polymerizations that
have rates approaching equation (2.8) are called “living polymerizations”.
In real life, they are limited by progressive saturation of the growth due
to termination reactions or chain transfers. There exist many different
kinds of living polymerizations. Some of the most frequently used ones

are listed below:

e Anionic Polymerization allows a good control of the polymer thick-
ness. However, it needs drastic purification and drying conditions.
This polymerization is very sensitive to impurities. Moreover, there
is only a limited amount of monomers that permits it and its rate

is quite low [80].

e Cationic Polymerization needs a cationic species as initiator that
transfers a positive charge on the monomer. Most Lewis acids
used to induce the polymerization are water intolerant and there
is thus a need to thoroughly dry the medium. However, recent
developments made possible the cationic polymerization of styrene

in presence of water [81].

e Ring Opening Polymerization (ROP) is limited to cyclic monomers
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whose rings are opened during the polymerization process. It can
be either anionic or cationic depending on the monomer and the
initiator. It was shown that the propagation may proceed without

termination and irreversible transfer reactions [82].

e Ring Opening Metathesis Polymerization (ROMP) is limited to
cyclic olefins. The mechanism of the polymerization is based on
olefin metathesis thanks to a metal catalyst. In this polymeriza-
tion, the double bonds of the monomers are conserved in the poly-

mer which leads to interesting properties [83].

e Reversible Addition-Fragmentation chain Transfer (RAFT) con-
sists in a free radical polymerization in the presence of dithioesters.
These esters transfer between active and dormant chains to give the
living character to the polymerization. This method can be used
with a wide range of monomers and reaction conditions and pro-
vides a good control of the molecular weight of the polymers and

narrow polydispersities [84].

e Nitroxide-Mediated Polymerization (NMP) is a living radical poly-
merization where the active sites are protected by the reversible
addition of nitroxide end groups. This polymerization needs high
temperatures (ca. 120°C) which may not be suitable for all appli-

cations [85].

e Atom Transfer Radical Polymerization (ATRP) is the most com-
monly used polymerization technique for growing brushes. It is
well controlled. The initiator synthesis is easier than for surface-
initiated RAFT or NMP [62]. Some of them are commercially
available. Moreover the synthesis conditions are not restrictive. It
is possible to carry out this polymerization at room temperature
in aqueous solutions. This is the route that we chose to synthesize

our polymer brushes. The ATRP reaction scheme is given by:
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ka
M, - X+ Mt*LY = M; +XMt*'LY (2.9)
kq

O

°
n+1

Mt# is the transition metal, usually Cu, at oxidation state z, L
is the ligand, Y and X are halogen atoms. Activation of the dor-
mant species is due to bond breaking between the growing chain
and the protective terminal halogen atom. This is catalyzed by the
oxidation of a metallic complex. Propagation can then occur. De-
activation is the reverse process when the halogen atom recombines
with the chain [86]. ATRP kinetics is highly influenced by many
parameters such as the solvent, the ligand, the monomer(s), the
quality of the initiator, the pH, the temperature, the ionic force,
etc [87].

We have seen that due to the living aspect of the polymerization, the
thickness of a polymer brush is directly proportional to the monomer
concentration in solution and from equation (2.8), it is possible to directly
link the monomer concentration with the reaction time provided that
the radical concentration remains constant. However, nonlinearities can
arise after some time due to termination reactions [86]. Moreover, some
reactive sites can be engulfed inside the brush and become no longer
accessible for the catalytic complexes [88]. So in many cases, the radical
concentration is not constant. In 1999, Fischer proposed an equation

that gives the time variation of the radical concentration [89]:

= ko[ Mp — X ] = kq[ My ] — ke[ M3 [M),] (2.10)

n m
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The equilibrium constant K., between activation and deactivation is

given by:

ke [MR][CuLYS]
“" kg [M,-X][Cu'LY]

(2.11)

This suggests that the ratio between [Cu'l|] and [Cul| is critical to
maintain a controlled polymerization and to decrease the rate of termi-

nation reactions.

In the case of surface-initiated ATRP (or SI-ATRP), the amount of

initiator molecules is very small and equation (2.8) becomes:

w1 -k [ M)t (2.12)

Making the approximation that a change in [M;] only comes from

n

termination reactions, equation (2.10) rewrites:

n

=k [M7][0M5] (2.13)

By integration of equation (2.13) and substitution in equation (2.12),

we have:

[ M ]okp[ M Jot

[M]o-[M] ="~ [M2]okt (2.14)

Since the thickness of the brush is proportional to [M ]y — [M], we
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can see that termination reactions induce a non linear dependence of the

thickness as a function of time [90].

Copolymer brushes

Growing copolymer brushes is somewhat tricky because one has to find
a common set of parameters that allows the controlled polymerization of
both comonomers with an appropriate kinetics. But this is not enough.
Indeed, the composition of the copolymer is usually not the same as the
composition of the solution. Moreover, the architecture of the copolymer
brush (statistical or block copolymer) can also vary according to different

factors.

The work of F. Mayo and F. Lewis in 1944 allows solving these two
issues [91]. Indeed, they developed an equation to describe the compo-
sition of a copolymer at every stage of the reaction. Considering two

monomers M; and Ms, four propagation reactions can take place:

~MPEM, BRSO Lap (2.15)

MMy B A (2.16)
° ko1 °

MM, B LM (2.17)

~My My A g (2.18)

The reactivity ratios are given by:
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k11
r = — 2.19
1 o (2.19)
ry = k22 (2.20)
ko1

The Mayo-Lewis equation gives the instantaneous composition of the

copolymer as a function of the composition of the feed solution:

d[My]  [My](ri[Mq] + [Ma])
iG]~ ML) + (M) (2.21)

This equation is valid in the quasi-stationary state approximation
that considers that the rate of radicals formation is equal to the rate of
their destruction (d[ M7 ]/dt = d[Ms]/dt ~0). Other reasonable hypothe-
ses have to be accepted in this model such as no hydrolysis, homogeneous
reactive medium, no effect of chain length on the reactivity of the radi-

cals, etc.

The most common way to determine the reactivity ratios of a como-
nomer couple is to express 7y as a linear function of r; by linearizing

equation (2.21):

(1)) 1_([Ml] [M:]/[Mz] ) (2.22)

 d[M;]/d[Ms] [Ma]  d[M;]/d[M>]

So, analyzing the composition of some copolymer brushes for given
solution concentrations gives straight lines whose intersection is the cou-
ple (r1,r2) of these comonomers for these particular conditions. Indeed,
the reactivity ratios vary according to experimental parameters such as

the temperature, the solvent, the pH,... Not only these ratios serve to
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predict the composition of a copolymer for given concentrations in solu-
tion but depending on their relative values, they give an insight into the

copolymer structure:

e If ry =79 =1, the copolymer is statistical. The final composition

of the copolymer is the same as the composition of the solution.

e If ri,ro << 1, the copolymer is alternating. The monomer 1 pref-

erentially reacts with monomer 2 and inversely.

e Ifry,ro > 1, the copolymer is blocky. Each monomer tends to react
with itself but they still can react with the other one leading to

block copolymers.

e If ry,79 >> 1, we have a mixture of two homopolymers. The mono-

mers only react with their own kind.

e If r1 > 1 > r9, we have a drift in the composition of the copoly-
mers. At first, the copolymer is rich in monomer 1 and when it
is completely consumed, more monomers 2 are added leading to a

variation in the composition along the chain.

Going further into the analysis of these equations allows us to cal-
culate the average length of each block in the final copolymer. Indeed,
considering that the composition of the feed solution does not change
with the conversion in SI-IATRP, we can calculate the probability for a
monomer 1 to react with itself (Wi1) [92]:

r1fi

W= ——
1 f1(7’1—1)+1

(2.23)

with fi = [M;]/([M;1]+[Mz]). Then, the average number of monomers
1 per block, (N7) is given by:
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(2.24)

2.3 Results and Discussion

2.3.1 Thiol Monolayers on Gold

Generally, to characterize a monolayer on a solid substrate, one of the
best tools that can be used is X-Ray Reflectometry (XRR). Indeed, this
gives precious information on the thickness and the density of the layer.
However, here a thin monolayer of thiol (ca. 1 nm) on top of a thicker
and denser gold layer (ca. 20 nm) evaporated on a silicon substrate with
a thin layer of chromium (ca. 2 nm) as the adhesive layer has to be char-
acterized. In this case, the system is quite complex. Nevertheless, as
previously said, thiol-SAMs can suffer from a lack of stability. There-
fore, the stability and the activity of these SAMs were investigated by
the following strategy: a polymer brush was grafted from this monolayer
to account for its activity and the kinetics of place-exchange reactions
between an inert thiol and the initiator was studied to account for its
stability. For this part of the work, mono-2-(methacryloyloxy)ethyl suc-
cinate (MES) was used as the monomer. More information about the
materials and methods involved in this section are given on pages 191
and 197.

First, the kinetics of poly(MES) brush growth from gold surfaces pre-
viously covered with the thiol-initiator (2) was studied. The thicknesses
of brushes grown in different experimental conditions (Table 2.1) are dis-
played in Figure 2.9 as a function of time. The polymerization is not
well controlled for the initial concentrations (MES/bipy/CuCl/CuCl, =
95/5/1.6/0.08 mmol, O in Figure 2.9): after a few minutes, the brush
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is already 100 nm-thick and its thickness does not increase much after
2 hours of reaction (around 130 nm). This can be due to a very high
amount of free radicals on the substrate arising either from the high re-
activity of the monomer, from a too large amount of catalyst CuCl or
from a too small amount of deactivator CuCl, [62, 63]. Indeed, if there
are too many free radicals at the end of the growing chains, they can
terminate by pairing. So, first the amount of catalyst was decreased by
50% (m). Unexpectedly the thickness of this brush is even higher and the
growth is also not controlled. This could be explained by the combined
action of a decrease of the termination reactions and a high reactivity of
the monomer: in this case, the growth is very fast and terminates quickly
(but slower than with the previous conditions, which gives higher thick-
nesses). This is confirmed by the next experiment where the amount
of catalyst has been increased by 100% in comparison with the initial
concentration (A). In that case, the thicknesses are highly reduced as
expected. Another way to improve the control is to increase the amount
of deactivator (»). In that case, a decrease of the thickness is observed
as expected but the control is not really improved. The last experiment
of this series is the synthesis of a brush without any pH adjustment ().
In that last case, hardly any growth is observed as in [93].

EtOH | H,O MES bipy CuCl CuCl, | pH

(ml) (ml) | (mmol) | (mmol) | (mmol) | (mmol) | (-)
a 15 30 95 5 1.6 0.08 9
] 15 30 95 5 0.8 0.08 9
A 15 30 95 5 3.2 0.08 9
> 15 30 95 5 1.6 0.32 9

15 30 95 5 1.6 0.08 <5

Table 2.1: Conditions used in Figure 2.9.

From these experiments it can be concluded that it is possible to
select the thickness of the brush a priori by adjusting the quantities of
catalyst and deactivator; however, it is useless to play with the polymer-

ization time as the growth is not well controlled. It could be possible
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Figure 2.9: Kinetics of poly(MES) brush growth for the different poly-
merization conditions listed in Table 2.1. The lines are drawn to guide
the eye.

to somehow improve the control by finely tuning the relative amounts of
each chemicals but it would cost a lot of time and this is not necessary
in the framework of this study as the purpose is to assess the validity of
the thiol-initiator SAM.

Having this in mind, it was possible to start the study of the stabil-
ity of the thiol monolayers. The kinetics of desorption or exchange are
supposed to be relatively slow [47-50] and the rate of these reactions can
be further decreased by increasing the packing density of the first thiol
monolayer, i.e. by increasing the chain length, or by introducing groups
capable of forming lateral interactions. However, this phenomenon was
investigated into more details in order to be sure that it will not be

limiting for the following experiments.

As a first test, monolayers of undecanethiol (UDT) were grown over-

night in ethanol on gold wafers. After rinsing with ethanol and water,
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they were dried under a flow of N,. Then they were placed in a solution
containing the initiator for respectively 2, 5, 30 and 120 minutes along
with bare gold substrates used as references. They were subsequently
rinsed with ethanol and water and then dried under a flow of N,. As
small amounts of molecules are supposed to have been exchanged in such
short periods of time, poly(MES) brushes were grown from these surfaces
for 1 hour to increase the signal. Then, the thicknesses were measured
by ellipsometry (see section 6.3.2 on page 215 for more information on
this technique). Figure 2.10 shows that even after only 2 minutes of
place-exchange reaction, the resulting brush is already approximately
40 nm thick (»). This thickness should be compared to that of a brush
grown from an initiator-SAM for 2 minutes, i.e. 110 nm (O0). Making the
assumption that the thickness of the brush is directly correlated with
the initiator coverage as suggested by Huck et al. [94], this would mean
that around a third of the inert thiol molecules previously deposited on
the substrate were exchanged in only 2 minutes. After 5 minutes of
place-exchange reaction, this ratio becomes 55%, then 90% for 30 min-
utes to finally reach 100% after 2 hours. This was totally unexpected.
To increase the stability of the inert thiol layer, a longer thiol (hexade-
canethiol, HDT) with a low (< 1 mM, A) and a higher concentration
(10 mM, m) and a more hydrophilic thiol (mercaptoundecanol, UDTOH,

) were tested. In every case, no major improvement was made and the

lowest thickness obtained for 2 minutes exchange was around 30 nm.

To go further into the understanding of this phenomenon, the place-
exchange reaction was performed at -78°C in a mixture of acetone and
dry ice. As can be seen in Figure 2.11, the resulting thicknesses of the
brushes are quite high with a 27 nm-thick brush for a 2 minutes exchange.
At this point, we had to conclude that the replacement of inert thiols by
the thiol initiator (2) is very fast.

When doing the reverse exchange where the initiator is the first
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Figure 2.10: Kinetics of place-exchange reactions between different inert
thiols and the initiator - O : Reference experiment (initiator only); m :
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Figure 2.11: Kinetics of the place-exchange reaction at -78°C - O : Ref-
erence experiment (initiator only); m : HDT.

species grafted on the gold substrate, no drastic change in the thick-
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nesses of the subsequent brushes is monitored (results not shown). This
would mean that either the initiator is very stable or that there is not
a direct correlation between the polymer brush thicknesses and the ac-
tual proportion of each thiol on the surface. This seems to contrast with
the previously mentioned paper by Huck et al. [94] which showed that
although only 1 out of 10 initiators bound to the surface is expected to
initiate a polymer brush, there is a linear relationship between the initia-
tor density and the growth rate of the polymer brush formed. This would
mean that the probability for a thiol to initiate the polymerization does
not change with its amount on the surface. But if the thiol molecules
are exchanged in patches rather than randomly, it would mean that the
final surface is composed of two phases: one with unreacted inert thiols
(low thickness) and one containing densely packed chains (high thick-
ness) leading to an average decrease of the thickness. This hypothesis is
supported by the facts that on the one hand, the morphology of evap-
orated gold layers is made of spherical grains of about 25 nm diameter
[95] and that on the other hand, the exchange reaction is highly favored
at defect sites [51-53)].

Another plausible explanation could come from the lack of control
on the polymerization kinetics. For example, the growth could proceed
not only from thiol initiators, but that hydrogen abstraction, radical
transfers, etc. would lead to further initiation from the alkane layer
and/or to the formation of heavily branched chains. This would extend
the influence of a single exchanged thiol initiator molecule well beyond
its location, which would explain why a very small amount of exchanged

thiol molecules could already lead to a relatively high film thickness.

Anyway, these results show that working with thiol-initiators should
be avoided in the following of this study due to their quick exchange

against neutral thiols.
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2.3.2 Silane Monolayers on Silicon

Since it has been demonstrated in the previous section that thiol mono-
layers are not suitable to be used as initiator-SAMs for our brushes,
silane-based-initiator-SAMs were used (more information to be found
in the Experimental Part on section 6.1.1, page 191 and section 6.2.1,
page 197 about the materials and methods involved). Before studying
the growth of polymer brushes, these silane-SAMs were studied in more
details.

The quality of the silane monolayer was evaluated by XRR. As men-
tioned in the Experimental Part (section 6.3.1 on page 211), a first ap-
proximation of the thickness d of the silane layer can be made from
the value of k; ,ipn in the reflectogram (Figure 2.12) according to d =
72k, min. In the present case, a thickness, d, of 10.5 A is measured.
This value is reasonable though a bit too large for a densely packed layer

of this silane.

A further analysis can be made by computing the autocorrelation
function of the electron density gradient (i.e. the Patterson function).
The maximum of the last peak of this function gives an accurate, para-
meter-free estimation of the thickness which is close to our first approx-
imation (data not shown). Finally, the reflectivity curve was fitted to
obtain the vertical profile of electron density of the surface of our sample
as shown by the continuous black line on Figure 2.13. By subtraction of
the profile of a bare silicon wafer (dotted black line), the electron density
profile of the silane monolayer (gray continuous line) was obtained. Inte-
grating the area under this curve provides the number of electrons of the
layer per unit surface area (; which is 311 electron/ nm?. Since one mole-
cule of silane contains 119 electrons (not taking into account the reactive
Cl atoms as they are removed during the grafting), the grafting density

of the silane molecules o, is 2.6 molecule/ nm?. This grafting density is
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Figure 2.12: XRR spectrum of a silane-initiator SAM on silicon (dots:
data; line: fit). The local minimum of this curve, k; min gives a first
approximation of the layer thickness (ca. 10.5 A).

about 50% lower than the values found for very densely packed alkane
chains; for instance, crystalline alkanes have a packing density of about
5-5.5 chain/nm? measured in planes perpendicular to the chain axes, de-
pending on their sub-cell [96]. This relatively low grafting density results
from the bulky end of the silane which prevents a close packing of the
chains and from the amorphous nature of the native layer of silicon oxide
on silicon wafers. However, in our case, the packing density is sufficient

to allow a dense packing of polymer chains.

The chemical characterization of the silane layer was provided by X-
ray Photoelectron Spectroscopy (XPS) (cf. section 6.3.3 on page 219).
Figures 2.14 and 2.15 show the survey scan and the high-resolution el-
emental Cis scan of a silane-initiator monolayer on silicon. The Siog
and Sip, peaks come from the substrate, whereas the Ci5 and the Brsy
peaks come from the silane layer. Analyzing a monolayer presents two

major difficulties: first, the substrate (composed of silicon and oxygen in
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Figure 2.13: Electron density profiles obtained from the fits of the XRR
data. The Si/monolayer interface is located at 0 A. The electron density
profile of the silane layer (gray line) is computed by subtraction of the
Si profile (dotted black line) from the Si+monolayer profile (continuous
black line).

unknown proportions) prevents from extracting quantitative ratios be-
tween the C15 and O peaks; second, the relative proportion between the
actual silane layer and the unavoidable organic contaminants prevents
from comparing the different contributions to the carbon spectrum in a
quantitative fashion. As an example, for the three components of the
carbon peak at 284.8, 286.4 and 289 eV corresponding to C—(C,H), C-O
and O=C-0, a ratio of around 5:1:1 was expected (assuming that the
carbon linked to the terminal bromine atom is included in the C—C com-
ponent since the electronegativity of bromine is not far from the one of
carbon). However, the measured ratio is close to 10:3:1. This proves
the presence of a quite large contamination coming from hydrocarbona-
ceous adsorbed molecules. The ratio between Cis and Brs; cannot be
accounted for since it is well known that the bromine atoms are expelled
from the surface through x-ray radiation. But the fact that bromine is

visible in the spectrum (even in small proportions), proves that the silane
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was successfully grafted on the surface.
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Figure 2.14: XPS survey scan of the silane-initiator SAM on silicon.
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Figure 2.15: XPS high resolution Cis scan of the silane-initiator SAM
on silicon. The spectrum is composed of three peaks: the C—(C,H) peak
at 284.8 eV, the C-O peak at 286.4 ¢V and the O=C-0 peak at 289 eV.
These peaks are fitted with Gaussian curves as guides for the eye.

Finally, the silane-initiator SAM activity regarding the polymer brush
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growth was tested. Figure 2.16 compares the growth of poly(MES) brush
growth on a silane-initiator-covered silicon surface (m) and on a thiol-
initiator-covered gold surface (»). These two curves look very similar.
The thickness of the brush grown on gold seems to saturate sooner than
the one grown on silicon but in both cases the growth is not well con-
trolled as discussed in the previous section. It is also noteworthy that
this gives the final proof that a monolayer of the ATRP initiator was

grafted on silicon.
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Figure 2.16: Kinetics of poly(MES) brush growth on silicon (m) and gold
(») for standard conditions. The lines are drawn to guide the eye.

2.3.3 Polymer Brush Growth

A lot of parameters can have an influence on the growth kinetics of poly-
mer brushes. Some parameters can modify the polymerization rate such
as the monomer concentration, the water content and the temperature,
while others have an impact on the control of the growth such as the
catalytic complex or deactivator concentrations. Of course, these two

kinds of parameters are linked because when the control of the reaction
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is enhanced, the growth kinetics is often slowed down.

Our goal here was to determine the appropriate set of parameters
in order to obtain brushes which could grow rapidly and in a controlled
fashion. Then, by copolymerization with a reactive comonomer, the
synthesis of copolymer brushes whose composition and structure can be
determined a priori was considered. These brushes were intended to be
further post-functionalized in a reproducible way to develop sensing or
catalytic layers for our AFM probes. Section 6.1.2 on page 192 presents
the monomers used in this thesis as well as the materials involved in their
polymerization and section 6.2.2 on page 198 describes the protocol used

for the synthesis of polymer brushes.

First, the polymerization kinetics of di(ethylene glycol)methyl ether
methacrylate (MEO,MA) brushes was studied. The amount of monomer
or of the deactivator CuCl,, the nature of the solvent and the pH (since
it could be anticipated that the pH has to be raised to 9 in order to

polymerize acidic monomers |93|) were varied (Table 2.2).

MeOH | H,O | MEO,MA bipy CuCl CuCl, | pH

(ml) (ml) (mmol) (mmol) | (mmol) | (mmol) | (-)

] 30 15 95 5 1.6 0.08 ~ 6
[ | 15 30 95 5 1.6 0.08 9
A 15 30 95 5 1.6 0.64 9
15 30 142.5 5 1.6 0.64 9
> 15 30 142.5 5 1.6 0.32 9

Table 2.2: Conditions used in Figure 2.17.

The open squares (O) in Figure 2.17 show the kinetics curve for
concentrations of MEO,MA /bipy /CuCl/CuCl, = 95/5/1.6/0.08 mmol.
This first result shows that a poly(MEO,MA) brush can be grown in a
quite well controlled fashion since the growth is linear in a bilogarithmic
graph. However, after approximately 24 hours of polymerization, the

thickness is only around 40 nm which is not enough for our objectives.
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Figure 2.17: Kinetics of poly(MEO,MA) brush growth on silicon for the
different conditions listed in Table 2.2. The lines are drawn to guide the
eye.

Since water increases the rate of ATRP, the proportion between water
and methanol was modified from 1:2 to 2:1 holding the total volume of
solvent constant and raising the pH to 9 for the reason evoked earlier.
The resulting curve (m) shows that the brush grows quickly in the early
stages of the polymerization, reaching around 30 nm in 2 minutes. Then,
the polymerization slows down but the thickness continues to increase
in a linear way. However, the control is decreased with these conditions
and some heterogeneities appear on the wafer after a few hours of reac-
tion. So, to minimize the initial thickness and to enhance the control on
the reaction, the concentration of CuCl, was increased up to 800% (4).
In this case, the initial thickness is lowered to only 3 nm, the polymer-
ization is well controlled and the final thickness is close to 60 nm. In
order to further increase the final thickness of the brush, the monomer
concentration was increased by 50% (). This does not lead to modifica-
tions compared to the previous curve. To get an intermediate behaviour

between good control and good final thickness, the CuCl, concentration
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was decreased down to 400% (»). These conditions lead to a low ini-
tial thickness (around 6 nm) and a high final thickness of around 90 nm
for 20 hours of polymerization. So depending on the use of these bru-
shes, different sets of conditions providing brushes with nicely controlled

thicknesses are available.

This first kind of polymer brushes is interesting because they are
thermo-responsive. This means that the polymer undergoes a confor-
mation change in water at a given temperature of ca. 27°C. For temper-
atures below this transition temperature, the brush is swollen because
enthalpy is the dominant term in the Gibbs free energy of the system:
the chains repel each other due to steric forces, water molecules form
hydrogen bonds with the polymer chains and the brush is hydrated.
For higher temperatures, the entropy is dominant and the chains tend
to adopt their statistical coil conformation leading to a collapsed state.
Much more details about the transition mechanisms are given in [69].
Now, it would also be interesting to introduce reactive groups inside the
polymer brush while keeping its responsive behavior. Therefore, reac-
tive monomers were introduced inside the brushes, i.e. methacrylic acid
(MAA). Besides the reactivity, poly(MAA) brushes are hydrophilic and

responsive to a change of pH [97] or ionic force [98].

MeOH | H,O | MAA bipy CuCl CuCl, | pH | NaCl
(ml) (ml) | (mmol) | (mmol) | (mmol) | (mmol) | (-) (g)
O 15 30 95 5 1.6 0.08 9 0
15 30 95 5 1.6 0.16 9 2.8
] 15 30 190 5 1.6 0.08 9 0
> 15 30 190 5 1.6 0.64 9 0
A 15 30 142.5 5 1.6 0.64 9 0

Table 2.3: Conditions used in Figure 2.18.

As for poly(MEO,MA) brushes, the growth kinetics of poly(MAA)
brushes was studied for the different conditions listed in Table 2.3. First,
the conditions yielding the highest thicknesses of poly(MEO,MA) bru-
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Figure 2.18: Kinetics of poly(MAA) brush growth on silicon for the
different conditions listed in Table 2.3. The lines are drawn to guide the
eye.

shes were used (m in Figure 2.17). These conditions are not suitable for
this monomer because the kinetics is very slow as can be seen in Figure
2.18 (O). In order to increase the kinetics, NaCl was added in the so-
lution. Indeed, NaCl has two advantages. First, it can have a shielding
effect on the charges borne by the monomers [98]. Second, NaCl can
prevent complexation reactions of methacrylic acid with Cu® and Cu'l,
yielding a better control of the polymerization [99]. The CuCl, concen-
tration was also doubled to counterbalance these foreseen effects of NaCl.
The kinetics is increased but only to a small extent (v). The MAA con-
centration was thus also doubled since the monomer concentration plays
a major role in the polymerization kinetics for acidic monomers [98]. In
this case (m), the kinetics is highly increased but the control is com-
pletely lost: a 200 nm-thick brush is obtained in 2 minutes. The CuCl,
concentration was thus increased up to 800% (»). This increased the
control but this was insufficient as the brush was around 70 nm thick in

2 minutes which is still too high. Finally, maintaining this high CuCl,
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concentration but lowering the MAA concentration to an intermediate
value of 150% (4A) gave brushes with a low initial thickness of 20 nm and
a high thickness of more than 100 nm for 5 hours of polymerization with

a very nice control.

It can be concluded from this exploratory work that the two studied
systems obey to rather different rules. Indeed, the conditions issuing
the highest thickness for poly(MEO,MA) gave very thin poly(MAA)
brushes. In order to increase the thickness of poly(MAA) brushes, the
monomer concentration can be increased whereas this has no major in-
fluence on the kinetics of poly(MEO,MA) brushes. For this latter, the

amount of water in the solution seems to be of importance.

Based on these conclusions, growing copolymer brushes according
to different conditions should give thick brushes with various amounts
of each monomer. However, it was more interesting to find a common
set of parameters with the relative proportions of each monomer being
the only variable. This was not straightforward because a solvent com-
patible with each monomer and parameters that allow a controlled and
fast polymerization for every composition had to be found. This set of
parameters is: monomers/bipy/CuCl/CuCl, = 190/5/1.6/0.08 mmol in
H,O0/EtOH = 15/10 ml.

Copolymer brushes were grown with different proportions of mono-
mers and their composition was investigated by Fourier Transform In-
fraRed spectroscopy (FTIR) (cf. section 6.3.4 on page 224). In a first
step, the FTIR spectra of the two homopolymer brushes were studied.
Poly(MEO,MA) brushes exhibit a strong isolated peak at 1728 em™L
This peak corresponds to the asymmetrical stretching of the C=0 groups
(SPMEO2MAY (Rigure 2.19). Two smaller peaks are also visible and cor-
respond to the asymmetrical bending of the CH; groups and to the

symmetrical stretching of the CH, groups. The infrared spectrum of
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the poly(MAA) brushes depends on their protonation state [100, 101].
At low pH, the acid units of poly(MAA) brushes are protonated and
form dimers involving intra- or intermolecular H-bonds. The asymmet-
rical stretching of the C=0 groups associated with this configuration is
located at 1704 cm™! and cannot be used to determine easily the copoly-
mer composition because it overlaps with the STMFO2MA neak At high
pH, the acid groups of poly(MAA) brushes are deprotonated, and the
asymmetric stretching of the C=0 shifts to ca. 1500 cm™! and splits into
five peaks [101] (Figure 2.20). Here, the strong peak at 1554 cm™! of
Opa )

deprotonated brushes ( was selected to be the main characteris-

tic peak of poly(MAA). A typical infrared spectrum of a deprotonated
poly(MEO,MA 43-co-MAA5g) is shown in Figure 2.21. The two major
components coming from each comonomer, 5L MEOMA anq sPMAA oy
be clearly observed.
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Figure 2.19: FTIR spectrum of a 90 nm-thick poly(MEO,MA) brush
on glass after 30 minutes immersion in a neutralization bath at pH=10.
The dashed lines represent the decomposition of the signal in Voigt com-
ponents.

The areas of those characteristic peaks had then to be linked to the
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Figure 2.20: FTIR spectrum of a 200 nm-thick poly(MAA) brush on
glass after 30 minutes immersion in a neutralization bath at pH=10.
The dotted lines represent the decomposition of the signal in Voigt com-
ponents.

actual relative amounts of each comonomer inside the brush. The ab-
sorbance of these peaks was thus calibrated. This was done taking into
account the Lambert-Beer equation that linearly links the absorbance
(A) to the thickness of the dry brush (h9"Y):

A=e-c-h¥Y =q.pry (2.25)

with € being the extinction coefficient of the brush and ¢, the molar con-
centration in monomer units. So for a given peak, the parameter a is
constant and will be used as the calibration parameter. This param-
eter was estimated by measuring the absorbance of the two character-
istic peaks for various thicknesses of homopolymer brushes. This gave
apmEo2MA (1728 cm™!) = 0.008 + 0.001 nm™' and apyaa (1554 cm™)

=0.03+0.007 nm~!. Knowing this parameter allows to calculate a virtual
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Figure 2.21: FTIR spectrum of a 66 nm-thick poly(MEO,MA 4o-co-
MAAj5g) brush after 15 minutes in a neutralization bath at pH=9 and
decomposition of the signal in Voigt components (dashed lines refer to
MEO,MA units, dotted lines to MAA units and dash dotted lines come
from both MEO,MA and MAA units.

thickness of each of the two homopolymer brushes forming the copolymer
brush:

By _ Airos 4 niv A1s54
PMEO2MA = an PMAA =
APMEO2MA APMAA

(2.26)

These virtual dry thicknesses had then to be linked with the molar
ratio of the two constituents. This can be done by taking into account

the molar volume of each comonomer (V;):



54 Functionalization of AFM Cantilevers with Polymer Brushes

thy

NMAA PMAA . VMEO2MA (2.27)
NMEO2MA hdpﬁEon A YMaa
dry —
hpyiaa Myaa  pPMEO2MA
hdry : M * (2 28)
MEO2MA MEO2MA PMAA

with M; and p; the molar mass and the density of component i respec-
tively. Then, the molar fraction of MEO,MA in the brush (fmro2ma)

writes:

(2.29)

-1
NMEO2MA NMAA
JMEO2MA = =1+ ———

NMEO2MA T NMMAA NMMEO2MA

Figure 2.22 shows the evolution of fyro2oma as a function of the
composition of the feed solution. The copolymer has a tendency to con-
tain more MEO,MA units than the feed solution meaning that, for these
conditions, MEO,MA polymerizes preferentially compared to MAA. The
reactivity ratios were extracted from the linearized Mayo-Lewis equation
(2.22) applied to these data, providing ryigoama = 3.7 and ryaa = 1.
This is fairly close to the values obtained for free radical copolymeriza-
tion in solution where rypoava = 3.6 and ryaa = 2 [102]. The black line
on Figure 2.22 is the Mayo-Lewis equation (2.21) in which the values
of the calculated reactivity ratios were injected. It nicely fits the data

points.

From these reactivity ratios, the average block length inside the
copolymer was calculated as a function of the composition of the feed
solution according to equation (2.24) (Figure 2.23). For a 50/50 ratio of

the two monomers in the solution, the average length of MAA segments
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Figure 2.22: Evolution of the molar fraction of MEO,MA in the copoly-
mer brush as a function of the composition of the feed solution. The black
line corresponds to the Mayo-Lewis equation (2.21) with rygooma = 3.7
and ryaa = 1.

is 2 while it is close to 5 for MEO,MA.

2.4 Conclusion

In this chapter, the growth kinetics of polymer brushes grafted from
solid substrates by ATRP was studied. In a first part, it was shown that
ATRP-initiator silane SAMs on silicon were better suited than their thi-
ols counterparts on gold because these latter exchange rapidly. This was
demonstrated by proceeding to place-exchange reactions of inert thiols
with initiator thiols and grafting poly(MES) brushes from the result-
ing surfaces. The growth was significant even after a few minutes of
exchange. So, the strategy consisting of having an inert thiol on one
side and an initiator-thiol on the other side of a gold-coated cantilever

to avoid thermal drifts during the experiments, could not be used. The
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Figure 2.23: Evolution of the average block length in the copolymer
brush as a function of the composition of the feed solution. The black
line corresponds to the MEO,MA and the gray line to MAA.

precise control of the temperature was used instead whenever this effect

was limiting.

Then, the growth kinetics of two homopolymer brushes, i.e. the
poly(MEO,MA) brush and the poly(MAA) brush, was investigated for
different experimental conditions. Different sets of parameters were
found in order to produce thick polymer brushes with a nicely controlled
kinetics. Finally, the behavior of these two monomers upon mixing into
the same polymerization solution was studied. The resulting copolymer
brushes contained more MEO,MA units than the feed solution. This is
to be related with the larger reactivity ratio of MEO,MA as compared
to MAA as was already found in the literature for radical polymerization

of these two comonomers in solution.
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Chapter 3

Studying Local Reactions
with AFM
The “Frequency Shift” Method
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3.1 Introduction

The first objective of this thesis was to develop a tool that could monitor
the kinetics of a localized chemical reaction. Two methods were consid-
ered: the first method was based on the resonance frequency shifts that
accompany the adsorption of some molecules on a cantilever. Stiff AFM
silicon cantilevers with a resonance around 160 kHz were used. These
cantilevers were selected because they met a compromise between a high
resonance frequency and a high surface area both being important for
the sensitivity of the detection. In order to further increase this sensitiv-
ity, reactive polymer brushes were grafted from their surface to increase
the surface density of reactive sites. This first method will be studied
in the present chapter. The second considered method was based on the
deflection of flexible cantilevers upon adsorption of molecules on one of

its sides and will be investigated in the next chapter.

The basic principle of the technique to be developed is depicted in
Figure 3.1. Considering a reaction between molecules on a substrate and
molecules in solution and an AFM cantilever coated with a reactive poly-
mer brush (Figure 3.1(1)), when the product is formed (Figure 3.1(2)),
the product molecules will diffuse in the solution and eventually, some
of them will be caught by the brush. Then, due to the mass increase of
the system, the resonance frequency will shift towards lower values (Fig-
ure 3.1(3)). If the system is well calibrated, it will lead to the precise

monitoring of the kinetics of this localized reaction.

In a preliminary study, the resonance frequency shifts obtained in air
and in water for AFM cantilevers after their silanization with initiator-
SAMs and after the subsequent polymerization step were measured to

evaluate the sensitivity of the technique.

Then, as a model reaction, the activation of the functional side groups
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Figure 3.1: When molecules from the surface and reagents in solution
react with each other, some product molecules are caught by the brush
that is grafted on the AFM cantilever. The initial resonance frequency
of the cantilever, fj, shifts towards lower values due to this mass increase
and becomes f;,.
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of poly(methacrylic acid) (poly(MAA)) brushes with N-(3-Dimethyl-
aminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) and N-Hydro-
xysuccinimide (NHS) was followed. This reaction converts the carboxylic
acid functional groups to activated esters and was selected because it is
fast and well known. Both the mass increase during the reaction and the
conversion of the reactive side groups inside the brush were recorded as

a function of time.

This method was also used for the characterization of changes in the
conformation of the grafted brush. To this respect, the collapse tran-
sition of a thermoresponsive brush was studied. These brushes exhibit
a transition from a swollen to a collapsed state upon heating. So, the
collapse transition temperature (Tcr) of poly(di(ethylene glycol)methyl
ether methacrylate) (poly(MEO,MA)) brushes was measured. This tem-
perature is linked to the Lower Critical Solution Temperature (LCST)
of free chains in solution. In water, poly(MEO,MA) has a LCST around
27°C. This LCST can be modified by adding specific salts to water. The
variation of the Tt was thus investigated upon the addition of two salts,
Na,SO, and NaSCN, which have opposite effects on the Tcr: Na,SO,

lowers it while NaSCN increases it.

Before the presentation and the discussion of the results, the theo-
retical aspects of the quantitative determination of a grafted mass on a
vibrating sensor and the concept of thermoresponsive polymer brushes

will be presented.

3.2 Theoretical Aspects

The story of Scanning Probe Microscopies (SPM) began in 1981 by the

first experimental evidence by G. Binnig and H. Rohrer of the exponen-
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tial distance dependence of the tunneling current between a conductive
tip and a surface [1]. A few months later, they revealed the first topo-
graphic pictures of Au and CalrSn, surfaces with atomic resolution using
this technique [2]. The Scanning Tunneling Microscope (STM) was born.
The experimental setup consisted in a tungsten tip fixed to a support
that could move in the three directions of space thanks to a piezoelectric
plate placed on three metallic feet that could be clamped independently.
Another piezoelectric device enabled the sample to be displaced towards
the tip very precisely. To reduce the internal vibrations, the system was
maintained under static magnetic levitation over a superconducting bowl
of lead cooled by liquid helium. The vertical resolution of this STM was
below 1 A and the lateral resolution was below 10 A. This technique was

so powerful that its inventors received the Nobel Prize in 1986.

Knowing the structure of materials and see their atomic arrange-
ments is of course of tremendous use for all aspects of material science.
However, the operating principle based on the tunneling current prevents
STM from being used on insulator samples. For this category of materi-
als, some other techniques were used such as the stylus profilometer. Its
concept is rather simple. It consists in a stylus mounted on a cantilever
beam that is scanned on a sample. The deflection of the cantilever is
recorded to produce three dimensional images. Teague et al. [3| recorded
3D images with a lateral resolution of 1000 A and a vertical resolution
of 10 A. Due to the high contact force between the tip and the surface
(between 1072 and 107° N, leading to pressures up to 3 GPa), the sample
can suffer from plastic deformation or other kinds of damages. This is of
course not suited for the observation of soft materials or organic samples.
In order to solve this issue and to improve the resolution, Binnig et al.
proposed in 1986 to couple these two powerful techniques in a single in-
strument that they called the Atomic Force Microscope (AFM) [4]. Here,
the cantilever with the attached diamond stylus was sandwiched between

the sample and an STM tip. This tip was used to record the position of
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the stylus. The small force between the AFM tip and the sample was
maintained constant via two feedback loops, one on the STM and one
on the stylus. The AFM was then operated in four different modes de-
pending on the interconnection between the two feedback loops. In one
of these modes, the cantilever was oscillated at its resonance frequency
while scanning the sample. The force between the stylus and the sam-
ple changed the resonance frequency of the cantilever which induced a
change in both the amplitude and the phase of the tunnel current. These
signals were then used to drive the feedback circuit. With this setup,
they could achieve a lateral resolution of 30 A and a vertical resolution
of less than 1 A.

Since this discovery, the experimental setup has constantly been up-
dated. For instance, the deflection and the amplitude of the cantilever
vibration are no more recorded with a STM but by a system composed
of a laser reflecting on the apex of the cantilever towards a position
sensitive detector (PSD). Nowadays, a huge variety of applications have
been developed. The AFM can give information about the sample to-
pography (AM-AFM, C-AFM), it can map different physical properties
like the elastic modulus (PFT-AFM), the viscosity (LFM, FMM), the
electrical conductivity (CS-AFM), the surface potential (KPFM), the
magnetic domains (MFM)... or chemical properties like interatomic

bond strength thanks to functionalized tips.

But this discovery also developed a huge interest for these micro-
fabricated cantilevers that can be used as sensors [5]. Previously, some
authors already had the idea to use silicon beams as sensors. The first
example dates from 1968 when Wilfinger et al. studied the detection of
resonances with large silicon structures (50 x 30 x 8 mm) [6]. How-
ever, the availability of commercial, relatively cheap AFM cantilevers
fabricated in a reproducible way boosted the frequency of such reports.

Moreover, the reduced size of these cantilevers induces a low spring con-



72 Studying Local Reactions with AFM: The “Frequency Shift” Method

stant (and thus a high sensitivity to applied forces) and a high resonance
frequency (for fast response) |7]. The first chemical application was pro-
posed by Gimzewski et al. in 1994 who detected chemical reactions by
the means of a bimetallic cantilever [8]. From there, these cantilever sen-
sors have been widely used in a lot of different applications such as gas
sensing [9, 10|, chemistry [11, 12|, mechanics [13, 14] and biology [15-18].
The operating principle of all these applications is based either on the
measurement of the resonance frequency shifts of the cantilever coming
from mass adsorption (or loss) or on the measurement of its deflection
resulting from differential adsorption on each side of the cantilever. This
chapter will only focus on this first aspect while next chapter will con-
centrate on the second one. Apart from these two kinds of detection, we
can cite the work by Vancso et al. who developed the Inverted Chem-
ical Force Microscopy (ICFM) [19, 20|. Here, the surface of the AFM
tip is covered with reagents and the chemical reactions involving these
reagents are probed in situ by force-distance measurements on a solid

substrate on a scale of less than 100 molecules.

3.2.1 Measurement of the Grafted Mass on a Vibrating
Sensor

The AFM literature provides extensive details about the mechanics of
cantilever vibrations [21-23]. The objective of this introduction is not to

go into deep details, but to provide the main developments.

The cantilevers usually used for vibrational studies are rectangular
cantilevers with a uniform cross section. For this kind of beams, the

equation of flexural motion is given by the Euler-Lagrange equation [24]:

oty 0%y
EI=—2 + pA=2 =0 3.1
ozt P o (3.1)
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In this equation, E is the Young’s modulus of the material consti-
tuting the beam, I is the area moment of inertia, y(x) is the deflection
of the beam at point x along the longitudinal axis, p is the mass density
and A = a-b is the cross section of the cantilever with a and b, the width
and the thickness respectively. In the case of rectangular cross sections,
which is usually the case for commercial cantilevers, I = ab3/12. The

general solution of this equation is of the type:

k

y(x,t) = (alekx +age ™ + aze™ 4+ a4e_ikx) et (3.2)

with k& = 27/\, the wavenumber and w = 27 f, the angular frequency.
By replacing equation (3.2) into equation (3.1), we obtain the dispersion

relation linking w and k:

EIK'—pA-w?=0 (3.3)

The solutions (3.2) must satisfy the following boundary conditions:

Jy
=0 , == =0 3.4
yla::O 8.’1) 220 ( )
2 83
8_3; =0, 2 =0
Ox x=L Ox x=L

When equation (3.2) is injected in these conditions, it can be solved

for the coefficients a; if the conditions given in (3.5) are fulfilled:

coskpL-coshk,L+1=0 (3.5)



74 Studying Local Reactions with AFM: The “Frequency Shift” Method

From this equation, the wavenumbers k,, corresponding to the differ-
ent flexural modes n can be calculated and the resonance frequencies of

the cantilever are given by:

knL)? A
fo=l 62) with  co = LV27 - § % (3.6)

Finally, the deflection y,(z) for each flexural mode can be written

as:

yn(z) = yg((cos knx — cosh k,x)

cosk, L + cosh k,, L (3.7)
- i nt = i h n
S L+ sinhJo, 1 S kn® = sinh & 2)

with yo, the amplitude of the vibration.

Usually, the authors do not use these formulas to calculate the grafted
mass on a cantilever but instead use a derivation of the point-mass model.
In this model, a point mass m is attached to a massless spring with

stiffness k.. The resonance frequency of the system is then:

1 ke k.
fo= /% or wy=1/= (3.8)
2V m m

This model can be slightly modified in order to take the constraints
of the real system into account. The idea is to replace the mass m in
equation (3.8) with the effective mass m* of the system in such a way
that the resonance frequency of the model is equal to the lowest flexural

vibration frequency fi of the cantilever. The stiffness of a rectangular
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cantilever is given by:

_3EI _Eab®
© L3 43

(3.9)

The lowest flexural vibration frequency is given by equation (3.6)
with n = 1. Knowing from equation (3.5) that k1L = 1.875, m* can be

calculated as:

k. 3pLab
w? 18754

*

~0.24-m (3.10)

So the final expression of the resonance frequency of the first flexural

mode in the modified point-mass model is:

1 [k 1 [k
fo=— == — < with n~024 (3.11)
2V m* 27V nm

Now if the mass of the beam slightly changes due to a removal or an

addition of material, the resonance frequency becomes:

1 ke
m=—\ ——— 3.12
/ 2wV m* + nAm ( )

where Am is the change in mass. It can be derived from equations (3.11)
and (3.12):

Am = — e (i—%) (3.13)

i \ f¢ 13
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This equation is a basic model that does not account for the resulting
surface stress change, the effect of temperature or variation in the beam
stiffness. Indeed it was shown that the surface stress coming from the
adsorption of molecules modifies the resonance frequency even if this
adsorption occurs on both sides of the cantilever [25-27]. However, for a
typical silicon cantilever, this variation is small and of the order of 10 ppm
for the adsorption of an atomic monolayer. The influence of temperature
is a bit more important since it is of the order of -30 ppm/K for the
same kind of cantilevers [9]. This effect is mainly due to the fact that
the Young’s modulus of the beam varies with temperature [28]. Effects
of the stiffness variation can be dramatic as was shown by Thundat et
al. in 1994 [29]. In their study, they coated a cantilever with gelatin and
observed an increase in the resonance frequency upon water absorption

which is in contradiction with equation (3.13).

Moreover, the medium has a huge influence on the behavior of the
cantilever. For example, in water, large damping of the cantilever motion
happens due to the higher density and viscosity of water as compared
to air [5, 7]. This leads to a decrease of both the resonance frequency
and the quality factor @ which is the ratio between the stored energy
in the beam and the energy loss of the system and can be estimated
by the ratio between the resonance frequency and the full width of the
peak at an amplitude A = A4,/ V2 where A,,q5 is the amplitude of the
vibrations at the resonance. The effect of the medium on the resonance
frequency of the cantilever can be calculated by using equation (3.11)
with a modified expression for m* taking into account the mass of the
fluid in contact with the lever [30]:

m* =0.24-m +0.144p,, (La)>/? (3.14)

with p,,, the mass density of water.
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The direct consequence of this fact is that the mass sensitivity is low-
ered. Some authors proposed different methods to increase () and thus
the resolution [31, 32| but these techniques involve the use of expensive
modification of the experimental setup and/or specifically microfabri-

cated cantilevers.

In addition, when operated in acoustic mode, the nose of the AFM
oscillates at the same frequency as the cantilever which induces large
vibrations of the surrounding liquid and produces parasitic effects in
the resonance spectra as can be seen in Figure 3.2 [33]. To circumvent
this issue, authors propose to use magnetically driven cantilevers [9, 30].
However, the magnetic coating of these cantilevers oxidizes rapidly and
it can lead to a lack of precision in the measurement. Moreover, for com-
mercial cantilevers, the resonance peak is not well defined and located

at small frequencies (Figure 3.3).

Amplitude (V)

100 120 140 160
Frequency (kHz)

Figure 3.2: Frequency spectrum of a bare silicon cantilever in water. The
noise comes from coupling between the vibration of the cantilever and of
the surrounding liquid.

So far, the best sensitivities were obtained either for specifically de-
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Figure 3.3: Frequency spectrum of a magnetically driven silicon canti-
lever with a magnetic coating in water.

signed cantilevers [11, 34-38| with mass sensitivities up to 2.7 ag [39]
or for cantilever arrays [10, 15, 27, 40, 41] for the simultaneous sensing
of different species or for getting rid of the static noise. However, here
we want to use basic and commercially available AFM cantilevers in a
concern to be reproducible and cost effective. Moreover, the AFM has
another advantage concerning the final application: its piezoelectric nose
allows the precise positioning of the cantilever at a desired spot on the

surface and the semi-continuous monitoring of its resonance frequency.

3.2.2 Thermoresponsive Polymer Brushes

Polymers (as well as some smaller molecules) can exhibit a reversible
phase transition in solvent from solubility to insolubility upon heating
[42]. These materials are thus called thermoresponsive since their behav-
ior is modified when the temperature changes. These “smart” materials

have applications in adaptive coatings [43-46|, sensors and actuators
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[47-51], chromatographic separation [52, 53|, drug delivery [54-56], etc.
The temperature at which the phenomenon is observed is called “Lower
Critical Solution Temperature” or LCST. Below the LCST, the poly-
mer chains interact preferentially with the solvent and are thus soluble.
Above the LCST, the polymer chains become more solvophobic and thus
insoluble. If these polymers are synthesized as dense brushes, a transition
between two states is observed: a swollen state below the collapse tran-
sition temperature (Tcr) where the polymer chains stretch away from
the surface and a collapsed state over the T when the brush expels the

solvent. This is schematized in Figure 3.4.

—

Figure 3.4: Below the collapse transition temperature (Tct), the brush
is hydrated while it is collapsed above.

This transition has been widely studied by Quartz Crystal Microbal-
ance with Dissipation monitoring (QCM-D) measurements [57-61]. Two
different and opposite phenomenons have been remarked by authors from
these studies. Authors from [57] observed a continuous decrease of the
effective mass on the sensor upon heating while authors from [58] ob-
served that this decrease is precessed by a sudden increase of this effec-
tive mass. The first finding is easy to understand. Below the transition
temperature, the brush is hydrated. While the temperature rises, the
brush progressively dehydrates and this loss of water molecules explains
the observed mass loss. In the second case, the authors explain their
observation by considering that before the transition, the brush poorly
transmits energy to the surrounding fluid as the sensor oscillates while

after the collapse, the brush couples much more effectively to the sensor.
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If this effect overcompensates the mass loss due to the dehydration of

the brush then the result is an increase of the effective mass.

The mechanism of the collapse transition is thus not easy to study and
the detailed pathway of this transition is still under debate. Recently, we
proposed to study this transition by coupling equilibrium water contact
angles measurements for probing the outer surface of the brush during
the transition and QCM-D measurements which are sensitive to the bulk
transition [62]. We concluded that the bulk of the brush collapses over a
broad temperature interval (ca. 25°C) and that the end of this process is

characterized by a sharp first-order transition of the surface of the brush.

If this transition can be followed by QCM-D, it should be possible to
measure this collapse transition by grafting a thermoresponsive polymer
brush from an AFM cantilever and following the resonance frequency
shifts as a function of the temperature in a similar approach to the one
explained earlier for the study of the grafted mass on an AFM cantilever.

Figure 3.5 depicts this idea.

AT
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Figure 3.5: If a thermoresponsive brush is grafted from an AFM canti-
lever, the collapse transition of the brush above the Tt is expected to
modify the resonance frequency of the system.

The polymer selected for this study is poly(di(ethylene glycol)methyl
ether methacrylate) or poly(MEO,MA). This polymer has a LCST at
about 27°C [44]. This temperature can be tuned by copolymerization
with methacrylic acid or oligo(ethyleneglycol) methacrylates [42, 63-65]

or by modifying the experimental conditions such as the pressure [66]
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or the solvent [67-69]. This latter parameter was studied by adding
specific salts to the water. Indeed, some solutes can change the structure
of water: chaotropic species are less polar than water and break the
hydrogen bonds between water molecules which prevents the formation
of an ordered structure while kosmotropic species are more polar than
water and reinforce the structuration by forming hydrogen bonds with
water [70, 71].

F. Hofmeister was the first in 1888 to classify these species based on
their ability to reinforce the structuration of water [72]. For example,
for anions, the classification is: CO§7 > SO427 >H,PO, >F  >Cl" >
Br~ >NO; >1I" > ClO, > SCN . The anions on the left are strong
kosmotropes while anions on the right are strong chaotropes. Here, the
effects of Na,SO, and NaSCN on the Tcr of poly(MEO,MA) brushes

were studied.

3.3 Results and Discussion

This section is divided into two parts: the first one dealing with the re-
sults obtained for the measurement of the kinetics of a chemical reaction
and the second one dealing with the results obtained for the measure-
ment of the collapse transition temperature of a thermoresponsive brush.
The materials and methods involved in each part are briefly described
in the following and more information can be found in the Experimental
Part (section 6.1.3, page 193 for materials and section 6.2.3, page 201
for methods).
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3.3.1 Measurement of the kinetics of a chemical reaction

Preliminary study

As a first test, the resonance frequency shifts obtained in air and in wa-
ter upon functionalization of AFM cantilevers with polymer brushes were
studied. Silanization and polymerization steps were conducted simulta-
neously on rectangular silicon cantilevers and on silicon squares for the
characterization of the organic layers. In order to estimate the masses
grafted after each step, the exact geometric dimensions of the consid-
ered cantilevers were first measured by Scanning Electron Microscopy
(SEM) (Figure 6.3 on page 194). The section of the beam is not exactly
rectangular but is of hexagonal shape. Its dimensions are: length (L) =
202 pm, width (a) = 50.7 pm and thickness (b) = 10.4 pm.

Then, the thickness of the silane-initiator self-assembled monolayer
(SAM) was measured by X-Ray Reflectometry (XRR) (cf. section 6.3.1
on page 211) on the corresponding silicon square making the assumption
that this layer is of the same thickness as the one covering the cantilever
since the reaction was executed in the same batch. The reflectogram is
available in Figure 2.12 and its corresponding electronic density profile
in Figure 2.13. The number of silane molecules per nm? estimated from
this profile was around 2.6. Knowing this grafting density, the geomet-
ric dimensions of the cantilever and the molecular weight of the silane
(236 g/mol not taking into account the reactive Cl atoms), the grafted
mass on the cantilever after this silanization step was estimated to be

around 20.9 pg.

The same scheme was reproduced for the estimation of the mass of
the poly(MEO,MA) brush. After an hour of polymerization, ellipsomet-
ric measurements (cf. section 6.3.2 on page 215) showed that the dry

thickness of the final brush was 35 nm. Knowing that the mass den-
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sity of a dry polymer layer can be estimated as 1 g/cm?, the mass of
the polymer brush grafted from the cantilever was estimated at around
717 pg.

These values were compared with those obtained from the resonance
frequency shifts measurements. Figure 3.6 presents these shifts measured
in air (left) and in water (right). The black line shows the resonance peak
of the bare cantilever, the dark gray line, the peak after the silanization
and the light gray curve, the peak after the brush growth. The numerical

data are given in Tables 3.1 and 3.2 respectively.
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Figure 3.6: Resonance frequency curves of an AFM cantilever in air (left)
or in water (right) upon silane-initiator functionalization (dark gray) and
subsequent brush growth (light gray). The black line shows the initial
resonance frequency of the cantilever.

fo Am | Q
Step (kHz) | (pg) | (-
Bare cantilever || 165.39 - 460
Silanization 165.33 | 120 | 420
Brush growth 164.06 | 2570 | 495

Table 3.1: Numerical data for the resonance frequency experiments
shown in Figure 3.6(1).

These curves were fitted with equation (6.1) (page 203) to obtain the

values of the resonance frequencies fy (rounded to the nearest 10 Hz)
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fo | Am | Q
Step (kH2) | (pg) | ()
Bare cantilever || 86.53 - 70
Silanization 86.55 | -100 | 75
Brush growth 86.41 | 540 | 65

Table 3.2: Numerical data for the resonance frequency experiments
shown in Figure 3.6(2).

and of the quality factors @ (rounded to the nearest 5) while the grafted

masses Am were calculated with equation (3.13) (page 75).

The first immediate observation that can be done is that the res-
onance frequencies in water are lower than those obtained in air by a
factor of two. This is due to the higher density and viscosity of this
medium compared to air as already discussed in the introduction. The
direct consequence of this fact is that the mass sensitivity is decreased.
Indeed, equation (3.13) shows that the higher the resonance frequency
is, the higher the shift in the resonance frequency is for a given mass
change. The second observation is the broadening of the peaks in water.
This is linked to the decrease by a factor of 6-8 of the quality factor @
of the resonator. This leads to an increased uncertainty in the measured
resonance frequency and this has of course an impact on the accuracy of
the calculated mass change. The reason for this broadening is the same
as already evoked. It is also a bit surprising that the quality factor does
not always decrease when increasing the amount of organic matter on the
lever. It is believed that such small quantities of soft matter do not have
a huge impact on () and that other effects such as the position of the
cantilever on the nose and its interaction with the surrounding medium
have a stronger influence on it. Finally, the peaks are not well defined in
water. This is due to the fact that all the piezoelectric system oscillates
in the liquid cell giving rise to vibrational patterns and artifacts in our

graphs.
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On the quantitative point of view, in air, the measured mass on the
cantilever after the silanization step is 120 pg while it further increases
to 2570 pg after the polymerization step'. These values are much larger
than the theoretical masses that were calculated (respectively 21 and
720 pg). This was observed in all the experiments made to confirm these

results. To explain that, some hypothesis can be drawn:

1. The surface properties of the cantilevers were different from those

of the wafers.

2. The n factor for the effective mass of the cantilever was derived
for a rectangular cantilever while the real one had an hexagonal

cross-section.

3. More materials were grafted on the cantilever than expected due

to gel formation or bad rinsing.
4. The stiffness k. of the cantilever was modified by the organic layers.

5. The surface tension of the cantilever was modified by the organic

layers.

The first hypothesis could explain a slight variation in the observed
values but certainly not the factor 4-5 regularly recorded. The second
one could maybe explain part of this difference but a rapid calculation of
the stiffness of the bare cantilever with equation (3.11) gave a k. of ca.
43 N /m which is within the range given by the manufacturer. Hypothesis
3 is plausible because some gel was sometimes observed on the edges of
the cantilever with the optical microscope. This is maybe due to a bad
rinsing of the cantilevers after each step. Indeed, it is not possible to

wash them with a flow of solvent then to dry them with a stream of

!For information, the UV/ O, activation usually increases the resonance frequency
of the cantilever meaning that the surface is cleaned by removal of the organic con-
taminants. The estimated weight loss is around a few tens of pg.
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nitrogen. They were in fact dipped in successive rinsing baths for a few
minutes then let at air for drying. This method was maybe not sufficient
to remove the excess of initiator or some polymer gel on the cantilever.
Hypothesis 4 and 5 have been discussed in the introduction. For this
system, the exact effect of the thick polymer brush layer on the stiffness
or on the surface tension of the cantilever is not known. However, it
is expected that these variations could lead to a shift of the measured
frequencies by a few hertz but could not explain the quite huge difference

that is observed.

In water, the grafted mass deduced from the resonance frequency
shift after the silanization step is negative which is impossible. Moreover,
other experiments gave opposite results and the values obtained after the
polymerization step were not reproducible. This is due on the one hand
to the decrease of ) inducing a broadening of the peaks and on the
other hand, to the coupling effect between the vibration of the cantilever
and of the surrounding liquid (Figure 3.2) inducing a deformation of the
peaks. These two effects lead to an increase of the uncertainty of the
measured values. Moreover, it was observed that the resonance frequency
of the cantilever also slightly changes by up to 10 Hz as a function of its
position on the AFM nose. This is not too dramatic for measurements
in air because the mass sensitivity is around 1 pg/Hz which leads to
an uncertainty of 10 pg but in water, since the resonance frequency is
lower, the mass sensitivity is around 8 pg/Hz leading to an uncertainty
of 80 pg, larger than the mass of the silane layer. For higher grafted
masses, the relative error is reduced but is still large in the case of water

measurements.

To decrease this error, averages over a series of experiments could
be calculated. This solution would not be very cost/time effective. The
suggested approach is to make the measurements in situ during the mass

increase. This will be the object of the next section.
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Activation reaction of a poly(MAA) brush with EDC/NHS

In this section are presented the results obtained for the study of the
kinetics of a chemical reaction by the measurement of the resonance
frequency shifts of an AFM cantilever grafted with a reactive polymer
brush. However, instead of probing a reaction arising on a nanocatalytic
islet which was the final goal, the reagents were here in solution to test
the feasibility of the technique. The reaction that was selected is the acti-
vation reaction of a poly(methacrylic acid) (poly(MAA)) brush by EDC
alone or by the couple EDC/NHS. These species convert the carboxylic
acid functions into activated esters (Figure 6.8 on page 202). This reac-
tion is quite fast and well-known in organic chemistry and biochemistry,

e.g. for the cross-linking of collagen [73-77].

Poly(MAA) brushes were grown from both AFM cantilevers and sili-
con squares. These cantilevers were then dipped in the reactive medium
and their resonance frequencies were measured for different reaction
times. Then, the frequency shifts were converted in masses using equa-
tion (3.13). Figure 3.7 (left) shows the results obtained for three dif-
ferent cantilevers. The first one (m) was grafted with a 110 nm-thick
poly(MAA) brush and immersed in a 0.2 M aqueous solution of EDC.
The second one (A) was grafted with a 22 nm-thick poly(MAA) brush
and dipped in a 0.2 M EDC/0.2 M NHS aqueous solution. The last
curve (O) is the reference curve for a bare cantilever dipped in the 0.2 M
solution of EDC.

On the reference curve (O), we see that after 8 to 10 minutes, the
resonance frequency stabilizes around a constant value roughly corre-
sponding to Am = —400 pg. This stabilization time can be explained by
the progressive change of the viscosity of the medium as water is replaced

by the reactive solution.
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Figure 3.7: Mass change of AFM cantilevers coated with poly(MAA)
brushes (left) and conversion of the carboxylic acid functions inside
these brushes (right) when dipped in a 0.2 M EDC solution (m) or a
0.2 M/0.2 M EDC/NHS solution (4). The masses were calculated by
in situ resonance frequency shifts measurements. The black dotted line
on the left figure shows the reference experiment where a bare cantilever
was dipped in a 0.2 M EDC solution (O).

For the 0.2 M solution of EDC (m), the grafted mass first increases,
then decreases after 4 minutes and finally steadily increases again after
10 minutes of reaction. These 10 minutes correspond to the stabilization
time where there is a competition between the exchange of solution inside
the brush and the grafting of EDC molecules on its reactive side chains.
After this period, the grafted mass steadily increases to reach a final

value of 1200 pg after 1 hour of reaction.

Finally, for the EDC/NHS solution (4), the same behavior was ob-
served: after a stabilization time of a around 10 minutes, the grafted
mass increases continuously. The final grafted amount is only 800 pg.
This is not too surprising given the fact that the polymer brush on this

lever is much thiner (23 nm vs 110 nm). Moreover, the molar mass of
NHS is lower than that of EDC.

To compare these two different experiments more easily (right graph
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in Figure 3.7), the number of reactive functions on each polymer brush
was estimated by calculating the polymer mass (cf. above) and by divid-
ing it by the molecular weight of the MAA monomer. Then, the mass
of EDC or EDC/NHS (1:1) needed to convert 100% of these functions
was calculated. Finally, by dividing the grafted masses in Figure 3.7(1)
by this total mass, the conversion of the reactive -COOH groups was
obtained. It can clearly be seen that the conversion is close to 1 after
one hour for the thin polymer brush in EDC/NHS (A) while it is only ca.
0.3 for the thick polymer brush in EDC (m). At this point, it would have
been interesting to compare these results with those for a thin brush in
EDC and for a thick brush in EDC/NHS. However, the observed differ-
ence was expected because first, the couple EDC/NHS is more reactive
than EDC alone and second, the proportion of the accessible reactive

groups inside the brush increases as its thickness decreases.

3.3.2 Measurement of the collapse transition tempera-
ture of a thermoresponsive brush

In this part, the results obtained for the study of the collapse transition
of thermoresponsive polymer brushes grafted from AFM cantilevers are
described. Usually, the collapse of the bulk of the brush is followed by
QCM-D [57-61]. Recently, we published results for the study of the
surface and bulk collapse transitions of these brushes allowing to obtain
more information on the physics of the process [62]. Some details on
this technique are given in the Experimental Part (section 6.3.6 on page
232). First, the collapse transition temperature of a poly(MEO,MA)
brush grafted from a quartz sensor was studied for different experimental
conditions with QCM-D.

A poly(MEO,MA) brush was grafted from a quartz sensor and from a

silicon square used as reference. The thickness of this brush was 106 nm
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on the reference and 130 nm on the sensor. Figure 3.8 displays the
results obtained with QCM-D for different solutions: water (top left),
0.2 M Na,SO, aqueous solution (top right) and 0.1 M NaSCN aqueous
solution (bottom) upon heating (black curves) or cooling (gray curves)
the system. As the collapse transition implies a change in the slopes of
the QCM-D raw data, they were differentiated so that the maxima of
the subsequent curves directly give the transition temperatures. Na,SO,
(kosmotrope) and NaSCN (chaotrope) have been chosen because of their
antagonistic effect on the collapse transition temperature as discussed in
the introduction. Indeed, these salts modify the structure of water by

either enhancing or diminishing the cohesion between water molecules.
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Figure 3.8: Derivative of QCM-D data (frequency shift, third overtone)
for a poly(MEO,MA) brush grafted from a quartz sensor upon heating
(black curves) or cooling (gray curves). The maxima of these curves give
the collapse transition temperature.
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In Figure 3.8(1), it is observed that the collapse transition tempera-
ture of the poly(MEO,MA) brush lies between 21 and 24°C in water as
expected. In Na,SO,, Ter is decreased by 5°C and ranges between 16
and 19°C (Figure 3.8(2)). This is in agreement with results from Zhang
et al. on poly(NIPAM) [69]. It means that the solubility of the polymer
brush was decreased by addition of Na,SO,. This is because this salt
polarizes the water molecules that are adjacent to the polymer chains
and hence weakens the hydrogen bonds between the polymer and these

water molecules.

Finally, the addition of NaSCN increases Tcr by 7°C compared to
pure water (Figure 3.8(3)). Indeed, in this medium, Tcr is comprised
between 28 and 31°C. This increase is explained by the polarization of
the polymer chains by the anion SCN~ which enhances the hydrogen
bonding with the surrounding water molecules. The polymer brush is

then more soluble.

Two cantilevers were then grafted with poly(MEO,MA) brushes. The
thickness of brushes grown in the same conditions on Si wafers was mea-
sured by ellipsometry to be 74 nm. The variation of the resonance fre-
quency of the AFM levers were then recorded in water and in the two

different aqueous solutions.

Figure 3.9 shows the results obtained for the first lever in water (up-
per left) and in a 0.2 M Na,SO, aqueous solution (upper right). The
black curve (m) was acquired during heating while the gray one (A) was

during cooling.

On the two top graphs in Figure 3.9, the heating and cooling curves
present a change in their slopes around 7. This slope variation mostly
arises between 19 and 24°C in water and between 15 and 20°C in Na,SO,.

These values are in agreement with the QCM-D results. Here, it is
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Figure 3.9: Comparison between the resonance frequency curves for a
poly(MEO,MA) brush grafted from AFM cantilevers obtained in dif-
ferent solutions: water (upper left) vs 0.2 M Na,SO, aqueous solution
(upper right) and water (lower left) vs 0.1 M NaSCN aqueous solution
(lower right) upon heating (m) or cooling (4). The change in the slope
of these curves indicates the range of the collapse transition.

interesting to remark that the transition does not happen at a specific
temperature but over a quite broad range of temperatures. This is due
to the distribution in chain lengths [42| and in grafting densities inside
the brush: where the chains are closer to each other, the enthalpic term
is more important compared to zones where the chains spread more and
the transition temperature is higher. This was observed by Laloyaux et
al. through QCM-D measurements on poly(MEO,MA) brushes [62]. In
their paper, the authors studied the sequence of events occurring during
the collapse transition of thermoresponsive (co)polymer brushes. They

showed that the bulk of such brushes collapses over a large range of
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temperatures, and the end of the process is signaled by a sharp first-
order transition of the surface of the brush. This is thus a confirmation
that what is probed here is the bulk collapse transition of the brush.
Moreover, the transition is not a sharp event. However, the heating
and cooling curves overlap quite well which means that the effect of the
heating/cooling rate is limited in our case. The decrease in the resonance
frequency when the temperature increases is due to the decrease of the
Young’s modulus of silicon |28]. The slope of the curve is less steep during
the transition meaning that the system looses weight. As previously said

this is because the brush expels water when it collapses.

The two bottom graphs in Figure 3.9 show the results obtained for
the second lever in water (lower left) and in a 0.1 M NaSCN aqueous
solution. The aspect of these curves are quantitatively very different from
the previous ones. Nevertheless, an increase in the resonance frequency
of the lever during the transition can still be observed as in the two top
graphs. Here, this leads to a change in the sign of the slopes while it
was not the case for the previously measured lever. In water, the slope
change appears between 22 and 26°C while it is comprised between 22
and 28°C in NaSCN. These values are quite in disagreement with the
previous measurements with QCM-D and ToT does not seem to increase
significantly when NaSCN is added. The results are summarized in Table

3.3 where the T were averaged over the range of the transition.

| [QCMD [ AFM |
Water 22.5°C | 22.8°C
Na,SO, 02 M || 17.5°C | 17.5C
NaSCN 0.1 M || 29.5°C | 25.0°CC

Table 3.3: Comparison of the Tct of poly(MEO,MA) brushes measured
by QCM-D and AFM in water and in aqueous solutions of Na,SO, and
NaSCN.

These results are consistent with each others except in NaSCN where
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a 4.5°C difference between QCM-D and AFM measurements is observed.
To better understand that, the same experiment was reproduced three
times on the same lever within a few days. The resulting curves can be

found in Figure 3.10.
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Figure 3.10: Comparison of three different T measurements in water
for the same AFM cantilever coated with a poly(MEO,MA) brush. (m :
first experiment; B : second experiment; A : third experiment.

The three curves appear very different. On the one hand, the reso-
nance frequency of this lever at a fixed temperature varies a lot (up to
1.3 kHz at 35°C) and, on the other hand, the change of slope during the
transition does not seem to obey the same rules. However, this change
happens in the same range of temperatures (between 22 and 32°C). On
the black curve (m), a continuous decrease of the resonance frequency is
observed as a function of the temperature. During the transition, this
slope increases (in absolute value) which is in disagreement with the pre-
vious results. This could come from a change in the coupling between the
brush and the lever as previously discussed. On the dark gray curve (»),
the slope becomes positive during the transition. Apart from this region,

the general tendency of the curve is a global decrease of the resonance
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frequency with increasing temperatures just as the first curve. Finally,
on the light gray curve (A), the resonance frequency slightly increases as
a function of temperature before the transition. This is surprising com-
pared to the previous observations. The rest of the curve is nevertheless

quite similar to the first curve.

The conclusion of this study is that doing the same experiment with
the same lever can lead to different results. It is thus difficult to draw
some generalities concerning the mechanisms of the transition. The pro-

cess seems quite complex.

In the last examples, it is astonishing to observe a resonance fre-
quency of more than 100 kHz while it should be around 80 kHz. In
all the experiments, the peak with the highest amplitude and the best
quality factor () in the frequency spectrum was selected. But as we can

see on Figure 3.11, selecting the right peak is not always easy.

In this figure, the frequency spectra obtained for a standard canti-
lever grafted with a poly(MEO,MA) brush at 25 (black curve) and 7°C
(gray curve) are presented. At 7°C, there are lots of peaks with the
most intense one around 80 kHz and a series of smaller peaks around
100 kHz. The peak with the highest intensity should be the resonance
peak. But this peak is asymmetric and not well defined (low @). In ad-
dition, at 25°C, the shape of the spectrum changes completely. The peak
at 80 kHz splits in at least four different contributions that moved in
opposite directions. This is due to a coupling between the oscillations of
the lever and the surrounding fluid. It is then nearly impossible to select
the correct resonance peak. Fortunately, whatever the peak selected, its
frequency value always changes during the collapse transition but in an

unpredictable way as seen on Figure 3.10.

At this point, different suggestions can be done to improve the sys-
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Figure 3.11: Frequency spectra in water of an AFM cantilever grafted
with a poly(MEO,MA) brush obtained at 25°C (black curve) and 7°C
(gray curve). The apparent resonance frequency peak of the cantilever
that is seen at 7°C splits into at least 4 different peaks moving in opposite
directions upon heating the solution.

tem. The length and the width of the lever could be decreased (or simi-
larly, its stiffness could be increased) to increase its resonance frequency
and the quality factor of the resonance peak in order to be more sensi-
tive and to lower coupling effects. Indeed, if the lateral dimensions of a
cantilever are reduced by a scaling factor «a, the sensing area decreases
by a factor of o but the sensitivity increases by a factor of a* [41].
However, some tests for low values of o (o < 2) showed that the reso-
nance frequency was not easier to detect in the spectrum. In addition,
for higher values of «, the resonance frequencies are shifted towards the
MHz range and other methods have to be used to measure them such as
the measurement of the capacitance of the cantilever by an impedance

analyzer.

Magnetically driven cantilevers could also be used to reduce the para-

sitic effects of the oscillating liquid. But as discussed in the introduction
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on the basis of Figure 3.3, the peak is situated at low frequencies and is

not well defined for commercially available magnetic cantilevers.

Finally, it would be very interesting to study another way of detecting
a change in mass on an AFM cantilever. This will be done in the next
chapter where the deflection of an AFM cantilever grafted on one side

with polymer brushes will be studied under different conditions.

3.4 Conclusion

In this chapter, it was shown that an AFM cantilever grafted with a
polymer brush can be used as a mass sensor by measuring the variation

of its resonance frequency.

Two different applications concerning this techniques were investi-
gated. The first one was the measurement of the kinetics of a chemical
reaction. Reactive polymer brushes were grafted from AFM cantilevers.
When they were dipped in the reaction mixture, a decrease of their reso-
nance frequency, compatible with an increase of their mass, was observed.
The conversion of the reactive side groups inside the polymer brushes was
estimated. For a thin polymer brush immersed in a EDC/NHS solution,
the conversion was close to 1 after one hour while it was only 0.3 for a
thick polymer brush after a 1 hour-immersion in a EDC solution. This
was explained by a higher reactivity of the EDC/NHS couple compared
to EDC alone and by the larger proportion of accessible reactive groups

inside the thin brush compared to the thick one.

The second considered application was the study of the collapse tran-
sition temperature of a thermoresponsive brush. Here, the variation in

the resonance frequency of a cantilever grafted with such brushes was
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followed in different salt solutions as a function of the temperature. The
slopes of the resulting curves showed variations in the expected ranges
of temperatures which were previously determined by QCM-D measure-
ments. Although the selection of the right resonance peaks was not
always straightforward due to coupling between the oscillations of the
cantilever and the surrounding liquid, the slope changes were always
located in the same range of temperatures. Nevertheless, this study
indicates clearly that this first method is not precise enough for quanti-
tative determinations, which is intrinsic to its conditions of use (water).

Therefore, we will not pursue further this track in the sequel.
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4.1 Introduction

In the previous chapter, it was shown that the measurement of a grafted
mass by the resonance frequency shift method is much less effective in
water than in air with standard AFM cantilevers. This is due, on the
one hand, to the large decrease of both the resonance frequency and the
quality factor of the resonance peak because of the damping effect of the
liquid and, on the other hand, to the parasitic effects in the frequency
spectra due to a coupling between the oscillations of the cantilever and
the surrounding fluid. These two drawbacks have major consequences
on the mass sensitivity of this technique in liquids. This is the reason
why authors usually prefer working with sensors based on the surface
stress detection when working in liquid environments. This chapter will
thus focus on AFM cantilever sensors based on the static measurement
of their deflection.

The operating principle of this kind of sensors is presented in Figure
4.1. Considering a reaction between molecules on a substrate and mole-
cules in solution and a flexible AFM cantilever coated on one side with
a reactive polymer brush (Figure 4.1(1)), when the product is formed
(Figure 4.1(2)), the product molecules will diffuse in the solution and
eventually, some of them will be caught by the brush. Then, due to the
surface stress change on the cantilever, it will bend (Figure 4.1(3)). If
the system is well calibrated, it will lead to the precise monitoring of the

kinetics of this localized reaction.

Two different types of sensors based on this technique were studied.
First, a pH-sensor was developed by grafting a poly(mono-2-(methacry-
loyloxy) ethyl succinate) (poly(MES)) brush from on side of an AFM
cantilever. Poly(MES) is a weak polyacid (PEL) and hence its charge
varies with pH. When it is grafted in the form of a dense brush on a flex-

ible substrate, the brush progressively swells upon increasing the pH due
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(1) Initial stage
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(3) Final stage

Figure 4.1: When molecules from the surface and reagents in solution
react with each other, some product molecules are caught by the brush
that is grafted on one side of the AFM cantilever. This cantilever bends
due to a change in the surface stress difference between its two sides.
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to electrostatic repulsion between the chains as it becomes deprotonated.
This repulsion induces a compressive stress on the substrate which bends
to release this stress. So by measuring the deflection of the cantilever,
the pH of a solution can be determined. This sensor was developed to
test the feasibility of this sensing method since it was expected that large

deflections would arise during the modification of the pH.

Second, a chemical sensor was developed to probe the kinetics of a
“click” reaction between an azidated brush grafted on an AFM cantilever
and alkyne molecules in solution. A poly(2-hydroxyethyl methacrylate)
(poly(HEMA)) brush was thus grafted from one side of an AFM can-
tilever and functionalized with 2-azidoethylamine in order to obtain Ny
side groups. So by recording the deflection of the cantilever upon immer-
sion in a solution containing alkyne-modified sulforhodamine molecules,
the kinetics of the reaction can be deducted. This “click” reaction be-
tween azides and alkynes was selected because it is fast, quantitative and

does not produce byproducts that could be absorbed by the brush.

Before presenting and discussing the results, some theoretical aspects
concerning deflection sensors, pH-responsive polymer brushes and the

notion of “click chemistry” will be presented.

4.2 Theoretical Aspects

There exist a lot of techniques exploiting the bending of micro-cantilevers
under external stimuli (Figure 4.2). For example, bimetallic cantilevers
can be used to sense temperature (Figure 4.2(1)) [1]. Indeed, the thermal
expansion difference between the two layers of the cantilever induces a
bending of the beam when the temperature changes. This effect was first

used by Gimzewski et al. in 1994 when they built a micro-calorimeter to
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measure heat fluxes in a sample coated on a bimetallic cantilever during a
chemical reaction (Figure 4.2(2)) [2|. Later examples can be found in |3,
4]. A similar approach consists in measuring the heat produced by light
irradiation of a sample to perform photothermal spectroscopy (Figure
4.2(3)) |5-7]. Electrostatic force sensors (Figure 4.2(4)) or magnetic
force sensors could also be based on this concept (Figure 4.2(5)). In
this chapter, we will concentrate on stress sensors (Figure 4.2(6)). Ibach
first used this method in 1994 to study surface stresses induced by the
adsorption of different atoms on a nickel cantilever [8]. A few years later,
Berger et al. reported the surface-stess-induced bending of a gold coated
cantilever upon functionalization with an alkanethiol [9]. Now, stress
sensors based on cantilevers are widely used in different applications such
as viscosity sensors [10], pH sensors [11, 12|, (bio)molecule recognition
[13-16], gas sensors [17, 18],...

4.2.1 Measurement of the Grafted Mass on a Flexible

Sensor

The deflection of a cantilever is not directly linked with the variation of
its mass as it was the case for the resonance frequency shift (cf. equation
(3.13) on page 75). However, there is a link between this deflection and

a change in the surface stress of the sensor.

The Stoney equation is used to convert the curvature of the sensor,
R (or similarly its deflection Az), to the differential surface stress, Ao,
which is the surface stress difference between the two opposite sides of

the cantilever as shown in Figure 4.3.

The original version of this equation was derived by Stoney in 1909
for metallic thin films deposited on rectangular steel rules by electrolysis
[19]. It writes:
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heatsource 1\ ——

heatsink

(1) Temperature sensor (2) Calorimeter

3

(5) Magnetic sensor (6) Stress sensor

Figure 4.2: Some examples of sensors based on the measurement of the
deflection of cantilevers.



112 Studying Local Reactions with AFM: The “Deflection” Method

Figure 4.3: Lateral view of a stressed beam. The differential surface
stress Ao is defined as the difference between the surface stress changes
Ao and Aoy acting on each side of the beam. R is the radius of curva-
ture of the beam induced by this differential stress.

E,t?
6R

Ao =of-ty= (4.1)

where o is the in-plane stress in the film?!, ¢, and ¢ # are the thicknesses of
the substrate and of the film respectively and F; is the Young’s modulus
of the substrate.

In his paper, Stoney assumed an uniaxial stress in the film instead
of a biaxial one. Indeed, since the width of the strip is much larger than
the thickness of the film, the stress in the film is biaxial [20]. In this
case, the elastic behavior of the strip is Es/(1-vs), with vs the Poisson’s
ratio of the substrate, instead of E5. The corrected version of the Stoney

equation is thus:

!The surface stress o and the in-plane stress in the film oy are commonly referred
as o in the literature which can confuse the reader.
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E,t?

Ag = 55
7 6R(1-vy)

(4.2)

Equation (4.2) is valid for films that are thin in comparison to the
substrate but thick enough to bend the substrate as a result of their
internal stress. Another requirement is that this stress has to be isotropic

in the plane of the film.

The proof of this equation is quite simple. From the Euler-Bernoulli

beam equation, we can find that the bending moment M (x) of a beam
is [21]:

d?z E*I 1 M
M(z)=-E"I = - Ex)
dy R R E*I

where E* = E/(1 -v). In the case of an elastically bent rectangular

cantilever [22]:

wt3 Aocwt

Irect = E and Mrect = 9

(4.4)

where w is the width of the cantilever. Substituting these values into

equation (4.3) yields equation (4.2).

Although equation (4.2) was derived for rectangular levers, the radius
of curvature R is independent on the lateral shape, size and method
of holding the lever [23|. For instance, in the case of the triangular

cantilevers that were used here:
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th?, for 0<y <y Acwt forO<y <y

Tori =\ (1_2)ps2 and Mui =1\ (1_y)nop:
L for L <y<L Up)B8oBt oy Ly <y< L
(4.5)

where w is the width of one leg of the cantilever and B, the length of
the cantilever base as shown on Figure 6.4. Again, putting these values

in equation (4.3) gives equation (4.2).

The link between the radius of curvature R and the deflection Az

can be deducted from geometric considerations [24] (Figure 4.4).

/

Al

Figure 4.4: Definition of the geometric constants needed to link the
observed laser displacement on the photodiodes Al to the radius of cur-
vature R and to the deflection Az. [ is the length of the photodiode,
d is the distance between the cantilever and the photodiodes, 6 is the
angle between the reflected and incident beams from the laser and L is
the length of the cantilever.

For small deformations, the relation between the angle of curvature

g and the radius of curvature R is:
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while the deflection is in turn related to the angle g with:

Az = % (4.7)

Combining equations (4.6) and (4.7) yields:

L2

Substituting R in equation (4.2) with this last result gives the relation
between Ao and Az:

Et?

Ag = 5%
7T 31— vy L2

Az (4.9)

To measure this actual deflection, different techniques exist such as
piezoresistive [25], piezoelectric [26], capacitive [27], interferometric [28]
and optical readouts [29]. In most commercial AFM, a laser beam is
reflected on the tip towards a detector made of 4 photodiodes. By mea-
suring the current in the 4 different diodes, the position of the laser spot
can be determined. The deflection signal, read in volts, has to be con-
verted in an actual deflection in nanometers by measuring force curves

on a hard surface.

Equation (4.9) is only valid for thin layers coated on a thick sub-
strate. It can be shown from the general theory of elastic interactions in
multilayer laminates that the corrective factor which has to be applied
to Stoney’s equation is small if the ratio § between the thicknesses of
the substrate and of the film is less than 0.1 [30]. The thickness of used

cantilevers is around 600 nm while the thickness of the grafted brush
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is around 80 nm. This is above the limit of the equation. More recent
models take into account the relative thicknesses of both layers as well as
the mechanical properties of both materials. Among them, the Atkinson
equation [31, 32|, derived in 1995, provides an improved approximation
up to 0 ~ 0.4 [30]:

lzﬁtf(ug—;)(l-ys)
R B,f3

S

Ao (4.10)

It is clear that equation (4.10) can be approximated by equation (4.2)
for small values of . A more complete model based on the aforemen-

tioned general theory of multilayers can be expressed as:

1 GEXE* (t; +t,)t st
E = 2.4 —— f SE f* 232) f S — 3 3 4A50 (411)
Eth+ ABF B3, + 6EF Ef 342 + ABTEStpt3 + Bt

where Aegg is the mismatch strain between the substrate and the film

prior to bending. For ¢y <<, this equation becomes:

1 6(1-vs)

and given that Ao = E;thEO in the thin-films approximation, the

Stoney equation (4.2) is recovered.

Another interesting model was proposed by Godin et al. [23]. Their
motivation was to eliminate the Young’s modulus from the equation as

it is not always easy to determine, especially for silicon nitride canti-
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levers with a metallic coating. In the case of triangular cantilevers, this

equation writes:

2 L?

Ao =
3(1 - Vs) [wtsLl + g(L - L1)2]

kA (4.13)

with k, the stiffness of the beam and L; as described in Figure 6.4.

A lot of other derivations of Stoney’s equation as well as other theories
exist {12, 18, 33-36].

4.2.2 pH-Responsive Polymer Brushes

pH-responsive polymer brushes are made of weak polyelectrolytes (PEL)
whose charge varies with pH. PEL are macromolecules with ionizable
side groups. In solution in polar solvents, they carry charges. If the side
chains are weak acids or bases, their degree of dissociation f depends on
the local pH whereas it is not the case for strong acids or bases for which
f is equal to 1 [37].

In the case of weak polyacid brushes, the chains are fully protonated
at low pH. They are thus less soluble and are in a collapsed state. When
the pH increases, f increases and the brush swells accordingly due to
electrostatic repulsion between the chains as shown on Figure 4.5. An-
other important parameter is the ionic strength of the solution. Actually,
salt has an impact on the screening of electrostatic interactions and on
the regulation of the charge. But these two parameters are not the only
ones at play for determining f. The degree of dissociation of a PEL brush
depends also on the local density of the chains, the pK, of the functional

groups, the solvent quality and the number of counterions [38]|. So the
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local degree of dissociation in the brush can be very different from the
degree of dissociation of the polymer in solution. Recently it was shown
that the transition pH of a poly(methacrylic acid) brush can be tuned
by copolymerization with di(ethylene glycol) methyl ether methacrylate
[39]. More information on the theory of PEL brushes can be found in
[38, 40, 41] for planar substrates and in [42, 43| for curved substrates.

pH change

© Charged group  © Counterion

lonizable group

Figure 4.5: The charge density of weak polyelectrolyte brushes changes
with pH. This induces a change in the conformation of such brushes.
They are thus called pH-responsive.

When grafted onto compliant structures, the change in the swelling
state of the brush translates into a change in the surface stress of the
structure. This has been studied for uncharged polymer brushes upon
changing the solvent/non-solvent mixing ratio [12, 32| and for PEL bru-
shes upon changing the pH or the ionic strength of the solvent [11, 12, 44|
or upon applying a bias on the cantilever [35, 45]. Two deflection stages
were observed for all experiments dealing with uncharged polymers.
When the brush collapses, it induces a compressive surface stress on
the cantilever and when it swells, the stress is released. In the case of
polyacid brushes, two or three deflection stages were distinguished. For
example, for experiments in which the pH of the solvent is changed,
either the authors only observed a continuous bending of the cantilever
when increasing the pH or they monitored a first bending, then a plateau
and finally a second bending in the opposite direction. This latter case

is schematized on Figure 4.6. At low pH (acidic conditions), the brush
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is collapsed which generates a compressive surface stress because the
footprint of each polymer chain is too small to accommodate this state
and the cantilever bends. Then for intermediate pH values, the poly-
mer chains begin to swell and the stress is released. At high pH (basic
conditions), the chains are fully deprotonated and the electrostatic re-
pulsion between the chains produces again a high compressive stress.
This behavior was observed for poly(methacryloyl ethylene phosphate)
(poly(MEP)) brushes by Huck et al [46]. The phosphate side groups have
two dissociation constants (one between RH,PO5; and RHPO, and one
between RHPO =~ and RPng). So at high pH, each side groups bears

two negative charges which explains the large observed deflection.

Low pH Intermediate pH ngh pH

S R

Figure 4.6: When polyacid brushes are grafted onto compliant struc-
tures, three deflection stages can be observed: at low pH, the brush
is collapsed and the cantilever bends due to compressive surface stress
(left); at intermediate pH, the brush begins to swell and the stress is
released (center); at high pH, the electrostatic forces between the chains
once again produce a compressive stress (right).

In this study, the deflection behavior of an AFM cantilever grafted
with a poly(MES) brush will be studied. This polymer bears carboxylic

acid functional groups which have only one dissociation constant.

4.2.3 Click Chemistry

By observing how Nature synthesizes its basic chemical compounds (such

as polysacharrides, polynucleotides, polypeptides,...), Sharpless et al.
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proposed a new chemical philosophy which tends to simplify organic
chemistry (in the field of drug discovery for example) by linking small
units together via heteroatom bond formation (C—X-C) instead of build-
ing tough C-C bonds [47]. They argued that: “all searches must be
restricted to molecules that are easy to make”. They thus proposed a

concept that they called “Click Chemistry”. The “click” reactions must:

e be modular,
e be wide in scope,
e give very high yields,

e generate only inoffensive byproducts that can be removed by non-

chromatographic methods,
e be stereospecific,

e yield stable products under physiological conditions.

The required process characteristics include:

e simple reaction conditions (ideally it should be insensitive to oxy-

gen and water),
e readily available starting materials and reagents,

e the use of no solvent or of a solvent that is benign (such as water)

or easily removed,

e simple product isolation by nonchromatographic methods.

Among the different reactions identified by Sharpless, the Huisgen

1,3-dipolar cycloaddition was promising. Indeed, it can be applied to
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alkynes and azides which are very stable under different conditions and
can easily be introduced into molecules. The products obtained with
Huisgen 1,3-dipolar cycloaddition of azides and alkynes are presented
in Figure 4.7. Both 1,4- and 1,5-regioisomers of the 1,2,3-triazole are

obtained in a 1:1 ratio for the majority of alkynes.

RZ \-N- R2. N

1 N* R2 A N1 N N-,c N

R'————H + N"' ,N_/ —_— \_(41 + ‘:_
R R

Figure 4.7: The thermal Huisgen 1,3-dipolar cycloaddition of azides and
alkynes usually affords mixtures of the 1,4- and 1,5-regioisomers.

However, due to their high kinetic stability, the cycloaddition of
azides and alkynes is relatively slow and requires elevated temperatures.
Nevertheless, the Sharpless and Meldal groups continued to investigate
ways to accelerate this reaction and in 2002, they simultaneously and in-
dependently discovered the Cul-catalyzed alkyne-azide coupling [48, 49].
This copper catalysis exclusively provides the 1,4-regioisomer with high
yields at a (up to) 107-fold higher rate and is compatible with lots of dif-
ferent functional groups [50]. This is thus one of the best click reactions.
Its catalytic cycle is still under debate but Figure 4.8 shows one likely

mechanism [51, 52|.

It is generally accepted that this reaction is stepwise and starts with
the formation of Cu' acetylides via the deprotonation of m-complex 1.
Kinetic studies show that different Cu'® acetylides might coexist in solu-
tion but their exact nature is not known with certainty [53]. However,
there are indications that they require two metal centers, one or two
alkyne ligands and other labile ligands that allow for competitive azide
binding. The first copper atom is linked to the alkyne moiety while the
second one seems to activate the azide as in 2. Then, cyclization oc-

curs by nucleophilic attack of acetylide carbon C4 at N3 of the activated
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Figure 4.8: Proposed mechanism for the Cu'-catalyzed alkyne-azide cy-
cloaddition (adapted from refs [51] and [52]).

azide. This was shown to be the rate-determining step [52]. In the next
step, ring contraction follows to give the triazole-copper derivative 4.
Finally, the protonation of this derivative is followed by the dissociation

of the product and the regeneration of the catalyst.

This reaction is sometimes referred to as the Cu I-catalyzed Huisgen
1,3-dipolar cycloaddition but as we have just seen from the mechanism,
it is not formally a 1,3-dipolar cycloaddition. That is why some au-
thors prefer using the name Cu'-catalyzed azide-alkyne cycloaddition
(CuAACQ).

There have been numerous reports of CuAAC reactions performed
on silicon surfaces. Both alkyne and azide moieties can be grafted on

the surface depending on whether the molecules to be clicked are more
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easily functionalized with one or the other. The most common route is
to silanize the surfaces with a brominated silane and to proceed to the
nucleophilic displacement (Sx2) of these bromine atoms with azides by
immersion in a saturated NaN, solution in DMF for periods up to 72 h
[54, 55]. But this is only one of the multiple methods to yield clickable
surfaces. For example, the silanization step can be avoided and replaced
by the grafting of azidated or alkylated molecules bearing double or triple
bonds on passivated silicon surfaces [56]. Such clickable surfaces can have
applications in biological arrays [57], catalysis [58], biosensors [59, 60],
drug delivery [61], molecular motors [62], optical filters [63], microfluidic
devices [64], surface engineering [65-68|, material engineering [69-71],

etc.

4.3 Results and Discussion

In this section are presented the results concerning the pH and the chem-
ical sensors, both based on the deflection of flexible AFM cantilevers
grafted with polymer brushes. The temperature and the volume of the
solution inside the liquid cell of the AFM were kept constant during all
experiments to avoid drifts in the deflection curves. More information
concerning this fact as well as details on the materials and methods in-
volved in this part are given in the Experimental Part (sections 6.1.4 and
6.2.4 on pages 194 and 204).

4.3.1 pH Sensor Based on PEL Brushes

Figure 4.9 shows the results obtained for the deflection measurements of
an AFM cantilever grafted with a 80 nm-thick pH-responsive polymer
brush when dipped into different buffer solutions. Both the pH and the
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ionic strength of the solutions play a role in the response of the polymer.
Here, the ionic strength was fixed at 200 mM so that the pH was the

only influential parameter.
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Figure 4.9: Deflection measurements (top left) and corresponding sur-
face stress difference (top right) for a bare cantilever (black line) and a
cantilever grafted with a poly(MES) brush (gray line) when dipped in
buffer solutions of different pH. The bottom graph shows the reversibility
of the phenomenon.

The top-left graph in Figure 4.9 compares the variations in the de-
flection of a bare (black line) and of a grafted lever (gray line) in different
buffer solutions ranging from pH 8 to pH 2. The laser was re-centered
on the position sensitive detector (PSD) between each solution change
in order to reset the deflection to zero to have the most linear signal
possible. For our PSD, the linear region is comprised between ca. -4 V
and +4 V (which roughly corresponds to deflection values in the range
[-200;200] nm). Outside this range, the relation between the signal from

the PSD and the actual deflection is no more linear. It can be seen that
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the signal obtained for the bare lever is noisy but anyway that its de-
flection is very small in comparison to the one of the grafted lever. For
that lever, a sharp decrease of the deflection value was observed when
going from pH 8 to pH 6. This means that the lever was subject to a
compressive stress at pH 8 due to electrostatic interactions in the brush
and that this stress was partially released by lowering the pH to 6. Then
the deflection continued to decrease between pH 6 and 4 but to a smaller
extent and finally, it reached a plateau between pH 4 and 2. So here,
only two deflection stages were observed as opposed to [11]. It seems
that here, the collapsed brush at low pH does not induce a sufficient

force to bend the lever.

On the top-right graph in Figure 4.9, the measured deflection val-
ues were translated into surface stress differences thanks to the Atkinson
equation (4.10). For even more accurate values, it would have been nec-
essary to measure the wet thickness of the brush in each buffer solution.
As surface stress is equivalent to surface tension for liquids, these values
can be compared with the surface tension of water for instance. The
surface stress difference that was observed for the grafted lever between
pH 8 and pH 2 (ca. 600 mN/m) is one order of magnitude higher than
the surface tension of water (72 mN/m) [72]. So the stresses at play are

relatively high.

Finally, the reversibility of the deflection was tested. The pH of
the solution was changed from pH 2 to pH 8. The results are given
on the bottom graph in Figure 4.9. This time, the deflection value of
the cantilever increased, meaning that the cantilever bent towards its
initial deflection state as the brush became deprotonated. The initial
deflection value was not fully recovered because the signal approached

its saturation value (10 V).
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4.3.2 Chemical Sensor Based on Reactive Brushes

In a second experiment, the kinetics of a “click” reaction between azi-
dated brushes and propargyl-sulforhodamine (9) in solution was mea-
sured. Cantilevers were prepared as follows: they were grafted with
poly(HEMA) brushes which were subsequently activated with N,N’-Di-
succinimidyl carbonate (DSC) and 4-(Dimethylamino)pyridine (DMAP)
before being reacted with 2-azidoethylamine. XPS measurements (cf.
section 6.3.3 on page 219) were performed after each reaction step and

the spectra are displayed on Figure 4.10.

The poly(HEMA) brush is essentially constituted of C, O and H. The
C15 core-level spectrum (Figure 4.10(1)) shows the presence of three com-
ponents having binding energies at about 284.8, 286 and 288.4 eV, corre-
sponding to C—C, C-0 and O=C-O carbons, respectively. Their relative
intensity is 3:2.3:1 and is fairly close to the 3:2:1 theoretical ratio. During
the activation, two different reactions can arise depending on the acti-
vating species that reacts with the brush (Figure 4.10(2)). A new peak
appears on the Cys spectrum for the activated brush at 290.3 eV (Fig-
ure 4.10(3)), corresponding to the O=C-O, carbon from DSC or to the
O=C-ON™ carbon from DMAP. The relative amounts of each activating
species in the brush can be estimated by interpreting the Ni; spectrum
(Figure 4.10(3)). Two components are present with binding energies of
around 399.8 and 401.6 eV which correspond to N-C and N*. The ratio
of their intensities is 1:6.1. DSC and DMAP contribute for 1 N each to
the peak at higher energies (considering that the N from the imide func-
tion of DSC is nearly positively charged) while only 1 N from DMAP
contributes to the other peak. This yields to an overall DSC/DMAP
ratio of 5:1. After the coupling with azidoethylamine (AEA), the char-
acteristic peak from DSC and DMAP at 290.3 eV disappears from the
Cys spectrum (Figure 4.10(5)) while the peak at 286 eV increases and
the peak at 284.8 eV decreases. This has two meanings: first, the ac-
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Figure 4.10: XPS measurements for the intermediate steps leading to

azido-modified brushes.

Top: Cis peak for the initial poly(HEMA)

brush (left) and presentation of the molecules and the reaction path-
ways (right); middle: Ci4 (left) and Nig (right) peaks for the activated
poly(HEMA) brush with DSC and DMAP; bottom: Cis (left) and Ny
(right) peaks for the final azido-brush.

tivating species seem to be completely removed from the brush during

the reaction and second, there is a relative increase of the C—N carbons
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attesting for the incorporation of azidoethylamine in the brush. This is
fully confirmed by the N1 spectrum where, on the one hand, the N peak
has disappeared meaning that the activating moieties from DMAP and
DSC were fully removed and, on the other hand, another peak shifted
to higher binding energies (around 403.8 ¢V) has appeared coming from
N, functions incorporated in the brush [62, 64, 68, 70, 71].

The reaction between surface-confined azido functions and propargyl-
sulforhodamine (9) in solution was then characterized in the presence of
a copper complex in solution. Therefore, the emission spectrum of a
sample was measured with a Front-Face Fluorimeter (cf. section 6.3.7 on
page 234) after the reaction with propargyl-sulforhodamine (9) (Figure
4.11).

20x10°
15k

10F

Amplitude (CPS)

580 600 620 640 660 680 700
Emission Wavelength (nm)

Figure 4.11: Front-Face Fluorimetry spectrum obtained for an azido-
brush clicked with propargyl-sulforhodamine (9) (black line) and com-
parison with the spectrum of a bare substrate (dashed line). The gray
line is the difference between these two curves. The excitation wave-
length was 566 nm.

In this figure, the emission spectra from the aforementioned sample

(continuous black line) and from a bare substrate (interrupted line) are
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compared. No signal is measured on the bare substrate while a broad
peak is observed for the grafted samples. This proves the successful

grafting of propargyl-sulforhodamine (9) in the brushes.
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Figure 4.12: Deflection measurements for a bare cantilever (black line)
and for a lever grafted with an azido-brush (gray line) when dipped
in a saturated propargyl-sulforhodamine (9) solution containing copper
complexes. The black triangles indicate the replacement of the reactive
solution with the pure solvent (H,O/MeOH 1:1).

Figure 4.12 presents the deflection measurements for a bare cantilever
(black line) and for a lever grafted with an azido-modified poly(HEMA)
brush when immersed in a saturated propargyl-sulforhodamine (9) solu-
tion containing copper complexes. At the initiation of the experiment,
the reactive solution was injected in the liquid cell of the AFM and the
deflection signal was recorded. Then, after around 2600 s (as indicated
by the black triangles), the reactive solution was replaced with the pure
solvent in order to remove the propargyl-sulforhodamine molecules that

were not covalently grafted.

Only a very small difference between the two levers is observed. In

the reactive solution, the slope of the curve for the grafted lever is slightly
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steeper than the one for the bare lever (-2.0-1072 vs =1.4- 1072 nm/s).
When this solution is replaced with the solvent, the opposite phenomenon
is observed as the adsorbed alkyne molecules are rinsed away from the
cantilevers (-10.8-1072 vs -15.8-1072 nm/s). As the slope is steeper
for the bare cantilever, it can be suggested that the molecules are more
easily removed from it than from the grafted one. It would mean that
the molecules that were only adsorbed on the levers or absorbed in the
brush are removed while some covalently grafted molecules still remain
inside the brush. But, as the difference between the two curves is very

small, these results should be interpreted carefully.

The weak difference between the bare and the grafted cantilever could
be due to the low penetration depth of the sulforhodamine molecules
inside the brush. Indeed, these molecules are quite large and it is not
sterically favorable for them to enter the brush. If they only react with
the outer surface of the brush, their impact on the surface stress is highly
limited. It could also be due to the sensitivity of the system. When the
whole brush undergoes a transition, the system responds well. But when
a small change happens, the surface stress is only slightly affected and
the deflection signal cannot clearly overtake the dynamic noise coming

from the environment.

To solve this issue, a softer cantilever could be used to improve the
sensitivity of the detection. Moreover, while brushes offer a convenient
way to increase the amount of reactive sites per unit surface area, they
should not be too thick nor too dense. Indeed, if the brush is too thick,
molecules that will interact with the top part of the brush will not influ-
ence the surface stress on the lever and will further impede the diffusion
of other molecules towards the bottom of the brush. If the brush is too
dense, molecules in solution will only see the reactive sites that are at
the surface of the brush and the benefit of having a brush instead of a
SAM will be lost. The density and the thickness of the brushes could
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then be optimized as a function of the size of the reactive molecules to
detect. Finally, other kinds of reactions that could enhance the signal
could be tested, for example, a reaction which detaches some polymer

chains from the brush as proposed in [73].

4.4 Conclusion

In this chapter, it was shown that an AFM cantilever with a polymer
brush grafted on one side can be used as a sensor to detect some changes
in the environment by measuring its deflection due to differential varia-

tion of surface stress.

First, in the case of pH-responsive polymer brushes, the deflection
decreased when lowering the pH of the solution from 8 to 2. The final
observed deflection was around 600 nm which corresponds to a surface
stress difference of around 600 mN/m. In this experiment, only two
stages were observed: at high pH, the brush is fully deprotonated and
the cantilever bends to accommodate the compressive stress coming from
the electrostatic forces between the polymer chains. When the pH is
decreased, this stress is released and the cantilever recovers its original

state. This phenomenon was reversible.

In a second set of experiments, a reactive polymer brush was grafted
on these levers and functionalized with azidoethylamine to have N, end-
groups. XPS measurements proved the successful azidation of the bru-
shes. However, when the cantilever was immersed in a reactive solution
containing the alkyne molecules, the deflection signal was not very differ-
ent from the signal coming from a bare cantilever in the same conditions.
This could be due to the fact that the penetration depth of the reactive

molecules inside the brush was too low. This could be solved by using
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smaller molecules or by decreasing both the thickness and the grafting
density of the brush. For the kind of molecules that were presented here,
it is believed that a 50% more diluted brush with a thickness of around

10 nm would give a satisfactory sensitivity.
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5.1 Introduction

In this chapter, the second objective of the thesis, i.e. the local catalysis
of a chemical reaction with functionalized AFM tips, will be pursued.
The reaction that will be catalyzed is a reaction from the “click” chem-
istry: the Cu'-Catalyzed Azide-Alkyne Cycloaddition (CuAAC). It was
chosen because it is a quick reaction whose kinetics is effectively in-
creased by the copper catalyst and because it leads to very high yields
without byproducts. Moreover, azide or alkyne functionalities can easily

be introduced in many molecules of interest or grafted on surfaces.

To reach this goal, the idea was to functionalize a surface with an
azidated monolayer, to immerse it in a reactive solution containing the
molecules with the alkyne moiety and to scan an AFM tip bearing Cu
complexes at specific locations on the surface to locally catalyze the

reaction according to a predetermined pattern (Figure 5.1).

In the next section, some concepts will be developed from a theo-
retical point of view. Several existing lithography techniques and more
particularly scanning probe lithography techniques will be listed before
defining the notion of (local) catalysis'!. Then, some interesting results
will be highlighted about, first, the preparation of the substrates, the
functionalization of the AFM tips and the characterization of the click
reaction and, second, the local catalysis experiments in themselves. Fi-

nally, a few conclusions will be drawn.

'The concept of “click” chemistry was introduced in the previous chapter (Section
4.2.3 on page 119) and will not be rediscussed here.
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Figure 5.1: When an AFM tip bearing catalytic complexes is scanned
along a predetermined pattern, it locally catalyzes the reaction between
molecules in solution and molecules on the substrate.
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5.2 Theoretical Aspects

5.2.1 Nanopatterning Techniques

Generalities

Interest for the miniaturization of devices has dramatically increased
these past years. Nowadays, nanotechnology is present in the everyday
life, mostly in microelectronics, for the fabrication of integrated circuits,
memories, display units, sensors, processors, etc [1]. The challenge of this
emerging technology is to build functional units that have typical sizes of
less than 100 nm. It is usually considered that two approaches exist for
the fabrication of such nanostructures: the top-down approach and the
bottom-up approach. The top-down approach starts from a bulk mate-
rial which is nanopatterned thanks to different lithography techniques
while the bottom-up approach starts from molecules or clusters whose
interaction and self-assembly lead to the desired nanostructures. The
most widely used techniques in the industry are based on the top-down
approach. For example, photolithography consists of irradiating a poly-
mer film through a mask with a UV beam to modify its structure in
order to obtain a replica of the mask (positive or negative) after a re-
vealing step |2, 3] (Figure 5.2(1)). The resolution of this technique is ca.
100 nm. For better resolutions (but lower throughputs and higher costs),
the UV beam can advantageously be replaced with a scanning electron or
ion beam. These techniques are thus called Electron Beam Lithography
(EBL) [4, 5] or Focused Ion Beam (FIB) [6, 7]. The resolution reaches
20 nm for EBL and 5 nm for FIB. Apart from these conventional tech-
niques, newer methods have been developed in a purpose to achieve a
better time/cost efficiency. Among them, the Nano-Imprint Lithography
can be cited [8-10]. It consists of controllably pressing a hard mold in a

resist upon heating or UV irradiating to induce the transfer of the pat-
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tern (Figure 5.2(2)). In a similar fashion, Soft Lithography techniques
[11, 12| have emerged. The best-known example is the Microcontact
Printing (uCP) [13, 14]. These techniques are easier to undertake but
usually lead to lower lateral resolutions. They consist of pressing a previ-
ously inked elastomeric stamp on a solid substrate to transfer molecules
from the protrusions of the mold to the surface (Figure 5.2(3)). Finally,
Scanning Probe Lithography (SPL) techniques offer new possibilities and
are of great interest in many applications [15, 16]. These techniques take
advantage of the scanning capabilities of the microscope, of the very
small radius of curvature of the probes and of the strong interactions
between this tip and the surface to achieve high resolution patterns on
a wide range of substrates. Moreover, the resulting patterns can be di-
rectly imaged by the same SPM probe which is a great benefit. The next

section will give some examples of SPL techniques.

Scanning Probe Lithography Techniques

Since the discovery of the STM [17, 18] and more recently of the AFM
by Binnig et al. [19], these scanning probe microscopies have not only
been used for imaging or sensing applications (as seen in previous chap-
ters) but they opened the way to a completely new set of lithography
techniques. In this section, a rapid review of STM-based techniques will

be given before going into more details about AFM-based ones.

STM has been used to manipulate individual atoms. For instance,
Crommie et al. constructed circular quantum corrals by individually po-
sitioning iron adatoms on a Cu surface with a STM tip [20]. A famous
paper by Manoharan et al. [21] reported the apparition of a “quantum
mirage” at the empty focus when they placed a single Co atom at one fo-
cal point of an elliptical quantum corral. Gaseous and organic molecules

can also be manipulated by an STM tip. Heinrich et al. arranged CO mo-
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Figure 5.2: Some conventional lithography techniques.

lecules in an atomically precise position to study the domino-like motion
of these molecules as a function of temperature [22|. In addition, STM
nanomanipulation was used to initiate some chemical reaction by mov-
ing reactive molecules close to each other and/or by exchanging electrons
with these molecules. For instance, it was possible to form individual co-
valent bonds between Fe and O atoms on a surface by electron injection
through an STM tip [23|. Multi-step reactions have also been reported
where two C,H.I molecules were reacted together to from one C,,H,
molecule [24]. Finally, it was also possible to perform STM-based nano-

lithography by, for instance, emitting an electron beam [25] or voltage
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pulses [26, 27| on a surface while scanning.

All these STM-based techniques are very powerful but have never-
theless some flaws. For instance, they are time consuming, they often
require high vacuum and/or low temperatures which increases the op-
erating costs and they can only be used on conductive surfaces. That
is why some authors turned to AFM-based techniques. Indeed, these
techniques can be used in air or in liquids at room temperature and can
be used to pattern organic and biological molecules on nearly all kinds
of substrates. Although by nature they are operated in serial processes,

parallel patterning can be achieved by using cantilever arrays [28, 29|.

Lots of AFM nanolithography techniques have been developed in
the last 20 years. They can be divided into two main groups: techniques
involving electron transfer between the tip and the surface and techniques
involving mechanical interactions. Many reviews are available in the
literature [1, 30-33]. That is why only some examples of both series of

techniques are listed below:

1. Bias-assisted AFM nanolithography

e Scanning Probe Oxidation: In this method, the localized elec-
tric field produced by the negatively-biased tip dissociates the
water meniscus present between the tip and the surface in
OH™ and H" leading to the local oxidation of the underlying
substrate [34, 35]. This substrate can be a semiconductor such
as Si [36-38| or SiC [39, 40| or a metal |41, 42]. It can also be
covered with an organic coating used as a mask for a subse-
quent wet etching of the formed oxide [43, 44] or for another
self-assembly of molecules [45, 46]. If the water meniscus is
replaced with an organic solvent, other electrochemical reac-
tions can take place. For example, it can lead to the formation

of carbonaceous species [47, 48|.
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e Field-Induced Evaporation: Here, the application of bias or
voltage pulses on a gold-coated cantilever leads to the field
evaporation of gold from the tip and its deposition on the
substrate in the form of dots [49-51] or lines [52]

e Electrochemical Dip Pen Nanolithography (EDPN): This is
the electrochemical version of the DPN technique that will be
discussed below. As in DPN, the tip is dipped in a solution
(the “ink”) and this ink is deposited on a substrate (the “pa-
per”) during the scan. But here, a bias is applied during the
deposition which induces an electrochemical reaction. For in-
stance, a H,PtClg ink can be reduced to Pt(0) [53], or a local

polymerization can happen [54].

e Electro-Oxidative Lithography: In this technique, inert SAMs
are electrochemically modified by a biased tip to initiate sub-
sequent reactions. For example, the inert ~CH, endgroups
of alkyl SAMs can be oxidized into reactive -COOH groups
[45, 55, 56].

e Scanning Electrochemical Microscopy (SECM): This scanning
probe microscopy technique [57, 58| can be used to locally per-
form electrochemical reactions near a surface. For instance,
it can locally reduce Cu'f to Cu! to induce the local catalysis
of CuAAC reactions [59]. We will come back to this reaction

later on.

e Electrical Cutting: Nanostructures such as carbon nanotubes
can be cut by electrically biased AFM tips to change their

electronic properties [60-62].

e AFM Electrostatic Nanolithography (AFMEN): The princi-
ple of this technique is to apply an electric field between the
tip and the surface to locally heat the underlying material
by Joule heating. For instance, this can induce the deforma-
tion of polymers [63] or the crystallization of phase change

materials [64]. If high voltages (30-40 V) are applied on poly-
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mers, Taylor cones are observed due to electrohydrodynamic
instabilities in the melt [65, 66].

e Nanoexplosion: If a biased tip induces an electric field that
exceeds the breakdown strength of an underlying dielectric,
an explosive discharge is produced in the tip/sample gap. In
this case, a central conic structure is observed as well as a

depressed outer ring [67].

e Charge Deposition and Nanomanipulation: Here, charge pat-
terns are written on a surface by a negatively biased AFM
tip [68, 69]. Then, charged particles can be electrostatically
attracted by these charges to form the final pattern [70].

2. Force-assisted AFM nanolithography

e Nanoindentation, Nanoplowing and Nanoshaving: Nanoin-
dentation is the simplest AFM lithography technique. A high
force is applied on a static tip to indent the surface. If the
tip is scanned on the substrate during the application of this
force, authors speak of plowing lithography (Figure 5.3(1)).
This can be done in contact (static plowing) or intermittent
contact (dynamic plowing) modes and on various types of
substrates such as polymers [31, 71|, metals [72-74] and semi-
conductors |75, 76]. For polymers, typical applied forces are
around 100 nN and they can rise up to 30 mN for metals. This
technique can also be used to plow a resist coated on top of
a substrate of interest. Then by wet-etching [77, 78| or by
lift-off techniques 79|, nanostructures can be fabricated ac-
cording to the initial pattern. In nanoshaving, the substrates
are covered with inactive SAMs and lower forces are applied
between the tip and the substrate (around 5-10 nN). This en-
ables the removal of the SAMs without damaging the surface.
Then, the holes can be filled for instance with active SAMs
[80-82].
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e Thermomechanical Writing: Thermomechanical writing was
invented by the IBM research group of Zurich [83]. The pro-
cess is quite simple: a resistive tip is heated up to 500-700°C
via an electrical current and is pressed on the polymer sub-
strate with a high loading force (Figure 5.3(2)). Applying
this principle to a cantilever array (32 x 32 probes), it was
possible to make a fast and reliable data writing/reading de-
vice for memory applications [84]. The same group also used
these heated tips to locally induce the polymerization of di-

azides and diynes precursors [85].

e Nanomanipulation: In nanomanipulation, the tip is used as a
tweezer to catch and release materials to form patterns (Fig-
ure 5.3(3)). Particles as small as single atoms can be handled
by AFM tips [86]. But this technique is also suitable for bigger
objects such as nanoparticles [87], nanocrystals [88], carbon
nanotubes [89] or even DNA strands [90]. However, both the
surface and the cantilever can be heavily damaged during the

process [91].

e Dip-Pen Nanolithography (DPN): DPN was invented in 1999
by Mirkin et al. [92]. It uses the AFM tip as a “nib” to deposit
molecules (the “ink”) on a solid-state substrate (the “paper”)
(Figure 5.3(4)). This generated a huge enthusiasm in the sci-
entific community because this technique is complementary
to microcontact printing or nanoimprint lithography (among
others) since it can selectively place different types of molecu-
les at specific sites even on already patterned surfaces with a
high resolution (ca. 30 nm). However, although recent devel-
opments allow the parallel DPN with arrays containing 55000
pens [93], it generally has a lower throughput because each
pattern (or series of patterns) has to be drawn individually
by the tip(s) while a lot of different patterns can be imprinted

at once with nanocontact printing. The transport of molecu-
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les to the substrate is made through the water meniscus that
is formed between the tip and the surface at a controlled rela-
tive humidity. It is somehow similar to the Nano Fountain Pen
(NFP) technique that uses a nanopipet integrated in an AFM
to deliver minute amounts of liquid on a substrate [94, 95| but
it does not necessitate a complex and costly cantilever. This
technique was used to deposit gold nanoparticles on silicon
[96, 97|, to change the reactivity of molecules on a substrate
thanks to an oxidant ink [98], to perform localized chemical

reactions [99], etc.

e Dip-Pen Nanodisplacement Lithography (DNL): This tech-
nique pioneered by Zheng et al. [100, 101], combines DPN
and nanoshaving and consists in inking an AFM probe and
bringing the tip into contact with a surface previously mod-
ified with a dense SAM (Figure 5.3(5)). Under high loads,
this SAM is then shaved by the scanning AFM tip and the
ink is simultaneously deposited on the uncovered areas of the
surface. In their papers, Zheng et al. used this technique with
polymerization initiators as the ink to obtain polymer brushes

with a very good control on their spatial arrangement.

e Local Catalysis: This method is the one that will be used in
this chapter. Here, a catalyst is coated on AFM tips to locally
catalyze a reaction involving molecules grafted on a substrate
and, in most cases, molecules in solution (Figure 5.3(6)).
So the basic difference with DPN is that here, the chemi-
cal species on the tip do not transfer to the surface but stay
on it. For example, Stoddart et al. catalyzed a CuAAC reac-
tion between azide-moieties on a surface and alkyne-moieties
in solution with a Cu-coated AFM tip [102| while others used
a Pd-coated tip to catalyze a Suzuki reaction [103] or other
kinds of reactions [104|. All the previously mentioned stud-

ies were undertaken in liquid solutions containing the reactive
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molecules to be selectively grafted on the substrate. But in
some cases, there is no need of such solutions. For example,
Pt-covered tips were used to perform a Pt-catalyzed transfer
hydrogenation resulting in the reduction of grafted azide mo-
lecules to form amines [105], a powder of reducing agent was
attached to an AFM tip to reduce a monolayer of imines to
amines [106], acidic molecules were grafted on tips to induce

the local hydrolysis of surface-bound moieties [107], etc.

I

(1) Nanoplowing (2) Thermomechanical Writing

(3) Nanomanipulation (4) Dip-Pen Nanolithography

WW

(5) Dip-Pen Nanodisplacement Li- ) Local Catalysis
thography

Figure 5.3: Some examples of force-assisted AFM nanolithography tech-
niques.
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In this chapter, we will focus on the technique developed by Stod-
dart et al. for the local catalysis of the azide-alkyne cycloaddition as
mentioned above [102]. The minimum line width that they could reach
was around 50 nm which is well below the ones of similar studies based
on DPN (ca. 300 nm) [99], microcontact printing (ca. 1 pm) [108-110] or
SECM (ca. 500 pm) [59]. The best results they got for the direct-write
click chemistry of 4-pentynoic acid (50 mM in ethanol) were obtained
with a 2 pm/s scan speed and a contact force of 300 nN. In this case,
the height of the pattern was 1.4 nm (slightly more than the thickness

of a monolayer).

In this study, attempts were made to improve this technique. First,
fluorescent alkyne molecules will be used in order to have supplementary
tools for the characterization of the substrates after the CuAAC reaction,
i.e. fluorescence spectroscopy and microscopy. Second, instead of coating
a tip with copper, Cu-ligands will be attached through a polymer brush
grafted from the tip. It is believed that this will lead to a better control
on the catalysis because of the higher flexibility of the Cu-ligands as
compared to bulk copper. Moreover, due to the nature of the brush
itself, the number of copper atoms available for the catalysis will be

relatively high.

5.2.2 Local Heterogeneous Catalysis

Catalysis is the action of modifying the rate of a chemical reaction that is
performed by a substance (called the catalyst) which is not consumed in
the reaction [111]. The catalyst lowers the activation energy (E,) needed
to transform the initial reagents into the product without modifying the
global enthalpy change (AH) of the system (Figure 5.4). It can also

promote the stabilization of intermediate products.
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Figure 5.4: Energetic diagram showing the progress of a chemical reac-
tion with (gray line) and without (black line) catalyst.

The term “catalysis” was first introduced by Joéns Jacob Berzelius
in his annual report of 1835 [112] where he reviewed the findings of
the scientific community concerning apparently very different domains
ranging from the conversion of starch to sugar by acids to the hastening of
gas combustion by platinum [113]. He deducted that all these processes

had something in common which he called catalysis.

There exist basically two types of catalysis:

1. Homogeneous catalysis
In homogeneous catalysis, the reagents and the catalyst are in the
same phase [114]. In this case, the instantaneous composition is
the same in the whole medium and the rate of the reaction only

depends on temperature, pressure and concentrations.

2. Heterogeneous catalysis

In heterogeneous catalysis, the phase of the catalyst differs from
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that of the reagents [115, 116]. Lots of industrial reactions use solid
catalysts and liquid or gaseous reagents. In this kind of catalysis,
other parameters influence the rate of the reaction such as the dif-
fusion of the constituents, the stirring and the specific surface area
of the catalyst. Some researchers who substantially contributed
to the rise of the heterogeneous catalysis were awarded with No-
bel Prizes: Fritz Haber and Carl Bosch in 1918 for the catalytic
formation of ammonia [117, 118], Irving Langmuir in 1932 for his
work on surface chemistry [119], and Gerhard Ertl in 2007 for his

studies of chemical processes on solid surfaces [120].

Aside from these two types of catalysis, we can add the local catalysis
which is an extension of the heterogeneous catalysis where a supported
catalyst is brought in close contact to the reagents to locally activate
their reaction [59, 102, 103, 109].

Further reading concerning catalysis can be found in [121-123].

5.3 Results and Discussion

This section is divided into two parts. The first part concerns the results
obtained for a preliminary study dedicated to the characterization of all
the constitutive parts of the system while the second part presents the
results obtained for the actual local catalysis experiments. The materials
involved here are described in section 6.1.5 on page 196 whereas the
preparation of the surfaces, of the tips and of the solution is detailed in
section 6.2.5 on page 206. Finally, all the characterization techniques

used in this chapter are presented in section 6.3 from page 211.
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5.3.1 Preliminary Study

Before performing the local catalysis experiments, preliminary tests were
undertaken to settle down each part of the reaction, i.e. the preparation
of the substrate, the functionalization of the AFM tips and the click
reaction in itself. In these tests, the catalytic complexes were in solution

and 3 different alkynes were used (Figure 5.5).

(10) Br

Figure 5.5: In preliminary tests, the catalytic complexes were in solution.

First, a silane bearing a leaving endgroup had to be selected for the
preparation of dense SAMs that will be used as the base for the elabo-
ration of azidated surfaces. In the literature, Br-terminated alkylsilanes
are often used [56, 108, 110, 124-130] with silane (4) being one of the
most used. It was also shown in the thesis of Dr. Peter Hensenne that

silane (3) is a good candidate (cf. Figure 6.1 in the Experimental Part on
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page 192). In order to determine whether they can be used in this work,
they were compared as follows: silanes (3) and (4) were self-assembled
on silicon squares according to the standard procedure (Figure 5.6(1)).
Then the terminal halogens were substituted by immersion in a saturated
solution of NaN; in DMF (Figure 5.6(2)). It was shown that a reaction
time of 48 h or more is often necessary to reach 100% conversion at room
temperature [131]. However, the kinetics is quite fast at the onset of the
reaction and a 50% conversion was observed after only 4 hours [125]. As
it was anticipated that this step is crucial for the proper functionaliza-
tion of the substrates, the azidation time was chosen as the parameter to
optimize. To determine the advancement of the reaction, XPS could not
be used for two reasons: first, halogen atoms are ejected by secondary
electrons of low energy under high energy X-ray irradiation preventing
the quantification of Cl and Br [132, 133] and second, the unavoidable
contamination layer leads to a biased quantification of the carbon con-
tent. XRR cannot be used as such because the thickness and the electron
density do not vary enough after the azidation step. Indeed, Br has 35
electrons and Cl 17 while N; has 20. To amplify the signal, the sam-
ples were soaked overnight in a solution of the clickable ATRP-initiator
(10) (Figure 5.6(3)). This time, the number of electrons should increase
by 198 per grafted molecule. By computing the difference between the
integrated electron density of each sample after ((;) and before (¢;) the
click reaction and by dividing this amount with the increase of electrons
per alkyne molecule Z, the grafting density of alkyne (10), o4, can be
obtained: o, = (¢5 - (;)/Z (Figure 5.7(1)).

For silane (3), the transformation of the Cl in an azide moiety does
not change significantly the reflectogram as it was expected. The over-
night click reaction with initiator (10) provides a clear increase of thick-
ness and of electron density after 24 h azidation time. The number of

2

molecules grafted per nm* is around 1.3. This value is low compared

to standard silane layers, but remains large compared to the estimated
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Figure 5.6: Description of the steps involved in the preparation of the
samples used in the preliminary study.

grafting density of brushes (around 0.33 chains/nm?). For shorter azida-
tion times, the grafting densities decrease to 0.25 and 0.45 molecule/nm?
for 1 h and 3 h azidation time respectively, always for an overnight click

reaction.
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Figure 5.7: Density of initiator (10) (left) and relative thicknesses of the
subsequent brush (right) as a function of the azidation time measured
for two different silanes: silane (3) (m) and silane (4) (4).

For silane (4), the azidation changes significantly the reflectogram.
The layer thickness and electron density decrease. This suggests that
partial degradation of the layer may have occured. However, overnight
click reaction on these samples succeeds in grafting the initiator. The
sample corresponding to a 1 hour azidation showed a problem of rough-
ness, and could not be analyzed reliably. The reaction proceeds similarly
to the previous case and good conditions are obtained for 24 h azidation
with a grafting density of 1.4 molecule/nm?, showing that the observed

change of thickness did not prevent proper reaction.

Azidation times longer than 24 h led to a more dramatic degradation
of the monolayers for both silanes. So here, there is a first indication that
the most appropriate azidation time is 24 h which is a good compromise

between a high grafting density and a low degradation.

Poly(MEO,MA) brushes were then grafted from these samples for
2 h (Figure 5.6(4)). The measured brush thicknesses were divided by
the thickness of a reference brush grafted from a SAM of silane-initiator
(1) (Figure 5.7(2)). For both silanes, a clear increase in the relative

thickness is observed with increasing azidation times and it seems that
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silane (4) provides thicker brushes. Reference experiments also showed
that hardly any growth is observed from pristine silane (3)- or silane

(4)-based SAMs.

From this first series of experiments, it can be concluded that both
silanes can be employed. SAMs based on silane (4) yields thicker brushes
but suffers from apparent degradation during the azidation process. This
is why silane (3) was preferred in the following experiments. The click

reaction seems very efficient once the azide moiety is properly obtained.

This was confirmed by another experiment where the fluorescent
propargyl-sulforhodamine (9) was used. Working with fluorescent mole-
cules has some advantages. Indeed, this allows the characterization of
the formed monolayers through Front-Face Fluorimetry and it should
allow the imaging of the substrates after the local catalysis experiments
through Laser Scanning Confocal Microscopy (LSCM) thanks to the high
sensitivity of this instrument (up to single molecule dectection) [134]. In
this preliminary study, the azidated substrates were dipped for 60 min-
utes in a 80 uM solution of (9) in the presence of a copper source and a
reducing agent (the concentrations were: (9)/bipy/CuSO,-5H,0O/ascor-
bate = 1.2/4.8/4.8/1 -1073 mmol in H,O/MeOH = 7.5/7.5 ml). Fluo-
rescent spectra were then recorded for different azidation times (1 h, 2 h

and 4 h) and with an excitation wavelength of 566 nm (Figure 5.8).

Again, Figure 5.8 proves that alkyne (9) was successfully grafted on
the surfaces. The intensity of the fluorescent signal increases for increas-
ing azidation times which confirms the previous XRR results. Interest-
ingly, a fluorescent signal is observed even for an azidation time as short
as 1 h. This means first that the reaction is detectable for assumedly
low surface coverages and second that the fluorescence quenching that
is inherent to surface immobilization of fluorescent molecules [135-137|

is not strong enough to impede this detection even when no particular
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Figure 5.8: Front-Face Fluorimetry spectra obtained for azido-SAMs
reacted with alkyne (9) for 60 minutes. Different azidation times are
compared: 1 h (black line), 2 h (dark-gray line) and 4 h (light-gray line).
The dotted line represents the spectrum obtained for the azido-SAM
alone. The excitation wavelength was 566 nm.

caution was taken for the storage of the samples.

The kinetics of the click reaction on azidated silicon substrates was
investigated by XPS (Figure 5.9). To this purpose, the propargyl bis(tri-
fluoromethyl)benzene (11) was prepared by Dr. Olivier Schicke. This
compound was chosen because it bears 6 fluorine atoms. Indeed, al-
though F is also sensitive to degradation mechanisms as previously dis-
cussed (but to a lesser extent compared to Cl and Br), it is attrac-
tive for XPS experiments because of its high relative sensitivity factor
(fourfold in comparison to C and twofold in comparison to N). The
azidated surfaces were then immersed in a 67.5 uM solution of (11)

containing ascorbic acid, ligand (12) and CuSO,-5H,0O (the concen-
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trations were (11)/(12)/CuSO, -5 H,O /ascorbate = 1/0.1/0.1/0.2 mmol
in H,O/acetone = 7.5/7.5 ml). The conversion of azide molecules to
1,2,3-triazoles was then calculated for 5 reaction times (5, 15, 30, 60 and
120 min) by computing the ratio between the relative XPS intensity of
the Fis peak and twice the one of the Ny, peak? (Fy5/2N1,) since there
are twice as many F as N in a 1,2,3-triazole molecule formed by the cy-
cloaddition of (11) on the azidated surfaces (4). To study the influence
of the ligand and of the copper source, solutions without CuSO, -5 H,0
(») and without both CuSO,-5H,0 and ligand (12) (m) were prepared
and the process was repeated.
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Figure 5.9: Conversion of azide molecules to 1,2,3-triazoles by reaction
with alkyne (11). This was calculated from the ratio F/2N obtained
by XPS measurements. m : Azide-SAM + Alkyne (11); » : Azide-
SAM + Alkyne (11) + Ligand (12); A : Azide-SAM + Alkyne (11) +
Ligand (12) + CuSO,-5H,0. The reaction rate highly increases with
the introduction of Cu in the solution.

2after application of a correction to take into account the relative sensitivity factors
of F and N.
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In the absence of the catalytic complex, the reaction is relatively
slow. If 20% of the surface functions are converted after 5 minutes, the
conversion barely reaches 40% after 2 h of reaction (m). Quite surpriz-
ingly, the incorporation of ligand (12) in the reaction mixture increases
the kinetics of the reaction and a 80% conversion is obtained after 2 h
of reaction (»). This is still not very well understood. The main re-
sult of this experiment comes from the great accelerating effect of the
incorporation of CuSO, -5 H,O in the solution (4 ). Here, the conversion
already reaches 80% after only 5 minutes of reaction. This is of course

very important in the prospect of the local catalysis experiments.

The last thing that had to be tested is the functionalization of the
AFM tips with the catalytic complex. Poly(HEMA) brushes were grafted
from Si;N, cantilevers as well as from silicon squares. These brushes
were then activated with DSC and DMAP as described in the previous
chapter. Ligand (12) was coupled to them by soaking the samples in
a solution of (12) in DMF before complexation with CuSO,-5H,0 in
methanol. Normally, a first indication on the advancement of these re-
actions could have been given by ellipsometry because of the relatively
high amounts of materials that were grafted after each of these steps.
However, even if a thickness increase was nearly always observed, the
values were not fully reproducible. It was probably due to a random or-
ganization of the entangled polymer chains during the rinsing and drying
steps. Nevertheless, ellipsometry could give a first hint on the success of

the successive reactions.

Since ligand (12) contains nitrogen while poly(HEMA) is only com-
posed of carbon and oxygen, the amide (or amine oxide) formation could
be tracked by XPS. The activating agents also contain nitrogen but as
seen in the previous chapter, these species are completely removed dur-
ing the amine-coupling step. This allows the quantitative calculation of

the reactive -OH group conversion (at least for the first 10-15 nm at the
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surface of the brush). Each HEMA monomer has 5 C and 3 O while
ligand (12) has 33 C, 5 O and 4 N. From the XPS spectrum displayed in
Figure 5.10(1), C/N and O/N ratios were calculated to be 14.6 and 4.4

respectively. The conversion = can then be estimated with:
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Figure 5.10: XPS survey scans of a poly(HEMA) brush coupled with
ligand (12) (left) and of a poly(MES) brush coupled with ligand (12)
after complexation with CuSO,-5H,0O (right).

The two ratios in equation (5.1) give pretty close values around 20%
of conversion. This is not very high but, since ligand (12) is relatively
bulky and cannot penetrate deeply inside the dense brush, this conver-

sion is satisfying.

Finally, the complexation of these ligands with CuSO,-5H,0 was
also monitored by XPS (Figure 5.10(2)). Poly(MES) brushes were used
to enhance the Cug, signal on the survey scan because the conversion
of their —-COOH functional side groups was slightly more efficient than
for the ~OH side groups of poly(HEMA). This tends to increase the

amount of ligands per unit surface area and thus, the amount of Cu.
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However, due to technical considerations®, poly(HEMA) brushes were
preferred for the local catalysis experiments. Nevertheless, since the
complexation occurs between the ligand (12) and Cu'l, the nature of the
underlying polymer brush is of no importance. From Figure 5.10(2), the
experimental Cu/N ratio was calculated to be 0.05 while the theoretical
ratio is of 0.25 for a 100% complexation. This issues a 20% yield for the
complexation of the ligands. Again, this is relatively low but the likely
burial of the bipyridine moieties inside the brush can explain this fact.
Indeed, the complexation in solution was shown by Dr. Olivier Schicke to
be quantitative and to yield nice blue crystals upon solvent evaporation.
This experiment allowed the determination of the crystalline structure
of the complex by X-Ray Diffraction (XRD) (Figure 5.11).

It was evidenced from this structure that two SO, and one H,O

groups intervene in the complexation step.

5.3.2 Local Catalysis

In the preliminary study, all the basic ingredients for the local catalysis
experiments were successfully obtained. Experiments in which the cat-
alytic complexes were grafted on AFM tips were then undertaken (Figure
5.12). Propargyl-sulforhodamine (9) was chosen as the alkyne moiety to
be grafted for various reasons: it is soluble in a MeOH/H,O mixture
that is well suited for use with the liquid cell of the AFM, the solution is
heavily colored in pink which allows the easy monitoring of the solution
exchange in the cell and its fluorescent behavior is an added value for

the imaging of the obtained patterns.

During a first experiment, the cantilever was swept on the surface

3i.e. the lack of control on the polymer thickness and on the general quality of the
brush (formation of gels) and the delicate rinsing step due to the high viscosity of the
polymerization solution.
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Figure 5.11: Two SO, and one H,O groups intervene in the Cu-ligand
(12) complex as highlighted by Dr. Olivier Schicke through X-Ray
Diffraction (XRD).

along six vertical lines with different parameters from left to right. Table
5.1 displays these parameters. Two different contact forces were investi-
gated i.e. ~ 9 and 17 nN. These forces can seem a bit large in comparison
to forces that are used in nanoshaving lithography, i.e. ~ 5 nN [1] but in
order to compare these two series of values, the forces should be divided
by the contact area in order to obtain the average pressure that acts on
the surface. This contact area between a sphere and a surface can be

estimated with the Hertz model:

. .2
a3:§RF (1 V)

= (5.2)
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Figure 5.12: In local catalysis experiments, the catalytic complexes were
grafted on AFM tips.

where a is the radius of the contact area, R is the radius of the sphere,
F' is the applied force and v and E are the Poisson’s ratio and the
Young’s modulus of the elastic material (the brush). In our case, R
is the sum between the radius of the tip (~ 30 nm) and the thickness
of the brush (~ 50 nm), F' is close to 10 nN, v can be estimated as
0.33 and E as 0.5 GPa because, on the one hand, it can be found in
the literature that the Young’s modulus of a poly(HEMA) brush in the
dry state is 2.6 GPa [138] and, on the other hand, the modulus of a
swollen brush is four times lower than the one of the same brush in the
collapsed state [139]. Inserting these values in equation (5.2), this gives
a contact area of around 300 nm? (a ~ 10 nm). The average pressure

that is applied by the brush on the surface is thus around 30 MPa*

4According to our knowledge of the shear modulus of swollen poly(MEO,MA)
brushes extracted from QCM-D experiments [140], the given value for the Young’s
modulus of swollen poly(HEMA) brushes seems to be overestimated. In that case,
the contact area could be larger and this average pressure could be even lower.
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which is one order of magnitude lower than the pressure corresponding
to the displacement threshold generally observed for a silane SAM during
nanoshaving experiments [82]. Indeed, even if the force is lower in these
experiments, the tip radius is smaller (~ 10 nm) and the Young’s modulus
of the SAM is larger (~ 3 GPa) which gives a much smaller contact
area and finally a larger pressure. However, in Stoddart’s paper [102], a
contact force of 300 nN gave the thickest pattern after the lithographic
step. This is surprising since it means that the average pressure that
was applied on the surface was much larger than the one used in the

nanoshaving experiments which were discussed above.

Three different scan speeds were tested i.e. 0.5 pm/s, 2 um/s and
4 pm/s. These have been chosen according to Stoddart et al. [102] and
in agreement with the constraints of the system such as the total duration
of the experiment. Indeed, the reaction is quite fast even without any
catalyst as shown above. In the preliminary study, the yield of the
reaction was close to 20% when the substrate was in contact with the
solution for a few tens of minutes. So the parameters were chosen to meet
a compromise between the contact time and the quality of the pattern.
The lines were around 13 pum-long and separated by 3 pum in order to be
easily detected during the characterization step and the time needed for
the drawing of the pattern was a bit larger than 1 minute. Obviously,
the total duration of the experiment was higher because the lever had to
be equilibrated in the reactive solution but this time was always limited

to less than 15 minutes.

After the experiment, two lines out of six could be observed with
the AFM as shown in Figure 5.13. From these images, some points
can be highlighted: first, the lines are not continuous but are formed
of what seems to be aggregates; second, these aggregates are randomly
distributed all over the surface proving that the reaction occurs also

at other places but with a lower kinetics; third, the first line on the left
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Contact Force | Scan Speed

(V) | (nN) (pm/s)
Line 1 -1 9 0.5
Line 2 -1 9 2
Line 3 -1 9 4
Line 4 || -0.5 17 0.5
Line 5 || -0.5 17 2
Line 6 || -0.5 17 4

Table 5.1: Parameters for the first local catalysis experiment.

appears thinner than the other which means that the interaction between
the tip and the surface changed between these two lines. But this last
result also means that these lines are not the result of the deposition
of some material from the tip to the substrate, otherwise, the thickest
line would have been on the left hand side. It is reasonable to think
that the thickest line is Line 4 from Table 5.1 because of the slower scan
speed. Line 1 would have also been a good candidate; however, since
another line can be seen on its left, this is not possible. It has thus to be
assumed that the thin line is Line 3 with the fastest scan speed and the
smaller contact force. It is somewhat surprising that this particular line
can be seen and not Line 1 or Line 2 that were scanned with a slower
speed. This is still not well understood. At this point, it should also be
mentioned that the reproducibility of this experiment was not perfect.
Indeed, around 50% of similar experiments issued patterned lines while
the other 50% did not.

Another interesting point appears when the height profile of the im-
age is analyzed (Figure 5.14). The height of the thickest line was about
6-7 nm while its width was about 50-100 nm. This is of course thicker
than the height of a sulforhodamine monolayer. At this point, our best
hypothesis is that the reaction is catalyzed when the tip is scanned over

the surface and, due to the saturation of the solution, the first grafted
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Figure 5.13: AFM images obtained after the local catalysis experiment
in a saturated solution of alkyne (9). Two lines out of six were visible;
left: 15 pm-image showing the two lines (4 pm/s and 0.5 um/s scan
speeds) and right: 5 pm-zoom on the thicker line.

molecules serve as nuclei for the crystallization and/or the pi stacking of

other sulforhodamine molecules.

The effect of the scan speed on the thickness of the lines was investi-
gated in another series of experiments. The major result of this study is
given in Figure 5.15 where the thicknesses of two lines produced during
the same experiment are compared. The left line was created with a scan
speed of 0.5 pum/s while the right line was produced with a scan speed of
0.25 pm/s. The contact force was around 17 nN in both cases. As can be
seen on the height profiles, a huge difference in thickness exists between
these two lines. The first one is around 4-6 nm-high while the second one
is closer to 20 nm which is 3 to 4 times higher while the scan speed was
only decreased by a factor 2. This can have two different but not exclu-
sive explanations: the first one is that, as the tip is scanned slower, the
number of anchored molecules increases which leads to a higher number
of nuclei to initiate the crystallization. The other explanation is that the
brush absorbs some small aggregates which are further transferred to the

surface and a larger number of these aggregates is likely to be deposited
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Figure 5.14: Height profile of the thicker catalyzed line. The thickness
of this line is around 6-7 nm which is much higher than the thickness of
a monolayer of (9).

if the speed is lower.

In order to gain more knowledge on the mechanisms of this local
catalysis, a series of tests was undertaken. They are summarized in
Table 5.2.

First, the ability of a bare tip to modify the surface in a way that
could favor the subsequent crystallization was investigated. So a bare
tip was used and the experiment was performed with the same surface

and the same solution as before. After this experiment, nothing was
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Figure 5.15: Influence of the scan speed on the thickness of the patterned
lines for a constant contact force of 10 nN. Left : 0.5 pm/s issuing a 4-
6 nm-thick line and right : 0.25 pm/s giving a 20 nm-thick line.

Tests AFM Tip Solution
Brush ‘ Complex | Solvent ‘ Saturated (9) ‘ Diluted (9)
1 X
2 X X
3 X X
4 X X X

Table 5.2: Summary of the different tests made to investigate the mech-
anisms of the local catalysis.
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grafted on the surface. Second, the possibility that the brush could be
torn off the tip by frictional forces and deposited on the surface during
the experiment was considered. In this case, the observed lines would
have been made of polymer brush aggregates. This is not very likely
given that for typical brushes (50 nm-thick) and tips (30 nm of radius),

the volume of the brush in contact with the surface can be estimated by:

Vi = 27 -30% - 50 nm® = 2.8 - 10° nm? (5.3)

while the observed amount of material on the surface for a typical line

of dimensions: L = 13 ym, [ = 50 nm and ¢ = 10 nm is:

Vinat = 13-10% - 50 - 10 nm?®/line = 6.5 - 10° nm?/line (5.4)

So for one patterned line, V;,4: is more than one order of magnitude
larger than V4,.. However, these values could have been underestimated
if the polymer brush formed a gel on the tip due to insufficient rinsing
or other factors. So, an experiment was carried out where the tip was
only coated with a polymer brush and the reactive solution was replaced
with the solvent of the reaction. Again, no lines were observed after this
test. To see whether the brush could transport some aggregates to the
surface and thus produce some lines even in the absence of the catalytic
complex, a brush was grafted on the tip and the experiment was realized
in a saturated solution of propargyl-sulforhodamine (9). Again, this did
not lead to the formation of patterned lines. Finally, a last test was
made where the catalytic complex was grafted on the brush but here,
the reactive solution was diluted by doubling the amount of solvent.
In this case, the solution was not concentrated enough to promote the

crystal growth. But it was thought that this crystallization could have
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been further initiated by immersing the resulting surface in a saturated

solution of (9) for a few hours. However this was not the case.

After all these tests, it could be concluded that the patterned lines
are produced by the combination of actions of the catalytic complex
and of the brush. This seems to be a two steps phenomenon. The first
one involves the catalytic reaction between azides on the surface and
alkynes in solution thanks to the catalytic complex grafted on the tip.
The second one involves the transport of small fluorophore crystallites
by the brush towards this first monolayer and then, due to pi stacking,

large aggregates are formed.

The number of sulforhodamine molecules that can react with a par-
ticular azide molecule on the surface can be estimated by counting the
number of molecules that are located inside a half-sphere centered on
this azide molecule and whose radius r can be estimated, assuming a

Brownian motion of the molecules, with:

r=6Dt (5.5)

where D is the diffusion coefficient and ¢ is the considered time. Here, ¢
is the time during which the azide molecule is in contact with the brush
and can be determined by dividing the diameter of the contact area,
which was previously determined to be around 20 nm, with the scan
speed (0.5 pm/s) yielding a value of 40 ms while D can be estimated

with the Stokes-Einstein relation:

D- kT
3mud

(5.6)
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where k is the Boltzmann constant, T is the temperature, u is the vis-
cosity of the solution and d is the diameter of the considered molecu-
les. So for small molecules (d = 1 nm) in a water/methanol solution
(1 ="7.5-10"* Pa-s) at room temperature, D ~ 6-1071% m?/s. Injecting
these values for ¢ and D in equation (5.5), it comes that r ~ 10 um. For a
concentration of 80 uM, 2-108 sulforhodamine molecules are susceptible
to react with each azide molecule on the surface provided that this azide
molecule is in contact with a catalytic complex and a sulforhodamine

molecule during the specific catalytic reaction time.

In addition, the turnover number of the catalyst (TON) was also

roughly estimated. The mass of polymer, my, in contact with the surface
is Vi - ppr = 2.82-10716 g with V}, estimated with equation (5.3) and
with the mass density of the brush, py, = 1 g/cm?®. The number of ~-OH
functional groups corresponding to that mass can be obtained by dividing
myp, with the mass of a monomer yielding around 1.3-10° ~OH groups.
From the aforementioned XPS experiments, 20% of these ~-OH groups
are known to be converted during the coupling with ligand (12) and 20%
of these ligands are complexed with Cu. Making the assumption that no
Cu is lost during in situ reduction from Cu'f to Cu', the number of Cu
atoms that are susceptible to catalyze the reaction, ncy, is then close to
0.2-0.2-1.3-10%=5.2-10%
The maximum number of lines that could be patterned during a single
experiment was 4. Since the lines were 13 pm-long and around 50 nm-
wide, the maximum catalyzed surface area, S., was 4-13-103-50 =
2.6-10% nm?. XRR experiments showed that 1.3 azido-silanes per nm?
were converted to 1,2,3-triazoles during the click reaction of (10) for an
azidation time of 24 h (Figure 5.7(1) on page 158). This is probably a
bit larger than the number of reacted silanes during the local catalysis
experiments but as the actual number cannot be obtained, it will be
used for this estimation. Then, the number of reacted azido-silanes ng;
is given by 2.6-10%-1.3 = 3.4-10°.
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The turnover can be calculated by the ratio ng;/ncy, which issues a
TON of 65. This value is quite high for a substrate-to-catalyst ratio,
S/C, of around 150 and relatively close to TONs generally observed for
heterogeneous catalysis [141]. However, this value remains a very rough

approximation.

Finally, some experiments were made to increase the height of the
pattern in order to ease its detection by AFM imaging. Initiator (10)
was thus used as the alkyne moiety to be patterned on the substrate.
After the local catalysis experiment, a poly(HEMA) brush was grown
from the resulting lines to “reveal” the pattern in a similar way as the
one depicted in Figure 5.6(4) on page 157. However, after this last step,
dark zones appeared on the substrate at places where the cantilever was
located during the lithography step. XPS measurements were performed
to compare these dark zones with the brighter ones. It was evidenced that
the silicon in the dark zones was completely oxidized in SiO, whereas
part of the silicon in the bright zones remained in its reduced form.
It was then concluded that charge transfer arose between the tip and
the substrate during the local catalysis experiment, even when both the
substrate and the cantilever were grounded. It is a bit surprising since
authors usually observed that the electric field needed to oxidize silicon
in a scanning probe oxidation experiment is of the order of 10°-10*° V/m
and can only be reached in the region just below the tip for high applied
bias (>5 V) [1, 35].

5.4 Conclusion

In this chapter, the local catalysis of a click reaction thanks to a catalytic
complex grafted on an AFM tip was investigated. In a preliminary study,

the basic elements for the local catalysis experiments, i.e. the grafting



176 Local Catalysis of “Click” Reactions with Functionalized AFM Probes

of azide-moieties on the substrates and the functionalization of AFM
tips with copper complexes, were prepared and fully characterized. The
optimal azidation time for the preparation of well defined azido-SAMs
was shown to be 24 h while 4% of the ~OH functional groups inside the

brush were converted into Cu-complexes.

Local catalysis experiments were then successfully undertaken. The
scan speed was proven to be a determining parameter: the thickness of
the patterned lines tripled when the scanning speed was decreased by a
factor 2. In every case, the patterned lines were much thicker than the
thickness of a monolayer. Different tests indicated that the most likely
mechanism for the formation of the patterned lines involves two steps:
first, the catalytic reaction between azides on the surface and alkynes in
solution with the contribution of the catalytic complexes grafted on the
tip and second, the pi stacking of propargyl-sulforhodamine (9) aggre-
gates that are transported by the brush towards this first monolayer.

Finally, the TON was estimated to be 65 which is relatively close to

TONSs generally observed for heterogeneous catalysis.
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6.1 Materials

6.1.1 Self-Assembled Monolayers on Silicon and Gold

The silanes or thiols monolayers were self-assembled on silicon and gold
respectively. Single-side-polished silicon wafers ((100) orientation) were
from ACM (France). The gold surfaces were obtained by coating the
silicon surfaces with 20 nm of gold on 2 nm of chromium as the adhesive
layer, using BOC Edwards Auto 500 evaporator (U.K.) (base pressure of

2-107" mbar; thermal evaporation rate of 0.4 nm/s).

For ATRP, either the silane-initiator (1) or the thiol-initiator (2) were
used depending on the nature of the substrate (Figure 6.1). The silane
was prepared according to [1] and the thiol was synthesized according to
[2]. The solvents (toluene for silanes and ethanol for thiols) were from
Acros (USA) and used as received as well as Et;N which was used to

neutralize the HCI molecules formed during the silane-SAM formation.

For the thiol place-exchange reactions, three different thiols were
used: CH;(CH,),,SH (1-undecanethiol, UDT), CH4(CH,),,SH (1-hexa-
decanethiol, HDT) and OH(CH,),,SH (11-mercapto-1-undecanol, UD-
TOH) from Aldrich. These thiols were thought to be quite stable and
not likely to exchange during the considered reaction times (typically a

few minutes to a few hours).

For the local catalysis experiments, two other silanes were self-assem-
bled on silicon substrates: the chloro(4-(chloromethyl)phenethyl)dime-
thylsilane (3) and the (11-bromoundecyl)trichlorosilane (4) (ABCR, Ger-
many) (Figure 6.1). Silanes (3) and (4) were selected because of their
leaving endgroups that can be substituted with N to yield azido-SAMs.
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Figure 6.1: Chemical structures of the silanes and thiol used as SAMs:
(1) Trichlorosilane-initiator; (2) Thiol-initiator; (3) Chloro(4-(chlorome-
thyl)phenethyl)dimethylsilane; (4) (11-bromoundecyl)trichlorosilane.

6.1.2 Polymer brush growth

ATRP was carried out on different substrates: (100) silicon wafers cut
in 1.7 cm? squares, these same wafers but covered with gold, glass sub-
strates (optical microscope slides) and AFM cantilevers (either non con-
tact PointProbe cantilevers (Nanosensors, USA) or MLCT-AU V-shaped
silicon nitride cantilevers (Bruker, USA)). Organic solvents (ethanol and
methanol) were bought from Acros. Deionized water was produced
by a Milli-Q Ultrapure purification system (Millipore, USA). Mono-
mers of interest were mono-2-(methacryloyloxy) ethyl succinate (MES)
(5), di(ethylene glycol)methyl ether methacrylate (MEO,MA) (6), the
methacrylic acid (MAA)(7) and 2-hydroxyethyl methacrylate (HEMA)
(8) (Figure 6.2). Poly(MEO,MA) is thermoresponsive and exibits a
Lower Critical Solution Temperature (LCST) around 27°C in water while
poly(MES) and poly(MAA) are pH-responsive. The ligand was 2-2'-
bipyridyl, activator was CuCl and deactivator was CuCl,. All these

reagents were from Sigma-Aldrich (USA) and used as received.
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Figure 6.2: Chemical structures of the monomers: (5) mono-2-(me-
thacryloyloxy)ethyl succinate (MES); (6) di(ethylene glycol)methyl ether
methacrylate (MEO,MA); (7) methacrylic acid (MAA); (8) 2-hydroxy-
ethyl methacrylate (HEMA).

6.1.3 Resonance frequency shifts experiments

For the measurement of the kinetics of local reactions with the frequency
shift method, PointProbe silicon cantilevers (Figure 6.3) were covered
with poly(MAA) brushes. 0.2 M or 0.1 M reactive solutions of N-(3-
Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) and
N-Hydroxysuccinimide (NHS) in milli-Q water were prepared. EDC was
bought from Sigma-Aldrich and NHS was from Acros.

For the collapse transition temperature (Tcr) measurements, these
same cantilevers were covered with poly(MEO,MA). This polymer has
an LCST at 27°C. In order to slightly modify the T, 0.2 M Na,SO,
and 0.1 M NaSCN aqueous solutions were prepared. These two salts

were bought from Sigma-Aldrich.
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Figure 6.3: SEM images of a non contact PointProbe silicon cantilever.

6.1.4 Deflection experiments

For the measurement of the swelling of pH-responsive polymer brushes
with the deflection method, MLCT-AU V-shaped silicon nitride canti-
levers (Figure 6.4) were covered with poly(MES) brushes. This polymer
was preferred over poly(MAA) because it led to less gel formation on the
tip during the polymerization step and thus to less noise in the deflection
curves. 50 mM buffer solutions of pH 2, 4, 6.2 and 8 with a 200 mM

ionic strength were prepared as follows:

e Phosphate pH 2 buffer: 164 ul (2.4 mmol) of H;PO, and 300 mg
(2.5 mmol) of NaH,PO, were dissolved in milli-Q water. Then
1.023 g (25.6 mmol) of NaCl were added and the total volume of

the solution was raised to 100 ml by adding water.
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o Acetate pH 4 buffer: 229 ul (4 mmol) of CH;COOH and 123 mg
(0.9 mmol) of CH;COONa-3 H,O were dissolved in milli-Q water.
Then 1.114 g (27.9 mmol) of NaCl were added and the total volume

of the solution was raised to 100 ml by adding water.

e Phosphate pH 6.2 buffer: 480 mg (4 mmol) of NaH,PO, and
128 mg (0.9 mmol) of Na,HPO, were dissolved in milli-Q water.
Then 761 mg (19.0 mmol) of NaCl were added and the total volume

of the solution was raised to 100 ml by adding water.

e Phosphate pH 8 buffer: 24 mg (0.2 mmol) of NaH,PO, and 667 mg
(4.7 mmol) of Na,HPO, were dissolved in milli-Q water. Then
327 mg (8.2 mmol) of NaCl were added and the total volume of

the solution was raised to 100 ml by adding water.

The salts, acidic and basic components were from Fischer (USA).

For the measurement of the kinetics of the “click” reaction, these
same cantilevers were covered with poly(HEMA) brushes. This poly-
mer was chosen because of its reactive ~OH side groups and of its ease
of use (low viscosity, no need to finely adjust the pH of the polymer-
ization solution,...). The alcohol side groups on the brush were acti-
vated with a solution of N,N’-Disuccinimidyl carbonate (DSC) and 4-
(Dimethylamino)pyridine (DMAP) in DMF. Then they were dipped in a
2-azidoethylamine in CH,Cl, to issue a polymer brush bearing N, func-
tionalities. 2-azidoethylamine was prepared according to [3], DSC and
DMAP were from Acros, DMF was from Sigma-Aldrich and CH, Cl, was

from Fischer.

The reactive solution was prepared by dissolving propargyl-sulfo-
rhodamine (9) in a MeOH/H,O solution (Figure 6.5). To increase the
rate of the reaction, L(+)-Ascorbic acid sodium salt, 2-2’-bipyridyl and
CuSO,-5H,0 were added. Propargyl-sulforhodamine was synthesized
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by Dr. Olivier Schicke, bipyridyl and CuSO,-5H,0 were bought from

Sigma-Aldrich and ascorbate was from Acros.

e
165.3 ym : J/

-

17.3 um
143.1 pm

7

106.7 um

Cr:15nm

oo B

— Au:60 nm
t=612nm

Figure 6.4: SEM images of the V-shaped Si;N, cantilevers.

6.1.5 Local catalysis experiments

For the local catalysis experiments, silanes (3) or (4) were first self-
assembled on silicon substrates. A saturated solution of sodium azide
(NaN;) (Acros) in DMF (Sigma-Aldrich) was used to substitute the
terminal Cl or Br atoms with N;. Poly(HEMA) brushes were grafted
from V-shaped Si;N, cantilevers and were activated by immersion in a
DSC/DMAP solution in DMF before being coupled with the copper-
ligand (12) synthesized by Dr. Olivier Schicke and Dr. Peter Hensenne
(Figure 6.5). The solvent of this reaction was DMF (Sigma-Aldrich) and
the solvents used in the rinsing step were DMF and THF (Acros). Ligand
(12) was then complexed with CuSO,-5H,0 in methanol. Finally, de-
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pending on the experiment, three different alkynes were used: propargyl-
sulforhodamine (9), propargyl-TEG-initiator (10) and propargyl-bis(tri-
fluoromethyl)benzene (11) (Figure 6.5). Alkynes (9) and (11) were syn-
thesized by Dr. Olivier Schicke while alkyne (10) was synthesized by Dr.

Antony Fernandes.

) g
OO o
S0y \—o O 0o O O 2 ©
3 \_/\_/\_/\_/4§r
0 . A
FsC CF

(10) 3 3
0,5.
N
H Y 1)
9)
H,N /N N—Q /
— N
(12) \ N

Figure 6.5: Chemical structures of the alkynes and ligand: (9) Pro-
pargyl-sulforhodamine; (10) Propargyl-TEG-initiator; (11) Propargyl-
bis(trifluoromethyl)benzene; (12) Tyramine ligand.

6.2 Methods

6.2.1 Self-assembled monolayers on silicon and gold

Liquid phase silanization

A silicon wafer (or silicon squares) was immersed in a piranha solu-
tion (H,0,/H,S0,, 1:1 v/v) (Caution! Handle with care, piranha can

cause severe burns) to clean it from organic contaminants and to produce
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silanol surface groups. After 30 minutes, it was thoroughly rinsed with
milli-Q water before being dried under a stream of pure nitrogen. Alter-
natively, for AFM cantilevers which are more fragile, UV /O irradiation

during 30 minutes was preferred to clean and activate their surfaces.

Silanes are very reactive in presence of water. They can dimerize
(for monochlorosilanes) or polymerize (for trichlorosilanes). Moreover,
silane molecules can be hydrolyzed. The silanization was then processed
in a glovebox under dry argon (water content < 0.1 ppm). The wafer was
placed in a crystallization dish and covered with 30 ml of toluene. 50 ul of
triethylamine were added to neutralize the HCI molecules resulting from
the reaction. Finally, a small quantity of silane was taken by capillarity
with a Pasteur pipette and injected in the solution. The dish was covered
with an aluminum foil and kept in the glovebox overnight. The substrates
were then rinsed with methanol and acetone and put under vacuum

before use.

Liquid phase thiolization

Gold squares were placed in a crystallization dish. 30 ml of ethanol
were poured on them. The thiol was then added dropwise to reach the
target concentration (usually, 1 drop) before covering the dish with an
aluminum foil. After the desired reaction time, the surfaces were rinsed

with ethanol and acetone, dried with N, and stored under vacuum.

6.2.2 Polymer brush growth

The monomer was dissolved in a H,O/MeOH or a H,O/EtOH solution.
For acidic monomers, the pH of the solution was raised to 9 upon addition

of NaOH. Then the solution was poured in a Schlenk’s flask. Bipyridyl
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and CuCl, were added before sealing the flask with a rubber septum.
Nitrogen was then bubbled through a needle to remove the oxygen and
the solution was stirred. After 45 minutes, CuCl was added rapidly
to avoid its oxidation and the solution was again degassed and stirred
during 45 minutes. Typical quantities for all these species are listed in
Tables 6.1 to 6.4 for all the monomers used in this study. For copolymer

brushes, intermediate quantities were used as shown in Table 6.5.

Mass | Vol My, 0 # mol

(mg) | (ml) | (g/mol) | (g/ml) | (mmol)
Ethanol - 15 - 0.79 -
Water - 30 - 1 -
MES (5) - 18.3 | 230.21 1.19 95
NaOH 4000 - 40.0 - 100
Bipyridyl 781 - 156.29 - 5
CuCl, 10.8 - 134.45 - 0.08
CuCl 158 - 98.99 - 1.6

Table 6.1: Typical quantities for the ATRP of MES (5).

Mass | Vol M, p # mol

(mg) | (ml) | (g/mol) | (g/ml) | (mmol)
Methanol - 15 - 0.79 -
Water - 30 - 1 -
MEO,MA (6) - 17.5 | 188.22 1.02 95
Bipyridyl 781 - 156.29 - 5
CuCl, 10.8 - 134.45 - 0.08
Cu(Cl 158 - 98.99 - 1.6

Table 6.2: Typical quantities for the ATRP of MEO,MA (6).

Aside from that, 5 silicon squares were cut with a diamond tip from a
wafer previously silanized with the ATRP initiator and placed in separate
small Schlenk’s flasks. These were sealed with a septum and degassed
by three cycles of vacuum /nitrogen. 4 ml of the solution were then in-

jected in each flask with a syringe through the septa. When the desired
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Mass | Vol M, p # mol

(mg) | (ml) | (g/mol) | (g/ml) | (mmol)
Methanol - 15 - 0.79 -
Water - 30 - 1 -
MAA (7) - 12.3 86.06 1.01 142.5
NaOH 5400 - 40.0 - 135
Bipyridyl 781 - 156.29 - )
CuCl, 86 - 134.45 - 0.64
CuCl 158 - 98.99 - 1.6

Table 6.3: Typical quantities for the ATRP of MAA (7).

Mass | Vol M, p # mol

(mg) | (ml) | (g/mol) | (g/ml) | (mmol)
Ethanol - 15 - 0.79 -
Water - 30 - 1 -
HEMA (8) - 5.8 130.14 1.07 47.5
Bipyridyl 391 - 156.29 - 2.5
CuCl, 5 - 134.45 - 0.04
CuCl 79 - 98.99 - 0.8

Table 6.4: Typical quantities for the ATRP of HEMA (8).

Mass | Vol M, P # mol

(mg) | (ml) | (g/mol) | (g/ml) | (mmol)
Ethanol - 10 - 0.79 -
Water - 15 - 1 -
(6) and (7) (total) - - - - 190
NaOH var. - 40.0 - var.
Bipyridyl 781 - 156.29 - 5
CuCl, 10.8 - 134.45 - 0.08
CuCl 158 - 98.99 - 1.6

Table 6.5: Typical quantities for the ATRP of MAA-co-MEO,MA (“var.”

means variable).
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polymerization time was reached, the silicon squares were removed and
rinsed with methanol, water and again methanol before being dried un-
der nitrogen. Figure 6.6 exemplifies the polymer brush growth from a

silanized silicon surface in the case of poly(HEMA).

gH o HO g“ o)
oESi’\/\o)H( 0}Si/\/\0)H(
o Br 0 Br HO
OH o
o 0 ( ;
N _—
> /\/\ /\/\
8/3' OJH(Br EtOH/H,0 ° SSi o >~
Bipy
8“ Q CuCl,
Nai N CuCl A
0-/S| (o] 0 Sl (o]
Br Br
o o’
OH OH

Figure 6.6: Poly(HEMA) brush growth from a silanized silicon wafer
with initiator (1).

6.2.3 Resonance frequency shifts experiments

ATRP was carried out on AFM cantilevers as well as on silicon squares in
order to have suitable substrates for surface characterization. The AFM
cantilevers were handled thanks to a homemade teflon holder (Figure

6.7).

For the measurement of the kinetics of the activation reaction of
poly(MAA) brushes with EDC/NHS, the liquid cell of the AFM was
filled with water and the functionalized AFM cantilevers were immersed
in it for 15 minutes in order to hydrate the brushes and to adjust the
position of the laser on the photodiode array. Then, water was replaced
with the reactive solution (either a 0.2 M EDC solution or a 0.2 M
EDC/0.2 M NHS solution) and resonance frequency curves were recorded

every minute until the end of the experiment, i.e. 60 minutes. The for-
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Figure 6.7: Teflon holder for the manipulation of AFM cantilevers.

mation of the activated species is depicted in Figure 6.8 [4-8].

o | J

O HN

+ N N
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Carboxylic acid EDC EDC-activated ester
J ] 0 °
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J e S0
Ry 07 NN R 7O
I o o
EDC-activated ester NHS NHS-activated ester

Figure 6.8: The activation reaction of carboxylic acids with EDC and
NHS yields to the formation of activated ester intermediates.

For the measurement of the Tct of poly(MEO,MA) brushes, both
QCM-D and AFM measurements were compared. A poly(MEO,MA)
brush was grafted from a quartz sensor which was subsequently placed
inside the liquid cell of the microbalance. This cell was fed through a
peristaltic pump at a constant flow rate. After 35 minutes of stabilization
at 15°C, the liquid inside the cell was heated at a rate of 0.2°C/min up
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to 45°C and the resonance frequency of the sensor was recorded by the
built-in software in a continuous fashion. Then, the system was set to
stabilize for 35 minutes and the temperature was lowered at the same rate
down to 15°C while still acquiring data. For the AFM experiments, the
brush was grafted from a silicon cantilever that was then dipped in the
liquid cell of the AFM. This cell was mounted on a Peltier stage for the
temperature control of the solution and was fed with a slow but regular
flow through a peristaltic pump. After 15 minutes of stabilization, the
temperature was ramped up to 38°C at a rate of 0.5°C/min. Again, the
system was allowed to stabilize for 15 minutes and the temperature was
then decreased down to 7°C. During both ramps, one resonance frequency

curve was recorded every °C.

All the resonance frequency curves were fitted with the Lorentzian
expression for the amplitude of forced damped harmonic oscillators as a

function of the excitation frequency w [9]:

A(w) = (6.1)

where Ag is proportional to the amplitude of the excitation force. This
equation provides the resonance frequency wg of the lever as well as the
quality factor @ of these curves. It appears that the maximum amplitude
Apaz is found for a frequency w,. usually slightly lower than wg. The

relation between these two frequencies is given by:

Wy =W 1-— (62)

For large @), this relation becomes w, = wy and the maximum ampli-
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tude Apar = Ao - Q.

6.2.4 Deflection experiments

Polymer brushes were grafted from gold coated V-shaped SizN, canti-

levers as well as from silicon squares for characterization.

All the experiments were made at constant temperature to avoid ther-
mal drift in the deflection curves. Indeed, it was empirically determined
that this thermal drift was ca. 100 nm/°C for bare cantilevers. This came
from the fact that they were composed of two relatively thin layers of
different materials, i.e. silicon nitride and gold, that have different ther-
mal expansion coefficients (3.3 107 /°C for SigN, and 14.2 1079 /°C for
Au). This leads to a differential thermal expansion in these two layers
when the cantilevers are heated. To release the interfacial stress (or at
least part of it), a strain is produced and the cantilevers bend.

Moreover, it was experimentally observed that the level of the liquid
inside the cell had to remain constant during the whole analysis. Indeed
if the level increased (decreased), an increase (decrease) of the deflection
was observed. This was supposedly due to the force that the global up-
ward (downward) motion of the fluid induced on the lever. To reduce
this effect, both the inlet and the outlet pipes were connected to the
peristaltic pump. Although the same flux was supposed to come in and
out of the cell, in practice, that was not always the case and the level of

the liquid had to be checked regularly.

For the measurement of the response of a poly(MES) brush in dif-
ferent buffer solutions, this brush was grafted from the Si;N, side of the
cantilever. To ease the rinsing step, the viscosity of the solution was
decreased by doubling the amount of solvent in comparison to Table 6.1.

The cantilever was mounted on the AFM nose and dipped in the liquid
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cell. This cell was fed through a peristaltic pump at a constant flow rate.
A 6-way valve allowed the selection of the buffer solution injected in the
cell. Each solution was put in contact with the cantilever for approxi-
mately 20 minutes to let the system equilibrate. The software recorded
the deflection signal S of the lever at a frequency of 1 Hz. To avoid
thermal drift during the experiment, the temperature was controlled by
a Peltier stage and set to 25°C. The measurements were carried out on

functionalized cantilevers as well as on bare cantilevers for comparison.

For the measurement of the kinetics of the “click” reaction between an
azidated brush and alkyne molecules in solution, poly(HEMA) brushes
were grafted from these Siz;N, cantilevers. The ~OH side groups on the
brushes were activated by immersing them overnight in a 0.1 M DSC
and 0.1 M DMAP solution in DMF. Then they were reacted overnight
with 2-azidoethylamine (50 mM solution in CH,Cl,) to issue a polymer
brush bearing N, functionalities (Figure 6.9).

N3

OH

o]

o_ (
O—Si/\/\o NH
0 Br 0

i,

o sK\/\o
o’

Br

OH

Figure 6.9: The poly(HEMA) brushes grafted from the cantilevers were
modified with NaN; in order to obtain N5 pendant groups.

500 ml (MeOH/H,0, 1:1 v/v) of the reactive solution were prepared
with 25 mg (80 uM) of propargyl-sulforhodamine (9) and 6.4 mg (64 M)
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of ascorbic acid sodium salt. Before the experiment, 50 ml of this solution
were withdrawn and 2.5 mg (320 uM) of 2-2’-bipyridyl as well as 4 mg
(320 pM) of CuSO, -5 H,O were added. The resulting solution was then

filtered and degassed before use.

The cantilever was first allowed to stabilize for 30 minutes in the
MeOH/H,O solution before switching the valve to the reactive solution.
Again, the deflection signal was recorded at a frequency of 1 Hz, and the
temperature was set at 30°C by a Peltier stage. The measurements were
carried out on functionalized cantilevers as well as on bare cantilevers

for comparison.

For both series of experiments, the raw data in volts were converted
to actual deflections in (nano)meters. This was realized by measuring
force curves on a hard substrate. The signal in volts was then related to
the vertical displacement of the AFM nose in nanometers in the repulsive

region of the force curves. This issued a Az/S ratio of 53 nm/V.

6.2.5 Local catalysis experiments

Surfaces preparation

During the catalysis experiment, the tip was scanned on the substrate.
Afterwards, the surface was rinsed and dried before being imaged with
the AFM. As the produced drawing were relatively small (ca. 10 pm long
lines), it was important to build some landmarks on the surfaces. Our
strategy was to use a TEM grid and to reproduce this grid on silicon
squares. Therefore, a 100 nm-thick thermal oxide was grown on a silicon
wafer (170 minutes at 1000°C under an O, flux). Then the wafer was
diced into 1 cm? squares and a TEM (Transmission Electron Microscopy)

grid was stuck on each of these squares with carbon tape. The squares
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were then stuck on a sacrificial wafer to ease their manipulation and
a 20 nm chromium layer was evaporated on them. TEM grids were
stripped off and the substrates were rinsed with acetone to remove the
residual carbon tape. The exposed silicon oxide was removed in buffered
HF during 95 seconds. Finally, before use, the chromium layer was
removed with standard chromium etchant for 5 minutes at a etch rate
of 4 nm/s. To remove residual chromium and organic contaminants
as well as to produce silanol surface groups, the silicon squares were
immersed in a piranha bath during 1 hour (Caution! Handle with care,
piranha can cause severe burns). This gave surfaces with a typical RMS
roughness of 0.3-0.4 nm. The resulting pattern is shown in Figure 6.10.
It is composed of 5x5 arrays of 100 nm-thick silicon oxide squares. Each

array is identified with a letter.

\sses Xssss Yeues Counn Abhsun Chanmn
SEESS SEEES SEEES EEEEE SEEEE EEEEE
SEEES ESUSE EESES SENEE SEAEE EEEEE
SEEEE ENGEE EEESS SEEES SESEE EEEES
SEEEEE EEEES SEEES EEEFE EEEEE EEEENE
DhsusfE hunsF heenChunsnsHbhnnn
SEEEES SESEE SEEES SEEEE EEEES
SEEEES SESESE SEEES SNEES EEEEE
EEEEE EESEE SESEEE SEEEE SEEEE
SEEEEE SEEES EEEEE SEEEE EEEEE
MITTEATTITRSE T
SEEEER EEEER EEEED
350 um SEEEE EEEEE EEEER
— SEEEE ENEEE EEEEE
SEEEN ENEEE EEEEE

Figure 6.10: The substrates were patterned with TEM grids to form 5x5
arrays of SiO, squares identified by a letter.

After this preliminary step, these surfaces were silanized with silanes
(3) or (4) (Figure 6.11).

The next step was to substitute the terminal Cl or Br atoms with
N;. A saturated solution of NaN; in dry DMF was prepared inside the
glovebox. To speed up the dilution of NaN,, the solution was heated at
50°C and it was stirred for 30 minutes. The silicon squares were placed
in the slits of a cylindrical Teflon holder inside a Schlenk’s flask and the

NaNj; solution was poured. The reaction took place overnight and the
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Figure 6.11: Silanization of silicon wafers with silane (3).

wafers were then rinsed with DMF and dried with nitrogen (Figure 6.12).

OH OH
| |
o-g cl o-si Ny
OH C OH C
| |
o-g cl NaN ) o-si Ny
DMF
OH C Argon OH C
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OH OH
|
0-§~ : cl 0-Si—, : Ny

Figure 6.12: Sn2 substitution of the terminal Cl atoms on silane (3) with
N;.

Tips preparation

Catalytic complexes were attached to V-shaped Si;N, cantilevers and to
their tips (Figure 6.13). Poly(HEMA) brushes were first grafted from
their surface. They were then activated with DSC/DMAP as described
above. 75 mg (0.13 mmol) of ligand (12) were dissolved in 10 ml anhy-

drous DMF under argon. The cantilevers were degassed in a Schlenk’s
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flask and the solution was injected. After overnight reaction, they were
rinsed with THF and DMF and dried with nitrogen. Finally, the can-
tilevers were immersed in a 0.1 M methanolic solution of CuSO,-5H,0
(160 mg in 6 ml) for 3 hours at room temperature. After being rinsed
with methanol and water, the cantilevers were put under vacuum before
use. Again, these procedures were applied to silicon squares for further

characterization.

Figure 6.13: The catalytic complex was attached to V-shaped SizN,
cantilevers and to their tips.

Solution preparation

Depending on the alkyne to be reacted on the azide monolayer and on
the experiment to be performed (local catalysis or CuAAC on the whole

substrate), different solutions were prepared.

Alkynes (9), (10) and (11) were used in preliminary tests where sil-
icon square substrates were functionalized. In this case, the reactive
solutions had to contain a ligand and a Cu' source. For alkyne (9), the
concentrations were: (9)/bipy/CuSO,-5H,0 /ascorbate = 1.2/4.8/4.8/1
-107® mmol in H,O/MeOH = 7.5/7.5 ml. The solution was then filtered
to remove aggregates larger than 100 nm. For alkyne (10), the concen-
trations were: (10)/(12)/CuSO, -5 H,O /ascorbate = 1/0.1/0.1/0.2 mmol



210 Experimental Part

in H,O/acetone = 7.5/7.5 ml. For alkyne (11), the concentrations were:
(11) /bipy /CuCl, /ascorbate = 0.3/0.12/0.12/0.24 mmol in H,O/MeOH
— 7.5/7.5 ml.

Alkyne (9) was used for local catalysis experiments. As previously,
a 80 uM solution of (9) in methanol and water (1:1 v/v) was prepared.
To reduce Cu'! during the reaction, ascorbic acid was added (32 puM).
As (9) is not highly soluble in the solvents, the solution was filtered to
remove aggregates larger than 100 nm. A saturated solution of (9) was
then obtained. The final reaction to be achieved is described in Figure
6.14 where R can be deduced from (9).

— : N &T:
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Figure 6.14: Description of the local catalysis of an alkyne-azide cycload-
dition reaction with catalytic complexes grafted on an AFM tip.

To realize the local catalysis experiment, the modified lever was
mounted on the AFM nose and the azidated patterned surface was fixed
on the sample holder. A H,O/MeOH (1:1 v/v) solution was injected in
the liquid cell through the peristaltic pump and the system was allowed
to equilibrate for 15 minutes. During this time, AFM images were ac-
quired to determine an appropriate location for the lithography and the
pattern was prepared with the built-in script (picolith). The reactive
solution was then selected with the 6-way valve and when it arrived in

the liquid cell, the lithography was started. Typical values for the scan
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speed and the applied force during the lithography were 0.5 pm/s and
17 nN respectively. As soon as the lithography was completed (after 3-4
minutes), the reactive solution was replaced with H,O/MeOH to rinse
the sample. This sample was then dried with a flow of N, before being
imaged with the AFM.

6.3 Characterization

6.3.1 X-Ray Reflectivity (XRR)

X-ray reflectograms were taken with a two-circle goniometer (Siemens
D5000) with 30 c¢cm radius and 0.002 position accuracy (Figure 6.15).
X-rays (Cu K4, A = 0.15418 nm) were obtained from a rotating anode
(Rigaku, Japan) (a) operated at 40 kV and 300 mA and collimated by a
multi-layers mirror (Osmic, Japan) (b). The delivered parallel beam had
a 0.0085 angular divergence. After being shaped by a series of slits (c,d),
the beam was reflected by the sample (e) which was fixed at the center
of the goniometer with an automated procedure using a vertical stage of
1 pm resolution (f) and the reflected intensity was measured by a scin-
tillation detector (h) placed after a filter (g) and a 200 pm receiving slit.
The length of the beam was around 0.8 cm and its width was around
40 or 100 pm. Data were scaled by the incident intensity and corrected
for beam spillage at very low angles of incidence. The thickness of the
organic layer was calculated based on the Patterson function of the re-
flectogram as detailed elsewhere [10]. To summarize, it was shown that
under the approximations of neglecting multiple reflections and refrac-
tion and of considering that the wavevector transfer ¢, does not change
significantly from one medium to the next, the reflectivity R(q,) can be

written as:
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Figure 6.15: Scheme of the XRR apparatus: (a) Rotating anode; (b)
Osmic mirror; (c) Slits ; (d) Tunable slit; (e) Sample; (f) Vertical moving
stage; (g) Filter; (h) Detector; (i) Computer.

In this equation, p(z) is the electron density of the layer as a function
of the depth z and r. is the classical radius of an electron. Then by

applying the Wiener-Khinchin theorem:

R(g:)-q: = (dare)’F 1 (0'(2) * 9'(2)) (6.4)

or R(qz»(“ﬁ"f - (B P @) 6

So by computing the Fourier transform of the data R(q.) after mul-
tiplication by (sinf/\)*, the pseudo-autocorrelation function of the first
derivative of the electron density as a function of the thickness also called
the Patterson function was obtained (up to a constant). The abscissas
corresponding to the maxima of this function gave the thicknesses of

each organic layer [11].
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As a very first approximation of the thickness of a monolayer, the fact
that the amplitude of the reflected signal exhibits a minimum when the
beams coming from the top and bottom interfaces interfere destructively
was used (Figure 6.16). This phenomenon can be described by geometric

parameters. Indeed, the optical path difference Al is equal to A/2:

Figure 6.16: There is destructive interference when the optical path dif-
ference is equal to /2.

Al:2b—a:% (6.6)

Moreover, the index of refraction is close to one for small angles. In
that case, the angle of refraction is equal to the angle of incidence and

equation 6.6 then writes:
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d
= 6.7
. tan 6 (
a = 2xcosb (6.8)
cos? 0
= 2d 6.9
sin 6 (6.9)
d
b = — (6.10)
sin 6
2d  2dcos? 6 A
— _ = = 6.11
sin 6 sin 6 2 ( )
T
=—d = 6.12

with &, ymin = (270/X) sin 0,ip, being the first minimum of the reflectivity

curve.

It was also possible to extract the electron density profile of the or-
ganic layer p(z) from the data. Therefore, the film had to be modeled
as a succession of thin virtual homogeneous layers of zero interfacial
roughness, stacked over the silicon substrate of electron density held at

3. The electron density p; of the virtual layers were

700 electrons/nm
fittable parameters, whereas their widths w; were held constant at a sin-
gle value corresponding to the information content of the XRR curves,
w; = 7[(2kzmaz) With k; mee the maximal experimental value of k..
Typically, w; ~ 0.35 nm. The absorbance of the virtual layers was set to
5-10"" nm™!, and the absorbance of the silicon substrate to 1.5-107° nm™".
The initial number of virtual layers was set to dyq./w;. From this model
of electron density, the film reflectivity was computed using dynamical
theory and the chi-square function was minimized with a Marquardt-
Levenberg algorithm. In order to avoid numerical problems and unphys-
ical solutions due to the large number of parameters in the final model
of the electron density, a regularization technique was applied by adding

a smoothing constraint to the chi-square function, as fully described
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elsewhere [12]. The grafting densities were obtained from the electron
density profiles p(z) in the following way. For silane monolayers, the
electron density profile of a clean silicon wafer, ps;(z), was subtracted
from p(z), after horizontal displacement to bring the Si interfaces in
coincidence. Then, the area below the resulting profile was computed,
giving access to (4, the total number of electrons belonging to grafted
molecules, per unit surface. The grafting density was then obtained as
04 = (g/Z, where Z is the number of electrons of the silane molecule,
excluding the reactive Cl atoms (because they are removed during the
self-assembly). Due to experimental errors, to the small thickness of the
silane layers, and to the uncertainty of the lateral shift of one profile
versus another, errors of about 20% are to be expected on the values
of the grafting densities obtained from the density profiles of the silane

monolayers.

6.3.2 Ellipsometry

Ellipsometry is a surface analysis technique used to determine the thick-
ness and the optical parameters of a series of thin layers on a substrate
[13, 14]. The principle of this tool is to measure the variations of the po-
larization of an electromagnetic wave when it interacts with the analyzed
sample. When a ray of light falls on a surface with an angle of incidence
w1, part of it is reflected with the same angle while the other part is
refracted with an angle of refraction s and go through the material.

The relation between these angles is the well known Snell’s law:

Ni singpy = Nasin g (6.13)

where N; = n; — k;j is the complex index of refraction of material ¢. n

is the index of refraction of the material (dependent on the speed of the
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traveling light) and k is coefficient of extinction (dependent on the rate
at which the amplitude of the light decreases inside the material). The
plane containing the incident, reflected and refracted beams is the “plane
of incidence”. The electric field associated with the wave can be separated
in two components: the component that is perpendicular to the plane,
E, and the parallel component, Fs. Maxwell’s equations describe the
behavior of these components upon reflection. If only their amplitudes
are considered, the ratio between the incident p-wave (s-wave) and the
reflected one can be calculated. These ratios are given by the Fresnel’s
coefficients. Considering an interface between two different materials,

they are given by:

P Ny cos 1 — N7 cos @2 (6.14)
12 Ny cospy + N7 cos 2
N - N.
Tng _ 1 COS Y1 2 COS Y2 (6,15)

Nj cospy + Na cos o

In the case of a thin layer of thickness d, there are two interfaces:
air/film and film/substrate. Multiple reflections arise in the film and the
reflected beam is the sum of the primary reflected beam and the beams

reflected on the second interface as illustrated in Figure 6.17.

In this case, the ratios are given by the total coefficients of reflection:

[ r% + 7’53 exp(—j205) (6.16)
1+ 7“%1"53 exp(—j253)
s s —i9
RS - 1T12 -’;TQ;’) exp( ] ﬁ) (617)
+ 15,155 exp(—j20)
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Figure 6.17: The reflected beam is the sum of the beam reflected on the
first interface and the beams reflected on the second interface.

where

B = 27r(§)N2 COS (P2 (6.18)

and is called the “phase thickness”.

The parameters ¥ and p can now be defined as:

RP
tan¥ = % (6.19)
RP

As the phase of each component shifts upon reflection, the phase
shifts between the p and s components of the incident wave, §;1, and
of the reflected wave, o, have to be defined as well as their difference

A =01 — 6. ¥ and p are the measured values during the ellipsometric
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experiment. Finally, the fundamental equation of ellipsometry writes:

p=tan¥.e/2 (6.21)

When a measurement is run for m different wavelengths, 2m ellipso-
metric data sets are obtained. If the sample is composed of p layers of
unknown thicknesses, (2m + 1) - p parameters have to be calculated (n;
and k; for each A\ and thickness). There are thus more unknowns than
equations. To bypass this issue, a model which approximates n;(\) and
k;(\) has to be used.

Brush thicknesses were measured with a Uvisel spectroscopic ellip-
sometry (Horiba-Jobin-Yvon, France) at an angle of incidence of 70° and
wavelengths ranging from 400 to 850 nm with a 25 nm step. Depending
on the substrate, different models were created for the determination of
the brush thickness. In the case of silicon wafer, the model comprised
three layers: the silicon substrate itself, the native silicon oxide (fixed
at 15 A) and the organic layer. For the QCM-D sensors, the model had
four layers: gold, titanium, silicon oxide, and the organic layer. The
optical parameters of the inorganic layers came from data by D.E. Asp-
nes |15, 16]. The ellipsometric data for the organic layer were fitted by
the DeltaPsy 2 software of the apparatus with the Cauchy model. This

model approximates the complex index of refraction n(\) with:

n(\) = ng + % 4+ 12 (6.22)

and the extinction coefficient k() is neglected. This model is only valid
for materials that are transparent at the considered wavelengths. It has

the advantages of being quite simple and to contain only three parame-
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ters which facilitates the numeric optimization. This model worked well
for brushes thinner than 70 to 80 nm. For larger thicknesses, the fit was
less accurate and another model, more complex, had to be used. One of

the more satisfying models is the “classical” one. It is given by:.

Drude’s model

—_——
_ 2 w? 2 2
(W) = £e0 + (;S I CHE— Jicsoy (6.23)

. . 2 .
wi —w+jTow —w?+jlpw Hws —w?+jTiw
[ S —
Single oscillator Double oscillator

In this expression, ¢, are the dielectric constants of the oscillators x
considered in the model, w, are their resonance frequencies and I';, their
damping coefficients. This model includes 12 coefficients that have to
be computed to minimize the error function between experimental and
theoretical curves. This is suitable as far as they are independent from
each other [13, 17]. The measurements were carried out three times at
different spots on the substrate. The evaluated ellipsometric thickness of
the polymer brushes was compared to the thickness measured by XRR:

both measurements generally agreed to within less than 10%.

6.3.3 X-Ray Photoelectron Spectroscopy (XPS)

X-Ray Photoelectron Spectroscopy (XPS) is a quantitative analysis tech-
nique that gives chemical information about the surface of a material
[18—20]. Its basic principle is to send an X-ray beam on a sample and to
collect the produced electrons. An energy analyzer measures the kinetic
energy of these electrons which allows the determination of their binding
energy. As this energy is different for each orbital of each atom, the atom

they originate from can be determined.
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When photons go through a material, three different inelastic phe-
nomena can occur: Compton diffusion, production of e /e pairs and
photoelectric effect. For electrons of higher energy (¢ > 10 MeV), the
pair production is dominant. In this case, the energy from the inci-
dent photon is converted into both e~ and e*. The latter has a very
short lifetime and annihilates by colliding with an electron, producing
two photons of 511 keV travelling in opposite directions. For electrons
of intermediate energy (10 MeV > e > 500 keV), Compton diffusion is the
more likely phenomenon. Here, the photon gives part of its energy to
an electron. The electron is then excited and the photon continues its
way with a deviated trajectory. Finally, for smaller photon energies (e <
500 keV), the photoelectric effect predominates. All the photon energy
is absorbed by an electron and, if this energy is sufficient, it is ejected

from the material. Its kinetics energy can be calculated with:

Ekin =hv - Eb - Wf (624)

where hv is the photon energy, Ej is the binding energy of the electron
and Wy is the work function which is the difference between the energy

of vacuum and the Fermi level.

Although photons can penetrate deeply in matter (a few pum for keV
photons), emitted electrons come from a much smaller thickness. Indeed,
once they are freed, they collide elastically or inelastically with other
electrons from the sample. The average distance that an electron can
cover before undergoing an elastic (A) or inelastic ();) collision is called
the mean free path. In a typical experiment, one cares only about A; for
the quantitative analysis in XPS. The intensity of the electronic current

decreases as a function of the depth as:
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I=Ipe ™ (6.25)

From this equation, we can calculate that more than 95% of the
electronic current comes from a thickness d = 3); sin ¢ with ¢ the angle

between the analyzer axis and the sample surface (Figure 6.18).
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Figure 6.18: 95% of the electronic current comes from a thickness d =
3A;sin .

The inelastic mean free path of a polymer lies around 20 A. The
depth of information is thus smaller than 10 nm. In order to avoid
contamination of the sample and to increase the mean free path of the
electrons inside the spectrometer, the analysis has to be carried out in
Ultra High Vacuum (p < 10® mbar).

XPS data were obtained with a SSX 100/206 spectrometer (1988)
from Surface Science Instruments (USA). The monochromatized and mi-
crofocused Al K, source (a) issued photons with a 1486.7 €V energy in
the analysis chamber under a pressure of 2- 1072 mbar. After collision
of the photons with the sample (b) (elliptical spot size: 1.7 x 1 mm?),
the emitted electrons were focused (c) towards a hemispherical energy
analyzer (d) with a constant pass energy of 50 eV (for elemental spectra)

or 150 eV (for survey scans). Due to the potential difference between the
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two plates of the analyzer, only the electrons having their energy close
to the pass energy could go through. Then a multichannel photomulti-
plier (e) amplified the signal with a gain of 10%, signal that was finally
recorded by a computer (f) (Figure 6.19).

Figure 6.19: Scheme of the XPS apparatus: (a) Rotating anode; (b)
Sample; (c) Electronic lenses; (d) Energy analyzer; (e) Multichannel
photomultiplier; (f) Computer.

The major interest of this technique is its capacity to provide a quan-
titative information about the elementary composition of the surface
under study. In order to sort this information, a model that takes into
account every involved aspects is needed. This model is called the three-
step model: 1. the production of photoelectrons, 2. their transport and
3. their detection:
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do -z
dla = L,()T(Q, E4)D(Ep)A(a)AQ Nys—= |4
A=1(V)T(Q2,E4)D(Ep)A(c) XATq eXp[)\(EA)cosoz] :
————
Step 3 Step 1

Step 2
(6.26)

In this equation,

e [, is the photoelectron flux coming from atoms A,
e [,.(7y) is the X-ray flux on the sample,

e 7 is the angle between the X-ray beam and the analyzed electron

beam,

e T(Q,E,) is the transmission function for the instrument, the di-

rection {2 and electrons with kinetic energy E4,
e D(Ep) is the detector efficiency according to the pass energy,

o A(a) = Ap/cosa with Ay the analyzed area for a take-off angle «

o AQ) is the admission angle of the analyzer,

e N is the atomic density of the material,

e Y4 is the atomic fraction of atoms A in the sample,
dos

o 7 is the differential cross section for the photoelectric effect and

e \;(E4) is the inelastic mean free path of photoelectrons having a

kinetic energy = E 4.

This equation is rather complete but does not take into account elas-

tic scattering, attenuation in the medium, reflexion and refraction of
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the X-rays inside the material and supposes that the surface is of in-
finite length and atomically flat. Every component of equation (6.26)
are either measured during the experiment or tabulated and the atomic

composition of the sample can then be calculated.

Besides this elementary quantification, XPS offers the possibility to
analyze the chemical composition of the sample. Indeed, the binding
energy of an electron is dependent on the bonds that its correspond-
ing atom makes with surrounding atoms and on their electronegativity.
The values of these “chemical shifts” are tabulated for many common

compounds.

6.3.4 Fourier Transform Infrared Spectrometry (FTIR)

When photons enter a material, a series of phenomena can occur depend-
ing on their wavelength A\. When A lies in the infrared spectrum, their
energy can be transfered to the molecules constituting the material and
be converted into vibrational energy. This is basically the working prin-
ciple of Fourier Transform Infrared Spectroscopy (FTIR). The different
vibrational energy states are quantified. So, in order to be absorbed, the
energy of the incident photon has to match the transition energy from
one level to another in the target sample. Molecular vibrations can be
very complex. Indeed, a molecule containing N atoms has 3N degrees
of freedom. Three of them represent translational motion in the three
directions of space (x, y and z) and three represent rotational motion
around these three axis. There is then 3N —6 degrees of freedom devoted
to vibrational motion. This is a maximum value. Indeed, there can only
be a transition if the dipolar moment of the molecule changes during
the vibration. If the molecule has some elements of symmetry, some
modes can be degenerated or forbidden. For instance, linear molecules

have only 2 rotational modes since a rotation around the molecular axis
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does not induce a movement of their atoms and they thus have 3N -5
vibrational modes. For a diatomic molecule, N = 2 and there is then
6 — 5 =1 vibrational mode allowed (stretching) while for ethylene, N =6
and there are 18 — 6 = 12 vibrational modes. Figure 6.20 presents the 6

different modes of a terminal CH,, group.

/’i ‘\E
\../ \.'f -

(1) Symmetric stretching (2) Asymmetric stretching (3) Scissoring
(4) Rocking (5) Wagging (6) Twisting

Figure 6.20: Each CH, moiety of ethylene has 6 vibrational degrees of
freedom.

Each vibrational mode can be described by a potential function
known as the Morse potential shown by the black line in Figure 6.21
as a function of the distance between atoms. For small energies, this
potential can be approximated by the harmonic oscillator (Hooke’s law)
shown by the gray line in Figure 6.21. In this model, the atoms vibrate
around a constant equilibrium position at a certain characteristic fre-
quency v; for each mode 7. The vibrational energy states V;, can be

calculated by:
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V;v = hl/i (Ui + %) (627)

Harmonic Potential
(Hooke's Law)

Anharmonic Potential
(Morse's Law)

Energy (a.u.)

Distance (a.u.)

Figure 6.21: Morse potential model for the potential energy of a diatomic
molecule (black line) and the harmonic oscillator approximation (gray
line). When the energy of the molecule increases, the mean distance
between atoms increases as well and the permitted energy levels become
closer from each other.

In this equation, h is the Plank’s constant and v;, the quantum num-
ber associated with the i® mode. When energy increases, deviation
from the harmonic potential becomes important and the vibrational en-
ergy states have to be described using the anharmonic Morse potential.
The vibrational energy states can be rewritten to a first approximation
by:

1 1)
Viv = hy; (vi + 5) + hyz; (Ui + 5) (6.28)

where z; is the anharmonic constant [21].
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An FTIR experiment consists thus in bombarding a sample with
infrared photons of varying wavelength and measuring the transmitted
intensity. The different peaks in the spectrum correspond to molecular

vibrations which gives an insight into the composition of the sample.

In this work, FTIR spectra were obtained with a Thermo Nico-
let Nexus 870 spectrometer (Thermo Scientific, USA) operated at a
wavenumber ranging between 4000 and 400 cm™! with a 8 em™ reso-
lution and 128 passes. The analysis chamber was filled with nitrogen
and the absorbance was recorded. Acidic samples were immersed into
water for 10 minutes then in a Na,CO,/Na(CO,), buffer solution (pH
= 10) to equilibrate the carboxylic acid functional groups. To protonate
the samples, they were dipped into a HCI solution at pH = 3 for 30

minutes.

6.3.5 Atomic Force Microscopy (AFM)

The Atomic Force Microscope (AFM) monitors the interaction between
a sharp tip (radius of curvature ca. 10 nm) at the end of a cantilever
(a) and the surface of a sample (e) while it is scanned over it |9, 22, 23|.
Typically, the deflection of the cantilever or the oscillation amplitude
are measured using a laser spot (c) that is reflected from the apex of
the cantilever towards a position sensitive detector (PSD) (d) connected
to a computer (f) but other techniques exist. The precise z, y and z
adjustments are made through piezoelectric crystals (b) that drive the

cantilever and/or the sample (Figure 6.22).

In the absence of external forces, the probe-surface interaction can be
approximated by a Lennard-Jones potential. When the tip approaches
the sample, the terminal atoms of the tip and atoms on the surface at-

tract due to long range interactions such as Van der Waals forces. Then
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Figure 6.22: Working principle of the AFM: (a) Cantilever; (b) Piezo-
electric bimorph; (c¢) Laser; (d) Array of photodiodes; (e) Sample; (f)
Computer

when the distance decreases, atoms repel each other due to electrostatic
repulsion between atomic cores. Other forces can intervene such as cap-
illary forces, adhesion forces, electrostatic forces, magnetic forces, etc.
This allows the AFM to be operated according to two kinds of modes:
the static modes (contact) and the dynamic modes (non-contact or in-
termittent contact) (Figure 6.23):

1. Static modes

Here, the tip-surface interaction is in the repulsive region (Figure
6.23). Two working modes exist: the constant interaction mode
and the constant height mode. In constant interaction, which is the

most used mode, a feedback loop adjusts the tip-sample distance to
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Repulsive forces (Contact mode)

Force (a.u.)

Attractive forces (Non contact mode)

Tip-surface distance (a.u.)

Figure 6.23: When the tip approaches the sample, the terminal atoms of
the tip and atoms on the surface attract due to long range interactions
such as Van der Waals forces. Then when the distance decreases, atoms
repel each other due to electrostatic repulsion between atomic cores. This
allows the AFM to be operated according to two modes (non-contact or
intermittent contact modes and contact modes).

maintain a constant interaction between the tip and the sample.
The recorded data are the vertical sample displacements needed
to maintain this constant interaction. This allows imaging rough
substrates but at a quite slow rate due to the need of a feedback
loop. In constant height, the tip is scanned over the sample and the
tip-sample distance remains the same during the whole experiment.
In this case, the interaction (the cantilever deflection) is recorded.
This mode allows a fast scanning of the surface but it is not suited
for rough sample because of the risk that the tip collides with the

surface.

Contact mode is not suited for soft samples due to the high pres-
sures that the tip applies on the surface (10 to 500 GPa). Moreover,
the tip is rapidly contaminated and can be damaged. This is why

dynamic modes are often preferred.
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2. Dynamic modes

Dynamic modes are based on the fact that the resonance frequency
of a cantilever varies when a force acts on the tip. The relation
between the resonance angular frequency w and the force F' is given

by:

w=wo\[/1l-—— (6.29)

There exist basically two major dynamic modes: the frequency
modulated AFM (FM-AFM) [24] and the amplitude modulated
AFM (AM-AFM) [25, 26]. In FM-AFM, the cantilever is con-
stantly driven with a fixed amplitude at its resonance frequency
which depends on the tip-sample distance as shown in equation
(6.29). The spatial dependence of the shift between the measured
resonance frequency and the resonance frequency of the free lever is
recorded and used to reconstruct the image. In AM-AFM, the can-
tilever is oscillated at a constant frequency, fic, generally slightly
lower than the free resonance frequency, fy. A feedback loop main-
tains a constant oscillation amplitude by playing on the tip-sample
distance (Figure 6.24). The image is then constructed by plotting
the feedback signal during the scan.

FM-AFM is well suited for experiments in UHV (Ultra High Vac-
uum) where the quality factor, @, is high while AM-AFM is gen-
erally used for measurements in air or in liquids where @ is lower.
In most cases, the tip does not touch the sample in FM-AFM
(non-contact AFM (NC-AFM)) whereas the tip gently touches the
sample at the bottom of its oscillation motion in AM-AFM (in-
termittent contact AFM (IC-AFM)). Nevertheless, it was shown
that FM-AFM can be used in the repulsive region as well and that
AM-AFM can be used in non-contact [9].
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Amplitude (a.u.)

Frequency (a.u.)

Figure 6.24: In AM-AFM, the cantilever is oscillated at a frequency
slightly lower than its resonance frequency. The amplitude of the vibra-
tions is maintained at a constant value Ag, thanks to a feedback loop.

Here, AFM experiments were performed using a PicoPlus microscope
(Agilent Technologies, USA) equipped with a 100-um scanner. The im-
ages were acquired in the intermittent contact mode (amplitude modu-
lated AFM, AM-AFM) at ambient temperature using the acoustic excita-
tion mode of the microscope. Noncontact silicon PointProbes (Nanosen-
sors) were used. These probes had resonance frequencies around 165 kHz
and an integrated tip with a typical apex radius of curvature smaller than
10 nm. These same probes were used for the resonance frequency shifts
experiments. MLCT V-shaped silicon nitride cantilever arrays (Bruker)
were used for deflection as well as for local catalysis experiments. The
selected probes had a spring constant of 0.3 N/m and were coated on one
side with a 60 nm thick layer of gold by the intermediary of a 15 nm-thick

layer of chromium.

The analysis of the images and of the resonance and deflection curves

was performed using home-made procedures developed under the Igor
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Pro software (Wavemetrics, USA). The images were flattened to correct
for the scanner bow and the fact that the sample surface could not be
perfectly parallel to the scanning plane. This was done by subtracting a

second- or third-order average surface from the raw images.

For more details about AFM-based experiments (frequency shifts
measurements, deflection measurements, local catalysis), please refer to

the appropriate sections.

6.3.6 Quartz Crystal Microbalance with Dissipation Mo-
nitoring (QCM-D)

The Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D)
measurements were performed in water with a Q-Sense E4 microbalance.
The AT-cut quartz crystal sensor of 14 mm diameter was oscillating at its
fundamental frequency (5 MHz). All overtones were acquired, although
the third overtone was generally selected for analysis. The thickness of
the silicon oxide layer covering the sensor was evaluated by ellipsome-
try on five different sensors to be 23 + 2.5 nm. The quartz sensor was
mounted in a flow module with one side exposed to the solution. The
module temperature was maintained with a precision of 0.02°C. Data
collection was realized in dynamic mode. Before starting the measure-
ments, the samples were equilibrated with the solution during 35 minutes
at 15°C. The temperature was ramped at 0.2°C/min while continuously
acquiring data in a given solution. The QCM-D data were collected be-
tween 15 and 45°C due to instrumental limitations. Because of the pres-
ence of a small hysteresis resulting from the large time constant needed
for the stabilization of the QCM-D setup [27] the frequency shift (Af)
and dissipation shift (AD) curves obtained upon heating and cooling

were slightly different.



6.3 Characterization 233

QCM-D was used here to follow the temperature dependence of the
hydration and dehydration process of the bulk of the polymer brush.
By applying a proper oscillating voltage, the QCM-D quartz sensor was
made to vibrate at its resonance frequency f; and odd overtones f,
(n=1, 3, 5,...). After the application of the oscillating excitation, the
damping of the vibration was monitored during the relaxation period of
the sensor, giving access to the dissipation factor D that is defined as
D = (rmf1)! where 7 is the time constant for the amplitude decay after
switching off the power source 28, 29]. The deposition of extra material
on the sensor surface (e.g. by grafting a polymer brush), changes the
resonance frequency. If the layer is thin, rigid, uniform enough, and in
vacuum, then the frequency shift (Af) can be related to the absorbed
mass by the Sauerbrey equation [30]:

Am=-c2f (6.30)

where Am is the sensed mass per piezoelectrically active area, C is a
constant depending on the sensor parameters (17.7 ng/(cm? - Hz) in
our case), and n is the overtone number. Most of the time, the fun-
damental resonance frequency fi is noisy because of energy trapping or
piezoelectric stiffening [31]. Therefore, the third overtone f3 was gener-
ally selected here. When the sensor is immersed in a fluid and/or if the
deposited layer is viscoelastic, as is the case here, the Sauerbrey equa-
tion breaks down. The response of a piezoelectric sensor covered by a
viscoelastic layer immersed in a bulk liquid was proposed some time ago
[29, 32-34] as reviewed recently [35]. Assuming that the swollen brush
can be modeled as a single average homogeneous layer, the frequency
shift with respect to the bare sensor, Af, and dissipation factor shift,
AD, can be linked to the temperature-dependent thickness hy,(T"), den-
sity pue(T), shear viscosity mn(7'), and shear modulus pp,(7T") of the

polymer brush as follows:
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nL(T)
oL(T)

Af(T) ~ Cf[ + hbr(T)pbr(T)w

(6.31)

nL(T) )2 Nor(T)w?

~ 2h,e(T) (5L(T) i (T) + 2 (T)w?

nL(T)

AD(T)~Cp ou(T)

nL<T>)2 e (T)w
oL(T) ) 12.(T)+ 2 (T)w?

+ 2N (T) ( ] (6.32)

where w = 27 f,,. The constants Cy = ~(27pshs)™t and Cp = 27 frpshs,
where hg is the thickness of the quartz crystal and p; is its density, can
be determined easily and are considered to be temperature-independent
under our conditions. 85,(T") = [2n,(T)/pr,(T)w]'? is the water viscous
penetration depth with pr,(7) the temperature-dependent water density
and n,(7T) is the water viscosity as a function of the temperature. More

details about the determination of all these parameters are given in [27].

6.3.7 Front-Face Fluorimetry (FFF)

The fluorescence spectra of the films were acquired with a Fluorolog-3
spectrofluorometer (Horiba-Jobin Yvon SPEX system from Instrument
S.A., USA) in the front face (FF) mode with an excitation wavelength
(Mez) of 566 nm. Excitation and emission slits with a nominal band-pass

of 4 nm, a PMT voltage of 1000 V and no polarizer were used.
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6.3.8 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) images were obtained using a LEO
982 Field emission scanning electron microscope (FE-SEM, Carl Zeiss

SMT GmbH, Germany). The typical used accelerating voltage was 1 kV.
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In the framework of building the constitutive elements of a nanofac-
tory, this thesis had two main objectives: first, the development of pro-
bes that could locally measure the kinetics of reactions arising in the
nanoreactors and the diffusion of the formed products and second, the
fabrication of a tool that could locally alter the kinetics of reactions
taking place inside the reactors or favor a reaction between molecules
on the surface of the nanofactory and molecules in solution. In both
cases, the strategy was to use AFM cantilevers and tips as probes or
catalytic triggers because they are cheap, commercially available, can be
precisely positioned and have proven to be efficient sensors or tools for
nanolithography. In order to further increase their sensitivity, polymer
brushes were grafted from their surfaces. Indeed, due to their high graft-
ing densities, they provide a high amount of reactive functional groups

per unit surface area.

In the first part of this thesis, the growth kinetics of polymer brushes
grafted from solid surfaces by ATRP was investigated. Two substrates
were considered: gold and silicon. To proceed with the polymeriza-
tion these substrates had to be functionalized with thiol-initiators (for
gold) or silane-initiators (for silicon). However, since thiol-based SAMs
are relatively unstable, especially regarding place-exchange reactions, the
silane-on-silicon system was preferred. Then, the parameters of the poly-
merization were optimized for two monomers, MEO,MA and MAA, in
order to rapidly achieve thick brushes with a good control. This opti-
mization study was not undertaken for the two other monomers used in
this thesis (MES and HEMA) and as a consequence, the control of their
polymerization was not ideal. For future studies based on these bru-
shes, increased efforts should be done in finding more appropriate sets
of parameters if a good control is desired which was not the case here.
Finally, the copolymerization of MEO,MA and MAA was studied. The
ratio of each moiety in the copolymer was shown to be rather different

from the ratio in the feed solution because of the larger reactivity ratio



242 General Conclusions and Perspectives

of MEO,MA as compared to MAA.

In the second part, the realization of the first objective was tackled.
To locally measure the kinetics of a reaction with AFM cantilevers, two
methods were considered: a dynamic method where the grafted mass is
quantified by following the resonance frequency shifts of the cantilever
upon absorption of molecules and a static method where the variation
of the surface stress induced by the selective absorption of molecules on
only one side of the cantilever is monitored by evaluating the change of
its deflection state.

It was shown that the first method is not the best one for measure-
ments in a liquid medium with AFM cantilevers because of coupling
effects between the cantilever oscillations and the surrounding liquid.
However, some interesting results were found for the determination of the
kinetics of the activation reaction of poly(MAA) brushes and of the col-
lapse transition temperature of thermoresponsive poly(MEO,MA) bru-
shes. First, a decrease of the resonance frequency of AFM cantilevers
grafted with poly(MAA) brushes was observed upon their immersion in
a reactive solution of EDC or EDC/NHS. The conversion of the reactive
side groups inside the polymer brushes was estimated. For a thin poly-
mer brush immersed in a EDC/NHS solution, the conversion was close
to 1 after one hour while it was only 0.3 for a thick polymer brush after
a 1 hour-immersion in a EDC solution. This was explained by a higher
reactivity of the EDC/NHS couple compared to EDC alone and by the
larger proportion of accessible reactive groups inside the thin brush com-
pared to the thick one. Second, variations in the resonance frequency
of cantilevers grafted with poly(MEO,MA) brushes were observed upon
heating or cooling the salt solutions in which they were dipped. The
slopes of the resulting curves showed variations in the expected ranges
of temperatures which were previously determined by QCM-D measure-
ments.

The second method was found to be promising for the fabrication



243

of liquid-operated sensors. Indeed, pH-sensors were made by graft-
ing pH-responsive polymer brushes from one side of flexible AFM can-
tilevers. The deflection of these cantilevers decreased when lowering
the pH of the solution from 8 to 2. The final observed deflection was
around 600 nm which corresponds to a surface stress difference of around
600 mN/m. This phenomenon was proven to be reversible. However,
when attempting to measure the kinetics of a click reaction between
azide-functionalized brushes and alkyne molecules in solution, this me-
thod seemed to lack of sensitivity.

It is thus very important to try to increase the sensitivity of such
systems in a future work. The key parameter to achieve this appears to
be the accessibility of the reactive side groups inside the brush. Smaller
molecules could penetrate deeper down to the bottom of the brush but
the change in mass or in the surface stress of the cantilever would maybe
not be sufficient enough to have a strong impact on its resonance fre-
quency or on its deflection state. An alternative would be to decrease
the grafting density of the brush as well as its thickness. In this case, the
conversion of the reactive side groups would increase. This can be done
by silanizing the cantilevers with the initiator in the vapor phase in the
presence of an inactive silane. This silane has to be quite similar to the
initiator in order for them to mix in the vapor phase and to self-assemble
randomly on the surface instead of forming patches. Then, an optimiza-
tion work would be necessary to find the protocol that would lead to the
maximum grafted amount of target molecules inside the brush after a
given reaction time. It is believed that a 50% more diluted brush with a

thickness of around 10 nm would give a satisfactory sensitivity.

The last part dealt with the second objective, i.e. the local catalysis
of a surface reaction. An AFM tip was covered with a reactive brush
hosting Cu-complexes in order to locally catalyze a CuAAC reaction
between azido-functionalized surfaces and alkyne molecules in solution.

The steps yielding these levers as well as the functionalized surfaces were
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fully characterized. Patterns of propargyl-sulforhodamine (9) were suc-
cessfully drawn. Their thickness was greater than a monolayer of (9)
and inversely proportional to the scan speed while the contact force did
not seem to play a role on it at least for the experimented values. This
fact combined with other various tests indicated that the mechanism
of the pattern formation involves the combined action of the catalytic
complexes and the brush. The complexes allow the formation of a first
monolayer and small aggregates absorbed in the brush are stacked on it
during the scan yielding thick crystals.

To be 100% sure that the patterned lines are actually composed of
propargyl-sulforodamine (9) crystals, confocal microscopy images should
have been taken. This could not be done in this thesis because the con-
focal microscope available at UCL was optimized for biological samples
and did not offer enough sensitivity for surface samples. A collaboration
with the group of Prof. Hofkens from KULeuven was considered because
their system was specifically designed for this kind of samples. However,
this project could not take shape because of technical problems. Then,
it would be interesting to add another “color” in the patterns to test the
feasibility of multiple successive reactions with different kinds of mole-
cules on the same substrate. This could be done for instance by using
already-available propargyl-fluoresceine. Another interesting idea would
be to use functionalized quantum dots since their emission wavelength
depends on their size. Moreover, due to their relatively large diameter
(from 5 to 50 nm) it would allow an easier characterization of the pat-
terns through AFM imaging.

Finely tuning the spacial arrangement of polymer brushes was proven
to have a huge impact on some specific properties such as the collapse
transition temperature of thermoresponsive brushes [1| and on the extent
at which the brushes are swollen for a given set of experimental parame-
ters [2]. Then, locally catalyzing click reactions with an ATRP initiator
should lead to the very precise positioning of the subsequent brushes

and hopefully with a better resolution than the one obtained in a recent



245

work using DNL [3]. Moreover, growing brushes from patterns of initia-
tors would be useful as a revealing step for their easy characterization
by AFM due to the thickness increase. First experiments showed that
interactions between the tip and the substrate, maybe charge transfer,
provoked some artifacts after the polymerization step. It is believed that
using a conductive substrate such as aluminum (which can be silanized
as well), would solve that issue. In the long term, other kinds of reactions
could be investigated such as the metathesis of olefines that is catalyzed
by metals such as ruthenium. Olefin metathesis is a reaction in which
two olefins are involved. The alkene double bonds are cleaved to form
a cyclobutane and finally, a statistical redistribution of the substituents
occurs. For example, an alkene-terminated silane could be grafted on a
silicon substrate, a modified version of alkyne (9) with a double bond in-
stead of a triple one could be in solution and AFM tips could be grafted
with a ruthenium alkylidene catalyst such as those presented in [4|. This
kind of reactions is interesting because the ruthenium catalysts are highly
efficient and supposed to be very stable [5].

Anyway, a new project has already been written on the basis of this
thesis to develop a better understanding of the local catalysis process. In
this project, different substrates will be investigated such as a mica sub-
strate covered with an azide-terminated catecholic monolayer obtained
by the azidation of a 4-(bromomethyl)benzene-1,2-diol monolayer. The
AFM tips will be prepared according to three different methods:

1. Carboxylic groups will be generated on AFM tip apexes by apply-
ing an appropriate bias voltage on octadecyltrichlorosilane-coated
AFM probes and will be used as binding agents to directly adsorb

metal ions.

2. Copper ligands will be grafted on AFM tips using a silane or a
catechol coupled to a bipyridine ligand.

3. The same methodology as the one used in this thesis will be fol-
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lowed (catalytic complexes grafted on AFM tips by the intermedi-

ate of reactive polymer brushes).

The alkyne that will be used is the ATRP-initiator (10) in order to
investigate the responsive behavior of the subsequent brushes depending
on their state of confinement. The effect of the scan speed on the extent
of the reaction will also be investigated and the kinetic data will be

compared to the case of identical reactions led in solution.
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