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Chapter 1

General Introduction

Abstract

This thesis deals with the adhesion and friction properties of densely grafted
and covalently bound fluoropolymer brushes on silicon surfaces with varying
thickness and fluorine content. A novel surface-functionalizing method is
described using the thiol-yne click (TYC) reaction. The TYC reaction is highly
useful for the attachment of functional (bio-)molecules and immobilization of
radical initiators onto a surface with high density. Next, the hydrolytic and thermal
stability of 24 different types of monolayers on Si(111), Si(100), SiC, SiN, SiO,,
CrN, ITO, PAO, Au and stainless steel surfaces was evaluated. Subsequently,
based on this outcome, highly stable fluorinated polymers are described as
obtained using surface-initiated atom transfer radical polymerization (SI-ATRP)
reactions. The effects of thickness and fluorine content on tribological properties
of these layers were studied. The adhesion and friction properties were
investigated using colloidal probe atomic force microscopy under dry and ambient
conditions. The solvent-free lubricating properties of obtained fluoropolymer
brushes have been characterized in detail, and demonstrate their potential for e.g.,
MEMS/NEMS devices.
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General Introduction

1.1 Introduction

“There’s Plenty of Room at the Bottom” a momentous and inspiring talk was given by
physicist Richard Feynman at the American Physical Society meeting on December 29"
1959. He considered the advent of miniaturization by manipulation of individual atoms
some 55 years ago.' Today we can see the reality in the form of Micro Electro Mechanical
Systems (MEMS) and Nano Electro Mechanical Systems (NEMS). MEMS/NEMS have a
major impact on everyday life of human being. The smartphone is a good example having
amongst others accelerometers, gyroscopes and recently also a proximity sensor as
MEMS components (Figure 1). Other MEMS/NEMS elements are gears, springs,
diaphragms, beams, etc. The functions of these components are to measure or induce tiny
movements controlled by external electronic circuitries. The scale of MEMS/NEMS
elements is rapidly shrinking due to an ongoing fast miniaturization of the devices in
which they are used, which implies that they are characterized by an increasing surface-to-
volume ratio. Therefore adhesion and friction become increasingly critical, and resulting
surface forces, such as capillary action, hydrogen bonding, electrostatic and Van der
Waals forces, dominate over body forces at the micro- and nano-scale. Recent studies

indicate that these forces dominate and co-determine the efficiency and reliability of
MEMS/NEMS devices.?

Figure 1. Schematic representation of smartphone board with MEMS components (left) (Yole Développement,
www.yole.fr) and micro gear fabricated on silicon wafer (Sandia National Laboratories www.mems.sandia.gov).

Low-surface energy coatings based on fluorocarbons or fluoro-hydrocarbons are
generally used in MEMS to prevent unwanted stiction associated with high adhesion
forces. Fluoro-based coatings are hydrophobic, which minimizes the stiction forces related
to capillary condensation. Normally fluorocarbon or fluoro-hydrocarbon coatings are
obtained with vapor deposition or plasma deposition methods.” However, reproducibility
and reliability are a main concern of these coating methods. An alternative to obtain low
friction and wear resistant MEMS device coatings can be provided by self-assembled
monolayers (SAMs). Especially fluorinated SAMs are attractive due to their low surface
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energy.” > Of course, their usefulness depends strongly on their stability, and this hinges
on the attachment chemistry that is invoked. For example, SAMs derived from thiols on
Au surface were found to have appreciable wear due to the weak Au-S bond compared to
silane chemistry-based monolayers.® Klein et al. have recently studied both the thermal
and mechanical stability of silane-based fluorinated and non-fluorinated SAMs in heated,
dry, and an oxygen-rich environment. They found that both types of monolayers rapidly
degraded. Pujari et al. obtained an ultra-low adhesion, friction and good wear resistance
with an increase of the fluorine content in the monolayers on Si(111), SiC and CrN under
ambient conditions.”” Alike SAMs, surface-tethered polymer brushes seem also good
alternative coatings for MEMS/NEMS. The advantage of polymer brushes over SAMs is
that their inherent mechanical properties can be easily tuned with proper design and
simply by changing solvent compositions.'® Therefore, polymer brushes can also be
usefull in Bio-MEMS. Polymer brushes have not been explored as much for
MEMS/NEMS applications as SAMs. This is somewhat surprising, as the lowest
coefficient of friction () has been obtained under both solvent (polyelectrolyte brushes, p
=0.0006)"" and ambient condition (PDMS brushes, p = 0.0024)"* on polymer brushes.

In conclusion, several studies indicate that the mechanical stability of monolayers
and/or polymer brushes is worth a detailed study. However, currently a systematic study
on monolayers and polymer brushes, which combines probes of the effects of properties
like surface-tethering group, thickness, fluorine content, and substrate, is lacking.
Therefore, the work in this thesis aims to bridge this gap and provide insight that will help

to develop new solutions to stiction and friction issues in MEMS and NEMS.

1.2 Functional Organic Monolayers

In this modern era of technology surface science has a major impact on the performance
of MEMS/NEMS devices due to the ongoing miniaturization, particularly of their
electronic components, such as sensors, energy and data storage elements. Faster and
smaller semiconductor materials in the electronics become a key drive. The performance
of components relies on adequate passivation and functionalization techniques. Surface
chemistry may combine formation of organic passivating layers with the advantage of
covalent molecular binding. In spite of well-established surface chemistry available for
functionalization of these semiconductor materials, the emerging markets with new
devices still require faster, cheaper and better controllable methods to obtain well-defined,
functional, easy adaptability in any kind of environment, and responsiveness to external
stimuli (such as pH, chemicals and biological agents).'*"

Well-developed surface chemistry is now available allowing us to tune semiconductor
materials and contribute to emerging technology. Zisman et al. initiated surface
modification in 1946 and eventually it became established to assemble monolayers using

16-18
d

thiols on gol and silanes on oxide surfaces.'”*! Covalently bound organic monolayers
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on semiconductor surfaces were first reported in 1993 by Linford et al.** The advantage of
having organic monolayers on semiconductor surfaces is that it provides passivation as
well as functionality. Recent studies showed that direct linking of Si to C atoms can be
achieved on hydrogen-terminated surfaces using UV,? visible*® or thermal activation
techniques.” *® Generally, functional monolayers consist of three main domains including
(1) the head groups, capable of forming bonds with surfaces, e.g., thiols, carboxylic,
phosphonic acids, and silanes (-Cl or O-CHj), etc.; (2) the tail- alkyl or aromatic
backbone, responsible for ordering/packing of the monolayer, and (3) the end group,
dominating the surface properties to the formed monolayer while also providing access to
further modification (Figure 2). The main challenge here is obtaining w-functionalized
surfaces, especially on H-terminated silicon surfaces, due to their high reactivity towards
most of the functional groups (e.g., -OH, —C(O)H, —NH,, —Br, —C(O)Cl, —SH).”” This
has been achieved with functionalities like carboxylic acid,” ** acid fluoride® and N-
hydroxy succinimide groups®’, which were prepared successfully with negligible upside
down attachment. Additionally, the stability of monolayers is dependent on the
head/anchoring group, which connects the monolayer to the surface substrate. The
stability of this linkage may vary depending on environments in which monolayer
surfaces were utilized, e.g., under acidic, neutral or basic conditions, in physiologically
relevant media or at elevated temperatures.

End Sroups >
(Capable of further
functionalization) -

- Tail
(Ordering/packing)

Head groups =3 -

(Surface anchoring)
Surface

Figure 2. Schematic representation of ®-functionalized monolayers on solid surfaces.

1.3 Thiol-yne Click (TYC) Reaction

After the introduction of the click chemistry concept in 2001 by Sharpless and co-

workers,’!

an overwhelming attention of scientists in different fields of chemistry and
biochemistry have contributed to its success. Reactions are labelled as click reactions, as
they are highly efficient, do only yield inoffensive by-products, use readily available
starting materials and reagents, while the reactions can be carried out in the absence of
organic solvents, yield a simple-to-purify product, are modular, wide in scope, and

stereospecific. About a decade ago, the copper-catalyzed azide-alkyne cycloaddition
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(CuAAC) was the only recognized click reaction. However, the drawback of CuAAC is
that it uses the potentially toxic metal catalyst (Cu), and consequently this diminished its
impact in biological and physiological fields where such toxic metals cannot be used.”
Therefore, there was a need of developing alternative click reactions that do not require
toxic metal catalysts. Recently, metal-free [3+2] cycloaddition reactions,**>® Diels-Alder

3739 and thiol-based click reactions***

reactions were also being termed as click reactions,
because they fulfil most of the click reaction requirements. Several of these alternative
metal-free click reactions can overcome the issues in the classical CuAAC click reaction
and further expand their usefulness in allowing access to biocompatible conjugates under
physiological conditions. However, all above click reactions are having advantages as
well as disadvantages like the use of toxic metals and need of special conditions i.e. light,
radical initiators, etc. The disadvantages can be overcome by choosing proper click
reaction depending on the final application and reaction conditions. It will be out of scope
to discuss all of them here, but we discuss here the thiol-based click reaction in more
detail, which was used in this work.

The reactions between thiols and alkenes were recently recognized as click reactions,
termed as thiol-ene click (TEC) reactions, because of their high reaction rate, simplicity,
compatibility with a wide range of functional groups and the broad range of available
reagents. The TEC reaction can be conducted under ambient conditions by exposing
mixtures of thiols and alkenes to either direct UV or sunlight (365 nm).*> ** Hawker and
co-workers have efficiently utilized the TEC reaction, e.g., to synthesize fourth-generation
dendrimers in a robust, efficient, and orthogonal manner.” Due to the simplicity and use
of mild reaction conditions, TEC reactions are widely explored in variety of materials and
polymer synthesis.”® Buriak and co-workers used TEC reactions to assemble layer-by-
layer deposition of dithiols and dienes on semiconductor surfaces. Recently, Caipa
Campos et al. have reported the use of TEC reactions for the functionalization of oxide-
free Si(111) surfaces with various thiols.*” These examples provide an interesting platform
for surface modification of electrodes for biosensing and tuning of the surface properties
of microelectronic devices.

A thiol-based click reaction that attracted attention more recently is between a thiol and
an alkyne, and is called as “thiol-yne” click (TYC) reaction. However, this type of
reaction is not new, as examples of such reactions were already reported in 1930.** % The
attractiveness of the TYC reaction is that it does not need special reactant materials and
can be performed with readily available reactants of both CuAAC and TEC reactions, but
under milder conditions. In a TYC reaction, up to two thiols react with one alkyne leading
to the formation of dithioether using a chemical radical source, UV or sunlight under
ambient conditions. In 2009, Bowman and co-workers have introduced a TYC coupling
procedure for the development of a highly cross-linked polymer network.”® Additionally,
they also studied the kinetics of TYC reaction and proposed a novel mechanism (Figure
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3).” The TYC reaction processes via a radical mechanism; first thiyl radical forms either
thermally or photochemically in the presence of an initiator. The thiyl radical then adds to
an alkyne forming a carbon-centred radical, which subsequently abstracts a hydrogen
from another thiol leading to the formation of vinyl sulphide with the regeneration of a
thiyl radical. The vinyl sulphide further undergoes addition of a second thiyl radical
yielding dithioether after abstracting hydrogen from a thiol. Therefore the advantage of
TYC reaction over TEC is that after completion of TYC reaction each alkyne group is
having up to two thiols, yielding a dithioether. In addition, the thiyl radical reacts ~3 times
more faster with an intermediate vinyl sulphide than with an alkyne, which stimulates the
second thiol addition.” The first study of utilizing TYC reaction for surface modification

was reported by Ryan et al.”!

They carried out sequential TYCs with two different thiols
on propargyl methacrylate polymer brushes on oxidized silicon surfaces in the presence or
absence of a photomask. Inspired by this work, Wendeln et al. reported the selective
immobilization of thiols on silicon oxide surfaces by micro-contact printing (LCP), an
emerging method for patterning surfaces.

We utilized TYC reaction for surface functionalization in this thesis because it gives a
high surface coverage by allowing us to immobilize up to two thiols per alkyne group
under mild reaction conditions. Thus, this compares favorably to the TEC or CuAAC

reactions, which only couples one thiol or azide to unsaturated carbon-carbon bonds.

Ry—— R1~S

Ry 1

Figure 3. The radical mechanism of TYC click reaction, displaying the sequential addition and hydrogen
abstraction steps of (1) a primary alkyne and subsequently (2) vinyl sulfide.”

1.4 Polymer Brushes

Polymer chains tethered by one end to a substrate surface are referred as polymer
brushes.” These surface-grafted individual polymer chains overlap under high grafting

density and are forced to stretch away from the surface to minimize steric repulsions
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between the chains. Therefore, the surface-tethered polymers (i.e. polymer brushes)
behave differently in many ways from free/bulk polymers and show some unique features
such as tuning wettability,”* antifouling,” stimuli responsiveness (pH, heat or light),”
lubrication,’” and corrosion resistance.” In addition, the attachment of polymer brushes
may increase the biocompatibility.” Thin polymer films are therefore increasingly used in
MEMS/NEMS devices such as computer chips, hard disks and also in biomedical
applications.”

The polymer brushes can be prepared by either “grafting to” or “grafting from”
approaches (Figure 4). In the “grafting to” approach a pre-synthesized polymer will attach
onto the surface via physisorption or covalent bond formation. However, this grafting-to
approach suffers from certain limitations, e.g., the difficulty to produce thick and very
dense polymer brushes, due to the steric repulsion between polymer chains. The reaction
between the polymer end groups and the complementary group on the substrate becomes
less efficient with increasing polymer molecular weight. In contrast, in the “grafting from”
approach, the polymer chains are directly grown from the surface by using a surface-
initiated polymerization step. In this approach the main limitation resides in the
availability of useful reactants and this may require significant synthetic efforts.°’

v Yo " v
: . s s -\':’ : T ST R L)
YYYYY TYYYY YYy 9YyYvY ., YVYY
Surface —> Surface Surface —> Surface __—>_> Surface
Grafting to Grafting from

Figure 4. Polymer brushes obtained via “grafting to” and “grafting from” approaches on solid surfaces.

Nowadays various controlled radical polymerization (CRP) techniques are available to
obtain novel polymers with a controlled molecular weight and molecular weight
distribution, such as atom-transfer radical polymerization (ATRP), reversible addition-
fragmentation chain transfer (RAFT) and nitroxide-mediated polymerization (NMP).%
Among controlled radical polymerization techniques, ATRP is one of the most powerful
and widely used synthetic techniques in polymer science. It allows the synthesis of
polymers with predetermined and controlled molecular weight with desired molecular
architecture.”® Initiation of an ATRP reaction occurs through a reversible one-electron
redox process between a transition metal-ligand complex Mt"/L and an alkyl halide R-X
to generate X-Mt™"'/L and a radical R, with a rate constant of activation k. The radical
can further react with a monomer M with a rate constant of propagation k,, or can be
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reversibly deactivated by X-Mt™"'/L with a rate constant kg, or terminated by coupling
or disproportionation with a rate constant k, (Figure 5).%

kact

- R + X-Mtm+1/L

kdeact U
M Kt
k
P s P,-P,

R-X + MtmM/L

Figure 5. Mechanism of the ATRP reaction.®’

The CRP initiated from the surface is generaly termed as surface-initiated (SI) CRP. %
The SI-ATRP chemistry is versatile and is compatible with a wide range of monomers
with different functional groups. Another advantage of SI-ATRP is that it tolerates a trace
of oxygen (it can be readily removed by oxidation of the ATRP catalyst). Compared to
other CRP methods, ATRP is less laborious because monomers and surface-immobilized
initiators can be easily synthesized and most of them are commercially available.
Therefore, here we utilized SI-ATRP for preparation of polymer brushes with a range of

fluoro and non-fluoro methacrylates on Si(111) surfaces.

1.5 Tribology

The term tribology means the study of rubbing and deals with interacting surfaces in
relative motion and is derived from the Greek word #ribos. Though the term tribology has
only emerged since 1966, the history goes back to about 500,000 B.C., when our
ancestors learned about generating fire by rubbing two flint stones together with great
force,”* or started to use animal fat to make chariots run smoothly. An understanding of
experimental and theoretical aspects of tribology in terms of design of moving
components like bearings, better lubricants and so on was evidently needed.® Further
developments in the 20™ century allowed the understanding of tribological behavior at the
molecular level.®® The development of modern tools such as surface force apparatus
(SFA) in 1960s and atomic force microscopy (AFM) in 1990s further enhanced
tribological research and broadened the field.*>®’

This has led to the involvement of tribology in the design of novel and complex
architectures at the micrometer scale, and more recently down to the nanometer scale.
Therefore, a proper understanding of tribological behavior on such small scales, so-called
“nanotribology”, becomes important to further improve the performance and durability of
new MEMS/NEMS devices. This was boosted by the development of AFM techniques,
which have a major advantage that they allow nanotribological measurements on various
materials such as metals, semiconductors, ceramics, minerals, organic monolayers,
polymers and biomaterials under controlled atmosphere, in liquids, in ambient and under

vacuum environments. The AFM measures the force between the AFM tip mounted on a
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flexible cantilever and a sample surface (Figure 6). The forces are measured with the help

of the optical deflection of a cantilever.
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Figure 6. A typical force-distance curve depicting the approach and retraction cycle during adhesion
measurements (left), and a lateral friction force measurement setup with a characteristic trace-retrace loop
obtained during friction measurements (right).

Adhesive forces can be measured by detecting the interaction during approach and
retraction of the tip from the sample surface. A typical force-distance curve is shown in
Figure 6 (left). Initially the cantilever is away from the sample in an equilibrium position
and no force will be detected (a). Upon slowly approaching the sample with the cantilever,
the tip experiences an adhesive force and the cantilever bends due to Van der
Waals/electrostatic interactions (b). Upon applying a normal load, the cantilever bends in
the opposite direction due to the action of repulsive forces on the tip, the so-called
repulsive regime (c). During retraction, the tip stays in contact mode until the cantilever
overcomes the adhesive forces (d), after which it goes back to initial equilibrium position
(a). The force necessary to pull-out the cantilever is called the adhesion force.

The lateral friction force microscope (LFM) measures lateral friction forces. An LFM is
a modified version of the AFM. A “colloidal probe” is glued to an AFM tip and is used to
measure lateral friction forces instead of the regular up and down motion of a cantilever
tip.°® A schematic representation of an LFM is shown in Figure 6 (right). The cantilever
long axis twists upon application of force in the y-direction, the deflection of the laser
beam from the cantilever is measured with the help of a quadrant position-sensitive
photodetector (PSD), and corresponds to the torsional deflection in the cantilever (axis
VL normal to VN). A hysteretic “friction loop” resulted from dissipation of friction
energy during sliding, and the half width of it is propositional to the friction force at the

interface.®’

10
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1.6 Tribological Properties of Polymer Brushes

Polymer brushes present in a good solvent were predicted to be highly extended chains
and that experience repulsive forces. Upon bringing them in close proximity with an
object, the repulsive forces between the polymer brushes and the counterface rapidly
increases. In this type of measurements, poymer brushes displayed a series of interesting
and novel tribological properties, such as a relatively low adhesion, low friction and good
lubrication.”’"* However, understanding tribological phenomena at the molecular level of
polymer brushes is still challenging due to the complexity and interplay of adhesion,
friction and lubrication forces. Many considerations like the density of the polymer
brushes, the swelling behavior in different solvents and the environmental conditions,
have to be taken in account.” Several research groups have analyzed the tribological
properties of polymer brushes under good solvents conditions using LFM, SFM and
tribometer.”® ">

For example, Klein et al. have studied the friction behavior of charged polymers
attached to surfaces rubbing across aqueous medium. They have found a friction
coefficient as low as < 0.0006 at a pressure of 0.3 MPa. This is attributed to the
suppressed interpenetration of opposing charged brushes due to the presence of mobile
counterions within the brush layers. Such polymer brushes with ultra-low lubrication can
have potential implications as biolubricants and can be implemented into artificial
implants."" Additionally, friction properties of polyelectrolyte brushes can be tuned by
simply exposing polyelectrolyte brushes to different counterions.”” Not only
polyelectrolyte brushes show low-friction properties, but also a few hydrophobic brushes
displayed similar properties. Spencer and coworkers have recently obtained low friction
for hydrophobic polymer brushes (n = 0.002) in presence of hexadecane as a lubricating
solvent.” These studies indicate that good lubrication properties of polymer brushes
exhibiting low friction can only be achieved in the presence of good solvents. Limpoco et
al. studied the influence of solvent quality (mixture of different solvents) on polystyrene
brushes using different solvents including toluene, 2-propanol and n-butanol. Low friction
was obtained using toluene as a solvent.”” Their study supports that good solvent
conditions are a prerequisite for the polymer brushes to enable low friction. However,
only a few reports are available on the tribological properties of polymer brushes in the

absence of solvents.'>”’

1.7 Aim of the Research

A main challenge in miniaturized (MEMS/NEMS) device technology is to find
adequate techniques to compensate for the adverse effects of the size reduction. Because
of the reduced size, devices are more hampered by unwanted surface forces such as
stiction and friction, affecting device performance and durability. One way of solving this
tribological issue of MEMS devices is to modify the surface topography by applying

11
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proper coatings that have low adhesion, low friction and high resistance to wear.
Therefore, the aim of this research is to develop and characterize new coating materials,
which have a strong binding ability to the required surface, have a low surface energy and
act as good lubricants under ambient conditions.

1.8 Outline of the Thesis

Most of the current MEMS/NEMS devices are based on silicon and silicon-derived
materials; we therefore primarily study here detailed modification of these surfaces. To
obtain robust coatings, we chemically modify and functionalize oxide-free silicon surfaces
with functional organic monolayers. Further we study the hydrolytic and thermal stability
of the monolayers on a variety of inorganic substrates, by choosing suitable combinations
of substrate and monolayer. Next, we extend our study with the further modification of
functional monolayers onto fluoropolymers brushes, and study their adhesion and friction
properties and compare them with analogous non-fluoropolymer brushes.

In Chapter 2 we report on the functionalization of oxide-free Si(111) surfaces with
alkyne-terminated monolayers. In order to achieve a high surface coverage these
functional monolayers were further modified with various thiols via a TYC reaction. In
addition, we compare the efficiency of TYC versus TEC reactions. Each stage of
modification is investigated by various surface characterization techniques, including X-
ray photoelectron spectroscopy (XPS), contact angle measurements and Fourier transform
infrared reflection absorption spectroscopy (FT-IRRAS).

In Chapter 3 we investigate the hydrolytic and thermal stability of monolayers on a
variety of inorganic substrates in order to find proper combinations of monolayer head
groups and substrates. For this aim, we choose 24 different monolayer-substrate
combinations for study of their hydrolytic stability and 14 of them for thermal stability
tests. We used organic monolayers with a fixed alkyl chain length (C18) with a wide
range of linker groups depending on the substrate reactivity. The hydrolytic stability of
these modified surfaces was investigated by measuring the static water contact angle and
by XPS measurements. The analyses were performed after prolonged immersion in water,
under acidic (pH 3), neutral (pH 7; deionized water and phosphate-buffered saline) and
basic (pH 11) conditions. The thermal stability of modified surfaces is examined using
XPS having in-situ heating system, and the stability was then measured as a function of
the loss in carbon signal upon heating from 25 °C to 600 °C.

In Chapter 4 we study the adhesion and friction properties of fluoro and non-
fluoropolymer brushes with varying thickness. To this aim, we prepared different
thicknesses of fluoro and non-fluoropolymer brushes with a high grafting density on
oxide-free Si(111). To achieve the high grafting density, we immobilized an ATRP
initiator via TYC onto alkyne-terminated monolayers on oxide-free Si(111). Both above-
mentioned polymer brushes were prepared using ethyl methacrylate (EMA) and 2,2,2-

12
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trifluoroethyl methacrylate (TFEMA) as monomers and we obtained a varied thickness
and a high grafting density via SI-ATRP. The resulting polymer brushes were
characterized in detail by ellipsometry, XPS, FT-IRRAS, and static water contact angle
measurements. Finally, the adhesion and friction properties were investigated by CP-AFM
under ambient (relative humidity RH = 44 + 2%) and dry (RH < 5%) conditions. This
study helps us to tune adhesion and friction properties by varying the thickness of the
polymer brushes.

In Chapter 5 we explore the adhesion and friction properties of fluoropolymer brushes
with increasing fluoroalkyl side chain at a constant polymer brush thickness (~80 nm).
The polymer brushes with different fluorine content were obtained via SI-ATRP with
methacrylate monomers with a varying number of fluorine atoms in the fluoroalkyl side
chain. The adhesion and friction properties of fluoropolymer brushes were again followed
by CP-AFM under ambient (RH 44 + 2%) and dry (RH < 5%) conditions without
introducing any external lubricant. The dry-lubricating properties were further compared
with those measured in the presence of external lubricating fluids, such as Fluorinert®
FC-40 and hexadecane.

Finally in Chapter 6 we summarize the achievements in this thesis and their
applicability for future application in MEMS/NEMS technology. Also, we discuss
improvements of such type of coatings by considering additional approaches.

13
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Chapter 2

Efficient Functionalization of Oxide-free
Silicon(111) Surfaces:

Thiol-yne versus Thiol-ene Click
Chemistry

Abstract

Thiol-yne click (TYC) chemistry was utilized as a copper-free click reaction for
the modification of alkyne-terminated monolayers on oxide-free Si(111) surfaces,
and the results were compared with the analogous thiol-ene click (TEC)
chemistry. A wide range of thiols such as 9-fluorenylmethoxy-carbonyl cysteine,
thio-B-D-glucose tetraacetate, thioacetic acid, thioglycerol, thioglycolic acid and
1H,1H,2H,2H-perfluorodecanethiol were immobilized wusing TYC under
photochemical conditions, and all modified surfaces were characterized by static
water contact angle measurements, X-ray photoelectron spectroscopy (including a
simulation thereof by density functional calculations) and infrared absorption
reflection spectroscopy. Surface-bound TYC proceeds with an efficiency up to 1.5
thiols per alkyne group. This high surface coverage proceeds without oxidizing
the Si surface. TYC yielded consistently higher surface coverages than TEC, due
to double addition of thiols to alkyne-terminated monolayers. This also allows for
the sequential and highly efficient attachment of two different thiols onto an

alkyne-terminated monolayer.

This chapter is published as:

‘Efficient Functionalization of Oxide-Free Silicon(111) Surfaces: Thiol-yne versus Thiol-ene Click Chemistry’
Bhairamadgi, N. S.; Gangarapu, S.; Campos, M. A. C.; Paulusse, J. M. J.; van Rijn, C. J. M.; Zuilhof, H.
Langmuir 2013, 29, 14, 4535-4542.
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Efficient Functionalization of Oxide-free Silicon(111) Surfaces

2.1 Introduction

In the last decade “click chemistries” have attracted significant attention in the fields of
synthetic chemistry, chemical biology, pharmacology and materials science,'® due to their
unique advantages such as mild reaction conditions, a high degree of bio-orthogonality
and high reaction yields.>>”"® While highly effective and most popular, the copper-
catalyzed alkyne-azide cycloaddition (CuAAC) utilizes Cu(l) as catalyst, which can be
disadvantageous for biological samples and surface properties.'*'® Apart from the toxicity
of Cu ions, the electronic properties of modified surfaces can also be seriously affected.'’
These limitations can be overcome by the Cu-free and strain-promoted cyclooctyne- azide
click reaction (SPAAC).” '® However, this method yields a reduced surface coverage
compared to CuAAC, because of the steric bulk of cyclooctyne moieties in combination
with some non-selective reactivity related to the high reactivity of these cyclooctynes.
Recently, our group reported the modification of Si(111) surfaces and silicon
nanoparticles using thiol-ene click (TEC) chemistry."*° Silicon surface modification via
TEC approach resulted in good surface coverages (45% — 75%, depending on the thiol),
and surfaces did not display oxidation after modification.”® Yet, several aspects would
favor further improvements: 1) some thiols react rather sluggishly in TEC, thus hampering
the attachment — a speed-up would thus be desired; 2) silicon surfaces do react with 1-
alkenes, but the packing density is sub-optimal, and can be improved by switching to 1-
alkynes.”'** 3) TEC does not directly allow the binding of two different thiols onto one
linker chain; such binding, however, may be advantageous to obtain surfaces with
complex surface requirements.

To address all these issues at once, the current paper investigates thiol-yne click (TYC)
chemistry onto alkyne-terminated monolayers derived from 1,w-dialkynes. Terminal
alkynes react more readily with the H-terminated Si surface, yielding a more densely
packed surface modification with increased stability.> **° In addition, alkynes typically
react in TYC faster than the corresponding alkenes in TEC reactions,? while finally TYC
would, in principle, allow the binding of two different groups onto one surface-terminal
group.’*** Mechanistically, TYC is a radical chain process that proceeds as follows: in the
first propagation step of the TYC reaction, vinyl sulfide radicals are formed by the
addition of a thiol radical across the alkyne triple bond. A vinyl sulfide radical
subsequently abstracts a hydrogen radical from a thiol, thus generating vinyl sulfide and
another reactive thiol radical. If a second addition step is feasible, then next a thiol radical
adds across the double bond of the vinyl sulfide leading to the formation of dithioether
radical, which subsequently abstracts a hydrogen radical from thiol forming a 1,2-
dithioether. An intermediate (vinyl sulfide) formed after the addition of thiol was nearly
three times more reactive towards hydrothiolation than the initial yne moiety.” Ravoo et
al.’* reported the photochemical micro contact printing onto silane-coated silicon oxide
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and glass surfaces via TEC and TYC chemistry with D,L-dithiothreitol, 3-
mercaptopropionic acid, tetraacetylgalactoside-thiol conjugate, and a galactoside-thiol
conjugate on alkyne-terminated monolayers. However, they did not observe any
difference in reactivity between TEC and TYC reactions. In contrast, Minozzi et al.
studied the thiol-yne click reaction in solution, and observed that both mono as well as
bis-adducts are formed, depending on reaction conditions.*” Silicon surfaces modified via
TYC may provide improved access to further modification with biomolecules, which
could find application in the development of biosensors and microelectronic devices.’®?’
Our aim in the current study was to compare the efficiency of surface-bound TYC
versus TEC reactions, via the modification of Si(111) surfaces with alkyne-terminated
monolayers, followed by attachment of various functional thiols (Figures 1 and 2). The
resulting surfaces have been investigated by a range of surface-sensitive characterization
techniques, including XPS, contact angle measurements and IR spectroscopy, so as to

provide an unambiguous comparison of the surface-bound TEC and TYC reactions.

R

sa"

NN

=
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—_—
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e
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Figure 1. Comparison of surface-bound thiol-ene (above) and thiol-yne (below) chemistry under current study.

2.2 Experimental Methods

All materials were obtained from Sigma-Aldrich and used without further purification
unless otherwise specified. Fmoc-protected cysteine (99.6%) was purchased from Chem-
Impex International. Diethyl ether and dichloromethane were distilled before use. 1,15-
Hexadecadiyne was prepared using a method adapted from the synthesis of analogous
1,o-diynes.”® (See Supporting Information for experimental details and spectral data.)
Nuclear magnetic resonance ('H/"°C NMR) spectra were recorded on a Bruker 400/100
MHz machine at room temperature using CDCI; as internal reference. A Kriiss DSA 100
goniometer was used to measure static water contact angles under ambient conditions.

Droplets (3.0 pL) of deionized water were dispensed with a micro syringe. The errors in
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the contact angles were £1°. X-ray photoelectron spectroscopy (XPS) measurements were
performed on a JEOL JPS-9200 system (conditions: Al Ka source with an X-ray power of
300 W, an analyzer pass energy of 10 eV, and energy resolution of < 0.65 eV). Binding
energies of Cls (C-C) peak was calibrated to 285.0 eV, data was analyzed using CasaXPS
software. IRRAS spectra were recorded on a Bruker Tensor 27 FT-IR spectrometer using
a commercially variable angle reflection unit (Auto Seagull, Harrick Scientific). A
Harrick grid polarizer was installed in front of the detector and was used to measure
spectra with p-polarized (parallel) radiation with respect to the plane of incidence at the
sample surface. All spectra were obtained at an incident angle of 68° with 2048 scans

recorded for each sample.

2.2.1 Simulation of XPS Spectra

Electronic core level calculations were used to simulate the core levels of Cls XPS
spectra. The effect of Si-C bond monolayers are mimicked by binding of an alkyl chain to
either a Si(SiH;); (TMS) moiety,”” or a ((Si(CH;);),CH;Si),-Si(H)CHj; structure used
before to mimic the H-Si surface.”” The geometries of the different systems were
optimized at B3LYP/6-311G(d,p) level of theory and followed by natural bond order
(NBO) analysis for the calculation of core orbital energies. All the calculations were

carried out using the Gaussian 09 program.”'

2.2.2 Monolayer Preparation

One-side polished Si(111) wafers (n-type, 475-550 um thick, resistivity 1.0-5.0 Q cm,
Siltronix, France) were cut into 1 x 1 cm? pieces and washed with acetone (semiconductor
grade), and then sonicated for 10 min in acetone. The samples were cleaned using piranha
acid (H,SO4:H,0,, 3:1) for 30 min. Caution: Piranha solution reacts violently with
organic materials and should be handled carefully! Silicon substrates were rinsed with
sufficient amounts of deionized water (18.3 MQ cm resistivity), dried with a stream of dry
argon and etched in an argon-saturated 40% aqueous NH4F (semiconductor grade)
solution for 15 min under an argon atmosphere. After taking them out, the substrates were
rinsed with deionized water, dried under a stream of argon and rapidly transferred to a 25
mL three-necked flask (fitted with a capillary, a reflux condenser and connected to a
vacuum pump) containing neat 1,15-hexadecadiyne (1.0 g) under an argon atmosphere for
30 min. After transferring the substrates, the capillary that slowly flows argon into the
flask was moved away from the solution to avoid disturbance during monolayer
formation. The reaction flask was kept at 80 °C for 16 h under 4 mbar pressure with a
gentle argon flow and under ambient light (i.e., the standard fluorescent lamps in the fume
hood were kept on). After subsequently letting the reaction flask cool down to room
temperature, the vacuum was released by purging argon and the silicon wafer was
removed from the 1,15-hexadecadiyne. The functionalized silicon substrates were rinsed
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with hexane followed by dichloromethane and dried with a stream of argon. Static water
contact angle, XPS and IRRAS measurements were used for further characterization.
Mixed monolayers were prepared in a similar way as described above, using a 1:1 mixture
of 1, 15-hexadecadiyne and 1-dodecyne on H-Si(111) surfaces. The alkyne-terminated

monolayer is referred to as S-alkyne and mixed monolayers as S-mix.

2.2.3 Thiol-yne Click Chemistry

Mixtures of a thiol (1, 2, 3, 4 or 5; typically 0.072 — 7.22 mM) and 2,2-dimethoxy-2-
phenylacetophenone (DMPA) as photoinitiator were prepared in a 1:0.2 molar ratio, in a
minimal amount of chlorobenzene (ca. 1 mL) (Figure 2). The freshly prepared alkyne-
terminated silicon substrates S-alkyne were rinsed with dichloromethane and dried with a
stream of argon prior to further modification via TYC reaction. A few drops of freshly
prepared thiol and initiator mixture were transferred onto an alkyne-terminated monolayer
on Si(111) surfaces and irradiated with a 365 nm light (Power output 800 pW/cm?,
distance between lamp and surface was 2 cm, Spectroline, Westbury, NY) for 1.5 h.
Afterwards, the modified Si substrates were washed several times with chlorobenzene,
and then with dichloromethane, and dried under a stream of argon. The thus modified Si
substrates were characterized by static water contact angle measurements, IR and XPS.

Figure 2. Modification of alkyne-terminated monolayers via thiol-yne click reaction.
2.3 Results and Discussion

2.3.1 Alkyne-Terminated Monolayers

Alkyne-terminated monolayers S-alkyne were prepared from the reaction of a H-
terminated Si(111) surface with 1,15-hexadecadiyne. The H-terminated Si(111) surfaces
were obtained by etching in argon-saturated 40% NHyF solution for 15 min. 1,15-
Hexadecadiyne was synthesized in two steps starting from 1,12-dodecadiol, via activation

of the alcohol moieties by tosylation, followed by reacting these with LiC=CH, to yield
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HC=C(CH,),C=CH. This compound was then used to modify the freshly etched Si(111)
surfaces under oxygen-free, thermal conditions (80 °C, 16 h, argon atmosphere). Upon
modification, the surfaces became hydrophobic, with a static water contact angle of ~ 87°.
IRRAS results (Figure 3) showed the symmetric and anti-symmetric C-H stretching
frequencies at 2854 cm™ and 2925 cm™, respectively, which indicate the formation of
covalently bound monolayers without much short-range order. Since 1-alkyne derived
monolayers display a high degree of short-range order (e.g. indicated by corresponding C-
H vibrations at 2850 cm™ and 2918 cm™),”' we attribute this difference to mutual
repulsions between m-bond orbitals at the top of the monolayer. The peak at 3324 cm™ is a
characteristic -C=C-H stretch peak, which indicates the presence of terminal -C=C-H

moieties on the surface.

-C=CH 3324 cm"

Transmittance (a.u.)
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Figure 3. IRRAS spectrum of H-C=C-terminated monolayer derived from 1,15-hexadecadiyne on H-Si(111) (S-
alkyne).

The XPS Cls narrow scan (Figure 4A) was deconvoluted into three peaks at 283.5 eV,
285.0 eV and 286.2 eV with an area ratio of 1:14:1, respectively, which is in line with the
assignment to Si-C, C-C and C=C-C atoms, respectively. This indicates that per di-alkyne
molecule, only one terminal alkyne group reacted with the silicon surface, in line with the
IR data above, and that polymerization of terminal alkyne groups was not observed.
Similar observations with 1,8-nonadiyne on H-Si(100) were reported before by Gooding
and co-workers.*>** In addition, density functional theory (DFT) was used to calculate the
binding energies of distinct carbon atoms attached to the surface. As shown in detail
elsewhere, B3LYP/6-311G(d,p) calculations provide an excellent and simple approach to
obtain chemically reliable chemical shifts for the XPS Cls spectra.** The calculations
showed that the carbons attached to Si(111) come at lower binding of 284.4 eV, aliphatic
carbon atoms (C-C) come at 285 eV and terminal alkyne carbon comes at much lower
binding energy of 284.3 eV, which yields an excellent agreement with the experimentally
obtained spectrum/which allows unequivocal assignment of the experimental spectrum
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(Figure 4B and details in Supporting Information, Figure SI-8 ). These results can be
compared to the reported values in literature, and confirm the usefulness of DFT
calculations for the assignment of Cls spectra of organic monolayers.* These alkyne-
terminated silicon surfaces were stable to oxidation, as no silicon oxide peak was detected
at 103 eV in XPS Si2p narrow scan (Supporting Information, Figure SI-1), also upon

extensive storage (>1 month) under ambient conditions.
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Figure 4. XPS spectrum of alkyne-terminated monolayer S-alkyne. (A) Experimental C1s narrow scan and (B)
Simulated C1s spectrum from DFT (B3LYP/6-311G(d,p)) calculations.

Analogously, to obtain alkyne-terminated monolayers in which the terminal alkyne
moieties can undergo subsequent reactions with less steric hindrance, we prepared mixed
monolayers (S-mix) from a 1:1 mixture of 1,15-hexadecadiyne (C,s) and 1-dodecyne
(Cy,). The mixed monolayer showed a static water contact angle of 95°. The IR spectrum
is similar to that S-alkyne (Figure 5), with an increased alkyne C-H stretch peak at 3326
cm ' and the appearance of a methyl peak at 2965 cm™. The XPS spectrum (Figure 6A)
now shows a 2:13:1 ratio for the C-Si/ C-C / C-C=C (from alkyne-terminated monolayer)
carbon atoms, in line with the formation of a 50% alkyne-terminated mixed monolayer. In
addition, the simulated XPS spectrum from DFT calculations (Figure 6B) is in good
agreement with experimentally obtained XPS spectrum of mixed monolayer.

1,000 -CH3 2965 cm"!
& -C=C-H 3326 cm™1
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Figure 5. IRRAS spectrum of mixed monolayer S-mix.
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Figure 6. Experimental (A) and DFT-simulated (B) XPS Cls spectra of mixed monolayer S-mix..

2.3.2 Thiol-yne Click Chemistry

Alkyne-terminated silicon surfaces S-alkyne were treated with various thiols, such as 9-
fluorenylmethoxy-carbonyl cysteine 1, thio-f-D-glucose tetraacetate 2, thioacetic acid 3,
thioglycerol 4, and thioglycolic acid 5 in the presence of DMPA as photo-initiator. A few
drops (3 to 4) of a concentrated solution (details in Supporting Information) of DMPA and
the thiol in chlorobenzene were transferred to an alkyne-terminated silicon surface, and
TYC reactions were initiated by exposure to 365 nm light for 1.5 h under ambient
conditions. Modification was monitored by measuring static water contact angles, which
were decreased from initial contact angle of 87° (S-alkyne) to 38° - 68° (depending on
thiols) after thiol-yne click modification (Table 1).

oH 3000
o= 3|-|sc
S =0 (A) (B)
S 2500 -
2000 +
7
o
O 1500
1000 =
N H 500 . . . v v . . ! !
(Si(111 292 290 288 286 284 282 292 290 288 286 284 282
S-3 Binding Energy (eV) Binding Energy (eV)

Figure 7. XPS spectrum of surface S-3. Experimental (A) and DFT-simulated (B) C1s narrow scan.

The thicknesses of modified surfaces were calculated by using the atomic ratio of Cls
and Si2p from XPS survey scans with the help of Equation 1, building on the work of
Wallart et al.*®

dyy, (R) = A3}, sin(@) In(1 + C/¢) (1)
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Table 1. Static water contact angle of Si(111) surfaces after modification.

Modified Si(111) surfaces Static water contact angle (6°)
S-alkyne 87

S-1 68

S-2 63

S-3 63

S-4 38

S-5 40

S-mix* 95

S-mix-3" 58

S-mix-3/6° 103

* = Mixed monolayer,” = TYC with thiol 3 on mixed monolayer S-mix,° = TYC with sequential addition of thiol
3 and 6 on S-mix.

in which d,,;, = thickness of monolayer, A3}, = attenuation length of Si2p photoelectrons
in the organic monolayer (39.5 A), and ¢ = angle between the surface plane and detector
(80°). The thickness of all modified surfaces is shown in Figure 8. Increase in thicknesses
was observed after all TYC reactions when compared to the alkyne-terminated monolayer
S-alkyne, and this was found to correlate to the size and surface coverage of the attached
thiols. Successful surface-bound TYC chemistry of all modified surfaces was evidenced
by the appearance of a S2s peak at 228.0 eV in the XPS survey scan (Supporting
Information, Figure SI-1 to SI-5). In line with this, the XPS Cls narrow scan of e.g.
thioacetic acid-modified surfaces (S-3) revealed a new peak at 288.5 eV, characteristic for
a carbonyl carbon group (>C=0), as present in the carboxylic acid group. The peak at
285.0 eV was deconvoluted into four peaks at 283.7 eV, 285.0 eV, 286.5 eV and 288.5
eV, corresponding to Si-C-, -C-C-, -C-S- and -C=0 groups, respectively (Figure 7A).
These experimental XPS binding energies of different carbon atoms are in good
agreement with the calculated XPS binding energies from DFT calculations. The DFT
calculations showed the peaks at 284.4 eV, 285.0 eV, 286.3 eV and 289.3 eV,
corresponding to Si-C-, -C-C-, -C-S-, -C=0, respectively (Figure 7B, details Supporting
Information, Figure SI-9, Table SI-3 and SI-4). Such deconvolution allows for the
determination of the surface coverage of the attached groups, by considering the
percentage ratio of area under well-separated -C=0O peak with sum of area under -C-S-, -
and C-C peaks. The surface coverage of all thiol-modified surfaces was observed to be in
the range of 48% - 146% (Figure 9). The Si2p narrow scan XPS data of all thiol-modified
surfaces did not show any peak at 103 eV (shown in Supporting Information, Figure SI-1
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to SI-5), which further showed that the modified silicon oxide-free surfaces were oxide-

free even after exposing to 365 nm light for 1.5 h during TYC reaction.
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Figure 8. Thickness of modified surfaces calculated from the XPS-derived C/Si atomic ratio.

2.3.3 Thiol-ene versus Thiol-yne Click Chemistry

We compared surface coverages of TYC-modified surfaces with those obtained for
TEC-modified surfaces, which were previously reported by our group.”’ In this, we
consider the number of thiols reacting per alkyne/alkene functional group; a surface
coverage of over 100% indicates that more than one thiol is bound to each alkyne/alkene
group. In a TYC reaction, in principle, two thiol groups can react with one alkyne group,
which consequently yields the potential to a higher surface coverage as compared to the
TEC reaction.” ** ** Indeed, as found here, TYC chemistry on alkyne-terminated Si
surfaces yielded for all thiols under investigation a consistently higher surface coverage of
attached thiols than the corresponding TEC chemistry (Figure 9).*° For example, in a TYC
reaction 1 molecule of thiol [3] reacted per alkyne group, while in the analogous TEC
reaction only ca. 0.5 thiol [3] molecules reacted per alkene moiety on alkene-terminated
monolayer. In fact, a surface coverage of 100% or more was observed for all cases of the
TYC reaction, apart from some particularly sterically hindered thiols (Figure 9). The
observed surface coverages are not necessarily the maximally obtainable coverages, as
apart from increased steric hindrance at the surface, the decreasing availability of thiols
due to disulfide formation also plays a role.”” This was, for example, inferred from the
observation that the yield of these surface-bound click reactions could be pushed slightly
higher by taking sample out of the solution, cleaning it with dichloromethane, and then
continuing the reaction with fresh thiols (Supporting Information, Figure SI-6).
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Figure 9. Surface reactivity: Thiol-ene versus thiol-yne click reactions.

An example of a thiol yielding a lower surface coverage is 9-fluorenylmethoxy-
carbonyl cysteine 1, which did not show much difference in comparison to the TEC
reaction. This might be due to the steric hindrance introduced by bulky molecule itself,
while additionally the reaction rate of this thiol is reduced by deprotonation of a fraction
of the thiols by the internal secondary amine functionality.”® Apart from steric hindrance,
radical stabilization might also play a role. This would explain why thioacetic acid 3,
which has roughly the same size as thiols 4 and 5, still yielded a lower surface coverage
than 4 and 5. The stabilization of thioacetic acid radicals by resonance effects of the

neighboring carbonyl moiety*’>*

yields a diminished reactivity.

The occurrence of >100% surface coverage, i.e. the reaction of more than one
equivalent of thiols per alkyne moiety, induced us to investigate the formation of mixed
monolayers with a high coverage of two different thiols. To this aim, we prepared Si(111)
substrate with 50% alkyne-termination and 50% alkyl termination S-mix, in which the
alkyne moieties stick out above the alkyl groups, yielding on average a reduced steric
hindrance around the alkyne moiety. Onto this mixed monolayer we then attached thiols 3
(thioacetic acid) and 6 (1H,1H,2H,2H-perfluorodecanethiol) in a sequential manner
(Figure 10). In first step, the alkyne-terminated mixed monolayer S-mix was reacted with
thiol 3 in the presence of DMPA as a photoinitiator, yielding surface S-mix-3. The
reduced static water contact angle (from 95° to 58°) suggested the successful attachment
of thiol 3 on mixed monolayer. XPS survey scan showed the appearance of a new S2s
peak at 228.0 eV from thiol 3, while in the XPS Cls narrow scan a peak at 288.6 eV was
observed, which is characteristic for the carbonyl carbon of thiol 3 (Figure 10A). A
surface coverage of 83% was deduced from the ratio of the peak area at 288.6 eV (C=0)
compared to the peak area of all other carbon atoms. A monolayer thickness of 2.0 nm
was derived from the C/Si ratio from survey scan using Equation 1, which is a substantial
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increase with respect to the XPS-derived thickness of the unreacted mixed monolayer 1.6

nm.
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Figure 10. Top: Modification of mixed monolayer S-mix via thiol-yne click reaction with thiol 3 and
subsequently with thiol 6. Bottom: XPS Cls narrow scan of (A) S-mix-3 and (B) S-mix-3/6.

In the second step thiol 6 was reacted to the surface that resulting after step 1 (S-mix-3) in
the presence of DMPA as a photoinitiator. This second reaction increased the static water
contact angle from 58° to 103° due to the highly apolar fluorinated chain.’® In the XPS
Cls narrow scan (Figure 10B), the region between 291.0 eV to 296.0 eV displays new
peaks that correspond to carbons attached to two or three fluorine atoms (-CF,-(CF,)e-
CF;). These new peaks were deconvoluted into three peaks at 291.5, 292.5 and 294.5 eV,
and attributed to -CH,-CF,-, -CF,-, and -CF;, respectively. Of all the initially present
alkyne moieties 63% reacted with this second thiol 6, as was observed from the ratio of
the peak area of all these carbon atoms attached to fluorine, to the peak area of the carbon
atoms related to the original monolayer and thiol 3. As a result, the XPS-derived thickness
was increased from 2.0 nm to 2.3 nm upon reaction with thiol 6. The formation of surface
S-mix-3/6 is supported by the contact angle of 103°, which can be compared with the
contact angle obtained for monolayers with a high density of fluorinated chains (typically
>110°).® Evidently, the construction of the terminal alkyne moieties above the alkyl
chains allows them sufficient space to react even this second time with high efficiency.
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2.4 Conclusions

Thiol-yne click (TYC) chemistry between a thiol and a terminal alkyne moiety is a very
efficient way to top-functionalize alkyne-terminated organic monolayers. The method
allows for the attachment of up to 1.5 thiols per alkyne, proceeds both faster and with
higher yields than the corresponding surface-bound thiol-ene click (TEC) reaction, and
does not affect the surface properties of the underlying substrate. Since the initially
formed vinyl sulfide can, in principle, react another time, the sequential use of two
different thiols allows for the double addition onto alkyne-terminated monolayers, which
makes it possible to easily construct complex surface architectures.
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Chapter 3

Hydrolytic and Thermal Stability of
Organic Monolayers on Various Inorganic
Substrates

Abstract

A comparative study is presented on the hydrolytic and thermal stability of 24
different kinds of monolayers on Si(111), Si(100), SiC, SiN, SiO,, CrN, ITO,
PAO, Au and stainless steel surfaces. These surfaces were modified by utilizing
appropriate organic compounds having a constant alkyl chain length (Cyg), but
with different surface-reactive groups, such as 1-octadecene, 1-octadecyne, 1-
octadecyltrichlorosilane, ~ 1-octadecanethiol,  1-octadecylamine and  1-
octadecylphosphonic acid. The hydrolytic stability of obtained monolayers was
systematically investigated in triplicate in constantly flowing agueous media at
room temperature in acidic (pH 3), basic (pH 11), phosphate buffer saline (PBS)
and deionized water (neutral conditions), for a period of 1 day, 7 days and 30
days, yielding 1152 data points for the hydrolytic stability. The hydrolytic stability
was monitored by static water contact angle measurements and X-ray
photoelectron spectroscopy (XPS). The covalently bound alkyne monolayers on
Si(111), Si(100) and SiC were shown to be among the most stable monolayers
under acidic and neutral conditions. Additionally, the thermal stability of 14
different monolayers was studied in vacuum using XPS at elevated temperatures
(25 °C - 600 °C). Similar to the hydrolytic stability, the covalently bound both
alkyne and alkene monolayers on Si(111), Si(100) and SiC started to degrade
from temperatures above 260 °C, whereas on oxide surfaces (e.g., PAO)
phosphonate monolayers even displayed thermal stability up to ~ 500 °C.

This chapter is published as:

‘Hydrolytic and Thermal Stability of Organic Monolayers on Various Inorganic Substrates’ Bhairamadgi, N. S.;
Pujari, S. P.; Trovela, F. G.; Debrassi, A.; Khamis, A. A.; Alonso, J. M.; Al Zahrani, A. A., Wennekes, T.; Al-
Turaif, H. A.; van Rijn, C. J. M.; Alhamed, Y. A.; Zuilhof, H. Langmuir 2014, 30, 20, 5829-5839.
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Hydrolytic and Thermal Stability of Organic Monolayers

3.1 Introduction

Organic monolayers have found an impressive variety of applications in the fields of
biosensors, micro- and nanoelectronics, chemical and biochemical sensors, nanotribology,
lithographic patterning, wettability control, optoelectronics, biomedical appliances and so
on."” For many of these applications inorganic substrates are used that are often based on
silicon, metals or metal oxides. Here, the monolayer provide functionality and acts as an
interfacial layer between the substrate and the surrounding environment, which can be
either aqueous e.g., water under physiological conditions or gaseous e.g., air at various
humidities and temperatures. Therefore the stability of this interfacial monolayer is
crucial, as the performance and durability of such devices depend to a large degree on it.”

Several approaches with a wide range of surface-reactive groups have been taken
toward the formation of stable monomolecular layers on inorganic surfaces.' Self-
assembled monolayer (SAM)-forming monomers consist of three domains: a terminal
functional group that ultimately defines the exposed surface functionality, a hydrocarbon
chain (typically oligomethylene) to promote monolayer packing and organization, and an
anchoring group responsible for the specific chemical interactions with the substrate.
Various anchoring groups — such as thiol, alcohol, alkyne, alkene, silane and phosphonate
— conveniently assemble on a wide variet