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Abstract

The relative movement of mechanical parts, such as sliding or rolling, in a given system is
inevitably accompanied by friction and a risk of wear processes. Ability to control friction, either
by reducing or increasing it, becomes important when it comes to the design and exploitation
of machines. Generally, in mechanical assemblies, it is of interest to attain the lowest possible
coef�cient of friction values and to reduce wear processes to minimum.

The work conducted within the framework of this thesis project was focused on the develop-
ment of surface-modi�cation strategies for friction and wear reduction in hard contacts, specif-
ically in non-aqueous environments. For this purpose, the synthesis and tribological perfor-
mance of surface-anchored polymer chains were studied.

Previously, it has been shown that surface-tethered polymers in the presence of good solvents
attain a brush-like, stretched-out con�guration and that such molecular arrangements on the
surface allow for the achievement of low coef�cient-of-friction values. This is explained by
means of the three following effects; the high osmotic pressure of the brush system that can
support loads, the forced con�nement of the lubricant within the contact area and lastly the
formation of a low-shear interface, which allows for easy relative movement of brush-modi�ed
surfaces.

The studied polymers were primarily prepared on silicon wafers by means of surface-initiated,
atom-transfer radical polymerisation (SI-ATRP). During the course of the project, alternative
synthetic and fabrication routes were evaluated including surface-initiated, free-radical poly-
merisation and grafting-to techniques, in which pre-made polymers can be tethered to the
substrate. A step beyond silicon substrates was also taken, and substrates of greater industrial
signi�cane, such as iron oxide, steel, DLC, SiC or sapphire were successfully modi�ed with
brushes.

Synthesis of the polymers was followed by their tribological characterisation on the nN load
scale by lateral force microscopy as well as on the mN load scale in a microtribometer. Over
both contact and load scales, it was found that the prepared poly (alkyl methacrylates) enabled
sliding at signi�cantly lower coef�cients of friction than when no coating was applied. Specif-
ically, for poly (dodecyl methacrylate), a new brush-lubrication regime was identi�ed, which
extends beyond the Stribeck curve, allowing for sliding at lower COF values even at very low
speeds.

The tribological results conclusively indicated that the ability to deliver a low-coef�cient of
friction depends on the use of an appropriate solvent that leads to suf�cient polymer swelling.
The stability of the lubricious properties itself is governed by the viscosity of the lubricant and
the thickness of the coating applied.
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Zusammenfassung

Dort, wo eine relative Bewegung von mechanischen Teilen aktiv ist, wie z.B. bei Gleiten oder
Rollen, kommen auch Reibungen und Verschleissprozesse ins Spiel.

Wenn es um ein neues Konzept oder eine Nutzung schon existierender Maschinen geht, dann
ist die Fähigkeit die Reibung zu kontrollieren wichtig. Oft in mechanischen Baugruppen ist es
von Interesse möglichst niedrige Reibungskoef�zienten zu erreichen, um Verschleissprozesse
ef�zient zu verringern.

Die im Rahmen dieses Doktorats durchgef ührte Arbeit zielt auf die Entwicklung einer Strate-
gie zur Ober� ächenmodi�kation ab, die f ür harte Kontakte geeignet w äre und die durch einen
geringen Reibungskoef�zient charakterisiert w ürde, insbesondere für nicht-w ässrige Schmier-
stoffe. Hierzu wird die Synthese und die tribologischen Eigenschaften von ober� ächenver-
ankerten Polymerketten untersucht.

Es wurde zuvor gezeigt, dass an einer Ober� äche gebundene Polymere, die sich zus̈atzlich in
einem guten Lösungsmittel be�nden, f ähig sind eine ausgedehnte Kon�guration zu erreichen.
Eine solche molekulare Anordnung auf der Ober� äche erlaubt es, geringe Reibungskoef�ziente
zu erreichen. Der hohe osmotische Druck dieser Polymerbürste, die Rückhaltung des Schmier-
stoffes innerhalb des Kontaktbereichs und schliesslich die Bildung einer Schnittstelle die Schub-
nachgiebig ist, sind gemeinsam für eine leichte relative Bewegung der Bürste verantwortlich.

Die untersuchten Polymere wurden vor allem auf Silizium-Wafern produziert als Folge einer
auf der Ober� äche initiierten Synthese, der Atom Transfer Radical Polymerisation (SI-ATRP)
heisst. Im Laufe des Projekts wurden zusätzlich alternative synthetische Routen sowie weitere
Funktionalisierungsmethoden untersucht, wie z.B. Ober� äche initiierte freie radikalische Poly-
merisation und das so genannte graftig-to Verfahren, bei welchem vorgefertigte Polymere auf
das Substrat angebunden werden können. Um einen Schritt weiter zu gehen, wurden diese
Polymere auch auf Substraten von einer grösseren technischen Bedeutung als Silizium wie z.B.
Eisenoxid, Stahl, DLC, SiC oder Saphir synthetisiert.

Die tribologischen Eigenschaften der Polymerschichten wurden mit Hilfe einem seitlichen Kraft-
mikroskop unter nN-Belastungen, sowie unter mN- Belastungen in einem Mikrotribometer
analysiert. Es wurde bei beiden Kraft- sowie Kontaktgr össen festgestellt, dass die hergestellte
poly (alkyl- methacrylate) deutlich geringere Reibungskoef�ziente gezeigt haben, als f ür un-
modi�zierte Substrate typisch ist. Insbesondere wurde f ür die poly (dodecylmethacrylat) Schichten
ein neuer Reibungsmodus identi�ziert, der die Stribeckkurve neu de�niert und Gleiten bei
niedrigeren COF-Werten bei niedrigeren Geschwindigkeiten erm öglicht.

Die tribologischen Ergebnisse haben darauf hingewiesen, dass die Fähigkeit einen niedrigen
Reibungkoef�zienten zu liefern, von der Verwendung von einem geeigneten L ösungsmittel f ür
das spezi�sche Polymer abhängt. Die Stabilit ät der gleitf ähigen Eigenschaften ist durch die
Viskosit ät des Schmiermittels und die Dicke der aufgebrachten Beschichtung geregelt.
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Chapter 1

Introduction

1.1 Tribology and Lubrication

Consumer goods, such as shampoo or chocolate, parts such as brake pads or gears, assemblies
such as car engines or mechanical watches, manufacturing processes, such as rolling, grind-
ing or polishing as well as a space shuttle roaring into orbit have one thing in common —
the phenomena of surfaces in relative motion. The science and technology of those processes,
abundant across various industries and engineering domains, is called tribology, from the greek
tribos trib os, to rub.

The initial systematic work on tribology can be dated to experiments by Leonardo da Vinci
(1452-1519) who observed that the force needed to pull an element is independent of how it is
positioned on a sliding surface, but does depend on its weight. Further studies by Amontons led
to the formulation of a general law of tribology (equation 1.1) which relates the frictional force
and normal load (or weight of a body) by a parameter—the coef�cient of friction. Amontons'
work was later further developed by Coulomb, who observed friction to be independent of the
velocity. The apparent independence of the frictional force from the apparent contact area was
studied by Tabor and Bowden, who found while working with metal-metal contacts, that the
electrical conductivity increases, in proportion to the load. They thus delivered a proof that
while the apparent contact area remains the same, the real contact area does change with load.
Equation 1.1 can also be written in a differential form, for which the friction force is de�ned as
a slope of a curve — dF/ dL = m— this form allows one to include scenarios for which a �nite
frictional force exists at zero loads.

F = mL (1.1)

The coef�cient of friction is not a material constant but a property of the entire system. It
depends on the material type, presence of coating or lubricant, speed and pressure. For lubri-
cated systems it is common practice to present the dependence of coef�cient of friction on load,
speed and lubricant viscosity as a Stribeck curve, as depicted in Figure 1.1. Stribeck curves
are of particular importance for systems that experience continuous variations of conditions,
for example in engine parts or articular cartilage, which operate in boundary, mixed and elas-
tohydrodynamic or hydrodynamic regimes [28, 59]. At one end of the curve, hydrodynamic
lubrication is observed e.g. in high speed journal bearings, and is characterized by a �uid
�lm formed between the bearing surfaces and leading to their complete separation, eliminating
asperity-asperity contacts and reducing the wear rate nearly to zero. However, achievement
of hydrodynamic lubrication requires an appropriate contact geometry, lubricant and suf�cient
sliding speed. When those conditions are not met, the �uid �lm breaks down or does not form
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1. Introduction

at all, leading to a direct contact of the counter-surfaces — such lubrication is then categorized
as mixed or boundary. Boundary lubrication is characterized by considerably higher friction
coef�cients and wear rates. This friction mode is greatly in�uenced by the surface chemistry
and therefore motivates research in surface modi�cations and lubricant additives that can alter
surface properties. In applications where minimal energy losses and wear are of importance,
interest lies in solutions that optimize the lubrication regime, providing low-friction coatings
and systems of high wear resistance.

An inevitable part of tribological investigations is to understand the contact mechanics and
the operating stresses, which depend on contact geometry and loading conditions. Taking the
example of two elastic bodies; a ball pressed against a �at, the contact parameters such as
average operating pressure p and radius of contact area a can be de�ned knowing the load L,
curvature R and reduced Young's modulus of the materials E, according to equations 1.2 and
1.3.

a3 =
3LR

E
(1.2)

p =
L

p a2 (1.3)

These relations, which come from Hertz' contact theory, make the assumptions: the contact area
is small compared both to the radius of curvature and to the dimensions of contacting bodies,
and there is no adhesive force between the bodies. Nevertheless the approach is suf�cient
for calculations in many applications [181]. Fluid-�lm lubrication can occur with or without
substrate deformation, and with or without viscosity changes of the used lubricant; the exact
lubrication regimes for non-conformal contacts can be classi�ed therefore into 4 main types as
proposed by Dowson and Hamrock [50].

Finally, the importance of understanding and controlling tribological phenomena is best de-
scribed by estimates by Jost, who concluded that appropriate application of tribological princi-
ples could lead to savings of few % of GDP [88].

1.1.1 Tribosystems in Nature

Tribosystems found in nature or in living organisms can be very ef�cient and allow for ultra low
COF values that last for periods reaching 100 years. These systems are all based on aqueous
lubricants, such as synovial �uid (SF). Synovial �uid, which is an ef�cient lubricant in mam-
malian joints, is based on blood plasma that enters the joint via a synovial membrane. It is
rich in hylauronic acid, proteoglycans (lubricin), proteinases, and collagenases [72, 154]. The
hylauronic acid is believed to interact with the proteins contained in SF, in order to increase its
viscosity1.

When a joint is loaded, synovial �uid diffuses through the complex structure of the cartilage
matrix which allows only small molecules to pass. Such behaviour induces a compositional
change of the �uid that remains on top of the cartilage surface, whose relative macromolecular
content is increased and whose properties resemble those of a gel [71]. In turn, this viscous gel
layer is capable of preventing a direct contact of the opposing articular surfaces, reducing the
risk of cartilage damage.

The structure of the articular cartilage is composed mainly of water (up to 80 wt.%), while colla-
gen constitutes the majority of the dry mass. Cartilage is built in a hierarchical structure within
which various zones are distinguished — radial, transitional and super�cial [41, 44] — with the

1Such complexation is reduced in an in�ammatory synovial �uid which can lead to cartilage damage [29].
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Figure 1.1: Stribeck curve displaying the relation of coef�cient of friction with the Sommer-
feld number hn

N where h is the lubricant viscosity, n is the sliding speed and N is the applied
load. Typical lubrication regimes are depicted: boundary lubrication regime (BL), mixed and
hydrodynamic lubrication regime (HL).

architecture of the latter bearing a certain resemblance to surface-tethered branched polymers
[93]. A proposed structure of a brush-like phase constituted by components found in synovial
joints is depicted in Figure 1.2. It is agreed in the literature that it is the synergistic effect of
the lubricating �uids and complex matrix-like cartilage structure that allows for life-long lubri-
cation at a low coef�cient of friction, with a signi�cant role of interstitial �uid pressurization
[33].

1.1.2 From Natural Systems to Engineering Systems

The pressure-viscosity relationship, displayed in Figure 1.3, has signi�cant implications for
lubrication of engineering systems in which high contact pressures are operative. For most
oil-based lubricants, the pressure-viscosity coef�cient a lies within the range of 5 - 40 10 � 9

m2/ N, giving rise to a signi�cant viscosity ( hp) increase with increasing pressure (p) according
to Equation 1.4, where h0 is the viscosity at atmospheric pressure (ca 0.1 MPa). High-pressure
conditions may result in a viscosity increase of a lubricant, up to values that are almost charac-
teristic of solids, preventing the �uid from being rapidly squeezed out of the contact gap, and
thus preventing direct contacting of the opposing bodies, even under high loads.

The exact relationship of viscosity to pressure (and temperature) for water, as discussed by
Likhachev [112], is more complex2 than shown in the equation below, nonetheless when pres-
sure is changed from 0.1 to 100 MPa, the water viscosity will vary by less than 50%, thus no
signi�cant lubricant con�nement occurs when water is used as a lubricant. For this reason,
the high durability and ultra-low friction coef�cients observed in synovial joints, though poten-
tially attractive, cannot be applied directly in engineering systems, unless auxiliary structural
modi�cations are made to conventional bearings.

hp = h0exp(ap) (1.4)
2In fact at temperatures up to 303 K the viscosity of water will decrease with increasing pressure.
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Figure 1.2: Schematic of a brush-like, complex, super�cial zone (SZ) of an articular cartilage
surface adopted from [93].

� 0=0.9 mPas   �=0

� 0=360 mPas   �=1610-9 m2/N.

Figure 1.3: Viscosity plotted vs pressure for water and castor oil [152, 112].

In order to minimise lubricant squeeze-out from a contact, the need for a cartilage-like �uid-
con�ning structure arises. Fabrication of polymer brushes on the surface is one potential ap-
proach, which by mimicking the proteoglycan structure of the cartilage allows water-borne
lubricants to be con�ned within the contact area. In a study by Heeb et al [65] poly(methacrylic
acid) coatings prepared on silicon wafers were characterised in a pin-on-disk tribological experi-
ment, and displayed low friction coef�cient values in low-salt buffer solution under low contact
pressures. The stability of the obtained coatings was dependent on the coating thickness, which,
in turn, was controlled by the exposure time to a UV-LED source.
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1.2. Polymers and their Synthesis

1.1.3 Friction Reducing Coatings | Introducing Polymer Brushes

In principle, there are no restrictions on the type of material needed to form an ef�cient lubricat-
ing �lm that would deliver a smooth and easy movement of two opposing surfaces, while at the
same time preventing wear damage [172]. Given such freedom in design of friction-reducing
coatings, polymer brushes were introduced as lubricious systems. The �rst report on long-chain
polymer molecules attached by one end to a surface or interface by some means, or polymer brushes, dates
back to the early 1990s, when a Science paper by Milner was published [130]. Polymer brushes
were then perceived to be key for modeling polymer systems, in which a brush-like con�gu-
ration occurs and novelbehaviour can be studied e.g. colloid stabilisation or macromolecular
surfactants. When in a solvent, polymer chains are in a delicate energy balance: on the one
hand, the height is driven to higher to increase in order to maximize the interactions with a
good solvent, while on the other hand, the height increase carries with it an energetic penalty
due to the reduced con�gurational entropy caused by chain extension [43].

1.2 Polymers and their Synthesis

The invention of synthetic polymers in the early years of the 20 th century has revolutionised
science and engineering, but also modern civilisation, in the way products are manufactured,
consumed and recycled [140]. Polymers can be grouped by their origin (natural or synthetic),
their structure (linear or branched) or by the mechanism of polymerisation (e.g. condensa-
tion or addition; step growth, chain growth or ring opening polymerisation). On the one hand
polyamides, polyesters or proteins are good examples of condensation polymers, during the syn-
thesis of which a small molecule is eliminated (often water). In a step-growth mechanism, the
size of molecules increases rather slowly with time, starting with formation of dimers, trimers,
tetramers, that can react with any of the moieties present in a reaction vessel, also different
sized, gradually leading to the formation of larger molecules. In contrast, a chain-growth mech-
anism commences with initiating species that create a reactive center (radical or ion), to which
a successive addition of single monomers occurs. As a result, during chain-growth polymeri-
sation, only high molecular weight species, monomers and initiating molecules are present in
the reaction mixture, while during step-growth polymerisation there is always a mixture of
intermediate-sized molecules. The characteristic relationship between molecular weight and re-
action conversion for the step- and chain-growth reactions is schematically pressented in Figure
1.4.

For the purpose of preparing polymers, a number of experimental and synthetic approaches
can be adopted; anionic and cationic polymerisation, Ziegler/Natta and metallocene-induced
polymerisation, ring-opening metathesis polymerisation and free- or controlled-radical poly-
merisation techniques. In this project, the synthesis of polymer coatings has its primary focus
on the radical-polymerisation approach, in particular on the atom-transfer radical polymeri-
sation (ATRP)—a type of controlled radical polymerisation reaction (CRP) [141, 30]. On the
one hand it offers good control over structure and results in more homogeneous �lms on pre-
de�ned sites (no signi�cant polymerization in solution), while on the other hand such syntheses
require tailored reaction conditions.

ATRP is a highly successful polymerization method with a very good control over polymer
polydispersity and potential for end-group post-polymerisation conversion [40, 125]. The poly-
merization process is based on a reduction-oxidation equilibrium of the catalyst complex, as
presented in Figure 1.5. These systems rely on metal halides (X-Mnt) and nitrogen-based ligand
catalysts. In a properly designed synthesis, a homogenous complex solution of metal halides
with ligand molecules at a lower oxidation state is formed. These activating complexes abstract
a halide atom from an initiator or a growing chain-end. Such formed radicals are able to react
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Figure 1.4: Dependence of molecular weight on reaction conversion for a) chain polymerisation
b) step polymerisation and c) chain polymerisation without termination. The curves may have
different offset on the ordinate axis

further with monomeric units. A fast halogen transfer, with a deactivation rate signi�cantly
exceeding that of the activation rate, guarantees a low concentration of radicals in the system at
any one time. As a result, most of the chains are in a dormant (deactivated) state and therefore
the radical-recombination and chain-termination rates are reduced [146].

The ATRP rate constant depends on the four main variables: temperature, pressure, solvent
[18] and alkyl halide catalyst system, spanning values over 8 orders of magnitude, with the
polymerisation rate primarly affected by the solvent type and the equilibrium between the
dormant alkyl halides ( Pn � Br) and lower oxidation state transition metal complexes ( CuI / L)
on the one hand, and the propagating radical ( P�

n ) and higher-oxidation-state, transition-metal
complexes (X � CuI I / L) on the other.

Ligands in ATRP serve an important function, and their structure and its in�uence on ATRP
reactions have been studied in depth by the group of Matyjaszewski [149]. Ligand reactivity is
affected by the number of N-atoms, ligand topology (branched, cyclic or linear), the nature of
N-atoms (alkyl amine, aromatic amine) and the distance between N-atoms. A number of papers

! "#$%

! &'"#$%

! ()*+, %

! $'-,./ 0%

Figure 1.5: A general reaction scheme for Atom Transfer Radical Polymerisation [30].

10



1.2. Polymers and their Synthesis

can be found in the literature that aim at the optimisation of the catalyst complex for the ATRP
reaction, including high-throughput screening methods, as reported by Zhang et al [198]. In
one example relevant to this work, Magenau et al [122] demonstrated the effects of substituents
on a 2,2'-bipyridine based ligand; electron-donating groups (EDG) such as Me2N and MeO
are capable of speeding up the ATRP reaction signi�cantly (up to 400-fold when compared to
H-substituted ligands), while electron-withdrawing groups e.g. Cl will slow it down.

It is important to note that for the synthesis of monomers containing strongly coordinating
groups such as amines, carboxylates, amides or pyridines (sometimes even carbon-carbon dou-
ble bonds can serve as coordinating group), the halide ligands from the activator-deactivator
complexes can be displaced, leading to a loss of catalytic activity and lack of ATRP reaction.
For such applications, the ligands employed should form highly stable complexes [182].

Finally, ATRP can be performed as one of its modi�ed forms such as reverse ATRP where
the initiation proceeds via radical formation by a conventional initiator (i.e. thermal initi-
ation by AIBN) and not by activation of an alkyl halide which is later recombined with a
CuXMn+ 1/catalyst system or ARGET ATRP, in which the initial components display reduced
air sensitivity [127, 83, 126].

1.2.1 Surface-Initiated ATRP Polymerisation

For the synthesis of polymer brushes from a surface, a surface-tethered growth-initiation-moeity
is the key element [77, 120]. These molecules can comprise vinyl or thermal initiator groups
for conducting surface-initiated free radical polymerization techniques; or, in order to achieve
more sophisticated and better de�ned structures, a handle over the polymerization reaction has
to be mounted on the substrate to enable controlled radical polymerization. For this purpose, a
chain-transfer agent or alkyl halide can be employed at the surface.

In bulk ATRP reactions there is always a fraction of chains that terminate and serve as a source
of Cu(II) deactivator. In the case of surface-grown polymers, even termination of all available
chains would result in Cu(II) concentrations four orders of magnitude lower than that required
for reaction control. The control in SI-ATRP reactions can thus be achieved in two ways, either
by addition of unbound initiator, leading to concurrent polymerisation in solution, or in the
absence of untethered initiator, by the addition of suf�cient amounts of higher-oxidation-state
metal species, as demonstrated by Pakula et al [128].

The reaction kinetics of polymerisation at surfaces and in solution differ primarily with respect
to their reaction order in monomer or initiator concentration, as well as with respect to the
termination reactions [90]. Dense initiator packing or simply higher radical concentration on
a surface tend to increase the reaction kinetics on the surface when compared to the bulk [16],
although lower initiator ef�ciencies are observed above a certain grafting-density threshold
[117, 87]. For a progressing SI-ATRP, there is a risk of gradually loosing dormant chains as
dead chains, caused by radical coupling or disproportionation. Indeed with reaction time, a
build-up of persistent Cu(II) species due to the side reactions of radicals occurs, affecting the
termination rate [86]. For a �xed reaction time the coating thickness is a function of catalyst-
complex concentration. At lower concentrations, a bimolecular termination is suppressed but so
is the reaction rate. At very high complex concentrations, bimolecular termination will exceed
the polymerisation rate, hindering the possibility to attain thick brushes. This leads to an an
optimum complex concentration value that allows for maximising coating thickness.

On an application note, it was found by Kim et al that stirring the reaction media during ATRP
synthesis reduced the coating thickness, presumably due to the higher mobility of radicals and
increased recombination probability [90].
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1. Introduction

1.3 Aim of this study

Reports on lubricating systems comprising hydrophilic polymeric brushes are readily available
in the literature [65, 103, 135, 94]. These describe fabrication protocols as well as tribologi-
cal property evaluations using water, buffer solutions or synovial �uid. The environmentally
friendly character of water-based lubricating systems is of interest, but at the same time their
application is limited in engineering systems, as the vast majority of machines continues to
operate with oil-based lubrication. In 2011, this constituted an annual demand for synthetic lu-
bricants of ca. 35 million tons, with an estimated growth in future years (compared to 505 kilo
tons of bio-based lubricants) [190]. Lubrication with water-based �uids has its limitations with
respect to operational temperature (freezing and evaporation) as well as the risk of corrosion.
Lastly, most water-based lubrication studies have been reported for soft contacts, where contact
pressures are in the range of 1 MPa—far below those of most engineering applications.

This work was oriented towards the development of surface-modi�cation strategies aimed at
reducing friction in non-aqueous, industrially relevant, low-volatility lubricants.

From a mechanical point of view, covering hard sliding surfaces with a soft, elastic polymer
layer, swollen by a lubricant, could act as a lubricating �lm and promote �uid-�lm lubrication
behavior under conditions that would normally prohibit formation of an EHL or hydrodynamic
�uid �lm, as depicted in Figure 1.6. If one is able to prevent the contact of the hard surfaces to
occuring, in a way that the lubricating �lm is continuous e.g by forcing lubricant con�nement
into the contact area, a new lubricating regime could be obtained, within which, the coef�cient
of friction would remain low—even at low sliding speeds.
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Figure 1.6: The concept of the friction reduction ability of oil-compatible polymer brushes. An
increase in coef�cient of friction related to the lubricating �lm rupture occurs as the sliding
speed is reduced for a bare contact (left inset). Low coef�cient of friction can be expected for
systems for which a brush-like coating is applied (right inset), which swollen and compressed
thickness is higher than the surface roughness parameters, enabling continuous separation of
opposing surfaces by a lubricious cushion, even at low speeds.

Within the framework of this study, a series of polymers was to be synthesised and matched
with appropriate lubricants. From the fabrication point of view, various strategies—primarily
based on surface-initiated radical polymerisation reactions—were to be studied and compared
with more readily applicable strategies, such as grafting-to. At the end of the project a better
understanding of what governs ef�cient lubrication was expected to be gained, for systems, on
multiple scales, employing oil-based lubrication of polymer-brush-covered surfaces.
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Chapter 2

Chemicals

2.1 Reagents for BPCS Initiator Synthesis

Dimethylchlorosilane (Aldrich-Fine Chemicals, 98%), 10-undecen-1-ol (Aldrich-Fine Chemicals,
98%), 2-bromo-2-methylpropionyl bromide (Acros Organics, 98%) and chloroplatinic acid hex-
ahydrate (ABCR Deutschland 99.9%) were used for initiator synthesis as received.

2.2 Monomers

Monomers, hexyl methacrylate (Aldrich-Fine Chemicals, 98%), dodecyl methacrylate (Acros
Organics, 96%) and octadecyl methacrylate (TCI Deutschland GmbH, > 95%) were diluted with
pentane and puri�ed from MEHQ inhibitor by passing through an alumina column.

Monomers, penta�uoro styrene (98% ABCR, Germany) was used as received and 3,3,4,4,5,5,-
6,6,7,7,8,8,9,9,10,10,10-Heptadeca�uorodecyl acrylate (97% Sigma-Aldrich, Switzerland) was freed
from the inhibiting molecules by diluting with acetone and passing through a column �lled with
alumina (40 mm diameter, height ca 10 cm of alumina), solvent was removed under reduced
pressure.

2.3 Reagents for ATRP

4,4'-dinonyl-2,2'-bipyridine (Aldrich-Fine Chemicals, 97%), anisole (Acros Organics, 99%) and
copper (II) bromide (Sigma-Aldrich, 99%) were used as received. Copper bromide (Aldrich-
Fine Chemicals, 5N) was puri�ed by overnight washing in glacial acetic acid, washing with
methanol and diethyl ether and drying under vacuum before use.

2.4 Reagents for 'Facile' Grafting

Polymers used for grafting-to protocol: P12MA (poly (dodecyl methacrylate) solution from
Sigma Aldrich (25 wt% in toluene, analytical standard, average Mw 470'000 (Typical), aver-
age Mn 150'000 (Typical)) and PAAm (Poly(allylamine) hydrochloride (molecular weight 14
kDa) were purchased from Sigma Aldrich. The photoactive per�uororphenylazide-N-hydroxy-
succinimide (PFPA-NHS) was kindly donated by SuSoS AG, Switzerland.

The following silanes were used in the SI-FRP study (Section 13.2): 2-methyl-2-propenoic acid
3-(trimethoxysilyl) propyl ester (MAMSE, Aldrich, 98 %), 3-glycidoxypropyltrimethoxy silane
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2.5. Common chemicals

(GPTS, Fluka, purum > 97.0 %) and aminopropyltriethoxysilane (APTES, Sigma Aldrich). Azo-
bisisobutyronitrile (AIBN, Fluka, purum > 98 %), 2, 2'-azobis isobutyramidine (ABAP, Acros
organics, 98 %) and 4, 4'-azobis (4-cyanovaleric acid) (AVCA, Fluka, purum > 98 %) were used
as initiators.

In the Section 13.3 where ARGET ATRP is studied, tin(II)-2-ethylhexanoate was used as a reduc-
ing agent and originated from two sources as indicated in text (Aldrich-Fine Chemicals, 95% or
ABCR, 95%).

2.5 Common chemicals

Other chemicals included: THF ( > 99.8%, Sigma Aldrich,, Switzerland (for P12MA polymeri-
sation using Fe salts)), DMSO (> 99.7% Acros Organics), dimethylformamide, (DMF, > 99.8%,
Sigma Aldrich,, Switzerland), dichloromethane (DCM, > 98% purum, Sigma Aldrich, Switzer-
land), cyclohexanone (> 99.5%, Sigma Aldrich, Switzerland), toluene (> 99.7%, Fluka), ethanol
(absolute, analytical grade, ACS Reag. Ph Eur from Scharlau), methanol (> 99.9%, Sigma
Aldrich), isopropanol (2-Propanol, analytical grade, ACS Reag. Ph Eur, USP from Scharlau),
diethyl ether ( > 99.8% Sigma Aldrich Switzerland), tri�uorotoluene ( > 99% anhydrous, Sigma
Aldrich, Switzerland), silica gel (Silica 60, pore size 60 	A, particle size 43-60mm, Sigma Aldrich),
alumina (Alumina B, act I, EcoChrom TM, MP Biomedicals GmbH Germany), iron salts (iron(II)
bromide (99.999% anhydrous, Sigma Fine Chemicals, Switzerland), iron(III) bromide (98%,
Sigma-Aldrich, Switzerland), N,N,N',N',N”-pentamethyldiethylenetriamine (PMDETA, > 99%,
Sigma Aldrich, Switzerland), bipyridine ( > 99%, Acros Organics), PPh3 (> 98.5% Fluka); chemi-
cals used for nitrodopamine synthesis (dopamine hydrochloride, 3-Hydroxytyramine hydrochlo-
ride, 99%, Acros Organics), sodium nitrite ( > 99.0% purris Fluka), sulphuric acid ( > 99.999%
Aldrich-Fine Chemicals); ethylcloroformate (Fluka, purum > 98 %), pyridine (Merck, p. anal-
ysis) and 1-ethyl-3-(dimethylamionpropyl) carbodiimide (EDAC ABCR-Chemicals, 98 %), 4-
morpholineethanesulfonic acid hydrate (MES hydrate).
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Chapter 3

Synthesis of Initiator Molecules

3.1 Synthesis of 11-(2-bromo-2-methyl-propionyl)-dimethyl- chlorosi-
lane Initiator (BPCS)

The synthesis of the initiator molecules followed a protocol described by Sanjuan et al [160].
To 10.7 ml of 10-undecen-1-ol in 50 ml dry THF (98% Sigma Aldrich), were added 9 ml (60
mmol) triethylamine (99.5% Sigma Aldrich), followed by dropwise addition of a solution of 8.5
ml bromoisobutyrate in 20 ml dry THF. The mixture was stirred under argon for 24 hours and
diluted with 100 ml of hexane (the hexane remains on top), washed twice with 100 ml of 2 M
HCl (42 ml of 37% HCl added to 208 ml H 2O) and 4 times with 100 ml of ultra-pure water. The
organic phase was dried over magnesium sulfate for 60 minutes, and �ltered through paper
prior to concentration at 130 mbar at 40 � C. The un-reacted hydroxyl-terminated ole�ns were
removed by passing through a silica gel 60 column. The colorless oily product was concentrated
under vacuum with rotation, and stored under Ar at 4 � C until needed. In the second reaction
step, 2.54 g of the 10-undecen-1-yl 2-bromo-2-methylpropionate were added to approx. 10 mg
of the platinum catalyst and 7.93 ml of dimethylchlorosilane. The compounds were stirred
under Ar overnight in the dark and then �ltered through a silica plug (funnel stuffed with
cotton, covered with ca 5 mm layer of silica 60 wetted with toluene prior to �ltering in order
to increase this step's yield). The excess of unreacted silane was removed under vacuum. The
synthesis of the end product was con�rmed by 1H NMR. A typical NMR spectra is presented
in Figure 3.1 A.

3.2 Synthesis of 11-(2-bromo-2-methyl-propionyl)-triethoxysilane Ini-
tiator (BPES)

The synthesis of 11-(2-bromo-2-methyl-propionyl)-triethoxysilane molecules were conducted
similarly to the synthesis of it's dimethylchlorosilane analogue — with all steps being exactly
the same up to and including the solvent evaporation after silica column puri�cation step. In
a second step of hydrosylilation, 6.5 g of 10-undecen-1-yl 2-bromo-2-methylpropionate was
added to a 50 ml �ask to which ca 25 mg of H2PtCl6 as catalyst was added under argon and left
under stirring for 15 min. Next, 15 ml of triethoxysilane silane was added dropwise and was
left for 20 under stirring and Ar atmosphere. After this time the grey-coloured solution was
�ltered through a silica plug (as in BPCS synthesis, though the �ltering step occured without
gas formation). An excess of silane was removed under vacuum (ca 1 h). The obtained 1H NMR
of the BPES product in presented in Figure 3.1 B.
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3.2. Synthesis of 11-(2-bromo-2-methyl-propionyl)-triethoxysilane Initiator
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Figure 3.1: Structures and 1H NMR spectra of ATRP initiators in CDCl 3: A) BPCS, B) BPES.
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Chapter 4

Surface Preparation and Functionalisation with
Initiating Molecules

4.1 Cleaning Protocol for Silicon Wafers

Standard cleaning protocol: silicon wafers (P/B <100>, Si-Mat Silicon Wafers, Germany) were
cut into 20x20 mm2 pieces, washed 3 times with 2-isopropanol in a sonication bath, and treated
for 30 minutes in the UV Ozone cleaner (UV/Ozone ProCleaner TM and ProCleanerTM Plus,
BioForce, IA, USA). Alternatively to UV Ozone, and used where mentioned explicitly, wafers
were cleaned for 5 min in freshly prepared Piranha solution (3:7 of H 2O2:H2SO4).

4.2 BPCS Initiator Deposition on Silicon Wafers for SI-ATRP

Cleaned wafers were placed in one beaker (clean faces up) and covered immediately with 20
ml of toluene (freshly opened bottle, not distilled, same producer and purity as other protocols
report), then 100 ml of the initiator was dispensed slowly and symmetrically over the surface of
toluene (10 mM solution of the BPCS initiator in toluene). Solution was covered with aluminium
foil to prevent evaporation and left with gentle stirring for 24 hours incubation. Afterwards
samples were removed from the initiator solution, dipped brie�y in an intermediate (new)
beaker containing fresh toluene and then submitted 5 times to 2 – 3 minutes washes in fresh
toluene. The �nal wash (the 5th) was ended by placing the samples in a ultrasonication bath for
20 seconds. Wafers were then rinsed in a 2-isopropanol bath before �nal drying of the substrates
using nitrogen. Such prepared samples were stored under inert atmosphere until used (stored
in dark in a drawer in a para�lm sealed-box for 7 days at most, however samples still perform
well in the synthesis 30 days after preparation).

The choice of a monofunctional silane was dictated by the lower probability to form a multilayer
silane structure, which may occur for the case of trichloro- or tri- alkoxy silanes. To check the
surface functionalisation, ellipsometry was measured as well as static water contact angle, as
described further.

4.3 BPES- and APTES-Based Layers on Silicon Wafers for SI-ATRP

The alteration of the anchoring groups from monochlorosilane towards triethoxy-based silanes
necessitated a change in surface functionalisation protocols used for BPCS molecules. The
modi�ed protocols are described below.
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4.4. Silane-Based Surface Functionalisation for SI-FRP Experiments

4.3.1 Formation of the APTES-Based Initiating Layers for SI-ATRP

To a beaker containing 20 mL of decalin (distilled and stored over molecular sieves), 2 drops of
CCl4 were added followed by 1 drop of APTES silane. Only after this, wafers were placed in
the solution and left for 15 min, after which samples were rinsed one-by-one with cyclohexane
and dried with N 2 and were placed for another 15 min in the same silane solution. After this
samples were rinsed 3 times with cyclohexanone and dried with a stream of nitrogen. Dry
samples were taken for the second part of functionalisation, they were placed in a clean beaker
containing 50 mL of dichloromethane, to this 1 mL of triethylamine was added under stirring,
and after 5 minutes 1 mL of bromoisobutyrate bromide was added drop-wise. Such solution
was left to react for 2 h, after which wafers were rinsed 5 times with DCM and once with
ethanol prior to drying with nitrogen and placing in a Ar-sealed box (where they were kept
until synthesis).

4.3.2 Formation of the BPES-Based Initiating Layers

The cleaned wafers were placed in 20 ml of dry decalin (distilled and stored over molecular
sieves) which contained 2 drops of CCl 4, 1 drop of the BPES silane was added and the container
was agitated by hand to accelerate the dissolution of the silane. After 15 min, wafers were rinsed
separately with cyclohexane, dried and placed for another 15 min in the same silane solution.
After this time, samples were rinsed with cyclohexane, twice with toluene, once in isopropanol
and dried in stream of nitrogen prior to placing in an Ar-�lled box.

4.4 Silane-Based Surface Functionalisation for SI-FRP Experiments

Piranha-cleaned wafers were immersed in a speci�c silane solution. The time of the incuba-
tion step was varied and is reported for each modi�cation separately. For all cases incubation
proceeded at room temperature. After the incubation step, wafers were washed three times
with toluene, dried with nitrogen and stored at 4 � C in a sealed box in the dark to reduce the
thermally induced degradation of the functionalised substrates.

4.4.1 Preparation of MAMSE Layers

Two alternative preparation variants were studied in this section: short-time incubation consist-
ing of two incubation steps (MAMSE 1) and single-stepped but long-time incubation (MAMSE
2). In detail, MAMSE 1: cleaned wafers were incubated in a 50 mM solution of 2-methyl-2-
propenoic acid 3-(trimethoxysilyl) propyl ester (MAMSE) in toluene for 15 minutes, rinsed with
toluene and incubated in the same silane solution for another 15 minutes, while for MAMSE 2
wafers were placed in a fresh 50 mM MAMSE solution for 15 h of incubation prior to washing
in toluene.

4.4.2 Epoxy-Based Layers: Two-Step Thermal Initiator Layer Formation

Similarly as for MAMSE, wafers followed two types of functionalisations: GPTS 1 and GPTS 2.
In detail, GPTS 1: wafers were incubated in a 50 mM solution of 3-glycidoxypropyl-trimethoxy
silane (GPTS) in toluene for 15 minutes, rinsed with toluene and incubated in the same silane
solution for another 15 min. After washing with toluene, samples were dried and placed in a
clean beaker to which 20 mM solution of 2, 2'-azobis isobutyramidine in ultrapure water was
added and left for 2 hours. Afterwards sample were washed with toluene and ethanol, dried
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4. Surface Preparation and Functionalisation with Initiating Molecules

and stored in cold and dark. In the case of GPTS 2: wafers were placed in a fresh 50 mM
GPTS solution for 15 h of incubation prior to washing in toluene. Later the wafers were placed
in a fresh beaker to which were added 13 mL of acetone, 433 ml of pyridine and 182 mg of
4, 4'-azobis (4-cyanovaleric acid) (AVCA) to set a 20 mM solution. The mixture was left for 2
hours.

4.4.3 APTES-Based Layers: Two-Step Thermal Initiator Layers Formation

APTES-based layers were prepared following 2 adsorption variants; APTES 1: wafers were in-
cubated in a 50 mM solution of APTES in toluene for 15 minutes, rinsed with toluene and
incubated in the same silane solution for another 15 min. After washing with toluene samples
were dried and placed in a clean beaker to which 13 mL of a 20 mM solution of 4, 4'-azobis
(4-cyanovaleric acid) (74 mg) in THF was added, while stirring. This was followed by addi-
tion of 10 ml of triethylamine and drop-wise addition of 62 ml of ethylchloroformate, during
which formation of an insoluble precipitate was observed. This prepared solution was left
for 2 hours at room temperature. APTES 2: cleaned wafers were placed in 15 vol. % solu-
tion of APTES in toluene and left for 16 h under stirring. After washing in toluene the sam-
ples were dried and placed in a beaker containing 25 ml of methanol and 25 ml of 0.05 M
4-morpholineethanesulfonic acid hydrate buffer (pH 5.5) to which 177 ml of EDAC was added,
followed by 141 mg of AVCA . This prepared solution was left for 16 hours.

4.5 Silane-Based Surface Functionalisation for SI-ATRP Experiments
on Mica

After determining the mica thickness by multiple beam interferometry the mica surfaces were
glued onto SFA glass cylinders and activated using a brief argon/H 2O vapour plasma (30 s,
low-power started at 3x10 � 2 mbar, with Ar passing through a water bubbler, Harrick Plasma
Cleaner/Sterilizer, Ossining, NY, USA) [105]. Afterwards, the samples were placed in a 10 mM
BPCS initiator solution for 24 h with gentle stirring. After this time samples were carefully
(risk of mica delamination) rinsed 5 times in toluene, once in isopropanol, dried in a stream of
nitrogen and stored under a N 2 atmosphere until used.

4.6 Nitrodopamine-Based Initiators for Substrates Other Than Sili-
con: Fe-Based and Sapphire

4.6.1 Crucial Ingredient | Nitrodopamine

The nitrodopamine salt was prepared by Dr Torben Gillich according to the following protocol;
dopamine hydrochloride (1.90 g, 10 mmol) and sodium nitrite (1.52 g, 22 mmol) were dissolved
in water (25 mL) and cooled down to 0 � C. Sulfuric acid (17.4 mmol in 10 mL water) was added
slowly to the mixture and a yellow precipitate was formed. After stirring at room temperature
overnight, the precipitate was �ltered and recrystallized from water. The product was dried
under high vacuum to yield nitrodopamine salt.

4.6.2 1st Step - Adsorption of Nitrodopamine

The cleaned samples were incubated overnight in a solution of in-house-synthesized nitrodopamine
(ND), which was stored at -20 � C in 1 ml aliquots in DMF, each containing 2 mg of the salt. Sub-
strates were placed in a clean beaker and covered in a solution made of (1 ml of ND aliquot
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4.6. Nitrodopamine-Based Initiator Functionalisations

and 39 ml ethanol reaching the �nal ND concentration of 50 mg/mL) x volume factor which
is suf�cient for covering all surfaces and provides an evaporation margin (to prevent exposing
dry surfaces in the case of the solution evaporating overnight), typically vol. factor is simply 1
(40 ml total volume). Samples are left for overnight incubation (ca 15-20 hours) under gentle
stirring and covered with tin foil. Afterwards samples are rinsed 5 times with ethanol (each
cycle ca 2-3 minutes) and dried with nitrogen before 2 nd step.

4.6.3 2nd Step - Coupling of the ATRP Initiaing Group

ND-functionalised substrates were placed in a fresh beaker to which 50 ml of DCM and 0.8 mL
triethylamine was added. After ca 5 minutes, 0.8 mL of of 2-bromo isobutyrate bromide was
added dropwise (total addition time ca 10-15 minutes). If the substrates were paramagnetic, the
solution was left for 3 hours under gentle stirring and in other cases under no stirring but with
occasional swirling by hand. After this time the solution typically changes its colour from col-
orless to a light brown–yellow. Afterwards, samples were washed 5 times in DCM with the last
washing comprising of 20 s sonication, followed by brief rinsing with isopropanol (alternatively
ethanol) and drying. Such prepared substrates were kept in nitrogen (or argon) �lled boxes
sealed with para�lm until usage. The entire functionalisation protocol is summarised in Table
4.1.

Table 4.1: Protocol for ATRP-initiator functionalised layers formation, based on a two-step ni-
trodopamine method.

Modi�cation S15P Sapphire Steel/Ni plated Fe2O3

Cleaning • 2x (10 min US in isopropanol and 10 min US
in toluene)

• 30 min UV ozone cleaning
Functonalisation

1st step
24 h incubation in 50 mg/mL solution of ni-
trodopamine (1:39 of DMF:ethanol)

Washing 1st step • 5x rinse ethanol

• 20s US ethanol

• dry with N 2
Functionalisation

2nd step
Coupling: 50 ml dichloromethane, 0.8 ml tri-
ethylamine, dropwise addition of 0.8 ml bromo
isobutyrate bromide, leave stirring for 3.5 hours

Washing 2nd step • 5x rinse DCM

• 20 s US DCM

• rinse with ethanol

• N 2 dry
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4. Surface Preparation and Functionalisation with Initiating Molecules

4.7 Preparation of Rough Substrates

4.7.1 Preparation of an Aluminium Master

Aluminium slabs with a size of 25mm x 75mm x 2mm (Reinalu HH, purity > 99.5%, 2 mm
thickness, Metall Service Menzikon AG, Switzerland) were sandblasted on both sides using
particles (size 0.3-0.42mm) at ca. 4-7 bar. Afterwards, the samples were cleaned in ethanol in
a sonicating bath for 10 minutes and pre-etched in a hot polishing acid solution (80 � C, 776 ml
H3PO4, 165 ml H2SO4 and 60 ml HNO 3) for 10 s and later for 3 minutes in boiling water. Sam-
ples were installed on the arm of the linear motion drive with a programmable displacement
according to the function: s(t) = s0 + a � (t � u)b. Where t is time in seconds varied from 0 to
2400,s0 = 0, a = 0.1633 and b = 0.5 (such parameters were used to generate gradients of 8 mm
in length, for a gradient of 12 mm in length b = 0.5 and a = 0.2449 was set). Between the alu-
minum sample (anode) and a counter (Pt) electrode a potential difference of 6.0 V was applied
afterwards, samples were immersed in the hot acids solution according to the s(t) function, and
upon completion of the immersion cycle samples were placed in boiling water for few minutes,
rinsed with water again and dried.

4.7.2 Formation of Polymeric Moulds (Negatives)

Poly(vinylsiloxane) (PVS) green setting resin (PROVIL novo light, Heraeus-Kulzer, Switzerland)
was poured over aluminium masters to cover them completely and to form a compact mould
that later can serve as a negative for casting of a ceramic slurry. The polymer was left to set for
ca. 2.5 minutes prior to detachment from the samples.

4.7.3 Formation of Sintered Replicas

Alumina 150 mg of an Al2O3 CERALOX powder with 200 nm size particles was added to
27.22 ml of water and 1.21 ml of 4N HCl under stirring, followed by the addition of 70 mg
of NH 4Cl. This yields a solids loading of ca. 57%. This suspension, of which 162.22 g was
recovered, was taken for mixing with 300 g of milling balls for 18 hours. Afterwards, the slurry,
enriched with 1 ml of octanol to reduce surface energy, was left under vacuum for 60 min to
remove entrapped air. The prepared solution was cast over the silicone negatives, covered with
�at PVS lids and left for 3 days for drying prior to sintering. Sintering was conducted at 1500 � C
for 4 hours (heating and cooling down rate 5 � C/min).

Silica A pre-made commercial silica slurry with particle size of 1-3 mm was supplied by Urs
Gonzenbach (NONMET Group of ETH Z ürich). This was poured over negatives, dried for 3
days and sintered at 1150� C for 6 hours in order to prepare sintered SiO 2 samples.
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Chapter 5

Standard Protocols for Polymeric Coating
Formation

5.1 SI-ATRP of Poly (Alkyl Methacrylates) on Silicon Wafers

Polymerisation reactions were carried out in an oxygen-free Schlenk line under argon. Monomers
were mixed with anisole in the ratio of 9:1, dNbpy was added and the �ask plugged with a rub-
ber septum. After a complete dissolution of the ligand, the solution underwent 4 freeze-pump-
thaw cycles, to be later transferred to a second oxygen-free �ask containing copper bromides.
The solution containing copper salts and monomer mixture was stirred for 5 minutes in a hot
oil bath to achieve a dark-brown homogeneous mixture, which was later transferred with a
oxygen-free syringe to Schlenk tubes that contained initiator-functionalised samples. For the
polymerisation results presented below, the monomer:ligand:copper (I) bromide molar ratio
was maintained constant for all polymers at 150:1.6:1. The reactions were carried out at 110� C
under Ar and quenched by opening to air and addition of toluene to dilute the reaction mixture.
Typical reaction compositions for P6MA, P12MA and P18MA synthesis are presented in Tables
5.1, 5.2 and 5.3 respectively.

Table 5.1: Typical reaction composition for the SI-ATRP of poly (hexyl methacrylate) (P6MA)
on silicon wafers. The monomer:ligand:CuBr ratio is ca 150:1.6:1.

Function Reagent Volume [mL] Mass [mg] n [mmol] Concentr. [mM] M w

Monomer 6MA 19 16'815 98.77 4678.41 170.25
Solvent anisole 2.1 n.a. n.a. n.a. n.a.

Activator CuBr n.a. 94 0.66 31.04 143.45
Deactivator CuBr2 n.a. 23 0.10 4.88 223.37

Ligand dNbpy n.a. 425 1.04 49.26 408.66

Afterwards, samples were rinsed thoroughly with toluene and a 0.1 M solution of Na 2EDTA
was added to remove the remaining bromide moieties, followed by another toluene-washing
step.

5.2 Start-Stop-Start ATRP Synthesis

This reaction type was performed as a means to verify the possibility of fabricating block-
copolymer brushes, of potentially different composition, achieved by addition of crosslinking
molecules or a different monomer. The core difference between standard SI-ATRP lies in the
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5. Standard Protocols for Polymeric Coating Formation

Table 5.2: Typical reaction composition for the SI-ATRP poly (dodecyl methacrylate) (P12MA)
on silicon wafers and non Fe-based substrates. The monomer:ligand:CuBr ratio is ca 150:1.6:1.

Function Reagent Volume [mL] Mass [mg] n [mmol] Concentr. [mM] M w

Monomer 12MA 19 16'549 65.05 3082.7 254.42
Solvent anisole 2.1 n.a. n.a. n.a. n.a.

Activator CuBr n.a. 62 0.43 20.5 143.45
Deactivator CuBr2 n.a. 15 0.07 3.2 223.37

Ligand dNbpy n.a. 280 0.69 32.5 408.66

Table 5.3: Typical reaction composition for the SI-ATRP poly (octadecyl methacrylate) (P18MA)
on silicon wafers. The monomer:ligand:CuBr ratio is ca 155:1.6:1.

Function Reagent Volume [mL] Mass [mg] n [mmol] Concentr. [mM] M w

Monomer 18MA 18.9 16'329 49.79 2370.73 328
Solvent anisole 2.1 n.a. n.a. n.a. n.a.

Activator CuBr n.a. 46 0.32 15.3 143.45
Deactivator CuBr2 n.a. 11 0.05 2.35 223.37

Ligand dNbpy n.a. 208 0.51 24.24 408.66

way it is quenched. For the purpose of preservation of the maximal number of dormant chains
(capped with Br but potentially useful for polymer growth, in contrast to dead chains which can-
not be reinitiated) the reaction instead of opening to air and quenching with toluene — which
enhances the chance of oxidation and permanent chain termination — was stopped by adding
a deoxygenated solution containing excess of CuBr2, and dNbpy ligand in toluene (typically in
a ratio 5 mL of quenching solution for every 5 mL of polymerisation mixture). In this way the
red-ox equilibrium was shifted to its dormant state. Only 15 min after addition of such solution,
the reaction was open to ambient and diluted with toluene.

To verify the restartablepolymerisation concept as a means to prepare block-structured brushes
an interrupted synthesis experiment was performed as follows: a three step synthesis (prepa-
ration of a tri-block) was intended, after each step the polymer thickness was measured and
three variants of samples were studied (see Figure 14.7 A). In the �rst case, the polymerisation
reaction was quenched by inducing a dormant state of growing chains, achieved by addition
of a deoxygenated CuBr2 solution and stirring for 15 min prior to opening the atmosphere and
washing. In the second case, the polymerisation reaction was quenched by a simple dilution
with cold toluene and opening to ambient atmosphere ('air quenched'). Finally, the quenched
scenarios were compared with samples that were polymerised without interruption and only
removed after 45, 90 and 135 minutes of reaction.

The quenching solution contained 160 mg of dNbpy ligand, 1.6 g of CuBr 2 dissolved in 40 ml
of toluene. Before injecting into the polymerising media it underwent 4 freeze-thaw cycles in
order to remove oxygen.

5.3 Free-Radical Polymerisation Brush Fabrication Protocols

Typically, a monomer and solvent solution (alternatively with added thermal initiator) was
deoxygenated with 4 freeze-pump-thaw cycles using argon (alternatively nitrogen) to back�ll
the �ask volume after thawing the solution. Afterwards, approximately 4 ml of the solution
was transferred to a single, oxygen-free Schlenk tube containing a functionalised wafer, which
was later placed in an oil bath at a set temperature to initiate the polymerisation reaction. After
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5.4. Surface-Initiated Oxygen-TolerantARGET ATRP Synthesis

the desired reaction time the polymerisation was quenched by opening to air and addition of
toluene. Removed wafers were further washed four times with toluene and rinsed with ethanol.

The following reaction compositions have been used in this work:

Table 5.4: Typical reaction for the SI-FRP with silicon wafers functionalised with MAMSE
silanes. AIBN used as initiator [I], dodecyl methacrylate as monomer [M] and toluene as a
solvent.

Run [M ]/ [I ] Solvent vol. % Time [h] Temp. [� C]
MAMSE 1 R1 100 90 72 65
MAMSE 2 R2 100 50 72 65
MAMSE 2 R3 250 50 72 65

Table 5.5: Typical reaction for the SI-FRP with silicon wafers functionalised with GPTS silanes.
AIBN used as initiator [I], dodecyl methacrylate as monomer [M] and toluene as a solvent. none
means that no unbound initiator was added to solution.

Run [M ]/ [I ] Solvent vol. % Time [h] Temp. [� C]
GPTS 1 R4 none 90 72 65
GPTS 1 R5 100 70 69 65
GPTS 2 R6 100 70 72 65
GPTS 2 R7 none 70 72 65

Table 5.6: Typical reaction composition for the SI-FRP with silicon wafers functionalised with
APTES silanes. AIBN used as initiator [I], dodecyl methacrylate as monomer [M] and as a
solvent toluene was used (alternatively anisole where symbol '†' is added).

Run [M ]/ [I ] Solvent vol. % Time [h] Temp. [� C]
APTES 1 R8 100 70 69 65
APTES 1 R9 none 70 69 65

APTES 2 R10† none 70 4 110

5.4 Surface-Initiated Oxygen-Tolerant ARGET ATRP Synthesis

ARGET ATRP polymerisation reactions were carried out using only CuBr 2 and never Fe-based
salts, irrespectively of the substrate type. In order to obtain a well-de�ned (limited) amount of
air in contact with the solution, before adding any liquid reagents, the initiator-functionalised
wafer is placed in a reaction �ask (20 mL Schlenk tube, small 5 ml round-bottom �ask or a 20
ml �at bottom vial) which is then sealed with a rubber septum.

The solid reagents, CuBr2 (5 mg, 0.022 mmol) and 4,4'-Dinonyl-2,2'-bipyridine (44 mg, 0.11
mmol), were added to a 100 mL �ask connected to a Schlenk. Afterwards the air was removed
by applying three cycles of vacuum and back�lling with nitrogen—this was done to attain
control over the ratio of oxygen and reducing agent present in the system. The vacuum is
pumped each time for at least 2 minutes. Further 19 mL of inhibitor-free monomer (dodecyl
methacrylate) was added to a sealed �ask (simply by syringe from the monomer bottle) and
vigorously stirred at 110 � C for at least 5 minutes until the mixture appears light purple and
the ligand is completely dissolved. In order to ease the injection of the viscous reducing agent
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5. Standard Protocols for Polymeric Coating Formation

(Sn(ethyl hexanoate)2 1.4 mL, 4.34 mmol) into the sealed reaction �ask, it is diluted with 2.3 mL
of ultra dry anisole (99.7% anhydrous, Sigma-Aldrich) in a separate glass container (unsealed).
The reducing agent-solvent solution is then injected into the hot mixture of monomer, CuBr 2

and ligand, and at this moment the complete reacting mixture is obtained. After 5 (maximum!)
minutes of vigorous stirring at 110 � C, the desired volume of light yellow-brown liquid solution
is then transferred into the closed reaction �ask containing initiator-functionalised wafers.

There are two variants of how the reaction was carried out: with air-�lled (more simple)
or with nitrogen-�lled (requires atmosphere exchange by cycling vacuum-nitrogen) substrate-
containing �asks. If the reaction �ask is not connected with the Schlenk line, an empty balloon
is connected with the �ask, which is able to expand and accommodate additional gas volume
without allowing additional air into the �ask.

Important remarks to this protocol:

1. All liquid transfer is carried out with oxygenated syringes (just removed from package)

2. If the reaction is carried out in reaction �asks connected with the Schlenk line, the wafers
undergo the vacuum-nitrogen cycles in order to provide an inert atmosphere during the
further reaction. In this case, no empty balloon is needed to accommodate overpressure.

3. When working with �at bottom reaction glasses, better coating homogeneity is obtained
if the wafers are placed up-side down, this means with the functionalized area pointing
to the bottom of the reacting glass.

5.5 SI-ATRP of Poly(Alkyl Methacrylates) on Fe-Based Substrates

Tetrahydrofuran as solvent, triphenylposphine as ligand and monomer were added to �ask
(1) and underwent 4 freeze-thaw-freeze cycles. In the �ask (2) iron salts were cycled between
nitrogen (argon) and vacuum. After degassing the solution, the content from �ask (1) was
transferred with nitrogen (argon) purged syringe to the �ask (2) and placed in an oil bath at
110� C under stirring for 10 minutes to achieve a homogenous intense orange solution. This
solution was transferred with a nitrogen (argon) purged syringe to oxygen-free containers with
initiator-functionalised samples. Flasks containing samples were immersed in an oil bath at
110� C and the reaction time was measured from this point. A typical reaction composition is
presented in Table 5.7

Table 5.7: Typical reaction composition for the SI-ATRP of P12MA on iron-based substrates.

Function Reagent Volume [mL] Mass [mg] n [mmol] Concentr. [mM] M w

Monomer 12MA 28 24'388 95.86 3081.13 254.42
Solvent THF 3.1 n.a. n.a. n.a. n.a.

Activator FeBr2 n.a. 70 0.32 10.43 215.65
Deactivator FeBr3 n.a. 10 0.03 1.09 295.55

Ligand Ph3P 260 0.99 31.86 262.29

5.6 Grafting-to of Polymeric Coatings

The schematic of this surface modi�cation is presented on page 62.

26



5.6. Grafting-to of Polymeric Coatings

5.6.1 Adhesion Promoter Preparation

The azide-containing adhesion promoter (PAAm-PFPA) was produced by dissolving 12.66 mg
poly (allylamine) hydrochloride in 2.53 ml MilliQ TM water, to which 31.64 mg potassium carbon-
ate was added, followed by heating to boiling to ensure a complete dissolution of the polymer.
Separately, 11.24 mg PFPA-NHS was mixed with 2.6 ml ethanol and sonicated for 5 min. After-
wards, the PFPA solution was added to the PAAm solution. The mixture was stirred overnight
and shielded from light with aluminium foil (photocoupling agents are highly sensitive to light
and should be used within one week).

5.6.2 Surface-Functionalisation with Adhesion Promoter

Silicon wafers were washed with toluene and isopropanol (each 2 times for 10 min in ultra-
sound bath) and blown dry with nitrogen, followed by 30 min in an ozone cleaner (UV/Ozone
ProCleanerTM and ProCleanerTM Plus, BioForce, IA, USA). Such pre-cleaned wafers were in-
cubated for 30 minutes in a 0.1 mg/ml solution of the PAAm-PFPA adhesion promoter in a
HEPES 1 / ethanol (2:3 ratio). Afterwards, samples were rinsed �rst with a fresh HEPES 1/
ethanol solution, followed by rinsing with ultrapure MilliQ TM water. After adsorption of the
adhesion promoter, samples were stored in the dark.

5.6.3 Spin Coating and Curing of P12MA

A solution of P12MA in toluene was spin-coated (4000 rpm, ca 150 mL of polymer solution,
30 s, using Fairchild Technologies GmbH, Germany spin-coater equipped with COROS OP15
controller, Siemens, Germany) onto the adhesion-promoter-functionalised surfaces. The spin-
coated �lms were irradiated with UV light ( l =254 nm) for 2 min at ca. 0.8 mW/cm 2. After UV
curing, samples were washed multiple times with toluene (including an overnight incubation)
in order to remove uncoupled polymer chains.
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Chapter 6

Atomic Force Microscopy (AFM) and Lateral
Force Microscopy (LFM)

All pull-off (adhesive) and lateral (friction) forces were measured on the nanoscale with an MFP-
3D atomic force microscope (AFM) (Asylum Research, Santa Barbara, CA). The measurements
were carried out in n-hexadecane (to simulate an oil-like medium) and ethanol media. Colloidal
probes [46] were prepared by mounting SiO 2 (silica) colloidal spheres (Kromasil, Brewster, NY,
diameter = 15 � 0.5mm) onto tipless silicon cantilevers (MICROMASH, San Jose, CA) by means
of a UV-curable adhesive. The normal stiffness (0.139, 0.17, 0.246, 0.342N/ m) of the cantilevers
was found by means of the thermal-tuning technique, incorporated into the AFM software. Pull-
off and lateral forces were measured through de�ection of a laser beam on the position-sensitive
photodiode (PSPD). Normal and lateral sensitivities were used to convert the PSPD generated
signal (in volts) into Newtons for normal- and lateral-force measurements, respectively. The nor-
mal sensitivity of the colloidal probe was measured by determining the slope of the curve when
a colloidal probe is pressed against a hard (SiO2) surface. Lateral sensitivity was determined by
pressing the colloidal probe laterally against a large hard sphere and measuring the de�ection
of the cantilever, as proposed by Cannara et al [34]. The frictional response reported here for
each load is the average of 20-30 line scans of 5mm at a minimum of 3 different locations. The
friction force for each scan is calculated by averaging the forward and reverse friction forces as
( f riction f orce f orward� f riction f orce reverse)

2 .

The swelling ratios of the polymer brushes were obtained from step-height measurements of in-
tentionally scratched coatings. Step measurement was performed under very low forces (2 nN)
using highly sensitive 40 mm long low-stiffness cantilevers in tapping mode (BL-AC40TS-C2,
OLYMPUS, Japan, k = 0.09 N/ m, f = 110 kHz in air, tip radius 10 nm). Samples were mea-
sured under ambient conditions (dry state), immersed in ethanol and immersed in hexadecane.
Values of at least 10 different step-pro�les were averaged. The swelling ratio was calculated as
the step height under a given liquid divided by a value measured in dry state.
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Chapter 7

Surface Chemical Characterisation

7.1 X-Ray Photoelectron Spectroscopy

The aim of the supplementary XPS measurements was to analyse and compare the chemical
composition of the initiator-functionalised surfaces, prior to synthesis of the polymers. With
help of XPS it was possible to estimate the packing densities of the initiator layers formed on
iron oxide substrates.

The XPS analysis was performed using the VG Theta Probe (Thermo Fisher Scienti�c, East
Grinstead, UK) spectrometer (a detailed description can be found in [123]). The spectra were
acquired using the monochromatic Al K a source with a beam size of 300 mm in the constant-
analyzer-energy (CAE) mode. A pass energy (PE) of 100 eV and a step size of 0.1 eV (FWHM
for silver Ag 3d5/2 = 0.88 eV) was used to acquire the hight-resolution spectra. A PE of 200 eV
with a step size of 1 eV was used for the survey spectra. The angle-resolved mode spectra (16
emission angles) were acquired using a pass energy (PE) of 150 eV (FWHM for silver Ag 3d5/2
= 1.15 eV). The overlayer thickness of the iron oxide samples has been calculated considering
the attenuation of the iron Fe 2p3/2 signal at two different emission angles (25 � and 66� ). The
inelastic mean free path, l , was calculated using the Seah and Dench formula [164].

Two samples types for Si-based substrates were analysed (bare and BPCS initiator function-
alized) and three samples for Fe-based substrates (bare, with nitrodopamine and with ni-
trodopamine coupled to an initiator molecule) were analyzed in standard (3 points per sample)
and angle-resolved mode (1 point per sample). Two independent series of samples (number 1
and 2) were analyzed for a total of 10 samples.

7.2 Fourier-Transform Infrared Spectroscopy

The data was obtained in transmission mode on a Bruker IFS 66v IR, with a liquid-nitrogen-
cooled MCT detector. The �lm thickness for all coatings analysed in FTIR was ca 120 nm.
Collected spectra were baseline corrected and normalised with respect to the peak found at
around 1730 cm� 1 — characteristic for C = O vibration stretching and typical of esters.
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Chapter 8

Surface Wettability and Ellipsometric
Characterisation

8.1 Ellipsometry

A variable-angle spectroscopic ellipsometer (VASE) (M-2000F, LOT Oriel GmbH, Darmstadt,
Germany) was used to determine the reaction kinetics non-destructively, via the dry thickness
of the surface-bound polymers. The ellipsometric measurement was collected at three different
angles of incidence 65� , 70� and 75� , and the incident wavelength was varied between 995 and
370 nm. The obtained thickness values are a result of a �t to a three-layer model: Si jell / SiO 2

/ Cauchy, de�ned in the WVASE32 software (LOT Oriel GmbH, Darmstadt, Germany).

8.2 Contact-Angle Measurements

Contact angle measurements were conducted with a static sessile drop method using NRL C.A.
Goniometer, model 100-00-230 from Raḿehart inc., USA or a dynamic (Drop Shape Analyzer
included in DSA3 software from Kr üss, Germany) setup. In the static method left and right
contact angles formed between a ultra-pure water drop and the substrate were �tted by hand,
and the values were averaged over several measurement points.

The calculation of the surface free energy (SFE ors) was based on the OWRK (Owens, Wendt,
Rabel, and Kaelble) method [143, 188], obtained upon �tting of the m and b parameters of the
equation 8.1 after measuring the liquid surface tensions of ethylene glycol, water and ethyl
acetate (pendant-drop method) and their contact angles q on studied substrates.
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Chapter 9

Surface Forces Apparatus and Nanoindentation

9.1 Surface Forces Apparatus

Surface-force isotherms [81, 177, 80] were obtained using an extended surface forces appara-
tus (eSFA)—a modi�ed version of the Mk 3 SFA (Surforce, Santa Barbara, CA), with attach-
ments to improve the accuracy, resolution, mechanical drift, thermal stability, imaging and
essential automation of the instrument; these modi�cations are described in detail in the litera-
ture [68, 69]. A spring constant of 1921� 88 N m� 1 has been used in this work. The transmitted
interference spectrum consists of fringes of equal chromatic order that are analyzed by fast-
spectral-correlation interferometry [68] to evaluate the gap distance and the refractive index
simultaneously. The accuracy of the distance measurements is typically � 30 pm.

Thin mica sheets were prepared by manually cleaving ruby mica of optical quality Grade 1 (S&J
Trading, Inc. NY, USA) in a class-100 laminar-�ow cabinet. Uniformly thick (2-5.5 mm) mica
sheets of size 8 mm x 8 mm were cut using surgical scissors, to avoid possible contamination
with nanoparticles [70]. A silver �lm of 40 nm thickness was thermally evaporated onto mica
sheets in vacuum (2 �10� 6 mbar). The silver-coated mica sheets were glued onto cylindrical
lenses using an optical glue (NOA 81). The samples were then immediately inserted into the
sealed extended Surface Forces Apparatus (eSFA), the �uid cell purged with dry nitrogen, and
the mica thickness determined by means of thin-�lm interferometry in mica-mica contact. The
brush-coated surface (see Section 4.5) was placed back in the eSFA and the point of closest
approach (PCA) re-adjusted with a precision of � 1 mm in the lateral direction. The eSFA
was either �lled with toluene or a droplet of hexadecane or oil EO500 was placed between
the surfaces to measure the normal surface forces at constant approach and separation speeds
(ranging from 0.3 nm s � 1 to 20 nm s� 1) and constant temperature (295� 0.1 K). Prior to the
exchange of the solvent, the surfaces were thoroughly rinsed with toluene and dried with N 2

(�ve times), placed back into the eSFA and the PCA was re-adjusted if necessary

9.2 Nanoindentation

A low-force MFP NanoIndenter Module (spring constant 12118 N m � 1, displacement resolu-
tion 0.3 nm) for the Asylum MFP-3D TM AFM was used for the nanoindentation measurements.
Diffraction-limited optics with adjustable focus, depth of �eld, saturation and gamma provide
high-resolution optical imaging of tip and sample from a 20 degree angle. Micrometers on
three axes allow adjustment of focus and viewing position. A spherical sapphire indenter with
a radius of 500 mm was used for all the experiments. The samples were stuck with tape to 12.7
mm SEM stubs, which were clamped to the sample holder. The indenter was approached to
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9. Surface Forces Apparatus and Nanoindentation

the surface at 200 nm/s; indentation was performed at a selected loading rate ranging from 2
nm s� 1 to 1 mm s� 1 and the indentation depth was varied between 20 nm and 500 nm. Before
separation, the sample was allowed to relax for a maximum of 120 s. In the nanoindentation
experiments polymer brushes with different heights (from 29 nm to 334 nm) grafted from SiO 2

wafers were wetted with hexadecane. Reference measurements were performed with bare SiO2

wafer in hexadecane. Experiments with the highly viscous oil could not be performed as the
equilibration time was so long that the results were affected by an instrumental drift. Experi-
ments in toluene were not performed because the solvent evaporated during the experiment.
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Chapter 10

Tribological Experiments

10.1 Nanotribometer

Tribological studies were performed with a NTR2 tribometer (CSM Instruments, Peseux, Switzer-
land) in a ball-on-disc con�guration. For the purpose of friction measurement, the lateral dis-
placement is detected via capacitance measurements, and converted to a lateral-force signal.
The normal force is applied via a piezo-actuator controlled within a servo loop. In this arrange-
ment, the capacitive sensor allows the actual normal force to be continuously monitored and
compared with the nominal force, any discrepancies being immediately corrected by means of
piezoelectric-based cantilever-height adjustment. The relative nominal amplitude of the load
error remained below 0.05 %. This approach to normal-force control allows the uncertainty
parameter related to variable contact pressure to be essentially eliminated. Note that during
the tribological test, the coef�cient of friction is calculated as the ratio of the values of current
lateral force and current normal load (i.e. assuming Amontons' law to hold).

The machine was used with two modules: rotating and linear reciprocating, both provided by
CSM Instruments.

10.1.1 Rotative Module

Tests carried out in a rotating reciprocating mode were performed over an arc of 240 � rotation
amplitude and with the speed changing sinusoidally. Such a reciprocating con�guration has
several advantages: a) it is bidirectional, and thus the systematic error related to the misalign-
ment of the samples is eliminated [163], b) any error related to frictional-force drift can be
easily eliminated by subtracting measured friction values recorded during clockwise and coun-
terclockwise motion (as shown in the Figure 10.1), c) the sinusoidal motion allows the friction
to be measured as a function of both speed and direction.

Stribeck-like curves which are presented in Chapter 12 were collected at constant load, starting
at high sliding speed (5 cm/s), then moving to successively lower sliding speeds, through the
lowest sliding speed (0.01 cm/s), after which the sliding speeds were increased again, back to
the highest sliding speed (5 cm/s). At least 20 cycles were completed at each speed. After each
set of measurements at a given speed, the tribometer was stopped, and the load removed and
reapplied before commencing sliding at another sliding-speed value.

The sliding-speed values reported when using rotative module relate to the maximal values
attained within the (sinusoidal) reciprocating cycle.

For the purposes of data analysis, at each sliding speed V and for each reciprocating cycle Cv,
data points were sorted into separate matrices for clockwise (CW) M cv+ and counterclockwise
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10. Tribological Experiments

(CCW) M cv� motion. Within each such matrix, only the centrally located 30 % of data points
(for which the actual sliding speed varied between 90 % and 100 % of the maximal nominal
sliding speed) were used and averaged separately.

In the case of stability studies, the coef�cient of friction is presented for each cycle separately, in
order to enable precise tracking of its variation. For a single cycle the value was obtained from
equation 10.1 if COF( i)CW > 0 and COF( i)CWW < 0 and from equation 10.2 for other cases.
The error bars in the stability studies correspond to the standard deviations of the coef�cient
of friction values that were included in the averaging process. For stability tests, 3 or more
curves were obtained for each sample-testing variant (2 if the data reproducibility was clear,
some additional data is given in the Appendix).

COF( i) =
j COF( i)CW j + j COF( i)CCW j

2
(10.1)

COF( i) =
j COF( i)CW � COF( i)CCW j

2
(10.2)
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Figure 10.1: A plot of frictional data collected in a nanotribometer using reciprocating rotative
motion; the averaged COF values from the clockwise direction of motion CW (yellow), the
averaged COF values from the counter-clockwise direction of motion CCW (blue), middle value
of the CW and CCW values (gray) as well as the calculated COF are plotted. A clear drift of the
raw data values is visible, however when the drift for CW and CCW motion is accounted for
the resulting COF remains stable.

10.1.2 Linear Module

When using this module one can bene�t from a constant speed as the displacement is a triangu-
lar function of time: as the speed is constant across the entire sliding track the number of data
points collected during sliding was broadened to 80%.
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10.2. Triboscopy

All tests were carried out in linear reciprocating mode (constant speed between direction changes,
i.e. triangle wave in displacement) with an amplitude of 1 mm (i.e. 1 cycle covering a total of 4
mm). In tests, reported in Section 13.1, a load of 20 mN was applied (yielding maximal Hertzian
contact pressure of ca 170 MPa, as calculated for bare-bare contact); for endurance testing, a con-
stant speed of 0.1 cm/s was used. Stribeck-like curves were collected at constant load, starting
at high sliding speed (4 cm/s), then moving to successively lower sliding speeds, through the
lowest sliding speed (0.01 cm/s), after which the sliding speeds were increased again, back to
the highest values. 30 cycles were performed at each speed and the COF (calculated as lateral
force/normal force) was averaged over the last 20 cycles (due to a certain 'run-in' period for
the tribometer, before the set amplitude is reached). After each set of measurements at a given
speed, the tribometer was stopped, and the load removed and reapplied before commencing
sliding at another sliding-speed value.

10.2 Triboscopy

Coef�cient-of-friction maps plotted as a function of position along the wear-track arc and sliding
distance can be useful to identify the degradation mechanism of the polymer coating. This type
of triboscopydiagram has been demonstrated by Belin as a useful tool to monitor degradation
of thin coatings [17]. The triboscopy images contained in this thesis display COF values that
are an average of the values measured during the clockwise and counterclockwise movement
at any given point on the sample.
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Figure 10.2: Acquisition of triboscopic data in a rotative module: a) the speed is varying as a
sinusoidal function as f(t) along a sliding arc of radius R and angular range a. At the turning
points the speed is 0 and in the center (angle 0� ) the speed reaches its maximum. b) The
two possible coef�cient-of-friction representations: COF plotting against an angular position or
against sliding speed. When the linear module is used in the triangular mode speed is constant,
thus a simple image of distance vs position at sliding track is presented.
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10. Tribological Experiments

10.3 Lubricating Fluids

In addition to ethanol (kinematic viscosity ca. 1.52 cSt), toluene (kinematic viscosity ca. 0.68
cSt) and hexadecane (kinematic viscosity ca. 4 cSt), commercial, additive-free lubricating �uids
characterised by kinematic viscosities ranging from 36 to 2200 cSt at 20� C and of two general
types were used (petroleum fractions PF and ester oils EO, listed in Table 10.1). Before starting
tribological experiments, a few drops of lubricant were deposited on a disc, so as to cover the
entire intended sliding track, after which a ball was brought close to the surface, allowing a
meniscus to be established. Such evenly wetted samples were allowed to equilibrate with the
solvent for 10 minutes prior to the application of contact pressure.

Table 10.1: Viscosity values and sources of the oils used in this project.

Name Kinematic viscosity at
20� [cSt]

Origin Common name

PF36 36 Brenntag AG, Switzerland Vaseline Oil
PF350 350 ENI Suisse SA, Switzerland Neutral Oil
PF950 950 Motorex AG / Brenntag AG 85% Brightstock,

15% Vaseline oil
PF2200 2200 Motorex AG, Switzerland Brightstock
EO500 500 Erbslöh AG (Croda, Uniquema) Polyol ester
EO1000 1000 Erbslöh AG (Croda, Uniquema) Polyol ester
EO1300 1300 Erbslöh AG (Croda, Uniquema) Polyol ester
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Part III

Design and synthesis of oil-compatible
polymer brushes
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Chapter 11

Synthesis, Characterisation and Nanoscale
Frictional Tests

In the following section, the choice and motivation for the selection of alkyl methacrylates as
monomers are described. Further, polymerisation kinetics, which are measured via dry coating
thickness, and coating chemical characterisation with FTIR are included. Finally the coatings'
lubricious properties studied on the nanoscale, at which an insigni�cant amount of wear is
expected, is described, in the presence of ethanol and hexadecane used as model lubricants.

This work contained in this section has been published in 2012 in Tribology Letters [21]. The
major part of the work has been carried out by myself, however, important input was received
from three co-authors of the paper; Dr Edmondo Benetti in the �eld of initiator and polymer
synthesis, Dr Deepak Kumar who helped with the lateral force microscopy and pull-off force
measurements, and Prof. Nicholas Spencer who gave us valuable guidelines for working direc-
tions and who patiently nurtured the manuscript until submission.

11.1 Introduction

The use of surface-grafted polymers to enhance lubricity has been reported extensively in the
presence of aqueous [159, 107, 95, 11] lubricants, but sparsely [174, 96] for non-aqueous (i.e. oil)
systems. The combination of a polymer brush with an oil has the potential to combine the ex-
cellent boundary-lubrication properties of brushes with the rheological and high-temperature
advantages of oil. Hydrophobic polymer brushes under oil can provide a thick, soft, swollen
polymer layer that prevents asperity-asperity contact between the mating surfaces. In this sit-
uation, a low-shear-strength plane at the contact zone is expected [92]. A covalently tethered
polymer brush, when immersed in a good solvent for the polymer, will effectively become a soft
reservoir of lubricant. The use of polymethacrylate-based viscosity-index improvers as friction-
reducing oil additives has been studied by Fan et al [51]. They concluded that the friction-
reducing effect occurs particularly for polymers containing blocks of surface-active monomers
in their structures, which lead to the formation of a 'brush-like' �lm on the surface. Such a
polymeric layer was found to support load and separate the opposing surfaces – even under
stationary conditions.

While there have been several recent reports of the use of 'grafting-from' to place molecu-
lar brushes containing long side chains on surfaces, most of these have involved oligo or
poly(ethylene glycol) (OEG or PEG) polymethacrylates. These layers have found interesting ap-
plications in aqueous systems and in particular for the design of biological platforms [102, 184].
Very few reports exist in the literature of the surface-initiated polymerization of hydropho-
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11.2. Experimental Procedures

bic polymers based on longer-chain alkyl methacrylates (6-20 side carbons) to form molecular
brushes.

The hydrophobic polymers with long alkyl side chains have found several applications in bulk
or solution systems as elastomers and surfactants, however their use to modify the physico-
chemical properties of surfaces and materials has been rather rare (except for a recent report on
SI-ATRP [144] of lauryl acrylate). Such polymers present intriguing properties, such as crystal-
lizable side chains and low melting points and glass-transition temperatures, which make them
interesting candidates as surface modi�ers for materials designed for contact with non-polar
media.

The preparation of poly(octadecyl- dodecyl- and hexyl- methacrylates) in solution has been
reported, by free-radical polymerization [192], and, more recently, along with poly(dodecyl
acrylate) [111, 15] and poly(octadecyl methacrylate) copolymers [151, 137] by living atom trans-
fer radical polymerization (ATRP). In the present study, surface-initiated atom-transfer radical
polymerization reactions have been carried out as a means to grafting these methacrylate poly-
mers onto surfaces in the form of brushes — previously only carried out for poly(dodecyl
acrylate)[144]. In the frame of this thesis and as a focal point of this chapter the synthesis
of alkyl-chain-substituted polymethacrylate brush systems: octadecyl- (also known as stearyl)
dodecyl- (also known as lauryl) and hexyl- methacrylate (designated as P18MA, P12MA and
P6MA, respectively) has been undertaken. The structure of monomers and expected molecular-
surface tethered brush structure are depicted in Figure 11.1. These have been prepared by
SI-ATRP from silicon surfaces, and their physicochemical and tribological properties character-
ized under good- and bad-solvent conditions.

11.2 Experimental Procedures

Surface functionalisation with initiator molecules was conducted according to the protocols
described in Section 4.2 and the polymerisation of the alkyl methacrylates was conducted as
described in Section 5.1.

Coating characterisation by means of ellipsometry and FTIR as well as frictional tests are de-
scribed in detail in the corresponding sections of the general experimental part of the thesis.
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Figure 11.1: Selected hydrophobic monomers' structure and the assumed resulting polymer
brush structures.
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11.3 Results and Discussion

11.3.1 Surface Functionalisation with Initiating Molecules

The BPCS-initiator-functionalised surfaces were characterised by static-contact-angle (CA) mea-
surements. BPCS layers adsorbed on a UV/ozone-cleaned ultra-hydrophilic surface (initial con-
tact angle below 3� ) resulted in contact angles of 77� � 2� The degree of hydrophilicity is a useful
assay for the estimation of self-assembled monolayer (SAM) composition in the case of mixed
monolayers, or to identify less densely packed structures, in the case of single-component SAMs
on silicon [87, 100]. The ellipsometric thickness of the BPCS layer was measured as 1.8� 0.1 nm,
which would correspond well to the estimated thickness of a compact and tilted (28 � ) SAM
structure. A failure in ATRP initiator layer formation can be detected by lower thickness or by
lower contact angles after the incubation and washing steps (even as low as 25� ).

11.3.2 Polymerisation of Alkyl Methacrylates - Kinetics

The polymerisation kinetics were determined from averaged dry �lm-thickness values, mea-
sured at 5 different spots at each sample. The variation of dry �lm thickness for three different
polymers as a function of the polymerization time is shown in Figure 11.2. It was possible
to achieve coatings thicker than 100 nm for all three alkyl methacrylates; nonetheless, dodecyl
methacrylate (P12MA) was polymerised more readily than the other two monomers, reaching
a maximum dry thickness of nearly 350 nm after three hours of polymerisation.
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Figure 11.2: Polymer-brush thickness (dry, measured by ex situ ellipsometry) as a function of
polymerisation time. Temperature 110 � C, with 10 vol.% of anisole as a solvent and 150:1.5:1
monomer:ligand:copper (I) ratio. The Cu (II)/ Cu (I) ratio was maintained at 0.15.

Since the polymerization kinetics are presented in terms of dry polymer thickness, only a range
of the corresponding molecular weight of the synthesized polymer brushes can be given based
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11.3. Results and Discussion

on equation 11.1, assuming that the grafting density for SI-ATRP corresponds to that reported in
the literature: 0.1-0.7 chains/nm 2 [97, 178]. Grafting densities of 0.5 chains/nm 2 are considered
to be the upper limit, and dif�cult to reach for all but the least bulky monomers, such as methyl
methacrylate (0.7 chains/nm 2). On the other hand, grafting densities below 0.05-0.1 chains/nm 2

are considered to be in the low-density regime achievable by grafting-to strategies [104, 138]. A
second indirect method to estimate polymer-brush density assumes that on average 1 out of 10
initiator molecules present in a well-packed initiator SAM structure is actually employed during
the surface-initiated polymerization [120]. Based on equation 11.1, the surface density s of the
initiator monolayer (thickness d=1.8 nm, r =1.1 g/cm 3 and Mw=413.89 g/mol) was calculated
to be ca 2.88 initiator/nm 2. Thus, if 10% of the initiating molecules population were to yield
a polymer chain, the resulting polymer brush surface density of 0.28 chains/ nm 2 would be
present at the surface, which is well within the reported s range. Therefore, assuming a chain-
grafting density of 0.3 chains/nm 2, the molecular weight for a polymer �lm of dry thickness
50, 150 and 300 nm would correspond to 110 000, 330 000 and 660 000 g/mol, respectively. The
assumed grafting density value would be in accordance with the work of Öztürk et al, who
have reported poly(dodecyl acrylate) brushes with grafting density 0.27-0.32 chains/nm 2 and
Mw of 44 000 Da after 14 hours of SI-ATRP [144]. Regardless of the rapid kinetics observed in
our study, the preservation of the living radical character by the ability to reinitiate the brush
growth at least twice could still be demonstrated.

Mw =
dr NA

s
(11.1)

The above considerations are strictly theoretical and serve to set the reader's attention on the
size scale of the studied polymers. In fact, the real surface grafting density may vary for the
three poly(alkyl methacrylates) as a consequence of the different monomer size, which will
affect the initiator ef�ciency due to steric hindrance of the active sites, especially in the case
of the larger octadecyl methacrylate molecules. The lower thickness values achieved for the
P6MA and P18MA polymers could be related to the lower ATRP catalytic activity of the copper-
ligand complex, for which the 12-carbon substituted alkyl methacrylate could be preferred
to the other two monomers. Many studies have been conducted on ATRP catalyst structure-
reactivity relationships, with the important outcome that there exists a need to match a catalyst
with a speci�c monomer in order to control and exploit the ATRP equilibrium [30].

11.3.3 Polymer Brush Morphology and IR Spectra

Figure 11.3 shows the transmission FTIR spectra for P18MA, P12MA and P6MA �lms of similar
thickness, in a dry state. The characteristic absorption bands between 2950cm� 1 and 2840
cm� 1 are assigned to CH3 and CH2. The intensity of the CH3 peaks (at ca 2955 cm� 1 and ca
2872cm� 1) is approximately equal for the three polymer brushes, whilst for the CH2 peaks (at
ca 2925cm� 1 and 2850 cm� 1), an increasing peak area is observed as the length of the side-
chains on the methacrylates increases. TheCH2 stretching vibration bands are shifted from
2859, via 2854 to 2850cm� 1, and from 2919, via 2925 to 2931cm� 1 for the hexyl-, dodecyl- and
octadecyl-based polymer series, respectively, which may be attributed to their different degrees
of molecular aggregation. For all three polymers, C = O stretching vibration peaks were found
at 1733cm� 1. Further, peaks at around 1470 cm� 1 were assigned to C � H deformations, with
increasing intensity with increasing side-chain length.
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Figure 11.3: Transmission-mode FTIR absorbance spectra of dry poly(alkyl methacrylate)
brushes on a silicon wafer.

11.3.4 Surface Morphology of dried Polymer Coatings and Swelling-Ratio Measure-
ments

The surface morphology of the toluene-treated and dried, polymer-coated samples was studied
at room temperature (24� C) in ambient air 1. Images recorded with AFM reveal differences
between the morphology of the different samples (see Figure 11.4).

Table 11.1: RMS roughness values as measured by AFM on the surfaces of poly(alkyl methacry-
late) brushes in air.

Sample RMS from 20x20 mm2 image [nm] RMS from 5x5 mm2 image [nm]
P6MA 2.90 2.92
P12MA 1.26 0.92
P18MA 1.36 1.35

The surface of poly(hexyl methacrylate) with RMS 2.90 nm was identi�ed to be the roughest of
the three analysed samples, with features in the 200-500 nm range. The P12MA has a smoothly
changing morphology and, like P18MA, is characterized by RMS values of around 1.3 nm (Table
11.1).

It should be borne in mind, however, that while the surface roughness and surface morphology
of the dried polymer brushes may be of general interest for these polymers, they will play a

1AFM imaging of polymer brush morphologies in a dry state was performed in tapping mode, using silicon can-
tilevers with a normal spring constant k = 46.9 N/ m and resonance frequency f = 314.5kHz (AC160TS, Olympus,
Japan).

42
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minimal role in determining the coef�cient of friction for polymer brushes immersed in a good
solvent [174, 116].

The height change of the polymer brush upon immersion in a solvent was measured by low-
force tapping-mode imaging of steps obtained by local coating removal. All three polymer
brushes, when immersed in ethanol, have a negligible thickness change, since they are not
soluble and do not swell. The two longer-side-chain polymer brushes, increase their height
when immersed in hexadecane and present up to 9-fold increases in the step heights for the
P12MA. The P6MA polymer brush does not swell in hexadecane.
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Figure 11.4: Tapping-mode images of the three poly(alkyl methacrylates) in a dry state. For
each image type, the vertical scale is the same for the three polymers.

11.3.5 Tribological Characterisation | Nanoscale Frictional Behaviour at nN Loads

The lubricating properties of the proposed polymers obtained when the frictional forces were
studied under normal loads of nN order are presented in this section. To this end, an unmod-
i�ed silica sphere was slid against a bare (reference) or polymer functionalised wafer. A more
thorough frictional characterisation including Stribeck curves and endurance tests in the mN
regime are presented in the following chapters.
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Nano-scale tribological measurements were carried out by means of atomic force microscopy.
Friction force was recorded at an applied normal load between 10 nN and 200 nN. A least-
mean-square-error linear �t has been performed between the points, in order to obtain reliable
coef�cient-of-friction values (de�ned here as the slope of the straight-line friction-load plots).

Figure 11.5 displays the recorded friction forces as a function of applied normal load, when the
bare silica colloid (15 mm in diameter) was slid against an unmodi�ed silicon wafer or polymer-
coated wafers, measured in hexadecane. Surfaces coated with P12MA and P18MA display
signi�cantly lower coef�cients of friction compared to those measured on an unmodi�ed sili-
con wafer. However, no friction-reducing effect was observed for the poly(hexyl methacrylate)-
based brush. For all four substrate types, the friction force increased linearly with increasing
load, implying a uniform coef�cient of friction over the studied load range. Furthermore, cy-
cles of increasing and decreasing loads for P12MA and P18MA did not reveal any coef�cient of
friction hysteresis, demonstrating the stability of the coatings under these experimental condi-
tions2.
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Figure 11.5: Friction force as a function of applied load for an unmodi�ed silica colloidal sphere
ca. 15 mm in diameter) sliding against polymer-brush-functionalised silicon wafers or an un-
modi�ed, piranha-cleaned silicon wafer. Measured by LFM in hexadecane. Lines represent the
least-mean-square �t of the linear portion of the frictional data. The dashed line is an extrap-
olation of this linear �t to zero applied load. The coef�cient of friction for a given sample is
de�ned as the slope of the linear-�t equation.

The frictional response of the grafted polymers depends on the interaction of the polymers
with the surrounding medium [174, 138, 66]. In order to verify the role of the solvent during
the friction tests, the same surfaces were studied under ethanol — a liquid in which the free
poly(alkyl methacrylates) under investigation were found to be insoluble. The results presented
in Figure 11.6 show the frictional characteristics for all three polymers, and the bare oxidized
silicon wafer, when ethanol was used as a liquid medium. For all four samples, the slopes of

2Frictional experiments with the colloidal probe functionalised with a octadecyltrichlorosilane resulted in gen-
erally higher coef�cient-of-friction values: 0.494, 0.039 and 0.116 for P6MA, P12MA and P18MA respectively, most
likely due to the intersurface molecular entangelement caused by the disordered ODTS layer.
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their friction-load curves appear comparable. This suggests that under ethanol, similar coef�-
cients of friction were present on all substrates, with some vertical offset on the friction-force
axis, relating to differences in adhesive properties. The coef�cient of friction for the polymer-
coated wafers is lowest for the P18MA brush with a value of 0.25, the P6MA and P12MA having
COFs of ca 0.46. This could be a result of the transition temperatures Tg (and Tm reported for
P18MA) of the studied polymers. The higher Tg or high Tm would provide a harder surface at
which viscoelastic energy dissipation would be smaller, leading to a lower measured coef�cient
of friction.

Figure 11.6: Friction force as a function of applied load. Unmodi�ed silica colloid sphere sliding
against polymer-brush-functionalised silicon wafers or an unmodi�ed, piranha-cleaned silicon
wafer. Measured by LFM in ethanol. For reference, a dataset for P18MA in hexadecane was
added. Lines represent the least-mean-square �t of the linear portion of the frictional data. The
dashed line is an extrapolation of this linear �t to zero applied load. The coef�cient of friction
for a given sample is de�ned as the slope of the linear-�t equation.

Table 11.2 presents the calculated coef�cient-of-friction values for the LFM-analysed samples in
both hexadecane and ethanol. The error bars represent the standard deviation in the coef�cient
of friction for three measurement locations areas, as obtained from the linear �t.

Table 11.2: Coef�cient of friction values, obtained from lateral force microscopy. A silica-colloid-
modi�ed AFM cantilever was used as a countersurface.

Sample COF in hexadecane COF in ethanol
SiO2 0.095� 0.001 0.312� 0.148

P6MA 0.151� 0.002 0.463� 0.058
P12MA 0.019� 0.001 0.464� 0.083
P18MA 0.013� 0.001 0.253� 0.018

The frictional data were complemented with an analysis of the adhesive properties of the coat-
ings under different solvent conditions. Adhesive properties were obtained from pull-off forces
measured during force-distance curves, performed with a colloid-modi�ed AFM cantilever. A
systematic analysis of sets of force-displacement curves has been performed for all samples in
ethanol and in hexadecane. The mean adhesion-force values are presented in Figure 11.7, and
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are compared with the coef�cient of friction values observed for the given sample.
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Figure 11.7: A comparison of the adhesive forces and coef�cient-of-friction values obtained in
an atomic force microscope. Data collected for studies both in ethanol and hexadecane as a
surrounding medium. A silica-colloid-modi�ed AFM cantilever was used as a countersurface.

Before dealing with the friction-reducing effect observed in hexadecane for the longer-side-
chain poly(alkyl methacrylate)-functionalised surfaces (P12MA and P18MA), the lack of any
friction-reducing effect for the polymers studied in ethanol will be discussed. This can be
explained in terms of a failure to satisfy the principal requirements needed to form a polymer-
brush-based lubricious layer. Highly hydrophobic poly(alkyl methacrylate) brushes are insol-
uble in polar solvents such as ethanol. This was con�rmed empirically for all three polymers
and observed as a precipitation of the free polymer from toluene solutions upon addition of
ethanol and a swelling ratio of polymer brushes in ethanol close to 1 for P6MA and P12MA
brushes swollen thickness

dry thickness � 1). As a consequence, the brush conformation cannot be attained, and
thus sliding only occurs on a collapsed polymeric material. Figure 11.8 depicts this as being
analogous to a bare surface contact when lowering the sliding speed or increasing the load, at
which point �lm failure and asperity contact occurs. A similar explanation can be applied to the
high coef�cient of friction observed for the P6MA polymer studied in hexadecane, which is not
very soluble in the long-chain hydrocarbon. The adhesive response of poly(hexyl methacrylate)
brushes does not vary strongly with a change of the solvent between ethanol and hexadecane,
and similarly, the frictional response is similar to that of a bare silicon wafer. This suggests
that the P6MA brush does not react to a solvent change and knowing its incompatibility with
ethanol it may be assumed that it is not in a stretched-out brush con�guration in hexadecane ei-
ther. Thus, achievement of a low coef�cient of friction for surface-grafted P6MA in hexadecane
was not observed.

For poly(alkyl methacrylate)s in ethanol, assuming that no extended brush structure is formed
and that the chains are poorly solvated, operation under conditions analogous to dry slid-
ing occur. Under these conditions, polymer properties such as glass-transition temperature,
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Figure 11.8: Schematic representation of polymer-brush-aided lubrication. At lower speeds,
the polymer brush prevents asperity-asperity contact and con�nes the lubricant in the contact
area. Snapshots of two sliding bodies with different surface functionalities observed at various
speeds are depicted. A) Surface functionalised with a polymer brush surface in a good solvent
B) Surface functionalised with a polymer brush present in a bad solvent. Collapsed brush –
collapsed brush asperity contacts circled at the lower speed. C) Bare surfaces in a lubricating
�uid. Asperity contacts circled at the lower speed.
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roughness, etc. are of importance in determining the friction. Nomura et al have investigated
polystyrene brushes (Tg=100� C) in a mixtures of toluene (good solvent) and isopropanol (bad
solvent), and observed that at high alcohol content a loss of lubricity occurs, attributed to the
collapsed, glassy state of the brush [138, 104]. Studies of poly(alkyl methacrylates) have shown
that increasing the side-chain length of the alkyl methacrylates generally lowers the Tg. The
glass-transition temperatures, as measured for bulk polymers, can be approximated for the 6,
12 and 18 carbon substituted methacrylates as being � 5� C, � 34� C and � 100� C, respectively
[47, 36] . However, further extension of the side chain to more than 12 carbons correlates with
increased �exibility, and allows for the formation of crystalline domains in the structure, and
for the P18MA a melting temperature T m of 27� C has been reported [67]. It was observed that
in a collapsed state of P18MA the coef�cient of friction was lower than for the other polymers,
most likely due to the stiff crystalline domains and a smaller plowing effect. It should also be
borne in mind that the glass temperatures of surface-tethered polymers that have constrained
freedom may in fact be higher than those reported for free polymers [161]. An interesting X-ray
photon correlation spectroscopy study by Akgun et al of end-grafted and free polystyrene �lms
showed a signi�cant reduction in surface-height �uctuation for the grafted system [3].

Based on the above, for the polymer brushes in their collapsed state (e.g. immersed in ethanol),
the difference between the glass-transition temperature for a speci�c polymer and the temper-
ature at which the friction measurements were carried out will in�uence the contact proper-
ties, which are determined by the mobility of the polymeric chains at the temperature of the
measurements. This assumption was con�rmed by the pull-off measurements carried out in
ethanol, compare Figure 11.7, where the P12MA coating displayed the highest adhesion force
(58� C above bulk Tg), exceeding that of P6MA (29� C above bulk Tg) and P18MA (3� C above
bulk Tm), with the latter displaying negligibly small values, most probably due to the low chain
�exibility of the poly(octadecyl methacrylate) at room temperature. The powdery appearance
of the dried, free P18MA polymer would correlate with its non-adhesive character observed in
AFM. In addition to Tg issues, possible surface segregation of brush components (under differ-
ent solvent conditions) may in�uence contact mechanics. No clear correlation between pull-off
forces and coef�cient of friction was found for the polymers immersed in ethanol.

Tribological studies on the nN scale of P12MA and P18MA polymer brushes immersed in hex-
adecane revealed a signi�cant reduction of the coef�cient of friction by a factor of >5. P12MA in
hexadecane also exhibited repulsive behaviour during a force-distance curve acquisition with
a silica probe, and a 20-fold decrease in the pull-off forces, consistent with a dense, extended
polymer-brush conformation [174]. The lubricious properties of P12MA and P18MA are at-
tributed to their solvation by hexadecane. This was also consistent with the dissolution of
the corresponding free polymer samples in the same solvent. For the P12MA polymer brush-
hexadecane system the swelling ratio was found to be around 9. Low values of the coef�cient of
friction were observed, when tested on the nN scale, for single-side polymer-modi�ed contact.

A comparison of pull-off forces (Figure 11.7) with the y-intercept of the extrapolated linear
section of the lateral-force-vs-load curve (Figure 11.5) shows reasonable agreement between the
two sets of experiments, especially for P6MA and P12MA. For the case of P18MA, in hexadecane,
the value obtained from LFM experiments is lower than that of the pull-off force, probably due
to the embedding of the colloid in the more static pull-off experiment. For the bare surface, the
LFM data obtained in hexadecane displays a tendency towards lower lateral forces at the lowest
loads, and it is likely that at zero load, adhesion on the bare surface would be negligible, and
thus comparable with the pull-off data.
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11.4 Conclusions

Hydrophobic, oil-compatible polymer �lms have been prepared via a surface-initiated, controlled-
radical-polymerization method. Such grafted-from structures are covalently attached to the
substrate — thus contributing to their stability, both with respect to the solvent and towards
tribological stress. P12MA and P18MA �lms, were shown on the nN scale to provide a low
coef�cient of friction at the level of 0.02 in the presence of a hydrophobic solvent (hexadecane)
for brush-hard surface tribological contact in the AFM. However, immersion in a poor solvent
for a given polymer brush essentially switched off their lubricous properties.

These results indicate that long alkyl-bearing polymethacrylates, applied here for the �rst time
as lubricants in a brush-like con�guration, show great promise as coatings for imparting low
friction and protection to non-metallic and potentially metallic (see chapter 15) sliding partners
operating in contact with oils.
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Chapter 12

The E�ects of Lubricant Type and Coating Type
on Lubricious Properties

Building on a knowledge from the previous section concerning an ef�cient synthesis protocol
for poly(alkyl methacrylates), this section contains results of tribological experiments conducted
with normal loads in the mN range. This section deals with the role of the monomer, solvent
compatibility, the in�uence of coating thickness, lubricants and testing conditions on the tribo-
logical performance (coef�cient of friction and durability).

Experimental work presented in this section was carried entirely by myself and the majority of
the results (excluding characterisation of P18MA brushes) constitute a large part of the paper
published in 2012 in Tribology Letters [22]. This paper was coauthored by Dr Maura Crobu
(whose XPS analysis contribution is included in further parts of the thesis, chapter 15) and Prof.
Nicholas Spencer, with whom extensive discussions were held, concerning the interpretation of
the observed phenomena.

12.1 Introduction

Frictional properties of the three polymers have been evaluated in hexadecane, ethanol, and
toluene. In the case of poly(dodecyl methacrylate), the study additionally involved 9 base
lubricating �uids of various chemical natures, with viscosities ranging from 4 to 2200 cSt at
20� C. Constructing a set of Stribeck curves, at low values of speed x viscosity (at constant
load) it was possible to identify an extended hydrodynamic lubrication regime and, for P12MA-
based coatings, a low-friction, brush-lubrication regime that appeared to replace the mixed and
boundary regimes observed for conventional lubricants. Self-mated poly(dodecyl methacrylate)
brushes maintained low coef�cient-of-friction values (e.g. 0.012 in hexadecane) over thousands
of reciprocating cycles (>100 m total distance) under low speed x viscosity conditions (0.1 cm/ s
and 4 cSt).

In this chapter, detailed tribological characterisation of a series of polymer brushes consist-
ing of methacrylates substituted with long alkyl side chains, synthesised via surface-initiated,
atom-transfer radical polymerisation (SI-ATRP) ( " grafting-from " approach) is presented. The
tribological properties of polymer brushes synthesized from hexyl-, dodecyl-, and octadecyl
methacrylate monomers (named P6MA, P12MA and P18MA respectively) were evaluated by
means of a tribometer covering the 0.001 to 0.1 N load range in the presence of different base
�uids. Maximal Hertzian pressures > 200 MPa could readily be achieved between countersur-
faces consisting of a �at silicon wafer and a borosilicate glass ball (2 mm in diameter). The
countersurfaces were both coated with the polymer brushes ( " brush-brush" ) and the tribologi-
cal results compared to those for which both countersurfaces were polymer free ( " bare-bare" ).
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12.2 Experimental Procedures

Surface functionalisation was carried out according to protocols described in Sections 4.2 and
5.1 where the coating thickness was tailored by the reaction time.

Tribological studies were performed with a NTR2 tribometer (CSM Instruments, Peseux, Switzer-
land) in a ball-on-disc con�guration using a rotative reciprocating module. The sliding-speed
values reported in this chapter relate to the maximal values attained within a (sinusoidal) recip-
rocating cycle. Details of the experimental procedure are included in Section 10.

12.3 Results and Discussion

12.3.1 Polymer Brushes of Hexyl- Dodecyl- and Octadecyl- Methacrylates Studied
in Ethanol, Toluene, Hexadecane and PF350 Oil.

Silicon wafers and borosilicate glass balls in a bare-bare or brush-brush con�guration were
studied under 20 mN load and 0.1 cm/s sliding speed, in a dry state under ambient conditions,
and also immersed in ethanol, toluene, hexadecane or PF350 oil.

Coef�cient-of-friction values obtained while sliding over 20 cycles in rotating reciprocating mo-
tion using bare-bare and brush-brush-modi�ed con�gurations are presented in Figure 12.1.
Coatings on the P6MA, P12MA and P18MA surfaces were ca 90, 250 and 230 nm in dry thick-
ness, respectively.
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Figure 12.1: Coef�cient of friction values measured at 0.1 cm/ s for bare-bare (silicon wafer-
borosilicate ball) and polymer-polymer con�gurations of P6MA, P12MA and P18MA. Data
were collected under dry (ambient) conditions, in ethanol, in toluene, in hexadecane and in
petroleum fraction oil of 350 cSt viscosity. Values are averaged over 20 reciprocating cycles.

All three polymer brushes, when studied in toluene, maintained a low COF in the range of 0.01-
0.02 over the entire 20-cycle-testing period and the polymer coatings showed no damage within
the contact region. Further, when compared to the bare-bare sliding in toluene, the coatings had
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Figure 12.2: Bright-�eld optical microscopy images of sliding tracks left after brush-brush slid-
ing of polymer-functionalised silicon wafers and borosilicate balls. Load 20 mN, speed 0.1 cm/ s.
Samples were washed in toluene and dried prior to imaging. A1 – P6MA 90 nm coating after
20 cycles in toluene, A2 – P6MA 90 nm coating after 20 cycles in hexadecane, B1 – P12MA 250
nm coating after 20 cycles under dry ambient conditions, B2- P12MA 250 nm coating after 20
cycles in ethanol, B3 – P12MA 250 nm coating after over 4000 cycles in hexadecane. Scale bars
for A1 and A2 60 mm and for B1, B2 and B3 6mm.

reduced the coef�cient of friction by a factor of 10. In comparison, the group of Takahara has
described the synthesis and macrotribological assessment of poly(hexyl methacrylate) brushes
and COF values of 0.05 upon in toluene were reported [79].

Grafting-density values of grafted-from polymer brushes reported in the literature are 0.6-0.7,
0.56 [79] and 0.27-0.32chains/ nm2 [144] for PMMA, P6MA and P12MA, respectively. In the
case of the poly(alkyl methacrylates) reported here, the different monomer side-chain lengths
(6, 12 and 18) potentially result in different polymer-brush grafting densities — s might be
expected to be in the order sP6MA > sP12MA > sP18MA . According to Perry et al [147], who studied
the in�uence of s on COF values in poly(L-lysine)-graft-poly(ethylene glycol) grafted-to brush
systems, higher COF values are generally observed for lower grafting densities [26]. Thus, in the
case of P6MA, P12MA and P18MA, a higher COF could be expected for the bulkier monomers,
which inhibit dense packing of the polymeric backbones on the surface. However, the fact
that for the three coating types the obtained COF values in toluene were equally low, could be
explained in terms of the procedure suggested by Landherr [101], in which grafting densities,
s are additionally divided by the monomer size (to yield a 'reduced grafting density').

It should be noted that, in the case of P6MA, the lower coating thickness did not prevent it from
attaining low coef�cient-of-friction values in toluene (Figure 12.1).

In order to approach the conditions of potential applications of the studied brush systems,
experiments were carried out in hexadecane and PF350 hydrocarbon oil. Both the P12MA and
P18MA polymers displayed low COFs in both of these model base stocks. In contrast, the P6MA-
based brushes did not show low-friction performance in these �uids: over 20 reciprocating
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12.3. Results and Discussion

cycles, the averaged coef�cient-of-friction values were greater than 0.1 and complete coating
removal was observed by means of optical microscopy.

The longer alkyl-side-chain-substituted polymers (P12MA and P18MA), when studied in PF350,
both showed COF values below 0.02. The use of hexadecane as a lubricating �uid showed
slightly higher coef�cient-of-friction values for the P18MA (COF=0.049). Nonetheless, both
P12MA and P18MA seem to be well suited for lubrication in oils.

Control sliding experiments under dry (ambient) conditions and in ethanol were conducted, for
which high COF values were recorded, regardless of the substrate-modi�cation type. For all
three polymer coatings, coating removal was observed by optical microscopy within 20 cycles
of dry sliding or sliding in ethanol (Figure 12.2).

12.3.2 E�ect of Lubricant Type on the Speed Dependence of the COF, for P12MA
(Brush-Brush)

Figure 12.3 presents Stribeck-like curves for bare contact pairs and for those modi�ed, on both
countersurfaces, with P12MA polymer brushes. The curves were collected under conditions
(dry thickness 250 nm and load of 20 mN) under which coating degradation could neither be
observed by optical microscopy, nor by tribological measurements.
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Figure 12.3: Stribeck-like plots at constant load (20 mN) obtained for 9 different base �uids for
bare-bareSiO2 - borosilicate glass ball (empty markers) and for double-sided 250 nm (dry thick-
ness) P12MA brush-brush functionalised tribological contacts (�lled markers). Each marker
represents the average COF of 20 reciprocating cycles.

At high speeds and high viscosities above a certain product of speed x viscosity, all data points
fall on a straight line — characteristic of hydrodynamic lubrication. Within the transition region,
in which the hydrodynamic regime normally enters the mixed lubrication regime (deviation
from the straight line), the data separated into two distinct groups, corresponding to bare-bare
and brush-brush. The bare-bare cases entered the mixed-lubrication regime in the expected
manner, transitioning to boundary lubrication ( m>0.1) at low speed x viscosity number. In con-
trast, the brush-brush samples showed a transition from straight-line hydrodynamic behaviour
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directly to a low and nearly constant friction value ( � 0.01) at low speed x viscosity number.
This is attributed to the brush-lubrication regime. The speci�c base stock did not appear to
affect this behaviour signi�cantly (all were good solvents for the polymer brush). Interestingly,
the transition between mixed and boundary regimes for the bare-bare system occurred at the
same speed x viscosity value as the hydrodynamic-brush transition for the brush-brush case.
The low COF of the brush regime observed in this study (Figure 12.3) is similar to that obtained
for P12MA when sliding in toluene (Figure 12.1) under the conditions when speed x viscosity
equals 0.068cSt x cm�s� 1, corresponding to the far left end of the plot.

The brush-lubrication regime observed in Figure 12.3 did not show a signi�cant speed depen-
dence, which is consistent with the experimental AFM work of Nomura et al, who showed
speed-invariant COF values in the low-friction regime for poly(styrene) brushes in toluene (at
lower shear velocities) [139], and molecular dynamics simulations by Dai et al, who also showed
speed-independent COF sliding regimes for poly(ethylene) brush-brush systems [42].

12.3.3 The E�ect of Polymer Thickness, Sliding Speed and Load on Coating Stabil-
ity and Lubricious Properties

Thickness as a parameter Figure 12.4 presents frictional data obtained in reciprocating-motion
experiments with 0.1 cm/s maximum speed and 20 mN load for silicon wafers and borosilicate
glass balls, coated symmetrically with P12MA �lms of 70, 140 and 250 nm dry thickness and
studied in three different lubricants.
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Figure 12.4: Coef�cient-of-friction evolution as a function of sliding distance between a silicon
wafer and borosilicate glass ball, both sides being modi�ed with P12MA brushes. The effect of
coating thickness and base �uid on stability is investigated. Data collected at a sliding speed of
0.1 cm/s and load of 20mN.

Studies conducted in hexadecane as a lubricant revealed wear resistance that decreased with de-
creasing coating thickness. In particular, 70 and 140 nm thick coatings lost their low-frictional
properties within the �rst few meters of sliding 1. In contrast, the thickest coating (250 nm)

1Additional triboscopy images are available in appendix as �gures A.4 and A.5.
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was shown to be much more stable, maintaining a COF below 0.012 for sliding distances over
100 meters and displaying no damage detectable by optical microscopy. This behaviour can
be explained in terms of the greater amount of solvated polymer layer per unit area of con-
tact for the thicker brushes. Upon loading, the brush will be compressed, but the higher the
initial thickness, the greater the ultimate thickness of the cushioning layer between the hard
countersurfaces and the lower the likelihood of local, destructively high contact pressures due
to roughness effects.

The stability of the 140 nm coating was signi�cantly improved by a change to a more viscous
ester lubricant (EO500). Shortly after the beginning of the tests (ca. 6 cycles or 10 cm), sliding
behaviour characterised by a low COF (ca 0.024) was established and maintained over 100
meters sliding distance. This stability-enhancement effect was also observed for the thinnest
of the analysed coatings (70 nm). Speci�cally, sliding of 70 nm thick P12MA brush-brush
systems characterised byCOF � 0.03 was observed for both the EO500 ester lubricant and for
a petroleum-fraction-based lubricant of equivalent viscosity (PF350). The achievement of low
COF and improved protection of the coatings against wear, even for thinner polymeric �lms,
could be observed with more viscous lubricants, although their chemical nature also appeared
to have an effect on the wear-stability of the coating: the more rapid failure of the 70 nm
thick P12MA coating in the EO500 oil (500 cSt), when compared to PF350 (350 cSt), may be
attributable to differences in solvent quality.

The P12MA coating thickness appeared to have an effect on the COF values during sliding.
COF values for 140 and 70 nm thick P12MA brushes slid in EO500 were higher than that of
the thickest coating (250 nm), suggesting that thicker, higher-molecular-weight brushes lead to
lower COF values. This is consistent with previous, sharp-tip, lateral-force-microscopy studies
by Zhang et al [200], who found that poly(2-(methacryloyloxy) ethylphosphorylcholine) brushes
immersed in aqueous solutions showed lower coef�cients of friction at greater brush lengths.
Sakata et al., using macroscopic pin-on-disk measurements, showed that under good solvent
conditions (acetone and toluene), the thicker the PMMA brushes, the lower the COF values
[159]. The literature examples, as well as our own experiments, are consistent with the idea
that a greater initial brush thickness leads to a brush-solvent cushion that is more effective in
separating the surfaces. It should also be borne in mind that under the same loading conditions,
a smaller fraction of the �lm is compressed for �lms of higher initial thickness.

Sliding speed as a parameter The 250-nm-thick P12MA in a brush-brush con�guration (0.1
cm/ s at 20 mN) was shown to be stable during tests lasting several days (sliding distance >100
m both in hexadecane and EO500). Friction coef�cients of around 0.01 were recorded during
this period. Due to the apparently high stability of 250 nm coatings, studies with 140 nm
coatings were performed, in order to facilitate the observation of sliding-speed effects. Figure
12.5 presents tribological durability measurements obtained for 140-nm-thick P12MA coatings
studied under 20 mN at various sliding speeds.

Sliding at the lowest of the four chosen speeds (0.1 cm/ s) in hexadecane led to rapid coating
degradation. Increasing the maximal sliding speed was found to increase the coating dura-
bility. Due to the stochastic nature of the wear processes occurring during acquisition of the
COF-sliding distance curves, there is a degree of variability among samples; however, a con-
sistent trend was observed (also with different tribometer con�guration, see Figure 12.6), in
which sliding at lower speeds led to more rapid failure — the lower the Sommerfeld number,
the faster the coating degradation. Similarly, low viscosities (Figure 12.4) also led to faster
coating degradation. Even in the absence of signi�cant hydrodynamic lift, velocity-dependent
(i.e. time-dependent) effects come into play. Such effects can be explained by squeeze-�lm
behaviour, analogous to the mechanism suggested by Hou et al. [75] for cartilage lubrication,
and resistance to lubricant �ow within the polymer, as postulated by Feiler et al.[53] for solvent
within a polymer network, who reported up to a 1000-fold increase in effective viscosity. At
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Figure 12.5: Effect of sliding speed and base �uid on brush stability: coef�cient-of-friction
evolution as a function of sliding distance in rotative reciprocating motion of a silicon wafer
and borosilicate glass balls, both sides modi�ed with P12MA brushes (140 nm dry thickness).

higher speed x viscosity values, the period of running-in prior to reaching constant sliding fric-
tion values appeared to be shorter. This may be a consequence of an initial 'brush-trimming'
[42] or 'combing' [53] effect terminating more rapidly in the presence of greater hydrodynamic
or viscous support.

Load as a parameter Stability tests at higher load (80 mN, maximum Hertzian contact pres-
sure ca 285 MPa) are presented only for 250 nm coatings, due to their superior stability under
20 mN load (maximum Hertzian contact pressure ca 180 MPa), Figure 12.7. A symmetrically
polymer-brush-coated tribological contact, when slid in hexadecane at 80 mN, revealed an ini-
tial coef�cient of friction of 0.08, which gradually decreased to 0.03 and then remained stable
up to >100 m sliding distance.

An 80 mN load contact in an ester oil of higher viscosity (500 cSt at 20 � C) provided very low
coef�cient-of-friction values from the very �rst cycle (COF ca 0.006), similar to those obtained
at 20 mN load (Figure 12.3). The lower coef�cient-of-friction values recorded while sliding in
EO500 compared to sliding in hexadecane may be the result of a number of factors, including:
a) the smaller degree of interpenetration of the opposing brush structures due to a greater hy-
drodynamic lift, b) smaller brush compressions occurring during sliding, due to the lower rate
of 'squeeze-out' of the more viscous medium (500 cSt vs 4 cSt). The brush-brush con�guration
seems to be crucial for providing low-COF sliding and sustaining high loads — a single-sided,
brush-bare con�guration fails within the few �rst meters of sliding. However, it is interesting
to observe that in the case of the 80 mN experiments in hexadecane, the brush-bare friction was
actually initially lower than the brush-brush friction, suggesting that in the latter case interpen-
etration was occurring, and leading to friction enhancement, as has been previously reported
for dextran brushes [156]. The subsequent decrease of friction in the brush-brush case was
presumably due to brush trimming.
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Figure 12.6: Effect of sliding speed and base �uid on brush stability: coef�cient-of-friction
evolution as a function of sliding distance in linear reciprocating motion of a silicon wafer
functionalised with a 120 nm thick P12MA coating slid vs bare borosilicate glass balls.
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Figure 12.7: Coef�cient-of-friction evolution as a function of sliding distance in reciprocating
motion of silicon wafer and borosilicate glass balls, both sides being modi�ed with P12MA
brushes (250 nm dry thickness). The effects of applied load (20 and 80 mN) and lubricant on
stability have been investigated. A control case of a 250 nm thick brush-coated silicon wafer
slid against a bare ball under 80 mN in hexadecane is also shown.
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12.3.4 P18MA Brushes: E�ect of Base-Fluid Chemistry on the Speed Dependence
of COF

A series of experiments was performed with the same set of lubricants and the COF-speed
dependence was assessed for surfaces functionalised with 230 nm thick P18MA brushes, under
20 mN load.

The representative data are presented in Figure 12.8. As for the previous case of P12MA 250
nm brushes, at higher values of viscosity x speed, datapoints lay along a straight line, typical of
hydrodynamic lubrication. At lower speeds, certain lubricants entered a transition into a higher
friction regime (mixed regime) while a levelling off of COF at very low values was observed for
the other oils.
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Figure 12.8: Stribeck-like plots obtained for 9 different base �uids for bare-bare silicon wafer-
borosilicate glass ball (empty markers) and for the same pair functionalized with 230 nm dry
thickness of P18MA brushes (�lled markers). Each marker represents the average COF of 20
reciprocating cycles.

It was possible to record very low COFs ( � 0.01) for PF36 and PF350 oils. However, the remain-
ing oils showed COF values in the broader range of 0.06-0.02. For the case of hexadecane the
coef�cient of friction was approximately 0.08 at the lowest speed (0.01 cm/s) and ca 0.04 at the
highest speed of 5 cm/s. In hexadecane, the COF value for P18MA-functionalised surfaces mea-
sured at 0.01 cm/s was very close to that characteristic of the bare-bare system. Nonetheless,
this result was reproducible and negligible coating wear was observed, within the studied slid-
ing distances (ca 5 meters in total). COF-values intermediate between those of bare systems and
those observed for low-friction P12MA brushes could be explained by the monomer structure,
which affects both the inter-surface interactions (higher risk of entanglement) and the solubility
of the polymer. The case for inter-surface entanglement was supported by the observation of
lower COF values when sliding in a coated-wafer vs. bare-ball con�guration, compared to the
coated-coated values.
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12.4. Conclusions

Reduced polymer-solvent compatibility would result in a lower degree of chain stretching and
thus lower wet coating thickness, increasing the likelihood of complete coating compression un-
der load [175]. The effect of lubrication ef�ciency for P18MA coatings does not seem to depend
purely on the polarity (type) of the oils (poor performance in ethanol and good in hexadecane),
but also on their viscosities. We could observe higher COF and less ef�cient brush lubrication
for lubricants of viscosity of 500 cSt and higher. Such oils, used in this study, were composed of
higher petroleum fractions that are potentially less rapid in solvating a stiffer, partly crystalline
structure (polymer crystallinity 2 is capable of reducing the swelling rates though it should not
affect the thermodynamically stable state). The medium-viscosity oils in the range of 36-350
cSt were shown to ef�ciently deliver coef�cients of friction of around 0.01 at the lowest tested
sliding speeds. However, low-viscosity (4 cSt) hexadecane, previously shown to be an ef�-
cient lubricant on the nanoscale when studied with colloidal-probe lateral force microscopy
[21] failed to provide low coef�cient-of-friction values in a higher-load regime. Based on the
above, one could speculate that P18MA, when present in a lubricant whose viscosity is too high
to ef�ciently penetrate the polymer structure, is not fully solvated (poor solvent quality) and is
therefore not able to enter the low-coef�cient-of-friction regime characteristic of good solvents
(e.g. toluene). The higher COF values measured for hexadecane could be explained by its lower
ability to support load — faster lubricant squeeze-out from the brush structure.

12.4 Conclusions

A series of coatings based on poly(alkyl methacrylate) polymer brushes was synthesized and
tribologically evaluated in various base �uids. Based on the frictional data, good and bad
solvents were identi�ed for each polymer and their further applicability for oil-based lubrication
was assessed.

Within the Stribeck curves for P12MA polymer, in the transition region in which the hydrody-
namic regime enters the mixed lubrication regime (deviation from the straight line), the data
separated into two distinct groups, corresponding to bare-bare and brush-brush. Moreover,
the speci�c base stock did not appear to affect this behaviour signi�cantly — all tested lubri-
cants were good solvents for the P12MA polymer brush. Interestingly, the transition between
mixed and boundary for the bare-bare system occurred at the same Sommerfeld number as the
hydrodynamic-brush transition for the brush-brush case.

Somewhat different behaviour was observed for P18MA brushes, for which the attractive, low-
friction brush-lubrication regime was attained only for two oils, with higher COF values being
observed for the remaining oils, partially attributed to the increased brush-brush interaction of
the larger monomer side chains and their reduced solvent compatibility.

It was shown that when tribologically stressed in a dry state or in bad solvents, the polymer
coatings underwent rapid degradation — even in the initial stages of sliding. Polymer brushes
sliding against each other in appropriate base �uids were shown to be capable of maintaining
low coef�cient-of-friction values (on the order of 0.01) over thousands of reciprocating cycles
(100 m total distance).

2Formation of crystalline domains has been reported for P18MA polymers, with a melting temperature (27 � C)
lying above the typical temperature of an experiment [67].

59



Chapter 13

More Facile Routes Towards P12MA Lubricious
Coatings

In the previous Chapters 11 and 12 it was demonstrated that poly(dodecyl methacrylates), when
prepared via surface-initiated atom-transfer radical polymerization (SI-ATRP) on silicon sur-
faces, reduce the coef�cient of friction in oil by an order of magnitude. The following part
of the thesis describes more straightforward routes to the fabrication of similarly lubricious
polymeric coatings.

For this purpose we have investigated various surface-modi�cation routes that all result in
P12MA coatings: A) grafting-to approaches B) surface-initiated, free-radical polymerisation
and C) surface-initiated SI-ATRP with high oxygen tolerance, involving the use of a reducing
agent. Fabrication parameters have been studied and tuned, and the tribological behaviour of
surfaces prepared via these three alternative routes is reported. A comparison of their tribologi-
cal properties is made with previously reported, grafted-from, oil-compatible friction-reducing
polymer brushes of very similar composition.

Route A involves spin-coated and surface-grafted �lms prepared via per�uorophenylazide-
based photocoupling chemistry (ca 15 nm dry thickness), which show tribological behavior
that is virtually equivalent to that of coatings prepared using SI-ATRP of a similar dry thick-
ness — it is described in Section 13.1. Within route B, described in Section 13.2, several variants
are proposed: with a thermal initiator tethered onto a substrate and/or added to the solution,
or deploying methacrylate end-functionalised silane monolayers; in all of these cases, due to the
presence of radical centers on the substrate, growth of polymer brushes was observed. Route C
(Section 13.3) develops upon previous �ndings of the Matyjaszewski group [83], who showed
ATRP systems in which air can be consumed and polymerisation started by adding a suf�cient
amount of an appropriate reducing agent, in a process called activators generated by electron
transfer (AGET). Thus, a tedious degassing step prior to synthesis can be skipped and poly-
meric coatings up to 1000 nm dry thickness can be prepared in reactions lasting less than 3
hours.

The work contained in this chapter would not be possible without the help of the students
who have worked with me in the frame of their undergraduate projects. Speci�cally, Patricia
Doll contributed greatly with her experimental work on grafted-to systems (this work has been
published in Tribology Letters in 2013 [20]), Raphael Gyr who tackled the surface-initiated free-
radical polymerisation techniques and Michele Zanini who helped me in achieving the P12MA
coatings following the ARGET ATRP protocols.
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13.1. Grafting-to of P12MA

13.1 Grafting-to of P12MA

Polymer chains when attached to a surface at suf�ciently high grafting densities and when
present in good solvent conditions undergo strong stretching in the direction perpendicular to
the surface and have been identi�ed as attractive friction-reducing coatings [23, 92]. Tethering
of polymeric chains to the surface can follow two main pathways; either by depositing pre-
synthesised polymer chains (grafting-to) or by conducting a polymer synthesis initiated at the
surface, leading to a growth of the macromolecules from the surface (grafting-from).

Grafting-to is considered as a less experimentally demanding approach (polymer solutions can
be purchased) when compared with surface-initiated polymerisation (SIP) [202]. Due to the
steric effects the grafting-to approach has an upper limit of grafting density, as macromolecules
already grafted to the surface hinder the attachment of further chains. With the grafting-from
strategy, single monomers can readily be incorporated into much more densely packed growing
chains.

For grafting-from, �rm attachment to the surface is achieved via bifunctional molecules contain-
ing a reactive group capable of initiating polymerisation and an anchoring group that interacts
with the substrate material, e.g., thiols on gold, silver, copper or platinum [121, 187], catechols
on steel surfaces [52], silanes on silicon wafers [66] etc.

In the case of grafting-to, the attachment of macromolecules may have different nature i.e. elec-
trostatic as in the case of poly (L-lysine)-g-poly(ethylene glycol) (PLL-g-PEG) on negatively
charged oxides [145] or coordinative-electrostatic for catechol-based molecules [162]. It is at-
tributable to the progress in the polymer chemistry that virtually limitless polymer architectures
and surface-immobilisation strategies can be used as well as various reactive groups incorpo-
rated; allowing i.e. for copper-catalysed cycloaddition click chemistry reactions where an alkyne
terminated polymer chain is clicked (reacted at very high yields) with azide groups present at
the surface [113] in order to easily yield a functional polymeric coating.

This section, however, focuses on the tribological characterisation of spin-coated and photo-
coupled polymeric �lms and their comparison with oil-compatible friction-reducing polymer
brushes prepared via SI-ATRP protocols.

The reported PFPA-based chemistry [4, 99] as a grafting-to approach is a robust technique
where the polymer coating is immobilised onto the surface by means of nitrene groups that
are photochemically produced from an immobilised azide. The nitrene groups carry out non-
selective radical insertion into the C � H bonds of polymer chains that have been previously
spin-coated onto the surface. Coatings of this type are characterised by a generally low degree
of order, the possibility of multiple surface attachments occurring within a single chain, and a
broad distribution of free chain lengths extending from the surface. Compared to grafted-from
brushes, this apparently more haphazard (though very reproducible) approach of PFPA-based
surface functionalisation (schematically depicted in Figure 13.1) has the considerable advantage
of simplicity, which prompted us to examine its tribological properties in detail. To benchmark
the applicability of grafted-to P12MA coatings, their lubricating properties were compared with
those obtained for polymer brushes of similar thickness grafted from the surface using surface-
initiated atom transfer radical polymerisation (SI-ATRP) — a variety of controlled radical poly-
merisations family (CRP) [12].

13.1.1 Experimental Section

Details on grafting-to surface modi�cations are contained in Section 5.6 on page 26.

The benchmarked grafted-from polymers were prepared according to the standard polymerisa-
tion protocols described in Section 5.1, with the synthesis time between 5 and 15 minutes.
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13. More Facile Routes Towards P12MA Lubricious Coatings

Lateral Force Microscopy Lateral forces were measured with an MFP-3D atomic force micro-
scope (Asylum Research, Santa Barbara, CA). Measurements were carried out in n-hexadecane.

SiO2

a) b)

SiO2

Legend:
P12MA polymer PAAm adhesion promoter

UV-induced anchoring pointATRP initiator

Figure 13.1: Schematic presentation of the polymer coatings' structures. a) Uniform linear
chains obtained via SI-ATRP, b) disordered structure with multiple chain insertions obtained
via PFPA-based grafted-to method. Detailed description of fabrication is contained in Figure
13.2
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13.1. Grafting-to of P12MA

Table 13.1: Results of the dry thickness ellipsometric measurements and static water contact
angles measurements after each functionalisation steps.

Coating type Dry thickness [nm] Water contact angle
Si-PAAm-PFPA 2.0 � 0.5 46 � � 1�

Si-PAAm-PFPA-P12MA (GT15) 15.8 � 0.4 102� � 1�

Si-BPCS 1.8 � 0.1 77� � 2 �

Si-BPCS-P12MA (GF30/GF15) 30.8 � 1.1 / 15.1� 0.3 102� � 2 �

Colloidal probes were prepared by mounting SiO 2 (silica) colloidal spheres (Kromasil, Brewster,
NY, diameter = 15 � 0.5 mm) onto tipless silicon cantilevers (MICROMASH, San Jose, CA) by
means of a UV-curable adhesive. The normal stiffness 0.205 N/m of the cantilever was found
by means of the thermal-tuning technique, incorporated into the AFM software.

The detailed protocol for measurement and calibration is described in Chapter 6.

The bare sample used for reference was cleaned as follows: 2 x 10 min ultrasonication in 2-
isopropanol, 5 min in a piranha solution (7:3 H 2SO4:H2O2) directly before friction measure-
ments.

Nanotribometer Tribological studies were performed with a NTR2 tribometer (CSM Instru-
ments, Peseux, Switzerland) in a ball-on-disc con�guration using linear reciprocating mode
with constant speed between direction changes, i.e. triangle wave in displacement. More de-
tailed information on the tribometer and data processing can be found in Section 10.1.2.

13.1.2 Results and Discussion

Coating Formation

The ef�cacy of the two-step surface functionalisation process — �rst with adhesion promoter or
ATRP initiator and second with P12MA polymer — was demonstrated by thickness and static
water contact angle measurements. For both grafting-to and grafting-from, the �nal coating
was highly hydrophobic with water contact angles above 100 � (Table 13.1).

For the two coating types, the number of chains per nm 2 and molecular weights can be esti-
mated. First, for the grafted-to polymer chains, knowing the dry thickness (13.8 nm) of the
coating and the molecular weight of the polymer (150 kDa), and assuming the density of
P12MA to be 0.929 g/cm3, the grafting density of the grafted-to system can be calculated as
0.05 chains/nm 2. Second, for the grafted-from system (29 nm dry thickness), the molecular
weight is estimated at 60 kDa, when assuming grafting densities of ca 0.27 chains/nm 2 (as dis-
cussed in section 11.3 on page 40). It is also important to realize that the GT method is capable
of tethering chains at any position along the polymer chain, as well as carrying out multiple
radical insertions (attachment points) along a single chain of P12MA, intrinsically leading to a
more complex structure (with possible polymer loops) for which the mean length of an average
mobile polymer segment is much more broadly distributed when compared to a GF-fabricated
brush.

Tribological Performance

Lateral force microscopy results are presented in Figure 13.3. The two polymer-modi�ed silicon
surfaces yielded signi�cantly lower frictional forces than the bare silicon wafer (covered with
native oxide) when tested in hexadecane against a bare silica sphere.
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Figure 13.3: Lateral-force microscopy in hexadecane for a bare silica sphere slid against a bare
silicon wafer ('SiO 2'), and grafted-to ('GT15') and grafted-from ('GF30') polymer coatings, in
which the numbers approximate the dry thickness of the coating in nm. Scan rate 1 Hz across
5 mm scan line. 5-10 friction loops measured at each load.

Coef�cient-of-friction values were obtained as the slope of a line, �tted to the points with
the least-mean-square error method. The grafted-from sample was characterised by COF =
0.05� 0.01 and the grafted-from P12MA coating displayed value of 0.13 � 0.01 in hexadecane.
The difference among the polymer coatings (on the nano-scale contact) may arise from the
higher brush thickness of GF30 or might be related to the compact molecular arrangement
on the surface. Presumably, the inherent disorder of grafted-to surfaces could also hinder
facile motion of the colloidal probe across the surface by increasing contact area and therefore
adhesion. Support for the brush-thickness argument can be found in the literature [200], while
the contact-area hypothesis is supported by extrapolating the linear �t towards the 0-load axis;
at zero load, the grafted-to system exhibits a non-zero friction force, indicating an apparently
increased adhesion contribution. This is presumably due to the greater possibility of contact
between the colloid and the polymer chains in the case of the more uneven, conformal surface,
than for a perfectly smooth surface of the same material. For the grafted-from system the
extrapolated linear �t cuts through the (0,0) point at the graph, corresponding to a negligible
adhesive component to the friction.

Nano-scale frictional experiments were followed by experiments on a micro-scale, where the
Hertzian contact radii predicted for bare-bare systems are on the order of micrometers. First,
the grafted-to coatings (GT15) were measured in three different lubricants (hexadecane, and
two ester oils of 500 and 1,000 cSt viscosity), and slid against a bare borosilicate ball in an
endurance test, in which the speed was maintained at a constant value of 0.1 cm/s (using a
triangular sliding function).

The 15-nm-dry-thickness, grafted-to P12MA polymer coating showed very promising lubricious
properties when studied in EO500 and EO1000 lubricating �uids. The measured coef�cient of
friction values against bare silica spheres were an order of magnitude lower than those observed
for a bare-bare con�guration under the same testing conditions (Figure 13.4). When the sliding
was performed in hexadecane, the coef�cient of friction values increased above 0.2 (the level
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Figure 13.4: Coef�cient of friction evolution with sliding distance (Endurance test) for grafted-
to P12MA-coated silicon wafers slid against a bare borosilicate glass ball. Load 20 mN, sliding
speed 0.1 cm/s, maximal Hertzian contact pressure for bare-bare case ca 170 MPa.

of the bare-bare system) within the �rst few centimetres of sliding, which was attributed to
wearing-off of the coating.

For comparison, in endurance tests conducted under hexadecane, EO500 and EO1000 as lubri-
cants, the 15-nm thick grafted-to coatings (GT15) showed behaviour similar to that of coatings
prepared with the SI-ATRP protocol (GF30, or 15-nm-thick GF15 for more direct comparison).
Further, the coef�cient of friction values observed for the ultrathin grafted-to and grafted-from
coatings (dry thickness 6 30 nm) slid against a bare borosilicate ball in EO500 and EO1000
were as low as those observed for grafted-from coatings in brush-brush con�gurations of much
higher thickness (� 250 nm) in either hexadecane or more viscous oils (see Chapter 12).

The signi�cant differences in the endurance test in hexadecane and in EO500 oil prompted
further tests with oils of intermediate viscosity, to identify the minimal oil viscosity that is able
to deliver a satisfactory low-wear behaviour.

Application of lubricants of intermediate viscosities (PF36 and PF350) resulted in a less rapid
COF increase than that observed when using hexadecane, usually reaching COF values typical
for a bare-bare system in the boundary regime within the �rst 2-3 m of sliding. Similar stability
behaviour was observed for both GT15 and GF30 coatings (GF30 slightly higher endurance,
related to the coating thickness). Representative curves are presented in Figure 13.5.

Testing conditions of 0.1 cm/s and 20 mN do not allow the endurance performance of the thin
�lms in the highly viscous oils (EO500 and EO1000) to be distinguished. In order to investigate
any potential differences, Stribeck-like curves were obtained. A cautious analysis of such graphs
is required, since the results represent both phenomena that are purely a function of viscosity, load, and
speed, as well as dynamic effects such as coating degradation.

In an attempt to separate these two components clearly, a procedure in which speed is being
changed from high to low and again from low to high values, with 30 cycles at each speed,
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has been performed. Figure 13.6 shows the results obtained for the EO500 oil. It is apparent
that under the conditions used for endurance tests (sliding speed of 0.1 cm/s) for both GT15
and GF30 surface types a bene�cial friction reducing effect occurs, attributable to the polymer
coatings and related low-friction brush regime. At speeds below 0.1 cm/s, the COF obtained for
GF30 remains in the low region, while for the GT15 a gradual increase in the COF values (being
an average from 20 last cycles from the 30 performed at each speed) is observed. Severe coating
damage is observed at 0.01 cm/s, indicated by the high COF value of ca 0.12. Coating removal
(for GT15) is con�rmed by the high coef�cient-of-friction values observed while increasing the
speed up to the higher values—no friction-reducing effect attributable to the presence of a brush
coating was observed.

A similar experiment performed in oil EO1000 (Figure 13.7) showed complete reversibility of
the speed-COF curve for both GF30 and GT15 functionalised samples.

The higher coating endurance observed at higher speeds or in higher viscosity oil suggest a
time-dependent effect.

As discussed previously (Section 12.3), the behaviour is reminiscent of the squeeze-�lm model
of Hou et al. [75] for articular cartilage and synovial �uid systems and the apparent increase
of viscosity of solvents in a polymeric network, observed by Feiler et al. [53]. The squeeze-
�lm/enhanced viscosity model effectively describes lubrication with oil-compatible brushes:
Prior to potential asperity-asperity contact, the pressure increases signi�cantly and the oil is
squeezed out of contact at a rate governed by the lubricant viscosity and its solvent-polymer
interaction parameters. If the oil is suf�ciently viscous, the asperities remain cushioned against
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Figure 13.5: Endurance tests in intermediate-viscosity oils; for grafted-to 15-nm-thick P12MA
(GT15) and the grafted-from 15 and 30 nm thick coatings (GF15 and GF30). In both the cases,
sliding was carried out against an unmodi�ed borosilicate glass ball at a constant speed 0.1
cm/s and 20 mN load.

66



13.1. Grafting-to of P12MA

4

5
6

0.01

2

3

4

5
6

0.1

2

3

4

5

 C
oe

ffi
ci

en
t o

f F
ric

tio
n

0.01
2 3 4 5 6 7 8

0.1
2 3 4 5 6 7 8

1
2 3 4

 Sliding speed [cm/s]

 Bare SiO2

 GT15 speed down (1st)
 GT15 speed up (2nd)
 GF30 speed down (1st)
 GF30 speed up (2nd)

Figure 13.6: Stribeck-like curves obtained in EO500 oil under 20 mN load. Firstly, polymer
coated substrates are tested at high, moderate and low speeds (in this order, triangles pointing
to the left), after testing at 0.01 cm/s the order is reversed and the test �nishes at high speeds
(triangles pointing to the right). Between each speed change, the contacts were separated and
load reapplied. Coef�cient of friction measured for bare-bare contact pair is presented for
reference. While returning to high speed, the worn-off GT15 coating follows values typical for
the bare-bare system.

each other under the speci�c load and viscosity conditions.

To complete the tribological characterisation of the grafting-to system, it was ensured that the
lubricious properties of the grafted-to system arise from the tethered coating that is �rmly
attached to the surface and not from loosely bound moieties. First, control experiments allowed
us to verify that testing of the GT15 coatings can be interrupted and restarted after washing with
toluene, the COF-distance curves continuing in an unaffected manner, thus demonstrating that
any wear products present in the contact are not detrimental for the low-COF sliding. Second,
tests with uncoated surfaces and a polymer-enriched oil (5 vol% of 470 kDa M w P12MA in
EO500 oil) yielded COF values of 0.2 (typical for bare-bare at given conditions). This allowed
us to exclude the possibility that the lubricating effect can be attributed to a free polymer present
in the lubricating �uid due to wear processes, for example.

Finally, it is important to note that the low-coef�cient-of-friction sliding on the grafted-to poly-
mers have occurred only when the complete grafting-to procedure was applied. In the case of
absence of an adhesion-promoting layer, even a 100 nm thick P12MA coating tested in highly
viscous (and endurance maxismising) EO1000 lubricant was removed and no friction reducing
effect was observed on the longer run (Figure 13.8). Therefore it is necessary that the spin-coated
polymer be coupled to the surface using a PAAm-PFPA adhesion promoting layer.
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Figure 13.7: Stribeck-like curves obtained in EO1000 oil under 20 mN load. Both functionali-
sation methods (GF30 and GT15) allowed to maintain low coef�cient of friction regime at low
speeds. Both surfaces were able to endure the complete testing routine, proved by complete
reversibility of the curves.
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13.2. Surface-Initiated Free-Radical Polymerisaion

13.1.3 Conclusions

In this study, we have compared the lubricating properties of similar polymers when attached
via grafting-to and grafting-from approaches, and demonstrated an experimentally simple fab-
rication strategy for preparing lubricious, ultrathin, oil-compatible polymeric �lms. Despite the
far less well-organised architectures of the surface-attached, spin-coated grafted-to P12MA �lms,
in comparison to the grafted-from P12MA brush coatings prepared via SI-ATRP, they showed
very effective lubricating properties, leading to COF values of ca 0.02 and non-detectable wear
over 1,000 cycles, when slid against a bare silica sphere in oils of viscosity > 500 cSt.

It was demonstrated that to separate asperities from potential hard-hard contact at a given
speed, and therefore forestall the onset of coating wear, a lubricant of a certain minimal viscosity
is needed, which is able to maintain a protective, soft, oil-swollen polymeric cushion. Further,
the coating stability is related to the initial coating thickness, and thus even further extension
of the operating speed, load and oil-viscosity ranges, for a given durability, would be foreseen
upon increasing of the molecular weight of the spin-coated polymer.

13.2 Surface-Initiated Free-Radical Polymerisaion

The grafting-to strategy, described above, uses pre-made polymers that are adsorbed on a given
surface by electrostatic interactions, for example, such as PLL-g-PEG on negatively charged ox-
ides, or by formation of covalent bonds i.e. by incorporation of UV radiation and photoreactive
functional groups (PFPA adhesion promoters). Experimentally this approach can be realised
by dip-coating or spin-coating techniques, which sometimes lack the control of thickness or are
not suitable for functionalisation of substrates of complex shapes.

Such shape-related technological limitations are bypassed with grafting-from techniques, which
are based on the growth of the polymeric chains from the surface. To fabricate a coating, by
growing it from the surface, the coating building blocks have to be delivered to the growth-
sites at the surface, for which a surface-access for small molecules and reasonable diffusion
rates are the only requirements. Recent decades have been a fruitful period of development for
surface-initiated controlled radical polymerization (SI-CRP) methods. These, as demonstrated
in Chapter 11 allow the fabrication of homogeneous polymer layers. The chemical bond that is
formed between the initiating molecules and the substrate, contributes to the solvent stability
and to the greater wear resistance when compared to the polymers that are only physically
adsorbed on surfaces, which dissolve and are washed-off upon solvent exposure. Many of the
SI-CRP techniques require however special chemicals (ligands, activators, etc.) and are multi-
reagent systems, elevating process costs. Their complexity can thus be regarded as a downsides
of the CRP methods from an industrial point of view.

In this section of the thesis, a well-established free-radical polymerisation concept is deployed in
a surface-initiated manner (SI-FRP) [150, 2] as a means to fabricate lubricious coatings. The aim
of this work was to verify if friction reducing effect (by a factor of ten), similar to that obtained
with SI-ATRP coatings, can be achieved using straightforward SI-FRP methods, despite the
characteristics of chain-growth free-radical polymerisation, such as rapid achievement of high
molecular weights, large polydispersities and a high proportion of dead chains at any time. To
this end, various concepts based on silane layers have been proposed, in which either thermal
initiator molecules or reactive molecules, capable of accepting a growing polymer chain, are
tethered to the substrate. Three reaction variants which were studied:

• MAMSE - methacrylate-end terminated silane layers, radical formation occurring in the
bulk of solution [197]

• GPTS - epoxy-based silane coupled to an initiating molecule, radical formation occuring
both in the bulk solution (if free initiator added) and at the surface [78]
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• APTES - amine-terminated silane coupled to an initiating molecule, radical formation
occuring both in the bulk solution (if free initiator added) and at the surface [27, 35]

All three variants of SI-FRP reactions reported here rely on thermal initiators, which upon
heating decompose forming two radicals. Typically, such molecules, comprising azo or peroxy
groups, decompose at a controllable rate within a relatively narrow temperature range. Often a
half-life temperature is given as a molecule speci�cation at which 50% of molecules will decom-
pose within 10 hours [166], i.e. for AIBN its 10 h half-decomposition temperature is 64 � C. The
reactivity of an initiator, its tolerance towards solvents and solubility are in�uenced by its struc-
ture. In this study the symmetric azo initators have been used, which have a decomposition rate
independent of environment or dilutions and do not undergo radical-induced decomposition
(however g-carbon substitution, e.g. reaction with a surface, may reduce the initiator stability
as found in the study by Engel [49] and attributed to stabilisation of the radicals and increased
decomposition rates).

Such thermal initiators can be either present in the bulk of the solution, tethered to the surface or
both — where initiators are tethered and a certain amount of free initiating molecules is added
to the bulk of solution. In the case where the initiator was present exclusively in the solution and
initiation occurred in the bulk volume of the polymerisation mixture, in order to form polymer
brushes on silicon wafers, their surfaces were modi�ed with reactive methacrylate-terminated
silanes (MAMSE), as depicted in Figure 13.9 A.

In the case of initiation from the surface the silicon surfaces underwent two-step modi�ca-
tions, where �rstly an amine- or epoxy-terminated silane layer was formed and then further
functionalised to incorporate a thermal initiator, as presented in Figures 13.9 B and C. For the
polymerisation reaction none or some of the unbound initiator molecules were added as a way
to accelerate chain growth.

13.2.1 Experimental

The detailed description of the silane layer formation and the compositions for the polymerisa-
tion reactions are described in Sections 4.4 and 5.3, respectively.

13.2.2 Results

Silane-Layer Formation

The coating-thickness and contact-angle values that were used to monitor silane-layer formation
are collected in Table 13.2. It can be seen from positions 1 and 2 that a prolonged incubation
time can nearly double the MAMSE layer thickness up to 1.7 nm, which appears larger than
the ca 1.4 nm estimated for a uniform monolayer, which is indicative of the imperfect structure.
Next to the increase in thickness, the increase in surface hydrophobicity (contact angle increase
from 50� to 64� ) appears to be logical as more of the methacrylate groups are present at the
surface. For comparison, the contact angle for a MAMSE monolayer prepared from vapour
phase on a silicon wafer reported in the literature was about 76 � in the work of Changzheng
et al. [37], or 81� and 64� as advancing and receding contact angles as reported in a paper
published by Byun et al. [91] where MAMSE layers were adsorbed from toluene solution.

Similarly the GPTS silane is characterised by higher thickness after 15 h of incubation (ca 3.5
nm) when compared to coatings obtained after 2 x 15 min incubation (2.6 nm). In both cases
the values seem to be excessive for single monolayers (position 3 and 4 in the Table 13.2 refer to
silane before the coupling step). The literature value for a GPTS monolayer contact angle is ca
55� 10� [189, 78]. In the case of APTES silane formation, various protocols can be found in the
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Figure 13.9: SI-FRP functionalisation schemes.
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literature [62] with methods ranging from vapour adsorption to adsorption from aqueous or
anhydrous solutions. In this case a working protocol was used that yielded 3 and 1.5 nm thick
layers, for which water contact angles at levels of 50 � -55� were obtained, which is in agreement
with those reported in the literature [7].

Table 13.2: Results of silane layer formations - thickness and static water contact angles after
silane formation only (without initiator coupling). Details on preparation can be found in
Section 4.4

Pos. Silane type Thickness [nm] Water Contact angle [� ]
1 MAMSE 1 0.9 � 0.5 50 � 2
2 MAMSE 2 1.7 � 0.1 64 � 1
3 GPTS 1 2.6 � 0.6 65 � 2
4 GPTS 2 3.5 � 0.3 47 � 2
5 APTES 1 3.0 � 0.2 50 � 2
6 APTES 2 1.5 � 0.1 55 � 1

A second step of surface functonalisation, comprising attachement of an initiating group was
realised for 3-glycidoxypropyltrimethoxy silane layers using 2, 2'-azobis isobutyramidine for
GPTS 1 and 4, 4'-azobis (4-cyanovaleric acid) for GPTS 2 layers. The coupling of the former was
conducted for 2 hours in ultrapure water, while for the latter the reaction was carried out in
acetone using pyridine as a coupling agent. After the coupling and washing steps, the initiator-
functionalised layers of GPTS 1 displayed a contact angle of 62� � 2� but resulted in a reduced
�nal coating thickness of 1.6 nm (IR spectra did not show any changes), while GPTS 2 layers
displayed a contact angle of 95� � 1� and a �nal coating thickness of ca 5.2 nm.

The amine groups that are available on the surface are coupled to the carboxylic groups of
the cyanovaleric acid based initiator. Amidation reactions conducted on the 3-aminopropyl-
functionalized silica followed two pathways: 1) The APTES 1 coating was reacted for 2 h at
room temperature using triethylamine to deprotonate the amine and ethyl chloroformate as
a coupling agent, 2) The APTES 2 coating was reacted for 16 h at room temperature using
1-ethyl-3-(dimethylamionpropyl) carbodiimide as a coupling agent.

Polymerisation Reactions

The results of SI-FRP reactions are collected in Table 13.3. Polymerisation reaction R1 carried out
on MAMSE 1 coated substrates yielded 5.5 nm thick �lms. When the monomer concentration
in the polymerisation mixture was increased from 10% to 50% (reaction R2) the thickness of
the coating increased to 15.9 nm. However in this case, the starting silane layer was MAMSE
2 which was slightly richer in methacrylate groups. Reactions R1 and R2 contained monomer
and unbound AIBN initiator molecules at an 100:1 equivalent ratio. In accordance with polymer
synthesis theory, where the degree of polymerisation is proportional to the [M]/[I] ratio, thicker
�lms were produced when this ratio was set to 250:1 in reaction R3, which yielded �lms nearly
30 nm thick.

Polymerisation reactions started from the GPTS 1 initiator functionalised layer, with no free
initiator added to solution, did not result in a signi�cant coatings thickness increase after 72
h at 65� C, as con�rmed by a minor (ca 1.5 nm) coating thickness increase and lack of CH 2

and CH 3 stretching peaks in the FTIR spectra. This was possibly due to rapid ABAP initiator
consumption at the surface and lack of any further radical source (GPTS 1 R4 in Table 13.3).
Addition of an unbound AIBN initiator to the polymerisation mixture in a [M]/[I] ratio of 100:1
resulted in a 34 nm thick coating, which was characterised by a high water contact angle 95 �

(GPTS 1 R5). A similar observation was made when a cyanovaleric acid-based initiator was
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Table 13.3: Results of SI-FRP polymerisation reactions - thickness and static water contact angles.
Details on reaction conditions can be found in section 5.3. Reactions from 1 to 9 carried for ca
72 h, reaction 10 for 4 h.

Pos. Substrate Reaction [M ]/ [I ] M vol. % T [ � C] d [nm] Contact angle [� ]
1 MAMSE 1 R1 100 10 65 5.5 � 1.7 84 � 1
2 MAMSE 2 R2 100 50 65 15.9 � 1.2 94 � 1
3 MAMSE 2 R3 250 50 65 29.4 � 0.7 104 � 1
4 GPTS 1 R4 none 10 65 2.9 � 0.2 65 � 2
5 GPTS 1 R5 100 30 65 34.1 � 0.1 95 � 1
6 GPTS 2 R6 100 30 65 10.1 � 2.6 90 � 1
7 GPTS 2 R7 none 30 65 4.8 � 0.3 66 � 1
8 APTES 1 R8 100 30 65 19.8 � 0.3 94 � 1
9 APTES 1 R9 none 30 65 7.2 � 1.4 80 � 1
10 APTES 2 R10 none 30 110 4.4 � 1.0 77 � 1

coupled to the GPTS 2 layer; reaction R6 that contained 100 monomer equivalents with respect
to the unbound AIBN initiator molecules yielded thicker coatings (ca 10 nm) than the reaction
R7 when no AIBN was added to the polymerisation media (4.8 nm). As the reactions R5 and R6
were carried out under the same conditions, one could assume that the GTPS 1 coating served
as a more ef�cient initiating layer than the GPTS 2, for which ABAP and AVCA were bound
as initiating molecules respectively. Polymerisation reactions where initiation occurred only on
the surface (APTES+AVCA) were able to yield coatings ca 7 nm thick after 72 h of reaction
time at 65� C, addition of an unbound-free initiator allowed to reach coatings of nearly 20 nm
in thickness.

A word of caution has to be added to this section, as together with silane-modi�ed wafers,
the polymerisation �ask contained clean, unmodi�ed silicon wafers. The contact angle and
thickness after polymer synthesis were nearly equivalent for bare, and for silanised initiator-
coated wafers. Theseside-effectcoatings were solvent stable, even withstanding treatment in a
sonicating bath. This signi�es a lack of control during the synthesis and some sort of radical
coupling to the bare surface. Further research into this effect would certainly be useful.

Tribology

The tribological performance of the synthesised coatings was evaluated in the EO500 oil, slid
against a bare borosilicate ball, under 20 mN and at constant sliding speed of 0.1 cm/s. The
coatings prepared based on MAMSE silanes displayed a coef�cient of friction of ca 0.02-0.03
for a distance dependent on the coating thickness: ca 0.5 m for a 5.5 nm thick coating and for
at least 4 m for a nearly 30 nm thick coatings. A similar behaviour was observed for coatings
where APTES and GPTS silanes were used as layers. The tribological performance of the APTES-
based P12MA �lms was worse than that of MAMSE-based �lms of equivalent thickness. For the
APTES-based coatings sliding at moderately low COF values (ca 0.05) was attained and only
for a brief moment after which a gradual increase occurs, which is attributable to the coating
removal.

In the case of MAMSE coatings where initiation occurs in solution and not on the surface
one can assume the chain-length polydispersity of the obtained �lm to be higher than of those
where initiator was present at the surface and where the polymerisation started homogeneously
(simultaneously) across the entire surface. If this assumption holds true, then the superior per-
formance of MAMSE-based �lms and the ability to reach very low COF values could simply be
attributed to a greater counter-surface separation for MAMSE-based coatings when compared
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to the APTES and GTPS based coatings. This, in turn can, be explained by a higher proportion
of longer chains, which although grafted at lower densities than these of APTES or GPTS sys-
tems, are able to present higher swelling rates and so induce larger counter-surface separations.

It is interesting to observe that the contact angle values of the prepared �lms reach levels close
to the saturation value of 104� , typical for homogeneous ATRP-based P12MA �lms, only for
thickness values of ca 30 nm. This could be indicative of the inhomogeneous character of
the coating, which increases the mean surface energy (e.g. through exposure of bare spots).
A comparison of a APTES 1 R9 and GTPS 2 R7 coatings (where no unbound initiator was
added) with a MAMSE coating of a similar thickness in the range of 5-7 nm reveals higher
hydrophobicity of the MAMSE-type (with values of 80 � , 66� and 84� respectively), which further
supports the reasoning for its superior tribological performance.
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Figure 13.10: Dependence of the coef�cient of friction on the sliding distance for P12MA coat-
ings prepared via SI-FRP protocols. Data presented for selected coatings only. Load 20 mN,
sliding speed 0.1 cm/s, EO 500 used as lubricant.

The tribological performance of P12MA coatings prepared via SI-FRP protocols was worse when
compared to those of coatings prepared via SI-ATRP or even the grafted-to method reported in
Section 13.1.2. 10, or even 20 nm thick FRP-made �lms do not sustain low-COF sliding for a
distance longer than 1 m, while the SI-ATRP or grafted-to coatings slide at COF values of ca 0.01-
0.02 for distances at least 4 m long, when studied in the same oil and under the same loading
conditions. This would support a hypothesis of inferior coating homogeneity and would lower
the application potential of the free-radical protocols.

13.2.3 Conclusions

In this section, various silane surface modi�cations have been prepared using protocols found in
the literature, such �lms being further used to prepare hydrophobic poly (dodecyl methacrylate)
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Figure 13.11: Dependence of the water contact angle of the P12MA coating prepared via SI-FRP
protocols as a function of its thickness. Data presents values for all three modi�cation types:
MAMSE, GPTS and APTES. Dashed line was drawn at 104� to display the level of ATRP-based
coatings.

coatings using free-radical surface- or bulk-initiated polymerisation reactions. Depending on
the reaction conditions and surface layers, �lms of thickness above 30 nm were prepared. Such
thick �lms displayed good tribological properties.

The two approaches which rely either on methacrylate or an initiator bound to the wafer sur-
face, differ in the initiation mechanism, in the former case the initiation occuring simultane-
ously throughout the entire volume of the polymerisation mixture thus yielding chain growth
processes at the surface as random and uneven. In contrast, in the other cases, the temperature-
induced radical formation occurs evenly over the entire surface area, promoting a simultaneous
chain-growth initiation, reducing the likelihood of inhomogenous coating formation.

It was possible to observe that having surface-bound initiator as the sole source of radicals
was insuf�cient to produce coatings thicker than 10 nm. In order to exceed this threshold
value, the addition of an unbound initiator to the polymerisation mixture was necessary. The
presence of a radical source on the surface only limits the number of radicals that can be
created, yielding surfaces that are more prone to termination reactions e.g. traces of oxygen
would permanently deactivate the surface and stop the polymer brush growth. For this reason,
having a reservoir of thermal initiator in solution renders the reaction less sensitive to impurities
and allows the formation of thicker �lms that are more applicable in tribological systems than
their thin equivalents. On the downside of the free-initiator in solution one has to mention the
uncontrolled nature of the FRP reactions which lead to gellation of the entire volume of the
polymerisation mixture after prolonged reaction times 1.

1At a certain point when the viscosity of solution increases, the percentage of useful radicals is reduced due to
the cage recombination reactions [54, 133], and so carrying out of the reaction is no longer possible.
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13.3 Oxygen-Tolerant ATRP - Lubricious Coatings for Everybody

13.3.1 Introduction

The easy-to-use grafting-to approach or free-radical strategies for poly (dodecyl methacrylate)
coatings described in previous sections are promising and facile from a synthetic point of view,
though they possess certain limitations that are primarily related to the upper limit of the
coating thickness. For the former, the upper coating limit is a related to the molecular weight of
the spin-coated polymer, while for the latter case it is related to the concurrent synthesis from
the surface and in the bulk of the solution, which leads to strong sample gellation prior to a
satisfactory brush thickness being attained.

The aim of this part of work was to investigate an alternative mode of the ATRP surface-initiated
reaction, in which oxygen-stable compounds are used as starting components and the tedious
deoxygenation step can potentially be omitted. A success of this approach would signi�cantly
reduce the degree of complexity of a technology based on surface-initiated polymerisation and
would reduce it to reagent mixing and dispensing over initiator-modi�ed substrates. For this
reason the synthesis is based on the reaction where Activators are (Re)Generated by Electron
Transfer — ARGET ATRP [127].

In brief, a non-radical-forming reducing agent (RA) is added to a system, and it is capable of
reducing Cu I I halide salt complexes. These form CuI -halide-based complexes that are capable
of cleaving organohalide bonds of the initiator monolayer. This leaves a radical on the surface
that can react in a monomer-addition event and later reform a dormant chain end, with the
reaction further following as a conventional ATRP. The non-radical forming property of the
reducing agent is essential in order to minimise the rate of bulk polymerisation. Typically, as
reducing agents tin 2-ethylhexanoate [82], ascorbic acid [131], phenol, thiophenol, triethylamine,
or methylamoniumoxane (MAO) [194] can be used. The scheme of the ARGET ATRP reaction
is presented in the Figure 13.12.
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Figure 13.12: A scheme of the ARGET ATRP reaction adapted from [194]. The reagents depicted
with black font are added to the reaction, the products of reduction reaction and polymerisation
are depicted in red font. The rate of activtion, deactivation, termination and monomer addition
are respectively shortnamed as kact, kdeact, kt and ka.

Various reaction compositions and setups have been evaluated within the framework of this
project, and the results of the synthesis are presented as the dry coating thickness as a function
of polymerisation time, the amount of solution (or air) in the reaction �ask and the reaction com-
position. The tribological performance of coatings prepared with ARGET ATRP are evaluated
and compared with P12MA coatings prepared in a conventional SI-ATRP process.
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13.3.2 Experimental

Materials and initiator layer formation Materials used in this part of work are described in
Chapter 2 and the surface-functionalisation protocol with a BPCS initiator molecules is de-
scribed in Section 4.2.

ARGET ATRP of poly (dodecyl methacrylate)

Details on the synthesis and reaction preparation are contained in Section 5.4. To restate brie�y,
the experiments reported here were conducted with BPCS-functionalised silicon wafers that we
placed in air-�lled and sealed 17 mL glass vials, unless speci�ed otherwise. Polymerisation
mixtures were prepared under a controlled amount of air, the liquid ingredients (monomer,
solvent and �nally reducing agents) being added to an oxygen-free (after 3 vacuum-nitrogen
cycles) Schlenk �ask containing the solid components (ligand and copper salt).

Six different polymerisation mixtures compositions were studies with the ratios of monomer,
ligand, CuBr 2 and reducing agent as presented in the Table 13.4.

Table 13.4: Ratios of different ARGET ATRP runs, polymerised with 10 vol% of anisole at 110 � C.
For reaction C6 reducing agent from ABCR was used, for other reactions from Sigma-Aldrich. †

- a synthesis at milder conditions was carried out in order to capture the polymerisation kinetics
(50 vol. % of solvent and 90� C).

Composition Label Monomer Ligand CuBr2 Reducing agent
C1 300 5 1 100
C2 300 5 1 200
C3 300 15 5 100
C4 20'000 5 1 100
C5 3'000 5 1 100
C6† 3'000 5 1 200

13.3.3 Results

The E�ect of Monomer and CuBr 2 Content on the ARGET Reaction

It is known that the reaction kinetics in ATRP depend on the concentration of the activating
species (CuBr), which in the case of ARGET ATRP are delivered to the reaction indirectly as a
product of the CuBr 2 reduction by the reducing agent. When taking reaction C1 as a reference,
the effect of increasing the amount of added ATRP complex (CuBr 2 and ligand) was studied
with the reaction composition C3, where the amount of ligand was tripled (increasing the con-
centration of ligand from to 15 mg/mL ca 46 mg/mL in the �nal solution) and the amount of
CuBr2 was increased by factor of �ve (from ca 1.7 mg/mL to 8.4 mg/mL in the �nal solution).
After 3h of reaction at 110� C, when 8 mL of solution were added per reaction �ask, the resulting
coating thickness values, speci�c for reactions C1 and C3 were 174 � 26 nm and 33 � 2 nm,
respectively. Such a strong reduction in reaction kinetics is most likely caused by the increased
concentration of deactivator only and not of the activator. The addition of an increased amount
of CuBr2 and ligand without accompanying extra reducing agent led to an achievement of an
effect opposite to that initially intended. In order to deliver suf�cient amounts of CuBr activat-
ing species one would have to increase the concentration of CuBr2, the ligand and the reducing
agent. This can be realised however by maintaining all three other concentrations constant and
simply changing the monomer concentration.
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For this reason the effect of the monomer concentration was studied. In the case where the
amount of monomer was changed from 300 to 3'000 and 20'000 equivalents with respect to
CuBr2 (and �xed ratios of ligand and reducing agent), no signi�cant difference in coating
thickness after 3 h reaction time was observed for the reactions C1 and C5 with 300 and 3000
monomer equivalents. However, a reaction C4 carried out with 20 000 equivalents of monomer
led to a complete reaction slow down — Table 13.5. This could be explained; �rstly, by a large
dilution of the copper species, which lowers the reaction kinetics and secondly by the relatively
low concentration of the reducing agent, which is now confronted with a large volume of a
non-degassed monomer solution. In such a case the RA is primarly consumed by removing the
oxygen from solution and cannot act as an ef�cient reducing agent for CuBr 2. The results are
summarised in Table 13.5.

Table 13.5: Dry coating thickness after 3 h of reaction at 110� C at the reaction composition
M:5:1:100 with a varied monomer content M equal to 300, 3000 or 20000. For all reactions 5 mL
liquid was dispensed above substrates.

Composition. Monomer equivalents Thickness [nm]
C1 300 181.5� 14.3
C5 3'000 175.9� 46.3
C4 20'000 1.5 � 0.3

The E�ect of Reducing Agent Content on the ARGET Reaction

When the reducing agent is added to a mixture of monomer, solvent, ligand and CuBr 2 salts,
its function is to generate activators by means of reducing the higher oxidation transition metal
complex. However, at the same time it is presented with a certain amount of oxygen — present
in the polymerisation mixture VO2� solution and in the air present in the polymerisation �ask
itself VO2� air. The presence of oxygen lowers the reductive capabilities of the reducing agent
towards copper salts. It may be expected that a ratio of the amount of reducing agent to the
total solution volume and the volume of air trapped above samples will in�uence the reaction
output. In this section the effect of the amount of air present in the sealed �ask, which serves
as a poisonfor the polymerisation, is discussed. For this purpose, different reaction runs have
been studied where the amount of added liquid volume was varied.

Speci�cally, the polymerisation reactions based on compositions C1 and C2 were carried out
with various amount of liquids being injected into the reaction �asks, which were sealed and
�lled with an initial atmosphere of air. The effect of the height of solvent above the polymerising
wafer is depicted in Figure 13.13 (an even more profound effect was observed at larger copper
complex dilutions, described in the next paragraph). It appears that the reaction that contains a
lower amount of reducing agent (C1) is more sensitive to the height of the liquid, which serves
as protecting oxygen-diffusion barrier that reduces the rate of radical-quenching caused by the
diffusion of oxygen from the air present above the liquid. In turn, when the amount of the
reducing agent was doubled, the resulting polymer thickness was independent of the solution
volume added. This could be indicative of the protective function of the RA during the reaction,
namely, the higher the reducing agent concentration, the lower the required solution volume
that is needed for ef�cient polymerisation (acting as an oxygen diffusion barrier, separating
wafers from liquid-air interface). For the C2 composition, one has an excess of the reducing
agents, which 'deactivates' the diffusing oxygen already at the smaller depths.

From the reaction-cost and environmental-impact point of view it is bene�cial to use the lowest
possible amount of reducing agent, ligand and copper species and for example the composition
3000:5:1:100 (C5) appears very appealing. After learning a lesson of the role of the RA in the
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Figure 13.13: The effect of added polymerisation mixture volume on the coating thickness after
a 3 h reaction time for reaction compositions C1 and C2 from table 13.4. Total �ask volume 17
mL, for example 5 mL of liquid equals 12 mL of air present in the sealed �ask.

reaction, the promising composition C5 reaction composition was modi�ed and a variant of
this reaction was tested, comprising a doubled amount of reducing agent (composition C6 in
Table 13.4), which still contains a low concentration of the ATRP complex. Upon compositional
modi�cation from C5 to C6, indeed the reaction did yield signi�cantly thicker coatings after 3
hours (see Table 13.6), which is likely to be due to the larger amount of CuBr species in the
system, produced in an environment where more of the RA was available.

Table 13.6: Dry coating thickness after reaction at 110� C at the reaction composition 3000:5:1:RA
with a varied reducing agent equivalents RA equal to 100 and 200. To each �ask 5 mL or
polymerisation mixture was added each time.

Composition. Reducing agent equivalents Reaction time [h] Thickness [nm]
C5 100 3 176 � 46
C6 200 1 668 � 60
C6 200 3 834 � 46
C6 200 6 986 � 11

When looking at the reaction kinetics (Table 13.6), the speed at which coatings above 600 nm
are achieved appears striking in comparison with the conventional ATRP described in Chapter
11 (ca 300 nm after 3 hours). From the principles of controlled radical polymerisation, it is
believed that the control over the reaction conditions and thus, over the polymer-chain-length
polydispersity, is achieved by means of reducing the concentration of growing (radical-carrying)
chains. Such control is achieved, however, at the cost of reaction speed. Observing such a
high coating growth rate, it is fair to assume that control over the reaction polymerisation is

79



13. More Facile Routes Towards P12MA Lubricious Coatings

relatively poor and that it now may resemble free-radical polymerisation, for which a high chain
termination rate and large polydispersity are typical. In order to verify the hypothesis regarding
the reaction control loss, a reinitiation experiment was designed, in which samples after a 1 st

reaction ARGET ATRP were placed again in the reaction media in order to reinitiate. The results
of these experiments did prove that such samples could not grow in thickness during the 2 nd

polymerisation cycle, which was indicative of the fact that nearly all chains are deadwith their Br-
groups lost during the course of permanent termination (oxidation, reaction with neighbouring
chains, transfer to solution, etc.). A control experiment with fresh BPCS-functionalised wafers
did yield thick coatings in these experiments — indicating the effectiveness of the reaction itself.

Reaction at Milder Conditions

The high polymerisation rates discussed above did not allow the kinetics of the reactions to be
determined. In order to do so, an ARGET ATRP synthesis similar to C6 (precisely 3000:4:1:200)
was modi�ed by adding more solvent (50 vol. %) and by reducing the reaction temperature to
90� C. Such milder reaction conditions allowed us to slow down the reaction to levels suf�cient
to observe a linear time vs coating thickness dependence as presented in Figure 13.14. It was
possible to observe an incubation period of ca 30 minutes, typical for ARGET ATRP processes,
in which the oxygen is consumed and the activator complex is being generated up to levels that
are capable of initiating the synthesis at a visiblerate.
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Figure 13.14: ARGET ATRP reaction kinetics demonstrated with 3000:4:1:200 composition at
90� C with 50 vol. % of anisole used as a solvent.

Homogeneity of the Coatings and the E�ect of Oxygen Above Substrates

The ultra-thick coatings fabricated with the composition C6, were well reproducible in terms of
obtaining very high dry thickness (above at least 600 nm) within 3 h of reaction. Nonetheless
this thickness was not always evenly distributed on the sample surface, with a certain coating
thickness gradient. This is intriguing, since such thickness-gradients could be attributed to the
uneven oxygen distribution in the vicinity of the wafer across its entire surface. The fact that a
similar gradient was observed with wafers produced in an oxygen-free reaction, where wafers
were placed in degassed and nitrogen-�lled containers, may suggest some effects related to
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the uncontrolled polymerisation front i.e. complex segregation, uneven radical distribution, etc.
This effect was not studied in detail, but tribological results obtained on samples with thickness
gradients are discussed in the next chapter where brush resistance to wear is discussed.

13.3.4 Tribological Evaluation of ARGET ATRP Based Coatings

Coef�cients of friction obtained when sliding against a bare borosilicate ball, under 20 mN loads
and in hexadecane were as low as 0.01-0.02 and the tests did not deviate from the behaviour
observed for other P12MA coatings prepared via conventional ATRP.

Figure 13.15 presents results of a tribological test under the most stringent loading conditions
for the 600 nm thick ARGET-based coating. A superior frictional behaviour was observed, when
compared to P12MA coatings prepared via conventional surface initiated ATRP reaction but of
lower thickness. The trend of increasing stability with respect to increased coating thickness
seems to be continued between classical and ARGET based poly (dodecyl methacrylate) coat-
ings.

The very good tribological characteristics of the ARGET-made coatings will be further explored
in Chapter 14 which deals with issues of wear resistance and surface roughness in more detail.
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Figure 13.15: Dependence of the coef�cient of friction on the sliding distance for P12MA coat-
ings prepared via SI-ATRP (black markers) and ARGET based SI-ATRP (red markers).

13.3.5 Conclusions

In conclusion, various reaction parameters for the ARGET-type ATRP reaction have been in-
vestigated and an optimal protocol to fabricate very thick polymeric coatings was selected —
corresponding to monomer:ligand:CuBr 2:Reducing agent ratio of 3000:5:1:200. It was possible
to fabricate coatings of dry thickness up to ca 1000 nm within 6 hours of reaction time. To the
bene�ts of this approach one has to include the simplicity of preparation, where no degassing
step is required — as the oxygen is consumed by the reducing agent as well as the reduced
cost of required chemicals2. Such rapid polymerisation rates led to loss of reaction control and

2The cost of chemicals needed to prepare a small 20 mL in volume ARGET reaction (composition 3000:5:1:200)
is lower by a factor greater than 3 when compared to the previously established conventional ATRP reaction, from
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resulted in coatings that could not be reinitiated (or post-functionalised). Nevertheless, consid-
ering the advantages in speed and the requirement for coating thickness, ARGET ATRP seems
to achieve a good compromise between time/thickness and control/polydispersity.

13.4 Chapter Conclusions

In this chapter, the three different concepts of preparing oil-soluble polymeric coatings were
presented: UV-induced grafting-to of ex situsynthesised macromolecules, surface initiated free
radical polymerisation and a facile mode of a surface-initiated atom-transfer radical polymeri-
sation.

When the tribological properties ( mand durability) are considered, the experimental results do
not indicate signi�cant differences between the SI-ATRP and the grafted-to P12MA coatings, nor
between the SI-ATRP and ARGET-SI-ATRP ones. A certain underperformance of the coatings
prepared following surface-initiated free radical polymerisation was observed, as higher �lm
thickness were needed in order to attain satisfactory low-COF sliding conditions.

The �rst two approaches were shown to be limited in coating thickness, in terms of the molecu-
lar weight of the spin-coated polymer and high termination rates during SI-FRP reactions. The
third was shown to be an easy and robust pathway to fabricate ultra-thick polymeric coatings,
whose tribological performance is as good as that of P12MA coatings prepared using conven-
tional, more labour-intensive, SI-ATRP protocols.

Finally as the coating durability appears to be related to coating thickness, one could now pick
a route for preparation of highly lubricious coatings after considering the following points:

• simplicity, availability of synthetic resources or laboratory equipment

• tribological conditions and lubricant properties

• potential post-synthesis functionalisation i.e. ARGET ATRP may offer fewer possibilities
for chain-end conversion (but yields thick �lms under nearly ambient conditions).

16.9 CHF to 5.4 CHF, based on prices in January 2013. From the total cost one has to deduce the lower amount of
labour needed for ARGET ATRP.
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Chapter 14

On the Wear Resistance of Polymer Brushes

Low coef�cients of friction have been observed for poly (alkyl methacrylate) coatings under oil
in both AFM- and tribometer-scale contacts. Nonetheless, it was shown in previous chapters
that the ability to maintain such low COF values over prolonged distances depends on vari-
ous speci�c elements, such as: coating thickness, testing speed, etc. A structured analysis of
these issues has been attempted in this section of the thesis, in accordance with the argument
categories presented below:

• Structural aspects of a coating (Coating thickness, surface-anchor type, crosslinking)

• Testing conditions (Lubricant viscosity, testing speed, nominal contact pressure)

• Substrate-related aspects (Coating parity, substrate roughness, substrate geometry)

This chapter treats the coating-endurance aspects of poly(dodecyl methacrylate) brushes only.
These were found to perform best out of the three poly (alkyl methacrylates) tested in various
oils. The experiments were designed in such a way as to induce failure of various coatings un-
der various testing conditions within a reasonable time frame (less than 5 days of testing, and
preferably within 1 day). To accomplish this, tests were carried out under harsh experimental
conditions; at low speeds and high loads, and where possible in low-viscosity lubricants. The
experiments reported in this section were conducted with polymer-coated silicon wafers slid
against bare borosilicate balls, except in section 14.3.1, where brush-brush tests are reported. By
choosing a brush-bare con�guration, it is easier to explain the observed behaviour, as for exam-
ple, coating failure can be attributed to a speci�c location on the wafer, and interpenetration of
brushes tethered to the opposing substrates can be eliminated.

Credits for valuable contributions to this chapter are given; to Dr Rosa Espinosa-Marzal, for
experimental execution and theoretical support of the SFA and nanoindentation sections, that
describe the �uid-con�nement effects and to Amanda H üsler who completed her semester
thesis studying lubricious properties of P12MA coatings on various rough substrates. The work
included in this chapter has not yet been published and has a more of an exploratory character.

14.1 Structural Aspects of the Brush

14.1.1 The E�ect of Coating Thickness on its Wear Resistance

When considering the brush structure, it can be linear, crosslinked or strati�ed; attached by
a single or multiple surface anchors. Besides this, an obvious but critical characteristic is its
thickness. As observed in Chapter 12, the higher the coating thickness the more durable it
appears to be. A fairly sharp change in a relationship between brushes thickness and durability

83



14. On the Wear Resistance of Polymer Brushes

was apparent, in particular, a very low durability of coatings below ca 170 nm and a very good
durability was observed for coatings ca 250 nm thick 1. Samples with P12MA coatings, prepared
with an ARGET ATRP protocol that resulted in a lateral gradient in thickness were used for
tribological experiments in order to observe explicitly how durability of the low-friction coatings
is affected by its thickness. Results of such experiments, where the number of completed cycles
is represented on the abscissa axis and the coating thickness is marked on the ordinate, are
presented in Figures 14.1 and 14.2. While using a bare borosilicate ball as a countersurface

P12MA, speed 0.1 cm/s, Load=100 mN, hexadecane 
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Figure 14.1: Tribogram presenting coef�cient of friction map in the sliding distance and coat-
ing thickness coordinates. Data obtained on a thickness-graded P12MA coated silicon wafer,
obtained with ARGET ATRP synthesis. Sliding was performed against a bare borosilicate ball,
under 100 mN of load and at 0.1 cm/s.

and hexadecane as a lubricant, sliding at speed 0.1 cm/s under 100 mN load across surface
areas coated with brushes thinner than 250 nm, a rapid increase in coef�cient of friction values
was observed, within the �rst 10 cycles. Areas of greater thickness displayed a more steady
wear behaviour, with the time-to-failure nearly linearly proportional to the coating thickness
(Figure 14.1). Sliding under 50% higher load resulted in a rapid coating failure (initial 10-20
cycles) for the areas that were thinner than ca 350 nm. Areas on the substrates that were
thicker, underwent coating removal after a delay, this sliding distance being proportional to the
thickness, with coatings of thickness above 500 nm remaining stable for over 500 cycles (Figure
14.2).

This experiment may lead to the assumption that a dry thickness is to some extent indicative
for the real in situ coating thickness during sliding. Assuming that a coating of 250 nm dry
thickness swells by a factor of � 12 in hexadecane2 under no load (reaching 3 mm wet thickness),
and knowing that it is rapidly removed under tribological conditions, attributable to contacting
asperities, then the lubricant squeeze-out rate3 is such that the coating must be compressed to
values comparable to that of surface roughness — ca 20 nm, which is below 10% of the dry
coating thickness and ca 1% of the swollen coating thickness. Similarly, for 150 mN load, the
coating is even more compressed, thus a higher minimal dry thickness is needed, in order to

1When studied under 20 mN load, at 0.1 cm/s and in hexadecane.
2As observed in SFA and discussed in the following section.
3When slid at 0.1 cm/s and loaded with ca 100 mN.
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P12MA, speed 0.1 cm/s, Load=150 mN, hexadecane 
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Figure 14.2: Tribogram presenting coef�cient of friction map in the sliding distance and coat-
ing thickness coordinates. Data obtained on a thickness-graded P12MA coated silicon wafer,
obtained with ARGET ATRP synthesis. Sliding was performed against a bare borosilicate ball,
under 150 mN of load and at 0.1 cm/s.

ensure that the compressed coating remains at thickness above the surface roughness levels.

To this end, when a 15 nm dry thickness P12MA coating was tested in a highly viscous oil
e.g. EO500 that swells such coatings to ca 165 nm, it was very stable, enduring at least 1000
cycles, most likely due to a slow squeeze-out rate of this viscous lubricant. In such a case, under
the conditions emplyed, the contact region moves fast enough to leave the coating compressed
to thicknesses that are greater than the surface roughness (above 10% of an unloaded swollen
thickness) and allowing a suf�cient coating separation to be maintained. In principle, knowing
the dependence of elastic modulus on solvation and degree of compression, it would be possible
to calculate the �lm stability based on applied testing conditions.

14.1.2 The E�ects of Surface Anchor Type on Wear Resistance of Polymer Brushes

Coating resistance against wear can be potentially improved by increasing the anchoring strength
e.g. by making tougher silane layers that not only form a bond to the substrate but also form
bonds laterally, between individual silane groups [8, 5, 31]. It was shown that the strength
of a multivalent surface attachment of a single silane molecule can increase by few orders of
magnitude, as in case of dipodal trialkoxy silanes and monopodal trialkoxy silanes [124]. When
comparing various silanes one can address several issues: multiplicity of the surface reactive
groups (monochloro, di- or triethoxy silanes), type and size of the spacer group and the stability
of the silane itself (presence of easily cleavable bonds vs stable C-C or amide bonds) [187]. In
this work a comparison of the effects of three different silane layers was undertaken, including:

• two-step surface functionalisation with aminopropyl triethoxysilane, further coupled to
an ATRP initiator via amidation reaction;

• triethoxysilane-based BPES ATRP initiator comprising a long-alkyl-chain spacer which is
expected to improve monolayer formation and its stability;

• monochloro-based BPCS ATRP initiator, reported in previous chapters.

Details on silane layers preparation are contained in Sections 4.2 and 4.3.
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Surface Anchoring Alterations | Results

Table 14.1 compares the results of initiator-functionalisation protocols. The two-step modi�-
cation with APTES, carried out in decalin, yields coatings that have the lowest contact angle
values, which can serve as an indicator for the lowest ATRP-initiating group density packing.
The use of this method doesn't require a small-molecule synthesis or any puri�cation steps, but
it is burdened with dif�culties to obtain a homogenous APTES layer [129]. A comparison of the
structurally similar molecules, BPES and BPCS, suggests a better packing density of the latter ,
as attributed by higher thickness and hydrophobicity of the Cl-silane based molecules.

Table 14.1: Results of different silane-based ATRP initiator layers formation.

Surface Treatment Water Contact Angle [ � ] Thickness [nm]
APTES-Br (decalin based) 66 � 2 1.1 � 0.1

BPES 75 � 3 1.6 � 0.1
BPCS 77 � 2 1.8 � 0.1
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Figure 14.3: Tribological comparison of P12MA coatings prepared from Cl-silane-based and
APTES-based ATRP initiator layers. Liner module, 800 mN load, 0.01 cm/s sliding speed,
hexadecane used as lubricant.

Each of the three silane layers has its individual characteristics and thus the BPCS monochloro
system is characterised by a facile monolayer preparation since only single molecules can attach
to the surface — in an event of dimerisation of such BPCS molecules, their reactivity towards
the substrate is lost. In addition, the long 11 xCH2 group spacer chain promotes intermolecu-
lar arrangements, as meditated via Van der Waals forces, enhancing the overall layer stability.
APTES-based silane layers are known for their versatility and wide industrial application, how-
ever the small size of APTES molecules, their tendency to form oligomers and polymers in
solution or at the surface, as well as the presence of the amine group, render formation of a
neat monolayer dif�cult. Nonetheless, APTES can react with its neighbouring molecules, which
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Figure 14.4: Tribological comparison of P12MA coatings prepared from Cl-silane-based and
EtO3-based ATRP initiators both comprising a long alkyl chain as a spacer. Liner module, 800
mN load, 0.01 cm/s sliding speed, hexadecane used as lubricant.

can signi�cantly contribute to the anchoring strength of the whole layer, but can also adsorb
electrostatically in an 'up-side-down' manner. The follow-up step of amine-end-groups conver-
sion to a reactive ATRP initiating groups is on the one hand straightforward, as the reaction
and puri�cation steps occur on the surface, but on the other hand it has a low reaction yield,
leaving a fraction of unreacted amines on the surface.

Figure 14.3 presents the tribological behaviour of P12MA coatings of 245 nm thickness, syn-
thesised from the APTES-based layers and 250 nm thick coatings prepared using BPCS as
the benchmarking molecule. Under the given testing condition the average distance to fail-
ure (COF> 0.1) is ca 0.13� 0.07 m and ca 0.43� 0.22 for the coatings prepared from APTES and
BPCS silane layers, respectively. This apparent decrease in coating durability could �rstly be
attributed to a high disorder of the APTES layers (no spacer chain that would enhance stability),
which surpasses the bene�ts related to assumed intermolecular bridging. Secondly, the reactive
nature of APTES may indeed lead to a crosslinked-structure of silanes, but one that is �oating
above the substrate with only a few surface-tethering points, thus not contributing to the brush
coating tethering strength.

To eliminate the effect of silane structures discrepancies, that affect the packing density and
surface attachement [176], the molecule size and effects related to silane packing quality, a
triethoxy-silane ATRP initiator was synthesised and compared to the standard brushes fabri-
cated from BPCS layers. Figure 3.1 B displays the1H NMR spectra of the synthesised molecule,
together with its chemical structure. Tribological tests performed in hexadecane under 800 mN
load and at low sliding speed (0.01 cm/s) resulted in an average distance to fail of 0.47 � 0.50 m
and 0.54� 0.23 m for the 438 nm thick P12MA coating on BPCS and the 413 nm thick P12MA
coating on the BPES (triethoxy-based) silane. An improvement of ca 15 % recorded for the
triethoxy-based silane appears to be promising, in particular when the shorter chain length
of the more durable BPES-based coating is accounted for, however the extent to which this
improvement was achieved remains questionable.
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14.1.3 The E�ects of Crosslinking of Polymer Brushes on their Wear Resistance

This section presents the results of ATRP polymerisation with dodecyl methacrylate as a monomer
and hexyl diacrylate as crosslinking molecules. It was reported that both swelling properties as
well as mechanical properties can be altered and controlled by introduction of multifunctional
crosslinking molecules, as demonstrated for surface-grafted gels [108] or macroscopic double-
network hydrogels [89]. To name an example, a reversible coordinative crosslinking of poly
(4-vinylpyridine) brushes allowed an increase or decrease in the measured coef�cient of friction
of the brush coatings, by lowering or increasing the coordination rate constants, respectively
[118].

The standard ATRP polymerisation protocol (Section 5.1) has been modi�ed by adding a cer-
tain amount of a diacrylate to the polymerisation mixture, with the total amount of crosslinker
added referenced in molar equivalents to the total amount of the dodecyl methacrylate monomer
present. From this point of view, the numbers expressing the amount of crosslinker refer to the
feed ratio in the polymerisation mixture and not directly to the �nal composition of the brush.
During synthesis, different amounts of diacrylates were used: 0.5, 1, 3 and 10 %, expressed as a
molar percentages with respect to lauryl methacrylate.

Coating Formation and Tribological Performance of Crosslinked Brushes

From the kinetic standpoint, the amounts of hexyl diacrylate (HDA) added to the polymerisa-
tion mixture did not affect the coating formation rate signi�cantly. P12MA coatings prepared
with a 0.5% and 3% of HDA were tribologically tested and compared to the linear P12MA coat-
ings of equivalent dry thickness. Figure 14.5 presents such data obtained under 20 and 80 mN
load in hexadecane when slid at 0.1 cm/s against a bare borosilicate ball.
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Figure 14.5: Tribological properties of linear and crosslinked P12MA coating with 0.5% or 3%
hexyl diacrylate added during synthesis, slid against bare borosilicate ball. Ball-on-disk tri-
bometer, rotative reciprocating module, sliding speed 0.1 cm/s, lubrication with hexadecane.

Based on this �gure, it appears that the addition of hexyl diacrylate during synthesis increases
the coating stability signi�cantly. Failure of the 130 nm thick linear P12MA coatings, when
loaded with 20 mN, occurs within the �rst meter of sliding, while the COF remains below 0.06
for a distance over 40 m for a 130 nm thick P12MA for preparation of which 0.5% HDA was
added. The 130 nm thick P12MA coating with 0.5% HDA slid under 80 mN appears to perform
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Figure 14.6: A schematic representation of a trade-off for swelling rate and viscoelastic proper-
ties that need to be considered upon introduction of crosslinking into the brush structure.

better than its linear equivalent under 20 mN. Addition of a 3% of the HDA crosslinker does not
seem to improve the tribological performance any more, however. Further, the wear resistance
improvement achieved upon addition of 0.5% or 3% of HDA is lower than that achieved by
increasing the brush thickness4. It was previously demonstrated that the brush wear resistance
increases with the dry thickness. In fact it is the in situ wet thickness under load that de�nes
whether asperities begin to scrape the coating away. Let us balance the equation, on the one
hand, addition of a crosslinker reduces the swelling rate of the brush (when compared to its
linear analog) but on the other, it is likely to increase the modulus of elasticity of the recti�ed
structure [108]. In theory, although thickness of a crosslinked structure when immersed in good
solvent and under no external load may be lower than that of an unconstrained-linear coating,
upon loading their �nal thickness will depend on the viscoelastic properties, as depicted in
Figure 14.6. Referring to results presented in Figure 14.5, one can assume that the increase in
brush stiffness is not suf�cient to compensate for the loss of swelling rate.

Nonetheless, as presented in Figure 14.8, a 180-nm-thick coating formed with 10% of HDA
when studied in hexadecane under 80 mN load, does not fail after 50 m of sliding, while a
linear or 0.5%HDA-P12MA �lms of 250 nm in thickness fails within 2 to 20 m of sliding, as
presented in Figure 14.8. The improvement in coating stability is so signi�cant that the applied
testing condition make collection of larger amount of test data dif�cult (one test lasting few
days), which is needed to form a clear conclusion on the usefulness of such brushes. For this
reason data was collected from test with 800 mN load and is discussed further.

Encouraged by the promising results a further improvement of the brush structure was de-
signed, targeted at formation of block structures. In such structures, the stiffer crosslinked
bottom layer should serve as a stress-shielding layer and make the transition between hard sub-
strate material and the soft linear chains more gradual. In order to prepare polymer brushes
with block segments of different composition a test start-stop-start synthesis was performed to
ensure that a secondary ATRP reaction reinitiation from the same substrates is possible. The
results of such an experiment are presented in Figure 14.7 A (details of the experiment itself are
contained in Section 5.2) and suggest �rstly, that with the used ATRP protocol only very few
polymer chains are permanently terminated upon exposure to air, and secondly, that the high
reaction rate maintained over two reinitiated polymerisation reactions allows for preparation of
block copolymers.

4Compare tests under 80 mN of 250 nm thick linear P12MA with 130 nm thick P12MA which is crosslinked with
0.5% HDA under 80 mN.

89



14. On the Wear Resistance of Polymer Brushes

Polymerisation Time [min] Polymerisation Time [min]

D
ry

 T
hi

ck
ne

ss
 [n

m
]

D
ry

 T
hi

ck
ne

ss
 [n

m
]

0

50

100

150

200

250

300

0 20 40 60 80 100

A) B)

Figure 14.7: A) Polymerisation kinetics of a multiple quench-start polymerisation. B) Synthesis
of a AB di-block polymer coating; bottom block containing 0.5 mol.% of hexyl diacrylate and
the upper (re-initiated) block consisting of linear P12MA. The reaction kinetics are presented
together with the assumed �nal coatings structure. The different markers (circle, triangle and
square) stand for three different samples.
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Figure 14.8: Tribological properties of linear and crosslinked P12MA coating with 0.5% or 10%
hexyl diacrylate added during synthesis and the AB-block copolymer containing 125 nm 0.5%-
HDA-P12MA bottom block and ca 125 nm linear P12MA as the upper block, slid against bare
borosilicate ball. Ball-on-disk tribometer, rotative reciprocating module, sliding speed 0.1 cm/s,
lubrication with hexadecane.

A 250 nm thick AB diblock structure as presented in Figure 14.7 B, composed of the 125 nm
thick 0.5% HDA - P12MA bottom block and a linear 125 nm P12MA upper block. Sliding a
borosilicate ball in hexadecane at 80 mN past such diblock polymer brush resulted in a coating
failure only at ca 100 m of sliding.

For the purpose of improved data statistics and more rapid achievement of the failure condi-
tion, more severe testing conditions were applied. By increasing the normal load to 800 mN
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and by reducing the sliding speed to 0.01 cm/s in hexadecane, the Sommer�eld number of
the endurance routine was reduced by two orders of magnitude when compared to previous
tests at 20 or 80 mN and at 0.1 cm/s sliding speed. This led to achievement of coating fail-
ure typically within the �rst two hours of sliding. Figure 14.9 A presents a comparison of the
coating durability for linear P12MA and 10%HDA-P12MA brushes, both 110 nm thick. Anal-
ysis of a larger amount of tests did not show signi�cant differences among samples in terms
of endurance. Testing of the diblock coatings (Figure 14.9 B), did not reveal any signi�cant
alteration in brush durability either. Thus, the effect of crosslinking on the coating endurance
is assumed to be insigni�cant. It remains questionable, however, whether the amount of HDA
added during synthesis can be related to that incorporated into the coating.

Due to the chemical similarities of the crosslinking molecules with the brush and small amounts
incorporated in the structures, transmission FTIR spectroscopy failed to prove the presence
of the additional diacrylates. The presence of a crosslinker was con�rmed only qualitatively
in complementary neutron re�ectivity studies (NX), which revealed reduced swelling rate for
coatings for the synthesis of which 0.1 % or 1 % of diacrylate was used.
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(A) Tribological behaviour of linear and HDA-crosslinked polymer brushes.
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Figure 14.9: Tribological evaluation of crosslinker-modi�ed P12MA brushes. Sliding speed
0.01 cm/s, load 800 mN, lubrication with hexadecane. Linear reciprocating module, triangular
speed ramp. Bare borosilicate ball slid vs functionalised silicon wafers.
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14.2 The E�ects of Testing Conditions on Wear Resistance of Polymer
Brushes

14.2.1 Tribological Behaviour in Low and High Viscosity Oils | Fluid Con�nement
E�ects

Efforts aimed at improving coating resistance against wear, presented in the previous sections
14.1.2 and 14.1.3, did not result in signi�cant bene�ts. Prompted by this observation, it was
intended to study in more detail the previously observed (Sections 12.3.3 and 13.1.2) effect of
lubricant viscosity on the coating endurance and to relate its importance to the effects obtained
upon structure strengthening. Figure 14.10 presents the evolution of coef�cient of friction val-
ues with the sliding distance for the same P12MA linear brushes tested in hexadecane and
EO500 oil, whose viscosity is ca 125 times higher than that of hexadecane. Sliding under these
conditions (800 mN and 0.01 cm/s) for unmodi�ed contacts displays high coef�cient of friction,
characteristic of the boundary regime. As evident from Figure 14.10 application of a higher
viscosity oil allows for sliding at low-COF, displaying no signs of wear after distances ca 100
times longer that those achieved after any other system alterations evaluated.
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Figure 14.10: Tribological properties of 250 nm thick linear P12MA coating when tested in
hexadecane and EO500 oil. Ball-on-disk tribometer, rotative reciprocating module, sliding speed
0.1 cm/s.

In order to understand the mechanism behind the superb P12MA performance in high viscosity
oils, one can look back to the equation 14.1 de�ned by Reynolds [153], which describes lubrica-
tion forces for two curved surfaces that are moving towards each other at a speed of �h, where
R is the surface radius of cruvature, h is the lubricant viscosity and h is the separation between
the surfaces:

FH = � 6p R2 h
h

�h (14.1)
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Such lubrication forces arise from a viscous drag of the lubricant moving past the surfaces
while exiting the contact gap. Once those surfaces are functionalised with a polymeric chains
the hydrodynamic friction can be expected to increase as the surface-tethered molecules act as
hydrodynamic scatterers, as proposed by Fredrickson and Pincus [55]. These authors proposed
to modify the equation 14.1, in particular, for a scenario when the opposing brushes begin to
overlap, when the surface separation h is smaller than the cumulative brush thickness 2 L, there-
fore arriving at equation 14.2. In such case, the dynamic lubrication force can be increased
signi�cantly (up to 100 fold) by the term ( h

x(h) )2. Where x(h) is de�ned as a hydrodynamic
screening length, related to the monomer concentration and is a function of polymer compres-
sion.

FH = �
4
3

p R2 h
h

�h(
h

x(h)
)2 (14.2)

Low-friction phenomena observed between two hydrogel substrates are discussed in an insight-
ful series of papers published by Sokoloff [142, 167, 168, 169], which state that such swollen
hydrogels deliver low coef�cient of friction values, as long as the load applied is incapable of
driving the solvent out. With an assumption that sliding occurs between smooth surfaces 5, the
author concluded that the low-COF sliding occurs at the metastable equilibrium at which the
time needed for liquid to �ow-out is larger than the time-scale of contact dwell. The time con-
stants for �uid out�ow t , are related to the applied pressure P, lubricant viscosity h, polymer
gel thickness w and a correlation length x, which for concentrated solutions limit to the size of
a monomer [32] (see equation 14.3). Table 14.2 contains calculated squeeze-out time, when the
equation parameters were approximated to those typical for the brush system studied in this
project. It is apparent that under low operating pressures (ca 1 MPa) the EO500 oil needs more
than 2.5 hours to be squeezed out from an initially 1000 nm thick brush structure. In contrast,
sliding at higher pressures (ca 100 MPa) forces the liquid to leave the polymer matrix within
several seconds or less, depending on the lubricant and initial wet layer thickness. It is worth
noticing that the time constant scales as the square of the polymer �lm thickness, which could
be an explanation for the sharp transition between performance of polymer brushes of different
thickness presented in Section 14.1.1, at the beginning of this chapter.

t =
6ph w2

Px2 (14.3)

Table 14.2: Predicted squeeze-out time needed for a liquid to leave a polymeric gel under load P,
assuming correlation length x=10 nm. Calculated for different pressures, viscosities and swollen
�lm thickness values. Adopted from [169].

Squeeze-out time [s] Pressure [MPa] Viscosity [m/s 2] Polymer thickness [nm]
9400 1 50000 1000
370 1 50000 200
18 1 100 1000

0.75 1 100 200
94 100 50000 1000
3.8 100 50000 200
0.2 100 100 1000

0.007 100 100 200

5However, at the event of asperities and locally increased pressures an equilibrium solution ought to be found,
at weak a complete liquid squeeze-out may occur.
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Fluid Con�nement - Analogy to Cartilage

In order to explain the observed phenomena, it is worth returning to lubricating systems found
in nature e.g. mammalian joints. Cartilage can be considered as a biphasic material composed
of both intrinsically incompressible and nondissipative �uid and matrix material. The matrix
is linearly elastic with a de�ned permeability value that is indifferent to solid / �uid ratio
or deformation. The dissipation originates from the frictional drag between the matrix and
the �uid [134]. In fact Mow et al concluded that this frictional drag is detrimental to the
viscoelastic properties of the �uid-matrix system. Upon dynamic loading, it is the cartilage
�uid that initially carries a part of the load; as it leaves the cartilage, the load is carried then
mainly by the matrix.

Work by Bonnevie et al describes the �uid con�nement phenomena in a cartilage system, where
it was found that the �uid can carry up to 85% of the load [24]. In that work a custom-made
tribometer was used to perform indentation experiments on an adult bovine cartilage. In such
experiments, characterised by a localised nature of the contact, a contact elasticity modulus
(Ec) can be de�ned using a Hertz expression, equation 14.4, which describes the relationship
between the applied force (F), indenting sphere radius (R), Poisson ratio ( n) and the Young's
modulus.

Ec =
E

1 � n2 =
3
4

F
R0.5d1.5

s
(14.4)

Indentation was performed at various speeds to different preset indentation depths, maintained
for equilibration and retracted. By doing so, authors were able to �t the effective contact mod-
ulus E1

c observed in a non-equilibrium state (while dynamically indenting) and equilibrium
state moduli E c0 (obtained by �tting the normal force vs indentation depth after equilibration
pause). It appeared that the effective non-equilibrium modulus E 1

c increases as the indentation
speed increases, up to a certainsaturationvalue. Speci�cally, it was found that at indentation
rate 7.7mm/s the effective contact modulus was ca 5 times greater than the equilibrium contact
modulus and nearly 7 times greater when the indenter was pressed at 21 mm/s.

Fluid Con�nement in P12MA Brushes - SFA and Nanoindentation Studies

The surface force apparatus, described in more detail in Section 9, has the signi�cant advantage
of measuring precisely the absolute spacing between two (functionalised) mica surfaces, and so
allows for accurate measurements of compression curves, as well as swelling rates. Figure 14.11
presents the surface-force isotherms from which swelling ratios can be deduced for the studied
P12MA brushes on mica. When swollen thickness measured in a given liquid was divided by
the thickness measured in dry conditions, out of 6 independent experiments, the swelling ratios
were obtained as � 15 for toluene, � 12 for hexadecane and� 11 for EO500 oil. All lubricants did
swell the brush structure strongly, with best, medium and worst solvent quality in the sequence:
toluene, hexadecane and EO500 oil.

It should be noted that, as the coef�cient of friction was shown in Chapter 12 to be equal for all
three liquids, it is the viscous oil, which yields the lowest swelling rate, that showed superior
resistance against wear. Therefore, based on this observation, the commonly accepted idea in
the literature of proportionality of brush lubrication ef�ciency to solvent quality (swelling rate)
ought to be compounded with viscosity factors when wear resistance is of concern [200].

During the course of SFA surface-force isotherm measurements a strong hysteresis between
approach and reproach curves was observed, upon applying high loads of � 200 mN/m, re-
gardless of the solvent used, Figure 14.11. No adhesion was measured upon separation —
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Figure 14.11: Surface force isotherms between P12MA brushes a) in EO500 upon approach
(squares) and separation (circles) and b) in toluene during successive approaches and sepa-
rations measured at constant speed of 0.5 nm/s. The depicted force-distance curves in both
�gures were obtained on the same pair of brushes.

indicative of the absence of intersurface chain digitation or bridging between the opposing sur-
faces. This suggests a non-elastic behaviour of the polymer brushes, which can recover within a
24 h time frame. If the maximum load applied was reduced, the hysteresis was reduced or van-
ished completely. Such observations have important implications in the context of application
of the P12MA brushes as lubricating surfaces. Namely, in the event of brush overloading, it is
very likely that the brush changes its conformation for a relatively long time and is not capable
of re-swelling, and thus is not capable of ef�ciently cushioning opposing surfaces (like a faulty
sponge which once dry-squeezed can not regain its shape by re-swelling).

For the purpose of investigating the effective contact moduli, experiments similar to those of
Bonnevie [24] have been carried out using nanoindentions (described in Section 9.2). Nanoin-
dentations of P12MA brushes grafted from SiO 2 wafers were performed in hexadecane at dif-
ferent indentation rates between 2 mm s� 1 and 2 nm s� 1, with equilibration time between in-
dentation and retraction. Due to the soft character of the polymer brush, it was dif�cult to
determine the brush deformation with high accuracy with our instrument, but the results were
reproducible. Representative curves are depicted in Figure 14.12. The indentation rate in this ex-
ample was 20 nm/s and the equilibration time 120 s. The indentation depth was increased from
a minimum corresponding to the detection limit of our instrument (0.002 V) to a maximum of
10% of the equilibrium brush height in hexadecane to avoid substrate effects. The difference
between the indentation curves upon approach result from the non-elastic brush deformation
within the experimental time, as explained in the previous section. During separation adhesion-
like character was demonstrated due to hydrodynamics. Similar results were obtained at 2
nm/s, 10 nm/s, 40 nm/s and 100 nm/s for P12MA brushes with different thickness.

No data �tting of the indenting force vs. brush deformation could be achieved with equation
14.4 assuming a constant brush elastic modulus. The �t to the experimental results was, how-
ever, greatly improved by assuming a changing elastic modulus of the brush upon compression
according to 14.5, for which L is the swollen brush thickness, d is the deformation, and Ed is the
elasticity modulus for a given deformation d and Ed= 0 for an unloaded brush. The exponent
m was �tted to values in the range of 36, which for a deformation of ca 8.5% means that the
compressedmodulus of elasticity when compared to the equilibrium value would be increased
by a factor of ca 25, which seems to be too large of an increase for such small deformations
(typically Young modulus would vary on compression of polymeric composites by a factor

96



14.3. Substrate-Related Aspects

-0.0001

-0.00005

0

0.00005

0.0001

0.00015

0.0002

0.00025

0 50 100 150 200 250

F
 [N

]

indentation depth [nm]

20 nm/s indentation rate
100 s relaxation

Figure 14.12: Force-indentation curves of P12MA brush grafted from SiO 2 wafer at an inden-
tation speed of 20 nm/s and different indentation depths in hexadecane. The indenter is a
sapphire sphere with a diameter of 1 mm. The changes in the indentation curves (approach) are
caused by the non-elastic behavior of the polymer brushes. The symbols are measured points
with the AFM-Nanoindenter. The relaxation time is 100 s, brush dry thickness = 250 nm, wet
thickness in hexadecane� 3 mm

ranging from 2 to 5 [183, 155, 158, 106]). Nonetheless, the obtained data remains in a qualitative
agreement with results obtained by Bonnevie et al, displaying steeper force-deformation curves
(upon approach), meaning a higher elastic moduli for the brushes, for higher approach speeds.

L
L � d

= (
Ed

Ed= 0
)

1
m (14.5)

14.2.2 Nominal Contact Pressure as a Limiting Factor for Brush Performance

It is known that in articular joints the operating pressure ranges from several kPa to few MPa
[85, 73]. In many engineering systems, in particular when the contact pairs are made of hard
materials, nominal contact pressures in the range of a few hundreds of MPa to GPa are easily
reached. It turns out that this can be a limiting factor for the resistance against wear of a polymer
brush coatings. In the experiments when the average nominal contact pressure was ca 120 MPa
a 250-nm-thick, ATRP-made P12MA coating was able to sustain low-COF performance lasting
for days. Any pressures above this led to stronger brush compressions and faster degradation.
From Hook's law, the compression is a function of applied pressure s (# = s/ E). Indeed, the
same 250-nm-thick P12MA coatings when studied under average Hertzian pressure of 350 MPa
or 415 MPa (500 and 800 mN loads, respectively) underwent fairly quick degradation within
initial few hours or 0.5 m of sliding distance as represented on Figures 14.13 and 14.14.
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Figure 14.13: Coef�cient of friction evolution with sliding distance (Endurance test) for a silicon
wafers coated with ca 260 nm dry-thickness P12MA brushes slid against a bare or equally brush-
coated borosilicate glass ball. Load 500 mN, sliding speed 0.01 cm/s, maximal Hertzian contact
pressure for bare-bare case ca 530 MPa.

14.3 Substrate-Related Aspects

14.3.1 Coating Parity E�ects on Wear Resistance of Polymer Brushes

The key factors responsible for ef�cient brush lubrication have long been discussed in the liter-
ature. One of the arguments explaining high-load-bearing ability refers to the entropic penalty
to be paid in case of interpenetration of the opposing brush coatings 6. The issue of the coating
parity was previously tackled on the occasion of PLL-g-PEG systems studied in AFM. The work
by Yan et al [195] demonstrated that grafted-to polymers allow a signi�cant reduction in the
adhesion forces as well as frictional forces, even in a case where only the �at substrate (in a
colloid vs �at con�guration) is modi�ed. A further decrease in frictional forces was attained
after the remaining countersurface was additionally modi�ed. Figures 14.13 and 14.14 compare
the tribological performance of P12MA coatings in a brush-brush and bare ball - brush-coated
wafer con�gurations. For this purpose, silicon wafers and borosilicate balls were functionalised
in the same synthetic batches. Three things are apparent from those experiments:

• the coef�cient of friction is equally low for the brush-brush and brush-bare situations

• coating failure occurs more rapidly for a brush-bare system

• the behaviour was reproducible under two different loads

The earlier coating failure in a brush-bare case is most likely caused by a lower spacing of the
hard-hard substrates as an additional cushioning layer increases the safety factor.
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Figure 14.14: Coef�cient of friction evolution with sliding distance (Endurance test) for a silicon
wafers coated with ca 260 nm dry-thickness P12MA brushes slid against a bare or equally brush-
coated borosilicate glass ball. Load 800 mN, sliding speed 0.01 cm/s, maximal Hertzian contact
pressure for bare-bare case ca 620 MPa.

14.3.2 Friction Response on Polymer-Brush Coated Rough Surfaces

It has been observed in previous sections of the thesis, that the thickness of the coating plays
a crucial role in determining brush stability and coating integrity. The above-mentioned exper-
iments were conducted on highly polished silicon wafers, which do not always correspond to
industrial realty, where the contacting pairs are characterised by higher surface roughness. As
presented in Figure 14.15 A and B, such low roughness values are negligible when compared

6In fact, in some cases, in an event of overloading of a double-side brush-functionalised contact pair, the structure
penetrate and bridge so strongly inducing very high frictional forces as reported by Rosenberg et al [156].
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Figure 14.15: A schematic illustrating the issues related with increasing substrate roughness
and their effects on possible coating wear. The experimental roughness pro�les obtained (black
controur) on bare silicon wafer coated with iron oxide (A and B, RMS ca 2 nm) and sintered
alumina sample (C, RMS ca 3mm) are covered with ca 200 nm thick coating and are presented
in scale for comparison (green contour). On the inset D a few mm thick polymeric coatings is
presented with a potential for long-lasting low-friction delivery.
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to the coating thickness itself, as �lms 100-times-surface-RMS-value thick cover the asperities.
The situation is different in the case when asperities, a few microns in height, are present on
the surface and are coated with a �lm of 0.2 mm dry thickness. It is reasonable to assume that
only a very thick polymeric (in the order of microns) �lm can possibly prevent asperities from
contacting on such rough substrates. In order to evaluate how signi�cant, from the coating
stability point of view, substrate roughness is, a series of rough substrates were produced and
functionalised by ca 200 nm dry thickness �lms (made via conventional ATRP) in order to de-
termine the role of surface roughness in the friction-reducing capabilities of polymeric brushes.
The details on rough substrates preparation are included in Section 4.7.

Tribological Performance

Figures 14.16 and 14.17 display Stribeck-like curves, in which the speed was varied from high
to low and again to high, with 20 cycles completed at each speed. It was evident from pre-
vious sections, that on a smooth silicon wafer, 15-nm-thick P12MA coatings in a 500 cSt oil
or 250-nm-thick P12MA coatings in hexadecane (4 cSt) are capable of completing such testing
routine without any coating damage. However, substrate roughness of ca 1 mm decreases the
applicability of even ca 200 nm thick P12MA coatings when tested against a bare 100Cr6 steel
ball. Such coatings when tested in oil of moderate viscosity of 350 cSt displayed averaged COF
values above 0.1, and a changing behaviour between the initial speed-down and the following
speed-up routine — indicative of coating failure. Substitution of oil for a more viscous EO1000,
as presented in Figure 14.17, allows for a good coating stability, with a reproducible COF values
for the speed-down and speed-up routine, which signi�es coating durability. This suggests that
on average the 200 nm dry thickness �lm, when loaded in EO1000 in order to maintain the sep-
aration of surfaces with ca 1 mm roughness must retain a compressed thickness above 1000 nm,
corresponding to more than 500 % of its dry thickness or more than 20% of its swollen-unloaded
thickness (assuming swelling ratio of 11).
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Figure 14.16: Stribeck curves obtained on bare and brush coated aluminium samples with RMS
roughness of ca 1mm. Sliding at 20 mN load and in PF350 ester oil.
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Figure 14.17: Stribeck curves obtained on bare and brush coated aluminium samples with RMS
roughness of ca 1mm. Sliding at 20 mN load and in EO1000 ester oil. A complete reversibility
indicative for coating wear resistance is observed.

14.3.3 Contact-Scale E�ects on Tribological Performance

To exhaust the analysis of various parameters that are determining the overall tribological per-
formance of the coatings, aspects related to contact area and geometry will be discussed. Firstly,
contact radii de�ne the type and number of asperities present in contact area [1]. Bridging
tribological experiments across various length scales is a challenging task, as when shifting
from nN-load AFM experiments toward N-load macrotribological experiments, the system is
changed from a single to a multiple asperity contact. It was observed that on atomically smooth
surfaces, a change of 6 orders of magnitude in contact radius does not affect the measured co-
ef�cient of friction [58], however, on rough substrates higher coef�cients of friction at larger
normal forces were observed [19, 115]. In this work, on the nN scale, we could observe very
good reproducibility and no visible wear processes (reversible friction loops independent on the
loading history) for P12MA and P18MA brushes. Application of mN loads and the increased
contact area (by ca 2 orders of magnitude) with multiple asperity contacts result in the likely
onset of wear processes. By increasing the contact area, as when using mm-sized balls in macro
or microtribometers, the minimum-to-maximum height range of the asperities increases and
statistically it is more likely to include large asperities and inhomogeneities within the con-
tact, which locally may lead to signi�cantly higher contact pressures than those predicted for a
smooth contact using Hertzian theory, contributing to an accelerated coating failure.

Secondly, the radius of curvature and shape of contacting bodies de�ne the pressure reduction
ability of a given coating as explained with help of Figure 14.18 and Table 14.3. It is possible
for a brush-coated system to operate at contact pressures lower than the nominal ones, thanks
to an increased contact area, caused by a swollen brush that supports the ball area within in
its reach. Such a situation is depicted in Figure 14.18 A, where the swollen polymer coating,
although much more compliant than the substrates, until fully compressed, is able to embrace
large surface of the pressing ball. In an analysis of this particular contact geometry. the maximal
contact radius x between a ball of radius R and the brush-coated wafer (of a swollen thickness
d), would be x =

p
(R2 � (R � d)2). Knowing the load F, a rough approximation of the

average contact pressure p can be calculated as p = F/ (p x2). Table 14.3 presents results of

101



14. On the Wear Resistance of Polymer Brushes

calculations for series of contact scales: nano, micro and macro for thin and thick polymer
brushes at various swelling rates. It is apparent that the pressure reduction coef�cient k from
the nominal to the operating contact pressure can vary from 3 to above 10 000 for the conditions
analysed. For coatings for which d � R the pressure reduction ability is linearly proportional
to the brush swelling rate multiplied by its initial dry thickness. It is worth noting, that when
the same 250 nm thick coating is applied on a �at wafer and used against a large ball e.g. in
a macrotribometer (where R > 3 mm) the pressure-reduction factor is � 15, whilst when used
against a ball of of R = 1 mm by a factor of ca � 140, in the latter case allowing for an operating
pressure below 1 MPa — level typical for pressures in normally loaded articular cartilages.

One can imagine a boundary case in which the pressure reduction is insuf�cient, even when
using appropriate coating thickness and a small ball. Namely, in case with a very small substrate
size, whose dimensions are comparable to that of the contact area (severalmm), is used, the
contact area cannot be enlarged due to the presence of a brush, as simply there is no physical
support for it, as schematically presented in Figure 14.18 B.

Table 14.3: Calculation of nominal and estimation of operating contact pressures for various
geometries and brush coatings. SiO2 assumed for substrate material, d is a dry coating thickness
and Q is the swelling rate, in brackets a pressure reduction factors k are given.

Macrotribometer Microtribometer SFA colloidal AFM
'Ball' radius 3 mm 1 mm 1 cm 7 mm

Load 1 N 20 mN 2 mN 200 nN
Nominal average
pressure [MPa]

215 121 121 712

Pressure with d=250
nm Q=15 [MPa]

14 (k=15) 0.85 (k=142) � 1 (k=14250) n.a.

Pressure with d=250
nm Q=3 [MPa]

71 (k=3) 4 (k=29) 0.04 (k=2850) 0.17 (k=4100)

Pressure with d=70
nm Q=15 [MPa]

14 (k=4) 3 (k=40) 0.03 (k=40) 0.25 (k=2800)

RR-d

x
RR-d

x

A) B)

Figure 14.18: A) Schematic pressure reduction mechanism caused by contact geometry for a
bare ball placed against a brush-modi�ed wafer. Depicted as x is the maximal contact radius
between a ball and the compressed coating of a thicknessd. B) A scenario in which the bottom
substrate size is too small in order to enlarge the contact area to values suf�cient for effective
pressure reduction.
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14.4 Chapter Conclusions

In this chapter, various parameters that potentially in�uence the wear resistance of a polymer
brush were analysed. It was found that provided an optimal contact geometry is present, the
key elements for ef�cient brush lubrication are the coating thickness and the viscosity of the
used lubricant. The choice of thickness as a crucial element is based �rstly, on results obtained
on thickness-graded P12MA samples, which displayed a sharp transition between immediate
and delayed wear process for a given coating thickness, speci�c to the load applied and secondly,
on the square power relationship t µ h2 between the time constant t needed for a lubricant to
be pressed out of the polymer �lm of wet thickness h. The importance of lubricant viscosity
was demonstrated in tribological tests and was explained by an analogy to the synovial liquid
being pressed-out of a complex, network-like cartilage structure, where the hydrodynamic force
is proportional to the viscosity. Such structures, including the structure of the P12MA brushes
that are rich in side-chains and long backbones, serve as a �ow scatterer and enable lubricant
con�nement in the loaded zone. Upon lubricant con�nement, which is proportional to the load-
application rate, the apparent elastic modulus is larger than the equilibrium value and it is the
�uid that mainly carries the applied load. It has to be remembered that the liquid is pressurised
temporarily and the load support as well as low coef�cient of friction is observable on condition
that the migration of the contact area occurs at suf�ciently high speeds [9, 33]. Finally, it is also
thanks to the smooth substrates and the minimal required polymer-solvent compatibility that
the brush can provide ef�cient cushioning and separation for the opposing hard bodies.
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Chapter 15

Synthesis of P12MA Brushes on Substrates
Other Than Silicon

15.1 Introduction and Motivation

While silicon has typically been the substrate of choice for most SI-ATRP studies, it is steel
that is of greater industrial interest. The following chapter includes the synthesis and tribo-
logical evaluation of poly(dodecyl methacrylate) brushes on iron oxide and steel surfaces, to-
gether with substrates such as sapphire, SiC and DLC. However, there are only a few reports of
grafting-from strategies of polymer-brush involving iron-based substrates in the literature [10].
Lu et al applied SI-ATRP to form corrosion-resistant poly(methyl methacrylate) coatings on iron
coupons [119]. Fan et al used ATRP with a biomimetic (catecholamine-based) anchoring group
to form non-fouling PEG brushes on 316L steel surfaces [52]. The presence of iron introduces
additional complications, since the Cu-based ATRP catalyst may undergo reduction and lose its
activity during the reaction [60]. For this reason, the previously reported protocol for poly(alkyl
methacrylate) synthesis via SI-ATRP has been modi�ed, and a nitrodopamine-based anchoring
group has been introduced [6] for use with iron-containing substrates.

Literature research related to self-assembled monolayers on various materials has served as a
lead for choosing the appropriate functionalisation strategy. Since for diamond-like carbon �lms
only solvent pretreatment was applied prior to incubation in the BPCS Cl-silane, the approach
described by Choi et al [38] was followed, in which a simple solvent precleaining was applied,
prior to functionalising DLC surfaces with triethoxy silanes. In the work reported by Choi,
the adsorption kinetics of heptadeca�uoro-1,1,2,2,-tetradecyltriethoxy silanisation analysed in-
directly by water and hexadecane contact angles measurements, showed a plateau already being
reached after ca 4-5 hours of incubation.

Preparation of SAMs on silicon carbides was based on rendering the surface hydrophilic, with
a high concentration of hydroxyl groups. In order to achieve this effect, reports in the literature
describe the use of severe cleaning protocols that include hydro�uoric acid treatment in order
to remove the native oxide, or standard cleaning solutions (i.e. RCA1, RCA2) [148, 171, 45].
It is worth noting that due to the presence of carbon- or silicon-terminated surfaces of the
substrates, the functionalisation ef�ciency may differ. Petoral et al [148] has shown by contact-
angle analysis that mercaptopropyl trimethoxysilane adsorbed on the C face yields a water
contact angle of about 59� whilst on the Si faces it is ca 70� — this can be attributed to the
different reactivities of the Si-OH and C-OH terminated crystal faces [173].

For sapphire substrates, catechol-based chemistry has been applied, however alternative an-
choring groups can be found in literature that could be suitable for such substrates, such as
phosphates or phosphonates or even silanes [48].
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Table 15.1 summarises the functionalisation strategies chosen for particular substrate materials.
The work on nitrodopamine-based surface modi�cations of Fe 2O3 presented in this chapter has
been published as a part of a Tribology Letters paper [22]. The XPS analysis of the initiator
layers on Fe2O3 was carried out by Dr Maura Crobu, who co-authored that paper.

15.2 Experimental Section

15.2.1 Details on Materials and Fabrication

Iron (III) oxide coatings were deposited on polished silicon wafers by means of magnetron sput-
tering at the Paul Scherrer Institut, Villigen, Switzerland. Polished 100Cr6 (AISI 52100) steel
balls, 2 mm diameter, were purchased from CSM Instruments (Peseux, Switzerland). Hydro-
genated diamond like carbon (DLC) surfaces were delivered by the industrial collaborator, the
coatings being produced by means of a plasma-enhanced CVD process. Ni-plated steel sub-
strates were delivered by the industrial collaborator, the coating being produced by an in-house
galvanic process in order to reach 1.5 mm thickness. The SiC used was obtained from Si Crys-
tal AG (Germany) in the form of a matt-�nished discs. S15P steel was obtained from Sandvik
(Sweden, speci�ed in the catalogue as AP20) in the form of thin metal sheets cut to dimension
of ca 15 x 15 mm2. Sapphire substrates were purchased as polished discs from Comadur SA
(Switzerland).

15.2.2 Surface-Modi�cation Protocols

Surface functionalisation with initiating molecules was accomplished by using either a single Cl-
silane BPCS initiator deposition, or a two-step protocol comprising the use of nitrodopamine
and its further conversion, via an amidation reaction to an organo-haldie ATRP functional
group, details of which are described in Section 4.6. Both modi�cations are depicted in Figure
15.1 with silicon wafers and Fe2O3 wafers depicted as model surfaces. The different materials
and the applied initiating systems are collected in Table 15.1.

Table 15.1: List of substrates used for modi�cations and selected initiating layers.

Substrate Initiating layer
SiO2 Cl-silane

SiO2/Fe2O3 Nitrodopamine two step (ND-Br)
SiC Cl-Silane

S15P ND-Br
Sapphire ND-Br

SiO2/DLC Cl-silane
Steel/Ni plated ND-Br

Silanisation with BPCS was prepared according to the protocol contained in Section 4.2. The
functionalisation comprising nitrodopamine was conducted as described in Section 4.6.

The modi�ed SI-ATRP protocol which uses iron bromide salts as activating and deactivating
species is described in Section 5.5.
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Figure 15.1: Schematic representation of surface modi�cations: a) applied to the silicon sub-
strates and b) to iron oxide substrates. The binding interactions are simpli�ed for clarity. Dode-
cyl methacrylate is shown as the monomer.

15.3 Results

15.3.1 Surface Topography and Roughness

As discussed in the previous chapter, substrate-roughness values appear to have a strong in�u-
ence on coating durability, although they have a small in�uence only on the initial coef�cient of
friction. In order to address roughness effects, the surfaces of various materials studied in this
chapter have been imaged by means of optical pro�lometry. The obtained surface topography
images and line pro�les have served to extract surface-roughness values which are presented
in Table 15.2.

It appears that the silicon wafers and the surfaces derived from silicon wafers, such as iron-
oxide-sputtered wafers and diamond-like carbon coatings are characterised by very low RMS
values, in the range of 2-3 nm. This, in combination with the 20 � 7 nm RMS roughness of
the countering borosilicate balls (Hauser Optik) used in this study, yields very smooth sliding
partners that could serve as a support for durable P12MA coatings. Other smooth substrates
used in this study were the sapphire discs (RMS of ca 15 nm). Steel-based substrates used in
this study were characterised by roughness of ca 45 nm (S15P steel) and ca 120 nm (Ni-plated
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15.3. Results

Table 15.2: RMS roughness, obtained using optical pro�lometry, of the used planar substrates
used for functionalisation with P12MA coatings.

Substrate RMS roughness [nm]
SiO2 1.9 � 0.1

SiO2/Fe2O3 2.2 � 0.2
SiO2/DLC 2.3 � 0.5

SiC 144.0� 13.5
Sapphire 15.1 � 0.5

S15P 42.2 � 8.5
Steel/Ni plated 121.0� 8.5

steel discs). Sintered silicon carbide discs were found to have roughness of ca 145 nm.

15.3.2 Initiator-Deposition Step

A thorough characterisation of the surfaces functionalised with ATRP initiator molecules was
carried out both for silicon substrates and iron oxide surfaces, the former being modi�ed with
a Cl-silane and the latter with nitrodopamine-based reagents. It is important to know the
approximate packing density of the functional group capable of initiating a polymerisation
reaction on the surface, as the value of the density can affect the polymerisation kinetics and
brush grafting density itself.

An interesting study by Jones et al [87] evaluated the effects of initiator density on surface-
initiated polymerisation reactions. The authors used 1D gradient samples composed of thiol-
based initator molecules as active molecules and undecanethiol as a blank (back�lling) molecule,
the initiator packing density being assessed by contact angle and ellipsometric thickness mea-
surements. Nevertheless, such comparisons cannot readily be performed across two different
substrate materials, iron oxide and silicon oxide, that are functionalised with two different
molecules.

Therefore, to estimate the surface packing density of the nitrodopamine-based initiators, XPS
measurements were performed, the measurements also being carried out on BPCS-modi�ed
silicon wafers for the sake of data completeness. Typical survey spectra of a bare silicon wafer
and a silicon wafer functionalised with a BPCS initiator are reported in Figure 15.2. Carbon,
oxygen and silicon signals were detected on the bare silicon wafers, while C, O, Si and Br were
present on the silicon wafers functionalised with the BPCS initiator. Traces of Pt were also
found on the initiator-functionalized silicon wafers and can be assigned to residual Pt catalyst
used for the synthesis of the BPCS molecules. The Br 3d5/2 signal (see inset in Figure 15.2) was
found at a binding energy (BE) of 70.7 � 0.2 eV.

Knowing the initiator layer thickness from ellipsometric measurements (d=1.8 nm), and the
molecular weight of this molecule (M w=413.9 g/mol), a simple equation (15.1) was used to
calculate the packing density of the BPCS initiator molecules on the silicon oxide surface to be
s=2.9 molecules/nm 2 (assuming density r =1.1 g/cm 3), which lies within the typical range of
densely packed self-assembled monolayers of alkyl silanes on silicon substrates, which reach
packing densities between 1.5-3 molecules/nm 2.

s =
Mw

dr NA
(15.1)

The bare iron oxide samples showed the presence of Fe, O and C (Figure 15.3). Fe, O, C and
N were detected in the spectra of the samples functionalized with nitrodopamine. Traces of
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Figure 15.2: XPS survey spectra of a bare silicon wafer and a silicon wafer functionalised with
BPCS initiator. The high-resolution spectrum of the Br 3d signal is reported as well at the
top-right of the graph.

sulphur on those surfaces can be explained by the usage of nitrodopamine sulphate in surface
functionalisation protocols. The 'iron oxide + nitrodopamine + initiator' samples showed the
presence of Fe, O, C, N, and Br. In both samples the Br is present in two different oxidation
states (the two components of the Br 3d5/2 signal were found at 70.4 � 0.2 eV assigned to Br
bound to a tertiary carbon in the form of an initiator, and 68.8 � 0.2 eV that could be assigned
to bromide salts).

From the stochiometry of the nitrodopamine-ATRP-initiator molecule, the ratio of Br to N
should be 1:2. However, on the substrates, the corrected intensity ratio calculated from the
XPS data appears to be roughly 1:3, indicating a yield of ca 60 % for the coupling reaction of
initiator molecules with the amines present on the substrate.

From the angle-resolved data it was possible to calculate the overlayer thickness of 1.4 nm for
the 'nitrodopamine+initiator' layers on the iron oxide samples. Using the same calculation
principle as for the BPCS molecules on silicon, and taking the molecular weight of a molecule
corresponding to each amine being coupled with one molecule of a-bromoisobutyryl bromide
— 346 g/mol (assuming again density of 1.1 g/cm 3) the packing density of the nitrodopamine-
based molecules on iron oxide was estimated to be 2.7 molecules/nm 2. This calculation was
performed including a possible layer of contamination and a perfect yield of the amide-coupling
reaction, which may lead to overestimation of the values. Even if the actual initiator packing
density may be about 2.0 molecules/nm 2, the measured differences between the packing density
of Br-initiating groups on silicon oxide and iron oxide ensure a signi�cant excess of the initiating
groups, considering the typical polymer grafting densities — polymer chains outgrow out of
only ca 10% of initiating groups (ca 0.2-0.3 chains/nm 2).
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Figure 15.3: XPS survey spectra of a bare Fe2O3, a nitrodopamine functionalized Fe 2O3 and a
Fe2O3 functionalized with nitrodopamine and initiator.

For the remaining materials, due to the lack of ellipsometric models and low re�ectivity from
certain surfaces, static water-contact-angles measurements were performed, in order to assess
the ef�ciency of surface-functionalsiation steps with initiator molecules. The contact-angle val-
ues collected for all materials after speci�c treatments are presented in Table 15.3. A surface
modi�cation after the initiator-coupling step was visible on silicon wafers and DLC substrates
as an increase in contact angle. The value of 64� on the latter substrate may suggest a lower
packing density when compared to that obtained on silicon wafers.

Table 15.3: Contact angles after functionalisation steps

Surface state SiO2 DLC SiC S15P Sapphire Steel/Ni
plated

Fe2O3

Bare 44 � 1 45 � 2 81 � 1 n.d. 44 � 2 n.d. 84 � 2
After 1 st step 77 � 2 64 � 1 76 � 1 n.d. n.d. n.d. 36 � 2
After 2 nd step not applicable n.d. 48 � 2 n.d. 47 � 1

15.3.3 Polymer Synthesis

Dry-coating thickness was measured after 3 h of ATRP synthesis. The values were obtained
by measuring the step-height of polymer functionalised surfaces after selective coating removal
upon scratching with tweezers. An example of such a measurement is presented in Figure 15.4,
in which tweezer-made scratches are visible in the left inset, and the resulting height pro�le is
presented in the right inset. The measurements were not possible on steel samples, neither on
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SiC samples due to the high roughness values, in which the polymer-bare surface step becomes
hidden. The measured thickness values are collected in Table 15.4. A qualitative assessment of
the coating synthesis was possible based on the appearance changes of the substrates before
and after a synthesis, as presented for DLC and SiC substrates in Figure 15.4. The steel samples
delivered for this study had to be discarded after either initiator-functionalisation or polymer-
coating steps, due to local signs of corrosion and the correspondingly unsatisfactory surface
�nnish 1.

Table 15.4: P12MA coating thickness obtained on materials other than silicon wafer measured
by AFM step imaging.

Substrate Dry coatihg thickness [nm]
SiO2/Fe 2O3 245 � 15
SiO2/DLC 105.1� 13.9
Sapphire 225.8� 18.0

SiC n.d. (too rough)
S15P n.d.

Steel/Ni plated n.d.

Figure 15.4: Picture of DLC (A, B) and SiC (C, D) substrates before synthesis (A, C) and af-
ter P12MA synthesis (B, D) displaying changes in surface appearance, which can be used as
qualitative assesment.

(A) AFM tip scanning a scratched
P12MA coating on DLC susbtrate

(B) A scratch step-height coating thickness mea-
sured on the DLC substrate

Figure 15.5: AFM step-height measurements of coating thickness.

15.3.4 Frictional Response

The friction-reducing ability of the P12MA coatings formed on various substrates, measured as
the COF value from the initial 20 cycles of sliding under conditions corresponding to boundary

1Another steel substrates that are not included in the thesis, did not corrode during the process and were send
directly to the industrial partner for application speci�c test.
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sliding 2 in the bare-bare case, is illustrated in Figure 15.6. It is apparent that the one-sided
surface modi�cation was suf�cient to reduce the coef�cient of friction for systems based on
iron oxide, DLC, sapphire and silicon carbide discs by a factor of 10 when compared to an
unmodi�ed contact pairs 3.

Frictional behaviour observed on Fe-based substrates where both the iron oxide wafer and steel
ball were functionalised with a ca 250 nm thickness poly (dodecyl methacrylate) are presented
in Figure 15.7. It was shown that such systems are able to slide at COF values in the range of
0.01-0.02 for distances of ca 20 meters when slid in hexadecane, and for distances reaching up
to 70-80 meters, when tested in a more viscous �uid (EO 500).

By plotting triboscopyimages [17], it was possible to demonstrate that in the case of sliding
in lower-viscosity oils, the increase in coef�cient of friction signifying coating failure occurred
gradually and originated from the ends of the wear arc, where the speed values diminished to
0 prior to reversal of the direction of motion, and where the hydrodynamic forces are the lowest
(for more details see Section 10.2).

In contrast to the high-speed areas — in which the low COF was maintained over the longest
distance — the low-speed regions, in the vicinity of turning points, showed faster brush degra-
dation, presumably due to greater brush compression and interpenetration. At asperity-asperity
contacts, the high local pressure will enhance the probability of wear in thin polymeric coatings.
This is controlled by the lubricant squeeze-out rate, which is related to its viscosity. Indeed, in
the studied iron-based contact pair, enhanced durability was observed when using EO500 as a
lubricant (Figure 15.8) and no signs of degradation could be observed by optical microscopy.

Tribological tests conducted on DLC substrates demonstrated a good coating stability; when
slid under 20 mN load and at 0.1 cm/s in hexadecane against a bare borosilicate ball, the COF
started at levels of ca 0.02-0.03 and was maintained for the �rst 10 m of sliding, then friction was
found to be gradually increasing until it exceeded the value of 0.1 at the 30 th meter of sliding.
After the test was stopped, complete removal of the coating was observed, with a worn polymer

2Sliding speed 0.1 cm/s and 20 mN of load, hexadecane as lubricant.
3As the countersurfaces borosilicate ball was used for silicon wafers and DLC, for the remaining materials, bare

100Cr6 steel balls were used.

Figure 15.6: Summary of the friction reduction ability obtained on various substrate materials.
The COF values are the averaged values of the initial 20 cycles of sliding obtained in hexadecane
under 20 mN load and at 0.1 cm/s sliding speed. Silicon wafer and DLC substrates were slid
against a bare borosilicate ball, while the remaining susbstrates agains a bare 100Cr6 ball.
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Figure 15.7: Coef�cient-of-friction evolution as a function of sliding distance in reciprocat-
ing motion of P12MA-brush-modi�ed, iron oxide-coated wafers against P12MA-brush-coated
100Cr6 steel balls. Data obtained at 20 mN load and 0.1 cm/s sliding speed. Bare-bare system
shown as a reference.

coating being accumulated at the edges of the sliding track (Figure A.6 A and B in Appendix
A).

The polymer coating produced on SiC discs allowed, sliding against a bare steel ball under
the same loading conditions, with a COF in the range of 0.01-0.02 for the �rst 5 m of sliding,
gradually reaching COF value of ca 0.05 after 50 m of sliding (Figure A.6 C). Overlaid friction
loops obtained in the SiC-P12MA system presented in Figure A.6 display the very gradual
character of the wear processes, with a homogeneous increase in coef�cient of friction along the
entire sliding track, with no scratch-related damage (although high COF values also were found
to propagate from the turning points at the sliding track). This is in contrast to the observations
made on the sapphire-P12MA systems, which, when tested against a bare steel ball displayed a
much more rapid coating removal, that propagated from the high-COF regions. Such high-COF
regions were already visible during the �rst few cycles of sliding, Figure A.7 C in Appendix
A. As a result, P12MA coatings fabricated on sapphire were able to achieve low coef�cients
of friction (ca 0.01-0.02) only for the initial 2-3 meters of sliding, after which the coating was
removed fairly rapidly, already sliding at COF values above 0.1 at a sliding distance of 4 m.

15.4 Chapter Conclusions

The primary focus of this chapter was to verify the feasibility of lubricious P12MA coating
formation on substrates other than silicon. It was possible to achieve a ten-fold friction reducing
effect for modi�cations applied to iron oxide surfaces, DLC, SiC and sapphire discs.

A more detailed study, which aimed at a comparison of initiating layers obtained on silicon
wafers and Fe2O3 wafers revealed ca 30 % lower packing density of the ATRP-initiating groups
on the iron-based substrates when compared to that obtained at silicon wafer. Nonetheless, in
a qualitative comparison of the two substrates, neither the coef�cient of friction values obtained
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Figure 15.8: Coef�cient of friction evolution of P12MA-coated Fe 2O3 substrates during slid-
ing against a bare steel ball, as a function of position along the sliding arc (expressed as slid-
ing speed). Upper image displays triboscopy [17] of sliding in hexadecane; the onset of the
coef�cient-of-friction increase (correlated with coating removal) begins in the low-speed regions.
Lower image displays sliding in EO500 oil; measured coef�cient-of-friction remains stable and
low. The black arrows indicate time evolution.

on the ferrous material nor the dry polymer thickness achieved after equal reaction time 4 were
found to differ. Such similar coating characteristics suggest the potential differences in initiator-
packing densities between the two substrates be insigni�cant. It is worth mentioning that the
�ndings from the previous chapters revealed that the tribological performance is not sensitive to
the method by which a polymer layer was prepared. Therefore, packing density and substrate
material may only be of secondary importance in terms of providing durable and lubricious
coatings, with thickness, substrate roughness and Sommerfeld number, characteristic for a given
tribological test, being of prime importance on the microscopic scale.

4These P12MA coatings were produced with different reaction compositions: CuBr based for non-ferrous and
FeBr-based for ferrous substrates.
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Chapter 16

Thesis Summary

This project was motivated by the lubricious properties observed for bio-mimmicking-water-
soluble brushes—an analogy to cartilage structure [65, 44]. The primary scope of the thesis
was to prepare and investigate an oil-compatible coating characterised by a low coef�cient of
friction and high wear resistance.

In the �rst part of the work, three alkyl methacrylate polymers were prepared via surface-
initiated ATRP reactions. The achievable dry coating thickness was above 100 nm for poly
(hexyl methacrylate) and above 200 nm for poly (octadecyl methacrylate) and poly (dodecyl
methacrylate) brushes. These coatings were characterised in AFM for their adhesive and tri-
bological properties in hexadecane, which served as a simple oil, and in ethanol, which was
shown to be a bad solvent for all those polymers — as evident from its ability to precipitate the
free polymers from their solutions in toluene. It was possible to observe very low coef�cients of
friction (below 0.02) as well as small adhesion forces for both P12MA and P18MA brushes when
immersed in hexadecane, ascribed to the high solvent-polymer compatibility and thus swelling
and extension of the polymer chains. Upon exchanging of the solvent to ethanol for P12MA
and P18MA, or when P6MA was studied, the coef�cient of friction was signi�cantly higher,
comparable to values typical for unmodi�ed contacts, as there was no driving force for brush
swelling and lubricant con�nement in contact. Moreover, ca 50 fold increase in adhesive force
was observed for P12MA when the solvent was changed from hexadecane to ethanol, attributed
to the low Tg of the polymer, which in dry conditions has the characteristics of an adhesive. For
P18MA the adhesive force remained relatively low even when placed in a marginal solvent such
as ethanol, ascribed to the presence of hard, crystalline domains.

This series of poly (alkyl methacrylates) was studied in a tribometer where mm-sized balls were
used as sliding partners for �at silicon wafers. In the reported experiments the applied load was
varied from 20 to 800 mN, corresponding to average Hertzian contact pressures of between 100
and ca 400 MPa. This combined with a contact area of few thousands of square microns (multi-
asperity contact) exposed the fabricated brushes to conditions in which wear can be critical for
coating performance, as demonstrated under conditions with no lubricant or with ethanol as
lubricant, from which the polymers were removed immediately as no friction-reduction effect
was observed. Study of all brushes in the model solvent toluene led to very low frictional
coef�cient values across the board. Although toluene is a good solvent for all 3 polymers it has
no potential for industrial lubrication due to its high volatility. In tribological tests with oils,
it was the P12MA polymer brushes that displayed a sliding beyond the Stribeck curvebehaviour,
giving rise to a new low-COF friction regime. Upon modi�cation of the contact pair with
P12MA the boundary and mixed lubrication regime could be essentially eliminated, the sliding
occurring at friction coef�cient levels an order of magnitude lower than those characteristic of
unmodi�ed contacts under the same conditions.
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16. Thesis Summary

In the scope of this work, a step away from laboratory conditions was veri�ed, in which the
lubricious properties of P12MA polymer brushes could be extended towards substrates other
than silicon, with a potentially higher application potential; iron oxide and steel, ruby and
sapphire or DLC and SiC. On all of those substrates, P12MA brushes were readily fabricated
and displayed COF values similarly low to those obtained on the model silicon wafers.

Within the course of this thesis project, various surface modi�cation protocols were veri�ed. It
was concluded that no signi�cant difference in tribological performance was visible among sam-
ples to which different modi�cations were applied: surface-initiated free radical polymerisation,
grafting-from or oxygen-tolerant polymerisation techniques. Each of these methods has char-
acteristic bene�ts, such as ease of fabrication, low-cost but also limitations, such as a maximal
attainable thickness or polymerisation time.

It became evident that, outside of a hydrodynamic regime, a given coating operates with low
COF for longer times if sliding occurs at lower loads, higher speeds and in more viscous �uids.
For �xed testing conditions, it was further evident that it is the coating thickness that strongly
affects its wear resistance and de�nes the potential range of applications. For example, thin 15-
nm P12MA coatings grafted-to using a UV-induced and per�uorophenylazide-based chemistry
underwent immediate coating failure in hexadecane but were stable for at least 1000 sliding
cycles in EO1000 oil. Thus, these are suitable only in applications where high-viscosity oils are
applicable e.g. at low speed range.

In the �nal months of the thesis a very robust and rapid ARGET ATRP polymerisation technique
was employed, for which only mixing of few oxygen-stable compounds in one �ask, heating
up and dispensing onto the substrates is needed in order to reach ultra-thick, up to 1000 nm in
thickens, brush coatings.

The strong dependence of coating stability on its thickness and applied lubricants was explained
via the model of �uid pressurisation in cartilage-like materials where the �ow of a liquid is
thwarted, proportionally to its viscosity, and the ef�cient effective modulus of elasticity of the
soft (polymeric) coating is increasing with loading rates. Finally the tribological contact must
move fast enough in order to provide a permanent and thick enough cushion that separates the
hard asperities of the opposing surfaces. Time for a lubricant out�ow changes as the square of
the wet coating thickness. The compression must not be too high at any times, as meta-stable
brush conformation changes occur upon overloading.

Potential applications and industrial uses of polymer brush coatings are related to the operating
pressure in a brush-functionalised contact. A swollen brush coating, given appropriate contact
geometry, can increase the nominal contact area (calculated from Hertz theory) and thus has a
certain pressure reduction capability. It was observed that on a microtribological scale, when
balls of 1 mm radius and coatings of swollen thickness of ca 1 mm are used, the nominal contact
pressure can be reduced by over 2 orders of magnitude1, allowing to operate in a 0.1-1 MPa
range. This however, will not be possible in a case of very small parts where the needed increase
in the contact area could not be realised due to limited brush-supporting-substrate dimensions.
In such a situation, a signi�cant brush thickness increase would be desirable in order to provide
a larger margin for compression and pressure accommodation.

Observations made in this work with regard to the brush resistance to wear are novel and add to
classical considerations on brush lubrication mechanism. The factors conventionally considered
as responsible for ef�cient brush lubrication, such as high entropic penalties for brush-brush
compression and interdigitations, high surface packing density, load-supporting osmotic pres-
sure and low-shear solvent-rich plane formation on the brush-brush interface, are not rendered
irrelevant but might need to be revisited. In this thesis, it was possible to demonstrate that
under the applied experimental conditions the low-friction behaviour of the brush does not

1In case of SFA arrangements 3 orders of magnitude reduction can be reached.
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depend on the way it is attached to the substrate or whether two-sided or single-sided modi-
�cations are applied. It did appear though, in a consistent manner that the more intersurface
separation is provided (lower-solvent squeeze out rate, lower compression, thicker brush) the
more reliable is the brush lubrication. There is a balance to be found between the desired life-
time of the lubricious properties of the brush and the viscosity of the �uid applied to lubricate
the system, as the thicker the oil, the safer the operation but the larger the energy consumption
arising from hydrodynamic drag.

Finally, one can argue that, in order to operate ef�ciently, the new brush lubrication regime has
to ful�ll requirements analogous to those of a �uid-�lm EHL. For EHL the minimal predicted
�uid �lm thickness must be ca 3 times larger than the composite surface roughness in order to
provide reliable lubrication. For brush-lubrication it may be the compressed brush thickness,
irrespective of EHL �lm thickness predicted for given conditions, that has to be suf�ciently
larger than the surface roughness (or the height of the largest asperity) in order to avoid coating
damage and loss of the low-COF function.

While several questions remain open, in particular with regard to the exact coating structure
and the means of improving the resistance against wear, the �eld of surface-tethered macro-
molecules appears to be of great application and scienti�c promise. The open issues are con-
tained in the further chapter as potential future work directions.
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Chapter 17

Future Directions

The work carried out in this project was aimed at the development of a novel coating strategy for
application in oil-lubricated friction reduction. The intended goal of ten-fold friction reduction
was achieved and various means to achieve it were explored. On the way to this developments,
several questions were raised and opportunities identi�ed. The most important ones have been
grouped together into the following research areas:

• Potential of surface-grafting techniques for use in oleophobic surfaces

• Understanding brush structure, the mechanical and swelling properties of brushes, and
approaches to achieving more durable coatings

• Lubrication by means of ionic liquids

17.1 Application of Surface Grafting to Fabricate Superhydrophobic
and Oleophobic Surfaces

Assembled devices in which certain rubbing parts are functionalised with an oil-swellable poly-
mer brush exhibit very good lubricious properties. However, it may be undesirable to allow
for oil to spread or form droplets on surfaces that are not in contact, either for the reasons of
dust-accumulation prevention or esthetics. For this purpose, one can think of deploying surface-
initiated ATRP, which enables dense molecular packing at the surface and covalent attachment
to the substrates, both being of importance for solvent stability or washing resistance.

While the design of superhydrophobic surfaces comprises surface-texture effects as well as low
surface energy—as in the example of a lotus leaf [136, 13], which however does not resists
spreading of low surface tension liquids, such as hexadecane [186]—it was reported by Li et al
[109] that when a uniform array of tri�uoromethyl groups CF 3 was present on a surface, very
low surface energies could be achieved (ca 20 mJ/m2). Therefore the investigation of smooth
coatings with very low surface free energies, which could serve as a water- or oil-repellant
purpose, is of great potential. A demonstration of such highly water- and oil-repellant coatings
is presented in Figure 17.1.

The ATRP-polymerisation protocols reported in previous chapters were modi�ed for the pur-
pose of prepararing highly hydrophobic thin coatings. Given the targeted low surface energy
of the �nal coatings, a number of different monomers, presented in Figure 17.2, was considered.
The monomer family, degree and type of its substitution govern its ability to polymerise and the
reaction rate, and dictate the choice of solvent and ligands necessary to solubilise all reaction
components [63].

118



17.1. Application of Surface Grafting to Fabricate Superhydrophobic and Oleophobic Surfaces

Figure 17.1: A demonstration of water drops deposited on highly hydrophobic surfaces, pre-
pared via SI-ATRP reactions within the initial experiments.

Figure 17.2: Fluorinated monomers, polymerisable and studied in the literature.
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17. Future Directions

Only a few distinct monomer families were taken into consideration, based on their ease of
polymerisation and the hydrophibicity of the �nal coatings. These are �uoro-styrene monomers,
�uoro acrylates and �uoro alkenes, of which more detailed discussions follow below.

Synthesis of Fluorostyrene-Based Polymer Brushes

Substitution of styrene monomers with F atoms on its aromatic ring results in higher radical
stability and faster polymerisation rates when compared to unsubstituted styrene, due to an
electron withdrawing effect. A single �uorine atom in the aromatic ring, however, has only a
minor effect on its electronic properties, and thus only a small alteration is observed with respect
to the polymerization of pure styrene. The observed apparent rate coef�cient ( kapp

p ) in ATRP for
monomer 1 from Figure 17.2 with respect to styrene is ca 10% lower [84]. Penta�uoro styrene
(PFS, monomer2) has a kapp

p nearly 70 times higher with respect to unsubstituted styrene [26].

Preliminary polymerization experiments of PFS were carried out with 75 vol. % of dimethylsul-
foxide at 110� C for 3 hours under an inert argon atmosphere, followed by sonication washing
in DCM and toluene, and yielded 55-nm-thick coatings 1. These were characterized by a 104�

water contact angle. The choice of penta�uoro styrene was dictated by its highly hydrophobic
nature and the presence of �uorine atoms, without any polar groups i.e. esters or ethers, and
thus with no reorientation drivers when in contact with water or humid air [14]. Styrene deriva-
tives with long per�uoroalkyl chains, could show stronger hydrophobic properties, as reported
for the example of monomer 4. Such polymers can display a water contact angle of 117� [110].
Moreover, if the per�uorination of the aromatic ring is further extended from C 2F5 to C7F15,
the contact angle increases to 122� [114]. Other �uorostyrene monomers, such as monomer 3,
contain highly electron-withdrawing substituents and thus high polymerization rates, but are
sold at exhorbitant prices.

It was demonstrated by Borkar et al [25] that copolymerization of �uorinated molecules (monomer
4) with the H-substituted analogs, incorporating only 10% the �uorinated monomer, lead to a
contact-angle increase from 95� to 105� . This increase reached 111� when monomer 4 was
substituted with a C 6F15 group instead of C 2F5, thus suggesting that copolymerisation could
be an attractive method of reducing synthesis cost while at the same time bene�ting from the
hydrophobic properties of �uorinated polymers.

Most of the �uorinated coatings produced via ATRP reach thickness values between 3 to 15
nm. It was shown by Xu et al [191] that addition of a bifunctional molecule to the reaction
mixture, which has a monomer as well as initiator functionality, leads to hyper-branching of
the polymer brush and enables nearly 2 times higher coating thickness, when compared those
obtained where only mononofunctional monomers were used.

Synthesis of Methacrylate- and Acrylate-based Fluoroalkanes

Fluorinated methacylate- or acrylate-based monomers constitute another group of molecules
of interest that polymerise readily or have a high density of �uorinated groups and have
been proven to result in highly hydrophobic and oleophobic coatings [180, 74, 201]. Fluorine-
containing acrylates or methacrylates with �uorinated side-chains up to 9 CF2 groups have
been reported in the literature. The resulting properties of these polymers i.e. glass transition
temperature or solubility, could be tailored by means of the monomeric structure. It was ob-
served by Honda et al [74] with wide-angle X-ray diffraction, that for side chains whose total
C-length was larger than 8, the hysteresis of the advancing and receding contact angle was
signi�cantly reduced, which was attributed to crystallisation and formation of ordered struc-
tures. In contrast, short side-chains have high molecular mobility and poor water repellence.

1For the polymerisation of PFS, 2,2'-bipyridine and copper (I) chloride molar ratio was set to 50:1.5:1.
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17.1. Application of Surface Grafting to Fabricate Superhydrophobic and Oleophobic Surfaces

Further, studies by Yamaguchi et al, where synthesis in ionic liquids was used to control the
molecular weight distribution 2 showed that the larger the PDI of poly (2-per�uorooctyl ethyl
acetate) brushes, the better their water-repelling character is. It is the chain length dispersion
that enables molecular aggregation in a manner that the �uorinated chains are densely packed
in an orientation perpendicular to the surface [193].

Fluoro alkyl acrylates, monomer 5, have been polymerised with butyl methacrylate (BMA) in
cyclohexanone at 100� C for 72 h using CuBr as an activator and PMDETA as a ligand. It was
shown that incorporation of ca 7.6 wt. % of the monomer 5 into BMA produced a polymer
that was characterised by contact angles>100� and >75� for water and paraf�n oil, respectively
[109].

Yet another �uoro acrylate-based superhydrophobic surface reported in literature, was pre-
pared by polymerisation of 2,2,3,3,3-penta�uoropropyl acrylate (monomer 6), and after tri�uo-
rotoluene (TFT) solvent-assisted surface rearrangement, contact angles with water drop as high
as 135� were observed [61]. In this case, however, porous silica was used as the substrates, and
for this reason, the surface roughness and morphology would certainly have played a role in
amplifying the measured contact angle [170].

In this project the SI-ATRP of 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-Heptadeca�uorodecyl acrylate
(PF10A) was attempted. This monomer has been chosen for its higher F atoms density due to
the presence ofCF2 and terminal CF3 in the monomer and its low mobility at room temperature,
due to its long 10-carbon side chain. Poly (PF10A) was synthesised at 110� C under an argon
atmosphere, using 75 vol. % of cyclohexanone as solvent and PMDETA as the ligand3. PF10A
polymers achieved 15-20 nm of thickness after 3 h or reaction.

Surface-Initiated Polymerisation of Fluoroalkenes

Fluoroalkenes can be polymerised via ATRP or free radical polymerisation, due to the presence
of a double bond, allowing for very high CF2 group densities (monomer 8). Such monomers,
however, present various experimental challenges due to the solubility issues, as reported by
Zhang and Matyjaszewski [199], who synthesised �uorinated alkenes of different per�uoro-
chainlengths. No signi�cant in�uence of the chain length on kinetics was observed, although
their reaction rates were faster when compared to the analogous hydrocarbons [26]. The contact
angles reported for the synthesised polymers were as high as 118� , the �lms were however spin-
cast and not grafted-from. In particular this family appears to be of interest for the robust
surface-initiated free radical polymerisation approach, which is versatile in terms of alkene
monomers polymerisation.

17.1.1 Summary

For the purpose of the oil- and water-repellant coating fabrication, a large number of vinyl
monomers can be polymerised to form a �uorinated polymer brush. Theoretically the only
prerequisite for the successful synthesis of such coatings is the achievement of conditions that
result in a homogenous mixture of a catalyst complex, monomer and the polymer. The prelimi-
nary synthesis of the two polymers (based on �uorinated styrene and acrylate with �uorinated
side chains) has focused on contact-angles values. The results of static contact angles measure-
ments with three different liquids and the estimated surface energies of the prepared coatings,
based on the OWRK method and �tting the equation 8.1, are contained in Table 17.1.

It was possible to prepare coatings with ultra-low surface energy values down to 8.6 mJ/ m2,
which is lower than the values of commercially applicable oleophobic coatings (ca 20 mJ/m 2).

2Addition of IL during synthesis reduces the PDI from ca 1.62-197 down to 1.22.
3The monomer, ligand copper bromide molar ratio was set as 20:2:1.
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17. Future Directions

Table 17.1: Static contact angle and surface energy values measured on thin �uorinated-coatings
.

Liquid PFA10 PPFS
Water 125�

8.6 mJ/m 2
104

23.9 mJ/m2Benzyl alcohol 108� 81�

Ethylene glycol 96� 58�

Depending on need, higher surface-energy values can be achieved in various ways e.g. via
copolymerisation reactions with other F– or H– substituted monomers or spin-coating and
grafting-to of pre-synthesised �uoro homo- or copolymers 4. A further study with more sophis-
ticated monomers that may lead to better packing e.g. per�uorostyrene para-substituted with a
�uorinated alkyl chain, or formation of tree-like branched structures that additionally increase
the �uorine surface density could be carried out.

17.2 Understanding of Brush-Structure, its Mechanical and Swelling
Properties and Means of Achieving More Durable Coatings

17.2.1 Structure, Molecular Weight and Grafting-Density Approximation

There remains a number of open issues with regard to brush structure and its effect on lubri-
cious properties, that might be worth further exploration.

Firstly, the similar tribological behaviour observed for P12MA coatings of equivalent thickness
prepared via grafting-to and grafting-from methods, suggest that either the coating structure
does not play a signi�cant role in lubrication, or that the assumption of linearity and low
PDI of the SI-ATRP-made brushes is invalid. On the one hand, such structural imperfections
are possible due to of adverse events during the polymerisation reaction, tracking of which is
dif�cult. But on the other hand, it has been demonstrated in a paper by Ruths et al that in the
force-distance curves at large compression values, there is no difference between monodisperse
and polydisperse brushes [157].

Secondly, a remaining unknown parameter is the exact molecular weight of the polymer brushes.
Several authors report the addition of a �nite amount of free initiator during the SI-ATRP reac-
tion to enable analysis of the molecular weight of the unbound polymer, assuming its length to
be comparable to that present on the surface. There is a number of arguments that suggest such
assumptions are invalid e.g. that the degree of polymerisation is a function of the monomer to
initiator ratio for bulk polymers and by changing the solution volume containing a �xed ratio
of unbound initiator molecules and monomer will affect the ratio of monomer with respect
to the amount of surface-bound initiator—thus, the molecular weight should be different in
the case when 1 or 2 wafers of the same size are placed in the reaction vessel; in the case of
surface-grown polymer, the amount of monomer is considered to be in�nitely large rendering
the rate of polymerisation invariant with the amount of monomer added. Finally, it was proved
by Turgman-Cohen and Genzer, with the help of Monte Carlo simulations, that the molecular
weight and PDI of the obtained polymers in bulk and on the surface depend on the ratio h of the
amount of polymer obtained on the surface and that obtained in bulk, as well as on the grafting
density s of the surface-bound chains. Typically, tethered chains were more polydisperse and
with a lower degree of polymerisation than those prepared in solution. The discrepancy in the

4Preliminary results with a spin-coated and UV cured poly (penta�uorostyrene) polymers resulted in thin �lms
for which the SFE was in the range of 25-35 mJ/m 2.
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17.2. Understanding of Brush-Structure and Means of Achieving More Durable Coatings

Mw and PDI values increases for systems where the population of unbound chains dominates
and for systems where the grafting-density is lower [185].

There is a direct method to measure the macromolecular characteristics upon cleaving of the
polymers from the substrates, either by substrate dissolution (with HF for silicon substrates or
corrosion of steel substrates) or selective molecular cleavage [64], feasible for high-surface-area
substrates such as nanoparticles or porous substrates, where the amount of polymer is relatively
large [13]. In the case of grafting-from �at substrates, for a single 10 x 15 mm2 wafer, if a 100%
yield of cleaving and collection is assumed, a coating of 200 nm in thickness would provide
ca 30 mg for analysis. Therefore highly sensitive characterisation tools such those applied in
molecular biology (SDS-PAGE, MALDI) are needed, as a simple increase in number of wafers
or increase in wafer size would contribute to a broadening of PDI values.

17.2.2 Mechanical Properties of the Brush and Structural Alterations

The negligible effect of the addition of a crosslinking molecule, as reported in Chapter 14 could
be attributed to the speculative character of the coating composition, as no direct proof of
coating crosslinker-incorporation in the coating was provided. In order to prove the presence
of a crosslinker in the structure a systematic study of swelling rates as a function of added
crosslinker was initiated, where the swelling rate was measured with neutron re�ectivity at PSI
Villligen. However due to the substrate types and experimental setup, the obtained data was
oversensitive to the model �tting and no conclusive data could be obtained.

Another option to prove the presence of a crosslinker would be to �nd a molecule that is dis-
tinct enough in order to differentiate it from the PAMAs coating chemistry. A crosslinker with
aromatic groups would be visible in IR spectra, with peaks in the range of 3100-3000 cm � 1, but
its incorporation in the brush structure could change the solvent compatibility, potentially neg-
atively affecting the tribological performance. In turn, the synthesis of deuterated difunctional
crosslinker appears to be an interesting option, with distinct CD 2 peaks to be found at 2200-
2100 cm� 1 [76], for example by converting a 1,6-Hexane-1,1,6,6-d4-diol to a partially deuterated
diacrylate upon reaction with acryloyl chloride. It is worth mentioning that synthesis with mul-
tivalent (meth)acrylates may lead to a rapid increase in solution viscosity and therefore to loss
of controlled radical polymerisation character [196, 56], for this reason the amount of solvent
and targeted degree of polymerisation may need to be tuned to maintain reaction control [57].

The addition of crosslinker is aimed at increasing the modulus of elasticity E (and interchain
cooperativity) of a coating and thus reduce the chances of severe compression in hard-hard
contacts. An insightful study of the effects of added crosslinker on the coating modulus of
elasticity would include loading-unloading characteristics of the brushes in SFA, or studies by
nanoindenter or in colloidal-tip or peak-force AFM. Introduction of freedom constraints in the
form of a covalent crosslinker could potentially introduce tension on chemical bonds, leading
to rupture at the substrate-polymer interface or within the brush structure itself. Although
the bond tension for a single polymer chain tethered to the substrate is too small to alter sig-
ni�cantly its lifetime, scenarios where e.g. polystyrene brushes are packed at 1.2 chains/nm 2,
cause strong brush extension that can exert a tensile force of ca 100 pN, theoretically causing a
noticeable reduction in bond life time (by a factor of ca 2.7) [165].

In order to eliminate sharp modulus-of-elasticity transitions in the direction perpendicular to
the substrate surface, one could apply a strati�ed block structure in which the stress pro�le is
more gradual [107]. A further step would comprise the synthesis of polymer brushes where the
feed of monofunctional monomer and multifucntional monomer would be changed gradually
e.g. when using a system of syringe pumps and application of �ow during reaction.

Providing a more stable anchor could enhance thermal stability and prolong brush storage
time. Such an enhancement could be achieved upon fabrication of macroinitiators—polymers
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comprising groups reactive towards the surface (silanes, catechols, ionic groups), as well as
a functional group that is already an initiating site or can be converted to an initiator (i.e.
an amine)—that can be grafted-to the subtrate [39, 162]. Yet another approach to form very
stable and reactive coatings is the application of an RF plasma, e.g. to form poly (allyl amine)
structures, which are attached �rmly to the surface and can be converted to polymerisation
initiating sites [179]. The same plasma polymerisation could be used to form ready-to use
oil-swelling coatings in a high throughput manner.

17.3 Ionic Liquids: Use as Lubricants, Solvents and Monomers for
Synthesis

Ionic liquids (ILs) have recently gained interest in organic synthesis as recyclable green solvents
with low toxicity due to their low vapor pressure. One of the growing �elds of application
for ionic liquids as solvents is in polymer synthesis. ILs can also be used as co-solvents or
monomeric units [98]. The amount of added ionic liquid during the reaction in�uences the re-
action rate, due to the high polarity of the molten ionic state of IL, and may speed up polymer-
ization kinetics by up to a factor of ten—which in itself can be of great interest for application.
Further, polymers synthesized in ionic liquids have different chemical, electrical and mechani-
cal properties when compared to traditionally prepared polymers. Therefore the achievement
of new, interesting materials is possible. It was shown that ionic liquids can act as alternative
plasticizers for polymers. PMMA, commonly known as plexiglass, has the form of a swollen
and soft gel when synthesized in ionic liquids.

The high viscosity, temperature stability and non-�ammability of ionic liquids have suggested
an application of ionic liquids in lubrication. Firstly applied in 2001, ILs have been tested as
lubricants on a great variety of materials ranging from Ni alloys, Cu alloys, silicon oxides and
nitrides to polymers [132]. It could be of great potential to combine the bene�cial lubrication
properties of ionic liquids with their advantages in polymer synthesis. Such a combination
could provide a well-lubricated soft polymer layer that in addition is synthesized in an ef�cient
and environmentally friendly way.

Out of sparse literature examples where ionic liquids are combined with polymer brushes,
two reports are worth mentioning that may serve as guidelines for future developments: �rst,
a study by Nomura et al [138] who studied ILs as ef�cient lubricants for PMMA coatings,
and a second interesting study reported by Ishikawa et al [79], who demonstrated a very low
coef�cient of �rction (ca 0.01) under dry-nitrogen conditions on a macroscopic contact scale,
for poly(1-(2-methacryloyloxy)ethyl-3-butyl imidazolium bis(tri�uoromethanesulfonyl)- imide)
polyionic brushes.
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Appendix A

Additional tribological data

This appendix contains complementary tribological data representing a proof of data repro-
ducibility and some additional information about the coef�cient-of-friction maps (triboscopy).

Figure A.1: Tribological data complementary to Figure 12.3. The presented 4 series of experi-
ments displaying good data reproducibility of the sliding speed - COF plot were obtained in
the PF350 oil.
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Figure A.2: Tribological data complementary to Figure 12.3. The presented 4 series of experi-
ments displaying good data reproducibility of the sliding speed - COF plot were obtained in
the EO500 oil.

Figure A.3: Typical COF evolution with the sliding distance, obtained for brush-brush contact
at 0.1 cm/s at 20 mN and studied in hexadecane (140 nm dry P12MA thickness, data comple-
mentary to Figure 12.5 in Chapter 12).

127



A. A dditional tribological data

Figure A.4: Triboscopy of P12MA 70 nm thick coating studied in PF350 oil under 20 mN load
and with maximal speed of 0.1 cm/s. The COF during initial cycles was measured at ca 0.08
for the majority of the sliding track length (ca 75 %). Afterwards it decreased to ca 0.03, later
increasing slightly to ca 0.04. The arrow indicates time evolution. Data is complimentary to
Figure 12.4.

Figure A.5: Triboscopy of P12MA 140 nm thick coating studied in hexadecane under 20 mN load
and with maximal speed of 0.5 cm/s. Initially coef�cient-of-friction values start at a relatively
uniform value along the entire length of the sliding track at ca 0.08, followed by a steady sliding
with COF values below 0.05 at positions on the wear track where the speed varied between ca
0.5 cm/s and 0.25cm/s, and at slightly higher values over the remaining part of the sliding
track. Ultimately the coating fails, reaching COF values above 0.15, preserving only a narrow
area in the center of the sliding track (highest sliding speed), where COF remained below 0.1.
Data is complimentary to Figure 12.5.
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(A) Friction endurance test on DLC substrate. Bare-bare slid-
ing (at higher COFs) presented for reference.

(B) OM image on P12MA/DLC after 30 m of slid-
ing

(C) Friction endurance test on SiC substrate. Bare-bare slid-
ing (at higher COFs) presented for reference.

(D) An overlay of 2nd, 100th, 1000th and 1900th friction loops
obtained on SiC

(E) OM wear track images on P12MA-coated SiC discs, a coating removal is visible after 40 m

Figure A.6: Tribological data and optical images of wear tracks of the P12MA-functionalised
DLC (a and b) and SiC substrates (c, d and e), slid against a bare borosilicate ball for DLC and
100Cr6 steel ball for SiC substrates, in hexadecane under 20 mN load at 0.1 cm/s.
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A. A dditional tribological data

(A) Friction endurance test on sapphire. Bare-bare sliding (at
higher COFs) presented for reference.

(B) Triboscopy image of P12MA-coated sapphire sample.

(C) OM images after sliding on P12MA-coated
sapphire discs, coating removal visible.

(D) An overlay of 2nd, 10th, 80th, 150th and 300th friction loops obtained on P12MA-coated sapphire.

Figure A.7: Tribological data and optical images of wear tracks of the P12MA-functionalised
sapphire samples, slid against a bare 100Cr6 steel ball in hexadecane under 20 mN load at 0.1
cm/s.
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List of Acronyms

Acronym Full name
12MA Lauryl methacrylate or Dodecyl methacrylate
18MA Stearyl methacrylate or Octadecyl methacrylate
ABAP 2, 2'-azobis isobutyramidine
AIBN Azobisisobutyronitrile

APTES Aminopropyltriethoxysilane
ATRP Atom Transfer Radical Polymerisation

AVCA 4, 4'-azobis (4-cyanovaleric acid)
bpy Bipyridine

BPCS 11-(2-bromo-2-methyl-propionyl)-dimethyl-chlorosilane
BPES 11-(2-bromo-2-methyl-propionyl)-triethoxysilane
DCM Dichloromethane

DMSO Dimethylsulphoxide
dNbpy 4,4'dinonyl-2,2'-bipyridine
EDAC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
EtOH Ethanol
GPTS 3-glycidoxypropyltrimethoxy silane
HDA Hexyl diacrylate
HMA Hexyl methacrylate
LFM Lateral Force Microscopy
LMA Lauryl methacrylate or Dodecyl methacrylate

MAMSE 2-methyl-2-propenoic acid 3-(trimethoxysilyl) propyl ester
MEHQ Monomethyl ether hydroquinone inhibitor
MeOH Methanol

Mw Molecular weight
ND Nitrodopamine

NHS N-Hydroxysuccinimide
OM Optical Microscope

OMA Stearyl methacrylate or Octadecyl methacrylate
P12MA Poly (lauryl methacrylate) or Poly (dodecyl methacrylate)
P18MA Poly (stearyl methacrylate) or poly (octadecyl methacrylate)
P6MA Poly (hexyl methacrylate)
PAAm Poly allylamine

PDI Polydispersity index
PFPA Per�uorophenylazide

PHMA Poly (hexyl methacrylate)
PLMA Poly (lauryl methacrylate) or Poly (dodecyl methacrylate)

PMDETA N,N,N',N',N”-pentamethyldiethylenetriamine
PSMA Poly (stearyl methacrylate) or poly (octadecyl methacrylate)

THF Tetrahydrofuran
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