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Chapter 1
General Introduction

1.1 Introduction
Stimulus-responsive polymers1 are defined as “polymers that undergo relatively large and
abrupt, physical or chemical changes in response to small modifications in the
environmental conditions”. Recently, there has been quickly growing interest in developing
‘smart’ surface-coatings by using stimulus-responsive polymers, while they can be applied
for varying the surface wettability2 and in drug delivery,3 chemical-sensing4 and tribology
control.5 In these applications, the conformational state and/or the chemical structure of the
polymers is strongly altered due to the adjustment in the surroundings, such as
temperature,6 light radiation7 or electric field,8 which results in a change in the macroscopic
properties of the surface coating.

There are different methods to decorate a surface with polymers. Polymers can be
physisorbed9 or covalently bonded to the surface via their side-chains.10 Moreover,
hydrogels can be prepared, which can swell by solvent absorption by many times their
initial size.11 Furthermore, so-called polymer brushes can be formed.12 In a polymer brush,
the polymers are attached with one end to the surface at a density that is high enough for
the polymers to stretch away from the surface.13 The latter is caused by steric hindrance by
the surrounding polymers and can be enhanced by solvent absorption when the brush is
kept in a good solvent.

In this Thesis, we will present different polymer brush coatings that have been used to
control adhesion and friction. When polymers are triggered to change their conformation or
chemical structure by an external stimulus, the interaction, e.g. the van der Waals forces,
electrostatic forces, forces due to hydrogen bonding etc., between surfaces that are coated
with these polymers will also change. Generally, when a stimulus causes the effective
interaction to become more attractive, the surfaces will be more strongly bound and make
more intimate contact, such that adhesion and friction will increase, while the opposite is
true when the stimulus results in more repulsive interactions.5b, 6b, 14 However, as we will
discuss in more detail in this Thesis, there are important exceptions for which the inverse
can occur.12b, 15 In our research we systematically study the relation between the degree of
solvation of the macromolecules in the brush and the friction and adhesion. Our results
show that the relation between brush swelling and its tribomechanical properties is rather
complex, and that it can depend on the specific interactions in the contact. Our careful
characterization will allow for the development of e.g. smart tweezers5e and gloves,16 pick
up and release tools.17



2 Chapter 1

Besides coating surfaces with polymers, there are alternative methods to tune adhesion and
friction, which we will not be the focus of this Thesis. For example, stick-slip motion can
be suppressed using mechanical oscillations of macroscopic surfaces18 or atomically flat
surfaces.19 Between elastic membranes and rigid counter faces, friction can be altered by
wrinkles.20 Moreover, friction between atomically flat metal surfaces and an atomic force
microscopy tip can be controlled using surface oxidation21 or surface reconstruction.22 For
example, the friction on atomically flat Au (111) surfaces can be switched from high to low
reversibly by oxidation and reduction.21 Also Vezenov et al.23 modified surface of Si (100)
or gold with –NH2 or –COOH group. When varying pH, both adhesion and friction can be
tuned. All these methods require ideal surfaces and/or low-contamination-levels. Stimulus
responsive polymer coatings are relatively cheap and robust alternative to these methods.

1.2 Content of this Thesis
In this Thesis, we present methods to fabricate smart surfaces using stimulus-responsive
polymers, with which we achieve switchable adhesion and friction. The main theme of each
chapter is as following.

Chapter 2 provides a background of the techniques employed in this Thesis and
summarizes the research reported on switchable friction and adhesion using stimulus-
responsive polymer films, gels and brushes so far.

Chapter 3 reports on switchable friction and adhesion using thermally responsive
PNIPAM brushes. An enhanced dissipation and friction are observed near the lower critical
solution temperature (LCST) of PNIPAM, which we attribute to stretching of partly
collapsed polymer brush chains that adhere to the gold colloid probe used in assessing the
interfacial properties.

Chapter 4 explores the enhanced friction and dissipation of PNIPAM brushes due to the
co-non-solvency effect. Both in water and in ethanol, low friction is obtained due to the
high osmotic pressure of good solvents in the brush. However, in 10% volume fraction of
ethanol-water composition, a maximum in friction is observed. The highest friction is about
two orders of magnitude larger than the lowest friction.

Chapter 5 focuses on the application of co-non-solvency of PNIPAM brushes to pick up,
move and release nanoparticles. In a water-ethanol mixture of 30% ethanol, the brush-
particle adhesion is high such that particles can be picked up. In pure solvent, the brushes
swell and the adhesion is strongly reduced such that particle-release can be triggered.

Chapter 6 describes switchable adhesion between PMMA brushes utilizing the cosolvency
effect. Water, ethanol and isopropanol are poor solvents for PMMA and we observe a high
contact adhesion between PMMA brushes in these pure solvents. However, in a mixture of
water and one of the alcohols (v/v = 4/5) the brushes swell resulting in a low adhesion.



Chapter 1 3

Chapter 7 introduces a new method to fabricate zwitterionic PMPC brushes using a
PGMA-based macro-initiator. We show that degrafting is effectively inhibited in aqueous
media, physiological media (saline), and marine environment (0.6 M sodium chloride).

Chapter 8 investigates the specific ion effect on the hydration of zwitterionic PMPC
brushes to control friction and adhesion. Preliminary results show that salts have an effect
on the swelling ratio of PMPC brushes and on their friction and adhesion with a rigid
counter-surface. An outlook to future experiments is going to help us to clarify our
observations.
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Chapter 2
Switchable Adhesion and Friction by Stimulus

Responsive Polymers
In this chapter, we present a general background to the topics and techniques discussed and
employed in this Thesis. Moreover, we will give a literature overview of the present state of
the research on switchable adhesion and friction using surface-attached stimulus responsive
polymers.

2.1 Polymer brushes
Polymer brushes consist of macromolecules that are constrained with one end at a surface
or an interface at a density that is sufficiently high such that the polymers stretch away from
the grafting plane.1 Not all tethered polymers can form brushes. Depending on the grafting
density and the molecular weight of polymers on the substrates, there can be various
conformations of the polymer(-film), e.g. mushrooms or pancakes (depending on the
surface-polymer-solvent interaction), mushroom-to-brush transitions and brushes (shown in
Figure 2.1). When the distance between anchor points a is more than twice as large as the
radius of gyration of polymers (a ˃ 2Rgyr), there is almost no interaction between two single
chains.2 This distance can be translated to the critical grafting density, defined as σ* =
1/(π*Rgyr2),2c, 2d which can be employed to identify the mushroom-to-brush transition in the
absence of attractive interactions with the wall: When σ ˂ σ*,2a mushrooms are formed.
When σ*˂ σ ˂ 5σ*, a transition from mushroom to brush occurs. If σ ˃ 5σ*, the brushes are
formed.2a, 3 In the presence of interactions with the wall, there can be pancakes (strong
attractive interaction) or mushroom (weak or repulsive interaction) states for σ ˂ σ*,

depending on the strength of interaction between surface-polymer (εwp) and surface-solvent
(εws).4 To be more specific, in a dilute polymer solution, the solubility of polymers can be
determined by a single dimensionless parameter χ, which expresses the strength of the
energetic interaction between polymer and solvent.5 When χ ˃ 0.5, the polymer chains
collapses to form a globule. While, when χ ˂ 0.5, the polymer chain is expanded to swell in
the solvent. For χ ˃ 0.5 and when εwp ˃ εws, the polymer chain sticks to the substrate and
forms a pancake. For χ ˂ 0.5 and when εws ˃ εwp, the polymer will extend to form a
mushroom state. With a decrease of the distance between two anchor points to less than
twice of the radius of gyration (σ* ˂ σ ˂ 5σ*), the polymer chain-chain interaction starts to
increase, and a mushroom to brush transition happens. For short polymers at high grafting
densities (σ ˃ 5σ*), there are two possible states. In a poor solvent, or if the surface-polymer
interaction dominates (εwp ˃ εws), a dense polymer film is formed on the substrate. While in
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a good solvent and if the surface-solvent interactions dominate (εws ˃ εwp), polymer brushes
can be obtained where the polymer chains are absorbing the solvent. With long polymer
chains and in a good solvent, normally stretched polymer brushes are formed.6 Even if there
is a high εwp, the brush can swell and stretch perpendicular to the substrate plane and there
is only a dense film layer near the substrate. In a poor solvent and when εwp dominates; a
dense film layer is found.7

Figure 2.1. Scheme of the conformations of tethered polymer chains on the surface with
different grafting densities: mushroom, mushroom-to-brush transition, brush.

There are two methods to attach polymer brushes on the substrate: “grafting to”8 and
“grafting from”.9 In general, “grafting to” leads a loose attachment and a low grafting
density. In contrast, when utilizing the “grafting from” method to fabricate polymer brushes,
one can prepare dense brushes and control the grafting density by varying the initiator
ratio.10 Through grafting polymers brushes, the substrate can be made suitable for various
applications, e.g. to act as lubricants,11 create antibacterial surfaces,12 to allow for reversible
cell attachment,13 to act as sensors,14 etc.

2.2 Surface-initiated atom transfer radical polymerization (SI-
ATRP)
Using living polymerization, a variety of polymers can be grafted from the surface and the
molecular weight can be precisely tailored.15 Frequently employed techniques16 for
“grafting from” include (Surface-Initiated, SI) Atom Transfer Radical Polymerization
(ATRP), Reversible Addition-Fragmentation Chain Transfer Radical Polymerization
(RAFT), Initiator-Transfer-Terminator (INIFERTER) agent based polymerization and
Nitroxide-Mediated Polymerization (NMP). Among them, SI-ATRP17 is the most
extensively utilized. It was reported first in 1997.18 The general mechanism of ATRP15d is
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shown as in Scheme 2.1, which is based on an equilibrium between active radicals (Pn*) and
dormant alkyl halide terminated polymer chain ends (Pn-X). During the polymerization
process, a transition metal catalyst (Mtm represents the metal in oxidation state) and ligand
(L) are used to periodically react with the dormant species at a rate constant of activation
(kact). The formed growing radicals (Pn*) can propagate, which results in a polymerization
of the monomers. Meanwhile, the transition metal complexes coordinate with halide ligand
forms a higher oxidation state (X-Mtm+1/L). However, the formed deactivator can react with
the active radicals in a reverse reaction to reform the dormant species and the activator
(metal catalyst in a lower oxidation state). Since the dormant state is preferred in this
equilibrium, each polymer chain will grow by only a few monomers at a time. Due to this
low propagation rate, polymers of low polydispersity are grown. The main difference
between SI-ATRP and ATRP in bulk is the extremely low concentration of initiators on the
surface.19 After initiated, the concentration of deactivator is too low to trap the propagating
radicals, which results in uncontrolled chain growth.20 Thus a relatively high concentration
of deactivating Cu (II) is required in the recipe to establish the equilibrium between activate
and inactivate chains during the SI-ATRP.

Scheme 2.1.Mechanism of ATRP

2.3 Adhesion, adhesion hysteresis and friction
The force of adhesion is defined as the force of attraction between different substances.21

When two solid surfaces are pressed together, they bond physically across the interface.
The force needed to pull the two surfaces apart is called the adhesive force. Adhesion
occurs both at solid-solid interfaces and between solid surfaces separated by a thin liquid
film.22 In general, adhesion is high for clean and symmetric contacts, while contaminated
contacts in many cases exhibit lower adhesion.22

Adhesion hysteresis is defined as the difference between the work needed to separate two
surfaces and that originally gained on bringing them together.23 Also, it is referred to
“Work” in some literature.24 The hysteresis is the energy cost which is needed to complete a
contact and separation cycle of two surfaces.25

Friction is defined as ‘the resistance that one surface or object encounters when moving
over another’.26 Friction act opposite to the direction of motion. For solids in relative
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sliding motion, friction consists of an initial startup force (static friction force, Fs), which
under most circumstances arises by pinning due to adsorbed contaminants,27 and a kinetic
(dynamic) friction force Fk at steady-state sliding. Fs is higher than or equal to the Fk. In
thermal equilibrium (e.g. in liquids), Fk increases linearly with velocity.28 Under these
circumstances, we speak of Stokes friction. When the system is moved out-of-equilibrium
(e.g. for solids), instabilities occur and Fk varies typically logarithmically with the
velocity.28 For polymeric system, where the polymers can interdigitate and shear-align,
more complex friction-velocity relations are found,29 especially when surfaces are rough.30

2.4 Atomic force microscopy (AFM)
Many types of equipment have been developed to measure the normal and lateral forces
between two interacting surfaces,31 such as atomic force microscopy (AFM),9b, 32 surface
force apparatus (SFA)10, 23a, 33 and tribometer.34 AFM is a technique that is derived from
scanning tunneling microscopy (STM),35 which can be used to visualize the surface
topology of conductive surfaces down to atomic resolution. In 1986, Binnig and Quate
demonstrated for the first time the employment of AFM in obtaining nanoscale resolution
surface images.36 Compared to STM, now non-conductive materials (polymers, ceramic), in
non-vacuous (air or liquid) environment can be imaged.

Since its invention, the AFM has evolved into a tool to characterize and manipulate
structures and measure the interactions between surfaces with a nanoscale resolution.37 The
working principle of the AFM is sketched in Figure 2.2. (a). The essential components of
the AFM consist of a laser diode, cantilever, mirror, photodetector, piezo-electric scanner.
During the measurement, a laser is reflected off the rear side of the cantilever. After another
reflection by the mirror, the position of the laser beam is detected by a photodetector (4-
quadrant photo diode). Depending on the bending (up and down) of the cantilever, angular
deflections can be detected. On the photodiode, the (A + B) – (C + D) signal is proportional
to the normal deflection of the cantilever, while the (A + C) – (B + D) signal is a measure
of the torsional force on the cantilever. After calibration of the cantilever spring constant,
the deflection can be converted into a force.38 The AFM can be employed in different
modes, such as contact mode (CM) AFM and tapping mode AFM. Both modes can be
operated in air or liquid. Many groups apply AFM to measure the adhesion39 and friction40

between surfaces in relative motion.

Figure 2.2. (b) shows a typical adhesion measurement using AFM. When the sample
gradually approaches the cantilever, either repulsive or attractive forces will bend the
cantilever depending on the interaction between cantilever and sample. For attractive forces,
a jump-to-contact occurs (blue sharp peak), when the derivative of the force is higher than
the spring constant of the cantilever. Upon further approach, the piezo pushes the cantilever
up on the sample surface. The cantilever bends upward, and a positive deflection is
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measured. Upon retraction, due to adhesive interaction, the cantilever cannot separate with
sample at the original zero force position. With further retraction, the adhesion force results
in a measured, negative deflection until the derivative of the force is less than the spring
constant of the cantilever. The cantilever rapidly jumps back to its original position (red
sharp peak). The maximum force needed to separate the cantilever and samples is called the
adhesion force. The area between approach and retract curve equals the dissipated energy in
the process, which is the adhesion hysteresis. There are various other AFM techniques next
to contact mode to measure adhesion (hysteresis), such as HarmoniX,41 peak force,41a, 41d, 42

noise analysis43 and others.44

Figure 2.2. (a) Schematic diagram showing the working principle of AFM and (b) an
illustration of a force versus z piezo displacement curve.

AFM has also been used extensively to measure the friction between surfaces in relative
sliding motion.45 For friction measurements, the sample surface is slid in the lateral
direction. Due to the friction force, the cantilever will twist in the torsional direction. After
calibration of the torsional spring constant and the deflection sensitivity,38, 45b the friction
force can be calculated from the signal of the quadrant photodetector.

2.5 Stimulus responsive polymers
Stimulus responsive (SR) polymers, are polymers that adapt their physicochemical
properties in response to modifications in the environmental conditions, such as
temperature,32e, 46 pH,47 ionic concentration of the solvent,47i, 48 effective solvent conditions
by addition of cosolvents/co-non-solvents,9b, 32f, 32g, 49 UV-vis light irradiation,50 redox51 or
the presence and strength of electronic and magnetic fields52 (see also Figure 2.3). With
these external stimuli, the chemical structure53 or the conformation of these polymers can



10 Chapter 2

be changed.54 We note that, within this definition, all polymers will be SR polymers under
some conditions. However, we speak of SR polymers when they respond to the specific
stimulus that is applied in the discussed experiment or potential application. If the response
of the SR polymers to the stimulus is reversible, and the physico-chemical properties can be
switched repeatedly.32a, 55

Figure 2.3. Schematic diagram of stimulus responsive polymers in gels, films and brushes
triggered by various external stimuli.

2.5.1 Temperature

Thermally responsive polymers can have a lower critical solution temperature (LCST)
and/or an upper critical solution temperature (UCST). UCST behavior can be understood
via the Flory-Huggins mean-field theory.2b Upon increasing the temperature the Flory-
Huggins parameter χ reduces. Therefore, the entropic mixing contribution to the free energy
will dominate over the enthalpy at high temperatures and, consequently the components
mix. LCST behavior is, however, not captured by the standard Flory-Huggins theory.56 The
reason for this is that the interactions between sub-units within χ are considered to be
independent of the temperature and volume fraction within the Flory-Huggins theory,
which is a simplification of realistic interactions. Using a modified equation for the
interaction parameter χ, the interaction energy can be made temperature and volume
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fraction dependent,57 which allows for predicting both the UCST and LCST in polymer-
solvent mixtures.58 Various models have been proposed to explain the temperature and/or
volume fraction dependent interaction energies for different polymer-solvent
combinations.59 A well-studied example is poly(N-isopropyl acrylamide) (PNIPAM), which
exhibits an LCST close to room temperature (typically 30-33 oC)60 in pure water.61 For this
polymer, the most common explanation for temperature-dependent interactions is that,
below the LCST, the enthalpy-gain from hydrogen bonds between PNIPAM and H2O
outweighs the reduction in entropy caused by water-adsorption. Above the LCST, the
increased entropy of the system increases the entropy-reduction due to adsorption such that
adsorption is no longer energetically favorable. At these higher temperatures, the water-
amide hydrogen bonds are replaced by amide-amide hydrogen bonds between the polymer
segments, which results in phase separation.

2.5.2 Co-(non-)solvency

Cosolvency and co-non-solvency are generic phenomena61a, 62 that occur for a variety of
polymers and in different solvent mixtures. Cosolvency is the effect that a mixture of two
poor solvents can become a good solvent for a polymer at certain relative volume fractions.
This effect can be understood qualitatively via the Flory-Huggins theory56 using the single
liquid approximation63: The effective interaction parameter χ between the polymer P and
solvent mixture (S1, S2) is defined as:

χ = ϕ1χPS1 + ϕ2χPS2 − ϕ1ϕ2χS1S2 , (1)

in which ϕ is the solvent volume fraction. Since both individual solvents are poor, χPS1 and
χPS2 ˃ 0.5. Additionally, the two solvents are miscible and χS1S2 can be just lower than 2 for
particular solvents. When substituting these numbers in formula 1, one can see that χ can be
less than 0.5 for certain solvents and ϕ, which shows that the mixture can be a good solvent
for the polymer. For example, both water and ethanol are poor solvents for poly(methyl
methacrylate) (PMMA). However, for a volume fraction of 80% ethanol in water, the
mixture becomes a good solvent for PMMA both in a bulk solution62a and in the gel-
form.62b

For co-non-solvency, the opposite will happen: When two good solvents are mixed, the
mixture can be a poor solvent for the polymer. The mechanism for co-non-solvency is still
under debate, and many theories and models are proposed to explain the phenomenon, such
as competition of forming hydrogen bonds between alcohol and water with PNIPAM,64 the
formation of composition-dependent solvent-clusters65 and the bridge model.61b, 66 The most
well-known example of co-non-solvency is PNIPAM in water and an organic solvent, such
as methanol (MeOH) and ethanol,9b, 32g, 61e, 67 tetrahydrofuran (THF),68 dimethyl formamide
(DMF),69 dimethyl sulfoxide (DMSO).70 Both cosolvency and co-non-solvency effects have
potential application in actuator,71 gating72 and pick up and release systems32f in liquid
environment.
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2.5.3 pH and salt concentration

For polyelectrolytes, such as polycations,47g, 47h, 73 polyanions,74 and zwitterionic75 polymers,
the pH can be used as an external stimulus. A typical example is polyacrylic acid (PAA),47a

which is a polyacid with carboxyl groups on the side chain. The addition of a base will
deprotonate the pendant acidic groups, such that charges are introduced within the chain.
Consequently, it swells. In an acidic solution, protonation of carboxyl group causes a chain-
collapse. Moreover, water-soluble salts also can be used to induce a coil-to-globule
transition of polyelectrolytes, due to the change in electrostatic interactions.76 Also, the
solubility of zwitterionic polymers is sensitive to the salts concentration. For example, for
poly[2-(methacryloyloxy)ethyl]-dimethyl(3-sulfopropyl) ammonium hydroxide (PSBMA)77

adding salts helps to reduce the intra-chain interaction of zwitterionic moiety, which
increases the swelling ratio in water.

2.5.4 Other and multi-stimuli

Other examples of SR polymers are polymers functionalized with light-responsive groups,
such as azobenzene,78 spiropyran50a and coumarin.79 For example, azobenzene can switch
between trans- and cis- conformation when irradiated by visible light and UV light. The
trans- and cis- conformation have different energies and molecular geometries, such that an
incorporation of the groups in polymers can induce a change in the effective interaction
with itself and other molecules upon photo-irradiation.80

For redox-responsive polymers, reversible oxidation-reduction reactions are employed to
induce a change in the effective interactions of the polymer with the surrounding medium.
There are many functional groups showing oxidization-reduction dependent properties,
such as ferrocene,81 tetrathiafulvalene,82 conjugated groups,83 transition metal ions,84

disulfides.85 The typical example is the ferrocene functionalized polymer, which has a
redox responsive center located in the polymer’s main chain51a, 51e or side chain.55c, 86 After
oxidization, ferrocene exhibits charged ferricenium moieties, which interact
electrostatically with counterions.87

By a modification of stimulus responsive polymers with responsive functional groups one
can build polymers that respond to multiple types of stimuli.88 When stimulus responsive
polymers are covalently attached to surfaces in the form of gels, films or brushes, they can
be employed to induce macroscopic changes in the surface or interfacial properties, for
example from wetting to non-wetting,53 from soluble to non-soluble,46e from adhering to
non-adhering,54 from lubricating to non-lubricating.89 The latter two will be explained in
more detail below.
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2.6 Switchable adhesion
When a gecko walks over the ceiling, it needs to frequently attach and detach its feet.
Mimicking such switchable adhesion as found in nature has enormous potential for
application. For example, in the DARPA’s Z-Man program, climbing devices are being
developed that mimic geckos. With these hand-hold devices, a climber that weights around
100 kg can ascend and descend freely on glass. Nowadays, many research groups develop
polymeric materials that will respond to different stimuli9b, 32a, 32e-g, 46c, 51b, 51e, 55, 87, 90 such
that switchable adhesion can be applied under different circumstances. The schematic
representations of interaction between chemically identical polymer films or with
chemically different counter surfaces are shown in Figure 2.4-2.5. An overview of the
research so far is given in Table 2.1. The abbreviations can be found at the end of this
chapter.

2.6.1 Adhesion between chemically identical polymer films

The adhesion between chemically identical polymer films depends on the solvent quality.
In good solvent, polymers are effectively repulsive and, thus, direct polymer-polymer
interactions are screened. When two polymeric systems in good solvent are pressed
together, the solvent is kept in the contact unless the applied pressure is higher than the
osmotic pressure in the solvent.91 The adhesion is generally low under such mild-
compression conditions.32e, 92 In poor solvents, direct polymer-polymer interactions are
preferred and under these circumstances adhesion between the polymer films can be high.10,
32f Thus, when the applied stimulus changes the effective solvent quality for the polymer
films from good to poor, the adhesion can be altered from low to high. For example,
Malham et al. employed temperature to change the adhesion between PNIPAM and
PNIPAM brushes on mica surfaces by using SFA, and the magnitude of adhesion can be
tuned by at least 20 times. Also, co-non-solvency can be used to switch the adhesion
between PNIPAM gels and brushes.55a

An exception to this generic behavior can be found for systems where the polymers in
solvated polymer films in close contact can entangle55a, 103 as e.g. for two brushes in close
contact or for brushes in contact with gels. As reported, the typical degree of
polymerization above which there can be entanglements in brushes is 3000.103 Normally,
the number of repeat units of polymers in brushes are less than that number,32e such that the
macromolecules chains will only interdigitate.32c With increase of the waiting time104 and
grafting density,105 the interpenetration of opposing brush layers also increase, which also
might cause entanglement at lower degrees of polymerization.106 Brushes with
interdigitated polymers can easily be separated, such that the adhesion is low.107 When both
polymer films are cross-linked and form a (hydro-)gel, there will be no entanglements and,
therefore the adhesion between two solvated hydrogels is always low, while the adhesion
between collapsed hydrogels is high.108 This was, for example, shown by Banquy et al.,108
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who measured that the adhesion between two PDEA gels can be changed 17 times in
magnitude, altering the temperature between 15 °C and 30 °C. The same results were found
for brushes in contact with gels,55a which means that the polymers in these brushes were too
small to entangle.

Table 2.1. Switchable adhesion by various stimuli

Stim-

uli

surface 1 surface 2 solvent low high times* device R style Ref

T

PDEA PDEA H2O 15 °C 30 °C ˃ 17 SFA 2 cm gel 93

PNIPAM silica H2O 25 °C 47 °C ˃ 60 AFM 10 μm gel 55g

PNIPAM Si3N4 H2O 30 °C 32.5 °C ̶ AFM 20 nm brush 46c

PNIPAM Si3N4 H2O 28 °C 40 °C ˃ 30 AFM 20 nm brush 94

PNIPAM BSA phosphate 25 °C 34 °C ˃ 40 AFM ˃ 50nm brush 95

PNIPAM PNIPAM H2O 24 °C 40 °C ˃ 100 AFM 4.8 μm brush 55h

PNIPAM PNIPAM H2O 23.1 °C 37.3 °C ˃ 20 SFA 1 cm brush 10

PDMAEMA gold pH=3,11 24 °C 50 °C ̶ AFM 10 μm brush 8a

PNIPAM-b-

PAMPTMA silica 0.1 M NaCl 35 °C 45 °C > 5 AFM 10 μm brush 96

P(OEGMA-

co-OPGMA) silica H2O 24 °C 40 °C ˃ 75 AFM 4.8 μm brush 97

P(MEO2MA-

co-OEGMA) glass PBS 25 °C 37 °C > 4 AFM 30-50 μm brush 98

pH

PS-b-PAA silica glass H2O pH=2 pH=7 > 10 AFM 30-40 μm brush 99

PDMAEMA Si3N4 H2O pH=1 pH=8 > 35 AFM 20 nm brush 100

PDMAEMA MUA H2O pH=1 pH=8 > 110 AFM 20 nm brush 100

solvent

PNIPMA PNIPAM MeOH/H2O H2O v/v=1/1 5 rheometer 20 mm gel 55a

PNIPAM silica MeOH/H2O H2O v/v=1/1 > 100 AFM 1 μm brush 9b

PMPC gold EtOH/H2O v/v=1/1 v/v=9/1 > 15 AFM 20 nm brush 49a

PS/PV2P silica various toluene pH=2 > 1 AFM 10 μm brush 101

PS/PV2P PS various toluene pH=2 > 4 AFM 10 μm brush 101

PS/PV2P PAA various toluene pH=2 > 3 AFM 10 μm brush 101

redox

PFS-I Si3N4 H2O oxidized reduced ˃ 6 AFM 20 nm film 102

PFS-I PS H2O reduced oxidized > 4 AFM 6 μm film 87

PFS-SO3- PS H2O oxidized reduced > 2 AFM 6 μm film 87

PFDMS Si3N4 H2O reduced oxidized > 1 AFM 20 nm film 32h

light liquid crystal liquid

crystal

air UV-on UV-off ̶ homemade ∞ film 50c

salt PS-b-PAA silica glass CaCl2/pH=5 0.1 0.01 ˃ 5 AFM 30-40 μm brush 99

* based on the given detection limit

one of the values was beyond detection limit, which was not given.
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2.6.2 The adhesion between polymer films and chemically different
counter surfaces

To predict the adhesion between a polymer film and a chemically different counter surface
(CS) is more complicated than contacts between chemically identical polymer films, since
the polymer-CS interactions play a crucial role in this. When the polymer-CS interactions
are stronger than the interactions between the polymer and the solvent, and the counter
surface and the solvent, adhesion can be high, even when solvent conditions are good.32e

The change in adhesion is then determined by the variation in contact area due to the
alteration in effective elasticity of the brush. For example, Vyas et al.101 used AFM to
measure the adhesion under good solvent conditions between silicon sharp cantilever and
PS brush was high, while the adhesion between silica colloid cantilever and PS brush was
low. Moreover, Raftari et al.100 employed gold cantilever with different coatings to
investigate the adhesion of PDMAEMA brushes at pH 8 solution, such as
mercaptoundecanoic acid (MUA) or dodecanethiol (DDT) coatings. The adhesion between
MUA-coated cantilever and brush is around 12 nN, while DDT-coated for 4 nN.

Some polymers are, however, special in the sense that they very strongly interact with
particular solvents and, therefore, repel almost any counter surface in that solvent. These
polymers are considered to be so-called non-fouling polymers. The low-fouling properties
can only be achieved under particular solvent-conditions, such that also for these systems
adhesion can be switched by changing the effective solvent quality. For example, PMPC is
well-known to be an anti-fouling material in aqueous solution to resist bacteria109 and
protein.110 Yang et al.49a used QCM to show that in water there was high adherence
between proteins and PVBIPS brushes, while by adding 1 M sodium chloride (NaCl)
solution, the surface hydration of the brushes could be enhanced to give a low adherence
and the serum and plasma could be completely washed out.

For some polymers it is possible to directly change the interaction between the polymer and
the counter surface.32h, 51a, 51b For example, poly(ferrocenylsilane) (PFS) is composed of
ferrocene unit in the main chain, which can be chemically or electrochemically reduced and
oxidized reversibly.51a, 51e, 51f, 87, 111 This can be employed to change the adhesion directly
without the mediation of the solvent. For example, Feng et al.112 grafted PFS-I on Au
surface, and the Si3N4 probe was treated with organic solvent and piranha solution
separately. In both cases, the adhesion could be tuned before and after oxidation. However,
opposite trends on switching adhesion were found using these two different probes: a
piranha treated probe has a negative charge, while a solvent treated probe is neutral. Thus
different interfacial interactions were obtained under oxidation and reduction state.
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Figure 2.4. Schematic representation of adhesion and friction between chemically identical
polymer films in good or poor solvents. The polymers on the substrates could be in the
form of gels, films or brushes.

Figure 2.5. Schematic representation of adhesion and friction between polymer films and
chemically different counter surfaces in good or poor solvents for repulsive and attractive
interactions between the walls and polymers. The polymers on the substrates could be in the
form of gels, films or brushes.

2.7 Switchable friction
Switchable friction can find many applications in tissue engineering and biomedical
systems,34a, 34c, 34d, 48g, 55a such as contact lenses, artificial cartilage, catheter etc. In these
systems, objects should be able to resist sliding after being positioned, but should
nevertheless be easy to apply within the patient. Moreover, switchable friction is required
e.g. in order to let robots walk on walls.50c, 50d Polymeric systems can fit these requirements
and in recent years, there have been many attempts to achieve such switchable friction23a, 32a,
34a, 34c, 34d, 48g, 55a, 101, 113 (see also Table 2.2).
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2.7.1 Friction between chemically identical polymer films

The presence of interdigitation between macromolecules of opposing polymeric systems
strongly determines the alteration in friction upon applying an external stimulus. In the
absence of interdigitation, friction is determined by polymer-polymer interactions in the
contact. In a good solvent, direct polymer-polymer interactions are screened and therefore,
the solvent-(viscosity) determines friction and, therefore, friction is low.11a In poor solvents,
polymer-polymer interactions are favored over polymer-solvent interactions and under
these conditions friction is high.34c These conditions can be obtained for brushes or
hydrogels under low normal loads. The friction under these circumstances can be switched
from high to low by changing the effective solvent quality from poor to good. For example,
Wu et al.34c used temperature to switch the friction between PNIPAM/GO gels by changing
the temperature between 28 and 38 °C, and the friction could be changed more than 10
times in magnitude. Moreover, Liu et al.50c made azobenzene-based liquid crystal smart
coatings. By turning on and off UV light, the 3-D fingerprint structure could be modulated
to tune the interfacial friction.

Under high normal loads, opposing polymer brushes can interdigitate,32c which results in
high friction.33b, 33c Upon sliding the interdigitated opposing polymer brushes, the polymers
tilt,105 resulting in a decrease of the overlap-zone or interdigitation for higher shear-rates.
Consequently, there is a sublinear friction-velocity relation114 for interdigitated polymer
brushes. Under these circumstances, friction can be higher than for collapsed brushes in a
poor solvent, due to the larger effective contact area in the latter.32f Therefore, these
systems can respond oppositely to the applied stimulus than non-interdigitating polymeric
systems.32d

2.7.2 Friction between polymer films and chemically different counter
surfaces

The friction between polymer films and chemically different solids is determined by the
solvent-mediated polymer-solid interactions. If polymer-solid interactions are higher than
polymer-solvent and solid-solvent interactions, the friction change is determined by the
change in contact are upon applying the stimulus. If the solvent screens direct polymer-
solid interactions under good solvent conditions, friction is low and can be switched to be
high by applying a stimulus that changes the solvent conditions to poor. Zhang et al.49a

measured the friction between gold cantilever and PMPC brushes. The coefficient of
friction (COF) was determined by friction force microscopy (FFM) in various ratio of
water/EtOH. The excellent lubrication properties of PMPC brushes started to reduce from
70% of EtOH volume fraction due to the collapse of PMPC. The highest COF was found at
90% EtOH content, where PMPC brushes are completely collapsed. When the volume of
EtOH is 100%, again a low friction coefficient is observed. However, directly opposite
results are found by Kobayashi et al.115 using a tribotester. Their explanation is that swollen
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brushes have more effective contact areas than that of collapsed brushes. Moreover, Wei et
al.34a systematically investigated the switchable friction of polyelectrolyte brushes. For
polycation, the friction could be tuned by simply changing the type of counterion, which
had specific ion effect as the following order Cl- ˂ ClO4- ˂ PF6- ˂ TFSI-, which is also the
hydrophobicity order. More hydrophobic counterions offer more hydrophobicity of the
corresponding polymer brushes, thus the brushes collapse more. The higher friction is due
to a more energy dissipation in dehydrated and collapsed brushes. For polyanionic brushes,
the frictional response to sliding can be tuned by surfactants with various length of
hydrophobic tails due to the electrostatic interaction. They conclude that hydrated and
swollen polyelectrolyte brushes can form excellent lubricants, while, dehydrated and
collapsed brushes behave less ideal lubrication properties.

A special kind of switchable friction can be obtained by grafting two different types of
polymers to two surfaces.90b, 101 When the different types of polymers swell in different
solvents and interact differently with the counter surface, friction can be switched by
solvent exchange. For example, de Beer et al.90b used AFM to measure the friction between
PMMA coated gold colloid and PNIPAM coated substrate by immersing in two different
solvents (acetophenone for PMMA and water for PNIPAM). Ultralow friction was obtained
in this asymmetric system rather than the symmetric system in only one solvent, shown in
Figure 2.6.

Figure 2.6. Schematic sketch of the symmetric and asymmetric brushes contact in the same
and different solvents. Left panel shows the miscible system, where the same polymers are
grafted from the surface and the colloid. The brushes are solvated in a one-phase liquid.
The right panel shows the immiscible system of two different polymer brushes. Each brush
is solvated in its own preferred liquid. In traditional miscible systems, the polymers of the
opposite brushes overlap. For the immiscible system, opposite brushes do not interdigitate
such that friction and wear during sliding are reduced.32b

Particular types of asymmetric contacts are contacts between two chemically different
polymer brushes. When pressures are high and both brushes absorb the same solvent,
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friction is high due to interdigitation between the opposing brushes. If, however, each brush
prefers their own solvent, polymers are kept in their own brush and interdigitation is
strongly reduced.90b If one of the two opposing brushes responds to an external stimulus,
friction can be made switchable.32a For example, if in one state both brushes prefer the same
solvent, friction is high due to interdigitation. After applying the stimulus, one of the
brushes will expel the solvent and the brushes no longer interdigitate such that friction is
low provided that the solvent-polymer interactions in the swollen brush are higher than the
polymer-polymer interactions.

2.8 Relation between friction and adhesion/adhesion hysteresis
The question if adhesion and friction are directly related has triggered many scientific
studies in the last decades.33a, 120 The answer to this question is not generic, but instead
depends on the particular system that is being studied.29d From a mathematical perspective,
two perfectly flat walls without any corrugation would not resist sliding motion even when
adhesion is high.121 Of course, these mathematical surfaces do not exist in realistic
applications. Real surfaces have at least an atomic corrugation, which could resist sliding
motion when the corrugations of the opposing surfaces are commensurate. Nevertheless,
any degree of mismatch between the surfaces would induce incommensurability such that
ratio of friction to adhesion vanishes.122 For macroscopic engineering surfaces, such as in
sliding metal surfaces in the absence of wear, friction and adhesion are often found to be
directly related: Variation of external conditions can lead to a reduction or increase in both
friction and adhesion.123 For example, Autumn et al.124 tested the relation between adhesion
and shear force in isolated setal arrays and live gecko toes. A linear relation is found
between adhesion and shear force. Moreover, Chen et al.125 studied the friction force and
adhesion between two PS and poly(vinylbenzyl chloride) surfaces by SFA. After cross-
linking of the polymer surfaces, both friction and adhesion are reduced. While adding chain
ends causes the increase of friction and adhesion. On the other hand, some experimental
counter-examples have also been reported.126 For example, two smooth mica surfaces
separated by molecular layers of cyclohexane exhibit high COF, but a low adhesion energy.
In contrast, mica surfaces in humid air exhibit low COF, but high adhesion energy due to
capillary forces. Thus, only when friction and adhesion (hysteresis) are caused by the same
interactions/dissipation mechanisms they can be directly related (even when prefactors can
be directional dependent).127 In the following paragraph, we will focus on discussing the
relationship between friction and adhesion in stimulus-response polymer films in contact.
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Table 2.2. Switchable friction by various stimuli

Stim-

uli

surface 1 surface 2 solvent low high times* device R style Ref

T

PDEA PDEA H2O 15 °C 30 °C > 6 SFA 2 cm gel 93

PDMAEMA gold pH=3,11 50 °C 24 °C > 1 AFM 10 μm brush 8a

PNIPAM-b-

PAMPTMA silica 0.1 M NaCl 25 °C 35 °C > 4 AFM 10 μm brush 96

PDMAEMA-

stat-BPMA Si3N4 H2O 25/60 °C 45 °C > 1 AFM 20 nm gel 116

PNIPAM/GO PNIPAM/GO H2O 28 °C 36 °C > 10 tribometer 35 mm gel 34c

PNIPAM-

NaMA

PNIPAM-

NaMA phosphate

pH=7

rt

pH=2

32 °C > 20 tribometer 35 mm gel 117

PNIPAM-

DMAEMA

PNIPAM-

DMAEMA phosphate

pH=2

rt

pH=8

30 °C > 14 tribometer 35 mm gel 117

pH

PDMAEMA gold H2O pH=3 pH=11 > 10 AFM 10 μm brush 8a

PDMAEMA Si3N4 H2O pH=1 pH=8 > 12 AFM 20 nm brush 100

PMAA PDMS H2O pH=7 pH=2 > 300 tribometer 6 mm brush 34a

solvent

PNIPAM PNIPAM MeOH/H2O H2O v/v=1/1 > 6 rheometer 20 mm gel 55a

PMPC gold EtOH/H2O v/v=1/1 v/v=9/1 > 9 AFM 20 nm brush 49a

PS/PV2P silica various toluene pH=2 > 1 AFM 10 μm brush 101

PS/PV2P PS various toluene pH=2 > 2 AFM 10 μm brush 101

PS/PV2P PAA various toluene pH=2 > 5 AFM 10 μm brush 101

PNIPAM silica MeOH/H2O H2O v/v=1/1 > 4 AFM 1 μm brush 32g

PMPC glass EtOH/H2O v/v=17/3 EtOH > 1.5 tribometer 10 mm brush 115

redox PFDMS Si3N4 H2O reduced oxidized > 1 AFM 20 nm film 32h

PFDMS Si3N4 H2O NaNO3 NaClO4 > 1 AFM 20 nm film 32h

light liquid crystal liquid crystal air UV-on UV-off 4-5 homemade ∞ film 50c

salt

PMAA PDMS H2O Na+ CTAB > 300 tribometer 6 mm brush 34a

PMETAC PDMS H2O Cl- TFSI- > 200 tribometer 6 mm brush 34a

PSPMA PDMS H2O K+ CTAB > 50 tribometer 6 mm brush 34a

P(METAC)-

b-(PEO45M

EMA)

P(METAC)-

b-(PEO45M

EMA)

H2O H2O NaCl > 2 AFM 20 μm brush 118

PSPMA PDMS CTAB H2O 0.95 mM > 30 tribometer 5 mm brush 119

PMETAC PDMS SDS H2O >0.1 mM > 150 tribometer 5 mm brush 119

PVBIPS PDMS NaCl 6.1 M H2O > 15 tribometer 6 mm brush 48g

PVBIPS PDMS H2O Br- SO42- > 30 tribometer 6 mm brush 48g

PVBIPS PDMS H2O K+ Na+ > 10 tribometer 6 mm brush 48g

* based on the given detection limit
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2.8.1 Relation between friction and adhesion

In general, the adhesion and friction in polymeric systems are directly related,8a, 32h, 93, 100-101,
128 which indicates that they are caused by the same interactions. However, also some
counterexamples have been reported.8a, 116 For example, Song et al.32h fabricated PFDMS
films on gold surface, and used AFM to study the COF and adherence strength at oxidized
and reduced state of the polymers. After oxidization, both friction and adhesion switched to
higher values. The process was found to be reversible: At the oxidized state, with varying
electrolyte from NaClO4 to NaNO3, a decrease in both friction and adhesion was found.
Thus, similar trends are found for switchable friction and adhesion is obtained through
oxidization and varying electrolyte in these systems. On the other hand, Nordgren et al.8a

grafted thermal and pH sensitive PDMAEMA brushes on a gold probe and gold-coated
substrate. With this system, they switched adhesion and friction by varying both
temperature and pH using water as a solvent. Above the LCST, lower friction is found with
a relatively higher adhesion compared to below the LCST. Using the pH as the stimulus,
the friction forces increased with increasing pH. No systematic research was done on the
effect of the pH on switchable adhesion. Nevertheless, at pH = 11, there is a clear
temperature-dependent effect on the adhesion. While only repulsive forces between the
opposing brushes were measured below the LCST, above the LCST, was found to be high,
which is consistent with the trend of friction. Their results show us that under influence of
different stimuli, friction and adhesion can show different relations. Using a pH stimulus,
friction and adhesion are related, while for a thermal stimulus, they are not necessarily
related.

2.8.2 Relation between friction and adhesion hysteresis

Next to the relation between adhesion and friction, also the relation between friction and
adhesion hysteresis has been studied extensively.25, 120a, 120c, 129 Correlations between them
have both been studied theoretically130 and experimentally.131 In general, when friction and
adhesion hysteresis are caused by the same dissipation mechanism, they can be related. For
the polymeric systems studied experimentally, this was often found to be the case. For
example, Israelachvili et al.29d compared the friction-adhesion hysteresis relationship of
surfactants in different phases (solid, amorphous, liquid). Their results revealed that
adhesion hysteresis varies in exactly the same way as the friction force does. The same
results also were obtained for fluorocarbon surfactant monolayer-coated surfaces.132

Generally, large friction forces are associated with large adhesion hysteresis. On the aspect
of polymer films, also strong correlations are found between the friction and adhesion
hysteresis. For example, Maeda et al.120c coated PS and polyvinyl benzyl chloride (PVBC)
on mica surface, and the adhesion and friction were studied using an SFA. After PVBC is
crosslinked, the friction force is smaller than that without crosslinking. In comparison,
chain scission of the outermost PS layers is achieved by UV irradiation, by which the
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friction forces and adhesion hysteresis increase significantly. The results show that friction
is correlated with the adhesion hysteresis between two coated polymer surfaces. Moreover,
Chaudhury et al.25 measured both friction and adhesion hysteresis of two asymmetric
surfaces. One is poly(dimethylsiloxanes) (PDMS) surface, and the other is chemically
modified mica surfaces. With varying the end group of modified monolayers, the adhesion
hysteresis and friction are measured. The results show that friction and adhesion hysteresis
have the same general trend. They conclude that adhesion hysteresis can be used to predict
friction between two surfaces.

2.9 Summary
In this chapter, we presented an overview of the different stimulus responsive polymeric
systems with which a switchable response can be enabled. Triggered by the surrounding
environment, such as temperature, pH, solvent type and mixture, redox, light, magnetic
field, the chemical structure or composition of polymers change. Consequently, upon
functionalizing surfaces with such polymers, the frictional response to sliding and adhesion
can be tuned. The various stimulus methods and results give us a direct impression on how
to control friction and adhesion effectively. Moreover, the relationship between friction and
adhesion/adhesion hysteresis has also been discussed, which will offer researchers to
explore more feasible and effective way to switch tribological properties on the surfaces.
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Abbreviations

PDEA: poly(N,N-Diethylacrylamide)
PNIPAM: poly(N-isopropylacrylamide)
PDMAEMA: poly[2-(dimethylamino)ethyl methacrylate]
PNIPAM-b-PAMPTMA: poly(N-isopropylacrylamide)-block-poly(3-acrylamidopropyl)trimethylammonium chloride
P(OEGMA-co-OPGMA): poly(oligo(ethylene glycol) methyl ether methacrylate-co-oligo(propylene glycol) methacrylate)
P(MEO2MA-co-OEGMA): poly(2-(2-methoxyethoxy) ethyl methacrylate-co-oligo(ethylene glycol) methyl ether
methacrylate)
PS-b-PAA: polystyrene-b-poly(acrylic acid)
PMPC: poly(2-(methacryloyloxy)ethylphosphorylcholine)
PFS-I: poly(ferrocenyl(3-iodopropyl)methylsilane)
PFDMS: poly(ferrocenyl dimethylsilane)
PDMAEMA-stat-BPMA: poly(2-(dimethylamino)-ethyl methacrylate-stat-benzophenone methacrylate
PNIPAM-NaMA: poly(N-isopropylacrylamide)-poly(sodium methacrylate)
PMAA: poly(methacrylic acid)
PV2P: poly(2-vinylpyridine)
P(METAC)-b-(PEO45MEMA): poly(methacryloxyethyl) trimethylammonium chloride-block- poly-(ethylene oxide)
methylether methacrylate
PSPMA: poly(3-sulfopropyl methacrylate potassium salt)
PVBIPS: poly(3-(1-(4-vinylbenzyl)-1H-imidazol-3-ium-3-yl)propane-1-sulfonate)
PDMS: poly(dimethylsiloxane)
BSA: Bovine Serum Albumin
MUA: mercaptoundecanoic acid
GO: graphene oxide
CTAB: hexadecyltrimethylammonium bromide
SDS: sodium dodecyl sulfate
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Chapter 3
Stretching of Collapsed Polymers Causes an
Enhanced Dissipative Response of PNIPAM

Brushes near their LCST *

Poly(N-isopropyl acrylamide) (PNIPAM) is a stimulus-responsive polymer that can switch
in water from an expanded state below the lower critical solution temperature (LCST) of
32 °C to a globular state above the LCST. It was recently shown, that, as a consequence of
this conformational transition, the interfacial and (tribo-)mechanical properties of
polymeric systems composed of PNIPAM can be switched between two states. Here we
show that the tribo-mechanical properties of a particular type of PNIPAM systems, which is
the PNIPAM brush, do not just change between two states, but instead evolve continuously
and non-monotonically upon increasing/decreasing temperature. To do so, we present
atomic force microscopy experiments in which we measure the adhesion hysteresis and the
friction upon bringing a gold colloid in relative motion with PNIPAM brushes at
temperatures around the LCST. Both the friction and the adhesion hysteresis display a
pronounced maximum exactly at the LCST. The force vs distance data captured at these
temperatures shows a long-ranged adhesive interaction upon moving the colloid away from
the original point of contact, which indicates that during this retraction the partly collapsed
polymers in the brush become strongly stretched.

* This chapter has been published in: Yu, Y.; Kieviet, B. D.; Liu, F.; Siretanu, I.;
Kutnyanszky, E.; Vancso, G. J.; de Beer, S., Soft Matter, 2015, 11, 8508-8516.
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3.1 Introduction
Polymers have been a popular ingredient of “smart”, functional systems1 and as such have
become enabling ingredients in nanosensors,2 switchable adhesives3 and (nano-)actuators.4

The mechanical and interfacial properties of these systems dramatically change in response
to a small stimulus or modification of the environment. Stimuli that trigger these changes
can be for example the oxidation state,5 pH,6 UV light radiation.7

For many applications, e.g. in drug delivery,8 for temperature-sensing9 or for bio-
adhesion,10 the temperature is used as a stimulus inducing a response of the polymeric
system. In polymer-solvent mixtures, the conformational state of the polymers can be
switched using either the upper critical solution temperature (UCST) or the lower critical
solution temperature (LCST), provided that the critical temperature lies between the
melting and the boiling point of the solvent. For an UCST, the solute dissolves in the
solvent above the critical temperature, while for a LCST, a miscible solution is obtained
below the critical temperature. Both UCST and LCST behavior are observed in a wide
variety of polymer-solvent combinations. An example is poly[2-(methacryloyloxy)ethyl]-
dimethyl(3-sulfopropyl) ammonium hydroxide (PMEDSAH),11 which exhibits an UCST
around 30 °C in aqueous solution. Also for polymers showing LCST behavior, there are
many examples, such as poly(2-dimethylamino)ethyl methacrylate (PDMAEMA),12

polyethylene glycol (PEG),13 poly(di(ethylene glycol)methyl ether methacrylate)
(PMEO2MA).14 An especially well-studied polymer is poly(N-isopropyl acrylamide)
(PNIPAM),15 which exhibits an LCST close to room temperature (typically 30-33 °C)16 in
pure water.17

When polymers are attached by one end to a surface or interface at a sufficiently high
grafting density, the macromolecules stretch in the direction perpendicular to the grafting
plane forming a so-called polymer brush.18 The degree of stretching of the polymers in
brushes is determined by the solvent quality: in good solvents, the polymers stretch out and
the solvent is absorbed in the brush, while the polymers form a dense film on the surface in
poor solvents. Swollen brushes have been found to act as excellent lubricants,19

antibacterial or antifouling surfaces,20 cell adhesives21 and sensors.22 These properties can
be made switchable when external stimuli are employed to change the effective solvent
quality.3b, 21, 23

PNIPAM brushes are a convenient model-system to investigate the switchable interfacial
properties of responsive surface-grafts, because PNIPAM has its LCST just above room
temperature. Neutron reflectivity was used to confirm the difference in conformational state
of the PNIPAM polymers in brushes above and below the LCST.24 The change in surface
wettability was illustrated using static contact angle measurements of water droplets on
PNIPAM brush,25 and the surface force apparatus (SFA)26 and atomic force microscope
(AFM)27 were employed to characterize the change in adhesive forces. Though most studies
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only focused on comparing properties above and below the LCST,28 there are exceptions29:
Lopez et al.24 and Zhang et al.29d studied the conformation of PNIPAM brushes upon
continuously increasing/decreasing the temperature and found that the temperature-range of
the hydration transition is larger than for PNIPAM in bulk solution. Bureau et al.26

systematically studied the adhesive force between PNIPAM brushes near the LCST using
SFA. They found that the pull-off force is too small to be measured below the LCST, but
continuously increases above the LCST without reaching a plateau (for temperatures below
38 °C). The dissipative properties of compressed PNIPAM brushes near the LCST have,
however, not been studied so far, despite its relevance in the development of switchable
tribo-mechanical systems.

In this paper, we present AFM measurements of the adhesion hysteresis and friction
between a high-density PNIPAM brush and a gold colloid in water for different
temperatures around the LCST. We observe that these dissipative properties of PNIPAM
brushes display a pronounced maximum exactly at the LCST, which results from stretching
of the partly collapsed PNIPAM chains when the gold colloid is moved away from the
original contact position. The maximum is observed in both the adhesion hysteresis and the
friction and is most pronounced when the brush is only gently compressed and when the
velocities are small. The frictional response of our system can be tuned over two orders of
magnitude by varying the temperature over a range of smaller than 15 degrees. Therefore,
our results will aid in the development of “smart” surfaces with tunable tribo-mechanical
properties.

3.2 Materials and Methods
3.2.1 Materials

N-isopropylacrylamide (NIPAM, Aldrich, 97%) was purified by recrystallization twice
from toluene/hexane solution (50% v/v), and dried under vacuum for 48 h at room
temperature. Copper (I) bromide (CuBr, Aldrich, 98%) was stirred in excessive acetic acid
and filtered till the suspension solution is pale like, and dried in vacuum oven at room
temperature overnight. N,N,N',N',N'-pentamethyldiethylenetriamine (PMDETA) (98%), (3-
aminopropyl)triethoxysilane, 2-bromo-2-methylpropionyl-bromide (98%), triethylamine
(TEA, ≥ 99%), copper (II) bromide (≥ 99%), Ethylenediaminetetra acetic acid tetrasodium
salt di-hydrate (EDTA, 99-102%) were purchased from Sigma-Aldrich, and used as
received without purification. Methanol (absolute) and toluene (AR) were purchased from
Biosolve. Hydrogen peroxide H2O2 and ethanol were purchased from Merck. Water from a
MilliQ Advantage A 10 purification system (Millipore, Billerica, Ma, USA) was used.
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3.2.2 Preparation of polymer brushes

Initiator Deposition

The schematic of synthesis of PNIPAM brush is shown in Figure 3.1. Silicon substrates
were cut to small pieces (approximately 1 x 1 cm2) from a silicon wafer, and cleaned by
Piranha solution (H2SO4:H2O2 = 3:1, v/v), then rinsed extensively with water, ethanol, and
dried using a nitrogen stream. (Piranha solution reacts strongly with many organic
compounds and should be handled with extreme caution.) Dried substrates and (3-
aminopropyl)triethoxysilane (100 μl) were placed in a desiccator under vacuum for 15
minutes, after which vapor deposition was allowed to proceed overnight. Afterwards, the
silicon substrates were washed with ethanol and water sequentially, and dried in a nitrogen
stream. In a beaker, a solution of toluene (20 ml) and triethylamine (0.1 ml) was prepared
and cooled with ice to 0 °C. Next, the substrates were immersed into the solution with a
holder that keeps the samples perpendicularly standing (to avoid precipitated salt adhering
to the substrates). 2-Bromo-2-methylpropionly bromide (0.1 ml) was added to the stirring
solution drop by drop. The reaction was carried out for 1h at room temperature, after which
the substrates were rinsed with toluene, and sonicated for 1 min. Lastly, the substrates were
washed with ethanol and water, and dried with nitrogen gas.

Figure 3.1. Schematic of synthesis of PNIPAM brush on silicon surface using three steps.

ATRP Synthesis of PNIPAM Brushes

Before polymerization, all the glassware was washed with Piranha solution. In a 25 ml
round bottom flask, NIPAM (2.85 g, 25 mmol) and PMDETA (157 μl, 0.5 ml) were added
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to a MiliQ water (9 ml) and methanol (1 ml) mixture. Next the mixture was purged with
argon for 30 min. Meanwhile, in another flask, CuBr (35.8 mg, 0.25 mmol) and CuBr2 (5.6
mg, 0.025 mmol) were flushed with argon for 30 minutes. A 20 ml syringe was used to
move the monomer and ligand solution to the flask with catalyst. The mixed solution was
stirred for 30 minutes and bubbled with argon to form the organometallic complex. The
previously modified silicon substrates were sealed in flasks flushed with argon for at least
30 minutes. Later, the solution containing monomer, ligand, and catalyst was transferred to
the flask with the substrates. The polymerization was allowed to proceed for 30 minutes at
room temperature under argon atmosphere. MilliQ water was injected into the flask to stop
the polymerization. Finally, the substrates were rinsed in EDTA solution (0.1 M) to remove
the copper, and dried with nitrogen gas. For a demonstration of the sample preparation
procedure see Ref.30

3.2.3 Characterization

Static contact angle measurements were performed by the sessile drop technique using an
optical contact angle device equipped with an electronic syringe unit (OCA15, Dataphysics,
Germany). The sessile drop was deposited onto the sample surface with the syringe, and the
drop contour was fitted by the Young-Laplace method. At least three different
measurements on each sample were performed. The contact angle on the sample surface
after each functionalization step is shown in Figure 3.2. The measured contact angles on
initiator (72.2°) and PNIPAM (58.1°) are in agreement with literature values.31

Grazing angle Fourier transform infrared (FTIR) spectroscopy was employed to establish
which groups are present in the tethered brushes after polymerization. FTIR spectra were
obtained using a Bruker Vertex 70v spectrometer. A background spectrum was obtained by
scanning a clean silicon substrate. The results confirm the presence of PNIPAM on the
surface (see Figure 3.3). FTIR wavenumbers (cm-1): 3289 (NH stretching vibration), 3078-
2874 (CH2 stretching vibration), 1635 (C=O stretching vibration), 1535 (amide II), 1458-
1386 (CH deformation vibration), 1366-1170 (CN stretching vibration). The characteristic
groups of PNIPAM are C=O and -CN- appeared at 1635 and 1535 cm-1 respectively, which
shows there are PNIPAM brushes grafting on the silicon substrates.
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Figure 3.2. The static contact angle of silicon surfaces with various fabrication steps.

Figure 3.3. FTIR of PNIPAM brushes tethered on silicon surface.

AFM force measurements were performed on a Multimode 8 AFM using a NanoScope V
controller, a JV vertical engage scanner and a liquid cell (Bruker, San Barbara, CA). The
heater setup is located on the scanner stage below the sample. Gold colloids attached to
silicon cantilevers (6 μm diameter, CP-CONT-Au-C, sQube, NanoAndMore, Germany) are
used as force probes. Cantilevers without backside coating are used, because they are less
sensitive to changes in the surroundings such that we can change the temperature without
having to realign the laser. The deflection sensitivity is determined for each temperature.
The spring constant (typically k = 2.02 N/m ± 0.03) is determined in water using the
thermal noise method as implemented in the NanoScope 8.15 software. In the adhesion
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hysteresis measurements, we monitor the static deflection of the cantilever upon approach
to and retract from surface over 2 μm with varying the velocity at 0.75, 3.3, 6.5, and 13
μm/s and various maximum indentation loads (42, 84, 168 nN) on at least 5 different
positions on the sample surface. During the approach the surface is moved towards the
colloid until the force equals the maximum indentation load due to deflection of the
cantilever. Next, the surface is retracted from the colloid until the starting position is
reached. All measurements are conducted in MilliQ water, which was injected into the
liquid cell using a syringe. After each measurement, the temperature was increased to the
next value at which the system was equilibrated for 20 minutes. The real-time temperature
is detected by a calibrated thermocouple with the wire tip directly in contact with the
sample. The adhesion force we define as the lowest force of the retract curve. The adhesion
hysteresis is calculated by integrating the difference in force upon approach and retract as a
function of the piezo displacement. The degree of polymerization (P = 2200, molar mass
2.5 ± 1 x 105 g/mol) and the grafting density (0.45 ± 0.2 chains/nm2) were estimated by
swelling ratio.37 The uncertainty in the molar mass was estimated using gel permeation
chromatography measurements of reference samples of which the PNIPAM was detached
using the method of Patil et al.,32 which yielded molar masses of 1 x 105 for brushes with a
dry height of 120 nm. In the Multimode AFM, the temperature is controlled by a thermal
stage which can only heat the system above the ambient temperature (26.3 °C). In order to
characterize the swelling ratio of the brush over a wider temperature range, and to test if our
results are system-independent, another temperature- controlled AFM is employed. For
these experiments the height of PNIPAM brush is measured by a Cypher ES Environmental
AFM (Asylum Research/Oxford Instruments, Santa Barbara, CA) in contact mode. In
contrast to the Multimode AFM, the Cypher ES AFM has a closed environmental chamber
that combines accurate measurement of the sample temperature with heating and cooling
and excellent temperature stability under various operating conditions. A soft gold colloidal
cantilever (D = 6 μm, shown in Figure 3.4, k = 0.33 N/m ± 0.02) is used to measure the
heights at different temperatures using a small load (1.3 nN) to minimize indentation into
the brush. Again, after each measurement, the temperature is increased to the next
temperature after which we waited 20 minutes for the system to reach equilibrium. At least
three height images are captured to evaluate the swelling ratio. The friction is measured
upon moving the sample in the lateral direction (with the scan angle: 90°) over a sliding
size 20 μm using a velocity of 40 μm/s. The cantilever is calibrated using the noncontact
method of Vezenov55 resulting in a torsional conversion factor of Sθ = 1.42 x 10-7 N/V. We
repeated our experiments on 5 independently prepared sample surfaces, which all showed
qualitatively the same results.
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3.3 Results and Discussion
Figure 3.5 shows the swelling ratio (swollen height normalized by the dry brush height) of
a PNIPAM brush upon stepwise increasing or decreasing the temperature between 20 and
40 °C. We measure the height of the brush with respect to the bare silicon surface, which is
exposed by gently scratching off part of the polymer graft using Teflon tweezers. The
measurements are conducted using AFM in imaging mode (over a scan size of 30 μm, scan
rate 1 Hz) with a feedback on the normal load, which is kept small (1.3 nN) to ensure that
the brushes are only slightly compressed by the colloid probe.

Figure 3.4. SEM image of typical gold colloid cantilever, the diameter is around 6 μm (the
scale bar is 1 μm).

As shown in Figure 3.5. (b), at 20 °C (room temperature) the PNIPAM brush is swollen.
The swollen brush height is approximately 2.7 times higher than the height of the dry brush,
which is in agreement with typical swelling ratios (≈ 3) reported in the literature for similar
grafting densities (from 0.3-0.5 chains/nm2).26, 33 Around room temperature the brush height
only weakly depends on temperature; upon increasing the temperature to 24 °C, the brush
height slightly decreases and still shows a swelling ratio of 2.5. Though, this can mean that
the brush is already partly collapsed, considering that the volume expansion coefficient for
PNIPAM-water mixtures was measured to be positive.34 For temperatures above 26 °C, the
swelling ratio starts to decrease more strongly with temperature. Over a range of 10 degrees
the brush-hydration reduces until the height of the brush reaches a plateau above 35 °C. Our
LCST is very close to the LCST observed for PNIPAM free in solution.15-16 This is
surprising considering that the presence a wall (or colloid) will alter the free energy of the
brush,35 which was found to shift the LCST for thin brushes.31a For our system, however,
this effect is expected to be small, because the height of our brushes is a lot larger (dry 170
nm) than the range of (Van der Waals) interactions (typically < 5 nm).
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Figure 3.5. Schematic of the temperature induced conformational change of the
PNIPAM brush (top) and the swelling ratio of a PNIPAM brush for increasing (solid
square) or decreasing (open circle) the temperature of the environment. The swelling
ratio is calculated from the swollen height of the brushes normalized by the dry
brush height as measured by AFM imaging using a small normal load (1.3 nN).

The gradual decrease of the height with temperature over 10 degrees (Figure 3.5) is in
agreement with high-density PNIPAM brush-height measurements by others26, 33 and is
longer-ranged than the temperature range for the coil-to-globule transition of bulk PNIPAM
molecules in water (of 4-5 °C).36 The origin of this broader temperature range for brushes is
debated. It can be a result of the polymer-density that gradually decreases as the distance
from the surface increases.37 Since the LCST depends on the concentration,38 different parts
of the brush collapse at different temperatures.39 It has also been claimed that the broad
temperature range of polymer collapse indicates that the coil-to-globule transition of
PNIPAM is not a first order phase transition.29d, 36,40 However, others argued that a smeared
phase transition temperature range is normal for finite sized systems and does not
necessarily indicate that the transition is not a first order phase transition.41

At the highest temperature, the height of the collapsed brush is almost the same as the dry
brush height such that the swelling ratio is approx. 1.05. This is consistent the swelling ratio
observed in AFM experiments by others.33a However, it is too small considering that for
bulk PNIPAM still 3 water molecules are bound to a NIPAM monomer at 40 °C.42 Taking
into account the effective volume of water molecules and a NIPAM monomer, one expects
a swelling ratio of at least 1.2 for such a hydration number. We attribute this discrepancy to
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the AFM imaging conditions in which a positive normal load (of 1.3 nN) is applied on the
brush during imaging. Above the LCST the water is not tightly bound to the PNIPAM43 and
can easily be squeezed out during imaging such that our apparent swelling ratio is smaller
than the swelling ratio for an uncompressed brush.

To test for systematic changes in the response of the PNIPAM brush, we measured the
height upon both heating and cooling of the sample. Figure 3.5. (b) shows that the swelling
ratio is almost the same (within the experimental error) for the heating and the cooling path,
which indicates that the thermal-responsive properties of PNIPAM brushes are reversible
and that we heat/cool slow enough to prevent hysteretic behavior.29d, 44

Figure 3.6 shows typical force-separation curves measured with the AFM colloid probe
upon approach to and retract from the PNIPAM brush at various temperatures. The brush is
approached until we reach a maximum normal load of 168 nN after a displacement of 2 μm
using an approach velocity of 3.3 μm/s. The ‘zero’ is set to be the distance at which the
force diverges, which is the separation where the change in deflection is determined by the
bending of the cantilever alone and no brush compression occurs. This distance depends on
the stiffness of the cantilever and should not be confused with solid-solid contact.

Figure 3.6. Typical Force-Separation curves for the PNIPAM brush at various temperatures.
The blue areas denote the difference between the approach and retraction curves, which is a
measure for the dissipation per indentation cycle. The scale bar equals 50 nN. The full
arrows denote the direction of motion. The dashed arrows denote: (a) Squeeze-out force at
close contact, (b) long-ranged adhesive interaction, (c) short-ranged adhesion and snap-off.
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At 26.3 °C (Figure 3.6), we observe that the approach and the retract curves almost overlap.
This means that there is little hysteresis and that the work W per indentation cycle is small.
Since water is a good solvent for PNIPAM, the osmotic pressure of the solvent is high.
Therefore, the brush is only slightly compressed by the colloidal probe and only small
amounts of water will be squeezed out, such that there is very little interaction with the
colloid and also almost no dissipation.

Figure 3.7. Scheme depicting the chain stretching during cantilever retraction from brush
surface at temperatures below (left), at (middle) and above (right) the LCST of PNIPAM in
water.

Just below the LCST, at 31.1 °C (see Figure 3.6), the hysteresis increases significantly. The
approach curve shows that the force is zero until close contact. Upon retraction, we observe
a long-ranged adhesive interaction over approximately 1 μm. This indicates that the
polymers, which are already partly collapsed at this temperature (swelling ratio is only 1.4,
see Figure 3.5. (b)), are stretched out over almost 1 μm when the probe is retracted, as we
schematically depict in Figure 3.7. These results are qualitatively similar to chain-stretching
of collapsed charged PAA brushes by a silica colloid.45 We note that the number of
effective polymer segment-colloid contacts is much higher in our experiments (where we
employed a colloid of 6 μm diameter) than depicted in Figure 3.7. Assuming a Hertzian
contact geometry, we estimate the number of contacts between gold and PNIPAM
monomers to be around 2 x 106 at the maximum indentation. The presence of adhesive
interaction further increases this number, especially when taking into consideration that the
attractive interactions can induce a local collapse.35 The low water-content in the brush at
31.1 °C (shown by the low swelling ratio in Figure 3.5. (b)) allows for more contact
between the gold colloid and PNIPAM when the colloid is compressing the brush. Because
the PNIPAM polymers stretch over 1 μm upon retraction (see Figure 3.6), we can conclude
that there must be an attractive interaction between the gold colloidal probe and PNIPAM
that is strong enough to allow for replacing the PNIPAM-PNIPAM bonds between the
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collapsed PNIPAM segments by PNIPAM-water hydrogen bonds for the stretched
PNIPAM.

Figure 3.8. Adhesion force as a function of temperature at 4 various velocities (0.8 (square),
3.3 (circle), 6.5 (upward triangle) and 11 (downward triangle)) and 3 different normal loads
of 42, 84, 168 nN.

At the LCST (the curve at 32.6 °C in Figure 3.6), we observe a stronger long-ranged
adhesive interaction, which means that at this temperature there are more contacts between
polymer-segments and gold and/or that the PNIPAM chains resist more strongly against
stretching than at lower temperatures. As shown in more detail in Figure 3.8, the minimum
in the long-ranged adhesive interaction for T = 32.6 °C is deeper (5.5 nN at a separation of
400 nm) compared the maximum adherence at T = 31.1 °C (only 5.1 nN at a separation of
290 nm). Moreover, the total range of the interaction has increased from 1.34 μm at T =
31.1 °C to 1.72 μm at T = 32.6 °C. This observation is in agreement with the theoretical
explanation that for higher temperatures water-amide hydrogen bonds are less favourable
due to the higher entropic cost for water-adsorption on the polymer chain, such that intra-
molecular hydrogen bonds do not want to be replaced by water-amide (inter-molecular)
hydrogen bonds upon stretching. At the point where the colloid is still in close contact with
the collapsed brush, we also observe a small sharp adhesive minimum. This indicates that
for many PNIPAM-segments the PNIPAM-PNIPAM bonds are strong enough to overcome
the interaction between PNIPAM and gold such that we get a partial snap-off instability.
This speculation could in principle be checked with single-molecule pulling experiments.
However, at present, the resolution in the force in these experiments is too low to be able to
measure the temperature dependent change in molecular bond strength.46 The presence of
both the long-ranged adhesive interaction and the sharp adhesive force makes that we find
the highest energy dissipation at the LCST (32.6 °C), as depicted in Figure 3.9.

Above the LCST (T = 33.1 °C, Figure 3.6), the long-ranged adhesion is negligible. Thus,
only very few chains are stretched during retraction. The sharp snap-off adhesive force at
close contact is stronger than for lower temperatures. This implies that more chains resist
stretching, which would result in a stronger short-ranged adhesive force. Recent single
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molecule experiments of a PNIPAM chain show that, within the experimental accuracy, a
collapse single polymer chain can be stretched with just as little effort as a PNIPAM chain
in the coil state.46 In our brush system, we have many chains in close proximity of each
other, which allows for more hydrogen bonds between PNIPAM segments compared to a
single, isolated globular PNIPAM chain. Therefore, we are able to observe the effect of
temperature-dependent inter- and intramolecular interactions on the adhesive force. Upon
further increasing of the temperature to T = 40 °C, the adhesive force increases, which we
consider being the result of an increased contact area compared to lower temperatures due
to a lower elastic modulus/higher mobility of the PNIPAM chains. The larger contact area
allows for more PNIPAM-gold interaction sites.

Figure 3.9. Adhesion hysteresis as a function of temperature at various trigger points and
velocities. The error bars denote the standard error of the mean using a 95% confidence
interval.

In summary, at low temperatures (T < 27 °C), the brush is swollen (the free energy as a
function of water-PNIPAM composition will show one minimum). At these temperatures,
there is little direct contact between PNIPAM and the gold colloid. The hysteresis in the
compression curves is very small and mainly determined by solvent squeeze-out. At
temperatures close to the LCST of 32 °C, PNIPAM and water will phase-separate (there are
two shallow minima in the free energy vs water-PNIPAM composition). The brush
collapses and more PNIPAM-gold contacts can be formed. At these temperatures, the
hysteresis is determined by stretching of the partly collapsed PNIPAM molecules upon
retract of the colloid from the surface (see Figure 3.6, T = 31.1 °C and T = 32.6 °C), which
indicates that the PNIPAM-gold interactions are strong enough to overcome the PNIPAM-
PNIPAM interactions. At temperatures above the LCST (T > 33.0 °C), the brush is fully
collapsed (there are two deep minima in the free energy vs water-PNIPAM composition)
and many direct PNIPAM-gold contacts can be formed. The hysteresis is determined by a
sharp adhesive minimum at close contact. This implies that for T > 33.0 °C, the PNIPAM-
PNIPAM interactions are strong enough to break the physical bonds between PNIPAM and
gold such that the polymers are no longer stretched out.
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Figure 3.9 shows the adhesion hysteresis (work) per approach/retract cycle for various
temperatures between 26.3 and 40 °C, measured at 4 different ramp velocities (0.8 (square),
3.3 (circle), 6.5 (upward triangle), 11 (downward triangle) μm/s), and 3 different maximum
normal loads of (a) 42, (b) 84 and (c) 168 nN. For each data point, at least 20 force-
separation curves are obtained. All these datasets show a similar relation between the work
and temperature. With increase of temperature, the dissipation gradually increases. At the
LCST, there is the highest dissipation due to strong stretching of PNIPAM chains upon
retraction of the gold probe (as schematically illustrated in Figure 3.7). Above the LCST,
the dissipation is lower for all velocities and loads used in these experiments, because it is
caused by the short-ranged adhesive (snap-out-of-contact) instability alone. At temperatures
of 33-34 °C, this short-ranged adhesive force is still small (10-20% of the force at 40 °C, as
we show in Figure 3.8) and thus there is little dissipation. With further increase of
temperature, the adhesive force for T > LCST increases with temperature for all parameter-
settings. This trend becomes more pronounced under higher loads.

Figure 3.9. (a) shows that for T < LCST the work depends weakly (approximately
logarithmically) on the velocity. At 26.3 °C, the work for 11.2 μm/s is 2.4x as high as for
0.8 μm/s for the maximum normal load of 168 nN. For temperatures above the LCST the
work is independent of the velocity within the experimental error. Examination of the force
traces shows that the (long-ranged) adhesive interaction is independent of the velocity,
while the squeeze-out forces upon compression and decompression of the brush in close
contact are velocity-dependent. At higher temperatures the (long-ranged) adhesive
contribution to the dissipation dominates over the dissipation due to solvent squeeze-out
such that the work becomes independent of the velocity for higher temperatures.

Comparison of Figure 3.9. (a), (b) and (c) shows that the maximum applied load also
significantly affects the dissipation. For a low normal load (42 nN), there is less solvent
squeeze-out at lower temperatures. Therefore, the hysteresis is at all temperatures mainly
determined by chain stretching. The maximum in the work is most pronounced at this
normal load (42 nN); the work at 32.6 °C is 5.5x higher than at 26.3 °C for a low velocity.
For high loads (168 nN), the work increases for all temperatures. However, below the
LCST the work increases more strongly than at higher temperatures such that the maximum
in the work is less pronounced; for a maximum load of 168 nN, the work at 32.6 °C is only
3.7x higher than at 26.3 °C for v = 0.8 μm/s. The reason for this is that at lower
temperatures, the effect of solvent squeeze-out is more important. This strongly increases
the dissipation at temperatures below 32 °C, while at higher temperatures the hysteresis is
still mainly determined by PNIPAM-gold interactions (resulting in stretching of the chains
at the LCST). The latter depends less strongly on the applied load.

We observed a dissipative maximum for all employed approach velocities and maximum
normal loads. Nevertheless, the observation that the height of the maximum depends on the
normal load and approach velocity implies that the presence of a dissipative maximum at
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the LCST is not guaranteed for all velocities and maximum normal loads. For very high
velocities and high normal loads, there might not be a dissipative maximum at the LCST.
Moreover, the dominance of PNIPAM stretching to the dissipation and therefore the
presence of the dissipative maximum will depend on the grafting density and degree of
polymerization such that the presence of a maximum in the work will also depend on these
parameters. We have obtained qualitatively similar results for a silicon oxide probe in
combination with a PNIPAM brush. Thus, our results are not specific to gold colloids in
relative motion with PNIPAM and will hold provided that the interaction between the
colloid and brush is strong enough to allow for chain stretching.

If the maximum in the dissipation at the LCST can be attributed to stretching of the
polymers, we expect a similar frictional response of the system upon sliding in the lateral
direction. The change in friction between a colloid and PNIPAM brush or gel below and
above the LCST have been studied extensively.47 However, little attention has been paid to
the evolution of the tribo-mechanical properties of PNIPAM upon changing the temperature
in small steps through the LCST (32 °C). Figure 3.10 shows the friction force measured
while moving the PNIPAM surface with respect to the colloid in the lateral direction over a
distance of 20 μm at a velocity of 20 μm/s under a normal load of 2.2 nN. We measure the
lowest friction force (0.2 nN) at the lowest temperature (20 °C), where the brush swells the
most. At these low temperatures, the brush is strongly hydrated resulting in little contact
between colloid and PNIPAM. Consequently, the frictional response is low.

Figure 3.10. Friction force as a function of temperature at scanning velocity of 20 μm/s and
normal load of 2.2 nN. The error bars denote the standard error of the mean using a 95%
confidence interval.

Upon increasing the temperature towards the LCST, the sliding friction gradually increases.
At these higher temperatures, the brush gradually collapses, which allows for more gold-



46 Chapter 3

PNIPAM contact. When the probe moves in the lateral direction, the polymers in the brush
can be stretched again (see Figure 3.11), just as for the adhesion experiments. This results
in a high friction at the LCST, which is appox. 100x higher than the force at 20 °C. Above
the LCST (T > 35 °C), the polymers strongly resist stretching such that the colloid just
slides over the surface, which results in lower friction. Interestingly, the strength of the
friction force correlates with the presence of oscillations in the force traces, which we
propose to be Schallamach waves.48

In agreement with most experimental observations by others,47a, 47c-e we find that the friction
above the LCST (40 °C) is 10 times larger than the friction below the LCST (20 °C), which
is a result of the increased PNIPAM-colloid interactions. In contrast, Nordgren et al.
reported a lower friction above the LCST than below the LCST, which they claimed to
arise due to a smaller contact area after collapse.47b We propose a different mechanism for
their observation. Nordgren et al. performed their ‘room temperature’ experiments at
temperature around 24 °C, where we find that the dissipation is already more than 5 times
higher compared to 20 °C. Therefore, we speculate that their results might have been
influenced by chain stretching resulting in a higher friction force. Our results and
interpretation of the dissipative maximum at the LCST might also provide insights into the
dissipative maximum observed by Wang et al. for a thermally responsive hydrogel made of
DMAEMA and benzophenone methacrylate.49

Figure 3.11. Schematic illustration of friction measurement at temperatures below (left), at
(middle) and above (right) the LCST of PNIPAM in water.

Some researchers proposed that there is an intermediate state for PNIPAM at the LCST,33a,
50 in which PNIPAM can be considered to be in an ‘amorphous’ rubbery phase. For systems
with a temperature dependent solid, rubbery and liquid phase, one expects the dissipation to
display a maximum when the inverse shear-rate matches the intrinsic relaxation time of the
system.51 In accordance with the time-temperature superposition principle, this would mean
that the temperature at which one observes the dissipative maximum depends on the shear
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rate (velocity of the colloid). In our experiments, the dissipative maximum occurs, however,
at the same temperature for all velocities. Therefore, the presence of such an intermediate
phase cannot explain our observations.

3.4 Conclusions
In summary, we have shown that the dissipative properties of a PNIPAM brush in relative
motion with a gold colloid probe change non-monotonically upon increasing the
temperature. Our AFM experiments exposed that both the adhesion hysteresis and the
friction display a maximum in the dissipated energy exactly at the LCST. Examination of
the force traces revealed that around the LCST preferential interactions between the colloid
and PNIPAM results in stretching of the polymer-chains when the colloid is moved away
from the initial contact. Our results have important implications for the development of
polymer-based switchable tribo-mechanical systems (such as responsive tweezers, friction
detectors or artificial muscles), where chain-stretching around the phase transition can
induce high dissipation.
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Chapter 4
Tunable Friction by Employment of Co-non-

solvency of PNIPAM Brushes*

We present a simple method to control the tribological properties of contacts between
polymer brushes and a solid counter surface. We show, using atomic force microscopy
(AFM) experiments, that the friction force, upon relative sliding of a poly(N-isopropyl
acrylamide) (PNIPAM) brush and a gold colloid on an AFM cantilever, varies over two
orders of magnitude when changing the composition of an ethanol-water mixture that
solvates the brush. We achieve this large variation in friction via a co-non-solvency effect:
In pure water or ethanol, the PNIPAM brush is swollen and the friction is low, while in a
10-90 vol % ethanol-water mixture, the brush is partly collapsed and polymer-stretching
causes the friction to be high.

* This chapter has been published in: Yu, Y.; Cirelli, M.; Kieviet, B. D.; Kooij, E. S.;
Vancso, G. J.; de Beer, S., Polymer. 2016, 102, 372-378.



52 Chapter 4

4.1 Introduction
Friction between surfaces in relative motion is generally required to be either high or low:
When walking, braking or picking up material, sufficiently high friction is of critical
importance, while smooth sliding is preferred in systems where friction results in major
costs due to energy-loss. However, for some advanced applications, it is necessary to be
able to switch between high and low friction. Examples include robots that can walk on
walls1 and smart tweezers.2 Polymer brushes provide a versatile platform for controlling
surface properties3 including tribo-mechanical properties3b, 4 and, therefore, hold great
potential for applications as surfaces with variable (switchable) friction.5

Polymer brushes can be created by end-anchoring polymers to a surface or interface at an
adequately high density.6 When brushes are dry or kept in a poor solvent in their collapsed
state, the polymers form a dense layer on the surface. The adhesion and friction between
these dense polymer films and a solid counter-surface are generally high.7 When a polymer
brush is kept in a good solvent, the polymers stretch out and absorb the solvent into brush.
Under these conditions, the friction and adhesion are typically low.8 By employing
polymers that respond to an applied external stimulus (e.g. by changes in temperature,9

solvents,10 pH,11 electric12 and magnetic field13 etc.), the effective solvent-quality can be
readily changed such that friction and adhesion can be controlled.4a, 8, 14 A particularly easy
method to change the solvent quality is the employment of the so-called co-non-solvency of
the polymers15 where a coil-to-globule transition of polymers can be triggered by simply
adding a relatively small amount of co-solvent to the solvent.

When polymers are in a swollen, coiled state in pure solvent or co-solvent, but form a
collapsed globule in a mixture of the two solvents, it is called a co-non-solvency effect. A
well-studied example is poly(N-isopropyl acrylamide) (PNIPAM) in a mixture of water and
alcohols such as methanol, ethanol or isopropanol.16 At room temperature, PNIPAM
polymers are found to be swollen in water or one of these alcohols, while the polymers are
collapsed e.g. for 10-20 vol.% methanol in a methanol-water mixture for polymers free in
solution10 (at 30 vol.% for gels and brushes15b, 17). The origin of co-non-solvency is still
under debate.15c, 18 Koga et al.15c proposed that co-non-solvency is a result of competitive
hydrogen bonding where bonds between water and alcohol-molecules can be favored over
hydrogen bonds between PNIPAM and the solvent-molecules. In a different study, Sheng et
al.18a conclude from their Fourier transform infrared spectroscopy experiments that the
formation of “water-methanol clusters” (H2O)n(MeOH)m of concentration-dependent size (n
= 1, 2, 3, 4, 5; m = 1) induces a coil-globule-coil transition. Depending on their size, these
clusters create either good or poor solvent conditions for PNIPAM. Recently, Mukherji et
al.19 reported that the Flory-Huggins theory cannot explain the co-non-solvency mechanism.
They show using coarse-grained molecular dynamics simulations18b that a possible
explanation for the phenomenon might be that at low concentration of the better solvent,
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bridges are formed between parts of the PNIPAM polymer by the better solvent, which
induces a collapse. Nevertheless, irrespective of the exact explanation for the origin, the
manifestation of the phenomenon of co-non-solvency is well established and has been
widely observed for different combinations of polymers, solvents and co-solvents.15b, 15d, 15e,
20 Moreover, it has been employed in the development of applications such as gating21 and
in alcohol sensing.22 However, for tuning friction, it has been relatively unexplored.

In this article we show using friction force atomic force microscopy (AFM) experiments,
that co-non-solvency of PNIPAM in ethanol-water mixtures can be used to tune friction
over two orders of magnitude. In a recent publication Chen et al.8 reported on obtaining
variable friction between PNIPAM and a silicon colloid using co-non-solvency. They
observe that, in a 50-50 vol. % mixture of methanol and water, the friction coefficient is
approximately 4 times higher than in pure water. We built on these results and study the
frictional response upon sliding a gold colloid over a PNIPAM brush at room temperature,
while we systematically vary the relative amount of ethanol in ethanol-water mixtures. We
find that for 10% of ethanol, the friction is the highest. At this concentration the friction is
120 ± 10 times higher than in pure ethanol. Surprisingly, we find that the concentration for
the highest friction force does not coincide with the concentration of minimal brush
swelling at 30% of ethanol. Thus, the observed frictional response cannot be explained by
brush-swelling alone. Instead, we show, using AFM measurements in which the colloid
probe is approached towards and retracted from the surface, that the partly collapsed
polymers in 10% ethanol have become strongly stretched when the colloid is moved away
from its initial contact with the brush. This can explain the enhanced frictional response
found at 10 vol.% of ethanol in the mixture. Because our results show that the friction can
be varied over two orders of magnitude, we propose that PNIPAM in these solvent-co-
solvent mixtures holds great potential for application in e.g. robots that can walk on walls
or smart tweezers.

4.2 Materials and Methods
4.2.1 Materials

N-Isopropylacrylamide (NIPAM, Aldrich, 97%) was dissolved in toluene/hexane solution
(50% v/v), and recrystallized twice in the refrigerator, then dried under vacuum for 48 h at
room temperature. Copper (I) bromide (CuBr, Aldrich, 98%) was purified by stirring in
excessive acetic acid and filtered until the suspension solution is light grey, and dried under
approximate vacuum conditions at room temperature overnight. N,N,N',N',N'-
pentamethyldiethylenetriamine (PMDETA) (98%), (3-aminopropyl) triethoxysilane, 2-
bromo-2-methylpropionyl bromide (98%), triethylamine (TEA, ≥ 99%), copper (II)
bromide (≥ 99%), ethylenediaminetetra acetic acid tetrasodium salt di-hydrate (EDTA, 99-
102%) were purchased from Sigma-Aldrich, and used as received without purification.



54 Chapter 4

Methanol (absolute), sulfuric acid (95-97%), tetrahydrofuran (THF), hexane and toluene
(AR) were purchased from Biosolve, and hydrogen peroxide H2O2 and ethanol were
purchased from Merck and used as received. MilliQ water was obtained from a MilliQ
Advantage A 10 purification system (Millipore, Billerica, Ma, USA).

4.2.2 Brush preparation and characterization

The PNIPAM brushes were grafted from pieces of a silicon wafer (1 x 1 cm2) via surface-
initiated ATRP.4a First, the silicon wafer was cleaned by Piranha solution (H2SO4:H2O2 =
3:1, v/v). (Caution: Piranha is very dangerous, extreme caution should be taken when
handling it.) Next, a monolayer with an amine group ((3-aminopropyl)triethoxysilane) was
attached through vapor deposition. Then, the initiator was attached to the surface using 2-
bromo-2-methylpropionyl bromide by a one-step replacement reaction. The NIPAM
solution mixed with PMDETA, CuBr and CuBr2 was degassed and injected into a vial
containing pieces of Si wafer substrates to conduct the ATRP polymerization at room
temperature. Finally, specimens featuring the polymer brush were soaked in EDTA solution
overnight to remove the copper, and dried with nitrogen. More details on the sample
preparation can be found in Ref.23 For a movie showing the sample preparation procedure
see Ref.24 The grafting density and molar mass of the PNIPAM brush were estimated by the
swelling ratio 3b For the specimens used the values of 0.45 ± 0.2 chains/nm2 and 2.5 ± 1.0 x
105 g/mol were obtained, respectively. The absolute molar mass of PNIPAM brush-
polymers from reference samples with a dry height of 120 nm was determined to be Mn = 1
x 105 g/mol (typical PDI = 4 for the detached chains)25 by gel permeation chromatography
in THF after detachment from the silicon substrate using p-toluene sulfonic acid.26

Static contact angle measurements were carried out on an optical contact angle device
equipped with an electronic syringe unit (OCA15, Dataphysics, Germany). Contact angle
values of the modified substrates at each reaction step were measured, and at least three
samples were assessed for each step.

Fourier transform infrared spectroscopy (FTIR) was employed to characterize the chemical
composition of the polymer brush tethered on the silicon substrates. A Bruker Vertex 70v
spectrometer was used to obtain the FTIR spectra with a spectral resolution of 4 cm-1.
Background data was obtained by scanning a clean silicon wafer before sample
measurement.

Swelling and co-non-solvency properties were investigated by measuring brush thickness
using a Variable Angle Spectroscopic Ellipsometer (VASE, J. A. Woollam). Measurements
were performed as a function of photon energy (in ambient: 0.8-4.0 eV, corresponding to a
wavelength range of 276-1550 nm; in ethanol-water mixture: 1.1-4 eV, e.g. 276-1127 nm)
with a step size of 0.1 eV. In liquid, the accessible range is limited due to absorption of
infrared light. The experiments were performed at room temperature (25 °C) in air and in
different compositions of ethanol/water mixtures, as outlined in the materials and methods
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part. A dedicated custom-built liquid cell was used, which enables optical access at a fixed
angle of incidence of 63°. Spectra on dry samples were performed at three different angles
of incidence (65, 70 and 75°). The detailed analysis of the spectra is shown in appendix.

AFM force measurements were conducted on a Multimode 8 AFM with a NanoScope V
controller, a JV vertical engage scanner and a liquid cell (Bruker, San Barbara, CA).
Polystyrene (PS) colloids attached to soft silicon cantilevers (6 μm diameter, CP-CONT-PS,
sQube, NanoAndMore, Germany) were employed to determine the brush height at various
ethanol-water compositions (typically k = 0.23 N/m ± 0.03). Cantilevers with gold colloids
(6 μm diameter, CP-FM-Au, sQube, NanoAndMore, Germany) were used to obtain the
force curves and friction data. The deflection sensitivity and spring constant values (typical
spring constants were in the range of k = 2.42 N/m ± 0.08) of the cantilevers featuring gold
colloid probes were determined in liquid for each composition used. The friction was
measured by sliding the gold colloid probe over the brush in the lateral direction (over 20
μm at a velocity of 10 μm/s), while measuring the torsional response of the cantilever. The
torsional conversion factor (typically Sθ = 1.42 x 10-7 N/V) was calibrated by using
Vezenov’s noncontact method.27 The measurements were repeated on 3 different positions
on the sample, where we found the same forces within 10%. Experiments were repeated on
3 different samples that were prepared in the same batch and 3 more samples prepared in a
different batch. For all these samples we found qualitatively the same results (15%
deviations in swelling ratios, 25% in the friction and 50% in the adhesion (hysteresis)).

4.3 Results and Discussion
Figure 4.1 shows in (a) a schematic representation of the effect of the solvent composition
on the measured brush height and in (b) the measured swelling ratio of PNIPAM brushes as
a function of ethanol-water mixture at various compositions. In the experiments, the brush
height is measured by ellipsometry (triangles up and down) and by determining the vertical
distance between brush-surface and the bare silicon surface using AFM (squares and
circles), respectively. We cannot expect the swollen heights measured by the different
techniques to be the same, since there is no well-defined height of a brush. Instead, the
polymer-density gradually changes as a function of the distance from the substrate6 and, as
discussed in more detail below, the different measurement techniques different parts of this
density distribution.

For the AFM measurements, we gently scratch off part of the brush by Teflon tweezers.
Next, we inject the solvent and equilibrate the system for at least 10 minutes. Then, we
determine the swollen height of the brush by (i) imaging under a small normal load of 1.6
nN, (ii) performing force distance measurements (Fd) upon approach of the colloid towards
the brush. In the latter, we compare the (still arbitrary) separation where the force starts to
deviate from 0 to the height of the brush imaged at a known applied force. The difference in
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tip-surface separation between the two is added to the brush height. The swollen height is
normalized by dry brush height (close to 140 nm for the measurements shown in Figure
4.1)1 to give the swelling ratio shown in Figure 4.1. (b). We expect that we underestimate
the brush height for the imaging method, as the brush is slightly compressed even under the
lightest load applied. For the force distance measurements, we probably overestimate the
brush height, because the force will increase as soon as the polymer density is high enough
to bear a normal load, which can happen at larger distances than the brush height due to
poly-dispersity.28 The difference in height for both measurements is most pronounced under
good solvent conditions, where the brush stretches the most. This can be observed in pure
ethanol, where the magnitude of the difference can be up to 250 nm. The ‘real’ brush height
will probably be between heights measured using imaging and the Fd method.

Figure 4.1. (b) also shows the swelling ratio measured with ellipsometry. A detailed
explanation of the ellipsometry measurements can be found in the Appendix. In short, for
the dry height measurements, the ellipsometry data is fitted to the traditional Cauchy model.
For the swollen brush height measurements, we incorporate a gradual change in polymer
density as a function of the distance from the surface. Such a gradual change is typically
considered to be parabolic in the limit of dilute brushes,29 but approaches a step function for
high density brushes30 and can become linear or even concave in the presence of
polydispersity.31 Since we do not know the exact density profile of our brushes, we tested
two different models to fit the ellipsometry data. Model 1 (SGL) effectively fits the
refractive index - and thus the density - to a power law function that can be tuned between
concave and convex by changing the exponent.32 Model 2 (DL), places this gradually
changing refractive index on top of a layer of constant refractive index (density) close to the
sample surface.8 Both models give comparable results, except in pure water where the
single gradient layer seems to underestimate the swollen height by a factor 1.4 and at 60-
70% ethanol where the double layer model overestimates the swollen height by a factor 1.3-
1.8. For each individual measurement (AFM or ellipsometry), the new solvent-composition
is applied to a cleaned and dried brush surface (e.g. the solvent composition is not
continuously varied). We tested that our results were independent of previous solvent
conditions by stepwise decreasing the vol.% ethanol after stepwise increasing it. Moreover,
we found the same swelling ratios for all the tested samples within 15%.

1 Please note that the measurements on Figure 4.1 were performed on different samples than the sample used
for GPC and therefore the dry height is also different.
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Figure 4.1. Schematic of the co-non-solvency-induced conformational change of the
PNIPAM brush (dry height 140 nm) (a) and the swelling ratio of a PNIPAM brush as a
function of the ethanol volume fraction in the ethanol-water mixture. (b) The swelling ratio
is calculated from the swollen height of the brushes and is normalized by the dry brush
height as measured by AFM force distance (Fd, black squares) or imaging (dark gray
circles) using a normal load that is kept as small as possible (1.6 nN) over a scan size of 40
μm at a scan rate of 1 Hz or by ellipsometry measurements using either the double layer
model (DL, gray upward triangles) or the single gradient layer model (SGL, light gray
downward triangles).

In pure water, we find that the swelling ratio is about 3, which is in agreement with the
literature values reported for PNIPAM brushes with similar grafting densities 33. When
adding a small amount of ethanol to the water (10 vol. % ethanol in the ethanol-water
mixture), the PNIPAM brush strongly shrinks to reach a swelling ratio of around 2. By
further increasing the ethanol volume fraction, the brush further collapses. At 30% ethanol
volume fraction, there is a minimum in the swelling ratio. Here the swelling ratio has,
however, still a value of 1.25. The observation that the system is still partly solvated at
minimum swelling is in agreement with results obtained by others. Dalkas et al.34 measured
the cloud point of PNIPAM in water-dioxane mixtures, and the point of minimum swelling
is obtained around 30-40% dioxane volume fraction. Napper et al.17 find for PNIPAM on
polystyrene latex particles that the minimum particle-diameter is obtained at 30% ethanol
volume fraction, and the swelling ratio is calculated to be roughly 1.5. This is in direct
agreement with our measurements. The presence of solvent in the collapsed brush is
consistent with the bridging-model of Mukherji et al.,18b where the better solvent is
expected to be between the collapsed polymers. However, this remains speculative, since
we cannot tell from our results the partition of water and ethanol within the brush. We note
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that the presence of solvent in a collapsed brush is not observed for a temperature-induced
conformational change of a PNIPAM brush.23, 35 For these systems, the swelling ratio has
been found to be close to 1 above the lower critical solution temperature (LCST). This
might indicate that the mechanism of collapse is different for a temperature-induced
collapse compared to a co-non-solvency-induced collapse.

At a 40% ethanol volume fraction, the average swelling ratio is 1.3 and is slightly higher
than at 30%, which shows that the brush again absorbs more solvent molecules and re-
swells. This is called the re-entrant phenomenon.18a, 34, 36 By further increasing the ethanol
content, the brush swells more until it reaches its maximum swelling ratio in 100% ethanol.
In pure ethanol, the swelling ratio is larger than 3.5, which is close to the height expected
for fully stretched polymers and is more than 20% times higher than in pure water. This
higher swelling ratio shows that ethanol is a better solvent for PNIPAM than water.

Figure 4.2. Friction force between the PNIPAM brush (dry height 170 nm) and a gold
colloid as a function of ethanol volume fraction measured at a relative velocity of 10 μm/s
under a normal load of 25 nN, while moving over a scan size of 20 μm. The error bars
denote the standard error of the mean with a 95% confidence interval. For most data points
the error bars are smaller than the symbol size. The inset shows the friction at 10% ethanol
normalized by the friction at 30% ethanol between a PS probe (radius 7 μm) and the
PNIPAM brush (dry height 115 nm) upon sliding at a velocity of 20 μm/s over a scan size
of 20 μm.

So far, most studies on PNIPAM have focused on investigating the change in chemical or
physical properties by comparing the system for two states, the swollen state and the
collapsed state.8, 37 In our recent publication,23 we show, however, that the tribo-mechanical
properties of PNIPAM brushes change the strongest at the high temperature range of the
coil-to-globule transition. In Ref.,23 we systematically vary the temperature and find that the
friction just below the LCST is almost two orders of magnitude higher than the friction at
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lower or higher temperatures. Therefore, we expect that close to the coil-to-globule and
globule-to-coil transition of PNIPAM in water ethanol mixtures, the friction will be high
too.

Figure 4.2 shows the variation of friction force between the PNIPAM brush and a gold
colloid as a function of the volume fraction of ethanol in the ethanol-water mixture. In
water, the PNIPAM brush is swollen (see Figure 4.1) and the friction force is only 1.5 nN
(Figure 4.2). When the brush is water-swollen, it is very lubricious. However, when a small
amount of ethanol (10%) is added, the friction force dramatically increases to about 21 nN,
which is 14 times higher than the value observed in water. Such a strong variation of
friction is also found for PNIPAM brushes in water close to the LCST.23 As shown in
Figure 4.1 for a 10% ethanol-water mixture, the PNIPAM brush height decreases by 36%
compared to the height in water and, thus, the polymer density is higher. This allows for
forming more interaction-sites between the gold colloid and the PNIPAM brush. When
sliding over the partially collapsed brush, the colloid can stretch the chains in the brush,
which would enhance friction. A schematic representation of this postulated effect is shown
in Figure 4.3. At the given solvent composition, the friction increases logarithmically with
the velocity, which is consistent with the observations in recent molecular dynamics
simulations using attractive polymer-surface interactions.38 In these simulations, it was
shown that the dissipation upon sliding is caused by the formation and rupture of physical
polymer-surface bonds, which causes instabilities and, thus yields a logarithmic
dependence of the friction on the velocity.

Upon further increase of the ethanol content to a volume fraction of 20%, the PNIPAM
brush-height shrinks by 40%. However, the friction now decreases. The reason for this
might be that the more strongly collapsed brush at 20% ethanol content resists stretching
thus reduce the related energy dissipation, yielding a lower friction. The maximum collapse
(minimum swelling ratio in Figure 4.1) occurs at 0.3 ethanol-fraction. In the maximally
collapsed state, the friction is a 1.05 ± 0.03 times higher compared to the friction at 20%.
The mostly collapsed brush resists to be stretched due to the increased polymer-polymer
interactions, and the friction is now mainly dominated by adherence interactions and visco-
elastic deformations while sliding over the rough collapsed brush. Thus, a second, but
smaller, maximum of friction is observed at this concentration.

When the ethanol volume fraction is further increased to 50% ethanol, the brush reswells.
An effective lubricant layer is formed again and, as a result, the friction decreases to 0.8 nN.
Chen et al.8 report that in a 50/50 (v/v) methanol/water solvent-co-solvent mixture, friction
force between the PNIPAM brush and silicon colloid is 4.6 times than in water. In contrast,
we find that in a 50% ethanol-water mixture the friction is lower than that in water. A
possible explanation for this discrepancy might be that we measured at different
temperatures. The solvation of PNIPAM brushes is very sensitive to the temperature, such
that even a few degrees difference in temperature can alter the friction by orders of
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magnitude.23 Surprisingly, even though we have a re-entrance or globule-to-coil transition
at 50% ethanol, we do not observe a strong response in the friction. This asymmetry might
indicate that the mechanism causing the coil-to-globule transition at 10% ethanol is
different from the mechanism behind the globule-to-coil transition at 50% ethanol in the
solvent mixture, which would be consistent with the bridging-by-the-better-solvent picture
of Mukherji et al.18b However, an alternative explanation could be that the presence of
ethanol disrupts the PNIPAM-gold interactions.

Figure 4.3. Schematic illustration of the proposed origin of friction between the gold
colloid and the PNIPAM brush at various compositions of water (blue) and ethanol
(yellow).

Above 60% ethanol in the ethanol-water mixture, the friction is almost constant at a low
value of 0.2 nN. Because alcohol is a better solvent for PNIPAM than water,10, 39 the
PNIPAM brushes will preferentially interact with ethanol molecules instead of gold.
Moreover, the high osmotic pressure in the ethanol also reduces the contact area between
colloid and brush. Thus, very low friction forces can be obtained. In pure ethanol, the
friction force is as low as 0.16 nN, which is two orders of magnitude smaller than the
friction in 10% ethanol-water mixture. In pure ethanol, we find that the friction increases
linearly with the velocity, which implies that the dissipation is dominated by hydrodynamic
drag and not by polymer-colloid interactions.

The observed variation in the friction is strongest at low normal load values, as depicted in
the inset of Figure 4.2. Upon increasing the normal load, the ratio of the friction force at
10% ethanol compared to the friction at 30% decreases logarithmically with the load. In the
limit of very high loads, the friction will become independent of the solvent composition. It
is, however, difficult to say at what load this will happen, since different dissipation
mechanisms would dominate the friction at high normal loads.

Within a 15% uncertainty, we observe the same changes in friction as shown in Figure 4.2
in measurements on 6 different samples using 4 different gold colloid probes. When a
polystyrene colloid probe (colloid diameter 6 μm) is employed for the experiments, the
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variation in friction force reduces to a factor 72-95 (with variations around 25%). This
observation implies that the change in friction force depends on the solvent-mediated
interaction between the colloid and the PNIPAM brush.

To study if polymer stretching could be at the origin of the enhanced frictional response at
10% ethanol content in the ethanol-water mixture, we performed AFM experiments in
which we measured the force on the colloid probe upon approach to and retract from the
brush surface (displacement of 2 μm at a velocity of 10 μm/s). Figure 4.4 shows typical raw
force-separation curves of a PNIPAM brush in various compositions of the ethanol-water
mixture. The maximum compression load was controlled to be 80 nN. As expected, in pure
water we observe almost no adhesive interaction. When the brush is kept in a 10% ethanol-
water mixture, the adhesive interaction is clearly stronger compared to what we found in
pure water. The maximum adhesion force at 10% ethanol is 6 nN, which is 3.4 times larger
than the maximum adherence in water. Also, there is a pronounced long-ranged adhesive
interaction that vanishes only at distances larger than 1.32 ± 0.11 μm. As shown in our
previous work on the adhesive interactions between PNIPAM and a gold colloid upon
inducing a swelling transition using temperature,23 we attribute this long-ranged adhesive
interaction to stretching of the partly collapsed polymers. Similar stretching of polymers
has been observed in Ref.40 Upon moving the colloid in the lateral direction, this stretching
of the brush-polymers can increase friction (shown in Figure 4.2). Stretching over such a
large distance seems surprising considering our degree of polymerization, which is
typically smaller than 2200. However, our polydispersity index is high (PDI is 3-5), such
that the longer chains in the brush can still stretch over distances around 1.3 μm. We note
that such a high polydispersity index could indicate cross-linking in the brush. However,
crosslinking would counteract polymer-stretching as is, therefore, probably not the main
cause for our high PDI. As shown in the Appendix 4.4, thinner brushes (20 nm dry height)
show significantly less polymer stretching over only 650 nm.

For an ethanol volume fraction of 30%, the brush height is the smallest. At this
concentration, the retract curve shows a sharp snap-off instability and a maximum
adherence of 110 nN. No long-ranged adhesion is observed and thus chains would not
become stretched. At a 50% ethanol volume fraction, the water-ethanol mixture solvates the
brush such that the swelling ratio is 1.8. The sharp snap-off instability and adherence (40
nN) is less strong than for 30% ethanol. In pure ethanol, the snap-off instability has
completely vanished and we observe no significant adhesion interaction.

Even though the swelling ratio is still 1.5 at maximum collapse of the brush at 30 vol.% of
ethanol in water, we observe force curves that exhibit a sharp snap-off instability, which is
typically only observed for fully collapsed brush. However, we note that in our experiments
we probe the adherence between the colloid and the top of the brush. Therefore, we would
like to argue that our results imply that the brush is collapsed at the top for ethanol volume
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fractions between 20-60%, which would be in agreement with the observation of Chen et
al.8

Figure 4.4. Typical force versus separation curves at various ethanol volume fractions (0,
10, 30, 50, 100%). The approach and retract velocity of the gold colloid to and from the
PNIPAM brush (dry height 170 nm) is 10 μm/s. The arrows denote the direction of motion.
The difference in force between the approach and retract curves is colored blue to clarify
the adhesive interaction. The scale bar equals 50 nN.

4.4 Conclusions
In summary, we have shown that tunable friction is provided by co-non-solvency of a
PNIPAM brush in ethanol-water mixtures. In pure water, the PNIPAM brush is swollen and
acts as a lubricant layer. For 10% ethanol in the ethanol-water mixture, the PNIPAM brush
is partially collapsed and a large friction force is observed due to stretching of the partly
collapsed brush chains when the colloid probe is moved away from the initial point of
contact. The strongest collapse of the PNIPAM brush occurs in 30% volume fraction of
ethanol. As expected, when the brush is in this state, the friction is higher than in pure water.
Its value is, however, smaller than at 10% ethanol-content, since the grafted chains do not
stretch in this case during the sliding motion. At higher volume fractions of ethanol, the
brush re-swells. At these solvent compositions, a lubricant layer is again formed. The
friction in this case gradually decreases with increasing ethanol-content and reaches a
minimum in pure ethanol. At this minimum, typical values of the friction force are two
orders of magnitude smaller than the forces measured at 10% ethanol in the ethanol-water
mixture. Our results show that friction can be tuned in a straightforward manner by varying
the relative amount of ethanol. Such tunable friction by employing co-non-solvency of
PNIPAM brush in ethanol-water mixtures has potential application in walking robots, and
switchable tweezers.
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4.5 Appendix
Analysis of ellipsometry spectra

For the determination of the optical constants and film thickness from ellipsometry spectra
one needs to establish an optical model, which enables describing the experimental data in
terms of actual physical parameters. The optical dispersion (n) can be modelled with the
Cauchy dispersion model

n(λ) = A + B / λ2 + C / λ4 (eq. 1)

where n is the refractive index, and A, B and C are the Cauchy parameters which may be
obtained from the model to the data; λ is the wavelength in micrometers. The polymer film
is considered to be a transparent “dielectric”, with the assumption that the absorption
coefficient is close to zero (k = 0) and consequently, the refractive index is a real quantity.

Silicon substrate and ambient

The optical properties of the substrate, consisting of bulk silicon with 2.0 nm of a native
oxide, and the solvents (water and ethanol) were used as available in the CompleteEASE
package (the refractive index at 600 nm of pure water and pure ethanol are 1.33 and 1.36 at
20°C, respectively). The refractive indexes of the various ethanol/water mixtures were
obtained by considering them as sum of the product between the volume fraction and the
pure refractive index of the single components; the extinction coefficients were considered
to be zero.

Dry brush films

The experimental data obtained on dry films in air were fitted between 250-1150 nm with a
model consisting of a single uniform Cauchy layer (representing the PNIPAM film) on top
of the silicon substrate. The thickness d, and the Cauchy parameters A and B were used as
fitting parameters; as the C Cauchy parameter does not yield improved fitting results, it was
set to 0.

The PNIPAM film was considered to be uniform, and the roughness of the polymeric layer
was neglected; the material density is distributed evenly within the volume of film and
consequently there was no gradient in the optical refractive index.

Wet brush films

In liquid, the experimental data were fitted between 276-1127 nm with three different
uniform layer models, each assuming the same silicon substrate (with native silicon oxide
layer). The three models are schematically represented in Appendix 4.1 and details are
summarized below:

1. a dense Cauchy layer model, in which thickness d, and Cauchy parameters A and B
were varied; the Cauchy parameter C was set to 0.
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2. a single gradient layer; the gradient in the optical density is described by an
exponential decrease of A, as a function of the distance from the substrate (layer
composed of 50 slices). Only the A-parameter was considered, mainly for two
reasons: in the Cauchy model of eq.1, the A parameter is the principal contributor of
the refractive index and secondly, keeping the number of fitting parameters limited
simplifies the analysis and the extraction of physical information. The thickness d,
the Cauchy parameters A and B, the percentage variation of the A-parameter (%A)
and the exponent of the exponential equation for the decrease of A-parameter (exp)
were fitted to the experimental data; the C Cauchy parameter was set to 0.

3. a double layer model; On top of the silicon substrate, a dense uniform layer
(represented by a thickness d1 and Cauchy parameters A and B) is followed by a
second diluted layer with a gradient of the A parameter. The latter is represented by
a linear decrease of the optical density as a function of the distance from the
substrate (layer composed of 50 slices). The outermost linear gradient layer was
modelled by the thickness d2, Cauchy parameters A the B and the optical density
variation %A. For both layers, the Cauchy parameter was set to 0.

Appendix 4.1. Schematic representation of the ellipsometry models used for describing the
optical properties of the polymer brushes in water
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Comparison between swollen in water and in ethanol

Upon immersion of the PNIPAM brush film, swelling is observed, as shown in Appendix
4.2. The swelling behavior is different depending on whether the polymeric layer is
immersed in pure water or in pure ethanol. Consequently, the change of the optical
parameters for each composition of medium (ethanol-water mixtures) were considered.

Appendix 4.2. In-situ ellipsometry spectra (symbols) and fit results (solid lines) for
PNIPAM brush grafted on silicon swollen in water (open symbols) and in ethanol (filled
symbols). For the fitting of the experimental data was used the double layer model
described in the support information.

For all experimental data, the curves were first fitted using the single uniform layer,
subsequently the exponential single gradient layer, and finally the double Cauchy layer
model.

Appendix 4.3 shows the dependence and the trend of the optical parameters on solvent
composition at fixed room temperature. The change in Ψ and Δ is evident between the
volume ratio of 0.20 and 0.50. The changes in Δ are more evident that the changes in Ψ.
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Appendix 4.3. Experimental ellipsometry spectra (symbols) and fit results (solid lines) for
the in-situ PNIPAM films on silicon using the double layer model to describe the swollen
state of the brushes between swollen in pure water and in volume ratio ethanol/water 0.1.

Table 4.1. Fit parameters using a double layer model for the optical modelling of PNIPAM
brush layer in solvency and co-non-solvency. The sample was immersed in different
volume ratio of ethanol-water mixture at room temperature.

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

TOT
thickness
(nm)

396 247 222 156 154 238 406 409 426 413 414

C
au
ch
y
2n
d
la
ye
r,
G
ra
de
d
T
op

d2
(nm)

271 151 160 - - 183 236 255 282 270 275

A 1,312 1,360 1,405 - - 1,415 1,370 1,372 1,372 1,373 1,371

B
(μm2
)

0,00173 -
0,00038174 0,00259 - - 0,00486 0,00115 0,00244 0,00257 0,00224 0,00232

%A -2,42 -5,73 -13,26 - - -1,86 -3,15 -2,61 -2,17 -2,04 -2,04

Exp 1 1 1 - - 1 1 1 1 1 1

C
au
ch
y
1s
t
la
ye
r,
de
ns
e

bo
tto
m

d1
(nm)

125 96 62 156 154 33 170 154 144 143 139

A 1,395 1,408 1,435 1,447 1,452 1,423 1,411 1,401 1,403 1,402 1,401

B
(μm2
)

0,00176 0,00284 0,00259 0,00393 0,00410 0,00092177 0,00356 0,00401 0,00271 0,00287 0,00252

Ambient 0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

In general, in the case of swollen PNIPAM brush films the double layer model provided the
best description of the experimental data. This phenomena typically occurs when the
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PNIPAM film is immersed in solvent mixtures with volume ratio ethanol/water below 0.1
and above 0.6.
In the other hand, the PNIPAM collapsed when the composition of the ethanol-water
mixtures is between 0.2 and 0.5. In this case, the dense uniform single layer model resulted
in an adequate description of the experimental data. The fit parameter obtained with the
double layer models are summarized respectively in the Table 4.1.

Appendix 4.4. Force-Separation curve of bare silicon substrate, 20 nm PNIPAM and 150
nm PNIPAM brush in 10% ethanol volume fraction in water.
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Chapter 5
Pick up, Move and Release of Nanoparticles
Utilizing Co-non-solvency of PNIPAM Brushes

A critical complication in handling nanoparticles is the formation of aggregates when
particles are dried e.g. for transfer from one liquid to another. The particles in these
aggregates need to disperse into the destined liquid medium, which has been proven
difficult due to the relatively large interfacial interactions between nanoparticles. We
present a simple method to capture, move and release nanoparticles without the formation
of large aggregates. To do so, we employ the co-non-solvency effect of poly(N-
isopropylacrylamide) (PNIPAM) brushes in water-ethanol mixtures. In pure water or
ethanol, the densely end-anchored macromolecules in the PNIPAM brush stretch and
absorb the solvent. We show that under these conditions, the adherence between the
PNIPAM brush and a silicon oxide, gold, polystyrene and poly(methyl methacrylate)
colloid attached to an atomic force microscopy cantilever is low. In contrast, when the
PNIPAM brushes are in a collapse phase in a 30-70 vol.% ethanol-water mixture, the
adhesion between the brush and the different counter surfaces is high. We demonstrate that
this difference in adhesion can be utilized to pick up 900 silicon oxide nanoparticles of
diameter 80 nm using a 10x10 μm2 PNIPAM brush in 30-70 vol.% ethanol-water mixture
and release 98% of them in pure ethanol, while the percentage of aggregates, which all
contain less than 20 particles, increases from only 2 to only 4%.
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5.1 Introduction
Nanoparticles are nowadays broadly applied in personal hygiene products,1 catalysis,2

bioanalysis,3 drug-delivery4 and water-treatment.5 To prepare these nanoparticles, the sol-
gel method,6 where the particles are formed in solution via hydrolysis and polycondensation
reaction of the precursor, is most commonly employed.7 After synthesis, the nanoparticles
need to be transferred to another medium for storage or further processing. Generally, this
is realized via a two-step method.6c, 7b First, the particles are precipitated from solution by,
for example, ultra-centrifuge. Next, the particles from the aggregate are allowed to diffuse
into the new medium for further modification. The dissolution of the nanoparticles from the
aggregate is often difficult to realize,8 because of the relatively strong interfacial forces
acting between these particles that have high surface-to-volume ratios. To enable the
dispersion, many techniques are employed, such as chemical or physical surface
modifications,9 and sonication.10 A smart alternative to these techniques is, however, the
pick up and release of particles by employment of stimulus responsive polymer brushes,11

because within this method aggregation of the particles during the extraction is less likely
to occur.

Polymer brushes consist of macromolecules that are attached with one end to a surface at a
density that is high enough for the polymers to stretch away from the grafting surface.12

The degree of stretching of the polymers depends on the solvent quality. In poor solvents,
the polymers form a dense layer at the surface, while the polymers stretch more strongly in
good solvents. Adhesion between the brush and the counter-surface (CS) is usually low
when brushes are swollen in a good solvent,13 especially when brush-solvent interactions
are favored over brush-CS interactions. In poor solvents, the adhesion is generally much
higher, because of the possibility of more direct interaction between the brush and the
CS.13a, 14 When the brushes are composed of polymers for which the effective solvent
quality can be altered via an applied stimulus, such as temperature,15 pH,16 solvent,17 light,18

salts,19 electronic20 and magnetic field,21 adhesion can be reversibly switched between high
and low.13c, 22

Poly(N-isopropyl acrylamide) PNIPAM is a stimulus responsive polymer.23 PNIPAM
changes its conformation from an extended coil to a collapsed globule upon increasing the
temperature above the lower critical solution temperature (LCST) of 32 °C in pure water.24

This effect can be employed the switch the adherence between PNIPAM brushes22d and
PNIPAM and a different CSs.13c, 22a Reversible adherence changes by heating and cooling
PNPAM have been applied to capture and release polymer particles,25 cells22f and dye.26

However, for consideration of energy cost, it might not be feasible to change the
temperature repeatedly and it could be more practical to alter the adherence by adjusting the
solvent composition.
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Besides being temperature-responsive, PNIPAM can also be responsive to changes in the
solvent composition.27 The LCST of PNIPAM shifts to lower temperatures in certain
mixtures of two good solvents. For example, for methanol-water mixtures between 30 and
65 vol.%,28 the LCST is lower than 20 °C and PNIPAM precipitates. This effect is called
co-non-solvency and has been observed for PNIPAM in methanol-water,27d, 29

tetrahydrofuran (THF)-water27c, 30 and dimethyl formamide (DMF)-water31 mixtures too.
Though the mechanism of co-non-solvency of PNIPAM is still under debate,27a, 27d, 32 the
effect is already regularly employed in fermentation gating,33 regulating channel
permeability,34 and force actuation.35

In this article, we show that co-non-solvency of PNIPAM can be utilized to capture
nanoparticles from their aqueous solution and re-disperse them into the new solution. By
systematically varying the solvent composition, we find that the change in adhesion
between PNIPAM and different CSs is maximum upon changing the composition between
pure ethanol (low) and 30-70 vol% ethanol-water. The magnitude of the adherence-change
depends on the CS, but is in all cases larger than 120%. Using this method, we can pick up
9 silicon nanoparticles per μm2 of PNIPAM brush and redistribute them into a new solution.
Moreover, we show that the percentage of aggregates is less than 2% and increases by less
than 4% after release and the next pick up cycle. All aggregates we observed in the brushes
are less than 20 particles. This shows that the presented method holds great potential for
application in nanoparticle transfer between solutions without the formation of large
aggregates.

5.2 Materials and Methods
5.2.1 Materials

N-Isopropylacrylamide (NIPAM, Aldrich, 97%) was recrystallized twice in toluene/hexane
mix solution (50% v/v). Copper (I) bromide (CuBr, Aldrich, 98%) was washed by acetic
acid three times, and dried overnight. (3-aminopropyl)triethoxysilane (APTES), 2-bromo-2-
methylpropionyl bromide (BiBB, 98%), triethylamine (TEA, ≥ 99%), copper (II) bromide
(≥ 99%), N,N,N',N',N'-pentamethyldiethylenetriamine (PMDETA) (98%), were purchased
from Sigma-Aldrich and used as received without any purification. The solvents used in the
experiments, such as methanol (absolute), tetrahydrofuran (THF), toluene, hexane and
sulfuric acid (95-97%), were bought from Biosolve. Hydrogen peroxide and ethanol were
purchased from Merck, and were used as received. Silicon nanoparticles (D = 80 ± 15 nm)
were bought from Aldrich with 40 wt.% suspension in water. MilliQ water was made from
a MilliQ Advantage A 10 purification system (Millipore, Billerica, Ma, USA). The
preparation of the PNIPAM brushes is the same as reported in the reference36 and according
to a well-established recipe.37 First, vapor deposition was utilized to attach the APTES
molecules to a piranha washed silicon surface. Next, a one-step reaction between amine
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group and BiBB was performed to link the initiator to the silane. The PNIPAM brushes
were grafted from the surface using surface initiated atom transfer radical polymerization
(SI-ATRP).38 For a movie showing the sample preparation procedure, see Ref JoVE.39

5.2.2 Colloidal probe preparation

The preparation of our colloidal probes is based on a regularly employed technique.40

Polystyrene (PS) spheres (Duke Standards 4205A, Thermo Scientific, diameter 5 μm) and
SiO2 spheres (Cospheric, SiO2MS-1.8, diameter 7.75 μm) were diluted in water and drop-
coated on a freshly cleaved mica surface, and dried with nitrogen. Individual colloids were
lifted up from the substrate by a tungsten wire (World Precision Instruments, Inc.)
controlled by a home-made micromanipulator under an optical microscope. The tungsten
wire was chemically etched in 1 M KOH water solution (30V, platinum electrode) until the
end-diameter was of about 10-15 μm in order to transfer individual colloids only. Next, the
tungsten wire was cleaned in ethanol and dried under nitrogen (wire-colloid capillary
adhesion). The spheres were then fastened using a UV-cured glue (Optical Adhesive 81,
Norland Products, Inc.) to an AFM cantilever (TL-CONT-50, Nanosensors) and photocured
using high intensity UV lamp (Hamamatsu LC8, type 02A) for 3 minutes under air. The
quality of the prepared colloidal probes was monitored by high-resolution optical imaging
(Appendix 5.1). The gold colloid probes (6 μm diameter, CP-CONT-Au-C, sQube,
NanoAndMore, Germany) were used directly and some of them were used to graft PMMA
from the surface using SI-ATRP39 yielding a PMMA dry brush thickness of 236 nm.

5.2.3 Brush characterization

The PNIPAM brushes were characterized by Fourier transform infrared spectroscopy
(FTIR, Bruker Vertex 70v spectrometer), and the characteristic groups of PNIPAM are
amide I and II appeared at 1632 and 1530 cm-1 respectively, which gave the evidence of
PNIPAM brushes grafting on the substrates in Appendix 5.2. The brushes were degrafted
from the surface in p-toluene sulfonic acid aqueous solution at 80 °C41. Then the molecular
weight was determined to be Mn = 1 x 105 g/mol by using gel permeation chromatography
(GPC) in THF. The grafting density is around 0.25 chains/nm2 estimated from swelling
ratio.22d AFM measurements were carried out on a Multimode 8 AFM with a NanoScope V
controller, a JV vertical engage scanner and a liquid cell (Bruker, Santa Barbara, CA).
Colloid attached to soft silicon cantilevers were employed to measure the swelling ratio and
adhesion force at various ethanol-water compositions (typically k = 0.3 N/m ± 0.03). We
gently scratched off the brushes by using a Teflon tweezer, and the dry height was
determined by measuring the relative height between bare silicon and brush surface. In
various composition of ethanol-water mixture, a low force (1.5 nN) was applied to contact
with the brush to measure the swelling height, which was normalized by the dry thickness
to give the swelling ratio. All the measurements were done on at least 3 different positions
of the samples. The morphology of PNIPAM surface with attached silicon nanoparticles
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was scanned by tapping mode of AFM. Silica cantilevers (NanoWorld) with a resonance
frequency of 320 kHz and a spring constant of 42 N/m were used.

5.2.4 AFM adhesion force measurements

To obtain the adhesion forces, we first approached the AFM cantilever towards the
PNIPAM until a maximum repulsive force of 60 nN was reached. The force was measured
upon retract of the cantilever from the PNIPAM brush at a velocity of 0.8 μm/s, where the
adhesion force was defined as the minimum force before the colloid and the brush loose
contact. The typical ramp curves in different solvent compositions are shown in Appendix
5.3. Each point is obtained by averaging over 30 force-distance curves captured on three
different position on the same sample, where we found the same forces within 10%.
Experiments were also repeated on 3 different samples that were prepared in the same batch.
For all these samples we found qualitatively the same results (30% deviations in different
samples).

5.2.5 Particle transfer measurements

Here, we dispersed silicon particles (D = 160 nm) in ethanol-water (v/v = 3/7) solution,
then a 1x1 cm2 PNIPAM brush (dry height = 150 nm) wafer was soaked in the mixture for
20 seconds. Next, the wafer was soaked in ethanol-water (v/v = 3/7) solution for 1 minute
to remove the unattached particles. After gently blowing the sample to dry with nitrogen
gun, the surface morphology was imaged by AFM with tapping mode. The release of
particles are conducted by sonicating the sample in water or ethanol for 2 minutes in an
ultrasonic cleaner (Branson 2510DTH). Then the wafer was dried and used for AFM
measurement. For comparison experiments, the PNIPAM brush was used to pick up and
release silicon particles from aqueous solution. Meanwhile, bare silicon wafer also was
used for comparison. In order to get a high resolution of image, the scan size is confined in
3.3 μm with a scan frequency of 0.2 Hz. The number of particles were counted by using
ImageJ.

5.3 Results and Discussion
Figure 5.1 shows the adhesive force and brush swelling for a PNIPAM brush (dry height 75
nm) measured by a silicon colloid probe in different ethanol-water mixtures between 0-100
vol.% ethanol. The variation in swelling ratio with the ethanol content in the solvent
mixture shows qualitatively the same trend as in our recent publication, where we
compared different measurement technique to extract brush swelling.13b The swelling ratio
of the PNIPAM brush in pure water (3.4) is slightly higher than in Ref.13b (3.0), which is
probably due to the lower grafting density22d of the measured samples (0.25 chains/nm2

here vs 0.45 chains/nm2 in Ref.13b). For the same reason, the swelling ratio of our PNIPAM
brush in ethanol (4.3) is also slightly higher than in Ref.13b (3.6).
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Figure 5.1. The PNIPAM swelling ratio and adhesion force between PNIPAM and a SiO2
colloid (diameter 7.75 μm) in various compositions of ethanol-water mixtures. The swelling
ratio is calculated from the swollen height of brushes (measured by imaging under a load of
1.5 nN), which is normalized by the dry height of the brush. The adhesion force is obtained
from the force separation curves measured for a retraction velocity of 0.8 μm/s after the
colloid has been pushed into the brush with a normal force of 60 ± 6 nN.

We find that the brush swelling is minimum for 30 vol.% ethanol in the water-ethanol
mixture. In this minimum the swelling ratio is still 1.2, which indicates that there is a
significant amount of solvent trapped in the brush. The entrapment of solvent in the brush is
consistent with the picture that polymer collapse is induced by bridging32d between the
hydrophobic groups of the PNIPAM monomers at different parts of the polymer32a via
molecules of the better solvent (ethanol). Also, recently published attenuated total reflection
infrared spectroscopy (ATR IR) measurements on a poly(dodecyl methacrylate) brush in
mixtures of toluene and ethanol have shown preferential absorption by the better solvent
(toluene).42 This would indicate that there could be an ethanol-rich phase in our PNIPAM
brush. But, unfortunately, we cannot extract the chemical composition of the solvent in our
brush and, thus, this remains to be speculation.

Figure 5.1 also shows that the adhesive force between the PNIPAM brush and a SiO2
colloid also strongly varies with the solvent composition. In pure water, the adhesion is low
(8.1 nN), because the solvent screens the interactions between the colloid and the polymers
in the brush. Upon increasing the ethanol content to 10 vol. %, the brush swelling strongly
decreases by 32% and the adhesion force increases to 27 nN. The increase in adhesion can
be explained by the increase in polymer density in the contact as a consequence of the
reduced brush swelling. For the 10 vol.% ethanol mixture, we also observe a long-ranged
attractive interaction over 1.6 μm (Appendix 5.3), which we attribute to polymer
stretching.13b, 13c, 43 Polymer stretching has been shown to result in high friction.13c We find
that the adhesion is the highest (81 nN) at 30 vol.% ethanol in the ethanol-water mixture.
Upon further increase of the ethanol content in the solvent mixture, the adhesion decreases
and it is minimum in pure ethanol (0.7 nN) where the brush swells the most.
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Table 5.1 The average adhesion force Fadh measured in pure water (0%), 30-70 vol. % ethanol-
water mixture (30%) and in pure ethanol (100%) using colloid probes of different sizes and
materials, while keeping the retraction velocity (0.8-1 μm/s) and the maximum indentation force
Fmax divided by the colloid diameter D approximately constant.

Material D (μm) Fmax (nN) Fadh 0% (nN) Fadh 30% (nN) Fadh 100% (nN)

SiO2 7.75 77.5 8.1 81 0.7

Au 6 60 1.6 73 0.2

PS 5 50 0.5 33.4 0.2

PMMA 6 60 0.05 12 0.08

Figure 5.2 shows the adhesion force between the SiO2 colloid and PNIPAM brush by
consecutively varying 4 times the composition of the solvent mixture between 100%
ethanol and 30-70 vol.% ethanol-water. Between each solvent exchange the brush surface is
washed with ethanol and dried under a stream of nitrogen. The results in Figure 5.2 show
that the adhesive force can be switched from 0.7 ± 0.1 nN in pure ethanol to 81 ± 10 nN for
30 vol% of ethanol in the solvent mixture. After 4 cycles, the change in adhesion is still the
same within the experimental error without showing any signs of degradation. The
repeatability of the adhesion-switch shows that our system holds great potential for
application in pick up and release systems.

Figure 5.2. Repeatability test showing that the adhesion force can be switched from 81 ±
10 nN in 30-70 vol% ethanol-water mixture to 0.7 ± 0.1 nN in ethanol and back for 4 cycles
without showing signs of degradation. The error bars denote the standard error of the mean
with a 95% confidence interval.

Appendix 5.3 shows the typical ramp curves between a PNIPAM brush and a gold colloid.
We also use other colloids for the force-separation measurement, such as polystyrene (PS),
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and poly(methyl methacrylate) (PMMA) coated gold colloid. The results for all studied
counter surfaces are summarized in Table 5.1. Though the absolute values for adhesion
forces are different for the different colloid materials, we observe the same trend in the
adhesion force as a function of the solvent composition for all counter surfaces. For all
colloid materials, the adhesion is highest for an ethanol-water mixture that contains 30
vol.% ethanol, while the adhesion is much lower in the pure solvents. We find the largest
change in adhesion for the gold colloid. For gold, the adhesion in pure ethanol is a factor
365 lower than in 30-70 vol.% ethanol-water. The overall adhesion between the PMMA
colloid and the PNIPAM brush is much lower than the adhesion for the other colloid
materials. We attribute this reduction to a small preference of the solvent to move into the
PMMA film,22g which could screen direct colloid-brush interactions. In bulk PMMA, there
is a 2-4 vol.% solvent absorbance of pure water,44 which increases to 20 vol.% in 30-70
vol.% ethanol-water.45 Due to a cosolvency effect of PMMA in ethanol-water mixtures,22g

there is a solubility-maximum at 80-20 vol.% ethanol-water. For this composition, there is
approximately 60 vol.% of solvent absorbed in the PMMA film. This might be the reason
for the slightly lower adherence around 80-20 vol.% ethanol-water. Nevertheless, for all
counter surfaces the adhesion can be switched by at least a factor 115, which shows that our
system will be able to pick up and release different kinds of nanoparticles.

Figure 5.3 shows the pick up and release of silicon particles (diameter 80 nm) using a 1x1
cm2 PNIPAM brush (dry height = 150 nm). The particles are picked up in a 30-70 vol.%
ethanol-water mixture. The release of particles is allowed by ultra-sonication in ethanol for
2 minutes. Figure 5.3. (a) is an AFM height image of the brush before immersion in
solution showing that the brush is clean and homogeneous (RMS roughness 0.3 nm). In (b)
we show the AFM height image of the PNIPAM brush after it has been immersed in a
nanoparticle solution (concentration 1 mg/ml) in 30-70 vol.% ethanol-water and then dried.
In this pick up image, there are 90 nanoparticles that are spread out over an area of 3.3 x 3.3
μm2. The particles are evenly distributed over the surface, which shows that there is little
aggregation of the nanoparticles. Only 20 clusters of less than 2% particles are observable
within this part of the brush. In Figure 5.3. (c) the AFM image of the brush after particle-
release is shown. The brush is clean and homogeneous and there are no particles left on this
part of the surface, which shows that the particles can be successfully transferred from one
medium into another. In contrast, if the brush is sonicated in 30-70 vol.% ethanol-water,
only 5-8% of the particles are released.
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Figure 5.3. AFM imaging of the dry PNIPAM brush surface of (a) before adsorption of
silicon particles, (b) after immersion in 30-70 vol.% ethanol-water mixture containing
silicon nanoparticles (diameter 80 nm, 1 mg/ml) and (c) the same PNIPAM brush surface
after immersion in pure ethanol and sonication for 2 minutes. The black line in (b) denotes
the positon of the cross section shown in (d). The dry brush height is 150 nm, and the scale
bar is 400 nm.

The graph in Figure 5.3. (d) shows a cross section of a nanoparticle that is partly embedded
in the dried PNIPAM brush. Approximately 62% of the particle’s volume is in the brush,
the other part is exposed to the air. The penetration depth of nanoparticles into a brush
depends on the size46 and geometry47 of the particles and the solvent-mediated particle-
polymer interactions.48 Particles that are smaller than or comparable to the distance between
anchor points of the polymers are free to move into the brush. These small particles can
self-organize and form clusters inside the brush.48-49 Our particles are approximately 60
times larger than the distance between the anchor points and therefore our particles reside
in the top of the brush and there is no significant aggregation or cluster formation.

To test the performance of our PNIPAM pick up and release system, we compare the
amount of captured particles from our 30-70 vol.% ethanol-water, to the number of
captured particles on PNIPAM in pure water (see Appendix 5.4), which shows a higher
adhesion than in pure ethanol (see Table 5.1) for PNIPAM in contact with SiO2 colloid and
on a bare silicon surface (see Appendix 5.5). Figure 5.4. (a) shows the average number of
particles imaged over 10 x 10 μm2 (see Appendix 5.6) for these three test situations. The
number of trapped particles for the PNIPAM brush in 30-70 vol.% ethanol-water is
approximately 25 times higher than for PNIPAM in pure water and 90 times higher than for
the bare silicon surface.

To test if the number of aggregates changes after release from the brush, we performed
experiments of 4 consecutive capture and release cycles. The inset of Figure 5.4 shows that
there are on average 20 aggregates visible per image, which is 2 percent of the total number
of particles. Moreover, the results in the inset show that there is no change in the number of
aggregates in the picture within the experimental error. However, the total number of
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picked up particles decreases per cycle (as shown in Appendix 5.7) such that the percentage
of aggregate increases to 4% after 4 cycles. We excluded brush degradation as the reason
for the reduction in entrapment efficiency (see Appendix 5.8) and, instead, attribute it to the
reduction in concentration after several pick up and release cycles.

Figure 5.4. (a) The amount of particles attached on the brush or SiO2 substrates after immersion in
ethanol-water solution (v/v=3/7) containing silicon particles (concentration 1 mg/ml), pure water
containing silicon particles (concentration 1 mg/ml). The image size is 10x10 μm2. The inset shows
the number of aggregates in the image during 4 consecutive capture and release cycles using
ethanol-water solution (v/v=3/7) and pure ethanol. (b) The number of particles in the aggregates
during the 4 consecutive capture and release cycles.

5.4 Conclusions
In summary, we have shown that the adhesion force between a PNIPAM brush and SiO2,
gold, PS and PMMA colloids can be reversibly switched by changing the solvent
composition. In 30-70 vol.% ethanol-water mixture adhesion is high, while in pure solvents
the adhesion is low. We employ the change in adherence to build a pick up move and
release system to transfer particles from one liquid into another. The advantage of our
system is that the formation of aggregates is strongly reduced, which is an important
problem in traditional method of nanoparticle transfer.
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5.5 Appendix

Appendix 5.1. SEM image of typical PS and silica colloid cantilevers, the diameter is
around 5 and 7.75 μm respectively.

Appendix 5.2. FTIR spectrum of PNIPAM brushes
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Appendix 5.3. Typical ramp curve at various ethanol volume fraction in water (0, 10, 20,
40, 60, 100%). The approach and retract velocity is 0.8 μm/s, and the ramp size is 2 μm.
The scale bar equals 60 nN.

Appendix 5.4. The adhesion force between PNIPAM brush and a colloid (gold, PS,
PMMA) in various compositions of ethanol-water mixtures. The adhesion force is obtained
from the force separation curves measured for a retraction velocity of 0.8 μm/s after the
colloid has been pushed into the brush with a normal force of 60 nN. The solid line is guide
for the eye.
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Appendix 5.5. AFM imaging of PNIPAM surface (a), soaking in silicon particles water
solution (b), after sonication for 2 minutes (c), particle height (d). The dry PNIPAM brush
is 150 nm, and the scale bar is 400 nm.

Appendix 5.6. AFM imaging of silicon surface (a), soaking in silicon particles aqueous
solution with 30% ethanol volume fraction (b), after sonication for 2 minutes (c), particle
height (d). The dry PNIPAM brush is 150 nm, and the scale bar is 400 nm.
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Appendix 5.7. Statistic of silicon particles by PNIPAM brush, PNIPAM surface (a), soaked
in silicon aqueous solution for 20 seconds (b), after sonication in ethanol for 2 minutes (c),
PNIPAM surface before soaking (d), soaked in silicon aqueous solution with 30% ethanol
for 20 seconds (e), after sonication in ethanol for 2 minutes (f), silicon surface (g), soaked
in silicon aqueous solution with 30% ethanol for 20 seconds (h), after sonication in ethanol
for 2 minutes (i). The dry PNIPAM brush is 150 nm, and the scale bar is 1 μm.

Appendix 5.8. Cycles of numbers of picking up silicon particles using PNIPAM brush at
30% volume fraction of ethanol and release with sonication in ethanol for 2 minutes
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Appendix 5.9. The relative dry height change of PNIPAM brush after sonicating in ethanol
for 2 minutes for 4 cycles.
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Chapter 6
Cosolvency-Induced Switching of the Adhesion
between Poly(methyl methacrylate) Brushes*

We present a simple method to reversibly switch the adhesive force between two surfaces
that are decorated with poly(methyl methacrylate) (PMMA) graft polymers. By
employment of a PMMA/isopropanol/water or a PMMA/ethanol/water cosolvent system,
we can tune the swelling of the brushes. In pure isopropanol or ethanol the polymer grafts
are collapsed, and the adhesion is high when the contacting brushes are pulled apart. In an
80-20 vol % isopropanol-water or ethanol-water composition, the brushes are swollen. In
these systems the adhesion is approximately 5 times smaller compared to the adhesion
measured in the pure solvent systems. Moreover, we show that PMMA/isopropanol/water
cosolvent systems perform better as switchable adhesives than PMMA/ethanol/water
cosolvent systems. In the latter pulling events can arise when the swollen brushes are kept
in contact for a longer time, such that the adhesion hysteresis can become large and the
surface coating can be damaged due to bond-breaking events.

* This chapter has been published in: Yu, Y.; Kieviet, B. D.; Kutnyanszky, E.; Vancso, G.
J.; de Beer, S., ACS Macro Lett. 2015, 4 (1), 75-79.
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6.1 Introduction

Controlling the magnitude of adhesion between two objects is of crucial importance for a
wide variety of applications, which include: “pick up and place” systems,1 gecko or mussel
inspired tapes,2 and biomedical glues.3 A versatile method of achieving such adhesion
control is the functionalization of surfaces with polymeric materials,4 for example
hydrogels,5 films,6 and especially brushes.7 These polymeric systems allow for reversible
switching of the adhesive force between low and high values.

Under good solvent conditions, a polymer has an extended coil conformation, while in poor
solvents, polymers are in a collapsed globule state.8 Switching between the coil and globule
state can be achieved by changing the effective solvent quality, for example by directly
replacing the solvent,9 by co-non-solvency,10 by UV light,11 by changing the temperature,12

by changing the oxidation state,13 or by adjusting the pH of the solvent.14 Upon end-
anchoring polymers to a surface at a sufficiently high density, a so-called polymer brush is
formed.15 When such brushes are in good solvents, the polymers stretch away from the
surface, whereas in poor solvents, they form a collapsed, dense film on the surface.

Swollen polymer brushes can act as efficient lubricants16 but can also find application in
bioengineering17 or oil recovery.18 The adhesion between two contacting, brush-
functionalized surfaces depends on the conformational state of the polymers, e.g. whether
the brushes are swollen or collapsed. The adhesion between two collapsed polymer brushes
is generally high7 and determined by intermolecular interactions between the contacting
polymers. In contrast, the adhesion is often observed to be low under good solvent
conditions7 because the attractive polymer-polymer interactions are now overshadowed by
more favorable polymer-solvent interactions such that the polymers effectively repel each
other.

Keeping in mind potential applications of switchable adhesives, we anticipate that the
necessity of a constant energy supply to maintain a constant high or low adhesion, as one
would need for thermoresponsive polymers7 or polymers that change their conformation in
an external electric field,19 would not be preferred. Also, removing components from the
system (e.g., salt20 or one of the solvents in a solvent mixture21) to trigger switching from
the default state would be suboptimal, while this removal is not always practically feasible.
Ideally, one would like to have the default adhesive state in pure solvent, while addition of
a component triggers the adhesion switch. For example, for a “pick up and place” system,
the default state for pick up asks for a high adhesive force and thus poor solvent conditions
in pure solvent. A component addition should trigger brush swelling resulting in low
adhesion and therefore deposition of the picked up material. Triggering by cosolvency, in
which a mixture of two poor solvents becomes a good solvent for a particular type of
polymer, meets all demands described above for a “pick up and place” system.
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Nevertheless, cosolvency has, to our knowledge, not been explored in the context of smart
surface coatings.

Cosolvency is a generic phenomenon that has been observed in a wide variety of polymers
with different solvent mixtures22 and is commonly applied in the pharmaceutical industry
and environmental engineering.23 The mechanism can be qualitatively understood from the
Flory-Huggins theory24 using the single liquid approximation of Scott,25 where the effective
Flory-Huggins parameter χPSm between polymer P and solvent mixture Sm (of solvents S1
and S2 with volume fractions ϕ1 and ϕ2) is χPSm = ϕ1χPS1 + ϕ2χPS2 - ϕ1ϕ2χS1S2. The effective
interaction parameter χPSm is the weighted average of the independent interactions χPS1 and
χPS2, corrected for the reduction in interaction due to mixing of the two solvents.

When the two solvents are poor solvents for the polymer (χPS1 and χPS2 > 0.5, in the limit of
infinitely long chains25) and the solvents are miscible (χS1S2 < 2, within the regular solution
model25-26) χPSm can be smaller than 0.5 such that the solvent mixture becomes a good
solvent for the polymer. The single liquid approximation discussed above only provides a
qualitative explanation for cosolvency. To quantitatively reproduce the ternary phase
diagrams of polymers in solvent mixtures more detailed models are required.25, 27 We note
that the mechanism behind the globule-coil-globule transitions upon increasing the
cosolvent content is different from the mechanism governing co-non-solvency. In the latter,
the coil-globule transition in a mixture of good solvents in triggered by preferential
absorbance of the better solvent on the polymer.28

In this article we show that adhesion between two opposing poly(methyl methacrylate)
(PMMA) brushes can be reversibly switched from high to low using cosolvency of PMMA
in isopropanol-water and ethanol-water mixtures. At room temperature, pure alcohols (such
as isopropanol and ethanol) and pure water are considered to be poor solvents for PMMA,
while mixtures prepared within a particular range of alcohol-water ratios form good
solvents for PMMA.27a, 29 Using atomic force microscopy (AFM), we determine the
adhesive force between high density PMMA brushes that are grafted from a flat silicon
surface and a gold colloid probe (of diameter 6 μm, spring constant 0.14 N/m) by surface-
initiated atom transfer radical polymerization (grafting density 0.25 chains/nm2 and degree
of polymerization 8000) via force versus distance measurements. In the experiments, we
monitor the deflection of the cantilever upon approach to and retract from the surface
(distance 700 nm and velocity 420 nm/s). We find that the adhesion between PMMA
brushes in an 80-20 vol % mixture of isopropanol-water or ethanol-water is approximately
a factor 5 lower than that for the brushes in pure isopropanol or ethanol. Therefore, our
system would be suitable for “pick up and place” types of applications. Moreover, we show
that the performance of the switchable adhesive is better in isopropanol-water mixtures than
in ethanol-water mixtures. In the latter the effective interaction parameter between the
polymers and the mixed solvents is higher than in the former, which results in only minor
PMMA brush swelling and thus more direct polymer-polymer interaction in ethanol-water
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mixtures. Transient interdigitation44 allows for deeper penetration and thus a strong
polymer-polymer interaction when the brushes are kept in contact for a longer time. As a
consequence, we observe bond-breaking polymer-pulling events in the force-distance
measurements such that the adhesion hysteresis per indentation cycle of PMMA brushes in
an ethanol-water mixture can be up to a factor of 3 higher than in pure solvent.

6.2 Materials and Methods
6.2.1 Materials

Methyl methacrylate (MMA, 99%) was passed through a basic alumina column to remove
the inhibitor before use. Copper (I) bromide (CuBr, Aldrich, 98%) was stirred in excessive
acetic acid and filtered till the suspension solution is pale like, and dried in vacuum oven at
room temperature overnight. 11-[11-(2-bromo-2-methyl-propionyl-oxy)-
undecyldisulphanyl]-undecyl ester was synthesized according to a reported literature30. 2,2'-
Bipyridyl (≥ 99%), (3-aminopropyl)triethoxysilane, 2-bromo-2-methylpropionyl bromide
(98%), triethylamine (TEA, ≥ 99%), copper (II) bromide (≥ 99%),
Ethylenediaminetetraacetic acid tetrasodium salt dihydrate (EDTA, 99-102%) were
purchased from Sigma-Aldrich, and used as received without any purification. Methanol
(absolute), 2-proponal (AR) and toluene (AR) were purchased from Biosolve. Hydrogen
peroxide (H2O2) and ethanol were purchased from Merck. Water from a MilliQ Advantage
A 10 purification system (Millipore, Billerica, Ma, USA) was used.

6.2.2 Preparation of polymer brushes

We used surface initiated atom transfer radical polymerization (SI-ATRP)31 to graft PMMA
brushes from silicon surfaces, gold surfaces and gold colloids connected to silicon AFM
cantilevers (6 μm diameter, SQube, CP-CONT-Au, NanoAndMore, Spielburg, Germany).
We chose the latter force probe to ensure that we graft the polymers from the gold colloid
rather than the silicon cantilever.

Polymerization on Gold

In order to prove we can graft polymers on the gold colloids, the same experiments also
were done on gold substrates for comparison. First, gold substrates and gold colloids were
washed with chloroform and ethanol, then immersed in 1 mM initiator 11-[11-(2-bromo-2-
methyl-propionyl-oxy)-undecyldisulphanyl]-undecyl ester solution in chloroform. After 12
h, the substrates and gold colloids were rinsed in chloroform and ethanol, respectively. To
achieve polymerization, the initiator-covered substrates and gold colloids cantilevers were
placed in dry vials and purged with argon (Ar) for 1 h. The monomer, MMA (10 g, 0.1
mol), was dissolved in the ATRP medium (9 ml methanol/water mixture with volume ratio
5:1) and the solution was degassed for 2 h. CuBr (145 mg, 1 mmol) and 2,2'-bipyridine
(320 mg, 2 mmol) were added to another flask equipped with a magnetic stirring bar, and
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deoxygenized by three vacuum-Ar backfill cycles. The degassed monomer solution was
transferred into the flask and stirred under Ar for another 15 min until a clear brown
solution was observed. Afterwards, the polymerization mixture was injected into each
reaction vial, adding enough solution to submerge each sample completely. The
polymerization was conducted for 18 h at room temperature, after which the samples and
cantilevers were removed from the vials and washed with ethanol and chloroform through
multiple cycles. Finally, the substrates were dried under a stream of nitrogen. The PMMA
brush-modified colloid probes were kept in chloroform.

Polymerization on Silicon

The growth of PMMA brushes on silicon substrates is similar to the grafting method from
gold substrates. However, for the initiator grafting, we use a two steps method. Silicon
substrates were cut to small pieces from a round silicon sheet, and cleaned by Piranha
solution (H2SO4: H2O2 = 3:1, v/v), then rinsed extensively with water, ethanol, and dried
using nitrogen stream. Piranha solution reacts strongly with many organic compounds and
should be handled with extreme caution. Dried substrates and (3-aminopropyl)
triethoxysilane (100 μL) were placed in a desiccator, after pumped by 15 minutes, vapor
deposition was allowed to proceed overnight. Afterwards the silicon substrates were
washed with ethanol and water sequentially, and dried in a nitrogen stream. In a beaker, a
solution of toluene (20 mL) and TEA (0.1 mL) was prepared and cooled with ice to 0 °C,
and then the substrates were immersed into the solution with a sample holder (to avoid
precipitated salt adhering on the substrates). 2-Bromo-2-methylpropionly bromide (0.1 mL)
was added to the stirring solution drop by drop. The reaction was carried out for 1 h at room
temperature, after which the substrates were rinsed with toluene, and sonicated for 1 min.
Then the substrates were washed with ethanol and water, and dried under a stream of
nitrogen. The polymerization process is the same with that on gold substrate. At last, the
silicon substrates are rinsed in EDTA solution overnight to remove the copper, and dried
with nitrogen.

6.2.3 Characterization

Fourier Transform Infrared (FTIR)

FTIR spectroscopy was employed to establish which groups are present in the tethered
brushes after substrate anchoring. FTIR spectra were obtained using a Bruker Vertex 70v
spectrometer (beam splitter: KBr, 1024 scans). A background spectrum was first obtained
by scanning a clean silicon or gold substrate. The obtained spectrum of PMMA brushes on
gold substrate is shown in Figure 6.1. 3050-2990 cm-1 (CH stretching vibration), 1730
(C=O double bond stretching vibration), 1450 (CH3, CH2 deformation vibration), 1260-
1040 (C-O-C stretching vibration), 880-960 (C-O-C deformation vibration). The
characteristic group of PMMA is C=O appeared at 1730 cm-1, which proves the success of
grafting polymers on substrates and cantilevers.
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Figure 6.1. FTIR spectrum of PMMA brushes on gold substrate.

Atomic Force Microscopy (AFM)

The AFM measurements were performed on a Multimode 8 AFM using a NanoScope V
controller, a JV vertical engage scanner and a liquid cell (Bruker, San Barbara, CA). Gold
colloids connected to silicon cantilevers (6 μm diameter, sQube, NanoAndMore, CP-
CONT-Au, Germany) were used. Non-coated cantilevers are used in all the measurements,
because they are less sensitive to changes in the surroundings such that we can exchange
the solvents back and forth without needing to realign the laser. The spring constant
(typically k = 0.137 N/m ± 0.003) is determined in air using the thermal noise method32 as
implemented in the Nanoscope 8.15 software. In the experiments we monitor the static
deflection of the cantilever upon approach to and retract from surface over 700 nm with
velocity v = 420 nm/s. During the approach the cantilever is moved towards the surface
until the force is typically 12.3 nN ± 1.7. The adhesion we define as the force needed to pull
the contacting brushes apart upon retract of the cantilever. We determined the adhesive
force in pure and mixed solvents, which were successively penetrated into liquid cell (4
times). After each measurement, the surface and the liquid cell were dried by a gentle
supply of nitrogen, after which everything is remounted into optical head of AFM. The
adhesion hysteresis was calculated by integrating the difference in force upon approach and
retract as a function of the piezo displacement. We determined the number of pulling events
as a function of the delay time in various solvents by counting the number of local force-
minima in the force versus piezo displacement curve monitored upon retracting the
cantilever.
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6.3 Results and Discussion

Figure 6.2. Height h of the PMMA brush on the flat surface for various alcohol-water
ratios (isopropanol closed symbols and ethanol open symbols) as measured by AFM using
a small normal load (of 1 nN). The measured height is normalized by the height of the
brush measured under dry conditions (hdry). The lines are guides to the eye.

Figure 6.2 shows the swelling ratio of the PMMA brush as determined from AFM images
captured under low normal loads (1 nN) in a region where, prior to the experiments, part of
the brush was gently removed from the surface by scratching using Teflon tweezers. More
details on the experimental procedures, sample preparation, and characterization can be
found in materials and methods part. As the alcohol (isopropanol or ethanol) content of the
solvent mixture is increased, the brush height increases. The brush height was found to be
maximum for the 80-20 vol % alcohol-water mixtures and decreases as the alcohol content
is further increased above 80%. In pure water the brush swells by approximately 2%, which
is consistent with the low absorption of water (4.5 wt %) in bulk PMMA.33 In pure
isopropanol the brush swells by 38%, which is close to the 46 wt % of isopropanol
absorbed in bulk PMMA, measured using a Cahn counterbalance.34 Though the isopropanol
absorbance in PMMA is significant, isopropanol is still considered to be a poor solvent for
PMMA because the upper critical solution temperature (UCST) is above room temperature
(350 K).29a

The height of the brush solvated in pure ethanol is only slightly smaller than the height
measured in isopropanol (< 1%), which is in qualitative agreement with the UCST of
ethanol/PMMA being only 5 K higher than the UCST of isopropanol/PMMA.29b The
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stronger affinity of the alcohols with PMMA compared to water shifts the solubility
maximum toward high relative alcohol concentrations and is typically found at an 80-20
vol.% alcohol-water mixture.27a, 29 At the solubility maximum, the brush swells by 67% in
the ethanol-water mixture, while it swells by more than a factor of 2 (105%) in isopropanol-
water. The reason for this strong difference in brush swelling for the different alcohols is
the slightly smaller interaction between ethanol/PMMA compared to
isopropanol/PMMA.29b Due to these reduced interactions, χPSm will be a bit smaller for
isopropanol/water/PMMA than for ethanol/water/PMMA, which can result in relatively
large changes in the brush height when χPSm is close to the θ-point35 (of χ = 0.5 for infinitely
long chains25). The latter implies that a mixture of water and ethanol or isopropanol
becomes a mediocre, but not a good, solvent for PMMA.36 In fact, in acetophenon (good
solvent for PMMA) our swelling ratio was measured to be much higher (4.3).

Figure 6.3. Typical force curves upon retract of the AFM cantilever from the surface in the
80-20 vol.% isopropanol-water mixture (three curves, dashed lines) and in 100%
isopropanol (three curves, solid lines).

Figure 6.3 shows three typical force versus tip-surface-separation curves upon retract of the
PMMA surfaces using either pure isopropanol as a solvent (solid lines) or an 80-20 vol.%
isopropanol-water solvent mixture (dashed lines). The “zero” in Figure 6.3 is set by the
distance at which the slope of the force curve goes to infinity, which happens when the
elastic repulsion stiffness is much stronger than the stiffness of the cantilever and should
not be confused with colloid-surface contact. The difference between the force traces
measured under the same conditions is small (< 10%, see Figure 6.3).

However, the force traces measured in pure isopropanol or in the mixture are qualitatively
different (dashed lines versus full lines in Figure 6.3). For the swollen brushes (80-20 vol.%
mixture), we observe a long-range repulsive interaction, due to the osmotic pressure in the
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solvent.37 The adhesion hysteresis is small (not shown) and determined by the
hydrodynamic resistance of the solvent moving through the brushes.37b, 38 Due to this
hysteresis, there is a small attractive (adhesive) force (< 0.1 nN) upon retract of the surfaces,
which would disappear in the limit of retract-velocity v→ 0. However, this limit is difficult
to reach experimentally due to noise and drift limitations. For the collapsed brushes in pure
isopropanol, the force upon retraction is determined by attractive polymer-polymer
interactions. Consequently, we observe a clear adhesive force of more than 0.4 nN.

Figure 6.4. Adhesive force between the PMMA brushes after solvent exchange from 100-0
vol.% isopropanol-water to an 80-20 vol.% isopropanol-water mixture. The adhesion is
typically 5 times higher in pure isopropanol than in the 80-20 solvent mixture. The error
bars denote the standard error of the mean with a 95% confidence interval.

Figure 6.4 shows the adhesive force between the PMMA brushes covered surfaces,
averaged over typically 20 force-distance curves captured on the same position on the
sample surface, for four consecutive solvent exchanges from pure isopropanol to the 80-20
vol.% isopropanol-water mixture and back. The adhesive force measured under poor
solvent conditions is consistently 5 times higher than the adhesive force between the
swollen brushes. The variation in the adhesive force between different cycles is < 10% and
is most likely caused by small differences in the solvent composition that can occur during
evaporation of the solvent. Experiments performed in pure ethanol and an 80-20 vol.%
ethanol−water mixture show qualitatively the same results, except that we observed pulling
events in approximately 40% of the force-distance curves obtained in the ethanol-water
mixture. Such pulling events occur when bonds are broken during retraction of the two
surfaces.39 For our system we attribute bond breaking to an increase in polymer-polymer
interactions due to the less favorable interaction of PMMA with ethanol-water compared to
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isopropanol-water. The number of pulling events strongly depends on the time the surfaces
are kept in contact.

Figure 6.5. (a) shows typical force versus sample displacement curves obtained upon retract
of the PMMA brushes in an 80-20 vol.% ethanol-water mixture for no delay time (dashed
lines) and 10 s delay time (full lines). The delay time is the extra time that the surfaces are
kept in contact at the maximum in the normal force, on top of the time that the surfaces are
already in contact (typically 0.25 s) during a default approach-retract cycle. Figure 6.5. (a)
clearly shows that the number of pulling events N increases with the delay time. Figure 6.5.
(b) shows how N evolves as the delay time is increased. For the 80-20 vol.% ethanol-water
mixture N increases approximately exponentially from 0.4 at 0 s to 6 at 10 s delay time. The
shape of the exponential suggests that there are several relaxation processes during contact
formation, as was observed before by others via monitoring the density profile of a dry
polystyrene brush that is brought into contact with a polystyrene network.40

Figure 6.5. (a) Force versus displacement curves that are obtained upon retracting the
cantilever directly or after a delay time of 10 s from the surface. The PMMA brushes are
solvated in an 80-20 vol.% ethanol-water mixture. (b) The evolution of the number of
pulling events as a function of the delay time for an 80-20 vol.% ethanol-water mixture
(open symbols) and for an 80-20 vol.% isopropanol-water mixture (closed symbols). The
error bars denote the standard error of the mean with a 95% confidence interval.
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For the 80-20 vol.% isopropanol-water mixture N increases to only 0.5 after a 10 s delay
time, which is much less than for the experiments in ethanol-water mixtures. We attribute
this difference to the different effective solvent qualities for PMMA that are created by the
ethanol-water and the isopropanol-water mixtures. The isopropanol-water mixture is a
better solvent for PMMA than the ethanol-water mixture, such that there is more solvent
absorbed into the brush using the isopropanol-water mixture (see Figure 6.2). This makes
the effective PMMA-PMMA interaction smaller. As a consequence, one would expect that
the number of pulling events is higher for measurements in pure solvents, where there is
even less solvent absorbed in the brush. However, a higher polymer density also implies
that the relaxation time of interdigitation increases (up to 3-4 h for dry brushes40) such that
the polymers do not have enough time to interdigitate during the experiment. For the
PMMA/ethanol/water cosolvent system, there is just the right amount of solvent absorbance
to induce bond-breaking pulling events that can be measured on the time scale of the
experiment. These results are in agreement with the observation that strong permanent
adhesives can be formed by cross-linking PMMA films that are swollen in ethanol-water
mixtures.41 Since pulling events can significantly increase the adhesion hysteresis after
longer contact times and because bond-breaking events will damage the surface coating, we
propose that the PMMA/isopropanol/water system is a better candidate for the development
of a switchable adhesive than the PMMA/ethanol/water system.

6.4 Conclusions
In summary, we have shown that the adhesion between two opposing brushes can be
switched from high to low and back using cosolvency of PMMA in isopropanol-water and
ethanol-water mixtures. The adhesive force between PMMA brushes in pure isopropanol or
ethanol was found to be a factor of 5 higher than in an 80-20 vol.% alcohol-water mixture.
The system in pure solvent will show high adhesion, while low adhesion can be triggered
by addition of the cosolvent. Therefore, our technique is very suitable for “pick up and
place” type of applications. Moreover, we showed that switchable adhesion can best be
obtained in isopropanol-water mixtures instead of ethanol-water mixtures, due to bond-
breaking pulling events that can occur in the latter system.
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Chapter 7
Substantially Enhanced Stability Against
Degrafting of Zwitterionic Brushes by
Utilizing PGMA-based Macro-initiators

We present a simple method to prepare zwitterionic poly(2-methacryloyloxyethyl
phosphorylcholine) (PMPC) brushes on silicon surfaces that exhibit excellent long term
stability in aqueous environment. First, we attach poly(glycidyl methacrylate) (PGMA) to
the substrate. Next, we couple 2-bromoisobutyryl bromide initiators to the modified
substrate, which allows us to grow PMPC brushes using surface initiated atom transfer
radical polymerization. We demonstrate that the PGMA-PMPC brushes are much more
robust than the PMPC brushes grafted from commonly utilized silane-coupled initiators, for
which a strong, ion-specific degrafting in aqueous media is observed. Atomic force
microscopy (AFM) is employed to evaluate the decrease in dry thickness of the PMPC
brushes after incubation in aqueous environments. The AFM results show that for the
PGMA-PMPC brushes degrafting is indeed inhibited and that the brushes can stand being
immersed for at least 4 weeks in physiological fluids (saline solution) and artificial sea
water with only 1% decrease of their dry thickness.
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7.1 Introduction
Triggered by the recent increase in the demand of functional surface coatings,1 there has
been a quickly growing scientific interest in polymer brushes.2 These brushes are dense
films of macromolecules that are attached with one end to a surface. Surfaces decorated
with brushes can be employed for controlling surface wettability,3 adhesion2b, 4 and
friction,5 and can be utilized in sensing6 and drug delivery,7 among others. In particular,
zwitterionic polymer brushes, which bear both cationic and anionic groups in the same
polymer chain, have drawn considerable attention, due to their excellent performance as
lubricants8 and low-fouling coatings.9 Moreover, they are often bio-compatible,10 which
makes them potential candidates for applications in the human body, for example on the
interface of artificial joints10b, 11 and on catheters.12

A well-studied example of a zwitterionic polymer is poly(2-methacryloyloxyethyl
phosphorylcholine) (PMPC). Brushes composed of such polymers show extremely low
sliding friction, which is even lower than typical values found in human synovial joints.8a A
possible reason for this low frictional response is that water molecules can cooperatively
bind with the zwitterionic moieties in the brushes resulting in a strong hydration.13 As a
consequence, the osmotic pressure in the polymer brush system and thus the repulsion
between opposing brushes is also high and the effective contact area is reduced, e.g. friction
is lower during single asperity sliding. Therefore, these brushes hold great potential for
employment in devices or machines where low friction is required. However, a critical
disadvantage, which has prevented application of the brushes, is that the polymers can be
cleaved off the surface during long-term immersion in aqueous solutions.14

The degrafting of PMPC brushes and other brushes is in most cases caused by hydrolysis,
which can be tension-induced or -enhanced and results in breaking of the bonds between
the polymer and the grafting surface.15 Strongly hydrated polymer brushes such as PMPC
where the osmotic pressure and the stretching-induced tension is high14b are particularly
sensitive to cleavage due to a better access of water to the hydrolysis sensitive bonds, but
also due to the potential mechano-chemical shift in the hydrolysis equilibrium. In acidic
and alkaline solutions,16 the cleavage of particular bonds can be accelerated even more.
Which bond will break depends on the type of surface in combination with the type of
anchor or polymerization-initiator used to prepare the brushes.15b, 17 It was shown using
molecular dynamics simulations that the highest tension occurs at the bond closest to the
surface.18 This bond is, therefore, often considered to be the most likely candidate for
breakage. However, other bonds in the brush-anchors, such as the common ester or amide
bonds, can be sensitive to hydrolysis too.17a, 19 Besides hydrolysis, other causes for
degrafting can be trace amounts of HF formed in the solvent, which can partly etch the
silicon-oxide grafting-surface17c or the utilization of light-sensitive linkers between the
polymer and the surface.20
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In the last years, many methods have been developed to slow down degrafting of brushes
from the surfaces.14a, 14b, 17a, 21 Examples include the use of dense bottle-brushes where the
backbone attaches to the surface22 and the employment of long hydrophobic alkyl-chains
that reduce hydrolytic activity by preventing water molecules from reaching the surface-
bond.23 Alternatively, self-healing polymer coatings can be used to counter-act brush
degradation by the polymer-reattachment.21a In this article, we build on these developments,
as well as on our expertise in this area.14a, 24 In a recent article, we have for example shown
that the degrafting of neutral, water-soluble brushes is significantly slowed down by
utilizing trimethoxysilane-based instead of monochlorosilane-based surface-initiated atom
transfer radical polymerization (SI-ATRP) initiators.24 The former silane can bind to the
surrounding silanes and the surface creating more anchor-points. Moreover, an amide bond
in the trimethoxysilane replaces the ester-bond in the monochlorosilane. The latter bond is
slightly more hydrolysis-sensitive (at extreme pH and temperature) than the amide.25 The
method of Ref.,24 however, only works for neutral polymers. For more hydrophilic, charged
or zwitterionic polymers such as PMPC, the brushes still detach.14a, 14b, 26 For such very
hydrophilic polymers, diblock copolymers systems have been proposed to obtain stable
surface-coatings.14a, 21c, 27 Yet, under particular solvent conditions these coatings can phase-
separate creating a rough, heterogeneous surface.14a

In this article, we present a simple method to fabricate homogeneous and robust PMPC
brushes, which show a substantial reduction in degrafting kinetics in water and salt
solutions. To do so, we modify the poly (glycidyl methacrylate) (PGMA)-macro-initiator
method first reported by Liu et al.,28 where bromoacetic acid (BAA) initiators or 2-bromo-
2-methylpropionic acid (BPA)29 are coupled to the free epoxy groups on the silicon-oxide-
bound PGMA molecule. Instead, we couple 2-bromoisobutyryl bromide (BIBB) initiators
to the hydroxyl group that is formed when PGMA epoxy-groups react with hydroxyl
groups on the silicon surface. This leaves the non-reacted epoxy groups intact and, thus, the
hydrophobic nature of the PGMA is maintained. This reduces the chance that water
molecules reach the hydrolysis-sensitive surface bonds. Our prepared PGMA-PMPC
brushes show an excellent degrafting-resistance in both water and aqueous salt media: The
height of the PMPC brushes reduces by less than 1% after immersion in physiological
(saline) and marine (0.6 M sodium chloride) environments for 4 weeks. Our brushes,
therefore, hold great potential for application in e.g. biomedical engineering.
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7.2 Materials and Methods
7.2.1 Materials

Azobisisobutyronitrile (AIBN, Aldrich, 98%) was recrystallized twice in methanol, and
dried in the oven for 12h at room temperature. Then it was kept in an amber flask, and
stored in the fridge. Copper (I) bromide (CuBr, Aldrich, 98%) was purified by stirring in
acetic acid and filtered till the suspension solution was pale like. After washing with
ethanol, the pale powder was dried in a vacuum oven at room temperature overnight. Poly
(glycidyl methacrylate) (PGMA, Mn = 1 x 104), (3-aminopropyl)triethoxysilane (APTES),
2-Methacryloyloxyethyl phosphorylcholine (MPC, 97%), 2,2’-Bipyridyl (≥ 99%),
triethylamine (TEA, ≥ 99%), 2-bromo-2-methylpropionyl bromide (BiBB, 98%), copper (II)
bromide (CuBr2, ≥ 99%), sodium fluoride (NaF, ≥ 99%), sodium chloride (NaCl, ≥ 99%),
sodium iodide (NaI, ≥ 99.5%), CDCl3 (99.8 atom% D) and D2O (99.9 atom% D) were
purchased from Sigma-Aldrich, and used as received without any purification. Methanol
(absolute), sulfuric acid (95-97%), dimethylformamide (DMF), 2-proponal (AR) and
toluene (AR) were purchased from Biosolve. Hydrogen peroxide (H2O2) was purchased
from Merck. MilliQ water was made from a MilliQ Advantage A 10 purification system
(Millipore, Billerica, Ma, USA).

7.2.2 Methods

Method 1: Synthesis of Silane-PMPC

First, cut silicon substrates (approximately 1x1 cm2) were cleaned by Piranha solution
(H2SO4:H2O2 = 3:1, v/v), extensively rinsed with water and ethanol, and dried by flushing
with nitrogen. Then vapor deposition of APTES (0.1 mL) on the substrates was conducted
in a desiccator under vacuum for one night. Afterwards the initiator was grafted by
immersing the surfaces in a mixture of triethylamine (0.1 mL) and 2-bromo-2-
methylpropionly bromide (0.1 mL) in toluene (30 mL) for 1 h. (The substrates were placed
perpendicularly standing on a sample holder to avoid precipitated salt adhering on the
substrates). After the reaction, the substrates were sonicated in toluene for 1 min, then
washed with ethanol and water, and blown dry with nitrogen gas.

We used atom transfer radical polymerization to grow the brushes from the surface30. In a
round bottom flask, MPC (2 g, 6.8 mmol) and 2,2ʹ-bipyridyl (50 mg, 0.3 mmol) were
dissolved in a MilliQ water (2 mL) and methanol (2 mL) mixture, and purged with argon
for 15 min. Meanwhile, CuBr (16.2 mg, 0.1 mmol) and CuBr2 (7.5 mg, 0.03 mmol) were
also flushed with argon in another flask for 15 minutes. After that, the monomer solution
was combined with the catalyst and bubbled with argon for another 15 minutes. Prior to the
polymerization, the initiator-modified silicon substrates were flushed with argon in
Erlenmeyer flask for at least 20 minutes. Later, the mixture combining monomer, ligand,
and catalyst was transferred into the flask with the substrates. The polymerization was
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allowed to proceed for 4 hours at room temperature under argon atmosphere. 30 mL MilliQ
water was injected into the flask to stop the reaction. Finally, the substrates were rinsed in
water and ethanol solution to remove the physically adsorbed polymer.

Method 2. Synthesis of PGMA-PMPC

Firstly, the silicon substrate surfaces were activated with Piranha solution. Then the PGMA
thin film was deposited on the cleaned substrates by dip coating in a concentration of 0.1%
of PGMA in MEK solution, and dried in air. As reported before, increasing the aging time
before annealing improved the thickness of PGMA film on the substrates. Here all the
samples were kept in petri-dish for the aging time of 48 h, then annealed for 30 min at
110 °C. The physical attached macromolecular film was removed by multiple washing with
chloroform and sonication. Then permanently bonded PGMA layer was obtained. To
modify the surfaces with initiator of ATRP, one step initiator grafting reaction was
conducted. The PGMA coated substrates were immersed in a cold DMF solution (30 mL),
and triethylamine (0.1 mL) and 2-bromo-2-methylpropionyl bromide (0.1 mL) were added
drop by drop. Then the reaction was allowed to react for one night with violently stirring.
Lastly, the initiator deposited substrates were used to have the polymerization just as
mentioned in method 1.

Synthesis of free PMPC polymer

PMPC was polymerized via free radical polymerization by modifying a reported literature31.
In a round bottom flask, MPC (1 g, 3.4 mmol), AIBN (14 mg, 0.09 mmol) were added
sequentially. Then 5 mL methanol was added and stirred violently under nitrogen gas. The
polymerization was allowed to proceed for 8 h at 60 °C. After that, the reaction was
stopped by cooling down, and exposure to air. Diethyl ether was used to precipitate the
polymer. After filtering, the precipitant was dissolved in a small amount of water and freeze
dried for 24 h.

7.2.3 Characterization

Static Contact Angle measurements were conducted on an optical contact angle device
equipped with an electronic syringe unit (OCA15, Dataphysics, Germany). The pictures of
the droplet were captured by a charge-coupled device (CCD) video camera, and the drop
contour was fitted by the Young-Laplace method. At least three droplets were analyzed to
determine the contact angle of specimens in each step, and the results were shown in Table
7.1.
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Table 7.1. Contact angle results of the substrates for each step to obtain Silane-PMPC and
PGMA-PMPC

Silane-PMPC (± 2°) PGMA-PMPC (± 2°)

after pirahna APTES initiator brush PGMA initiator brush

14.7° 46.8° 72.5° 7.1° 54° 54.4° 6.2°

FTIR measurements were performed on a Bruker Vertex 70v spectrometer to get the
specific group signals of tethered polymer brushes. Before the measurements of the
substrates with brushes, a bare silicon substrate was first scanned and used as a background
to be subtracted from the brush-spectra. The PMPC brush spectrum (Appendix 7.1) showed
characteristic infrared absorption in 1680 cm-1 (C=O), 1260 cm-1 (POCH2), 985 cm-1

(N(CH3)3)32. All the absorption peaks indicated that the PMPC brushes were successfully
grafted from the substrates.

X-ray Photoelectron Spectroscopy (XPS) was used to determine the chemical composition
of the substrates for each step modification. The measurements were carried out on a
Quantera Scanning XPS Microphrobe from physical electronics with a monochromatic Al
Kα X-ray source (1486.6 eV photons). All binding energies were referenced to the C1s
hydrocarbon peak at 284.8 eV. The spectra showed exactly the corresponding element peak
after the reaction, which gave an evidence of the successful chemical modification in each
step.

Appendix 7.2 shows the XPS spectra of the surfaces after each modification step. After the
first step, for the grafted PGMA layer (light gray curve), C1s (284.7 eV) and O1s (532.9 eV)
peaks dominate the spectrum. Also, a Si2p peak is visible at 99.6 eV, which arises from the
SiO2 surface underneath the thin PGMA film. The reaction of epoxy groups on the silicon
substrates has been revealed from the appearance of the C-OH peak at 285.89 eV
(Appendix 7.3). Meanwhile, still with large amounts of epoxy groups do not have reaction,
which is shown at 286.84 eV. After the second step, when the initiator molecules have been
grafted to the surface (dark grey curve), a characteristic Br3d peak appears at 70.5 eV (see
also inset), while the C1s, O1s and Si2p peaks are still present. After the third step, when the
PMPC brushes are grafted from the surface (black curve), the Br3d and Si2p peaks vanished
and new peaks can be observed. The new peak at 402.5 eV is assigned to N1s arising from
the positively charged N+ in the polymer’s side chain. The peak at 133.3 eV is assigned to
P2p and can be attributed to the P- in PMPC. The elements fraction in each step modification
is shown in Table 7.2.
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Table 7.2. Elements fraction of the surface after each modification step of the PGMA-
macro-initiator method (a) PGMA layer and (b) PGMA+INI (initiator grafted PGMA layer)
(c) PGMA-PMPC brush. The calculated elements fraction of PMPC is shown in bracket
without counting hydrogen.

Element

Sample

C

[at %]

N

[at %]

O

[at %]

Si

[at %]

P

[at %]

Br

[at %]

PGMA 65.43 30.03 4.54

PGMA+ INI 64.62 32.67 2.49 0.22

PGMA+ PMPC 57.55

(48)

5.56

(5)

32.31

(35)

4.59

(15)

1H NMR was conducted on a Bruker Avance 400 MHz instrument, in D2O. For getting the
molecular weight of ATRP-PMPC, the synthesized PMPC polymer by using sacrificial
propargyl 2-bromoisobutyrate initiator was dissolved in D2O at a concentration of 10
mg/mL. The repeat unit number of PMPC was estimated by using the obtained spectra
(Appendix 7.4). The stability of bulk PMPC in NaF was tested by comparing the spectra of
PMPC (10 mg/mL) and 0.15 M NaF mixture in D2O at various mixing time. After 2 weeks,
the mixture was analyzed again by capturing another 1H NMR spectrum, likewise after 4
weeks. All the spectra are shown in Appendix 7.5.

The thickness of PGMA thin layer was measured by using a Variable Angle Spectroscopic
Ellipsometer (VASE, J. A. Woollam). Measurements were performed as a function of
photon energy (0.8-4.0 eV, corresponding to a wavelength range of 276-1550 nm) with a
step size of 0.1 eV. The experiments were performed at room temperature (25 °C) in air.
Spectra on samples were performed at three different angles of incidence (65, 70 and 75°).
The ellipsometry data is fitted to the traditional Cauchy model, in which thickness d, and
Cauchy parameters A and B were varied; the Cauchy parameter C was set to 0.

AFM imaging of the brush height was carried out on a Multimode 8 AFM, with a
NanoScope V controller, and a JV vertical engage scanner using tapping mode. The
aluminum coated cantilevers were purchased from Olympus. The resonance frequency of
the cantilevers was around 70 kHz, with the force constant of 2 N/m. All the samples were
gently scratched on several positions by tweezers to expose the silicon surface underneath,
which allowed for measuring the height. The brush specimens that had been separately
immersed in water, 0.15 M NaF, NaCl and NaI aqueous solution for various times, were
rinsed with water and ethanol sequentially, and dried with nitrogen before AFM height
measurement. Generally, three different positions of the surface were measured and the
average height was taken.
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7.2.4 Stability test

To get the degrafting information of PMPC brush synthesized by two methods, 0.15 M NaF,
NaCl, NaI aqueous solution were made separately. After immersing the sample in MiliQ
water or one of the salt solution for a certain time, the sample was rinsed with water and
ethanol sequentially, then dried with nitrogen gas. Next, the height of the brush was
measured. Afterwards, the samples were re-immersed in fresh solutions (to prevent changes
in the pH by potential oxidation of the ions).

7.3 Results and Discussion
Scheme 7.1 shows the fabrication method described here to prepare PMPC brushes by
surface initiated atom transfer polymerization30 using a macro-initiator.33 We have chosen
PGMA as macro-initiator because of its relatively high hydrophobicity (contact angle is 54o)
to prevent water from reaching the hydrolysis-sensitive bonds. In the first step, the PGMA
is coupled to a piranha-activated silicon substrate using dip-coating (24 h aging time)
followed by annealing for 30 min at 110 oC. Via a ring-opening reaction of the epoxy
groups with the hydroxyl groups on the SiO2, the PGMA is covalently bonded to the
surface resulting in a 4 ± 1 nm thick PGMA film as measured by ellipsometry after
sonication in chloroform for 1 min such that physisorbed PGMA is removed. In the second
step, the BIBB is coupled in a DMF solution (30 mL with 0.1 mL triethylamine and 0.1 mL
BIBB) to the hydroxyl groups that were formed during the ring opening reaction. In
contrast to the BAA or BPA used in Luzonov’s papers,28-29 for which the hydroxyl group of
these molecules can open the epoxy ring, our BIBB will not react with the epoxy groups on
the PGMA. We note that BIBB can react with leftover hydroxyl groups on the silicon
surface. However, most of these hydroxyl groups will have oxidized or reacted during
annealing. In the final preparation step, the PMPC brushes are grafted from the surface
using a well-established recipe.34 More details on the sample preparation and
characterization can be found in the Materials and Methods. The brushes so obtained are
smooth and homogeneous as shown in the AFM images in Appendix 7.6. The successful
completion of the surface modification steps are tested by contact angle35 (Table 7.1) and
X-ray photoelectron spectroscopy (XPS) measurements (Appendix 7.2).

The PMPC growth kinetics for our macro-initiator method and for the commonly employed
method of growing PMPC brushes using (3-aminopropyl)triethoxysilane (APTES)
molecules as surface anchors are shown in Appendix 7.7. The rate of increase in dry brush
height for PGMA-PMPC is lower than for silane-PMPC. The reason for this is that the
initiator surface-density for the PGMA initiator method is lower compared to the initiator
density for the silane-based method, which is evidenced by the difference in brush grafting
densities: the PGMA-PMPC grafting density is 0.18 chains/nm2, while our silane-PMPC
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grafting density is 0.66 chains/nm2. We calculated the grafting density using the dry height
of test samples (around 11 nm for PGMA-PMPC and 52 nm for silane-PMPC) measured by
AFM and the molar mass (Mn = 5 ± 0.3 x 104 g/mol) as determined by nuclear magnetic
resonance (1H NMR) measurements of polymers grown from sacrificial propargyl 2-
bromoisobutyrate initiator molecules free in solution during the polymerization.36 The 1H
NMR spectrum is given in Appendix 7.4.

Scheme 7.1. Synthetic route for preparing PMPC brushes using the PGMA-macro-initiator
method.

Before we evaluate the stability of our PGMA-PMPC brushes in aqueous solutions, we first
characterize the degrafting of our reference system, which is the PMPC brush grown using
trimethoxysilane-based SI-ATRP. Figure 7.1 shows the dry height of the brushes
normalized by the initial dry height (typically 120 nm) as a function of the immersion time
of the samples in MilliQ water (upward triangles), 0.15 M sodium fluoride (NaF,
downward triangles), sodium chloride (NaCl, circles) and sodium iodide (NaI, squares).
The height is measured by AFM using tapping mode. Before each height measurement, the
brushes are washed with water and ethanol to remove the salt and then dried in a stream of
nitrogen gas. After the measurements, the brushes are placed back into the aqueous solution.
For the brush that is kept in the NaF solution, we observe the fastest decrease in dry brush-
height. In the first 5 h almost 80% of the volume of the polymer brush detaches from the
surface. After 4 days, the polymer chains making up the brushes have been totally removed
from the surface. The fast degrafting can be attributed to small amounts of HF that are
formed in the solution due to the slightly basic nature of the F- ions. HF is a regularly
employed component of wet etchants for silicon-oxide surfaces37 via the reaction:

. It has been employed to remove brushes for
further analysis by others.38 Polymer-degradation, e.g. by hydrolysis of the ester bond in
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PMPC, is excluded as a cause for decreasing the brush height by 1H NMR measurements
(see Appendix 7.5), which show that PMPC polymers are still intact after 4 weeks of
immersion in a 0.15 M NaF solution.

Figure 7.1. Degrafting of Silane-PMPC brushes (prepared in the same batch) in MilliQ
water (upward triangles), 0.15 M NaF (downward triangles), NaCl (circles) and NaI
(squares) solution. The height is normalized by the initial height (typically around 120 nm).

The brushes that are kept in MilliQ water and in 0.15 M NaCl and NaI solutions degraft
slower than the brushes kept in NaF solution (see Figure 7.1). After 26 days of immersion
time, the measured height is still 32% of the initial height for water, 48% for the NaCl
solution and 68% for the NaI solution. There are two possible mechanisms for degrafting in
these solutions. There can be hydrolysis of the Si-O bond14a: , or
the amide bond40: . Hydrolysis of these bonds
typically occur at extreme pH or temperature. But, tension can shift the hydrolysis
equilibrium such that hydrolysis can occur at neutral pH and room temperature too.39 It is
difficult to predict where the polymer will be cleaved off. The activation energy for amide
hydrolysis (theory 63-113 kJ/mol40 and experiment 76-105 kJ/mol41) is slightly higher than
for Si-O hydrolysis (theory 71-142 kJ/mol42 and experiment 67-96 kJ/mol43). The energies
for direct bond dissociation within the molecules are much larger (350-450 kJ/mol44) and,
thus, direct dissociation is less likely to occur.

Figure 7.1 also shows that the decrease in height as a function of time shows a roughly
similar functional dependence for all three datasets. After an initial quick decrease, the
polymer detachment evolves linearly in time at a rate of 0.47 ± 0.1 % per day. We attribute
the initial quick decay to tension-enhanced hydrolysis at the anchor points, as observed by
others.15a It is difficult to predict what the exact functional dependence of the initial decay
should be, since there is a nonlinear dependence of the osmotic pressure (and thus tension)
on the grafting density.45 This dependency is known for semi-dilute brushes, but is
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undetermined for all grafting densities. Moreover, to our knowledge, it is unknown how
tension affects the hydrolysis equilibrium for amide and siloxane bonds.

The initial quick decay strongly depends on the specific ions in the solutions, which is a
result of the difference in brush swelling and, thus, polymer stretching and tension at the
anchor points. As shown in Appendix 7.8, we observe the strongest polymer stretching in
pure water (swelling ratio 6), for which we also observe the fastest initial degrafting. The
brush swelling slightly decreases by 26% in NaCl and 32% in NaI solutions, which is
consistent with the slower degrafting observed for the brushes in these solutions. In a recent
publication, it was reported that the addition of NaCl can enhance polymer detachment for
poly(acrylic acid) (PAA) brushes, even though the polymers stretch less in salt solutions46.
However, for these brushes degrafting is caused by a salt-induced ionization of the un-
dissociated repeating units near the anchorpoints, which cannot be the mechanism for
detachment of our polymers. The final linear decay of the height for longer immersion
times (Figure 7.1) evolves independent of the specific ion (within the experimental error).
This degrafting process can be due to hydrolysis, that is not tension-enhanced, or by the
mechanical stress imposed during rinsing and drying of the samples before measurement.

As discussed earlier, we observe a specific ion effect on the brush swelling (and
consequently the degrafting). Brushes swell the most and degraft the fastest in pure water.
The addition of salt (0.15M NaCl or NaI) reduces brush swelling and the degrafting rate.
This effect is larger for NaI than for NaCl. This indicates that larger I- anions can break up
hydration more than the smaller Cl- ions. A ‘salting out’ effect by larger ions is inconsistent
with the original Hofmeister series,47 which is a classification of ions according to their
ability to precipitate proteins. However, we cannot expect agreement, because the charge(-
distribution) for PMPC is different from that of proteins, which is known to alter the
Hofmeister series.48 Instead, our results can be explained by ‘the law of matching water
affinities’,49 which states that cations and anions will form stable ion pairs when their
hydration enthalpies match. This law is regularly employed to rationalize specific ion
effects for polymers.50 Both the phosphocholines and I- ions have a weak interaction with
water and can be considered to be chaotropes.51 Thus, their water-affinities match.
Moreover, it was shown that I- ions bind more strongly to zwitterionic diphytanoyl
phosphatidylcholine headgroups in a lipid bilayer than Cl- ions,52 which is consistent with
our observation. Because of the interactions between I- ions and the phosphocholine groups
in our brushes, the cooperative hydration and, thus, polymer stretching is reduced compared
to pure water.

The results presented in Figure 7.1 are reproducible for brushes prepared in the same batch,
because they have very similar grafting densities and degrees of polymerization (dry brush
heights vary typically around 8%). For brushes prepared in different batches, which, thus,
have different degrees of polymerization and grafting densities, we observe different
degrafting kinetics. In general, for higher grafting densities and longer polymers, the initial,
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quick degrafting is relatively more severe and more rapid. This is consistent with the
picture of a tension-induced shift in the hydrolysis equilibrium.

Figure 7.2. Stability of PGMA-PMPC in MilliQ water, 0.15 M NaF, NaCl, NaI solution.
The inset is a magnification height over the last measurement week in which a small
degrafting is observed. The height is normalized by the initial height (typically around 20
nm)

Figure 7.2 shows the normalized height change of PGMA-PMPC brushes as a function of
time for immersion in water, and in 0.15M NaF, NaCl, NaI solutions. In contrast to the
silane-PMPC brushes, these brushes are very stable in all tested solutions. After 25 days,
the dry height of the brushes has decreased by 14% in NaF solution, by 10% in NaCl
solution, by 5% in NaI solution and by 3% in pure water. One reason for the enhanced
stability can be the existence of Si-O-C surface bonds instead of Si-O-Si surface bonds. The
former are less sensitive to hydrolysis.53 Moreover, it has been shown theoretically and
experimentally that ester hydrolysis, which normally only occurs in acidic or basic solution,
is not affected by tension.54 Thus, also the ester bonds (in initiator) are also less likely to be
cleaved. Another important reason can be the hydrophobicity of the PGMA (contact angle
54 degrees), which lowers the chance of water molecules and ions reaching the hydrolysis
sensitive surface bonds. In fact, when we increase the hydrophilicity of the PGMA by
coupling with hydrophilic polyethylenimine (PEI) before polymerization, the brushes
degraft (Appendix 7.9). Especially in NaF solution, the polymer height decreases within 1
day by 37% for PGMA-PEI-PMPC.
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Figure 7.3. Stability of silane-PMPC and PGMA-PMPC in physiological media (saline)
and sea water (0.6 M NaCl) before and after 4 weeks.

PMPC shows an excellent biocompatibility.55 Therefore, we anticipate that PMPC brushes
can be applied as low-friction and low-fouling coatings in the human body, e.g. on artificial
joints. Other applications could be in marine environments. Hence, we test the stability of
our PGMA-PMPC brushes compared with silane-PMPC in saline solution and artificial
seawater. For silane-PMPC (shown in Figure 7.3), there is a severe degrafting even in the
first week, and about 80% of the brushes are cleaved from the substrate after 4 weeks. As
shown in Figure 7.3, the PGMA-PMPC brushes are extremely stable over long times and
there is as little as 1% polymer detachment after immersion for 4 weeks. These results
indicate that the small degrafting observed for the brushes of Figure 7.2 can in part be
induced by the shear stress that has been regularly applied during rinsing and drying the
samples. But, more importantly, our results show that our PGMA-PMPC brushes hold great
potential for application in biomedical applications and marine antifouling coatings.

7.4 Conclusions
In summary, we have shown that zwitterionic PMPC brushes can be successfully grafted
from PGMA that is covalently bonded to a silicon surface. To enable initiation of the
polymerization we couple BIBB initiator molecules to the hydroxyl groups within the
linker between the PGMA and the SiO2 surface. Our PGMA-PMPC brushes are shown to
be very stable in pure water and salt solutions. Only 1% of the polymers detach after
immersion for 4 weeks in saline solution or in artificial seawater. In contrast, PMPC
brushes that are grafted using the traditionally employed silane-based surface initiated
ATRP method show a strong ion-specific degrafting, which can be explained by the
difference in polymer stretching in the different aqueous media.
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7.5 Appendix

Appendix 7.1. FTIR spectrum of silane-PMPC brush on silicon substrate

Appendix 7.2. XPS spectra of the surface after each modification step of the PGMA-
macro-initiator method (a) PGMA layer and (b) initiator grafted PGMA layer (c) PGMA-
PMPC brush.
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Appendix 7.3. XPS spectrum of C1s of PGMA layer, C1s fit after shift of the main C1s band
to 284.71 eV as the reference.

Band Pos PosSep B_FWHM Height %Gauss Area %Area
1 284.71 0.00 1.75 11478 54 26029 34.39
2 285.89 1.17 1.75 9143 100 16995 22.45 C-OH and C-O-C
3 286.84 2.12 1.75 9991 100 18573 24.54 EPOXY
4 288.62 3.91 1.75 6185 100 11497 15.19
5 290.10 5.39 1.75 1228 71 2596 3.43

Appendix 7.4. 1H NMR spectra of PMPC, which is initiated by propargyl 2-
bromoisobutyrate, in D2O.
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Appendix 7.5. 1H NMR spectra of (a) PMPC in D2O, (b) PMPC with 0.15 M NaF in D2O,
(c) the mixture standing for 2 weeks, (d) for 4 weeks. There is no shift on the corresponding
proton signal, which indicates there is on degradation of ester bond in PMPC.

Appendix 7.6. Surface morphology of the PGMA-PMPC brushes, and the corresponding
roughness. The scale bar is 200 nm in dimension.
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Appendix 7.7. Evolution of PMPC brush dry thickness obtained from two different
methods: Silane-PMPC and PGMA-PMPC

Appendix 7.8. The relative swelling ratio of PGMA-PMPC in water, 0.15 M NaCl, and
NaI solution separately.
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Appendix 7.9. The relative height change of PGMA-PEI-PMPC before and after
immersing in 0.15 M NaF for 24 h.
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Chapter 8
First Results and Outlook on: Specific Anion
Effects on the Hydration and Tribological
properties of Zwitterionic PMPC Brushes

When poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC) polymers are end-
anchored to a substrate at a high density to form so-called polymer brushes, they can act as
efficient lubricants in pure water. In view of potential application of PMPC brushes on
biomedical devices or in marine environments, it is important to characterize the
performance of these brushes in salt solutions. In this chapter we show that the friction
coefficient, which is measured upon sliding a polystyrene (PS) colloid on a PMPC brush,
decreases when salt is added in the aqueous solution (1 M sodium fluoride (NaF), sodium
chloride (NaCl), sodium iodide (NaI), cesium chloride (CsCl) and cesium iodide (CsI)).
Moreover, we find that the friction coefficient decreases with increasing anionic size in the
solution, while the size of the cation has no measurable effect. We observe a clear relation
between the compressibility of the brush and the measured friction coefficient. In pure
water, the brush absorbs large amounts of solvent and is very compressible. Under these
conditions the friction coefficient is high. In salt solutions, for which we find the lowest
friction coefficient for the largest anions, we find that the stiffness of the brush increases
with increasing anionic size. In contrast, we find that the adhesion between the PS colloid
and the PMPC brush does not relate to brush swelling and instead might arise from
electrostatic interactions. We conclude this chapter with an outlook to future experiments
that can clarify our observations.
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8.1 Introduction
In recent years, medical procedures have evolved towards minimally invasive techniques
where catheters and long needles are employed to reach the region of interest in the body.
For a smooth manipulation without damage of the surrounding tissue, it is of critical
importance to lubricate these medical devices. Simple liquids, such as water, are easily
squeezed out of the contact and, therefore, perform badly as lubricants. Polymer brushes are
able to absorb low-viscosity liquids and keep them from flowing out of the contact such
that the contact remains lubricated1 even when pressures are high.2

Polymer brushes are comprised of macromolecules that are attached with one end to a
surface at a density that is high enough for the polymers to stretch away from the anchoring
plane.3 The degree of stretching of the polymers in brushes depends on the solvent quality:
the brushes collapse to form a dense film in poor solvents, while the polymers strongly
stretch in good solvents. Besides being effective lubricants, such brushes can also be
employed as actuators4 and sensors.5 In particular, zwitterionic polymers, which have both
negative and positive charges within the same monomers, have recently been the subjects
of many scientific studies.6 For example, extremely low friction has been observed between
poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC) brushes in pure water,2 even for
pressures up to 7.5 MPa. In PMPC, the repeat unit is composed of the phosphorylcholine
group, which makes them very hydrophilic.7 Moreover, these polymers are biocompatible.8

This, combined with the excellent lubricity,2, 9 but also protein adsorption resistance10 in
water, makes them ideal candidates for application in human body, e.g. in replacement
joints11 or on the surface of needles and catheters. Since the composition of body fluids
deviates from pure water, it is important to characterize how electrolytes affect the
physicochemical properties of zwitterionic polymers. Due to their specific cation-anion
composition, there are various phenomena that can occur depending on types of salts in
their aqueous solution,6d, 12 and ion-specific effects are anticipated.

In the 1880’s, Hofmeister and co-workers13 found that there are ion-specific effects on the
precipitation of proteins from blood and egg whites, which is still extensively studied.14

Within the Hofmeister series, anions are categorized as CO32- ˃ SO42- ˃ H2PO4- ˃ F- ˃ Cl- ˃
Br- ≈ NO3- ˃ I- ˃ ClO4- ˃ SCN-. In light of the strength of ionic hydration, the ions on the
left can be classified as kosmotropes and the ions on the right as chaotropes.15 The strongly
hydrated kosmotropes, tend to immobilize water molecules resulting in precipitation of the
solutes. Whereas the weakly hydrated chaotropes increase water mobility and tend to
increase solubility of solutes in solution. Due to these specific ion effects, various salts can
be applied to control the solubility14a, 16 and friction12h, 17 of polymers in aqueous solutions.

The conformation of zwitterionic polymers in salt solutions depends on the segmental
dipole orientation,18 on the charge density of the cationic and anionic groups19 and on the
distance between the charged groups.20 For example, Kobayashi et al.17 report that poly[2-



Chapter 8 127

(methacryloyloxy)ethyl]-dimethyl(3-sulfopropyl) ammonium hydroxide (PSBMA) strongly
swells while increasing the salt concentration. The same trend has also been found by Liu et
al.20b using quartz crystal microbalance (QCM) measurements to investigate the anion
specificity on poly(sulfobetaine methacrylamide) (PSBMAm) brushes. For another type of
zwitterionic polymer12h poly (3-(1-(4-vinylbenzyl)-1H-imidazol-3-ium-3-yl)propane-1-
sulfonate) (PVBIPS), it has been found that the specific ions in the solution affect the
hydration and friction between brushes composed of these polymers, which can be tuned
reversibly by changing the salts concentration.

For PMPC it is still under debate if and how different salts affects the conformation of the
polymers.12e, 17 Through different characterization techniques, different results are obtained.
For example, Mahon et al.12e uses size exclusion chromatography to investigate the effect
of the type of salt and the concentration on the hydrodynamic radii of PMPC polymers.
Their results show the presence of different cation types has little effect on the radius of
gyration of the polymers, but the presence of different types of anions does decrease the
hydrodynamic volume. Moreover, they observe that monoatomic anions have a stronger
effect than polyatomic ones. However, when dynamic light scattering is used to analyze the
hydrodynamic radius of free PMPC and PMPC brushes immobilized on silica nanoparticles
by Matsuda et al.,21 no effect of the salt concentration could be detected. Kobayashi et al.
have reported similar results.17 using atomic force microscopy (AFM) imaging
measurements. Recently, Zhang et al.12i employed ellipsometry measurements to
characterize the swelling ratio of PMPC brushes in various salts solutions. Their results
show that the height of the brushes slightly increases upon increasing the ionic strength.
This shows that one characterization technique is not sufficient to study ion-specific effects
on the swelling of PMPC.

In this chapter, we show that the swelling of PMPC brushes is smaller in salt solutions
compared to pure water. Moreover, we find that the decrease is stronger for larger anion
sizes, while there is no effect of the cation size. Interestingly, we observe that this effect can
be hidden depending on the measurement technique employed to probe the swelling.
Besides effects on the brush swelling, we also studied the friction and adhesion between
PMPC brushes and polystyrene (PS) colloids. The friction between PMPC brushes and PS
directly correlates with the brush swelling, while the adherence between them seems to
depend on electrostatic interactions.
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8.2 Materials and Methods
8.2.1 Materials

Copper (I) bromide (CuBr, Aldrich, 98%) was purified twice by stirring in acetic acid and
filtered. After washing with ethanol, the light gray powder was dried in a vacuum oven at
room temperature overnight. Poly(glycidyl methacrylate) (PGMA, Mn = 1 x 104), 2-
methacryloyloxyethyl phosphorylcholine (MPC, 97%), 2,2’-bipyridyl (≥ 99%),
triethylamine (TEA, ≥ 99%), α-bromoisobutyryl bromide (BiBB, 98%), copper (II) bromide
(CuBr2, ≥ 99%), sodium fluoride (NaF, ≥ 99%), sodium chloride (NaCl, ≥ 99%), sodium
iodide (NaI, ≥ 99.5%), cesium chloride (CsCl, ≥ 98%), cesium iodide (CsI, 99.9%), D2O
(99.9 atom% D), methyl ethyl ketone (MEK) were purchased from Sigma-Aldrich, and
used as received without any purification. Methanol (absolute), sulfuric acid (95-97%),
dimethylformamide (DMF), chloroform (AR), 2-proponal (AR) and toluene (AR) were
purchased from Biosolve. Ethanol, hydrogen peroxide (H2O2) was purchased from Merck.
MilliQ water was made from a MilliQ Advantage A 10 purification system (Millipore,
Billerica, Ma, USA).

8.2.2 Synthesis of PGMA-PMPC brush

First, the PGMA thin film was attached to Piranha cleaned substrates using dip coating in a
concentration of 0.1% of PGMA in MEK solution, and dried in nitrogen atmosphere. After
48 h aging time, the samples were annealed for 30 min at 110 °C in the oven. The non-
chemically bonded macromolecules were removed by washing with chloroform and
sonication for 2 minutes. By a one-step reaction with BiBB, the initiator was grafted on the
substrates. Lastly, surface-initiated atom transfer radical polymerization (SI-ATRP) was
conducted to graft PMPC brushes from the surfaces with a thickness of 20 ± 2 nm. More
details on the procedure can be found in Chapter 7.

8.2.3 Characterization

Static Contact Angle measurements were conducted on an optical contact angle device
equipped with an electronic syringe unit (OCA15, Dataphysics, Germany). The pictures of
the droplet were captured by a charge-coupled device (CCD) video camera, and the drop
contour was fitted by the Young-Laplace method. At least three droplets were analyzed to
determine the contact angle of specimens after each step, and the results were shown in
Chapter 7.

X-ray Photoelectron Spectroscopy (XPS) was used to determine the chemical composition
of the substrates for each step modification. The measurements were carried out on a
Quantera scanning XPS microprobe from Physical Electronics with a monochromatic Al
Kα X-ray source (1486.6 eV photons). All binding energies were referenced to the C1s
hydrocarbon peak at 284.8 eV. The spectra showed exactly the corresponding element peak
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after the reaction, which gave an evidence of the successful chemical modification in each
step, shown in Chapter 7.

AFM experiments were carried out on a Multimode 8 AFM (Bruker), with a NanoScope V
controller, and a JV vertical engage scanner using tapping mode. The dry thickness of the
PMPC brushes was measured using aluminum coated cantilevers, which were purchased
from Olympus, with the resonance frequency around 70 kHz, and the force constant of 2
N/m. All the samples were gently scratched using tweezers to expose the silicon surface
underneath. This allowed for measuring the relative height between silicon and brush layer.
For the swelling ratio measurement in various salts solution, a liquid cell (Bruker, San
Barbara, CA) and polystyrene (PS) colloid mounted probe (5 μm diameter, TL-CONT-50,
Nanosensors, Switzerland) were used. After each measurement, the sample and cantilever
were washed with water and ethanol for several times to move the adsorbed salts, then
dried with nitrogen gas gently. We use two different methods to extract the data, which are
shown in the following paragraphs.

8.2.4 Swelling ratio measurement

The swollen height of the PMPC brushes is also measured using homemade colloid probes.
Polystyrene (PS) colloids were glued on the tipless cantilever using a microcontroller (see
also Chapter 5). The spring constant of the PS colloid probe was determined by thermal
noise analysis, which gave the value of 0.3 ± 0.03 N/m at room temperature in aqueous
solution. The deflection sensitivity of the cantilever was measured in each solution on the
bare silicon surface. The force-separation curves were obtained through approaching and
retracting the PS colloid to and from the PMPC brushes. The friction was measured by
sliding the cantilever through the samples in the lateral direction (with the scan angle: 90°)
over a sliding size 10 μm using a velocity of 10 μm/s. The cantilever is calibrated using the
noncontact method resulting in a torsional conversion factor of Sθ = 3.5 x 10-8 N/V. After
each measurement in salts solution, the substrate was rinsed with water and ethanol
sequentially for three times, and dried with nitrogen before the next AFM measurement.
Generally, three to four different positions of the surfaces were measured. We use two
methods to obtain the swelling height of PMPC brushes.

Imaging method:

For the imaging method, we employ AFM contact mode imaging near a scratch in the brush
over a distance of 30 μm with a scan rate of 15 μm/s. We use a very small normal load
(typically 1-1.5 nN) to minimize the deformation of the brush.

Force-separation method:

First, we set the set-point of the normal load for imaging to 2.5 nN. Under this load, the
relative height between bare silicon and brush was determined to get the swollen height of
PMPC brushes (h0). Next, the force-separation data was captured on the brush over a
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distance of 2 μm using a maximum load of about 50 nN with a ramp speed of 1 μm/s. The
h0 imaged 2.5 nN is employed to convert the separation to ‘distance from the silicon
surface’ by shifting the separation observed for 2.5 nN to h0. After the determination of our
zero, we determine the extra height (∆h), which is the difference between h0 and the
distance at which the force just starts to deviate from zero. The maximum swelling height
of brush is calculated by: h = h0 + ∆h.

Scheme 8.1. Schematic presentation of friction and adhesion measurement on PMPC
brushes using colloid probe cantilever

Scheme 8.1 depicts the friction and adhesion measurements between PMPC brushes on the
surface a PS colloid on the AFM cantilever. With the movement of colloid in the normal
direction, force-separation curve and adhesion force can be measured. While, in the lateral
direction, friction response can be obtained.

8.3 Results and Discussion
Figure 8.1 shows the swelling ratio of PMPC brushes in H2O, 1M NaF, NaCl and NaI
solution normalized by the swelling ratio in H2O. We employed two different AFM
techniques to extract the swelling ratios: (1) by imaging under a small compression (1.5 nN,
top graph) and (2) via force-separation curves (bottom graph). As can be seen from the
force-separation curves captured in the various salts solutions (Figure 8.2), we find that the
PMPC brushes contract compared to in pure water. When the brushes are slightly
compressed by the colloid while imaging, we observe the opposite effect: the swelling ratio
of the brushes increases by increasing the counterions radius.

In pure water, the swelling ratio for the PMPC brushes extracted from force distance curves
(Figure 8.1, top graph) is around 10. By adding 1M NaF, the swelling decreases by 15%.
For the Cl- ions, there is around 30% decrease in swelling, while for I-, the decrease is a bit
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larger (about 35%). According to the law of matching water affinity, chaotropic cations
have a high binding affinity with chaotropic anions, while they have less binding affinity
with kosmotropic anions. It was extracted from molecular dynamics simulations,14b that the
ammonium group N+(CH3)3 belongs to chaotropic ions. Therefore, it is likely to combine
with the more chaotropic anion I- compared with F- and Cl-. The ionic interaction breaks the
hydration and causes a slight collapse of brushes. Because of the stronger interaction, I- can
induce a stronger collapse than the other two anions.

Figure 8.1. The relative swelling ratio of PMPC brushes in H2O, and 1 M various salts
solution measured by AFM force-distance (down) and imaging (up) using a normal load of
50 nN over a scan size of 30 μm at a scan rate of 0.5 Hz. The radius unit is pm. The error
bars denote the standard error of the mean with a 95% confidence interval.

For the imaging method (Figure 8.1 bottom), we observe a completely different trend. The
PMPC brushes increase in swelling with adding salts. Moreover, with increase of the radius
of anions, the brushes also swell more. While, for varying the cations from sodium to
cesium, there is almost no change on the swelling ratio. For the smallest ions F-, there is
only about 2% increase of the dimension. For Cl-, the brushes swell around 9-10% more.
When I- is added in the solution, a 17% increase of the measured height is obtained.
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Figure 8.2. Typical approaching force versus separation curves at various salts aqueous
solution, H2O, NaF, NaCl, NaI. The approach velocity of the PS colloid to the PMPC
brushes is 2 μm/s with a load of 50 ± 5 nN. The inset is the magnification of NaF, NaCl,
NaI curves.

Figure 8.3. Adhesion force (a) and friction coefficient (b) between the PMPC brushes and a
PS colloid as a function of ion radius (pm) measured by AFM over a scan size of 20 μm.
The error bars denote the standard error of the mean with a 95% confidence interval.
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Why we obtain different results for these different extraction-techniques, becomes clear in
Figure 8.2. Figure 8.2 shows force versus separation curves upon approach of the PS
colloid towards the PMPC brush in pure water and in 1M NaF, NaCl and NaI solutions. In
pure water the force already deviates from zero at large distances (180-200 nm). However,
the water-filled brush is easily compressed by a small force. For a force of 2 nN, the
separation goes down to 106 nm. Upon adding salts, the force deviates from zero for much
smaller separations (60-80 nm). Yet, the brushes in salt solution are less easily compressed.
Thus, under compression by a sufficiently large force, the apparent height of the salted
brushes can be higher than the height for brushes in water.

Figure 8.3. (a) gives the adhesion between a PS colloid and a PMPC brush measured upon
retraction of the colloid from the brush in pure water and for various 1M salt solutions.
Before retraction, a force of 50 nN compressed the brush. We observe the highest adhesion
(3 nN) in water and the lowest force in a 1 M NaI solution (1 nN). These results seem to be
consistent with the change in compressibility of the brushes: the water-filled brush can be
compressed easily, such that the contact area is large. The brushes in NaI are stiffer, such
that the contact area is smaller than in water. However, the brushes have approximately the
same degree of compression at 48 nN, as can be seen from the separation at 48 nN for the
different aqueous solutions in Figure 8.2. An alternative explanation could be that the
change in the adhesion due to a change in electrostatic interactions between the cations
adsorbed on the charged PS and the anions interacting with the ammonium groups in the
PMPC. However, this would indicate a cationic size dependent effect, which we do not
observe.

Figure 8.4. Friction force between the PMPC brushes and a PS colloid as a function of
applied normal load measured at a relative velocity of 5 μm/s, over a scan size of 10 μm.
The error bars denote the standard error of the mean with a 95% confidence interval.



134 Chapter 8

Besides observing different effects on the swelling ratio, different research groups observed
different effects of the addition of salts on the friction between PMPC brushes or for PMPC
brushes.2, 12i, 17 While some observed that friction increases,17 others found that friction
decreases.12i Figure 8.4 shows the friction measured upon sliding a PS colloid over a PMPC
brush with a sliding velocity is 5 μm/s with a stroke length of 10 μm for various normal
loads between 50 and 200 nN. The results show that the effect of the addition of the
different types of salt on the friction force depends on the normal load. Therefore, different
effects can be observed for different groups.

In the bottom graph of Figure 8.3 we show the friction coefficient determined after a linear
fit to the data in Figure 8.4. We observe that, by adding salts in the aqueous solution, there
is a decrease in the friction coefficient, which is also following the order of specific ion
effect. In NaF, there is around 10% decrease compared to the friction coefficient measured
in H2O. By changing the anion to Cl- and I-, the decrease in friction coefficient is around
15% and 20%, respectively. Both adhesion and friction decrease by introducing ions in the
solution. Moreover, both of them follow a decreasing order as F- ˂ Cl- ˂ I-. However, the
differences in the friction coefficients are not as significant as the changes we observe for
the adhesion. This seems to agree with the small difference in contact area for the brushes
in different salt solutions under these normal loads, which indicates that friction is caused
by visco-elastic brush deformation instead of electrostatic interactions with the colloid.

For polymeric systems in contact with a chemically different counter surface, friction and
adhesion are often related.22 Though, there exist some counter-examples where friction and

adhesion are caused by different mechanisms.23 Our results seem to indicate the adhesion
and friction are caused by different mechanism, even though they show the same trend.
Though, more research is needed to confirm this.

8.4 Outlook
To test if the changes in friction and adhesion are caused by visco-eleastic deformation in
the brush or maybe electrostatic interaction with cations adsorbed onto the PS colloid, we
would like to change the chemical composition of the colloid. Moreover, in the present
experiments, we did not observe an effect of the cation on the brush swelling, friction and
adhesion. The reason for this could be that the water-affinities of both Na+ and Cs+ did not
match that of the phosphate group. Phosphates are known to be chaotropic.24 Therefore, we
anticipate an effect of the more kosmotropic Li+ ions. Especially since Li+ ions are small
and will be less hindered to reach the phosphate group close to the polymer backbone.
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Summary
Controlling friction and adhesion is relevant in nature and in our daily life. Such control can
be achieved using stimulus responsive end-anchored polymers forming a brush. These
brushes can adapt their physicochemical properties upon changing the surrounding
environments, such as temperature, light, pH, electrical and magnetic fields. In this Thesis,
we primarily use atomic force microscopy (AFM) to study the relation between the degree
of solvation of the macromolecules in the brush and the friction and adhesion. In general, it
is accepted that collapsed brushes promote high friction/adhesion and swollen brushes
exhibit low friction/adhesion. However, our results show that brush swelling and
adhesion/friction is not necessarily related. We show that the relation between swelling of a
brush and its tribomechanical properties is rather complex, and that it can depend on the
specific interactions in the contact for the different studied systems: for chemically
identical/different brush-brush contact or for brush-solid counter surface contacts. The
switchable adhesion and friction we observed using stimulus-responsive polymer brushes
have potential applications in pick up-release system, robots and in biomedical systems.

Chapter 1 gives a short introduction to the topics related to the Thesis and the main
research in the following chapters.

In the first paragraphs of Chapter 2, we give an introduction to the generic concepts and
definitions employed in this Thesis, including the polymer brush, AFM, adhesion, friction
and stimulus-responsive polymers. In the second part of the chapter, we summarize
literature studies on switchable friction and adhesion by stimulus-responsive polymer films,
gels and brushes in contact with chemically identical or different counter surfaces. In the
last paragraphs we discuss and give some examples on the relationship between friction and
adhesion/adhesion hysteresis.

In Chapter 3, we describe the tribo-mechanical properties of thermally responsive poly(N-
isopropyl acrylamide) (PNIPAM) brushes. By varying the temperature below, around and
above the lower critical solution temperature (LCST), switchable friction and adhesion
between the brush and a gold colloid are obtained. In particular, an enhanced dissipation
and friction are observed near the LCST of PNIPAM, which we attribute to the stretching
of partly collapsed polymer brush chains that adhere to the gold colloid. The results have
important implications for the development of polymer-based switchable tribo-mechanical
systems (such as smart tweezers or artificial muscles).

In Chapter 4, we explore the enhanced friction and dissipation of PNIPAM brushes due to
the co-non-solvency effect: PNIPAM brushes are swollen in pure solvents, and precipitate
in a certain solvent-cosolvent mixture. Both in water and in ethanol, the brushes are swollen
and low friction is obtained. In 30% volume fraction of ethanol-water mixture, the brush
collapses the most, but the friction is not the highest. Surprisingly, in 10-90 vol.% ethanol-
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water, a maximum in friction is observed, which is again related to the stretching of
partially collapsed PNIPAM brushes. The highest friction is about two orders of magnitude
larger than the lowest friction in ethanol.

Besides friction, the adhesion forces between PNIPAM brushes and various colloids, like
silica, gold, polystyrene (PS), poly(methyl methacrylate) (PMMA), are also characterized
by employing the co-non-solvency effect. Switchable adhesion can be obtained for all these
tested colloids, but the magnitude of the adhesion-change varies. The application of co-non-
solvency of PNIPAM brushes to pick up, move and release nanoparticles is studied in
Chapter 5. In a water-ethanol mixture of 30% ethanol, the brush-particle adhesion is the
highest such that particles can be picked up. In pure ethanol, the brushes swell and the
adhesion is strongly reduced such that particle-release can be triggered. We employ the
change in adherence to transfer silicon nanoparticles from one liquid into another. The
advantage of the system is that the formation of aggregates is strongly reduced, which is an
important problem in traditional methods of nanoparticle transfer. Here, the highest friction
and adhesion are not found at the same composition of ethanol and water, which shows that
they are not necessarily related.

In Chapter 6, cosolvency induced switchable adhesion between PMMA brushes is
described: PMMA cannot be dissolved in water and alcohols, but can be swollen in a
certain mixture of them. In poor solvents for PMMA, like water, ethanol and isopropanol,
there is a high contact adhesion between PMMA brushes. However, in a mixture of water
and one of the alcohols (v/v = 4/5) the brushes swell and a low adhesion between the
brushes is observed. Compared with ethanol-water system, which exhibits numerous
pulling events due to chains interdigitation, the isopropanol-water system is the better
choice for capture-and-release system.

In Chapter 7, we describe a new and facile method to make zwitterionic poly(2-
methacryloyloxyethyl phosphorylcholine) (PMPC) brushes using a poly(glycidyl
methacrylate) (PGMA)-based macro-initiator. Our PGMA-PMPC brushes are shown to be
very stable in pure water and salt solutions. Only 1% of the polymers detach after
immersion for 4 weeks in saline solution or in artificial seawater. In contrast, PMPC
brushes prepared using the traditional silane-based method show a strong ion-specific
degrafting, which can be explained by the difference in polymer stretching in the different
aqueous media. The stable PMPC brushes have potential application in biomedical
engineering.

In Chapter 8, we show there are specific ion effects on the hydration of zwitterionic PMPC
brushes and they can be employed to control friction and adhesion. Via different methods to
extract the swelling from our AFM results, we find an opposite effect of the addition of
salts to the hydration behavior of PMPC brushes: Force-distance results show a decrease in
swelling by adding salts. While AFM imaging results show the opposite trend, as the



Summary 139

brushes in salt solution are less easily compressed under the applied load. The friction
coefficient decreases by adding salts, and decreases more with the increase of the anion
radius. In contrast, the adhesion between the PS colloid and the PMPC brush does not relate
to brush swelling and instead may arise from electrostatic interactions. We conclude this
chapter with an outlook to future experiments that can clarify our observations.





Samenvatting
Het beheersen van wrijving en adhesie is relevant in de natuur, maar ook in ons dagelijks
leven. Dit kan bereikt worden met behulp van polymeren die aan één kant vast zitten aan
een oppervlak, zodat ze een zogenaamde polymeer borstel vormen, en die reageren op een
opgelegde stimulus. Zulke borstels kunnen hun fysisch-chemische eigenschappen
aanpassen wanneer de omgeving, zoals temperatuur, lichtintensiteit, pH, etc., verandert. In
dit proefschrift beschrijven we hoofdzakelijk atoomkrachtsmicroscopie metingen waarin
we de relatie tussen het opzwellen van polymeerborstels en de bijbehorende tribologische
eigenschappen bestuderen. Over het algemeen wordt er gesteld dat borstels in slechte
oplosmiddelen voor een hoge adhesie en wrijving zorgen, terwijl borstels in een goed
oplosmiddel lage wrijving en adhesie laten zien. Onze resultaten laten echter zien dat het
opzwellen van de borstels en wrijving/adhesie niet noodzakelijk direct gerelateerd zijn en
dat de exacte relatie afhangt van specifieke interacties in het contact gebied. De beheersing
van de wrijving en adhesie die we bereikt hebben in dit proefschrift zal uiteindelijk gebruikt
kunnen worden in de robotica of in biomedische systemen.

In Hoofdstuk 1 beschrijven we de inhoud van dit proefschrift en wat er specifiek te vinden
is in de verschillende hoofdstukken.

In de eerste paragrafen van Hoofdstuk 2 geven we de lezer een algemene introductie tot de
concepten en technieken die in het onderzoek beschreven in dit proefschrift gebruikt
worden. In het tweede gedeelte van het hoofdstuk beschrijven we de huidige status van het
onderzoek door anderen met betrekking tot het beheersen van adhesie en wrijving waarin ze
gebruik maken van polymeren die reageren op een externe stimulus.

In Hoofdstuk 3 beschrijven we ons onderzoek aan poly(N-isopropyl acrylamide) (PNIPAM)
borstels die we van een silicium oppervlak gegroeid hebben. Dit type polymeer heeft een
zogenaamde ‘lagere kritische oplostemperatuur’ (LCST) in water: boven deze temperatuur
is water een slecht oplosmiddel voor PNIPAM en onder deze temperatuur is het een goed
oplosmiddel. In tegenstelling tot de algemene verwachtingen vonden we dat de wrijving
tussen PNIPAM en een gouden colloïde maximaal is rond de LCST in plaats van boven de
LCST. Deze wrijvingstoename lijkt te komen door het uitstrekken van de al gedeeltelijk
dicht bij het oppervlak liggende polymeren wanneer de colloïde weg beweegt van het
initiële contactgebied.

In Hoofdstuk 4 presenteren we ons onderzoek naar de toename in wrijving voor PNIPAM
borstels door het zogenaamde ‘co-non-oplosbaarheid’ effect. In de pure, goede
oplosmiddelen ethanol en water, is de PNIPAM borstel opgezwollen, terwijl de borstel
neerslaat in een mengsel van de twee oplosmiddelen. We observeerden dat de borstel
minimaal opgezwollen was voor een 30-70 vol.% ethanol-water mengsel, maar dat de
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wrijving het hoogst was voor een 10-90 vol.% ethanol-water mengsel. Ook hier lijkt dit
veroorzaakt te worden door het uitstrekken van al gedeeltelijk neergeslagen polymeren.

In Hoofdstuk 5 laten we zien dat dit co-non-oplosbaarheid effect gebruikt kan worden om
nanodeeltjes op te pakken in een 30-70 vol.% ethanol-water mengsel en dat deze deeltjes
daarna weer losgelaten kunnen worden in pure oplosmiddelen. Het gebruik van een
polymeerborstel hiervoor heeft als voordeel dat er voorkomen wordt dat er grote clusters
gevormd worden.

In Hoofdstuk 6 presenteren we een alternatieve manier voor het beheersen van de adhesie
voor het oppakken en loslaten van deeltjes. We laten zien dat de adhesie tussen poly(methyl
methacrylaat) (PMMA) borstels veranderd kan worden door gebruik te maken van het
zogenaamde ‘co-oplosbaarheid’ effect. In pure oplosmiddelen (ethanol/isopropanol of
water) zijn de PMMA borstels neergeslagen en is de adhesie hoog, terwijl in een 80-20
vol.% de borstels gedeeltelijk opzwellen en de adhesie lager is.

In Hoofdstuk 7 beschrijven we een simpele manier om ervoor te zorgen dat hydrofiele
zwitterionische poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC) polymeren in
borstels niet loskomen van het oppervlak door hydrolyse van de verbindingen met het
oppervlak. We bereiken dit door de borstels van poly(glycidyl methacrylate) (PGMA)
macro-initiators te groeien. Voor deze PGMA-PMPC borstels meten we dat maar 1% van
de polymeren losgekomen is van het oppervlak na 4 weken ondergedompeld te zijn geweest
in saline oplossing of zeewater.

In Hoofdstuk 8 presenteren we de eerste resultaten van ons onderzoek aan specifieke ionen
effecten op het opzwellen PMPC borstels en op de wrijving / adhesie tussen deze polymeer-
borstels en een polystyreen colloïde deeltje. We observeren dat het gemeten effect van
verschillende zouten op borstel-zwellen afhangt van de gebuikte meettechniek, omdat
zowel de absorptie van het oplosmiddel als de samendrukbaarheid van de borstel afhangt
van het type anion. Naarmate de hydrodynamische radius van het anion toeneemt, neemt
het opzwellen en de samendrukbaarheid af. Hierdoor lijkt het opzwellen toe te nemen als de
hoogte gemeten wordt onder een positieve normaalkracht. Voor de minst opgezwollen
borstels vinden we dat de wrijving en adhesie het laagst is. Daarnaast geven we een
vooruitblik naar toekomstige experimenten die we gepland hebben.
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