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Low friction and high load bearing capacity layers
formed by cationic-block-non-ionic bottle-brush
copolymers in aqueous media†

Xiaoyan Liu,*a Esben Thormann,a Andra Dedinaite,ab Mark Rutland,ab

Ceslav Visnevskij,c Ricardas Makuskac and Per M. Claessonab

Efficient lubricants should be able to build surface layers that result in low friction and high load bearing

capacity. In this work we show how this can be achieved in aqueous media by means of adsorption of a

diblock copolymer consisting of a cationic anchor block without side chains and an uncharged and

hydrophilic bottle-brush block that protrudes into solution. Surface and friction forces were measured

between negatively charged silica surfaces coated with adsorbed layers of the cationic diblock

copolymer, utilizing the atomic force microscope colloidal probe technique. The interactions between

the surfaces coated with this copolymer in water are purely repulsive, due to a combination of steric

and electrostatic double-layer forces, and no hysteresis is observed between forces measured on

approach and separation. Friction forces between the diblock copolymer layers are characterized by a

low friction coefficient, m z 0.03–0.04. The layers remain intact under high load and shear due to the

strong electrostatic anchoring, and no destruction of the layer was noted even under the highest

pressure employed (about 50 MPa). Addition of NaCl to a concentration of 155 mM weakens the

anchoring of the copolymer to the substrate surface, and as a result the friction force increases.
1 Introduction

Nature has developed efficient aqueous lubrication systems
based on phospholipids combined with biopolymers.1–3

Notably, bottle-brush structures in molecules such as lubricin3,4

and hyaluronan–aggrecan association structures play important
roles in, for example, joint lubrication.5–7 These ndings have
inspired the synthesis of polymers with similar architectures,
and also some of these have been shown to provide favorable
lubrication properties.8–10

Dense brush layers that experience good solvency conditions
are another alternative to achieve low friction forces.9–11 For
instance, recently, polyzwitterionic brush layers were shown to
provide a very low coefficient of friction (m z 0.0004) up to a
mean pressure of 7.5 MPa.12 High-density brush layers are most
easily prepared by graing methods, and particularly using
graing-from rather than graing-to methods.10 However, this
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surface preparation method is relatively complicated and the
layers have no self-healing capacity. Extended polymer layers
with good lubrication properties can also be obtained by
adsorption from solution using bottle-brush polymers.4,10,13

Such layers will normally have a lower chain density than layers
obtained by graing methods, but the simple layer formation
process and the self-healing capacity of self-assembled layers
are two advantages with this approach.

Poly(ethylene oxide) (PEO), also known as poly(ethylene
glycol) (PEG), is one of the most studied water-soluble polymers
in terms of both aqueous solution14,15 and interfacial proper-
ties.16–18 PEO plays a central role in many applications due to its
efficacy in stabilizing colloidal particles.19 Recently, the random
copolymer poly(L-lysine)-g-poly(ethylene glycol), PLL-g-PEG, has
been shown to provide low friction layers on silicon oxide
surfaces where the PEG chains are forced into a dense, brush-
like structure.20 Systematic studies of bottle-brush poly-
electrolytes with PEO side chains attached randomly along a
cationic backbone have also been presented by our group.
Bottle-brush polyelectrolytes with PEO side chains randomly
attached to the main chain have successfully been used for
achieving low protein adsorption,21–23 strong steric repulsion,4

and low friction forces.4,24

Modelling has suggested that the adsorbed layer structure
differs signicantly depending on whether the PEO side chains
are randomly distributed along the backbone, or assembled at
Soft Matter, 2013, 9, 5361–5371 | 5361
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Fig. 1 (a) Molecular structure of (METAC)m-b-(PEO45MEMA)n, (b) sketch of the structure of (METAC)m-b-(PEO45MEMA)n, (c) sketch of an example of a random
copolymer with PEO side chains along the cationic backbone.
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one end of the polymer chain forming a diblock copolymer
structure. In particular, compared to the case with a random
distribution of PEO side chains along the cationic backbone
that has been exclusively studied in lubrication applications so
far (Fig. 1c), a more highly extended and water-rich layer is
expected for a block copolymer structure consisting of a cationic
block without any side chains and an uncharged block with a
high density of PEO side chains (Fig. 1b).25,26 Inspired by the
theoretical predictions we have designed a diblock copolymer
consisting of a cationic block without any side chains and an
uncharged bottle-brush block where each main-chain segment
carries a 45 unit long PEO side chain. The synthesis and
adsorption properties of this block copolymer were recently
presented, and it was indeed shown that a signicantly more
extended adsorbed layer was formed by this polymer, compared
to that formed by random copolymers built from the same two
segment types.27 The layer formed by the diblock copolymer was
described as a branched brush layer in recognition of the
preferential adsorption of the cationic block to the surface,
presenting a branched bottle-brush structure towards the
solution.

In this paper, we report the lubricating ability of these
branched brush layers. Using the AFM colloidal probe tech-
nique we evaluate (i) the friction coefficient, (ii) the load bearing
capacity, and (iii) structural changes within the adsorbed layer
due to the combined action of load and shear, and how addition
of an electrolyte that reduces the polymer–surface affinity
affects these properties.
2 Materials and methods
2.1 Materials

The diblock copolymer [(METAC)m-b-(PEO45MEMA)n] (Fig. 1a)
was synthesized by AGET ATRP (activators generated by electron
transfer, atom transfer radical polymerization) as described
elsewhere.27 In this representation, METAC stands for meth-
acryloxyethyl trimethylammonium chloride and PEO45MEMA
stands for poly(ethyleneoxide)45 methylether methacrylate. The
number average degree of polymerization of theMETAC block is
90 (polydispersity index 1.25), whereas that of the non-ionic
block is 100, with a high polydispersity. The number average
polymer molecular weight is 230 kDa.

Sodium chloride (NaCl, BioXtra, $99.5%) was purchased
from Sigma-Aldrich. Water was puried by employing a Milli-
ROPls unit connected to a Milli-Q plus 185 system and ltered
through a 0.2 mm Millipak lter at 25 �C. The resistivity of the
5362 | Soft Matter, 2013, 9, 5361–5371
water was 18.2 MU cm and the organic content was less than
3 ppb.

Thermally oxidized silicon wafers with a 100 nm thick SiO2

layer from Wafer Net, Germany, were used as the at substrate
in AFM measurements. The wafers were cut to size and cleaned
by immersion in 2% Hellmanex (Hellma GmbH) solution for 30
minutes followed by rinsing several times with Milli-Q water.
The wafers were le overnight in Milli-Q water before
measurements.

Silica particles of approximately 20 mm in diameter from
Duke Scientic Corp. were employed as colloidal probes. The
diameter of the probe was determined by optical microscopy.
The cantilevers with silica particles were cleaned in a plasma
cleaner (Harrick PDC-3XG, New York) for 30 seconds.
2.2 Methods

2.2.1 PeakForce QNM (Quantitative Nanomechanical
Mapping). Images showing surface topography and local
surface deformation were obtained using an atomic force
microscope (AFM) (Multimode NanoscopeV, Bruker) operating
in PeakForce Tapping mode. For these measurements, trian-
gular silicon nitride cantilevers with a tip radius of about 2 nm
(Scanasyst-Fluid+, Bruker) were used. PeakForce tapping is a
relatively new imaging mode which allows imaging at a
controlled (low) feedback force while simultaneously collecting
information about the surface material properties.28–30 This
controlled low feedback force is of pivotal importance when
imaging so molecular samples such as a hydrated polymer
layer. In order to get quantitative information about surface
deformation, energy dissipation and adhesion between the tip
and the sample, the cantilever spring constant and deection
sensitivity need to be calibrated as described in the following
section about surface force measurements. In the present work
we focus on the surface deformation which is dened as the
distance moved by the tip between the point it reaches a pre-
determined force (here 15% of the peak force) on approach and
the point it reaches at the peak force set point.

The NanoScope Analysis Version 1.20 (Bruker) soware was
employed to analyze the recorded images and extract topo-
graphical and mechanical properties. The height images were
attened to remove tilt prior to image analysis. The surfaces
were imaged using a scan size of 500 nm. In each case, a peak
force of 1 nN and a scan rate of 0.5 Hz were used. The PeakForce
QNM experiments were carried out in 4 consecutive steps,
following the same sequence as for the force and friction
measurements. First, the silica surface was imaged in water.
This journal is ª The Royal Society of Chemistry 2013
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Table 1 Some characteristics of the adsorbed layer

Condition

Adsorbed
amount
(mg m�2)

Number of
PEO45 chains
per nm2

Layer
thickness
(nm)

Water
content
(%)

50 ppm polymer
solution

2.77 0.75 46 94.5

Rinsed with water 2.75 0.74 46 94
Rinsed with
100 mM NaCl

2.70 0.72 40 90

Paper Soft Matter

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
A

pr
il 

20
13

. D
ow

nl
oa

de
d 

on
 7

/3
1/

20
25

 4
:0

5:
49

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Next, a 50 ppm solution of (METAC)m-b-(PEO45MEMA)n in water
was injected and the diblock copolymer was allowed to adsorb
for two hours. The diblock copolymer layer on the silica surface
was then imaged rst with polymer present in solution, and
then aer replacing the polymer solution with water. It was
nally also imaged in 155 mM NaCl solution.

2.2.2 Atomic force microscope-colloidal probe. Force and
friction measurements were performed in a fused silica liquid
cell (volume around 0.1 mL), using a Nanoscope Multimode III
Pico Force atomic force microscope (Bruker). A silica colloidal
probe of approximately 20 mm in diameter was attached to the
end of a rectangular tipless cantilever (NSC 12, MikroMasch,
Madrid, Spain) with the aid of an Eppendorf Micromanipulator
5171, a Nikon Optiphot 100S reection microscope and a small
amount of epoxy glue (Araldite, 80806). The exact size of the
particles was determined using a Nikon Optiphot 100S reec-
tion microscope, employing image analysis with National
Instrument Vision Assistant 8.0. Before attachment of the
particle, the exact values of the spring constant (normal and
torsional) were determined using a method based on thermal
noise with hydrodynamic damping of the cantilever.31,32 The
lateral photodetector sensitivity, d (V rad�1), was calibrated
using the method of tilting the AFM head as suggested by Pet-
tersson et al.33

Before each experiment, the fused silica liquid cell and all
other tools were cleaned by immersion in 2% Hellmanex
(Hellma GmbH) solution for about 1 hour. They were then
rinsed several times with Milli-Q water and blow-dried with
ltered nitrogen gas. The AFM experiments were started by
measuring surface forces between the silica surface and the
silica probe in water. Aer this, layers of (METAC)m-b-(PEO45-
MEMA)nwere allowed to form on the silica surface and the silica
probe by adsorption from a 50 ppm solution of (METAC)m-b-
(PEO45MEMA)n in water for 2 hours. Next, the surface forces
were measured, and the system was le to equilibrate for 10
minutes, aer which the surface forces were measured again,
followed by friction measurements (repeated twice with the
same settings directly aer each other). Surface forces were
measured again following the friction experiments. Next, the
layers were rinsed with Milli-Q water and the experiment fol-
lowed the same procedure as described for the case with diblock
copolymer solution in the AFM liquid cell. Finally, 155mMNaCl
solution was employed to rinse the system and the same
experimental procedure was carried out again.

The surface forces were measured with a constant approach
and retraction speed of 2 mm s�1. The reproducibility of the
surface force data is illustrated in the ESI (Fig. S1†). The friction
measurements were performed by sliding the surfaces back-
wards and forwards ten times at each normal load and regis-
tering the cantilever twist angle. The sliding distance was 1 mm
in each direction and the scan rate was 1 Hz, giving a sliding
speed of 2 mm s�1.

2.2.3 DLVO calculations. Theoretical double-layer forces
were calculated within the non-linear Poisson–Boltzmann (PB)
approximation using either constant potential or constant
surface charge density boundary conditions. This model works
well in monovalent electrolyte solutions. In particular the decay
This journal is ª The Royal Society of Chemistry 2013
length of the force is correctly predicted, whereas the neglect of
ion–ion correlation effects, image charges and ion size effects in
the PBmodel results in a slightly higher force for a given surface
potential than that achieved with more advanced models.34,35

The van der Waals force between bare silica surfaces was
calculated using a non-retarded Hamaker constant of 6.3 �
10�21 (J).36 When polymers are adsorbed at the silica surfaces,
the ion distribution will be perturbed by the presence of poly-
mer segments, and the Poisson–Boltzmann model will not
describe the double-layer forces at short separations. Hence, in
this case, the origin of the double-layer force was set to the
polymer layer–aqueous interface, located at the distance where
a measurable steric force (z0.1 mN m�1) was observed. The
potential at this plane will be referred to as the apparent double-
layer potential. The value of the apparent double-layer potential
obtained as best t should not be over-interpreted considering
the uncertainty involved in dening this plane and considering
that the location of the polymer–aqueous interface will shi
inwards as the polymer layers are compressed.37 However,
comparisons between measurements and calculations do allow
us to conclude whether the most long range interaction
observed is due to an electrostatic double-layer force.
3 Results

Before describing the results of this study, we recapitulate some
relevant data (see Table 1) for the adsorbed (METAC)m-b-
(PEO45MEMA)n layer obtained from QCM-D and optical reec-
tometry measurements as reported in our previous work.27

Rinsing with water hardly affects the structure of the
adsorbed layer as judged from the adsorbed amount, layer
thickness and water content. However, rinsing with 100 mM
NaCl leads to minor desorption and a small decrease in layer
thickness and water content. This is due to decreased electro-
static affinity to the surface. We note the very high water
content, >90%, of the undisturbed polymer layer. The water
content is expected to decrease with applied load, but this
cannot be quantied with the technique used here. However, it
could be assessed by means of a surface force apparatus (SFA),
for example, and such studies could shed further light on the
importance of hydration water for boundary lubrication by
means of adsorbed polymer layers.
3.1 PeakForce QNM imaging

The topography and local variations in deformation of the
adsorbed layer of (METAC)m-b-(PEO45MEMA)n on silica were
Soft Matter, 2013, 9, 5361–5371 | 5363
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Table 2 Layer properties determined by PeakForce QNM imaging

Surface
Height
(nm)

Deformation
(nm)

Silica in water Mean value 0 1.8
Rq 0.18 0.04

Adsorbed layer with
polymer present in solution

Mean value 0 4.8
Rq 0.38 0.6

Adsorbed layer aer
rinsing with water

Mean value 0 4.1
Rq 0.4 0.72

Adsorbed layer aer
rinsing with 155 mM NaCl

Mean value 0 3.2
Rq 0.37 0.67
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probed by PeakForce QNM. The topographical images and the
corresponding deformation images for bare silica in water and
for the adsorbed polymer layer are shown in Fig. 2. It is clearly
observed that both topography and deformation change when
the diblock copolymer layer is formed (see Fig. 2b and d).

Height and deformation information extracted from such
images are summarized in Table 2. We note the smoothness of
the silica substrate where the peak-to-valley distance is about
1 nm, and the Rq value is below 0.2 nm. The hard nature of the
silica surface results in low deformation, 1.8 nm, and only very
small variation across the substrate (the Rq value of the defor-
mation image is 0.04 nm). Adsorption of the diblock copolymer
results in a somewhat increased roughness, Rq ¼ 0.4 nm, and a
signicant increase in deformation to 4.8 nm. The deformation
decreases slightly when the layer is rinsed with water and
further upon rinsing with 155 mM NaCl. The tip–surface
adhesion and the energy dissipation are in all cases close to zero
and therefore not reported in Table 2.
3.2 Surface and friction forces

3.2.1 Silica surfaces in the absence and presence of
(METAC)m-b-(PEO45MEMA)n in solution. The forces measured
between a bare silica probe and a bare silica surface in water are
presented in Fig. 3. The interaction force is repulsive with a
close to exponential distance dependence at large separations.
Fig. 2 PeakForce QNMmode topographical images of (a) silica surface in water, (b)
deformation images of (c) silica surface in water and (d) the diblock copolymer ads

5364 | Soft Matter, 2013, 9, 5361–5371
Calculated DLVO force curves are also presented in Fig. 3, and
the measured repulsion is consistent with a double-layer force.
Since the measured interaction lies between that obtained
using constant surface charge and constant surface potential
boundary conditions, we conclude that some charge regulation
occurs as the surface separation decreases. The model returns a
surface potential at large separation of�70 mV. (The sign of the
surface potential is not known from the force measurements,
but it is well known that silica surfaces are negatively charged
due to dissociation of some silanol groups.)

The forces measured between the silica probe and the silica
surface in the presence of the diblock copolymer in solution are
diblock copolymer (METAC)m-b-(PEO45MEMA)n adsorbed on the silica surface. The
orbed on the silica surface. The scale bar of 200 nm is identical for all images.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 Force normalized by radius as a function of separation between two silica
surfaces across water. Filled and unfilled symbols represent data obtained on
approach and retraction, respectively. The upper and lower lines are fitted DLVO
forces using constant charge and constant potential boundary conditions,
respectively. The fitted Debye-length of 107 nm corresponds to a salt concen-
tration of 8 � 10�6 M.

Fig. 4 Force normalized by radius as a function of separation between silica
surfaces coated with (METAC)m-b-(PEO45MEMA)n in the presence of 50 ppm of the
diblock copolymer in solution. Filled and unfilled symbols represent data points
obtained on approach and retraction, respectively. The upper and lower lines are
fitted DLVO forces using constant charge and constant potential boundary condi-
tions, respectively. The fitted Debye-length of 107 nm corresponds to a salt
concentration of 8 � 10�6 M. The inset shows the forces acting between the
polymer layers before (black squares) and after (red circles) rinsingwithwater. In this
figure, zero distance is set to the separation between the surfaces under the highest
normalized force used in the experiment (about 2 mN m�1).

Fig. 5 Force normalized by radius as a function of separation between a bare
silica probe and a silica surface coated with (METAC)m-b-(PEO45MEMA)n in water.
The filled and unfilled symbols correspond to forces measured on approach and
separation, respectively. The inset shows the approach force curve and the cor-
responding forces calculated within the DLVO framework using constant charge
(upper line) and constant potential (lower line) boundary conditions, respectively.
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shown in Fig. 4, together with calculated DLVO force curves.
The most long range part of the force curve is consistent with a
double-layer force. However, at separations below 40 nm, the
force increases more steeply, demonstrating the presence of a
long range steric force. The apparent double-layer potential was
found to have a magnitude of 33 mV at the onset of the steric
interaction at a separation of 40 nm. There is no detectable sign
of hysteresis between forces measured on approach and
retraction.

The inset in Fig. 4 provides a comparison of the forces
measured on approach in the 50 ppmdiblock copolymer solution
This journal is ª The Royal Society of Chemistry 2013
with those determined aer rinsing away the polymer from bulk
solution. The limited effect of rinsing away the diblock copolymer
from bulk solution is consistent with the very limited desorption
noted by optical reectometry (see Table 1).

The practically irreversible nature of the adsorption allows us
to preadsorb the diblock copolymer layer on the at silica surface,
and then investigate the interaction between this layer and a bare
silica colloidal probe. From such force measurements it is
possible to determine the sign of the double-layer potential of the
polymer-coated surface. The measured forces in this asymmetric
system are shown in Fig. 5, where the inset also shows forces
calculated by using the DLVO theory. The long range repulsion
encountered on approach is consistent with a double-layer force
where the surface interaction is described by the constant surface
charge boundary condition, whereas the long-range attraction
predicted by the constant surface potentialmodel is not observed.
In the calculated DLVO force curves, the silica surface potential
was xed at �70 mV (as determined from the data in Fig. 3). The
offset value was set to 20 nm (which corresponds to the onset of
bridging attraction, see below), and the Debye-length was set to
107 nm (identical to that found between two bare silica surfaces
and between two diblock copolymer coated silica surfaces (see
Fig. 3 and 4)). With this choice of calculation parameters the
apparent double-layer potential at the diblock copolymer coated
surface was found to be �23 mV. The magnitude of the potential
would change if the offset value was varied, but the sign of the
potential will always be negative. The fact that the surface
potential of the diblock copolymer coated silica surface is
negative demonstrates that excluded volume repulsion, and
not electrostatic forces, limits the adsorption of (METAC)m-b-
(PEO45MEMA)n on silica in pure water.

The measured force reaches a maximum at a separation of
20 nm, and the minimum force is observed at a separation of 9
nm. We interpret these features as being due to a bridging
attraction, where PEO chains from the diblock copolymer
Soft Matter, 2013, 9, 5361–5371 | 5365
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coated surface adsorb to the bare silica substrate. In contrast to
the case with two polymer-coated surfaces (Fig. 4), a signicant
hysteresis can be found between compression and decompres-
sion, and this is attributed to the bridging force. Our interpre-
tation nds support from the long-range nature of the attraction
observed on separation, which is a sign of polymer
stretching.38–41

The friction forces measured between the bare silica probe
and the bare silica surface are reported in Fig. 6. The coefficient
of friction is found to be 0.25, which is somewhat larger than
the value reported for the silica–silica system in water (m¼ 0.11)
by Grant and Tiberg,42 but lower than the value of m ¼ 0.42
reported by McNamee et al.43 The large variation in the friction
coefficient for silica–silica across water reported in the literature
is likely a consequence of the different cleaning procedures
used that result in different surface roughness and silanol
group content.

Two friction force vs. load curves measured between silica
surfaces coated with (METAC)m-b-(PEO45MEMA)n in a 50 ppm
solution of this diblock copolymer solution are illustrated in
Fig. 6. The two curves are very similar, and the friction force at
any explored load is signicantly smaller than that between the
bare silica surfaces. We suggest that the reduction of the fric-
tion force is attributed to the steric repulsion between the
extended and water-rich branched brush layers formed by the
diblock copolymer. The friction coefficient between the (MET-
AC)m-b-(PEO45MEMA)n coated surfaces is much lower than that
of the bare silica–silica system, about 0.04, and a close to
Amontons-like behaviour, Ff¼ mFn, is observed. Each data point
in Fig. 6, and in other gures displaying friction forces, is based
on measurements of at least 10 consecutive friction loops. We
note (i) the small error bars when the polymer is present on the
Fig. 6 Friction force vs. load (Fn and Fn/R) curves observed for a silica probe and a
silica surface in water (triangles) and after adsorption of (METAC)m-b-(PEO45-
MEMA)n from an aqueous 50 ppm solution. The first measurement cycle (squares)
and the subsequent one (circles) are shown. Filled and unfilled symbols represent
data obtained on loading and unloading, respectively. The straight lines are fits to
the data points obtained at low loads. They are included for illustrating eventual
deviations from Amontons' law. The error bars correspond to standard deviations
from ten measurements.

5366 | Soft Matter, 2013, 9, 5361–5371
surface, (ii) that very similar friction forces are observed in all
friction loops, i.e. there is no run-in time for achieving low
friction, and (iii) each friction loop is smooth providing
evidence for the absence of signicant stick–slip features.

The force curvesmeasured between the silica surfaces coated
with (METAC)m-b-(PEO45MEMA)n before and aer friction
measurements in the presence of this diblock copolymer in
solution are presented in Fig. 7, together with force curves
calculated by using the DLVO theory. There is no difference in
the forces recorded before and aer frictionmeasurements, and
in both cases no hysteresis between forces measured on
approach and separation can be noticed. This demonstrates
that the structure of the layers on the silica surfaces remains
intact also under the combined action of load and shear, and
they thus have a high load bearing capacity.

The force curves measured between silica surfaces coated
with (METAC)m-b-(PEO45MEMA)n aer rinsing away the polymer
from bulk solution before and aer friction measurements are
shown in the inset of Fig. 7. There is still no difference in the
surface forces encountered before and aer friction measure-
ments, and hardly any hysteresis between approach and
retraction curves. This demonstrates that the layers formed on
the surfaces are not permanently changed under the applica-
tion of load and shearing, even when no polymer is present in
bulk solution.

3.2.2 Silica surfaces coated with (METAC)m-b-(PEO45ME-
MA)n aer rinsing with 155 mM NaCl solution. Force curves
determined for the silica surfaces coated with (METAC)m-b-
(PEO45MEMA)n aer rinsing with 155 mM NaCl are shown in
Fig. 7 Force normalized by radius as a function of separation between silica
surfaces coated with (METAC)m-b-(PEO45MEMA)n in the presence of 50 ppm of
the diblock copolymer in solution. Squares denote data points obtained before
friction measurements, and circles denote data obtained after friction measure-
ments. Filled and unfilled symbols represent approach and retraction data,
respectively. The upper and lower lines are fitted DLVO forces using constant
charge and constant potential boundary conditions, respectively. The Debye-
length was 107 nm, corresponding to a salt concentration of 8 � 10�6 M. The
inset provides a comparison of the force curves after rinsing with water measured
on approach (black filled symbols) and retraction (unfilled symbols) with those
measured in the presence of the diblock copolymer in solution before friction
measurements (red line).

This journal is ª The Royal Society of Chemistry 2013
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Fig. 8. The force curves measured across a 155 mM NaCl solu-
tion show a clear hysteresis with stronger steric repulsion on
approach compared to that on retraction. The force curves also
illustrate that, unlike under all other conditions explored, the
forces are less repulsive aer friction measurements than
before friction measurements. This demonstrates that the layer
stability decreases at high salt concentrations due to the
weakening of the electrostatic interactions between the charged
segments and the surface.

Friction forces measured between silica surfaces coated with
(METAC)m-b-(PEO45MEMA)n in water (no polymer in solution)
and in 155 mM NaCl are compared in Fig. 9. The friction
coefficient between the (METAC)m-b-(PEO45MEMA)n coated
surfaces in water is about 0.03, and the results from surface
forces and friction measurements show that the experiments
have good reproducibility and the layers have a high load
bearing capacity in water. The friction is signicantly higher in
155 mM NaCl. We suggest that this is caused by energy
Fig. 8 Force normalized by radius as a function of separation between silica
surfaces coated with (METAC)m-b-(PEO45MEMA)n across a polymer-free 155 mM
NaCl solution. Squares denote curves obtained before friction measurements, and
circles denote curves obtained after friction measurements. Filled and unfilled
symbols represent approach and retraction curves, respectively.

Fig. 9 (a) Friction force vs. load for silica surfaces coated with (METAC)m-b-(PEO45M
unfilled symbols represent data obtained on loading and unloading, respectively.
Amontons' law. (b) The same data plotted on a log–log scale, including the best lin

This journal is ª The Royal Society of Chemistry 2013
dissipation due to breakage and reformation of cationic
segment–surface attachment points, a process that is promoted
by the decreased electrostatic surface affinity of the polymer
layer due to the high ionic strength of the solution. Note,
however, that similar friction forces are encountered on loading
and unloading, suggesting a certain self-healing ability of the
layer. The value of the friction coefficient calculated from these
measurements is about 0.06 at loads up to 100 nN, which is a
factor of 2 higher than that observed in water.
4 Discussion

We devote the discussion section to two aspects that are of
importance for the efficiency of a boundary lubricant; (i) the
value of the friction coefficient, and (ii) the load bearing
capacity. In doing so we compare the performance of the
branched brush layer formed by (METAC)m-b-(PEO45MEMA)n
with what has been achieved by other polymer layers in aqueous
solution.
4.1 Friction coefficient

The friction force, Ff, experienced between sliding surfaces is
related to the energy dissipated, W, as W ¼ xFf, where x is the
sliding distance. Thus, any energy dissipative process that
occurs between and within the adsorbed layers during shearing
contributes to the measured friction force. In our case there is
no adhesion between the (METAC)m-b-(PEO45MEMA)n coated
surfaces, and we are thus concerned with load-controlled fric-
tion. The friction as a function of load data was analysed using a
power law function (see Fig. 9b).

Ff ¼ KFn
a (1)

where Amontons' rule corresponds to the special case of the
power a ¼ 1,44 and in this case the proportionality constant k ¼
m, the coefficient of friction. The results of this power law t,
applied to the entire load range (0–152 nN) investigated, are
provided in Table 3. This table also includes the value of the
friction coefficient obtained by tting the data set to Amontons'
EMA)n after rinsing with water (circles) and with 155 mMNaCl (squares). Filled and
The straight line is a fit to low load data points for illustrating deviations from
e fits.
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Table 3 Relation between friction force and load obtained by applying Amontons' rule (1-parameter fit, providing m as best fit) or a power law function (2-parameter
fit, providing a and k as best fit). R2 is the coefficient of determination. The load range describes the range over which the fitting was applied

Condition

Amontons' law Power law t

m a R2 Load range k a R2 Load range

50 ppm polymer solution 0.038 1 0.993 0–100 nN 0.025 1.11 0.998 0–152 nN
In water 0.028 1 0.996 0–100 nN 0.015 1.15 0.999 0–152 nN
In salt 0.060 1 0.989 0–100 nN 0.026 1.23 0.995 0–152 nN
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rule using the low load range 0–100 nN, where this model
represents the data well (see Fig. 6 and 9a).

It appears that Amontons' rule describes the data well up to a
load of 100 nN (corresponding to a pressure of 43 MPa).
However, a slightly better t, lower R2-value, is obtained using a
2-parameter t (eqn (1)) where the exponent is slightly larger
than 1 and the proportionality constant is close to a factor of 2
lower than the friction coefficient deduced from Amontons'
rule. We note that it has been suggested that in a single Hert-
zian asperity contact the friction should scale with the contact
area, i.e. with Fn

2/3.45 Our data are not consistent with this
prediction, but rather suggest that the exponent may be slightly
larger than that predicted by Amontons' rule.

One main energy dissipation mechanism between polymer-
coated surfaces in the absence of adhesion has been suggested
to be due to dragging of polymer chains through the interpen-
etration zone, i.e. the spatial region where the segment densi-
ties emanating from the two opposing layers overlap.46 Thus, if
the interpenetration region is small, as can be suggested to be
the case when the density of polymer chains is high in a brush
layer, one would expect low contribution from this energy
dissipative mechanism. The extended bottle-brush structure
formed by (METAC)m-b-(PEO45MEMA)n in this investigation is
also expected to result in low chain interpenetration due to the
branched nature of the brush. This is consistent with the low
coefficient of friction of 0.03–0.04 found in this investigation
(see Fig. 6 and 9).

The formation and breakage of polymer–surface anchoring
points also cause energy dissipation. In this context we note that
the magnitude of the friction force between the (METAC)m-b-
(PEO45MEMA)n layers is higher in 155 mM NaCl than in pure
water (Fig. 9). We suggest that this is a consequence of the
decreased electrostatic affinity to the surface, which facilitates
shear-induced breakage and reformation of electrostatic
segment–surface anchoring points.

When single asperity contacts are considered, Amontons'
rule is oen slightly modied to take into account deviations
observed at low loads, which leads to the relation

Ff ¼ mFn + C (2)

where a positive value of C is attributed to adhesive contact
forces47 and a negative value of C to the presence of a repulsive
force that maintains a uid layer between the surfaces also
under a small load, e.g. a double-layer force.48 In our case, a
small negative value of C could be expected due to the presence
of a double-layer force, but the value of C is too small, about
5368 | Soft Matter, 2013, 9, 5361–5371
1 nN, as estimated from the force curves in Fig. 4 and 7, to result
in any measurable deviation from Amontons' rule at low loads
in our measurements.

Instead, the deviations from Amontons' rule that we do
observe are noticed at high applied loads, as seen in Fig. 9,
where the friction force shows a positive deviation from
predictions at high loads. We propose that Amontons' rule and
the modication of it (eqn (2)) are applicable only as long as
the main energy dissipative mechanism is the same. Thus, we
suggest that the increase in friction force noted particularly
clearly in Fig. 9 at loads above 110 nN is due to the increased
importance of a new energy dissipative mechanism. The
observation that the up-turn is more signicant in 155 mM
NaCl than in water suggests that it is due to dragging of
polymer chains along the surface, which is facilitated by the
weakening of the electrostatic surface affinity at high ionic
strength.

The coefficients of friction found for a range of polymer-
coated surfaces in water are compared in Table 4. To put these
values in perspective, it can be mentioned that the friction
coefficient in the synovial joint, a very efficient biotribological
system, is in the range 0.001–0.01.3 We note that effective
friction coefficients of the order of 0.03, as found in this
investigation, are commonly found for surfaces exposing a
high density of PEO side chains, whereas signicantly higher
friction forces are observed when the PEO side chain density is
lower (e.g. for PEO45MEMA:METAC-90, see Table 4). Similarly,
low friction forces are also observed for layers of the bottle-
brush glycoprotein mucin. A common feature of all polymer
systems displaying friction forces of 0.04 or below is the
presence of a strong steric repulsion that counteracts chain
interpenetration. For polymer–surfactant systems, low friction
forces have been reported despite the presence of some
attractive force contribution.48,49 This has been assigned to
water-rich regions within the layers that are sheared without
much energy dissipation.49
4.2 Load bearing capacity

Very low friction forces, below the detection limit of the AFM
colloidal probe technique, can be obtained provided the
surfaces are separated by a water layer that is stabilized by a
repulsive surface force, such as a double-layer force48 or a
hydration force.56 However, for a double-layer force, the load
bearing capacity is limited to low loads, which is one basis for
the interest in using polymer layers for achieving low friction in
aqueous media.
This journal is ª The Royal Society of Chemistry 2013
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Table 4 Coefficient of friction (m) and load bearing capacity (LBC) for some adsorbed polymer layers in water

System meff LBC Comments

(METAC)m-b-(PEO45MEMA)n, silica
probe and silica surface

0.03–0.04 >50 MPa This work. Diblock copolymer with
one uncharged bottle-brush block
and a cationic anchor block without
side chains

PMMA-b-PSGMA, two mica
surfaces11

0.0005–0.005 <1 MPa Diblock polymer with a
hydrophobic block (PMMA) and a
polyelectrolytic block (PSGMA).
PSGMA tails extend into the
aqueous medium to form a
polyelectrolyte brush

PNIPAAm48-b-PAMPTMA(+)20, silica
probe and silica surface48

0.5 — Diblock copolymer with a cationic
anchor block and a poly(N-
isopropylacrylamide) block. Low
packing density at the surface

PS-b-PAA, two mica surfaces50 0.3 4 MPa PAA brush built by a diblock
copolymer at a controlled surface
density by covalent bonds between
PS and OH-activated mica surface

PEO45MEMA:METAC-10, silica
probe and mica surface4

0.006 >30 MPa PEO45MEMA:METAC-X are random
bottle-brush polymers. X represents
the percentage of cationic main
chain segments, and 100-X
corresponds to the percentage of
main-chain segments that carry
PEO45 side chains

PEO45MEMA:METAC-50, silica
probe and mica surface4

0.03–0.04 >30 MPa

PEO45MEMA:METAC-90, silica
probe and mica surface4

0.2 >30 MPa

AETEC-27-gra-PEO45MEMA, silica
probe and silica surface51

0.02–0.06 >35 MPa Cationic brush-on-brush structure
with PEO45 side chains

PLL-g-PEO, silica probe and silica
surface52

0.035 — Brush-like copolymer layer built by
a cationic main chain having
randomly graed PEO side chains

pMPC homopolymer, two mica
surfaces12

0.0004 7.5 MPa Polyzwitterionic brush

Mucin, silica probe and mica
surface53

0.03 >40 MPa Negatively charged bottle-brush
glycoprotein

Chitosan, silica probe and mica
surface53

0.13 >35 MPa Cationic linear polysaccharide

Mucin–chitosan composite layer,
silica probe and mica surface53

0.4 >20 MPa

Freely adsorbed and cross-linked
chitosan layers, two mica surfaces54

0.07 <1 MPa Frictional forces increase by cross-
linking the chitosan layer0.5 (cross-linked)

PLL(20)-g-PEG(2), sodium
borosilicate probe and silicon oxide
surface55

0.20 � 0.04 — Frictional properties of PLL-g-PEG
with different PEO chain lengths

PLL(20)-g-PEG(5), sodium
borosilicate probe and silicon oxide
surface55

0.199 � 0.006

PLL(20)-g-PEG(10), sodium
borosilicate probe and silicon oxide
surface55

0.162 � 0.003
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The load bearing capacity of a polymer layer is best dened
in terms of pressure, P (rather than load), to allow comparison
between different experiments using differently sized surfaces
with different Young's moduli. To convert the measured load to
a pressure requires the use of a contact mechanics model, and
for a small particle in the absence of strong attractive forces the
Hertz model is appropriate.57 To this end, the following equa-
tions were used to calculate the pressure:

P ¼ Fn

pa2
(3)
This journal is ª The Royal Society of Chemistry 2013
a ¼
�
3RFn

4E�
�1=3

(4)

E� ¼
 
2
�
1� vsilica

2
�

Esilica

!�1

(5)

where Fn is the normal load applied, a the radius of the at area
at the contact point between the silica probe and the silica
surface, and R the radius of the probe. For silica, Esilica ¼ 72 GPa
and nsilica ¼ 0.17.58
Soft Matter, 2013, 9, 5361–5371 | 5369
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In this study, the maximum load, Fn, was 150 nN, corre-
sponding to a maximum pressure of about 50 MPa. This pres-
sure is 2.5 times higher than has been measured in healthy
joints (20 MPa).59 Clearly, the layers formed by (METAC)m-b-
(PEO45MEMA)n have a high load bearing capacity. From Table 4,
we note that high load bearing capacity has also been achieved
for other electrostatically anchored polyelectrolyte layers and
for mucin, but for none has the pressure been increased to such
high values as in the present investigation. It seems clear that
the combination of electrostatic anchoring and a high density
of PEO side chains offers both low friction and high load
bearing capacity. It should be noted though that the load
bearing capacity decreases at high salt concentrations due to
weakening of the electrostatic polymer–surface affinity. This
important aspect of the lubrication properties of electrostati-
cally anchored surface layers remains to be fully quantied.
5 Conclusions

We have explored the boundary lubrication properties of
(METAC)m-b-(PEO45MEMA)n layers adsorbed to silica surfaces.
The cationic anchoring block has no PEO side chains and
provides a strong attachment to the surface and thereby a high
load bearing capacity. In the present study, low friction forces
between these layers in pure water were achieved up to a pres-
sure of about 50MPa, the highest pressure investigated. The low
friction force is attributed to strong steric repulsion and low
interpenetration between the opposing layers. The friction force
increases in high ionic strength solutions, which is suggested to
be a consequence of the decreased electrostatic affinity to the
surface.

The friction force vs. load curves obtained for (METAC)m-b-
(PEO45MEMA)n are close to Amontonian, but a small increase
above that anticipated from Amontons' rule is observed at high
loads, particularly in high ionic strength solutions. This
suggests that an additional energy dissipative mechanism
becomes important at high loads, and we suggest that this is
due to breakage and reformation of electrostatic anchoring
points at the surface. Despite this, a low friction force is
recovered as the load is decreased again, indicating self-healing
properties. This is an advantage of layers formed by a self-
assembly process over those formed by chemical graing where
layer disruption is irreversible.
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