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Frictional properties of a polycationic brush†

Maryam Raftari,‡a Zhenyu Zhang,§b Steven R. Carter,{a Graham J. Leggettb

and Mark Geoghegan*a

The frictional behaviour of end-grafted poly[2-(dimethyl amino)ethyl methacrylate] films (brushes) has been

shown by friction force microscopy to be a strong function of pH in aqueous solution. Data were acquired

using bare silicon nitride and gold-coated tips, and gold coated probes that were functionalized by the

deposition of self-assembled monolayers. At the extremes of pH (pH ¼ 1, 2, and 12), the friction–load

relationship was found to be linear, in agreement with Amontons' law of macroscopic friction. However,

at intermediate pH values, the data were fitted by single asperity contact mechanics models; both

Johnson–Kendall–Roberts (JKR) and Derjaguin–Muller–Toporov models were observed, with JKR

behaviour fitting the data better at relatively neutral pH.
Introduction

Friction is a dissipative process that occurs whenever there is
sliding contact between two surfaces. Early descriptions of
friction by da Vinci and later formalized by Amontons1,2 have
been remarkably robust. Although not explicitly stated in his
manuscript, the work of Amontons in particular allows for a
clear statement of the linear relationship between the frictional
force, F and load, N (Amontons' law),

F ¼ mN, (1)

where m is the coefficient of friction.
More formal approaches to friction have been attempted

with some success. For example, a now classic paper on the
adhesion of so (elastic) solids formalized adhesion in a way
that related to equilibrium thermodynamics.3 Similarly, further
work allowed the adhesion between somewhat stiffer materials
to be measured,4 which created a problem as to how to classify
the different interactions. These two models, denoted by the
authors' initials as JKR and DMT respectively are, in contrast to
Amontons' law, single asperity models, which is necessary for a
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thermodynamic foundation. The JKR and DMT approaches are
explicitly dependent on the area of contact, whereas in Amon-
tons' law, an area dependence is implicit due to increases in
load yielding an increased contact area due to the effects of
microscopic roughness.2 The JKR approach is appropriate for
elastic and readily deformable surfaces (so solids), whereas
the DMT model is suitable for the analysis of the contact
mechanics of stiff surfaces. Given the three different means to
describe interactions, it is not always clear which to use.
Relating JKR and DMT behaviour was a relatively easy problem
to solve, with Carpick and colleagues developing the work of
Maugis,5 and eventually describing the JKR and DMT
approaches as two limiting cases through the general transition
equation.6

For the JKR model, the area of contact is given by

A ¼ p

�
R

K

�2=3�
N þ 3pgRþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6pgRN þ ð3pgRÞ2

q �2=3

; (2)

where R is the radius of the spherical contact, g is the interfacial
tension and K is the (effective) elastic modulus of the system.
Both surfaces can contribute to K, if both are deformable. The
DMT model, however, gives the contact area as

A ¼ p

�
R

K

�2=3

ðN þ 4pgRÞ2=3: (3)

Both these models reduce to that of Hertz7 when g¼ 0, i.e. there
is no adhesive interaction between the two surfaces.

The general transition equation linking the JKR and DMT
behaviours is given by6

�
a

a0

�
¼
 
aþ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1�N=NPO

p
1þ a

!2=3

; (4)

where a is the contact radius when the load N is applied, a0 is
the contact radius without load, NPO is the force required to
Soft Matter, 2014, 10, 2759–2766 | 2759
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separate the two components (pull-off force), and a is the
transition parameter, for which JKR behaviour is indicated by
a ¼ 1, and DMT behaviour by a ¼ 0.

Polymers end-graed to a substrate (known as brushes) have
an important role in friction, adhesion, and lubrication,8–11

particularly when they involve charge.12–14 In particular, poly-
electrolyte brushes have the capacity to change their shape and
properties in response to environmental pH or salt.15 For
example, zwitterionic brushes of poly[2-(methacryloyloxy)ethyl
phosphorylcholine] (PMPC) have been shown to be particularly
lubricious, even when subjected to high pressures.16 PMPC
brushes may nevertheless have their frictional behaviour
controlled through the use of different solvents.17 Polyelectrolyte
brushes have been used to mediate reversible adhesion through
changing environmental pH18,19 and ionic strength.20

Friction force microscopy (FFM, also known as lateral force
microscopy) is an increasingly popular tool to analyse the
mechanical and adhesive properties of a surface, in particular
where a well-dened contact is desired.21,22 The versatility of
FFM is indicated by its application to different areas, such as
the chemical,23,24 mechanical,24,25 and electrostatic26 character-
isation of surfaces.

The combination of polyelectrolyte brushes and FFM offers a
useful means of testing the material properties of surfaces. For
example, a swollen brush should be expected to exhibit material
properties different from a collapsed brush. The combination of
JKR and DMT models should therefore allow a test of brush
stiffness, with JKR behaviour indicating a more deformable
contact and the DMT model indicating stiffer brushes. In this
work, different FFM tips have been used: as-supplied silicon
nitride tips, tips coated with gold, and gold-coated tips upon
which a self-assembled monolayer (SAM) of mercaptoundeca-
noic acid (MUA) or dodecanethiol (DDT) was allowed to form.
The DDT SAM represents an ideal hydrophobic surface, whilst
gold represents a (charge) neutral surface. The MUA and silicon
nitride tips are both hydrophilic, although the MUA is more
hydrophilic than silicon nitride. It is shown that FFM can be
used to determine material properties when measuring the
frictional behaviour of a polymer brush, but also that it is
important to account for the nature of the tip when interpreting
the data.

Experimental
Materials

Silicon wafers (boron doped, 0–100 U cm, and (100) orientation)
were purchased from Prolog Semicor (Ukraine). Copper(I)
chloride (99.999%), copper(II) bromide (99.999%),
(11-(2-bromo-2-methyl)propionyloxy)undecyl trichlorosilane,
1-dodecanethiol (98%), 11-mercaptoundecanoic acid (99%), dry
toluene (99.8%), 2-(dimethyl amino)ethyl methacrylate
(C8H15NO2), HCl (37%), and NaOH (>97%) were all purchased
from Aldrich and used as received. HPLC grade acetone and
methanol were purchased from Fisher Scientic. 2,20-Dipyridyl
(99%) was purchased from Acros. Chromium chips (0.7–3.5
mm, 99.99%) were purchased from Agar and gold wire (99.99%
purity) was purchased from Testbourne.
2760 | Soft Matter, 2014, 10, 2759–2766
Brush synthesis

Poly[2-(dimethyl amino)ethyl methacrylate] (PDMAEMA) was
prepared on silicon substrates by atom transfer radical poly-
merization (ATRP).27 This is a “graing from” method to
synthesize the brush, and allows a controlled route to form
densely graed polymers on the surface. Here, the initiator was
immobilized on the substrate, and then the brush was synthe-
sized on the active surface.

To immobilize the initiator, rst the silicon wafer was
cleaned, homogenized, and rendered hydrophilic in oxygen
plasma for 30min at a pressure of 33 Pa. In order to remove dust
particles the wafers were cleaned by N2 gas. The clean surfaces
were immersed in 20 mL of dry toluene solution containing 50
mL initiator for 6 h to immobilize the initiator. When coated, the
substrates were removed from the solution and rinsed with
toluene, and then dried under nitrogen gas.

For the PDMAEMA brush synthesis, 2,20-dipyridyl (0.225 g),
CuCl (0.0624 g) and CuBr2 (0.0084 g) were added together as
catalysts. Degassed acetone (15.9 mL) and 1.5 mL deionized
water were used to dissolve the catalysts for 1 h. 10.8 mL 2-
(dimethyl amino)ethyl methacrylate (DMAEMA) was then
injected into this solution under nitrogen. Finally, 20 mL of the
solution was injected into a cell (sealed under nitrogen) which
contained the initiator-coated silicon wafer. The reaction pro-
ceeded at 37 �C for 16 h. The samples were removed, rinsed with
methanol and dried under nitrogen gas aer reacting.
Brush characterization

Molecular weights and dispersities of free PDMAEMA were
determined by gel permeation chromatography (GPC) relative
to poly(ethylene oxide) standards at 70 �C using N,N-dime-
thylformamide and 0.1% ammonium acetate as the eluent at a
ow rate of 1.00 mL min�1. To synthesize free PDMAEMA, 2 mL
of ethyl 2-bromoisobutyrate was dissolved in 48 mL degassed
acetone and then injected into the ask containing the
DMAEMA. The synthesis continued as discussed above. Aer
the reaction, the free PDMAEMA was characterized by GPC.

The molecular weight of PDMAEMA was determined to be 39
kg mol�1 by GPC, from which a graing density of 0.84 chains
per nm2 was calculated, assuming a density of 1 g cm�3. The
dispersity was determined to be 1.37. The average thickness of
lms of both dry PDMAEMA as well as those immersed in
different pH solutions was determined by ellipsometry. The pH
was routinely monitored with a pH meter. X-ray photoelectron
spectroscopy was used to monitor each stage of the process to
ensure that we had the expected chemistry on the surface,
before and aer deposition of the initiator layer, and aer the
polymerization reaction had completed.
Friction force microscopy measurements

A Digital Instruments Nanoscope IIIa Multimode atomic force
microscope was used for friction force measurements operating
in contact mode with a liquid cell/tip holder. FFM experiments
were performed at a scan rate (constant tip velocity of 2 mm s�1)
of 1 Hz with 256 points per (1 mm) line. The frictional behaviour
This journal is © The Royal Society of Chemistry 2014
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of the PDMAEMA brush was determined with non-conductive
silicon nitride triangular probes (MLCT, Brucker) with a
nominal spring constant of 0.065 N m�1 and a radius of 20 nm.
The spring constant of each cantilever was calibrated using a
Digital Instruments PicoForce module and its associated so-
ware, based on the method of Hutter and Bechhoefer.28 The
lateral force was calibrated using the wedge method,29–31 with
the cantilever scanning across a calibration grating (TGF11,
MikroMasch, Tallinn, Estonia). The frictional behaviour of each
sample was measured in deionized water and solution with
different pH (pH ¼ 1 to 12) by the addition of HCl or NaOH as
appropriate. All silicon nitride probes were cleaned with
piranha solution, which is a mixture of 30% (15 mL) hydrogen
peroxide and 70% (35 mL) sulfuric acid. Because piranha
solution is a strong oxidizing agent, great care must be taken
when handling it. They were nally rinsed with deionized water
and were dried in an oven at �80 �C.

To determine the transition parameter, data were tted to
eqn (4) using a0, a and NPO as oating parameters. The contact
area is directly proportional to the photodetector response, so
the ratio of the photodetector response under applied load to
that without load is equal to the square of eqn (4).
Modication of the cantilevers

The cantilevers were coated with a layer of gold by an Edwards
Auto 306 bell jar vacuum coater system. To coat the tips with
gold, a 2 nm thick layer of chromium was deposited at a rate of
less than 0.05 nm s�1. These were then coated with 10 nm of
gold at a rate of 0.03 nm s�1.

To modify the cantilevers with a SAM, the gold-coated tips
were modied with DDT and MUA monolayers. To modify
the tips with DDT, gold-coated tips were immersed in a
mixture of 1 mM 1-dodecanethiol and 20 mL of degassed
ethanol and le for 12 hours. These were then rinsed in
degassed ethanol.

Tip modication with an MUA monolayer was performed
using the same procedure as for DDT, except that 5.5 mg of 11-
mercaptoundecanoic acid was mixed with 20 mL of degassed
ethanol.
Fig. 1 pH dependence of the thickness (as obtained using SFM and
ellipsometry) of a 68 nm thick (when dry) PDMAEMA brush.
Results
Brush thickness

To determine the thickness of the dry brush, a sample was
scratched with a scalpel, and the height prole across the
scratch was measured by scanning force microscopy (SFM)
using the same non-conductive silicon nitride tips that were
used for the FFMmeasurements. The thickness was determined
to be 68 nm, which was in agreement with separate spectro-
scopic ellipsometry measurements. Ellipsometry measure-
ments were taken using wavelengths from 200 to 1000 nm and
the data were tted using the analysis soware WVASE32 (JA
Woollam). These experiments revealed a thickness of 66 nm,
and an oxide layer thickness of 2 nm. Enough measurements
were performed so that statistical errors in the SFM and
ellipsometry measurements were less than 1 nm.
This journal is © The Royal Society of Chemistry 2014
The thickness of the brush was also measured in solutions of
different pH by the addition of HCl or NaOH as appropriate
using both SFM (in contact mode) and ellipsometry. The results
are shown in Fig. 1. At low pH, the thickness of the brush layer
was found to be greatest with values of 190 nm (SFM) and 176
nm (ellipsometry). As the pH was increased the thickness of the
brush layer decreased, changing sharply between pH 3 and 5,
and then decreasing more slowly with increasing pH. The
brushes appear to be highly collapsed only at pH 12. For most
forms of brush proles, ellipsometry is a more reliable measure
of thickness than (contact mode) SFM because it is non-inva-
sive. Nevertheless, there is reasonable agreement between the
two techniques at all but the highest pH values.

The swelling of brushes of (similar) ATRP-graed poly[2-
(diethyl amino)ethyl methacrylate] (PDEAEMA) has been studied
by neutron reectometry,32 and it was observed that these
brushes, due to their rather dense graing, experience counterion
condensation, and do not swell particularly in pure water. This
phenomenon is because the pKa of the brush layer is shied to a
smaller pH value than that for the free polymer in dilute solution.
Although PDMAEMA is more hydrophilic than PDEAEMA, it
shouldnot be surprising that it also swells very little inwater. Both
PDEAEMA and PDMAEMA have very similar pKa values,33 so it is
reasonable to make the comparison between them.
Adhesion

Adhesion measurements were performed in solutions of
different pH. 100 measurements were performed for each of the
different tips at each pH. Example data for a DDT-coated tip for
four different pH values are shown in Fig. 2. Approach curves
can provide insight into the stiffness and modulus of the
brush.34 The retraction curves reveal raw adhesion data. Here
the approach curves (Fig. 2a) show that there are no long-range
repulsive or attractive interactions when the AFM tip
approaches the polymer brushes, except for a large repulsion for
the most extended brush at pH 1. The stiffness of the brush
layer, e.g. the sharp corner for pH 4, 8, and 12, indicates a hard
surface while the slowly increasing repulsive force is a typical
indicator for a swollen brush.
Soft Matter, 2014, 10, 2759–2766 | 2761
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Fig. 2 Approach (a) and retraction (b) curves for a DDT-coated tip and
the PDMAEMA brush for four different pH solutions.
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The retraction curves (Fig. 2b) reveal the actual adhesion,
which is dened as the minimum (most negative) force on
these curves, and is very commonly referred to as the pull-off
force. Here the data reveal very little interaction between the
tip and the brush for pH 1 and 12. Indeed, these retraction
curves are similar to the approach curves, further conrming
the very limited interaction between these two components.
Detailed histogram data for different pH for a gold-coated tip
are presented in Fig. 3, and illustrate the distribution of
adhesion events. The greatest mean adhesion was observed at
pH 8, when the distribution of adhesion is also the largest.
Fig. 3 Histograms of the minimum force required to separate a gold-
coated tip from a PDMAEMA brush as a function of pH.

2762 | Soft Matter, 2014, 10, 2759–2766
Adhesion data for all tips and pH values are summarized in
Fig. 4. For each tip coating, adhesion was always at its
maximum value at pH 8. The greatest adhesion measured
was for the MUA tip with the PDMAEMA brush over the
entire range of pH, although the difference was less
pronounced at pH 1, 2, and 12.

The large adhesion associated with MUA may be because it
presents the most effective surface for hydrogen bonding with
the PDMAEMA; gold and DDT should not permit hydrogen
bonding at all, but silicon nitride should exhibit some interac-
tions due to oxidation at its surface. Gold, silicon nitride, and
DDT have similar values of adhesion over the different pH
values. Silicon nitride has slightly larger values of the three at
pH 3 and 4, indicating perhaps a role of charge in the adhesion,
although it is surprising that silicon nitride does not have larger
adhesion compared to gold and DDT due to the possible role of
hydrogen bonding in the adhesion. At high pH (between 9 and
11), DDT has larger adhesion than gold and silicon nitride, and
indeed has a value (2.6 nN) approaching that of MUA (3.8 nN) at
pH 11, which might suggest that the alkyl chain has an
important role in the interaction given that the uncharged
carboxylic acid of the MUA and the methyl termination of DDT
are quite dissimilar.
Friction force microscopy

Friction force microscopy was performed on PDMAEMA
brushes as a function of pH (between 1 and 12 in steps of unity)
and for different tip surface chemistries, specically MUA, DDT,
gold, and silicon nitride (i.e. the uncoated tip).

Fig. 5 contains representative friction–load plots obtained
using a bare silicon nitride probe. It can be seen that a variety of
types of behaviour was observed. At pH values of 1, 2, and 12,
the friction–load relationship was linear, but for values between
3 and 11 it was non-linear. Here, the friction–load relationship
was analysed using the general transition equation to deter-
mine whether the data could be best tted with JKR or DMT
mechanics. The values of transition parameter a are shown in
Fig. 6. At pH 6 and 7 it was found that a ¼ 1 for all surfaces,
indicating that the behaviour is consistent with the JKR model.
Fig. 4 Adhesion data for the different tips used in the present study.
Error bars are included in the plot, but may be obscured by the symbol.

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 Friction force as a function of load for a PDMAEMA brush in
contact with an uncoated silicon nitride tip for different values of pH.
The solid lines are fits to the data, made by application of the general
transition equation or Amontons' law, as described in the text. The
error bars represent the average of three experiments on three
different positions of each of three different surfaces; 27 measure-
ments in total for each point.
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At other pH values, intermediate behaviour was observed, or
a ¼ 0, indicating DMT behaviour.

The silicon nitride tip is weakly anionic, and so there is likely
to be a region of pH where opposite charges are on the brush
and on the tip. The large number of points where behaviour
Fig. 6 pH dependence of the transition parameter for the different
tips in contact with a PDMAEMA brush. Although some data obscure
each other, reasonable deduction can be used to see which is which;
for example at pH 11, a ¼ 0 applies for the gold and silicon nitride tips.

This journal is © The Royal Society of Chemistry 2014
intermediate between JKR and DMT is observed may well be
determined by the relative level of charging on the two surfaces.
At these intermediate pH values the silicon nitride may still be
negatively charged and the polymer may have a low density of
positive charges; at lower pH the silicon nitride will become
protonated and at higher pH the brush will have declining
degrees of protonation. Certainly, similar arguments were used
for the pH-dependence of silicon nitride AFM tips when in
contact with a tungsten surface.35

For the gold-coated cantilever, the transition parameter was
predominately close to zero, indicating DMT mechanics. Only
over a narrow pH range, pH 5 to 8, was JKR behaviour observed.
For gold, transition parameters intermediate between JKR and
DMT were not observed, except for perhaps pH 4, where a ¼
0.05 was obtained.

The DDT-coated cantilever exhibited JKR behaviour over
most of the pH range, with only pH 3 and 4 having a ¼ 0, and
DMT mechanics. As for the gold-coated cantilever, behaviour
intermediate between JKR and DMT mechanics was not
observed.

The most hydrophilic cantilever, i.e. the cantilever coated
with MUA, exhibited JKR behaviour for all pH between 3 and 11,
with only slight departures at pH 3, 4, and 11 (a ¼ 0.94, 0.95,
and 0.97 respectively). No DMT mechanics was observed at all
with this cantilever. With the MUA-coated cantilever, it is
expected that at least one component (brush or cantilever) was
charged at all values of pH studied.

In the pH range between 3 and 11 only the MUA-coated tip
has the same behaviour (JKR mechanics) for all solutions, with
the other three exhibiting some form of pH-dependent
behaviour.

Discussion
Tip–sample interactions

The interaction between the PDMAEMA brush and the tip is
complicated by the nature of the tip itself. Silicon nitride and
MUA tips are negatively charged at high pH; gold, being a metal
should not retain a charge, and DDT will be uncharged and
hydrophobic.

The DDT tip exhibits JKR behaviour (a ¼ 1) over much of the
pH range (5# pH# 11) with DMT applicable for pH 3 and 4. At
these pH values where DMT behaviour is observed, the
PDMAEMA brush was extended (Fig. 1) and its state of solvation
could perhaps explain the stiffness inherent in DMT behaviour.
At larger values of pH (>5), the brush is more compressible, and
here JKR behaviour is observed. It might be considered coun-
terintuitive that a more extended brush is effectively stiffer than
the one with a less extended conformation, but the pressure
exerted by the counterions within the brush should convey
stiffness. The adhesion data shown in Fig. 2a conrm that the
interaction of the DDT-coated tip is one in which the brush may
be treated as stiff at both pH 4 and pH 8.

For gold-coated tips, DMT behaviour was similarly observed
for pH 3 and 4, and also for 9 # pH # 11. At low pH, we can
ascribe the same explanation for the contact mechanics as for
the DDT-coated tip. At pH 10 and 11 the PDMAEMA brush is
Soft Matter, 2014, 10, 2759–2766 | 2763
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close to its dry thickness (Fig. 1), and may therefore be stiff at
these pH values. It is harder to explain the result for pH 9,
except to speculate that this might reect the uncertainty in the
measurements.

Given the gold and DDT results, one can suggest that the pKa

of the brush is given by 4 < pKa < 5, which is somewhat lower
than that in dilute solution33 (�7.0), but is consistent with the
behaviour of PDEAEMA brushes.32 There is a contradiction
between the gold and DDT brushes for high pH; if the brush is
stiff due to it being compressed close to its dry thickness, then
DMT behaviour should be expected for the DDT-coated tip at
these pH values. The adhesion data (Fig. 4) show that gold has
only a minimal interaction with the brush from pH 9 to 11,
whereas the DDT has much stronger adhesion to the brush over
this pH range. The origin of this adhesion is unclear, but it
should be linked to the JKR contact mechanics of the tip and
brush.

MUA-coated tips show JKR mechanics over the entire pH
range, except for the extremes where a linear friction–load
relationship was observed. The JKR mechanics indicates an
intimate interaction with the brush. When the MUA and the
brush are both charged, they adhere. However, if hydrogen-
bonding sites are available, then such an adhesive interaction
can take place over a wider range of pH, which would provide a
plausible explanation for the wide range of pH over which JKR
behaviour is observed. It is not clear whether hydrogen
bonding, if responsible for the JKR mechanics, would be at
different sites for high and low pH, or at the same site for all pH
values. If the same hydrogen bonding occurs over all pH, it
cannot be due to the carboxylic group on the acid, or the
nitrogen on the base. The adhesion data (Fig. 4) certainly
indicate a much stronger interaction between these two
components than the brush with any other tips. Indeed MUA
has a stronger adhesion to the brush between pH 4 and 10 than
any other sample.

If hydrogen bonding provides the explanation for the JKR
mechanics over all pH values for the MUA-coated tip, then
silicon nitride, which is not expected to be capable of interact-
ing through hydrogen bonding should demonstrate DMT
behaviour at both high and low pH, which it does. Here, the
silicon nitride tip can be expected to have a negative charge at
high pH, and so an adhesive interaction may result when both
are charged. In acidic solution the brush is hydrated and DMT
contact mechanics results, whereas in alkaline solution (pH 10
and 11), the tip is solvated but the brush is collapsed, and is
therefore stiffer.

The extremes of pH (1, 2, and 12) exhibit linear friction–load
relationships, which might be expected for a weak interaction
between the brush and the tip. This can certainly be expected
for highly solvated brushes (i.e. pH 1 and 2) but is perhaps
surprising for pH 12. The system in pH 2 yielded the largest
friction coefficient of the three that exhibited linear friction–
load relationships, which indicates a slightly stronger interac-
tion between the brush and the tip, and this is certainly to be
expected when compared to the results for pH 1. However, the
system at pH 12 exhibited the smallest friction coefficient for all
of the tips, which implies it is energetically more benecial for
2764 | Soft Matter, 2014, 10, 2759–2766
the tips to remain solvated than to be in contact with the
polymer. The adhesion data (Fig. 4) certainly indicate a stronger
interaction at pH 2 than for pH 1 and 12. The PDMAEMA is
expected to be solvated at high pH, in comparison with
PDEAEMA, which is hydrophobic in such environments.36

Nevertheless, pH 12 is an extreme environment for the brush,
and so may confer hydrophobicity to PDMAEMA. Certainly the
thickness results (Fig. 1) indicate that the brush is hydrophobic
at pH 12.

In general, we cannot use the interaction between the brush
and the SFM tip as a means to decipher material properties of
the brush, such as whether or not it is swollen; we have seen
that DMT behaviour can be observed for both collapsed and
swollen brushes. Nevertheless, the gold and DDT results
together do suggest that the brush starts to swell at pH z 4.
Recent experiments37 between SAM-coated AFM tips and a
polyzwitterionic brush have shown that a linear friction–load
relationship can exist in the case of interactions between the tip
and the brush in both good and poor solvents. This suggests
that the two different mechanisms giving rise to linear friction–
load relationships represent reproducible phenomena in
different systems.

The role of counterions in the brush stiffness is a consider-
ation for asymmetries in the data (Fig. 6). At high pH, the
brushes are neutral and counterions play no role in the friction
behaviour. At low pH, the brushes are extended, but may
nevertheless exhibit counterion condensation under compres-
sion.38,39 This alters the behaviour of the brushes, because the
osmotic pressure of counterions acts to keep brushes elongated,
which affects its stiffness and ability to resist deformation by
the probe. Unfortunately, the level of counterion condensation
taking place under these pressures is currently indeterminate,
although future developments here would help us to under-
stand the role of counterions on the molecular mechanisms of
friction in much greater detail.
Contact mechanics

Single asperity mechanics has its roots in thermodynamics. The
interaction is between two surfaces, each with their surface or
interfacial energies, and the energy of interaction thus increases
with the size of the contact.40 However, Amontons' behaviour is
based on the notion of plastic deformation occurring between
contacting surfaces that consist of multiple asperities. It has
also been widely used, paradoxically, to model FFM data. One
resolution to this apparent conict is found in the long-estab-
lished notion that friction can be treated as the sum of two
components: adhesion (shearing) and ploughing. At the nano-
metre scale, Carpick has proposed that the friction may be
treated as the sum of a pressure-dependent ploughing term and
an area-dependent adhesion term, recently used to model a
variety of data from monolayer systems:40,41

F ¼ mðN þNPOÞ þ sp

�
RðN þNPOÞ

K

�2=3

: (5)

Here s is a parameter known as the surface shear strength, and
K is the elastic modulus. The rst, load-dependent term
This journal is © The Royal Society of Chemistry 2014
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describes energy loss through either molecular deformations or
through other means. Changes in the pH affect hydration and
thus the local brush density, which is expected to change fric-
tion. Furthermore, the pH may also affect the tip, and so the
interaction between the brush and the tip will be modied by
environmental changes. In polar liquids for systems in which
hydrogen bonding is expected to dominate, any adhesive
contribution is negligible,40–42 and hence the second term in eqn
(5) may be neglected. Moreover, the pull-off force in the rst
term will be negligible, yielding a linear friction–load relation-
ship that appears to be consistent with Amontons' law.

Conclusions

We have measured the frictional behaviour of PDMAEMA
brushes in aqueous solution as a function of pH in response to
perturbation by a model single asperity contact and have
observed a range of behaviours including DMT, JKR contact
mechanics, and a regime at the extremes of pH (1, 2, and 12)
where Amontons' law is observed to apply. JKR behaviour is
observed in all cases for the brushes in neutral or close to
neutral solutions indicating that the polymer brush behaves as
a so elastic medium. Depending on the tip chemistry, at pH
values either side of this region, the contact mechanics may be
either DMT or JKR, indicating that the physical interaction
between the brush and the tip is crucial in determining the
frictional behaviour; DMT behaviour is notable for gold-coated
and uncoated silicon nitride tips. Amontons' behaviour at pH 1,
2, and 12 suggests a very weak interaction between the tip and
the brush and so a dissipative interaction is taking place. The
nature of this dissipative interaction (ploughing) need not be
the same. At pH 1 and 2, the tip may well penetrate and
deform the highly solvated brush, but at pH 12 this is less likely
because the brush is expected to have a relatively collapsed
conformation. Nevertheless, at this pH some form of energy loss
due to deformation of the polymer is likely.

Acknowledgements

The Engineering and Physical Sciences Research Council (Grant
EP/039999/1) is acknowledged for nancial support.

Notes and references

1 G. Amontons, Hist. Acad. R. Sci., 1699, 206–227.
2 F. P. Bowden and D. Tabor, The Friction and Lubrication of
Solids, Oxford, Oxford, 1954.

3 K. L. Johnson, K. Kendall and A. D. Roberts, Proc. R. Soc.
London, Ser. A, 1971, 324, 301–313.

4 B. V. Derjaguin, V. M. Muller and Y. P. Toporov, J. Colloid
Interface Sci., 1975, 53, 314–326.

5 D. Maugis, J. Colloid Interface Sci., 1992, 150, 243–269.
6 R. W. Carpick, D. F. Ogletree and M. Salmeron, J. Colloid
Interface Sci., 1999, 211, 395–400.

7 H. Hertz, J. Reine Angew. Math., 1881, 92, 156–171.
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