
Vol.:(0123456789)1 3

Tribology Letters  (2018) 66:11  
https://doi.org/10.1007/s11249-017-0963-0

ORIGINAL PAPER

Salt Dependence of the Tribological Properties of a Surface‑Grafted 
Weak Polycation in Aqueous Solution

Maryam Raftari1 · Zhenyu J. Zhang2,3   · Steven R. Carter1 · Graham J. Leggett2   · Mark Geoghegan1 

Received: 28 September 2017 / Accepted: 23 November 2017 
© The Author(s) 2017. This article is an open access publication

Abstract
The nanoscopic adhesive and frictional behaviour of end-grafted poly[2-(dimethyl amino)ethyl methacrylate] (PDMAEMA) 
films (brushes) in contact with gold- or PDMAEMA-coated atomic force microscope tips in potassium halide solutions with 
different concentrations up to 300 mM is a strong function of salt concentration. The conformation of the polymers in the 
brush layer is sensitive to salt concentration, which leads to large changes in adhesive forces and the contact mechanics at 
the tip–sample contact, with swollen brushes (which occur at low salt concentrations) yielding large areas of contact and 
friction–load plots that fit JKR behaviour, while collapsed brushes (which occur at high salt concentrations) yield sliding 
dominated by ploughing, with conformations in between fitting DMT mechanics. The relative effect of the different anions 
follows the Hofmeister series, with I− collapsing the brushes more than Br− and Cl− for the same salt concentration.
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1  Introduction

Polymers are used to control friction in numerous applica-
tions. When high friction is required, it is possible to use 
low-modulus polymer materials with increased surface 
roughness [1]. Controlling texture is optimized in many 
commercial applications, such as tyres [2]. However, there 
are other routes to increase friction where stiff surfaces are 
required [3]. When lubrication is necessary, grafting poly-
mers on surfaces may be applied for both oil-based [4–6] 
and aqueous [6–9] environments. Such grafted polymers are 
known as brushes [10] and are often used for modifying sur-
faces to improve material compatibility, to prevent aggrega-
tion (steric stabilization), or to add functionality.

When polyelectrolyte brushes are fully solvated in aque-
ous environments, osmotic pressure within them and steric 
repulsion upon compression contribute to their exceptional 

lubrication characteristics. Their solvation changes as a 
function of environment such as pH, and this in turn affects 
lubricity [11–13]. The salt-dependent frictional behaviour of 
polyelectrolytes has been studied for two gels in contact with 
each other [14] and for strong polyelectrolyte brushes [15, 
16]. There is a tension between the pH and salt dependence 
of polyelectrolytes, since pH is often considered to convey 
“smart” properties to the material, with an aim of trigger-
ing an environmental stimulus, e.g. for adhesion [17–20] 
and drug delivery [21, 22]. The addition of salt screens 
ions and consequently reduces the effect of pH, which is 
particularly important in physiological environments. It is 
therefore important to fully understand the effects of salt on 
polyelectrolyte properties, including those of friction. Poly-
electrolytes are candidates for use in biomedical devices and 
implants due to their inherent material processing versatility 
[21, 23]. Although friction is often considered an engineer-
ing matter, its importance in biomedical implants cannot be 
understated, where pressures of several MPa are exerted on 
moving joints [24].

The addition of salt to weak polyelectrolyte brushes 
(those for which the charge can be readily controlled by pH) 
hides a deceptively rich physics [25, 26]. For thin charged 
brushes in salt-free solution, a double layer is formed with 
a layer of oppositely charged counter-ions adjacent to the 
brush. For thicker brushes, the counter-ions can penetrate the 
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brush, which is swollen by these (osmotic swelling) rather 
than Coulombic repulsion along the chain. As more salt is 
added, there is initially an increase in osmotic swelling, but 
for greater concentrations of salt, the charges are shielded 
and the swelling is reduced. At a salt concentration similar 
to that of the free counter-ions within the brush, the brush is 
considered “salted”, and there is considerably less swelling 
than in the salt-free environment [27, 28].

Salt concentration, pH, and polyelectrolyte molar mass 
and grafting density determine the swollen state of polymer 
brush, which consequently affects the tribological behav-
iour of the surface. A consideration of the contact mechan-
ics of these surfaces involves the mechanical properties of 
the brush and the probe interrogating it. For contact at the 
nanoscopic scale, the problem can be limited to a choice 
between a Johnson–Kendall–Roberts (JKR) [29] approach 
for deformable elastic materials or the Derjaguin, Muller, 
and Toporov (DMT) model for more rigid materials [30]. 
The two models are compatible with each other insofar as it 
is possible to consider interactions that are in between the 
JKR and DMT models [31] and that in the absence of any 
surface adhesion (γ = 0) both models reduce to that of Hertz 
[32]. In the JKR model, the contact area is given by

where R is the radius of the probe, K is the elastic modulus 
of the surface being interrogated (assuming a non-deforma-
ble probe), γ is the thermodynamic energy of adhesion, and 
N is the applied load. For the DMT model,

The JKR model neglects any adhesive forces originating 
outside the area of contact which gives rise to a singular-
ity in stress at the contact. On the other hand, the DMT 
approach treats the contact profile at the interface as Hertz-
ian even though adhesion forces outside the contact zone 
are considered. Rationalizing the two models with their 
unsatisfactory characteristics has been a focus of substan-
tial research with the goal being a unifying parameter, the 
value of which would dictate which of the two situations was 
applicable. In both the JKR and DMT approaches, the force 
required to separate the two surfaces, the “pull-off” force, 
is independent of material elastic constants, being given by

where λ = 3/2 and 2 for the JKR and DMT models, respec-
tively. Reconciling these differences requires an understand-
ing of the material properties of the probe and the surface 
and a suitable means was found to achieve this first in a 
simple theory [33], which has subsequently been improved 
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numerically [34, 35]. A so-called Tabor parameter, which 
is given by

where ε is a constant of the order of ~ 0.5 nm, has extended 
our understanding of contact mechanics, but its application 
to experimental results is difficult because these are often 
realized by a contact diameter which is not readily extracted 
from this theory. Another approach consolidated both of 
these models through the use of a transition parameter, α, 
which is related to the contact radius, a (where A = πa2) by

where the “pull-off” force is here the force required to sepa-
rate the AFM tip from the surface. This Eq. (5) is known as 
the general transition equation.

The single asperity contact mechanics of polymer brush 
layers is ideally studied by lateral or friction force micros-
copy (FFM) [36–38], a technique in which an atomic force 
microscopy (AFM) tip of radius typically between 10 and 
50 nm is dragged over a surface and the frictional force is 
monitored as a function of applied load. The technique is 
important because it combines a small contact area due to 
the AFM tip and the ability to accurately measure sub-nN 
forces.

Recent work has shown that there is a low adhesion 
regime whereby single asperity contact mechanics is insuf-
ficient to describe the interaction of a polymer brush with 
an AFM tip [11, 12, 39–44]. The AFM tip can reasonably be 
considered as a single asperity probe given its small radius. 
However, the tip can also penetrate the brush, deforming it 
and dissipating energy in the process. This has been termed 
“ploughing” [31, 36, 45], and experiments on self-assembled 
monolayers have shown that these interactions can be treated 
as a combination of a load-dependent term (which takes the 
same form as the macroscopic Amontons’ law) [46] and a 
term reflecting the stress required to retain a sliding contact 
between the tip and the surface [47–49]. This yields

where F is the lateral force on the tip, τ is a shear strength, 
and μ is the friction coefficient.

Model polymer brushes were provided using poly[2-
(dimethylamino)ethyl methacrylate] (PDMAEMA), which 
is a weak polycation. Previous work on this polymer shows 
that it swells slightly on the addition of a small amount of 

(4)� =

(

R�2

K2�

)
1

3

,

(5)a = a0

�

� +
√

1 − N∕NPO

1 + �

�2∕3

,

(6)F = �(N + NPO) + �π

(

R(N + NPO)

K

)2∕3

,



Tribology Letters  (2018) 66:11 	

1 3

Page 3 of 9   11 

salt, but that its thickness is reduced at larger concentrations 
[50]. Atomic force microscopy-based techniques have also 
demonstrated the conformational collapse of PDMAEMA 
brushes at high salt concentration [51, 52]. In this work, the 
frictional behaviour of brushes of PDMAEMA in contact 
with AFM tips coated with gold or a PDMAEMA grafted 
layer has been measured as a function of the concentration 
of solutions of different monovalent potassium salts: KCl, 
KBr, and KI, which allow the effect of the specific anion to 
be tested. It is shown that the size of the anion has a critical 
role in both the conformational and tribological properties 
of the brush.

2 � Experimental

2.1 � Materials

Silicon wafers (boron doped, 0–100 Ω cm, and (100) ori-
entation) were purchased from Prolog Semicor (Ukraine). 
Copper(I) chloride (99.999%), copper(II) bromide 
(99.999%), [11-(2-bromo-2-methyl)propionyloxy]undecyl 
trichlorosilane, dry toluene (99.8%), 2-(dimethyl amino)
ethyl methacrylate (C8H15NO2), KCl (99%), KI (99%), and 
KBr (99%) were all purchased from Aldrich and used as 
received. HPLC-grade acetone and methanol were purchased 
from Fisher Scientific, and 2,2′-dipyridyl (99%) was pur-
chased from Acros. Non-conductive silicon nitride triangular 
probes (MLCT, from Brucker) with nominal spring con-
stant 0.065 Nm−1 and radius 20 nm were used for the FFM 
experiments.

2.2 � Brush Synthesis and Modification of the AFM 
Cantilever

PDMAEMA brushes were grafted from silicon sub-
strates and AFM tips by atom transfer radical polym-
erization (ATRP), using the same method as in earlier 
experiments [11, 12]. To immobilize the initiator, a 
clean silicon substrate and AFM tip were immersed for 
6 h in 20 mL of dry toluene solution containing 50 μL 
[11-(2-bromo-2-methyl)propionyloxy]undecyl trichlo-
rosilane (initiator). When coated, the substrates and AFM 
tip were rinsed with toluene, and then dried under nitro-
gen gas. 2,2′-Dipyridyl (0.225 g), CuCl (0.0624 g), and 
CuBr2 (0.0084 g) were added together as catalysts. These 
catalysts were dissolved by adding degassed acetone 
(15.9 mL) and 1.5 mL deionized (DI) water. The ATRP 
monomer solution was completed by adding the 10.8 mL 
2-(dimethyl amino)ethyl methacrylate (DMAEMA) to the 
catalyst solution. Finally, 20 mL of the ATRP solution 
was injected into a cell (sealed under nitrogen), which 

contained the initiator-coated silicon wafer and AFM tip. 
The PDMAEMA film and the PDMAEMA-coated AFM 
tip were removed and rinsed with methanol after 16 h.

Gold-coated cantilevers were prepared using an 
Edwards Auto 306 bell jar vacuum coater system. First, 
a 2-nm-thick adhesion layer of chromium was deposited 
on the cantilever at a rate of less than 0.05 nm/s. This was 
then coated with 10 nm of gold at a rate of 0.03 nm/s.

2.3 � Brush Characterization

The average thickness of the PDMAEMA brush was 
measured using a Woollam M2000V rotating compensa-
tor ellipsometer in a dry environment, in deionized water, 
and in different salt solutions with concentrations ranging 
from 1 to 300 mM. Ellipsometry measurements were taken 
using wavelengths from 200 to 1000 nm, and the data were 
fitted using the analysis software WVASE32 (J. A. Wool-
lam). In order to measure the thickness of the PDMAEMA 
brush in the solutions, first the sample was placed in the 
PTFE liquid cell and then 20 mL DI water was added to 
the cell. The sample was then left in DI water for 10 min 
before the ellipsometry measurements were taken to allow 
the thickness to equilibrate. The brush thickness was then 
determined as a function of the concentration of the dif-
ferent types of salt (Fig. 1). The ratio of the thickness 
to the dry brush thickness (swelling ratio) is also shown 
in Fig. 1. To check the thickness of PDMAEMA brushes 
on the cantilever, a Carl Zeiss 1540XB scanning electron 
microscope (SEM) was used to take images from a brush-
modified cantilever. Free (i.e. not grafted) PDMAEMA 
was synthesized and characterized by gel permeation chro-
matography, from which a molar mass of 39 kg/mol was 
determined. The grafting density of the PDMAEMA was 
thus determined to be 0.84 chains/nm2 [12].

Fig. 1   Ellipsometric thickness and swelling ratio of PDMAEMA 
brushes in different salt solutions. Unfilled symbols correspond to the 
swelling, filled symbols to the thickness. Error bars may be obscured 
by the relevant datum. Solid lines are guides for the eye
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2.4 � Friction Force Microscopy

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. The 
AFM probes were non-conductive silicon nitride triangular 
probes (MLCT, Bruker, California, USA) with extremely 
low spring constants for high force sensitivity. These silicon 
nitride probes were modified with a PDMAEMA brush or 
coated with a thin layer (10 nm) of gold as described above. 
FFM measurements were taken at a scan rate of 0.99 Hz with 
256 points per line and with a scan area of 1 μm × 1 μm. 
The spring constants of PDMAEMA-coated and gold-
coated cantilevers were calibrated by a Digital Instruments 
PicoForce module and its associated software, based on the 
method of Hutter and Bechhoeffer [53]. The spring con-
stants were determined to be 0.073 and 0.068 Nm−1 for the 
PDMAEMA- and gold-coated tips, respectively. The optical 
lever sensitivity of each modified cantilevers was calibrated 
in DI water before each set of experiments. The friction force 
was acquired by converting the lateral signal collected by 
the photodetector from voltage to newton using the wedge 
method [54, 55], where the cantilever is scanned across a 
calibration grating (TGF11, MikroMasch, Tallinn, Estonia) 
and the frictional signal is measured as a function of applied 
load.

The frictional behaviour between the PDMAEMA brush 
and each AFM-coated tip was measured in deionized water 
and with three different monovalent salt solutions with dif-
ferent anions including potassium chloride (KCl), potassium 
bromide (KBr), and potassium iodide (KI) at salt concentra-
tions from 0 to 300 mM.

3 � Results

3.1 � Brush Thickness

The swollen state of the PDMAEMA brush, as reflected by 
the measured thickness, is shown as a function of salt con-
centration in Fig. 1. For KCl and KBr, the brush thickness 

increases with increasing salt concentration up to 100 mM. 
For KBr, a small reduction in thickness is observed from 
100 to 300 mM, while for KCl the thicknesses measured 
at 100 mM and 300 mM are similar. For KI, the thickness 
increases initially (up to 10 mM), but thereafter decreases 
significantly at higher salt concentrations. The reduction 
in thickness of the brush in KI indicates that it is salted, 
which occurs at salt concentrations in excess of that of the 
counter-ions [56]. The anion dependence of the thickness is 
consistent with the results of a study of Hofmeister ions on 
a strong polycation [57].

The increase in brush thickness at low salt concentrations 
is due to the extra osmotic swelling provided by the addi-
tional ions in the solution. However, at higher concentrations 
screening negates this effect and the interaction between the 
anions and the amine functional groups becomes impor-
tant. It has been suggested that the total amount of aqueous 
hydrogen bonding decreases with decreasing ion size [58], 
which means that larger ions have a greater affinity for the 
amine group on the PDMAEMA brush and can consequently 
more effectively screen the charge of the polymer chain.

3.2 � Adhesion

Adhesive interactions between surface-grafted PDMAEMA 
brushes and gold- or PDMAEMA brush-coated probes were 
measured by retracting the AFM tip from the substrate in 
different salt solutions. These data were obtained from 100 
measurements. Figure 2a shows retraction curves between 
gold-coated probes and the PDMAEMA brush samples 
immersed in different monovalent salt solutions with 
300 mM concentration. In Fig. 2b, curves are shown for the 
retraction of the PDMAEMA-coated tip from the brush. The 
force of adhesion is the difference between the baseline (i.e. 
the force at large distances, which can be considered zero) 
and the minimum force of the curve. This is herein referred 
to as the pull-off force.

Histograms (Fig. 3) of the pull-off force distributions for 
samples in different salt solutions at 300 mM salt concentra-
tion show that, for gold-coated probes, adhesion is strongest 
in KCl solution but is significantly reduced in solutions of 

Fig. 2   Retraction curves 
for the a gold-coated and b 
PDMAEMA brush-coated 
AFM tips from the PDMAEMA 
brush in different 300 mM salt 
solutions. The different slopes 
for the curves at small displace-
ments indicate a different laser 
alignment of the sample
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KBr and KI. For PDMAEMA-coated probes, the strength of 
adhesion is reduced in all three salt solutions. However, the 
magnitude of the reduction is greatest for KCl solutions. The 
pull-off forces acquired in the three different types of salt are 
shown as a function of salt concentration in Fig. 4 for the 
two different tip coatings. It was found that the pull-off force 
decreases with increasing ionic strength for all salts exam-
ined. However, the decrease in the adhesion force is different 
for each salt; for example, the adhesion force decreases rap-
idly with increasing concentration of KI, and this is slower in 
KBr solution. In KCl solutions, the change is comparatively 
modest for both types of probe. Such a reduction is likely 
to be due to the binding of anions to the amine functional 
groups, which consequently screen the electrostatic interac-
tions and reduce attractive interactions. These results are 
consistent with the ellipsometry data, where the binding of 
anions is important at larger ion concentrations. This is best 
explained by a change in the solvation state of the poly-
mer. Swollen brushes bind large amounts of water and have 
small elastic moduli; they are thus readily deformable and 
while the thermodynamic work of adhesion (the work done 
in separating unit area of the tip–brush contact) is small, the 
contact area is large so that the net adhesion force is greater. 
In contrast, once the polymer takes a less extended confor-
mation, the elastic modulus of the brush layer increases and 
the tip–sample contact area decreases. Although the thermo-
dynamic work of adhesion is larger, the net adhesion force 
is reduced.

3.3 � Friction

To understand the contact mechanics of the PDMAEMA 
brush, friction–load plots for the two different tip coatings 
are shown in Fig. 5. A sub-linear relationship between fric-
tional force and applied load was found for measurements 
acquired at low salt concentration, suggesting a large contact 
area between the AFM tip and the brush layer. However, at 
greater salt concentrations for heavier ions, the relationship 
becomes linear suggesting a change in the conformation of 
the brush layer [46]. Because there was no material loss 
between measurements, the transition from a non-linear to 
linear relationship can only be attributed to the solvation 
state of the brush. This phenomenon has been reported for a 
zwitterionic polymer brush that was exposed to solvents of 
different quality [39].

The general transition Eq. (3) is a useful means of deter-
mining the balance between JKR and DMT behaviour. The 
transition parameter, α, is shown for the gold-coated tip 
interacting with the PDMAEMA brush layer in Fig. 6. The 
parameter is used to indicate whether the contact mechan-
ics is best fitted with the JKR (α = 1), DMT (α = 0), or 
intermediate models. For the PDMAEMA brush-coated 
tip with the PDMAEMA brush layer, the transition param-
eter was measured to be α = 0.22 ± 0.01, 0.20 ± 0.01, and 
0.19 ± 0.01 in 1 mM KCl, KBr, and KI, respectively. For 
KCl, α = 0 for greater concentrations, but for the other salts 
at the larger concentrations, the friction–load plot was linear. 

Fig. 3   Histograms showing the 
number of events as a function 
of the pull-off force from the 
PDMAEMA brush in solu-
tions of different salts for the a 
gold-coated and b PDMAEMA 
brush-coated AFM tips, as 
schematized in the insets. The 
salt concentration in each case 
was 300 mM

Fig. 4   Pull-off force, NPO from 
the PDMAEMA brush for the a 
gold-coated and b PDMAEMA 
brush-coated AFM tips as a 
function of salt concentration 
for the three different salts used. 
Error bars may be obscured by 
the relevant datum
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As the KCl concentration increases, the brush becomes less 
solvated, leading to an effective stiffening of the contact, 
while in KI the brush collapses completely giving rise to a 
transition to dissipation through ploughing. The ellipsometry 
data (Fig. 1) indicate that there is less of a collapse for KBr, 
but these results do not preclude any stiffening of the chain.

When the KCl concentration was increased from 1 mM 
to 300 mM, the transition parameter values (gold-coated 
tip) were intermediate between the DMT and JKR values 
(0 < α < 1) and they decreased gently with increasing salt 
concentration with a concomitant decrease in adhesion and 
the friction force (Figs. 4a, 5a). The frictional behaviour 
between the tip and the brush is in the region addressed 
by Maugis, whereby adhesive forces are effective even out-
side the area of contact, but the surface may be considered 
deformable [59].

When the PDMAEMA brush was probed by the gold-
coated tip in KBr or KI solutions, a different behaviour to 
that in KCl solution was observed. The contact mechanics 
changes from JKR to DMT behaviour, followed by a linear 
friction–load relationship at 300 mM. For KI, the effect was 
more dramatic, with α = 0 for the KI solution at a salt con-
centration of 10 mM, and a linear friction–load behaviour 
at greater concentrations.

When PDMAEMA brush-coated AFM probes were used, 
a linear friction–load plot was observed for a high fraction 

of the salt solutions, suggesting that for these probes energy 
dissipation was predominantly through molecular ploughing. 
The relative friction coefficients for all samples are listed in 
Table 1. (The tabulated friction coefficients are relative to 
the most lubricious system, which is the brush–brush couple 
in a 300 mM KI solution.) The use of relative friction coef-
ficients avoids the difficulties in comparing these results with 
a macroscopic coefficient of friction [60]. Linear (Amon-
tons-like) behaviour was not observed for either tip coating 
at any salt concentration when KCl was used.

4 � Discussion

For all of the experiments performed in the present work, 
it is likely that the halide anions bind to the amine groups 
of PDMAEMA, with the level of binding following the 
Hofmeister series. Ellipsometry shows that the brush swells 
upon the addition of salt and remains constant up to 300, 
100, and 10 mM for KCl, KBr, and KI solutions, respec-
tively. The reduction in thickness suggests that the brush 
switches from an osmotic to a salted regime.

The reduction in adhesion (pull-off force) with increasing 
salt concentration may be a combination of two factors: the 
contact area and the tip–brush interaction, which includes 
both steric and electrostatic effects. The dominance of an 
electrostatic effect follows from the brush thickness remain-
ing relatively constant for all KCl solutions, indicating that 

Fig. 5   Friction–load curves 
for the a gold-coated and b 
PDMAEMA brush-coated 
AFM tips from the PDMAEMA 
brush. The legend is spread 
across both graphs

Fig. 6   Salt concentration dependence of the transition parameter for 
the gold-coated tip in contact with a PDMAEMA brush in KCl, KBr, 
and KI solutions

Table 1   Relative friction coefficients for gold- and PDMAEMA-
coated tips in KI and KBr solutions (errors are less than 5%) deter-
mined from the slope of the friction–load plots

These coefficients are relative to that of the PDMAEMA brush-
coated tip at 300 mM KI, which was set to unity

Salt concentration 
(mM)

Au PDMAEMA

KBr KI KBr KI

10 2.2 2.1
100 2.8 1.6 1.5
300 2.6 2.2 1.3 1.0
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steric repulsion remains constant while the electrostatic 
interaction is screened. However, for large KBr and KI con-
centrations, the polymer brush takes a collapsed conforma-
tion with reduced steric repulsion, decreased contact area, 
and screened electrostatic forces. In such circumstances, 
the effect of a reduction in contact area is likely to have an 
important role in the contact mechanics.

There is a general tendency with the contact mechanics 
that increased salt concentration and heavier anions lead to 
a transition from JKR to DMT behaviour, and eventually a 
linear friction–load relationship. The single asperity con-
tact mechanics on polymer brushes is dependent on both the 
magnitude of the tip–polymer interaction and the area of the 
contact that is determined by the solvation state of the poly-
mer brush. The friction force measured could be the result of 
both effects. When the polymer brush layer is substantially 
swollen by the ions, it is susceptible to deformation, giving a 
large contact area. However, the binding of ions could screen 
attractive interactions between the AFM tip and the brush, 
and produce DMT mechanics or even a linear friction–load 
relationship, which suggests that the nature of the contact 
changes from soft and adhesive to stiff and less adhesive. 
The transition is supported by the adhesion results which 
show a decrease in adhesion with increasing salt concentra-
tion. In some cases, the friction–load relationship becomes 
linear, which suggests that energy dissipation is due to 
molecular ploughing. This is the case for both brush–gold 
and brush–brush interactions. The brush–brush couple is 
more lubricious and reduces the amount of salt required 
for ploughing to occur. Ploughing does not place specific 
requirements on the degree of solvation of the brush and 
has been observed for both collapsed and extended brushes 
[11]. A linear friction–load relationship was not observed 
for any salt at the concentrations used in this work for either 
experimental geometry. A similar phenomenon was reported 
in recent work on the effect of salt on the frictional proper-
ties of poly[2-(methacryloyloxy)-ethyl phosphorylcholine] 
(PMPC) which is highly lubricious and generally displayed 
a linear friction–load relationship [40]. In that particular 
study, KI was determined to have a larger coefficient of fric-
tion than KBr, but that is due to the nature of the interaction 
between halide anions and the functional groups.

Where a linear friction–load relationship was observed, 
relative friction coefficients were determined. The smallest 
coefficient was acquired in the 300 mM KI solution for the 
PDMAEMA brush-coated tip, while the largest was from the 
100 mM KI for the gold-coated tip. Generally, the friction 
coefficient is smaller in KI solution than that in KBr for the 
same salt concentration and tip coating.

The impact of solvation state on the nanotribological 
characteristics has been demonstrated previously in a num-
ber of systems, including both self-assembled monolay-
ers and polymer brushes [11, 39, 47]. The swelling of the 

PDMAEMA brushes governs the contact area with the AFM 
tip and hence the number of functional groups available to 
interact with the tip. It is therefore natural to expect JKR 
mechanics at low salt concentrations where the polymer 
brush is readily deformable.

The differences between the three halide anions exam-
ined in the present work on the tribological characteristics 
of the brushes are due to their affinity to the amine func-
tional group of the PDMAEMA molecules, in agreement 
with the Hofmeister series. The most important factors on 
the enthalpy of the hydration for salt with water are the ion 
radius size and the ion charge, where an ion with a smaller 
radius (such as chloride) has greater hydration enthalpy than 
an ion with a larger radius (such as iodide) [61]. The amount 
of hydrogen bonding was found to reduce with smaller hal-
ide anions, as suggested by previous spectroscopic experi-
ments [62]. It also confirms that iodide has stronger affinity 
to the amine groups, and is therefore more likely to be found 
close to the polymer chain and hence screen the brush charge 
more.

5 � Conclusions

The tribological properties of a polycationic brush, 
PDMAEMA, are dependent upon its salt environment and 
the nature of the anions. The smaller chloride anion has a 
significantly reduced effect on the contact mechanics and 
conformation (i.e. brush thickness) than the larger bromide 
and iodide anions. The addition of larger ions results in a 
reduced brush thickness in aqueous solution at high salt con-
centrations compared to that with no added salt. These larger 
ions also shield the adhesion between the tip and the brush. 
This is also the case when the tip is functionalized with 
PDMAEMA. The effect of the anions is best illustrated with 
the friction results, which demonstrate molecular ploughing 
for heavier ions, but JKR and DMT behaviour for lighter 
ions or at reduced salt concentrations. The most elastic sys-
tem corresponds to a fully solvated brush in a water which 
exhibits pure JKR behaviour, and as salt is added, there is a 
transition to DMT contact mechanics. For the smallest anion 
(chloride), this transition is not achieved over the concen-
trations tested (up to 300 mM salt) and contact mechanics 
intermediate between DMT and JKR is observed. For the 
bromide and iodide, DMT behaviour is observed and, at 
greater salt concentrations, low adhesion and linear photo-
detector response is obtained, which suggests that molecular 
ploughing occurs.

Acknowledgements  The Engineering and Physical Sciences Research 
Council (EP/F039999/1 and EP/I012060/1) is acknowledged for finan-
cial support.



	 Tribology Letters  (2018) 66:11 

1 3

 11   Page 8 of 9

Open Access  This article is distributed under the terms of the Creative 
Commons Attribution 4.0 International License (http://creativecom-
mons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

References

	 1.	 Persson, B.N.J., Albohr, O., Tartaglino, U., Volokitin, A.I., 
Tosatti, E.: On the nature of surface roughness with application 
to contact mechanics, sealing, rubber friction and adhesion. J. 
Phys. Condens. Matter 17, R1–R62 (2005)

	 2.	 Ella, S., Formagne, P.-Y., Koutsos, V., Blackford, J.R.: Inves-
tigation of rubber friction on snow for tyres. Tribol. Int. 59, 
292–301 (2013)

	 3.	 Majidi, C., Groff, R.E., Maeno, Y., Schubert, B., Baek, S., Bush, 
B., Maboudian, R., Gravish, N., Wilkinson, M., Autumn, K., 
Fearing, R.S.: High friction from a stiff polymer using micro-
fiber arrays. Phys. Rev. Lett. 97, 076103 (2006)

	 4.	 Bielecki, R.M., Benetti, E.M., Kumar, D., Spencer, N.D.: Lubri-
cation with oil-compatible polymer brushes. Tribol. Lett. 45, 
477–487 (2012)

	 5.	 Klein, J., Kumacheva, E., Mahalu, D., Perahia, D., Fetters, J.: 
Reduction of frictional forces between solid surfaces bearing 
polymer brushes. Nature 370, 634–636 (1994)

	 6.	 Mocny, P., Klok, H.-A.: Tribology of surface-grafted polymer 
brushes. Mol. Syst. Des. Eng. 1, 141–154 (2016)

	 7.	 Chen, M., Briscoe, W.H., Armes, S.P., Klein, J.: Lubrication at 
physiological pressures by polyzwitterionic brushes. Science 
323, 1698–1701 (2009)

	 8.	 Raviv, U., Glasson, S., Kampf, N., Gohy, J.-F., Jérôme, R., 
Klein, J.: Lubrication by charged polymers. Nature 425, 163–
165 (2003)

	 9.	 Zhulina, E.B., Rubinstein, M.: Lubrication by polyelectrolyte 
brushes. Macromolecules 47, 5825–5838 (2014)

	10.	 Milner, S.T.: Polymer brushes. Science 251, 905–914 (1991)
	11.	 Raftari, M., Zhang, Z., Carter, S.R., Leggett, G.J., Geoghegan, 

M.: Frictional properties of a polycationic brush. Soft Matter 
10, 2759–2766 (2014)

	12.	 Raftari, M., Zhang, Z.J., Carter, S.R., Leggett, G.J., Geoghegan, 
M.: Nanoscale contact mechanics between two grafted polyelec-
trolyte surfaces. Macromolecules 48, 6272–6279 (2015)

	13.	 Willott, J.D., Murdoch, T.J., Webber, G.B., Wanless, E.J.: Phys-
icochemical behaviour of cationic polyelectrolyte brushes. Prog. 
Polym. Sci. 64, 52–75 (2017)

	14.	 Gong, J.P., Kagata, G., Osada, Y.: Friction of gels. 4. Friction 
on charged gels. J. Phys. Chem. B 103, 6007–6014 (1999)

	15.	 Kobayashi, M., Takahara, A.: Tribological properties of hydro-
philic polymer brushes under wet conditions. Chem. Rec. 10, 
208–216 (2010)

	16.	 Liberelle, B., Giasson, S.: Friction and normal interaction forces 
between irreversibly attached weakly charged polymer brushes. 
Langmuir 24, 1550–1559 (2008)

	17.	 Alfhaid, L., Seddon, W.D., Williams, N.H., Geoghegan, M.: 
Double-network hydrogels improve pH-switchable adhesion. 
Soft Matter 12, 5022–5028 (2016)

	18.	 Kobayashi, M., Terada, M., Takahara, A.: Reversible adhesive-
free nanoscale adhesion utilizing oppositely charged polyelec-
trolyte brushes. Soft Matter 7, 5717–5722 (2011)

	19.	 La Spina, R., Tomlinson, M.R., Ruiz-Pérez, L., Chiche, A., Lan-
gridge, S., Geoghegan, M.: Controlling network-brush interac-
tions to achieve switchable adhesion. Angew. Chem. Int. Ed. 46, 
6460–6463 (2007)

	20.	 Sudre, G., Olanier, L., Tran, Y., Hourdet, D., Creton, C.: Revers-
ible adhesion between a hydrogel and a polymer brush. Soft 
Matter 8, 8184–8193 (2012)

	21.	 Araujo, J.V., Davidenko, N., Danner, M., Cameron, R.E., Best, 
S.M.: Novel porous scaffolds of pH responsive chitosan/carra-
geenan-based polyelectrolyte complexes for tissue engineering. 
J. Biomed. Mater. Res. A 102, 4415–4426 (2014)

	22.	 Wood, K.C., Boedicker, J.Q., Lynn, D.M., Hammond, P.T.: Tun-
able drug release from hydrolytically degradable layer-by-layer 
thin films. Langmuir 21, 1603–1609 (2005)

	23.	 Guillot, R., Pignot-Paintrand, I., Lavaud, J., Decambron, A., 
Bourgeois, E., Josserand, V., Logeart-Avramoglou, D., Viguier, 
E., Picart, C.: Assessment of a polyelectrolyte multilayer film 
coating loaded with BMP-2 on titanium and PEEK implants in 
the rabbit femoral condyle. Acta Biomater. 36, 310–322 (2016)

	24.	 Hodge, W.A., Fijan, R.S., Carlson, K.L., Burgess, R.G., Harris, 
W.H., Mann, R.W.: Contact pressures in the human hip joint 
measured in vivo. Proc. Natl. Acad. Sci. USA 83, 2879–2883 
(1986)

	25.	 Dobrynin, A.V., Rubinstein, M.: Theory of polyelectrolytes 
in solutions and at surfaces. Prog. Polym. Sci. 30, 1049–1118 
(2005)

	26.	 Pincus, P.: Colloid stabilization with grafted polyelectrolytes. 
Macromolecules 24, 2912–2919 (1991)

	27.	 Lego, B., Skene, W.G., Giasson, S.: Swelling study of responsive 
polyelectrolyte brushes grafted from mica substrates: effect of pH, 
salt, and grafting density. Macromolecules 43, 4384–4393 (2010)

	28.	 Parnell, A.J., Martin, S.J., Dang, C.C., Geoghegan, M., Jones, 
R.A.L., Crook, C.J., Howse, J.R., Ryan, A.J.: Synthesis, character-
ization and swelling behaviour of poly(methacrylic acid) brushes 
synthesized using atom transfer radical polymerization. Polymer 
50, 1005–1014 (2009)

	29.	 Johnson, K.L., Kendall, K., Roberts, A.D.: Surface energy and 
the contact of elastic solids. Proc. R. Soc. Lond. A 324, 301–313 
(1971)

	30.	 Derjaguin, B.V., Muller, V.M., Toporov, Y.P.: Effect of contact 
deformations on the adhesion of particles. J. Colloid Interface Sci. 
53, 314–326 (1975)

	31.	 Carpick, R.W., Ogletree, D.F., Salmeron, M.: A general equation 
for fitting contact area and friction vs load measurements. J. Col-
loid Interface Sci. 211, 395–400 (1999)

	32.	 Hertz, H.: Über die Berührung fester elastischer Körper. J. Reine 
Angew. Math. 92, 156–171 (1881)

	33.	 Tabor, D.: Surface forces and surface interactions. J. Colloid Inter-
face Sci. 58, 2–13 (1977)

	34.	 Greenwood, J.A.: Adhesion of elastic spheres. Proc. R. Soc. Lond. 
A 453, 1277–1297 (1997)

	35.	 Muller, V.M., Yushchenko, V.S., Derjaguin, B.V.: On the influence 
of molecular forces on the deformation of an elastic sphere and 
its sticking to a rigid plane. J. Colloid Interface Sci. 77, 91–101 
(1980)

	36.	 Carpick, R.W., Salmeron, M.: Scratching the surface: fundamental 
investigations of tribology with atomic force microscopy. Chem. 
Rev. 97, 1163–1194 (1997)

	37.	 Gnecco, E., Bennewitz, R., Gyalog, T., Meyer, E.: Friction experi-
ments on the nanometre scale. J. Phys. Condens. Matter 13, R619–
R642 (2001)

	38.	 Overney, R., Meyer, E.: Tribological investigations using friction 
force microscopy. MRS Bull. 18(5), 26–34 (1993)

	39.	 Zhang, Z., Morse, A.J., Armes, S.P., Lewis, A.L., Geoghegan, 
M., Leggett, G.J.: Nanoscale contact mechanics of biocompatible 
polyzwitterionic brushes. Langmuir 29, 10684–10692 (2013)

	40.	 Zhang, Z., Moxey, M., Alswieleh, A., Morse, A.J., Lewis, A., 
Geoghegan, M., Leggett, G.J.: Effect of salt on phosphorylcho-
line-based zwitterionic polymer brushes. Langmuir 32, 5048–
5057 (2016)

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Tribology Letters  (2018) 66:11 	

1 3

Page 9 of 9   11 

	41.	 Zhang, Z.J., Moxey, M., Alswieleh, A., Armes, S.P., Lewis, A.L., 
Geoghegan, M., Leggett, G.J.: Nanotribological investigation of 
polymer brushes with lithographically defined and systematically 
varying grafting densities. Langmuir 33, 706–713 (2017)

	42.	 Dehghani, E.S., Du, Y., Zhang, T., Ramakrishna, S.N., Spen-
cer, N.D., Jordan, R., Benetti, E.M.: Fabrication and interfacial 
properties of polymer brush gradients by surface-initiated Cu(0)-
mediated controlled radical polymerization. Macromolecules 50, 
2436–2446 (2017)

	43.	 Dehghani, E.S., Ramakrishna, S.N., Spencer, N.D., Benetti, E.M.: 
Controlled crosslinking is a tool to precisely modulate the nano-
mechanical and nanotribological properties of polymer brushes. 
Macromolecules 50, 2932–2941 (2017)

	44.	 Al-Jaf, O., Alswieleh, A., Armes, S.P., Leggett, G.J.: Nanotribo-
logical properties of nanostructured poly(cysteine methacrylate) 
brushes. Soft Matter 13, 2075–2084 (2017)

	45.	 Brukman, M.J., Oncins Marco, G., Dunbar, T.D., Boardman, L.D., 
Carpick, R.W.: Nanotribological properties of alkanephosphonic 
acid self-assembled monolayers on aluminum oxide: effects of 
fluorination and substrate crystallinity. Langmuir 22, 3988–3998 
(2006)

	46.	 Amontons, G.: De la resistance causée dans les machines. Hist. 
Acad. R. Sci. 206–227 (1699)

	47.	 Busuttil, K., Geoghegan, M., Hunter, C.A., Leggett, G.J.: Con-
tact mechanics of nanometer-scale molecular contacts: correlation 
between adhesion, friction, and hydrogen bond thermodynamics. 
J. Am. Chem. Soc. 133, 8625–8632 (2011)

	48.	 Busuttil, K., Nikogeorgos, N., Zhang, Z., Geoghegan, M., Hunter, 
C.A., Leggett, G.J.: The mechanics of nanometre-scale molecular 
contacts. Faraday Discuss. 156, 325–341 (2012)

	49.	 Nikogeorgos, N., Hunter, C.A., Leggett, G.J.: Relationship 
between molecular contact thermodynamics and surface contact 
mechanics. Langmuir 28, 17709–17717 (2012)

	50.	 Willott, J.D., Murdoch, T.J., Humphreys, B.A., Edmondson, S., 
Wanless, E.J., Webber, G.B.: Anion-specific effects on the behav-
ior of pH-sensitive polybasic brushes. Langmuir 31, 3707–3717 
(2015)

	51.	 AL-Baradi, A., Tomlinson, M.R., Zhang, Z.J., Geoghegan, 
M.: Determination of the molar mass of surface-grafted weak 

polyelectrolyte brushes using force spectroscopy. Polymer 67, 
111–117 (2015)

	52.	 Hur, J., Witte, K.N., Sun, W., Won, Y.-Y.: On the origins of the 
salt-concentration-dependent instability and lateral nanoscale 
heterogeneities of weak polyelectrolyte brushes: gradient brush 
experiment and Flory-type theoretical analysis. Langmuir 26, 
2021–2034 (2010)

	53.	 Hutter, J.L., Bechhoefer, J.: Calibration of atomic-force micro-
scope tips. Rev. Sci. Instrum. 64, 1868–1873 (1993)

	54.	 Ogletree, D.F., Carpick, R.W., Salmeron, M.: Calibration of fric-
tional forces in atomic force microscopy. Rev. Sci. Instrum. 67, 
3298–3306 (1996)

	55.	 Varenberg, M., Etsion, I., Halperin, G.: An improved wedge cali-
bration method for lateral force in atomic force microscopy. Rev. 
Sci. Instrum. 74, 3362–3367 (2003)

	56.	 Israëls, R., Leermakers, F.A.M., Fleer, G.J., Zhulina, E.B.: 
Charged polymer brushes: structure and scaling relations. Mac-
romolecules 27, 3249–3261 (1994)

	57.	 Kou, R., Zhang, J., Wang, T., Liu, G.: Interactions between poly-
electrolyte brushes and Hofmeister ions: chaotropes versus kos-
motropes. Langmuir 31, 10461–10468 (2015)

	58.	 Kujumzelis, T.G.: Über die Änderung der Struktur des Wassers 
durch Ionen. Z. Phys. 110, 742–759 (1938)

	59.	 Maugis, D.: Adhesion of spheres: the JKR-DMT transition using 
a Dugdale model. J. Colloid Interface Sci. 150, 243–269 (1992)

	60.	 Leggett, G.J., Brewer, N.J., Chong, K.S.L.: Friction force micros-
copy: towards quantitative analysis of molecular organisation 
with nanometre spatial resolution. Phys. Chem. Chem. Phys. 7, 
1107–1120 (2005)

	61.	 Salis, A., Ninham, B.W.: Models and mechanisms of Hofmeister 
effects in electrolyte solutions, and colloid and protein systems 
revisited. Chem. Soc. Rev. 43, 7358–7377 (2014)

	62.	 Liu, D., Ma, G., Levering, L.M., Allen, H.C.: Vibrational spec-
troscopy of aqueous sodium halide solutions and air–liquid inter-
faces: observation of increased interfacial depth. J. Phys. Chem. 
B 108, 2252–2260 (2004)


	Salt Dependence of the Tribological Properties of a Surface-Grafted Weak Polycation in Aqueous Solution
	Abstract
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Brush Synthesis and Modification of the AFM Cantilever
	2.3 Brush Characterization
	2.4 Friction Force Microscopy

	3 Results
	3.1 Brush Thickness
	3.2 Adhesion
	3.3 Friction

	4 Discussion
	5 Conclusions
	Acknowledgements 
	References




