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We report dissipative particle dynamics (DPD) simulations of grafted polymer brushes under shear at
three separation distances. We investigate the impact of the shear on single monolayers and compressed
bilayers formed by neutral and charged polymer chains. The dependence of the friction on the solvent
quality is studied for different charge fractions in two compressed polymer brushes. The change in the
frictional forces upon the addition of the salt is analyzed in terms of change in the interpenetration
coefficient. We complete this study by a description of the brush structure including ordering,
composition, tilt and local electroneutrality at different separation distances, salt concentrations,
charge fractions and shear rates. Interestingly, some heterogeneities in the monomer density profiles of
polyelectrolyte brushes appear under shear and vanish upon addition of salt.

1 Introduction
The lubrication properties of neutral polymer brushes, formed by
grafting neutral polymer chains to a flat surface, have been
investigated extensively by experiment.1–7 The low frictional
forces can be explained by the ability to support large normal
forces due to the limited interpenetration between opposing
grafted surfaces. However, the weak resistance to shear can
depend on the quality of the solvent, the compression and the
surface coverage.8,9
More recently, a further substantial reduction in the friction has
been observed for polyelectrolyte brushes (densely grafted of
charged polymers).10–14 This reduction of friction was ascribed to
the decrease of the interpenetration between the two opposing
charged brushes and the presence of hydration layers around
charged groups in the sheared interpenetration zone.11,15 However,
the underlying physical mechanism remains poorly understood.
A number of theories16–26 have been developed to study the
physical behavior of these polyelectrolyte brushes but very few
studies23 have been devoted to the friction in sliding polyelectrolyte brushes. Computer simulation methods are an efficient tool to investigate the physics of two interacting
polyelectrolyte brushes under shear provided that we can reach
the required length and timescales to study most polymer
phenomena. One way to overcome these limitations is to use
a coarse-grained description. Indeed, in recent simulations of
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polyelectrolyte brushes,20,21,27–30 the polymer chains were
modelled using a bead–spring approach. The coarse graining of
this model is then limited by the use of the Lennard-Jones
potential that requires a relatively small timestep to integrate the
equations of motion. Additionally, in these simulations, the
solvent was not treated explicitly.
An alternative approach is the dissipative particle dynamics
(DPD) method proposed by Hoogerbrugge and Koelman.31,32
DPD is a stochastic dynamics method in which the individual
particles (beads) represent a packet of atomistic degrees of
freedom (i.e. region of the solvent or the polymer). As a consequence of this coarse-graining, the conservative interactions are
soft. The dissipative and Brownian forces are short-ranged and
pairwise additive so that the dynamics obeys Newton’s third law.
Thus, the DPD method satisfies the Navier–Stokes equation. The
first advantage of DPD is that it can use time steps up to an order
of magnitude larger than those typically used in MD simulations.
Secondly, and unlike Brownian dynamics (BD), hydrodynamic
interactions are properly accounted for. Thirdly, it is straightforward to model the solvent particles explicitly. Recent progress
in DPD simulations allow us to modify the standard DPD
algorithm by the addition of forces preventing bond crossing
between polymers33–35 and electrostatic interactions to model
polyelectrolytes.36–39
In the past, we have successfully applied the dissipative particle
dynamics (DPD) method to study the equilibrium properties33,40,41 and rheological properties8,9,35 of neutral polymer
brushes. However, the modelling of charged polymer chains has
required the calculation of long range electrostatic interactions at
a mesoscopic level. We have tested two approaches on a model of
electrolyte and polyelectrolyte brushes.38 The first method,
developed by Groot,36 is based upon the particle–particle
particle–mesh (PPPM) method with a charge distribution
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function adapted to the use of a soft potential. The second
approach, developed by Gonz!ales-Melchor,37 used the Ewald42
technique with a charge distribution on the DPD particles. The
structural and mechanical properties of a single polyelectrolyte
brush were found to be essentially equivalent for the PPPM and
Ewald methods. The main conclusions we can draw from our
mesoscale simulations of single and interacting polyelectrolyte
brushes are as follows: i) the dependence of the brush height on
the grafting density and of the charge fraction is typical of the
nonlinear osmotic brush regime,20,21,29 ii) all the counterions are
confined inside the brush in line with the small values of the
Gouy–Chapman length,38,39,43 iii) the interpenetration coefficient
between two interacting polyelectrolyte brushes follows the
scaling law of the nonlinear osmotic brush regime,43,44 iv) the
polyelectrolyte brushes at equilibrium can support a larger load
with respect to that calculated in neutral brushes at the same
overlap. DPD simulations were also carried out to investigate the
dependence of the interpenetration coefficient on the grafting
density, polymer size and separation distance.45
Our longer-term objective is to understand the mechanisms
involved in the reduction of friction in polyelectrolyte brushes
with respect to neutral brushes by examining the role played by
the electrostatic interactions in the frictional behavior. However,
the comparison of the friction between charged and neutral
polymer brushes requires modeling two interacting polymer
brushes at different separation distances where the solvent
between the two surfaces is in equilibrium with a reservoir of the
bulk fluid at the same temperature and chemical potential.
Additionally, the friction between charged and neutral polymer
brushes must be represented as a function of a compression ratio
D/Do13 where Do is the separation distance for which the properties of the two brushes are equivalent to those of single brush.
The values of Do are strongly dependent on the charge fraction
and will be determined in this work. Before investigating the
compression of polyelectrolyte brushes under shear deformation,
here we propose to investigate the impact of the shear on the
properties of charged polymer brushes at three fixed separation
distances and fixed total number density. We aim to address the
following fundamental questions:
! How does the friction change with the sliding velocity at
different separation distances?
! How does the solvent quality change the frictional forces of
compressed neutral and charged polymer brushes?
! What is the dependence of the friction on the salt
concentration?
! How does the shear impact on the internal structure of
polymer brushes?
In the next section, we present the conventional, springrepulsion and electrostatic forces used in the DPD model. The
results are discussed in section 3. Finally, we conclude in section 4
providing a brief summary of our main results.

2 The dissipative particle dynamics (DPD) model
2.1 Standard DPD forces
In the DPD approach, solvent particles are coarse grained into
soft beads that interact with the pairwise additive force fi defined
as the sum of three contributions
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fi ¼

X
D
ðf Cij þ f R
ij þ f ij Þ

(1)

jsi

where fCij , fRij and fD
ij are the conservative, random and dissipative
forces, respectively. The conservative repulsive force fCij derives
from a soft interaction potential and is expressed as
(
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C
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where aij is the maximum repulsion parameter between particles i
and j, rij is the relative displacement of particles i and j and ^rij is
the corresponding unit vector. rc is the cutoff radius. The weight
function uc(rij) is equal to 1 & rij/rc for rij # rc and vanishes for rij
$ rc. The dissipative and random forces are given by
_ D(rij)(^rij$vij)^rij
fD
ij ¼ &gu
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fR
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where dt is the time step, vij ¼ vi & vj is the relative velocity, s is
the amplitude of the noise, and qij is a random Gaussian number
with zero mean and unit variance. g and s are the dissipation
strength and noise strength, respectively. The terms uD(rij) and
uR(rij) are dimensionless weighting functions. Espa~
nol and
Warren46 have shown that the system will sample the canonical
ensemble and obey the fluctuation–dissipation theorem if the
following conditions are satisfied.
! " $ ! " %2
s2
g¼
and uD rij ¼ uR rij
(5)
2kB T
where kB is Boltzmann’s constant and T is the temperature. The
weighting function uR(rij) is chosen to be equal to uC(rij).
When modelling polymers, the integrity of the chain is ensured
by an additional spring force between neighboring beads given by
fSij ¼ &ks (rij & r0) ^rij

(6)

where the equilibrium bond distance r0 is 0.85 and the spring
constant ks ¼ 200. This pairwise force36 is then added to the sum
of the DPD conservative force of eqn (1).
2.2 Bond crossings
The forces used in the standard DPD model cannot prevent the
bond crossings because of the soft repulsion between the beads.
This leads to many violations of the topology of the polymer
chains and ignores entanglements. We have included an additional repulsion force between the chain segments to prevent
such crossings on the basis of the Kumar and Larson spring–
spring repulsion model.47 The entanglement force, fEij, is
'
8 &
!
"
< aE 1 & dij ^
dij \rEc
dij
ij
(7)
f Eij ¼
rEc
"
!
:
0
dij $ rEc

where ^
dij ¼ dij/dij is the corresponding unit vector and dij is the
minimum distance between the two interacting bond segments i
and j. aEij is the maximum repulsion value and rEc represents the
cutoff value for the entanglement interactions. The force is
applied to the polymer beads by using a simple lever rule: each
bead receives a fraction of the force corresponding to its distance
This journal is ª The Royal Society of Chemistry 2012

from the segment interaction point.47 The calculation of fEij, the
tests for topology violation and a detailed study of the efficiency
of such a model in DPD and polymer brushes can be found in
a previous paper.33

f i;z ¼ &

G
Mz
V

(14)

where Mz is the z-component of the net dipole moment of the
P
simulation cell given by
qi ri and V the volume expressed in
i

2.3 Ewald summation (EW3DC) method
The method recently proposed by Gonz!alez-Melchor et al.37
consists in combining the Ewald technique42 and a charge
distribution for the particles. In the case of an electroneutral
system formed by N particles, every one carrying a point charge
qi at position ri in a volume V ¼ LxLyLz, the long range electrostatic interactions are decomposed into contributions in the
real space and in the reciprocal space
"
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XX
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4p30 3r
rij
i
j.i
#
N
N
2p X
a X
2
þ
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where erfc(x) is the complementary error function. a is chosen so
that only pair interactions in the central cell need to be considered in evaluating the first term of eqn (8). The functions Q(h)
and S(h) are defined using eqn (9) and 10
Q(h) ¼ exp(&h /4a )/h
2

S ðhÞ ¼

N
X
i¼1

2

2

qi expði h$ri Þ

(9)
(10)

where the components of the reciprocal vector h are defined as
2p(l/Lx, m/Ly, n/Lz) where l,m,n take values 0,'1,'2,.,'N.
To remove the divergence of the Coulombic potential at r ¼ 0,
Alejandre and coworkers37 have considered a Slater-type charge
distribution centred on DPD particles of the form
f ðrÞ ¼

q
expð&2r=lÞ
pl3

(11)

where l is the decay length of the charge. The distribution is
normalised to q.
The magnitude of the reduced force between two charge
distributions is then given by the sum of a pairwise additive
contribution fE,R
ij coming from the real space and a non-pairwise
additive contribution fE,K
from the reciprocal space term. These
i
two contributions are given by the following expressions
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where Im denotes the imaginary part of the complex variable.
2.4 Total DPD force
To remove the net dipole moment of the simulation cell,
a z-component force is added for each bead
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reduced units. This contribution is the correction term from Yeh
and Berkowitz48 which results from the plane-wise summation
method proposed by Smith.49 Finally, the total force acting on
the ith particle becomes
þ f i;z þ
f i ¼ f E;K
i

Ni
Nc
N
X
X
X
D
E;R
ðf Cij þ f R
ðf Sik Þ þ
ðf Eil Þ
ij þ f ij þ f ij Þ þ
jsi

ksi

lsi

(15)

where N is to the total number of beads in the system, Nc is the
number of connected polymer beads to i and Ni the number of
interacting bonds on i. The pairwise fE,R
ij force is then added to
sum of the conservative, dissipative and random pairwise
forces whereas fE,K
and fi,z, which are not pairwise additive, are
i
added to the force fi acting on the particle i.

2.5 Rheological properties
The components of the pressure tensor used for the determination of the friction coefficient are calculated along the
z-axis using the Irving–Kirkwood 50,51 definition. The
profiles of the pressure are calculated by splitting the cell
into slabs of width Dz. The p ab component is composed of
conf
a kinetic contribution p kin
ab (z) and a virial part p ab (z)
defined as
pkin
ab ðzÞ ¼

1
V

*

pconf
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X
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where h.i denotes the configurational average and a and
b represent x, y and z directions, mi and (vi)a are the mass and
velocity of particle i, respectively. V ¼ LxLyDz is the volume of
the basic slab, H(zi) is a top-hat function and (u)a is the
a component of the streaming velocity. Whereas (u)x is a measure
of the induced flow field, (u)y and (u)z are essentially zero for all z.
fij represents the sum of the pairwise additive forces in eqn (15)
and q is a unit step function. When the force is not pairwise
additive such as fE,K
i , we used the Harasima definition for the
pressure calculation.50,52
The friction coefficient defined in eqn (18) is averaged over the
slabs along the z-direction as the ratio of the off-diagonal pressure tensor component in the shear direction to the normal
component pzz(z)
h3i ¼ h3ðzÞiz ¼ &

-

pxz ðzÞ
pzz ðzÞ

.

(18)
z

The shear viscosity is calculated in the middle of the simulation
cell from the profile of h(z) as
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hpxz ðzÞi
.
h ðzÞ ¼ & dux ðzÞ
dz

(19)

A previous8 study shows from the viscosity profiles that the
minimum of the viscosity is observed in the middle of the pore in
the region of the highest solvent density.
2.6 DPD Parameters
In the simulation, the particle mass, temperature, interaction
range are chosen as units of mass, energy and length, hence
m ¼ kBT ¼ rc ¼ 1.0. The unit of time s becomes then
pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rc m=kB T . The coupling constant G is given by e2/(kBT303rrc)
where e is the electronic charge, 30 ¼ 8.85418782 ( 10&12 C2 J&1
m&1 is the permeability of free space, 3r ¼ 78.3 the relative
permittivity of water at 298 K. Using these values, we calculate
" and G ¼ 13.87. As already discussed by Groot and
rc ¼ 6.46 A
Rabone,53 the time scale is fixed by matching the diffusion
constant of water. For a repulsion parameter a ¼ 25, we find that
the natural unit of time s is 160 ps. The Bjerrum length, defined
by lB ¼ e2/(4pkBT303r), characterizes the length scale at which
two units charges interact with thermal energy KBT in a medium
of dielectric constant 3. With the parameters used in this work, lB
is equal to 1.11 in reduced DPD units.
2.7 Simulation details
The system of grafted bilayers consists of two planar solid
surfaces, each composed of two layers of 572 DPD particles. The
two surfaces are positioned at the top and the bottom of the
simulation cell along the z direction at a separation distance D.
The two surfaces are coated with Np ¼ 96 polymer chains which
are randomly grafted by an harmonic force acting between the
ends particles of the chains and the particles of the first layer of
the wall. Each chain contains Nb ¼ 20 polymer beads which are
negatively charged. The surface coverage defined by ra ¼ Np/
(LxLy) is 0.5 in reduced units. The percentage of wall particles of
the last layer connected to the first beads of the polymer chains is
then 1/6. Different charge fractions of the polymer chains f are
studied: 1.0 (completely negatively charged); 0.5 (half charged);
and zero (neutral). To preserve the neutrality, there are N+ ¼ f (
Np ( Nb counterions which are positively charged. The number
of solvent particles is adjusted to yield a total number density of
4.0 between the two surfaces. The cell dimensions are
Lx ¼ 16.07rc, Ly ¼ 11.77rc. Lz is the dimension of the primary
cell. To respect the supercell approximation, the simulation cell is
elongated along the z direction by placing an empty space of at
least twice the space of the region occupied by fluid. The periodic
boundary conditions are then applied in the three directions.
Typical views of the simulation cell are given in Fig. 1.
The aij parameters are set to 25.0 for all interactions in the case
of athermal conditions. It means that the polymer–polymer,
polymer–solvent, solvent–solvent, solvent–counterion and polymer–counterion energy contributions use the same aij parameter.
E
33,35
The values aent
to
ij ¼ 20 and rc ¼ 0.40 were found to be optimal
prevent bond crossings with the DPD parameters used in our
simulations. We found that s/(dt)1/2 ¼ 100 is satisfactory to
obtain a very good agreement between the calculated and target
4638 | Soft Matter, 2012, 8, 4635–4644

Fig. 1 Typical configurations of sheared polyelectrolyte brushes for
fully charged polymer chains. a) A single monolayer corresponding to an
infinite separation distance. Parts b) c) and d) show two interacting
polyelectrolyte brushes at a compression ratio D/Do ¼ 0.5 with b) under
athermal solvent conditions; c) poor solvent conditions and d) athermal
conditions with the addition of salt (cs ¼ 0.500). The wall particles are
represented by gray particles, the polymer beads are blue, the solvent is
green, the counterions (positively charged) are yellow and the salt
particles (negatively charged) are red.

temperature in the non-equilibrium simulations under shear. The
equations of motions are integrated using a modified version of
the velocity–Verlet algorithm.36 The force is updated once per
iteration and because the force depends on the velocities, the
velocity in the next time step has to be estimated by a predictor
algorithm. The velocity is then corrected in the last step. The
reduced time-step dt was taken to 0.01 for all the simulations
reported in the paper. The simulation consisted of an equilibration period of 100 000 steps followed by an acquisition period of
500 000 steps. The DPD simulations were performed over 12
processors at a time and take between 8 h and 2 days each,
depending on the system size.
The shear rate is applied to the system by imposing a movement on the surface particles along x-axis. The amount dx is
added to the reference lattice:
dx ¼ '

g_ a D
dt
2

(20)

where g_ a is the applied shear rate expressed in units of (kBT/mr2c)1/2.
The sign depends on which surface (top or bottom) is considered,
as they slide along opposite directions.

3

Results and discussions

3.1 Effect of sliding velocity on friction
We report the dependence of the friction on the sliding velocity at
three different separation distances. We study a grafted monolayer (see Fig. 1a) corresponding to a bilayer at infinite separation and two bilayers at weak and strong compression ratios D/
Do. Do corresponds to the minimum separation distance of
a grafted bilayer in which the shape of the monomer density
profile and the brush height are strictly identical to those calculated in a single brush. The values of Do are 24.0, 32.0 and 36.0
and those of the brush height (h) are 7.2, 9.5 and 11.4 for neutral,
half and fully charged polymer chains, respectively. The values of
This journal is ª The Royal Society of Chemistry 2012

Do and h calculated from the first moment39,43 show that Do/2ho
z 1.6 is required to obtain two unperturbed brushes. The weak
compression regime investigated in this paper corresponds to D/
Do ¼ 0.8 with values of D ranging from 19.2 to 28.8 as the charge
fraction increases from 0 to 1. The strong compression regime is
modeled here by a ratio D/Do of 0.5 with D increasing from 12 (f
¼ 0) to 18 (f ¼ 1). The shear rate g_ a is varied from 0.0 to 0.25 in
steps of 0.025.
Fig. 2a shows the dependence of the friction coefficient of
polymer brushes on the shear rate for different separation
distances and charge fractions. For the single brush at an infinite
separation distance, we observe a linear dependence of the friction on the sliding velocity for the neutral, half fully charged and
fully charged brushes. At the weak compression (D/Do ¼ 0.8), the
friction starts to show a nonlinear behavior at the smallest
velocities. This effect is much more marked at the largest
compression where the nonlinear viscoelastic behavior of the

polymer brushes is exhibited over a large range of shear rates.
Since the simulations are carried out at fixed total number
density and due to the lubricant properties of the solvent particles,9 it is not possible to make a direct comparison of the friction
between charged and neutral brushes from our constant-NVT
simulations.
Fig. 2b shows the viscosity of the solvent in the middle of the
pore as a function of the shear rate. In weakly compressed
polymer brushes, the viscosity remains constant with respect to
the shear rate. This underlines the Newtonian behavior of the
solvent. We also observe in Fig. 2b the shear-thinning behavior
of the polymer brushes at strong compressions where the
reduction of the viscosity with increasing shear rate reaches 55%
and 48% for neutral and fully charged polymer chains, respectively. Fig. 2c shows the dependence of the interpenetration
coefficient54 on the sliding velocity. In all cases, we observe
a decrease of the overlap between the two brushes as a function

Fig. 2 a) The friction coefficient, b) the shear viscosity and c) the interpenetration coefficient as a function of the shear rate for different compression
ratios, d) relative brush shrinkage and e) order parameter as a function of the sliding velocity for a single monolayer (D/Do ¼ N) and a compressed
bilayer (D/Do ¼ 0.5).
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of the shear rate. This decrease is much more marked in the case
of neutral brushes that exhibit a stronger overlap and an higher
viscosity than those of charged brushes.
To investigate the deformation of the brushes under flow,
we plot in Fig. 2d the relative brush shrinkage dh ¼ (ho & h)/ho
for a single monolayer and a strongly compressed bilayer as
a function of the charge fraction. ho is defined here as the
brush height at zero shear rate. In the case of a monolayer,
the relative deformation of the brush dh is the same for the
neutral and charged polymer brushes. For a strong
compression ratio in the bilayer, we observe that the deformation under shear decreases with increasing charge fraction.
This means that the polyelectrolyte brushes are less susceptible to deformation in solvent flows than neutral brushes.
This is in line with the behavior predicted by theory.55 The
brushes of fully charged chains are completely stretched in
monolayers with an elongation of about 70% of their contour
length. This extension decreases to 55% in the bilayer at the
strongest compression.
The internal ordering of the layer as a function of shear rate is
presented in Fig. 2e for the monolayer and the compressed
bilayer at D/Do ¼ 0.5 for f ¼ 0,0.5 and 1.0. The internal ordering
against the director can be estimated from the order parameter
P1 as
*
+
1 X
ei $d
(21)
P1 ¼
N
i

any modifications of the internal alignment of the layer by shear
flow. A typical snapshot of a polyelectrolyte under shear in
athermal solvent conditions is shown in Fig. 1b.
3.2 Friction-dependence on solvent quality
The quality of the solvent is changed through the polymer–
solvent interaction. We define the quality of the solvent as
Dapol&sol ¼ apol&sol &

"
1
ðasol&sol þ apol&pol
2

(22)

If the repulsive parameter apol–sol is set higher than those for all
the other interactions, Dapol–sol is positive and the polyelectrolyte
is in a poor solvent condition. In contrast, a lower value of apol–sol
gives a negative Dapol–sol contribution and the polymers are in
a good solvent condition. Dapol–sol was varied from &15 to +15.
This is the range of solvent qualities explored in this paper.
Fig. 3a shows the effect of the solvent quality on the friction
coefficient in a strongly compressed bilayer (D/Do ¼ 0.5) at three
charge fractions for a shear rate of 0.1. For neutral brushes, the
friction is very small and does not change in the range of poor
solvent quality (Dapol–sol > 0). The friction coefficient starts to

where d is the director and corresponds to the average orientation of the layer. It is the eigenvector corresponding to the largest
!
X
1
1
eigenvalue of the Q tensor defined as Q ¼
ei ei & I
N
3
i

where the sum is over all polymer chains. P1 ¼ 1 means that all
the grafted chains perfectly align with the director of the layer. As
the polymer brush system is sheared, the polymer chains tend to
tilt in the direction of the imposed shear. The tilt is more
pronounced at high shear rate and for neutral brushes. For
neutral brushes at g_ a ¼ 0.25, the average tilt of the monolayer is
about 58) whereas it is 75) for a compressed bilayer. The tilt also
increases with the compression ratio: the tilt of the fully charged
polymer layer is 33) and 63) for the monolayer and compressed
bilayers, respectively. It is very interesting to observe in Fig. 2d
that the order parameter is independent of the shear rate in
monolayers. We also check that the internal order parameter of
monolayers increases with the charge fraction. In bilayer structures, the shear impacts significantly on the internal ordering in
the range of sliding velocities smaller than 0.1. However, the
magnitude of the change in P1 due to the shear decreases with
increasing charge fraction suggests that the shear further affects
the neutral brushes in terms of internal ordering. By contrast, the
extent of ordering is largest within the layer of polyelectrolyte
brushes. It might be explained by the presence of counterions
that significantly order the layer. Indeed, the degree of condensation39,43 is almost 100% for both the monolayer and bilayer
structures indicating that all the counterions are trapped into the
brush layers within the range of shear rate used here. By
increasing the internal ordering of the charged brushes, the
strength of the interaction between the polymer bead and the
counterion makes the polyelectrolyte brushes less susceptible to
4640 | Soft Matter, 2012, 8, 4635–4644

Fig. 3 The dependence of the friction a), interpenetration b) and order
parameter c) on the solvent quality defined by Da.

This journal is ª The Royal Society of Chemistry 2012

rise steeply from Da ¼ 5 and keeps increasing as the solvent
quality improves. In the case of polyelectrolyte brushes, the
range of poor solvent quality for which the friction remains
unchanged is reduced and the friction starts to increase
progressively from poor solvent conditions. Fig. 1c shows
a typical configuration of sheared polyelectrolyte brushes in poor
solvent conditions. The presence of electrostatic interactions in
the fully charged polymer chains increases the friction in poor
solvent conditions and decreases the frictional forces in good
solvent conditions. This means that the change in the friction due
to the solvent quality is attenuated in polyelectrolyte brushes.
Additionally, a plateau appears in the region of good solvents for
polyelectrolyte brushes whereas the friction of neutral brushes
continue increasing in this region. Additionally, we observe that
in good solvent conditions the friction in polyelectrolyte brushes
becomes smaller than is the case for neutral brushes. However,
we must perform non-equilibrium simulations at fixed solvent
chemical potential to definitively conclude on the lubricant
properties of polyelectrolyte brushes.
Fig. 3b shows the dependence of the interpenetration coefficient8,9,41 on the solvent quality. Interestingly, we observe
significant changes between charged and neutral brushes in good
solvent conditions. We find that the overlap between the two
opposing layers is greater for neutral brushes than for charged
brushes due to the electrostatic repulsive interactions between the
end groups of the polymer chains. We also show a direct correlation between the friction coefficient and the interpenetration
even though the changes in the interpenetration between charged
and neutral brushes are not proportionally reproduced in the
frictional forces.
Fig. 3c shows the evolution of the order parameter as a function of the solvent quality. First, Da ¼ 5 is the threshold from
which P1 starts to rise. Second, we observe that the internal
ordering of the layer increases with the charge fraction in bad
solvent conditions, whereas it is almost independent of the
charge fraction in good solvents. This means that the change in
the internal alignment of the layer with respect to the solvent
quality is much less important in polyelectrolyte brushes.
Improving the solvent quality in neutral brushes can improve the
degree of ordering of the layer by 50%. This property is strongly
impacted by the charge fraction in bad solvents. In terms of
internal ordering of the layer, we show that the solvent quality
has much less effect on fully charged polymer brushes compared
to neutral polymer brushes. The P1 parameter of polyelectrolyte
brushes in poor solvent conditions corresponds to a value of an
internal alignment of neutral brushes in athermal solvent
conditions. The average tilt of the layer in polyelectrolyte brushes
does not depend on the solvent quality for this compression
ratio: we only observe a variation of 3) over the entire range of
solvent qualities.

solvent particles. A salt concentration cs ¼ 0.010 corresponds to
the addition of 34 mobile positive ions and 34 mobile negative
ions in the total volume. The number of solvent particles is then
adjusted to keep a total density number of 4.0. The salt
concentration was varied from 0.0 to 0.5. The conservative
interactions for the solvent–salt, polymer–salt and salt–salt are
identical to those for all the other interactions (aij ¼ 25).
Fig. 4 shows the dependence of the friction coefficient on the
salt concentration. We add for completeness the change in the
interpenetration coefficient with respect to the salt concentration.
Over the salt concentration range investigated here, the friction
coefficient has decreased by 1.5 and the interpenetration by 10
with respect to the salt-free athermal solvent conditions. In
contrast, the properties such as P1 order parameter, average tilt
of the layer and viscosity remain almost unchanged upon the
addition of salt. Interestingly, the brush height decreases only 6%
over the range of salt concentrations used here. A clear correlation between the frictional forces and the overlap between the
opposing brushes is established in the presence of salt in two
compressed polyelectrolyte brushes. The friction and interpenetration coefficient of the polyelectrolyte brushes for cs ¼ 0.5 are
equivalent to those of the brushes in a poor solvent defined by
Da ¼ +3.
3.4 Effect of shear on brush structure
In this section, we discuss the density profiles of polymer beads,
counterions and coions along the normal to the surfaces in order
to examine the effects of shear on the brush structure. Fig. 5a
shows the monomer density profiles of the monolayer brush for
neutral and fully charged chains at g_ a ¼ 0 and 0.1. The brush
height is about 7.2 for a neutral monolayer and 11.4 for a fully
charged polyelectrolyte corresponding to a stretching of about
44% and 75% from their contour length, respectively. The density
profiles clearly show that the charged polymer chains extend
further in the direction normal to the surface and that the shear
flow has little influence on the profiles. We only observe a slight
reduction in the width of the brush in line with the differences
observed in the profiles of the region of the tails. The shape of the
monomer density profiles remain parabolic for all the charge
fractions and the shear rates.

3.3 Impact of salt concentration on friction
In this section, we investigate the effect of adding salt on the
frictional forces of fully charged polymer brushes in athermal
solvent conditions at a compression ratio D/Do ¼ 0.5 and a shear
rate of 0.1. A typical configuration of polyelectrolyte brushes
with salt is given in Fig. 1d. When no salt is added, the system is
formed by 3840 polymer beads, 3840 counterions and 5942
This journal is ª The Royal Society of Chemistry 2012

Fig. 4 The friction coefficient and interpenetration as a function of the
salt concentration cs in the case of a bilayer at D/Do ¼ 0.5 and g_ a ¼ 0.1.
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Fig. 5 a) The monomer density profiles of neutral and charged monolayers at equilibrium and under shear, b) the monomer and solvent density profiles
of bilayers formed by neutral chains for g_ a ¼ 0.0 and 0.1, c) monomer, counterions and solvent density profiles of polyelectrolytes at D/Do ¼ 0.5, d) the
monomer, counterions and coions density profiles at two salt concentrations.

Fig. 5b show that the density profiles of the neutral
compressed polymer brushes are more sensitive to the shear than
those of monolayers. The average tilt of the layer in the flow
direction increases from 39) to 71) as the shear rate is varied from
0 to 0.1. This is in line with a reduction of the width of the brush
accompanied by a smaller overlap between the two opposing
layers. When no shear rate is applied under athermal solvent
conditions, Fig. 5b shows that the solvent density profiles is
almost uniform in the direction normal to the surface. This
indicates that a large fraction of solvent particles penetrate in the
polymer chains. Upon shear flow, there is an increase in
the solvent density in the interpenetration zone facilitated by the
retraction of the tails in the opposing brushes.
In the case of compressed polyelectrolyte brushes, the
monomer density profiles of Fig. 5c become more step-like in
comparison to the parabolic shape of neutral brushes. Interestingly, Fig. 5c shows that the shear acts to retract the charged
brushes, to shift the solvent in the overlap region and also to
create some discontinuities in the shape of the monomer profile.
These inhomogeneities in r(z) will be discussed later through the
analysis of the charge distributions. We also observe that the
profile of the counterions matches well with that of the monomer in the polymer regions, indicating that the counterions are
almost all contained in the brush layers in agreement with
a degree of condensation close to 100%. We also observe
a decrease in the number of counterions accompanied by a
decrease of solvent particles in the overlap region of sheared
polyelectrolyte brushes with respect to the sheared neutral
brushes.
Fig. 5d shows that the heterogeneities of the grafted layers
vanish upon the addition of salt. We also find that the profiles of
4642 | Soft Matter, 2012, 8, 4635–4644

the compressed brushes under shear change from a rather steplike shape to a parabolic form with increasing salt concentration.
The profiles show a retraction of the tails of the brushes with
a brush height decreasing from 8.3 to 7.6 upon addition of salt.
The coion density profiles of Fig. 5d for cs ¼ 0.3 show that they
are significantly distributed in the polymer-free region even if
a small fraction of these coions can enter the brush layers. The
density of the counterions in the salted brush regime for cs ¼ 0.3
becomes larger than that of the polymer beads to maintain a local
neutrality due to the presence of coions. The presence of all these
species in the brush region leads to the salt screening of the
electrostatic interactions. As a consequence, the structural brush
properties such as brush height and shape tend to those of the
neutral brush as salt is added.
In Fig. 6 we show the profiles of the sum of the charged
species (coions, polyions and counterions) as a function of z for
fully charged polymer chains under shear in the cases of freesalt and salt with athermal solvent conditions. We add for
comparison the charge profiles of polyelectrolyte brushes with
no shear applied. All the profiles show that the electroneutrality
is satisfied at each z in the polymer rich region even if some
oscillations appear close to the surfaces due to the layering of
the grafted polymers. At equilibrium, the polyelectrolyte
brushes show a slight enhancement in the counterion particles at
the middle of the box leading to the formation of a charge layer
in the overlap zone. When shear is applied, we observe
a significant increase of the charge layer at the middle of the box
with the formation of two smaller dipoles on each side. The
formation of these two dipoles is due to the presence of
heterogeneities in r(z) induced by the shear flow: the profiles of
the counterions and polymer beads shown in Fig. 5d are no
This journal is ª The Royal Society of Chemistry 2012

Fig. 6 The local charge net as a function of the distance from the
grafting surface at equilibrium, under shear and with salt.

longer superimposed in this zone of heterogeneities. One way to
cancel these heterogeneities and the induced charge layers is to
add salt. Indeed, Fig. 6 shows that adding salt promotes the
recovery of a charge profile very close to that of polyelectrolyte
brushes at equilibrium.
We have analyzed the formation of the heterogeneities inside
the brushes induced by the shear deformation. To this end, we
represent the distributions of the mean squared length l1 of the
longest axis of the polymer chains calculated from diagonalizing
the squared radius of gyration tensor R2g. The diagonalization of
R2g results in three eigenvalues l which sum to the mean squared
radius of gyration hR2gi, and the largest of which corresponds to
an eigenvalue vector representing the long axis of the polymer
chain. In the case of single layers, we observe broad distributions for l1 covering a range from 0 to 20 for both equilibrium
and sheared brushes. For a compressed neutral bilayer at
equilibrium, the distribution is much narrower and the range of
possible values for l1 is reduced by half. For polyelectrolyte
brushes at equilibrium, we observe only one peak with
a broader distribution with respect to neutral brushes. When
shear is applied, the l distributions are dramatically modified.
The first peak is significantly reduced in magnitude and the
distribution becomes almost homogeneous and extends over
a large range. For charged brushes under shear, the magnitude
of the first peak is further reduced and a second peak appears at
large values of l with an homogeneous distribution of chain
lengths between these two peaks. This means that the shear flow
broadens the distribution of polymer lengths and induces in the
case of charged polymer chains two distinct folded and unfolded
conformations for the polymer chain. The next question is if the
folded and unfolded chain conformations interact with the same
number of counterions. To this end, we define a new parameter
called Xi defined as the number of unique counterions for which
a polymer chain i is the nearest neighbor. This parameter is then
normalized by the number of beads in the chain. As a consequence, the average value of X over all the chains is 1 due to the
total charge neutrality in the box. Thus, the case of Xi ¼ 1
means that each polymer bead of the chain interacts with
a unique counterion. If Xi < 1, the number of unique counterions available in the close neighborhood of the chain i is smaller
that the number of beads, leading to a deficit of counterions. If
Xi > 1, the chain i interacts preferentially with more unique
counterions than is required for local electroneutrality. Fig. 7b
This journal is ª The Royal Society of Chemistry 2012

shows a correlation between Xi and l1 for single monolayers
and compressed bilayers of fully charged chains at equilibrium
and under shear. In the cases of monolayers, the number of
unique counterions in close association with the polymer chain
is less than 1.0 except for l1 ¼ 10. This means that the different
conformations of the polymer chains in the 0–20 l1 range are
arranged to maintain local neutrality with a small fraction of
counterions at the rim of the brush. For charged bilayers at
equilibrium, the situation is different: values of l1 > 5 require
values of Xi > 1 whereas for l1 < 5, we observe a deficit of close
counterions. Under shear, the chains are further stretched with
respect to neutral sheared brushes and chains with large values
of l1 induce relatively large values of Xi compared to equilibrium brushes. The only way of satisfying the neutrality in the
brush is that some chains compensate the effects of the longest
chains by folding with smaller values of l1 and Xi leading to
a redistribution of the counterions within the layer. This
explains the heterogeneities in r(z) of polyelectrolyte brushes
that are observed under shear and not detected at equilibrium.
These discontinuities in r(z) are mainly due to a broad distribution of chain conformations and their interaction with
counterions. When adding salt to the brushes, the total number
of available counterions is increased. As a consequence, the
heterogeneities in r(z) disappear for a salt concentration of
cs ¼ 0.3 (see Fig. 5d).

Fig. 7 a) The distributions of l1 for different separation distances and
charge fractions b) the Xi parameter as a function of l1 with the same
legend as that used in a). The green dotted line Xi ¼ 1 is a guide for the
eye. The inset illustrates two typical conformations of folded and
unfolded polymer chains with the corresponding counterions.
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4 Conclusions
We have performed non-equilibrium dissipative particle dynamics
simulations of neutral and charged polymer brushes under shear to
investigate the effects of the sliding velocities, the solvent quality
and the salt concentration on the frictional forces and internal
structure of the brushes for three different separation distances.
The friction coefficient of single layers shows a linear dependence on the sliding velocity independent of the charge fraction.
The shear-thinning behavior of compressed bilayer brushes has
been established over a large range of shear rates. We have also
demonstrated that the polyelectrolyte brushes are less susceptible
to deformation under shear than neutral brushes. However, the
internal ordering in the polyelectrolyte brushes is greater than
that in neutral brushes.
The effect of the solvent quality has been studied in two
strongly compressed polymer brushes formed by neutral and
charged chains. A clear correlation between the friction coefficient and the amount of overlap between the two brushes has
been established in charged and neutral systems. The interpenetration coefficient of polyelectrolyte brushes was found to be
reduced in comparison to that of neutral brushes. The solvent
quality does not significantly impact the internal ordering in
polyelectrolyte brushes whereas it can increase the degree of
ordering by 50% in neutral brushes.
The dependence of the friction on salt concentration also shows
a correlation between the friction and the interpenetration in
compressed polyelectrolyte brushes under athermal solvent
conditions. A salt concentration of cs ¼ 0.5 has the same impact on
the frictional forces as a poor solvent quality defined by Da ¼ +3.
We have completed this study by the analysis of the density
profiles of the monomers, counterions and solvent along the
normal to the surface. The monomer density profiles are step-like
in charged brushes and parabolic in neutral ones for a relatively
strong compression ratio. Heterogeneities have been established
in the monomer and counterions density profiles of compressed
polyelectrolyte brushes under shear, whereas the same profiles do
not exhibit any discontinuities in brushes at equilibrium and upon
addition of salt. These discontinuities in r(z) have been explained
in terms of the broad distributions of chain conformations and the
number of available counterions around the chains.
We plan to extend this work by the study of the dependence of
the frictional forces on the surface separation distance in neutral
and charged polymer brushes under shear at fixed solvent
chemical potential. We aim at investigating the lubricant properties of the polyelectrolyte brushes in terms of the viscosity,
friction and composition of the interpenetration region between
the two opposing layers.
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