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We report mesoscopic simulations of polymer brushes in the presence of free polymer chains. We have
used the dissipative particle dynamics method to model entangled polymer chains in a good solvent. We
have studied the structure of the grafted and free chains under shear, as well as the dynamics of the
detechment of polymer chains from the grafted surface. A comparison between entangled and
nonentangled systems is presented. Entanglements are modeled using a bond repulsion potential. The
rheology has been studied at different polymer grafting densities, in the presence of a varying number of
free chains. We have shown that the detachment of grafted chains creates a central zone of free chains
which exhibits a bulk like behaviour. The viscosity of this region is significantly increased compared to
that of a polymer brush with the same grafting density and no detached chains. The presence of free
polymer chains dramatically changes the friction coefficient. We have established that a fraction of
detached chains of only 15% induces a decrease in the friction of 50%. This behaviour is correlated to
the decrease of the interpenetration between the two opposing brushes. The detachment of chains from
the surface, that may well occur at high sliding velocity in the surface force apparatus, is likely to have
a significant effect on the observed experimental friction.

1 Introduction
A polymer brush consists of polymer chains which are endgrafted to a solid surface at high surface coverage. This leads to
a dramatic change in the surface properties which are of great
interest in many disciplines, such as biocompatibility, colloidal
stabilization,1–3 surface protection or modification.4 A detailed
understanding of the structure of the brush is necessary to
understand these issues. Additionally, the mechanical and
rheological properties of the brushes are of importance, because
the presence of grafted chains can reduce the friction between
two surfaces by three orders of magnitude.5,6 Experiments
involving the surface force apparatus5–11 are the best way of
studying interacting polymer brushes by measuring the normal
and tangential components of the pressure under constraints.
Those studies under compression and shear are a key to understand the lubrication process. The static properties of polymer
brushes have also been studied extensively using SCF theories,
which predict scaling laws for the structure and mechanical
properties of polymer brushes.12–17
The simulation of polymer systems is made difficult because of
the large time and length scales involved in such systems.
Molecular methods using an all-atom description have been used
to study the different regimes of polymer melts18,19 as well as the
structure of polymer brushes.20,21,22 Recently, simulations at the
mesoscopic scale have become a powerful tool to model large
a
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polymer systems: the soft interaction potentials and the thermostats used in these methods allow us to consider longer time
scales. Polymer brushes have been successfully studied using
various techniques such as stochastic dynamics,23–30 dissipative
particle dynamics31–33 or Monte Carlo.34,35 Some of those
methods were used to study nonequilibrium systems, which is the
case for polymer brushes under shear.
Dissipative particle dynamics (DPD) is a mesoscopic simulation method36,37 which considers particles as virtual fluid
elements. Consequently, the simulated time and length scales
are much greater than in conventional molecular dynamics, but
the interactions between such particles are soft, as the particles
may overlap at this scale. We have used the DPD method in
previous works to model polymer brushes in the presence of
explicit solvent under compression and shear.32,38,39 The model
was recently improved by avoiding the topology violations
between overlapping chains, which is a recurrent problem in
mesoscopic methods using soft repulsive potentials.40,41 Additionally, the dissipative and Brownian forces are short-ranged
and pair-wise additive so that the dynamics obeys Newton’s
third law and the algorithm solves the Navier–Stokes equation
for the system. This method properly includes the hydrodynamic interactions.
The interaction of a polymer brush in the presence of free
chains is of great interest because of the change in the wetting
properties of the surface, and has been widely studied using
various theoretical and simulation methods.42–50 In the case of
the detachment of polymer chains from a highly grafted surface,
the grafted layer expels the polymer into the solvent. The structure of the brush is not changed if the free chains are short
because they behave like the solvent under shear flow. However,
the desorption of long chains may cause a significant alteration
of the brush structure and rheology. In the case of two
This journal is ª The Royal Society of Chemistry 2010

polymer-coated surfaces interacting with each other, this results
in an interface between grafted and free polymer chains. The
dynamics of such detachment has been already studied by
theory51 and Monte Carlo simulations52 using the bond-fluctutation model. The Monte Carlo results were discussed in terms of
simple scaling ideas appropriate for a Rouse model and suggest
a mechanism controlled by the entropy gain of the detached
layers. These simulations used a coarse-grained description of the
polymer chain by considering that 3 or 5 chemical monomers
were integrated into one effective bond. However, the solvent
particles were not treated explicitly. This can impact significantly
the rheological properties of the grafted and detached chains.
In this work, we use the DPD method to model the effect of the
detachment of polymer chains from two interacting grafted
surfaces immersed in a good solvent. As the grafted and free
chains are chemically identical and of same length, an entropic
dewetting should be observed, forming a solution of free polymer
chains in a good solvent. The brush/solution, which results from
an interpenetration between the brushes and the free polymer
chains, determines properties such as interfacial tension, pressure
and structure. We focus on the change in structural and frictional
properties of the polymer brushes in the presence of detached
chains. Three major issues are discussed in this paper: how do the
polymer chains behave once detached from the surface? What is
the structure of the brush/solution interface? How does the
presence of the polymer solution affect the frictional properties?
In order to answer these questions, we have simulated polymer
brushes systems at various grafting densities in the presence of
free chains of identical length.
The paper is organized as follows: the first section details the
DPD method and the model used for the simulation of the
polymer brushes systems with and without free chains. The
second section contains our results: the first part is a study of the
structure at the brush/solution interface; the second part deals
with the dynamics of the polymer chains after detachment; the
third part describes the rheology of the system by studying the
influence of free chains on the friction and viscosity. The third
section contains our conclusions.

2 Simulation
2.1 The DPD model
The interactions between DPD particles at the mesoscopic scale
are represented by the sum of three pairwise forces: a conservative force, a dissipative force and a random force. The conservative force fC derives from a potential energy and gives the
thermodynamic properties of the system. A simple soft force is
used to model the repulsion between particles.53
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where rc is the cutoff radius and ^rij is the unit vector along the
i  j direction. aij is the maximum repulsion between particles
i and j. The dissipative force fD allows the particles to dissipate
energy through a local friction parameter g. The random force fR
models the Brownian motion by adding energy to the system:
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fDij ¼ guD(^rij$vij)^rij

(2)

1
f Rij ¼ suR qij pﬃﬃﬃﬃ r^ij
dt

(3)

In these equations, qij is a random number with gaussian
distribution, zero mean and unit variance and vij ¼ vi  vj is the
difference between the velocities of particles i and j. uD and uR
are weighting functions which are related to one another by the
fluctuation–dissipation theorem: the DPD methods samples the
canonical ensemble if the following conditions are satisfied54
g¼

s2
2kB T

and

  
2
uD rij ¼ uR ðrij Þ

(4)

where kB is Boltzmann’s constant and T is the imposed temperature. As no explicit form is imposed for the weighting functions,
a simple soft repulsive expression has been chosen similar to the
expression of the conservative force (uD ¼ 1  rij/rc).53
The forces are integrated using a modified velocity-Verlet
algorithm. Reduced units are used through the paper: the mass of
a DPD particle is taken as unity, as well as the cutoff radius rc.
Consequently, the reduced length is expressed as r* ¼ r/rc.
The unit energy 3 is used to express the reduced temperature as
T * ¼ kBT/3. We use an imposed temperature T* ¼ 2.0 in all of the
simulations presented in this paper. The other reduced variables
can then be deduced, so that the interaction parameter a* ¼ a(rc/
3), the unit of time t* ¼ t(3/mrc2)1/2 and the shear rate g_ *a ¼ g_ a(mrc2/
3)1/2. Reduced units are a convenient tool for DPD, as the polymer particle may represent from one up to a dozen of monomers,
depending on the interaction potential and the time step. As
discussed by Groot and Rabone,55 the time scale t* is fixed by
matching the diffusion constant of solvent. For the set of aij
parameters used here, the timestep dt ¼ 0.01 t* is approximately
5 ps. As all the values presented here are in reduced units, the star
notation is omitted in the following sections for clarity.
2.2 Polymer brushes
The accurate modeling of polymers using mesoscopic particles is
an active field of research. Many authors have dealt with the issue
of connecting the microscopic and mesoscopic scales to model
different types of polymers.56–60 In this work we model generic
homopolymer chains to study the physics of the polymer brushes
system. As any soft potential can give a correct description at the
mesoscopic scale,53 the simplest linear repulsion force given in
eqn (1) is used in this article. A simple harmonic spring force
between the beads is added61,62 to connect particles i and j:
fSij ¼ ks(rij  req)^rij

(5)

where ks is the harmonic spring constant. The quality of the
solvent is determined by the polymer–solvent interaction
parameter asol–sol. Previous works have established31,32 a set of
interaction parameters to model polymer brushes: the reduced
repulsion parameters are apol–pol ¼ asol–sol ¼ 60.0. A good solvent
is then defined by a smaller value of apol–sol, taken to be 50.0 in
this work.
The polymer model has been improved by adding a segmentrepulsion force fE to keep the entangled topology of the
chains:40,63,64
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where dij is the minimum distance between the two bond
segments i and j. The parameters aijent and rcE are the entanglement interaction parameter and cutoff, respectively. The reduced
values aijent ¼ 40.0 and rcE ¼ 0.80 have been used in previous
work40,41 and are a good compromise that avoids many topology
violations without changing the nature of the interaction
between the polymer and the solvent.
A typical simulation box consists of two solid surfaces grafted
with polymer chains immersed in solvent particles. The surfaces
are modeled using two layers of DPD particles tethered to an
hexagonal lattice using an harmonic potential. The brushes are
formed by randomly connecting one end of each polymer chain
to surface particles. The total number of chains is equally
distributed on the two surfaces so that each brush has the same
grafting density. Fig. 1 shows a schematic view of such a system,
in which the z direction is chosen as the normal to the surfaces.
A 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 

gc a Lz
dt
2

(7)

where g_ a is the shear rate, Lz is the inner distance between the
surfaces and dt ¼ 0.01 is the timestep used in all the simulations.
The sign depends on which surface is considered, as they slide
along opposite directions.

2.3 System
Each system consists of two 27  12 hexagonal layers separated
by a distance Lz ¼ 17.0. With an imposed distance dw ¼ 0.617
between two wall particles, the size of the simulation box along
the xy plane is 16.659  9.618 in reduced units. A polymer chain
is Nb ¼ 20 beads long, and can be either grafted onto a surface or

Fig. 1 A schematic view of the simulated system. Grey circles are the
wall particles tethered to a two-layers hexagonal lattice, black circles
represent the polymer chains, and white circles represent solvent particles. The two arrows show the direction of the imposed shear movement
of the surfaces along the x-axis.

3474 | Soft Matter, 2010, 6, 3472–3481

Table 1 Summary of the simulated systems. Ng is the number of grafted
polymer chain on each surface, and ra is the corresponding grafting
density. Nf and Ns are the number of free chains and solvent particles in
the box. As reference systems contain no free chains, the number of
solvent particles < Ns > is adjusted so that the solvent chemical potential
is the same in all reference systems

Detached systems

Reference
systems

Ng

ra

Nf

Ns

Nf

<Ns>

146
136
126
116
106
96
86
76
66
56
46

0.911
0.845
0.787
0.724
0.662
0.560
0.537
0.474
0.412
0.350
0.287

0
20
40
60
80
100
120
140
160
180
200

3500
3500
3500
3500
3500
3500
3500
3500
3500
3500
3500

0
0
0
0
0
0
0
0
0
0
0

3500
3893
4302
4687
5086
5483
5882
6271
6654
7054
7435

free in the system. A series of 11 simulations were performed with
an increasing number of free chains. In the detached systems (see
Table 1), the free chains are provided by the detachment of
a number of chains Nf from each surface. Additionally, solvent
particles are added randomly in the box: a number of solvent
Ns ¼ 3500 is chosen which gives a total density r ¼ 3.4 between
the surfaces. The polymer grafting density is defined by ra which
represents the average number of grafted chains per reduced
surface area.
A typical run is as follows: the simulation box is equilibrated
under shear with the maximum number of grafted chains (146 on
each wall). Some of these chains are then detached during
a second run of length 200 000 timesteps. The chains are
detached at regular intervals during the first half of the simulation, alternating from the top and bottom wall (Nf/2 chains are
then detached from each surface). The dynamics of the detachment is studied during this simulation. Once all the detached
chains have reach their equilibrium position, an acquisition of
length 300 000 timesteps is performed. The structural and rheological properties are calculated during this run by averaging
over 3000 configurations, saved every 100 timesteps. Fig. 2 shows

Fig. 2 Snapshot of a simulation box with ra ¼ 0.724 and 60 detached
chains at equilibrium. The grafted and free polymer chains are shown in
blue and red, respectively, solvent is shown in yellow.
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a configuration of the detached system with ra ¼ 0.724 during the
acquisition process.
In order to study the influence of free chains only, we have to
compare each system with an other one which contains the same
number of grafted chains on the surface. Those systems are called
reference systems (see Table 1), and contain no free chains. As
the total number of polymer particles is different in each reference system, the number of solvent particles must be adjusted to
keep the solvent chemical potential constant in all the reference
systems. The local configurational chemical potential of the
solvent mconf is calculated in the system with ra ¼ 0.911 (all chains
grafted) using the test-particle insertion method65–68
"
#
hrðzÞiNVT

mconf ðzÞ ¼ kB T ln 
¼ kB T lnhZðzÞiNVT (8)
test
Þ NVT
expð DU
kB T
where r(z) is the local solvent density. The value of mconf is then
used in the simulation to adapt the number of solvent particles by
performing hybrid dynamics: the constant-mVT ensemble is
sampled by attempting Monte Carlo moves for creation/deletion
of solvent particles. Every 500 timesteps, the program attempts
to create or delete a solvent particle using the following acceptance probabilities:
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where Z ¼ exp(mconf/kBT) is the imposed activity of the solvent.
Further details of a DPD simulation in the grand canonical
ensemble can be found in our previous papers.38,39 A simulation
of a reference system is as follows: an equilibration of length
500 000 timesteps is run in order to adjust the number of solvent
particles. The analysis are then done during a 300 000 timestep
acquisition. Both simulations are run at constant chemical
potential, which gives the average number of solvent particles
< Ns > given in Table 1. The imposed value of the solvent
chemical potential, calculated from the system with highest
grafting density (ra ¼ 0.911) is mconf ¼ 19.8 in reduced units. The
fluctuations for < Ns > are approximately  10 particles in any
simulation.

3 Results and discussions
3.1 Structure
We have calculated the local density profile r(z) along the normal
z-axis for the different types of polymer beads (grafted or free).
Fig. 3 shows the r(z) profiles for three systems containing
increasing amounts of free chain: ra ¼ 0.911 (no free chains),
ra ¼ 0.662 (80 free chains) and ra ¼ 0.412 (160 free chains). As
expected, the detached chains form a central phase, which grows
with the addition of free chain. The brushes shrink as more
chains are detached in order to keep the average polymer density
constant through the box. The brush profiles are different in the
case of the reference systems (grey curves in Fig. 3). In the
reference systems, the missing chains are replaced by solvent
particles, which allow the brushes to extend in the direction
This journal is ª The Royal Society of Chemistry 2010

Fig. 3 Number density profiles for polymer chains as a function of z:
system with no free chains (ra ¼ 0.911, top), system with 80 free chains
(ra ¼ 0.662, middle), system with 160 free chains (ra ¼ 0.412, bottom).
The solid and dashed curves represent the grafted and free chains,
respectively.

normal to the surface. Additionally, the profiles are more steplike when no free chains are present. The brush height h is
calculated from the first moment21
ð Lz =2
zr1 ðzÞdz
Lz =2
(11)
h ¼ 2 ð Lz =2
r1 ðzÞdz
Lz =2

where r1(z) is the average number density profile of one brush.
Because the system is symmetric, both brushes have the same
height, and the average value is plotted in Fig. 4. In this plot, the
dependence of the height of the reference systems with grafting
densities is also shown. The brush height does not change
significantly in the reference systems as the brush regime is still
maintained at the lowest grafting density. This means that
additional solvent particles are created at constant-m (see < Ns >
in Table 1) which fill the brushes in order to maintain the swollen
state. This behaviour is well-known13,14 and the brush height
follows a scaling law h  ra1/3, shown in the figure for comparison. If the polymer brushes with the same grafting density are in
contact with free chains, the polymer solution region does not
allow the brushes to overlap. Consequently, the brush height is
linearly dependant on the number of free chains. The detachment
of polymer chains has a significant influence on the brush
structure.
The depth of penetration of the polymer solution, l inside the
brush can be compared to theory. l is calculated from the density
Soft Matter, 2010, 6, 3472–3481 | 3475

harmonic spring which constrains the head of the polymer chains
is removed, and the chain dynamics is studied during the
following 80 000 timesteps.
Fig. 5a shows the time evolution of the position along z-axis
for the centre-of-mass and the two ends of the detached chains.
As z ¼ 0 is the middle of the box, we use zi for chains detaching
from bottom wall for meaningful averaging. We can see that the
chains are in a steady state before detachment, as the position of
the center of mass and the tail bead does not change along z.
Once the chains are in the central region the tail and head are
indistinguishable. Once the chains are detached, they immediately diffuse to the central zone. The free chains are then ejected
from the brush and are immersed in the central solvent region to
form a polymer solution. It is interesting to note that once the
chains have reached their equilibrium region, the average

Fig. 4 (a) Brush height h as a function of the grafting density ra in the
middle of the box. Open circles represent the reference systems, in which
the missing polymer chains are replaced by solvent particles (see section
2.3). (b) Penetration length of the polymer solution inside the brush l as
a function of ra.

profiles as the difference between the maximum z coordinate of
the brush profile and the minimum z coordinate of the profile
of free chains. Both coordinates are chosen such that r(z) is 5% of
the maximum density. From symmetry, both brush/solution
interfaces give a similar value for l. Fig. 4b shows l as a function
of the grafting density. In the autophobicity regime (chemically
identical chains of same length), theoretical predictions suggest
the following scaling law69,70
l  ra1/3

(12)

Our results are in good agreement with eqn (12) (solid curve in
Fig. 4b). As ra decreases, the brushes become more permeable to
the free central chains, resulting in an increase in l.
3.2 Dynamics of the detachment
The dynamics of free chains has been studied in the case of 30
detached chains from each wall (ra ¼ 0.724). As each chain is
detached at a different time, it is useful in averaging to consider
a relative timescale. For each chain, the time origin is set at
20 000 timesteps before its detachment. At depletion, the
3476 | Soft Matter, 2010, 6, 3472–3481

Fig. 5 (a) Evolution of the z coordinate of the position of polymer
chains during the detachment process. Black curves show the position of
the center-of-mass (cm), red curves show the position of the grafted end
(head) and green curves show the position of the free end (tail). (b)
Evolution of the radius of gyration of polymer chains. Black, red and
green curves show the x, y and z components of the square radius of
gyration RG2, respectively. For both (a) and (b), the time scale is adjusted
for each chain so that the detachment occurs after 20 000 timesteps
(shown as the vertical line). The average is performed on 60 detached
chains (ra ¼ 0.724). Solid and dashed lines represent the simulations with
and without entanglement forces, respectively.
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z position of each head is the same. The head and tail beads in the
free chains can not be distinguished. Binder et al.52 have observed
the same behavior and have divided the chain motion into two
parts. At early times, the detached chains cross the polymer
phase at constant velocity: in the present work this occurs in the
first 10 000 timesteps, which correspond to approximately 50 ns.
In a second period, when the chain has lost the memory of its
grafting orientation, the motion pisﬃﬃ diffusive and the chain
velocity is then proportionnal to t. The time for the loss of
memory is identified as the time when the two ends of the chain
become equivalent.
We have also performed the same simulation (ra ¼ 0.724)
using no bond repulsions. The dynamics without entanglements
is represented by the dashed curves on the same figure. Interestingly, we observe that the trajectory of the detached chains is
only slightly different. The dynamics of the detachment does not
seem to be affected by the presence of entanglements. The
polymer chains in the brush under shear is highly organized and
each chain has an excluded volume whose shape is close to
a cylinder. Thus, even without bond repulsions, a detached chain
follows a trajectory which is governed by the reptation through
the polymer brush and does not have significant entanglement
interactions with its neighbours. In contrast, the average z
coordinate is higher for entangled chains once they have reached
the central region. This is due to the fact that the detached chains
removed last from the walls can diffuse less in the central polymer solution due to the bond repulsions.
In order to investigate the structure of the chains during the
detachment process, we have plotted the time evolution of the
different components of the chain radius of gyration in Fig. 5b.
Considering all particles have unit mass, the a component of the
mean squared radius of gyration is
* N
+
p
 2 
1 X
2
RGa ¼
ri ; a  rcm ; a Þ
(13)
Np i¼1
where Np is the number of beads in the polymer chain and ri, a is
the a component of the position of particle i (cm holds for center
of mass). As observed in our previous paper,32 the grafted chains
are elongated along the direction x of the shear. During the
detachment, the z component decreases very quickly. The free
chains are only dependant on the shear flow, which continues on
stretching the chains along the x direction. The change in the
shape of detached chains is very fast compared to the time
necessary for them to reach the central region. This means that
once a chain is detached, its orientation is mainly along the shear
flow. This period corresponds to the first part of the detachment
process, during which the chain is losing the memory of its
grafted shape. Then the chains diffuse across the moving brush
and are expelled to the center of the box. This diffusion does not
involve a change in the average shape of the chain. The transition
between the grafted state and the solution state occurs over
a 20 000 timesteps period (see Fig. 5b). This time can be
compared with the orientational and shape relaxation times (s1
and s2, respectively). s1 is calculated from the rotational order
parameter time correlation function C1(t)
C1 ðtÞ ¼

nt0
Nc X
1 X
^ei ðtÞ , ^ei ðt0 ðjÞÞ
nt0 Nc i¼1 j¼1
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(14)

where Nc is the total number of polymer chains, nt0 is the number
of origin times and ^ei(t) is the normalized first eigenvector of the
inertial tensor. s2 is calculated using the position autocorrelation
function R(t) of polymer chains
RðtÞ ¼

nt0
Nb
Nc X
X
X
1
r i ;k ðtÞ  Rcm;i ðtÞ , ri ;k ðt0 ð jÞÞ
nt0 Nc Nb i¼1 j¼1 k¼1

 Rcm;i ðt0 ð jÞÞ
(15)
where Nb is the number of beads in the polymer chain, ri, k
denotes the position of bead k in chain i and Rcm, i is the position
of the centre of mass of chain i. s1 and s2 are obtained by fitting
C1(t) and R(t) as exp(t/s), respectively. The simulation used to
calculate s1 and s2 consists of a bulklike phase containing free
polymer chains and solvent particles at the same density than in
the grafted system. s1 and s2 are 7500 timesteps and 14 500
timesteps, respectively. As a result, the detachment time in good
solvent conditions is of the same order of magnitude as the time
required for a free chain in solution to loose the memory of its
shape and orientation. As a comparison, such relaxation times
have been measured by using the fluorescence depolarization
method. Depending on the molar concentration of polymer
segments, the orientational relaxation time for polystyrene
chains can vary from 5 to 10 nanoseconds.71 Provided that the
timestep dt is approximately 5 ps, s1 and s2 correspond in real
units to 37 ns and 72 ns, respectively. Since the orientational
relaxation time of a free polymer chain is the one comparison
that we can make with experiment, the study of the detachment
phenomenon would be a particularly useful experimental investigation.
The energy contributions acting on a polymer chain may vary
during the detachment process. Fig. 6 shows the instantaneous
potential energy of the detached chains as a function of time,

Fig. 6 Average interaction energy of the detached chains as a function of
time for the system with grafting density ra ¼ 0.474. The time scale is
adjusted for each chain so that the detachment occurs at timestep 0. The
total potential energy (top) and the polymer–polymer and polymer–
solvent conservative contribution (bottom) are shown.
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starting from the detachment of each chain. The timescale used in
this figure is the same as in Fig. 5. The total energy can be split
into polymer–polymer and polymer–solvent energy contributions, calculated using the conservative potential of eqn (1). The
polymer–polymer contribution decreases as the chain leaves the
brush region. As the total density is constant in the simulation
cell, the middle of the cell is filled by solvent particles, which
obviously explains the increase of the polymer–solvent energy
contribution at the same time. The upper part of Fig. 6 shows the
evolution of the total interaction energy of the detached chains.
The two dashed lines represent the extreme values of the average
total energy of the grafted chains. Despite the change in the
different types of energy contributions, we see that the total
interaction energy of the detached chains remains the same as
that of the grafted ones. Thus, the detachment is not governed by
enthalpy but rather by entropic effects in a good solvent. The free
chains in the polymer solution adopt a bulk-like behaviour in
contrast to the grafted chains: this is then more favorable from
an entropic viewpoint. These results are in good agreement with
the theoretical models72 and experiments.69

3.3 Frictional properties
The dependence of the brush structure on the presence of free
chains may affect the rheological properties of the system. We
have calculated the profiles of the components of the pressure
tensor73,74 along z-axis
pab ðzÞ ¼ rðzÞkB Tab ðzÞ
   
*
+
X X rij a fij b z  zi  zj  z
(16)
1
  q

q
zij 
Lx Ly
z
z
ij
ij
i
j.i
where fij ¼ fCij + fDij + fRij is the total force acting between
particles i and j, q(x) is the unit step function which is 1 when x >
0 and zero otherwise. < . > denotes a configurational average,
a and b represent the x, y or z coordinates. The double sum
is over all pairs of interacting particles. Tab(z) is the profile along
z-axis of the ab component of the temperature tensor calculated
from the velocities. Further details concerning the calculation of
this property are given elsewhere.32 The entanglement contribution to the pressure can be included by considering each pair of
interacting segments.40 The calculation of the local pressure
allows us to check the mechanical equilibrium inside the simulation cell: the normal pressure pN ¼ pzz must be constant
through the simulation cell for a planar interface.
Fig. 7a shows the profile of the tangential pressure pT(z) ¼
½(pxx(z) + pyy(z)) for various grafting densities. It is interesting
to note that the brush system with no free chains (ra ¼ 0.911)
exhibits a local tension between the brushes, as pT(z) is not
constant. Due to the fact that the polymer solution becomes
more developed, the interaction between the two opposite
brushes weakens. This results in a decrease of the interfacial
tension within the system. As a consequence, the presence of the
polymer solution reduces the tension between the interacting
polymer brushes.
The calculation of the xz component of the pressure pxz is used
to calculate rheological properties. The friction coefficient is
defined by the ratio of tangential and normal pressure:75
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Fig. 7 (a) Profile of the tangential pressure along z-axis for systems
containing various numbers of free chains. (b/c) Profiles along z-axis of
the zz (b) and xz (c) components of the pressure tensor for a system with
60 free chains (ra ¼ 0.724).

3ðzÞ ¼ 

hpxz ðzÞi
hpzz ðzÞi

(17)

Fig. 7b shows the profiles of the xz and zz components of the
pressure involved in the calculation of the friction. As the system
is under shear, pxz is not zero, but both values are constant
through the simulation box. This gives an homogeneous profile
for the friction. In Fig. 8 we report the mean value of the friction
as a function of the surface coverage.
Firstly, the friction decreases almost linearly with the surface
coverage in the reference system. As the structure of the brush
does not change significantly with the surface coverage, the
overlap region between brushes remains high. By contrast, free
chains in the middle of the cell dramatically decrease the friction
in the detached systems. In the case of 40 free chains (20 detached
chains per wall, 14% of the grafted chains), the friction coefficient
is decreased by almost 50%. This can be explained by the fact that
the detached chains are expelled from the brushes due to the
brush autophobicity. The free chains then form a central bulk
This journal is ª The Royal Society of Chemistry 2010

Fig. 8 Friction coefficient 3 as a function of the grafting density ra. Open
circles represent the reference systems, in which the missing polymer
chains are replaced by solvent particles (see section 2.3). The inset shows
the evolution of the brush interpenetration I for the same systems.

phase which separates the two brushes and then has a lubricant
effect on the system. The inset shows the interpenetration coefficient I between the brushes, calculated from
ð Lz =2
ð Lz =2
I¼
r1 ðzÞdz=
r1 ðzÞdz
(18)
Lz =2

0

where r1(z) is the density profile of a single brush. As the brush
chains are grafted onto the sliding surfaces, the interaction
between the two brushes gives an important contribution to the
friction. A strong correlation is observed between the brush
interpenetration and the friction coefficient when the surface
coverage is varying. We have previously established a similar
correlation as a function of solvent quality. In bad solvent
conditions, where no chains are detached, the polymer brushes
are well-separated leading to a lower friction coefficient.32 In the
case of detached chains, even with I ¼ 0, the system exhibits
a dependence of the friction with respect to the surface coverage.
This underlines the contribution of the free polymer chains to the
frictional forces.
The rheology of the central region can be analysed by calculating the solvent viscosity. The profile of the shear viscosity h of
the solvent can be calculated by
hðzÞ ¼ 

hpxz ðzÞi
Vvx ðzÞ

(19)

where vx(z) is profile along z-axis of the x component of the
solvent particles velocity. The velocity profile is fitted by using
a 4-parameters sigmoid. Fig. 9a shows the solvent velocity profile
for three surface coverages: ra ¼ 0.911, ra ¼ 0.662 and ra ¼
0.412. The solvent particles are trapped inside the brushes and
thus adopt a velocity profile similar to that of the grafted chains:
the plateau at each extremity corresponds to the shear velocity
This journal is ª The Royal Society of Chemistry 2010

Fig. 9 (a) Profile of the x component of the solvent particles velocity
along the normal z-axis. The solid, long-dash and dashed curves represent
the systems with 0, 80 and 160 free chains, respectively. (b) Viscosity
profile as a function of z for the system with no free chains (black curve).
The solid red curve represents the system with 80 free chains (ra ¼ 0.662),
and the solid orange curve represents the system with 160 free chains
(ra ¼ 0.412). Dashed lines are shown from the corresponding reference
system, in which the missing polymer chains are replaced by solvent
particles (see section 2.3).

imposed by the solid surfaces. As more free chains are present in
the central region, the brush influence is weakened and the
velocity plateau is only present in the brush zone. The free chains
region exhibits a linear velocity profile, which is a characteristic
of a classical Newtonian fluid. Thus, the detachment of chains
from the surface reduces the influence of the brushes in the
middle of the box. The effect on the viscosity profile is shown in
Fig. 9b for a few significant systems. Concerning the reference
systems, the viscosity profile is very sharp due to the high value of
the brush height which is maintained when decreasing the
grafting density. In contrast, the local viscosity variation is
smoother in the free chain zone due to the bulk behaviour of this
phase.
Fig. 10 shows the values of the minimum solvent viscosity hmin
calculated in the middle of the pore. The solvent viscosity of the
reference systems decreases as the number of grafted chains
decreases, as expected for a system that becomes richer in solvent
particles. In the case of systems containing free chains, the
Soft Matter, 2010, 6, 3472–3481 | 3479

brush follows the theoretical predictions for brush autophobicity
behaviour.
The rheological properties are affected by this change in the
structure. We have shown that the friction coefficient decreases
linearly with the surface coverage when no detachment is
considered. When few chains are expelled from the brush, the
friction decreases significantly with the surface coverage and
reaches an asymptotic value. A correlation between the interpenetration coefficient and the friction coefficient is determined
from our mesoscopic simulations. It means that the detachment
of polymer chains from grafted surfaces which may occur at high
sliding velocities impacts significantly on the rheological properties of polymer brushes under shear.

Acknowledgements
Fig. 10 Minimal solvent viscosity hmin as a function of the grafting
density ra in the middle of the box. Open circles represent the reference
systems, in which the missing polymer chains are replaced by solvent
particles (see section 2.3).

minimum solvent viscosity greatly increases as the central region
becomes richer in polymer chains. A possible explanation is that
the solvent is trapped in a polymer phase, which cause it to have
less mobility. The increase is proportional to the number of
detached polymer chains. Both friction and viscosity appear to
be very sensitive to the presence of detached chains.

4 Conclusions
Dissipative particle dynamics is a powerful tool to model
complex systems at the mesoscopic scale. We have used a simple
model to simulate grafted polymer brushes under shear in the
presence of free chemically identical polymer chains of identical
length, immersed in a good solvent. We have developed a specific
DPD methodology at constant-mVT with the addition of bond
repulsions to model entangled polymers.
We have studied the dynamics of polymer chains as they
detach from the grafted surface. The polymer chains are expelled
from the brush and reach a free polymer region located in the
center of the box. This new state is entropically favoured. The
dynamics has two distinct regimes: the first is the chain’s loss of
memory of being previously grafted, and the second part is
a diffusive behaviour inside the brush. The dynamics is not
affected by removing the entanglement bond repulsions, which is
in line with a reptation motion of the detached chains. Additionally, the absence of enthalpic effect when the chains are
detached show that the dewetting of the brush is purely entropic
which is in agreement with theory and experiments.
The central phase contains free polymer chains, which keeps
the grafted chains away from each other. Thus, the polymer
brushes shrink in the presence of free chains. The brush height of
the reference systems is only slightly affected by the decrease of
the grafting density and follows the expected scaling law. In the
presence of free chains, the brush height becomes proportional to
the grafting density, which increases the size of the free chain
region. The penetration length of the polymer solution inside the
3480 | Soft Matter, 2010, 6, 3472–3481
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